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Induced polarization of clay-rich materials — Part 3: Partially saturated
mixtures of clay and pyrite

André Revil1, Ahmad Ghorbani2, Zhaoyang Su3, Hongzhu Cai4, and Xiangyun Hu4

ABSTRACT

Source rocks for oil and gas are often associated with shales that
are rich in pyrite and kerogen. Induced polarization is a suitable
tool to characterize these formations. We develop a new experi-
mental database of 43 laboratory experiments using mixtures of
clay and pyrite under fully or partially water-saturated conditions.
The liquid water saturation is in the range of 20%–100%, whereas
the pyrite content is in the range of 0%–17%. Spectral-induced
polarization measurements are performed in the frequency range
of 0.1 Hz to 45 kHz at room temperature (approximately
25°C ± 1°C). The complex conductivity spectra are fitted with
a Cole-Cole model, and the Cole-Cole parameters are determined
using a stochastic procedure based on a Markov chain Monte

Carlo sampler. The Cole-Cole parameters associated with low-fre-
quency dispersion are then plotted as a function of the (water) sat-
uration and pyrite content (volume fractions). Four predictions of
the model are tested against the experimental data. We find that the
model is able to explain the results, including (1) the chargeability
depends on the pyrite content in a predictable way, (2) the (instan-
taneous) conductivity depends on the saturation according to Ar-
chie’s law, (3) the Cole-Cole exponent does not depend on the
saturation and pyrite content (except at very small pyrite content
of<1 vol%), and (4) the relaxation time is inversely proportional to
the instantaneous conductivity. We also develop a more advanced
petrophysical model using a double Cole-Cole distribution, in
which one distribution is associated with the clay minerals and
the other is associated with the pyrite.

INTRODUCTION

Induced polarization has a long history in the realm of exploration
geophysics (Schlumberger, 1920; Pelton et al., 1978; Kemna et al.,
2014). This method is considered a suitable approach to localize ore
bodies, including in clay-rich formations (e.g., Hallof and Klein, 1983;
Hall and Olhoef, 1986). Source rocks for oil and gas are often rich in
pyrite, and induced polarization is a suitable tool to characterize these
formations (Clavier et al., 1976; Misra et al., 2016a, 2016b). In addi-
tion, this method has also been used in hydrogeophysics to study envi-
ronmental problems, including contamination plumes (Martin et al.,
2020), leakages in dams and embankments (Abdulsamad et al., 2019),
clay properties used for the storage of wastes (Revil, 2013a, 2013b;

Mendieta et al., 2021, 2023), and in biogeophysics because of its sen-
sitivity to roots (Zanetti et al., 2011) and bacteria (Revil et al., 2012).
A complete model describing the induced polarization properties

of ore bodies immersed into porous and polarizable media has
been recently described by Revil et al. (2015a, 2015b) (see also
Mao and Revil, 2016a; Mao et al., 2016b; Misra et al., 2016a,
2016b; Revil et al., 2017a, 2017c). Other mechanistic models exist,
including those based on the redox reactions at the surface of the
metallic particles (Wong, 1979) and the polarization of the electrical
double layer (Bücker et al., 2018a, 2018b). Furthermore, other models
have been developed, including, for instance, empirical and semiem-
pirical models (e.g., Dias, 2000; Gurin et al., 2015, 2019; Gurin and
Titov, 2023) or models based on the differential effective medium
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theory neglecting, however, a precise description of the underlying
physicochemistry and fundamental mechanisms for the transport
and storage of charge carriers (e.g., Zhdanov et al., 2012; Maineult
et al., 2017, 2018; Bücker et al., 2018a, 2018b). Solving the relevant
local-based Nernst-Planck equations can also be used to understand
the fundamental mechanisms at play, especially the dependence of the
relaxation time on the instantaneous conductivity of the material
(Gurin et al., 2013, 2015; Abdulsamad et al., 2017; Revil et al., 2018,
2022; Wu et al., 2022). Only the models involving an internal polari-
zation mechanism can explain the dependence of the relaxation time
on the instantaneous conductivity of the material.
Most laboratory experiments are usually performed in saturated

conditions. Some experiments have been performed with saturated
sand and pyrite mixtures (Mahan et al., 1986; Hupfer et al., 2016)
as well as with clay-bearing pyrite in desiccation conditions (Tartrat
et al., 2019) and sand-pyrite mixtures (Martin et al., 2022). However,
an integrated study of the frequency-dependent complex conductivity
of a sand-pyrite mixture in an unsaturated conduction has beenmissing
to date. In the two previous papers of this series (Revil et al., 2023a,
2023b), we study the effect of desiccation and anisotropy of mudrocks
that were essentially pyrite free. We wish to extend our approach to
pyrite-rich anisotropic shales, and, as a first approach, we study here
synthetic isotropic mixtures made of illite, pyrite, and water.
Therefore, we propose a new set of 43 laboratory experiments to

elucidate the effect of saturation and pyrite content using mixtures of
illite and pyrite partially saturated by electrolyte (0.8 S m−1, NaCl,
25°C) mixes, and we test further the formula proposed in the previous
papers of this series (Revil et al., 2013a, 2013b). We cover the sat-
uration range of 0.2–1.0 and the pyrite content of 0–0.17. Above a
pyrite content of 0.22, the chargeability is close to one (Revil et al.,
2015a, 2015b) and stays close to this value, whereas, in the range of
0–0.17, there is a rapid change in the chargeability with the pyrite
content. Complex conductivity data are performed with an imped-
ance meter in the frequency range of 0.1 Hz to 45 kHz.

MODEL

Single Cole-Cole model

We consider clay particles mixed with pyrite, as shown in Figure 1.
The porous mixture is considered to be homogeneous, isotropic, and

kept at a constant temperature (T0 = 25°C). The clay and pyrite
particles are polarized in a low-frequency electrical field according
to the mechanisms shown in Figure 2. A small proportion of the pyrite
(>3 vol%) is expected to dominate the overall polarization of these
mixes. In addition, we consider that if the grain size distribution of the
pyrite follows a log-normal distribution, the Cole-Cole model pro-
vides a good parametric representation of the complex conductivity
of the mixture. Therefore, in this paper, the complex conductivity
of such mixtures is written with a Cole-Cole parametric model initially
developed for dielectrics (see Cole and Cole, 1941) as

σ� ≈ σ∞

�
1 −

M
1þ ðiωτÞc

�
; (1)

σ0 ¼ σ∞ð1 −MÞ; (2)

whereM denotes the chargeability (dimensionless), c is the Cole-Cole
exponent (dimensionless), and τ denotes the (Cole-Cole relaxation)

Pore water
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Pyrite grains

Silica grains

Clay particles

Air

Air

Clay/pyrite mixture

Unsaturated clay-rich
      background

Representative elementary 
                             volume

Figure 1. Sketch of the complex background and the mixture be-
tween the clay-rich background and the pyrite grains. Furthermore,
the background clay-rich material is partially saturated at a partial
saturation sw. The clay particles and the pyrite grains are expected to
polarize and contribute to the observed polarization of the mixture.
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Figure 2. Induced polarization of clay particles and pyrite. (a) The
surface of the clays is characterized by the presence of an electrical
double layer. The applied electrical field E0 polarizes the electrical
double layer and is responsible for an induced electrical field in the
direction opposed to the direction of the applied electrical field.
When the external electrical field is removed, the accumulated
charge will relax by electrodiffusion around the clay particle until
its equilibrium state is reached. (b) Polarization of a pyrite cube. The
electrodiffusion of the charge’s carriers inside the grain (electrons
and p-holes) polarizes the grain. A second polarization component
is associated with field-induced diffuse layers (DL) in the electro-
lyte at the solid-liquid interface. The two sketches on the left side
define the instantaneous (high-frequency) conductivity for the non-
metallic and metallic grains, whereas the figures on the right side
define the DC (low-frequency) conductivity corresponding to a long
application of the electrical field. The quantity M defines the char-
geability (dimensionless) of the material reflecting the ability of the
material to reversibly store electrical charges.
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time constant (expressed in s). The quantities σ0 and σ∞ denote the
direct current (DC) and instantaneous conductivity, respectively. For
the induced polarization mechanism under consideration, they corre-
spond to the low and high asymptotic behavior of the conductivity. In
time-domain induced polarization, the DC conductivity corresponds
to the conductivity observed after a long application of the external
electrical field and the instantaneous conductivity observed just after
the application of the electrical field, respectively.
The model of Revil et al. (2015a, 2015b) (see also Mao and

Revil, 2016a; Mao et al., 2016b) leads to

σ∞ ¼ σbð1þ 3φmÞ; (3)

M ¼ 1 −
�
1 −

9φm

2þ 5φm þ 2φ2
m

�
ð1 −MbÞ; (4)

where the background conductivity and chargeability are defined as

σb ¼
snw
F
σw þ sn−1w σS; (5)

Mb ¼
ρgλCEC

ϕswσw þ ρgBCEC
→

sw→0
R ¼ λ

B
≈ 0.10� 0.02: (6)

The surface conductivity at full saturation σS is defined as

σS ¼
ρgBCEC

Fϕ
: (7)

Here, sw denotes the liquid pore water saturation (dimensionless),
φm denotes the volume fraction of pyrite (dimensionless), σw denotes
the pore water conductivity (S m−1), F denotes the intrinsic formation
factor (dimensionless) related to the connected porosity ϕ (dimension-
less) by the first Archie’s law F ¼ ϕ−m, where m > 1 is called the
porosity or first Archie’s exponent (dimensionless) (Archie, 1942)
and n > 1 denotes the saturation exponent (dimensionless). The
mobility B denotes the apparent mobility of the counterions for
surface conduction (m2 s−1 V−1) and λ denotes the apparent mobility
of the counterions for the polarization associated with the quadrature
conductivity (m2 s−1 V−1). A dimensionless number R has also
been introduced previously as R ¼ λ=B (for further explanations,
see Revil et al., 2017b). From our previous studies (e.g., Ghorbani
et al., 2018), we have β (Na+, 25°C) = 3.1± 0.3 × 10−9 m−2 s−1 V−1,
λ (Na+, 25°C) = 3.0± 0.7× 10−10 m−2s−1 V−1, and the dimensionless
number R is approximately 0.10 ± 0.02 (independent of saturation
and temperature). It corresponds to an upper limit of chargeability of
100 mV/V in the absence of metallic particles.
Following Revil et al. (2022), for pyrite grains with an equivalent

diameter 2a larger than 500 μm, the relaxation time is written as

τ ¼ a2

Dm

�
1þ σ∞S

σb

�
≈ a2

σ∞S
Dmσb

; (8)

where σ∞S denotes the instantaneous conductivity of the pyrite grain
(which is considered to be a semiconductor) and σb denotes the
background conductivity described in equation 5. Therefore, an ap-
parent diffusion coefficient for the relaxation time is given by

Da ¼ Dmσb=σ∞S . Because the conductivity of the grains depends
on the diffusion coefficient of the charge carriers Dm, it means that
Da is independent of the diffusion coefficient of the charge carriers in
the metallic particle but depends on the concentration of the charge
carriers in these particles. The product of the Cole-Cole time constant
by the instantaneous conductivity of the mixture is given by

σ∞τ0
1þ 3φm

≈
a2e2Cm

kbT
: (9)

The product σ∞τ0=ð1þ 3φmÞ should be roughly constant, or, in
other words, the Cole-Cole relaxation time should be inversely
proportional to the instantaneous conductivity of the mixture in
the presence of pyrite. This implies, in turn, that the polarization
mechanism responsible for the observed spectra is inside the
grains and not on their surface. This contrasts with the explana-
tions recently provided by Martin et al. (2022), which, in our point
of view, are not consistent with the observations. Polarization
mechanisms on the surface of metallic grains are physically pos-
sible (e.g., double-layer polarization and redox contributions), but
they predict a different dependence of the relaxation time with the
conductivity of the background.
Our goal in this paper is to check the predictive power of

the previous set of equations for partially saturated clay-pyrite
mixtures. This includes four predictions that are as follows:

1) The Cole-Cole exponent should be independent of the satu-
ration and pyrite content (except for a very small amount of
pyrite for which their polarization is smaller than the polari-
zation associated with clay particles).

2) The Cole-Cole relaxation time should be inversely propor-
tional to the instantaneous conductivity of the mixture.
Martin et al. (2022, their equation 18) also notice that the re-
laxation time is related to the bulk electrical conductivity of
the material. Gurin et al. (2015, their equation 12) also relate
the relaxation time to the pore water electrical conductivity,
which in turn is related to the bulk conductivity when the bulk
conductivity dominates over the surface conductivity,
i.e., generally at high salinities or low cation exchange capac-
ity (CEC) materials. The CEC denotes the cation exchange
capacity of the material (expressed in C kg−1 and often ex-
pressed in meq/100 g with 1 meq/100 g = 963.20 C kg−1).

3) The dependence of the chargeability with the pyrite content
should be consistent with equation 7, with the background
chargeability being dependent on the saturation according
to equation 9.

4) At high salinity, the (instantaneous) conductivity of the mix-
ture follows Archie’s law with the saturation, and the second
Archie’s exponent of the mixture n can be recovered. The
dependence of the (instantaneous) conductivity of the mixture
on the pyrite content should be predictable as well. At low
frequencies, the conductivity of the mixtures of pyrite and
illite should be smaller than the conductivity of the illite
alone. This is because at low frequencies, the pyrite grains
are fully polarized, and they appear as insulators.

Double Cole-Cole model

A more sophisticated way to handle the problem is to use
a double Cole-Cole model. Contribution 1 is associated with the

Polarization of clay-pyrite mixes E103
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pyrite grains. Contribution 2 is associated with the clay component.
Therefore, the complex conductivity is written as

σ� ¼ σ∞

�
1 −

M1

1þ ðiωτ1Þc1
−

M2

1þ ðiωτ2Þc2
�
; (10)

σ∞ ¼ σ∞1 þ σ∞2 ; (11)

σ0 ¼ σ∞ð1 −M1 −M2Þ; (12)

where we use the same notations as previously for the chargeabil-
ities, the Cole-Cole exponents, and the Cole-Cole relaxation times.
The total chargeability is defined as

M ¼ σ∞ − σ0
σ∞

¼ M1 þM2: (13)

We can easily write the two chargeability contributions as

M1 ¼
9φm

2þ 5φm þ 2φ2
m
; (14)

M2 ¼
ρgλCEC

ϕswσw þ ρgBCEC
: (15)

Equations 13–15 are consistent with equation 4 when the charge-
ability of the background is always much smaller than one (remem-
ber that M2 < R ¼ 0.10). The instantaneous conductivity and DC
conductivity of the background material are written as, respectively,

σ∞2 ¼ 1

F
snwσw þ

�
1

Fϕ

�
sn−1w ρgBCEC; (16)

σ02 ¼
1

F
snwσw þ

�
1

Fϕ

�
sn−1w ρgðB − λÞCEC; (17)

which are consistent with equation 15 and the definition of
M2 ¼ ðσ∞2 − σ02Þ=σ∞2 . Because we have σ∞ ¼ σ∞2 ð1þ 3φmÞ and
σ∞ ¼ σ∞1 þ σ∞2 , this yields σ∞1 ¼ 3φmσ

∞
2 . The exponents c1 and

c2 and the relaxation times τ1 and τ1 can be determined through
the fit of the complex conductivity spectra. The advantage of using
a double Cole-Cole model is that we can first fit the Cole-Cole
model for the background material (component 2) and then keep
this component unchanged when dealing with the mixtures.

MATERIALS AND METHODS

We performed complex conductivity measurements with a
high-precision impedance meter, namely the ZEL-SIP04-V02
(Zimmermann et al., 2007, 2008). The complex conductivity spec-
tra were obtained in the frequency range between 0.1 Hz and
45 kHz at room temperature (approximately 25°C). A sketch of
the experimental setup is shown in Figure 3, and we follow the ap-
proach discussed in the two previous papers of this series (Revil
et al., 2013a, 2013b). The measured impedance was converted into
complex conductivity using the geometric factor calculated based
on the geometry of the sample holder and the position of the ABMN
electrodes (AB denotes the current electrodes, and MN denotes the
voltage electrodes).
The (background) clay material is a natural illitic material.

Its CEC was determined using the cobalt hexamine chloride method
(Guillaume, 2002). We found CEC = 9.74 meq/100 g or 9402 C/kg
(two replicates) (Table 1). The complex conductivity spectra of
the illite alone were first obtained at the four pore water solutions

A, B current electrodes, 
M, N potential electrodes

A

M N

Clay

Spring

Fixed Mobile

Current electrodes

A and B

B

M and N

Voltage electrodes

Pyrite

Figure 3. Experimental setup for the complex conductivity spectra.
The electrodes are self-adhesive super-conductive carbon film, car-
bon/Ag/AgCl electrodes with biocompatible hydrogel. The sample
(mix of illite and pyrite) is contained in a plastic tube with the pyrite
cubes contained in between the voltage electrodes M and N. The
electrodes A and B denote the current electrodes.

Table 1. Properties of the background material used in the
present study (illite).

Property Value

CEC (meq/100 g) 9.74

ρg (kgm−3) 2650

ϕ 0.65

F 2.1

σS (S m−1) 2 × 10−2

n 1.4 ± 0.2

Mb 0.015

The CEC has been obtained with the cobalthexamine method. The porosity was
obtained using the dry and saturated weights of the sample and its volume. The
formation factor and the surface conductivity are obtained from the electrical
conductivity measurements at three pore water salinities (1 Hz, NaCl, 25°C). The
saturation exponent n is obtained using conductivity measurements at different
saturations. The chargeability of the background material Mb was also measured at
saturation. The grain density ρg is close to the grain density of silica.
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at 25°C (NaCl). The conductivity (at 1 Hz) is shown in Figure 4a.
The formation factor F and surface conductivity σS ¼ ρgBCEC=Fϕ
are determined by fitting the conductivity equation for the back-
ground to these data, and the values are reported in Table 1. The
formation factor F is 2.1, and the surface conductivity is
0.021 S m−1. We can check that the value of the surface conductivity
is consistent with the value of the CEC and formation factor. Using
equation 7, σS ¼ ρgBCEC=Fϕ and with a grain density
ρg ¼ 2650 kgm−3, F = 2.1, ϕ ¼ 0.65, CEC = 9401.5 C kg−1,
and β (Na+, 25°C) = 3.1 ± 0.3 × 10−9 m−2s−1 V−1, we obtain a
surface conductivity of 5.6 × 10−2 S m−1, slightly larger than the
measured value of 2.1 × 10−2 S m−1.
We also performed complex conductivity experiments to study

the saturation behavior of the background properties. The depend-

ence of the background conductivity and background chargeability
on the saturation is provided in Table 2 and shown in Figure 4b. The
background conductivity follows Archie’s type behavior with a low
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Figure 4. Properties of the background. (a) Electrical conductivity
of the background material (illite, 1 Hz) versus the pore water con-
ductivity using four electrolytes (NaCl, 25°C). The plain line de-
notes a fit of the linear conductivity model to determine the
formation factor and the surface conductivity. In this paper, the ex-
periment for the illite/pyrite mixtures is performed with an electro-
lyte at 0.8 S m−1 (25°C, NaCl). This yields a background
conductivity σb of 0.40 S m−1. (b) Chargeability and conductivity
versus saturation (n = 1.0 ± 0.1, r2 ¼ 0.96). The background char-
geability data are too scattered to be fitted. The plain line corre-
sponds to a constant background chargeability of 0.015.

Table 2. Dependence of the background chargeability and
conductivity on saturation.

Saturation sw Mb σb

1.0 0.015 0.3760

0.9 0.018 0.2876

0.8 0.025 0.2681

0.7 0.019 0.2118

0.6 0.015 0.1914

0.5 0.017 0.1756

0.4 0.027 0.1319

0.3 0.015 0.1088

0.2 0.042 0.0705
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Figure 5. (a and b) Example of complex conductivity spectra for a
given water saturation (30%) and various pyrite contents. The lines
are guides for the eyes.
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value of the saturation exponent n close to one.
The background chargeability seems to increase
slightly with the decrease in the saturation but the
scatter in the data points does not allow to prop-
erly fit these data with the model discussed pre-
viously.
This illite is mixed with pyrite cubes of various

sizes to obtain the desired metal content φm in the
range of 0%–17%. The volume of pyrite is first
determined by immersion. Then, all of the ex-
periments performed in this paper (see Table 3)
were done with a pore water conductivity of 0.8 S
m−1 (NaCl, 25°C). For the experiments, a homo-
geneous mixture was prepared with the back-
ground clay, the electrolyte at 0.8 S m−1, and
the desired saturation and pyrite cubes to mimic
the mixture shown in Figure 1. Once prepared,
we closed the core sample holders (Figure 2)
and let them rest for approximately 10 days. A
total of 43 experiments (reported in Table 3)
are performed.
A typical set of complex conductivity spectra

is shown in Figure 5 at a given saturation (30% in
this case). The data show a clear polarization that
increases with the increase in the pyrite content,
as expected. These data can be fitted by a Cole-
Cole model, and we use a Markov chain Monte
Carlo (MCMC) sampler to fit the Cole-Cole
parameters for each complex conductivity spec-
trum. The values of the Cole-Cole parameters are
reported in Table 3. The fit of the complex con-
ductivity spectra is shown in Figures 6, 7, 8, 9,
and 10. We can say that the Cole-Cole model
provides a good descriptor of the polarization ef-
fect. Then, in the next section, we discuss the
dependence of the Cole-Cole parameters on
the properties of the mixtures.

RESULTS

Single Cole-Cole model

First, in Figure 11, we check that the Cole-
Cole exponent c is independent of the saturation
and pyrite content (except for small pyrite con-
tent <1 vol% for which we recover the Cole-Cole
exponent that is associated with an illite of ap-
proximately 0.50, not shown here). Because
the Cole-Cole exponent described the broadness
of the polarization length scales, this is not sur-
prising.
In Figure 12, the Cole-Cole relaxation time

is plotted as a function of the instantaneous
conductivity. We observe, despite the scatter in
the data, that the Cole-Cole relaxation time is
inversely proportional to the instantaneous con-
ductivity of the material. In Figure 13, we plot
the chargeability of the mixture as a function
of the pyrite content. We check that the data

Table 3. Low-frequency Cole-Cole parameters for the different experiments
performed in this paper fitted with a single Cole-Cole parametric model.

Experiment sw ϕm c σ∞ (S m−1) τ (10−4 s) M

E1 0.2 0 0.46 0.0705 5.67 0.01

E2 0.2 0.0074 0.55 0.0878 9.97 0.053

E3 0.2 0.0202 0.65 0.0892 12.2 0.145

E4 0.2 0.055 0.69 0.1007 18.5 0.208

E5 0.2 0.1508 0.74 0.1402 21.7 0.318

E6 0.3 0.0075 0.65 0.1182 4.7 0.056

E7 0.3 0.0206 0.71 0.1132 10.1 0.118

E8 0.3 0.0562 0.68 0.1275 12.4 0.154

E9 0.3 0.1538 0.68 0.1853 24.5 0.326

E10 0.4 0.001 0.64 0.1327 20 0.01

E11 0.4 0.028 0.61 0.1366 6 0.03

E13 0.4 0.077 0.62 0.1421 5.2 0.058

E14 0.4 0.0208 0.79 0.143 7.8 0.083

E15 0.4 0.0568 0.6 0.1621 10.3 0.127

E16 0.4 0.1402 0.54 0.1875 11.7 0.151

E17 0.5 0 0.51 0.184 1.5 0.011

E18 0.5 0.001 0.76 0.193 3.4 0.011

E19 0.5 0.028 0.42 0.168 1.4 0.013

E20 0.5 0.077 0.69 0.188 8 0.051

E21 0.5 0.021 0.73 0.184 4.7 0.075

E22 0.5 0.058 0.73 0.214 8.4 0.213

E23 0.5 0.156 0.73 0.361 9.1 0.409

E24 0.6 0.0077 0.64 0.204 6 0.055

E25 0.6 0.0209 0.83 0.17 7.6 0.068

E26 0.6 0.0574 0.79 0.256 17.7 0.137

E27 0.6 0.1564 0.72 0.342 14.7 0.238

E28 0.7 0.0077 0.58 0.229 4.5 0.06

E29 0.7 0.0209 0.63 0.245 5.3 0.103

E30 0.7 0.0581 0.74 0.285 7.1 0.202

E31 0.7 0.1583 0.72 0.495 10.1 0.342

E32 0.8 0.0076 0.59 0.303 4.7 0.041

E33 0.8 0.0209 0.71 0.344 9.3 0.106

E34 0.8 0.0572 0.71 0.372 6.7 0.211

E35 0.8 0.1548 0.74 0.646 8.7 0.307

E36 0.9 0.0077 0.6 0.319 3.9 0.051

E37 0.9 0.0212 0.65 0.367 5.2 0.084

E38 0.9 0.058 0.57 0.361 5 0.361

E39 0.9 0.1582 0.74 0.643 14 0.642

E40 1 0.0081 0.63 0.43 5.5 0.069

E41 1 0.0225 0.69 0.46 3.9 0.117

E42 1 0.0612 0.74 0.477 10.5 0.7

E43 1 0.1666 0.63 1.114 3.7 0.338

The experiments are labeled as E1–E43. The quantities sw and ϕm denote the saturation and the pyrite content
(weight fraction), respectively. The quantities c and σ∞ denote the Cole-Cole exponent and the instantaneous
conductivity, respectively. Finally, the quantities τ and M denote the Cole-Cole relaxation time and the
chargeability, respectively. The samples are saturated with an electrolyte at a pore water conductivity of
0.8 S m−1 (NaCl, 25°C).
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Figure 6. Cole-Cole fit of the complex conduc-
tivity spectra. (a) In-phase conductivity data at a
partial water saturation of 20%, (b) quadrature
conductivity data at a partial water saturation of
20%, (c) in-phase conductivity data at a partial
water saturation of 30%, and (d) quadrature con-
ductivity data at a partial water saturation of 30%.
The plain lines define the best fit of the Cole-Cole
model used to fit the spectra with the highest pyrite
contents (above 0.5%).
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Figure 7. Cole-Cole fit of the complex conduc-
tivity spectra. (a) In-phase conductivity data at a
partial water saturation of 40%, (b) quadrature
conductivity data at a partial water saturation of
40%, (c) in-phase conductivity data at a partial
water saturation of 40%, and (d) quadrature con-
ductivity data at a partial water saturation of 40%.
The plain lines define the best fit of the Cole-Cole
model used to fit the spectra with the highest pyrite
contents (above 0.5%).
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Figure 8. Cole-Cole fit of the complex conduc-
tivity spectra. (a) In-phase conductivity data at a
partial water saturation of 60%, (b) quadrature
conductivity data at a partial water saturation of
60%, (c) in-phase conductivity data at a partial
water saturation of 70%, and (d) quadrature con-
ductivity data at a partial water saturation of 70%.
The plain lines define the best fit of the Cole-Cole
model used to fit the spectra with the highest pyrite
contents (above 0.5%).
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Figure 9. Cole-Cole fit of the complex conduc-
tivity spectra. (a) In-phase conductivity data at a
partial water saturation of 80%, (b) quadrature
conductivity data at a partial water saturation of
80%, (c) in-phase conductivity data at a partial
water saturation of 90%, and (d) quadrature con-
ductivity data at a partial water saturation of 90%.
The plain lines define the best fit of the Cole-Cole
model used to fit the spectra with the highest pyrite
contents (above 0.5%).
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are grossly consistent with the prediction of the model given in
equation 4.
In Figure 14a and 14b, we plot the instantaneous conductivity

as a function of the saturation at low and high pyrite contents.
We check, in agreement with the model, that the dependence
on saturation of the instantaneous conductivity does not depend
on the pyrite content. In Figure 15, we check that the increase
in the instantaneous conductivity with the pyrite content is
grossly consistent with the prediction of the model. Note that
the value of the saturation exponent n we found is low
(n = 1.25) but inside the range of realistic values (n comprised
between 1 and 4).

Double Cole-Cole model

We use a stochastic approach to fit the double Cole-Cole model,
but we use specific relationships to account for the underlying
physics. We use the following complex conductivity equation:

σ� ¼ σ∞ðsw;φmÞ
�
1 −

9φm
2þ5φmþ2φ2

m

1þ iω

�
~τ1

σ∞ðsw;φmÞ

�
c1

−
ρgλCEC

ϕswσwþρgBCEC

1þ ðiωτ2Þc2
�
; (18)

where we used the following expression for the instantaneous
conductivity of the mixture:

σ∞ ¼ ð1þ 3φmÞ
�
1

F
snwσw þ

�
1

Fϕ

�
sn−1w ρgBCEC

�
: (19)

The input parameters are the complex conductivity spectra, the
saturation sw, and the pyrite content φm. The parameter c2 is deter-
mined by the absence of pyrite using the complex conductivity
spectra for illite alone (c2 close to 0.5). The parameters to optimize
are the Cole-Cole exponent c1, the second Archie’s exponent n,
and the reduced relaxation time ~τ1 ¼ τ1σ∞ðsw;φmÞ, so there
are only three parameters. The other parameters, F, ϕ, CEC, and
ρg, are provided in Table 1. Finally, we use β (Na+, 25°C) =
3.1 ± 0.3 × 10−9 m−2 s−1 V−1 and λ (Na+, 25°C) =
3.0 ± 0.7 × 10−10 m−2 s−1 V−1 for the two mobilities and a pore
water conductivity σw ¼ 0.8 Sm−1 (NaCl, 25°C).
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a) b)Figure 10. Cole-Cole fit of the complex conduc-
tivity spectra. (a) In-phase conductivity data at sat-
uration and (b) quadrature conductivity data at
saturation. The plain lines define the best fit of
the Cole-Cole model used to fit the spectra with
the highest pyrite contents (above 0.5%).
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Figure 11. Cole-Cole exponent. (a) Cole-Cole exponent versus
water saturation. As predicted by the theory, we observe that the
Cole-Cole exponent does not depend on saturation. We have re-
moved the data of experiments E1 and E17 (no pyrite, pure illite
c ≈ 0.50� 0.01). (b) Cole-Cole exponent versus pyrite content.
The Cole-Cole exponent reflects the distribution of the grain sizes
of the pyrite. The plain line denotes the median value of the Cole-
Cole exponent for the experimental data.
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A comparison between the double Cole-Cole model and the
experimental data for saturation of 20% is shown in Figure 16.
The model is able to explain the data, but the fits are not perfect.
With a relaxation time of τ2 ¼ 2 × 10−4 s (for the entire data set),

we obtain the following values for the three other parameters:
c1 = 0.7 ± 0.2, n = 1.9 ± 0.7, and the reduced relaxation time
~τ1 ¼ 2.2� 0.9 Sm−1 for pyrite. The value of c1 is what we expect
from Figure 11b. The value of n conforms to the expected value for
the saturation exponent, generally close to the cementation expo-
nent m. Finally, the value of ~τ1 is very well determined with a small
standard deviation indicating that the relaxation time τ1 is indeed
inversely proportional to the conductivity of the material.
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Figure 12. Evolution of the low-frequency Cole-Cole relaxation
time versus the water saturation. A comparison is made with the
data of Tartrat et al. (2019) using the same illite but for desiccation
experiments. The conductivity of the background shows an effect
on the Cole-Cole relaxation time. The plain line corresponds to the
fit of the data from Tartrat et al. (2019).
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The plain line represents the fit done with equation 4. We do not see
an effect of the water saturation in the data. The low value of the
background chargeabilityMb is due to the relatively high pore water
conductivity used in the present study (0.8 S m−1). Despite the
dispersion of the data set, the overall trend is relatively well repro-
duced in the data.
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Figure 14. Dependence of the instantaneous conductivity σ∞ with
saturation sw. (a) For mixtures with pyrite content smaller or equal
to 3% versus the saturation. (b) For mixtures with pyrite content in
the range of 14%–17%. The pore water conductivity is 0.8 S m−1

(NaCl, 25°C). The values used for the surface conductivity and for-
mation factor are those of Table 1. We observe that the value of the
saturation exponent remains the same (n = 1.25) for the two ranges
of pyrite contents (high and low).
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CONCLUSION

We performed complex conductivity experiments on 43 mixtures of
illite/pyrite and an electrolyte to study the effect of the pyrite content

and saturation. The complex conductivity spectra can be accurately
fitted with a single Cole-Cole model at least above a critical content
of pyrite or a double Cole-Cole model accounting for the polarization
spectra of the clay particles and pyrite grains. The Cole-Cole param-
eters are given physical interpretation thanks to a mechanistic model.
We check that the Cole-Cole exponents do not depend on the satu-
ration. The instantaneous conductivity depends on the saturation ac-
cording to a power law relationship with a power law exponent given
by the second Archie’s exponent n. The chargeability depends linearly
on the pyrite content, with a background chargeability that depends on
the saturation. Finally, the Cole-Cole relaxation time is inversely pro-
portional to the instantaneous conductivity, which depends on satura-
tion in a predictable way. The proposed double Cole-Cole model
represents a step forward in being able to model such complex mix-
tures accounting for a few textural parameters and state variables.
In the future, we could check if the data obtained in the course of

this analysis could be compared with numerical experiments using a
network approach. We will also apply our approach to real source
rocks that are rich in pyrite and kerogen also accounting for their
anisotropy. If we can explain the polarization characteristic of such
complex media quantitatively, this means that we could interpret the
field data for any complex situation in oil reservoirs and source rocks.
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