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SUMMARY

Clay materials are ubiquitous in the Earth’s continental and oceanic crusts. They are
characterized by a large specific surface area, and, in contact with water, they have
remarkable adsorption, catalytic and containment properties. Clay materials also exhibit a
high electrical conductivity response associated with their large surface. However,
sedimentary clay minerals have a complex microstructure and electrochemistry that are not
fully understood and make the quantitative petrophysical interpretation of geoelectrical
measurements difficult. In this study, we have developed a new mechanistic model to better
understand and predict the complex conductivity of clay materials from their micfostructure
and electrical double layer properties. For the conductive component, our model.considers ion
electromigration in bulk water, clay electrical diffuse layer, and intérlayer space, if any.
Concerning polarisation, it takes into account ion back-diffusion in the\Stern layer and in the
interlayer space, if any, and also Maxwell-Wagner effect. Water and clay surface
conductivities, formation factor, cementation exponent and-sample electrically connected
porosity can be extracted from the comparison of the model to experimental data. This study
is a step forward to better understand and quantify the complex conductivity of clays observed
during electrical and electromagnetic“measurements, from laboratory to geological formation

scales.

Keywords: Electricaliproperties, Induced polarisation, Microstructure.
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Nomenclature

Symbol Meaning Unit

a’ ion i activity in bulk water dimensionless

a empirical value to compute solid permittivity m’ kg’

B ion mobility in bulk water due to electro-migration m’s’ V!

B mean ion electro-osmotic mobility in the diffuse layer m’s' V'

By mobility of the counter-ions in the Stern layer m’s' V!

E” ion mobility in bulk and distilled water due to electro-migration m?s™ V!

B¢ ion i mobility in the diffuse layer with electro-osmosis m’s' V!

B, mean ion mobility in the diffuse layer with electro-osmosis m’s’ V!

(thin diffuse layer assumption)
E mean ion mobility in the diffuse layer with electro-osmosis m?s™ V!
around the aggregate (thin diffuse layer assumption)

c volume fraction of conductive water dimensionless

CEC cation exchange capacity meq g

C, differential capacitance of the diffuse layer F m™

old ion i molar concentration mol LV/(M)

c’, salt molar concentration mol L' (M)

Co o initial NaCl concentration in bulk water mol L™ (M)

c’, initial salt concentration in bulk water mol L™ (M)

C? average ion concentration in the diffuse layer mol L™ (M)

c cation concentration from  dissolved minerals and mol L™ (M)
montmorillonite interlayer space

c’ anion  concentration  from  dissolved, /minerals and mol L™ (M)
7 montmorillonite interlayer space

Ve diffuse layer thickness m

o Debye length m

d diameter of the spherical particle m

d, effective diameter of the k"> aggregate m

dg Stern layer thickness m

S, clay powder mass g

S, main clay solidunass g

X sample mass before evaporation g

S5 sample mass-after evaporation g

Dl.b ion. i self-diffusion coefficient m? s’

D’ 1on 7'self-diffusion coefficient in distilled (bulk) water m*s’

e elementary (or electron) charge C

e aggregate eccentricity dimensionless

& medium permittivity Fm'

& vacuum permittivity Fm’'

& interlayer space permittivity Fm’'
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solid permittivity

liquid water permittivity

average permittivity of the diffuse layer and interlayer space

applied electrical field
initial applied electrical field

aggregate size distribution of the K™ aggregate
fraction of the counter-charge in the Stern layer
Boltzmann’s constant

dissociation constant of water molecules

mud porosity

aggregate porosity

liquid water dynamic viscosity

height of the k™ aggregate

magnetic field strength

imaginary number

ionic strength

inverse of the Debye length

electrical potential in the diffuse layer
electrical potential at the d-plane

average electrical potential in the diffuse layer
conduction current density
displacement current density

potential of hydrogen ion in bulk water
mean charge of the counter-ions in the Stern, layer
ion i charge

mineral surface charge density

edge surface mineral surface charge density
basal surface mineral surfaceicharge density
Stern layer surface chargedensity

diffuse layer surface'charge density
electrical double layersurface charge density

aggregate excess'of charge per unit pore volume

excess of charge per unit Stern and diffuse layer volumes

excess of'charge per unit diffuse layer volume
excess of charge per unit interlayer space volume
water volume fraction of the diffuse layer

depolarisation coefficient
cementation exponent of the clay aggregate
electro-osmotic effect on diffuse layer conductivity

ion mobility ratio between in the Stern layer and distilled water

Fm'

Fm!

Fm'

Vm'

Vm'
dimensionless
dimensionless
JK!
dimensionless

dimensionless
dimensionless

Pas
m

Am’!
dimensionless
mobkL (M)
o

V.

A%

A\
Am?
A m?

dimensionless
C
C

Cm*
Cm*
Cm?
Cm*
Cm™
Cm*
Cm>
Cm>
Cm”
Cm>
dimensionless

dimensionless
dimensionless
dimensionless

dimensionless
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effect of the diffuse layer on Stern layer polarization

number of stacked sheets per particle

number of ion species in bulk and diffuse layer waters

Avogadro’s number
Number of different sized aggregates

number of solid inclusions in the modelling

empirical coefficient for temperature dependence of ion

mobility

minus log of dissociation constant of water molecules

solid volumetric mass density

medium electrical conductivity

medium bulk conductivity (excluding polarisation effect)

“surface” conductivity due to Stern layer polarisation

water conductivity

bulk water conductivity

diffuse layer water conductivity
surface area of the interlayer space
outer surface area of the clay particle

total specific surface area of the clay particle
specific surface area of the edge surface

specific surface area of the basal surface

total outer specific surface area of the clay particle
Surface conductivity of the diffuse layer

Surface conductivity of the Stern layer

time

interlayer thickness

relaxation time of the spherical particle
relaxation time of the k" sizedaggregate

absolute temperature
temperature in degree-Celsius

surface area weighting-coefficient
interlayer spacewolume

solid volume

solid clay layer volume
weakly,conductive other solid volume
Stern layer volume

sample volume

volume of diffuse layer water

volume of bulk water

angular frequency of the applied electrical current

dimensionless
dimensionless

dimensionless
mol!
dimensionless

dimensionless
K'l

dimensionless

kg m™

Sm’!
Sm’!

Sm’!

Sm’!

Sm’

S’

2
m

m2

2 -1
m g
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Q solid content in the sample

X distance from the d-plane
3 solid volume fraction of the main clay mineral
z mean valence of the counter-ions

z 1on i valence

i

dimensionless

m
dimensionless

dimensionless
dimensionless

48 U Followed by “*” means including displacement current.

49
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1 INTRODUCTION

Clay minerals or clays are fine-grained materials (particle size below 2 um) that are very
common in geologic deposits, terrestrial weathering environments (e.g., regolith), and marine
sediments (Sposito 1989). They have a high specific surface area (SSA), the highest known
among major natural minerals (Leroy & Revil 2009). For instance, one gram of
montmorillonite (Mt), which belongs to the smectite group, can cover a surface of roughly
800 m” (Tournassat & Appelo 2011). Unlike other high-SSA natural minerals such as zeolites
and manganese and iron (hydr)oxides, clay minerals are frequently the main components of
soils and extended sedimentary stratigraphic layers, making around 40% of the minerals’ in

sedimentary rocks (Schroeder 2018).

Unique properties of clays are due to their microstructure — among.them high adsorption
capability, swelling, catalysis, plasticity when wet, and very low\permeability (Grim 1962).
These minerals are hydrous layer aluminosilicates, whichiferm a diverse group constituting
the greater part of the phyllosilicate family of minerals. Clays are mostly made of aluminum,
silicon, and oxygen atoms interacting with water molecules on the mineral surface, sometimes
with variable amounts of iron, alkali metals\(e.g:, Na" or K'), and alkaline earth metals (e.g.,
Ca®" or Mg2+) (Tournassat et af- 2015). They have a layered structure containing an
octahedral (O) alumina sheet,sandwiched between two tetrahedral (T) silica sheets (case of Mt
and illite) or a tetrahedral silica and octahedral alumina sheet (case of kaolinite) that are

stacked to form a particle (Leroy & Revil 2004).

Clay mineralsshayve remarkable adsorption properties reflected by their high cation exchange
capacities, (CEC), typically between 0.1 and 1.5 meq g'1 for, in ascending order, chlorite,
kaolinite, illite and Mt (Revil & Leroy 2004). Isomorphic substitutions in the crystal are, e.g.,

the replacement of AP by Mg2+ or Fe*" ions in octahedral sheets or Si*" by AP*" or Fe* ions
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in tetrahedral sheets with most of the substitutions occurring in the octahedral sheets for illite
and Mt (Leroy et al. 2017b). Isomorphic substitutions are responsible for a high permanent
negative surface charge mostly expressed on the basal clay surfaces (Bourg & Sposito 2011).
This surface charge, conjointly with the high specific surface area of illite (typically 100-200
m’® g compared to a kaolinite SSA of typically 10-20 m* g) and Mt (typically 700-800 m? g
" (Revil & Leroy 2004), are at the origin of the high measured CEC of illite (~0.2-0.3 meq g’
"y and Mt (~0.7-1.5 meq g™") (Revil & Leroy 2004; Tournassat ef al. 2015). Clays such as Mt
also have swelling properties due to the presence of hydrated cations such as Na' igns
adsorbed in the interlayer space between TOT layers (Massat et al. 2016) and.catalytic
properties because of their high reactive specific surface area (Ismadji et qf."2015)! Clay
minerals also have rheological properties and develop plasticity whenfwet \because of a
molecular film of water surrounding clay particles, but become hard, brittle and non-plastic

upon drying or firing (Guggenheim & Martin 1995).

Clays play a major role in the terrestrial biogeochemical cycling of metal cations (e.g., K or
Ca’") and in the chemical homeostasis of the oceans (Sposito et al. 1999) because they are
abundant in Earth’s soil and subsurface and of'their high chemical reactivity (regarding, e.g.,
adsorption and catalysis) (Sposito ef, al. 1999). These minerals also provide an efficient
confinement environment for biomolecules and might have enhanced biochemical reactions to
develop life during early life evolution on Earth (Yang et al. 2013) and possibly on Mars
(Azua-Bustos et al, 2020). Due to clay rheological properties, shale beds (sedimentary rocks
composed of very.fine'clay particles) have preserved a remarkable range of fossils, e.g., hard
body partss=soft tissues, feathers, prints, and burrows (Petraglia et al. 2014). Therefore these
clayey rocks provide records of Earth’s evolutionary history and inspired Charles Darwin for

his,theory of evolution (Charlet et al. 2017). Clay minerals also provide indicators of the
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evolution of aqueous conditions and possible habitats for life on ancient Mars (Bristow et al.

2018).

In addition, clays are used in a broad range of engineering processes, for instance as
lubricants in oil industry (Udonne 2011), industrial catalysts for the synthesis of organic
compounds (Nagendrappa 2011), and for pharmaceutical drug delivery (Viseras et al. 2010).
Since the Neolithic period, clay minerals have also been employed for pottery (Vandiver et al.
1989). Special attention is currently devoted to the pharmacological functions of clays and
their biomedical applications in pelotherapy, wound healing, regenerative medicine,
antimicrobial, and dermocosmetics (Viseras et al. 2019). Natural and synthetic clays are‘also
used as semi-permeable membrane barriers adsorbing metallic pollutants (Gehin‘ef\al. 2007),
salt ions (water desalinisation (Ali et al. 2021)) and organic pollutants (Kausaret al. 2018) to
improve the quality of water resources. They are also used as containers in landfills because

of their confining properties towards industrial and domestic wastes)(Malusis et al. 2003).

Clay-rich (argillaceous) rocks, including marls, shale, mudstone, argillite and claystone
(herein referred to as clay rocks), are sedimentary formations with a very low permeability
(typically between 10* and 10" m?, see Neuzil’1994). The low permeability of clay rocks is
a consequence of consolidated fine-grained/sediments containing a large fraction of nanopores
(Yven et al. 2007) with a loss of\pore connectivity during diagenetic or metamorphic rock
reactions (Charlet et .al 2017). Because of their confining properties, clay geological
formations act as-¢ap rocks above oil and gas (“carbonated” energies) (Li et al. 2006) and
geothermal energy (“decarbonated” energy) (Guisseau et al. 2007) reservoirs. They are also
frequently~used for the geological storage of H, (energy “vector”) (Liu et al. 2022), CO,
(Busch et al. 2016) and high-level nuclear waste (Sellin & Leupin 2013). Smectite minerals
can adsorb and store CO, in their interlayer space to mitigate greenhouse gas emissions (Bo

Hunvik et al. 2021). The swelling of smectite minerals in contact with an aqueous solution

20z 19quiada g0 uo Jasn NOYg Salalul 18 sanbibojoas) sayalayoay ap neaing Agq 190506Z/L L 7oebb/6/2601 0L /10p/0101E-00ueApE/IB/WO02° dno-dlWwapede//:sdyy wolj papeojumoq



123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

can also produce strong adverse effects in the extraction of oil and gas (Karaborni et al. 1996)
and of “green” geothermal energy (Xu et al. 2006), and is of major concern in civil

engineering due to quick clay landslides (Khaldoun et al. 2009).

When clay mineral is in contact with water, an electrical double layer (EDL) lies on the
mineral outer surface to compensate the usual negative surface charge not compensated by
interlayer cations (Bourg et al. 2007). Some clays like kaolinite can have a positive surface
charge in acidic conditions because of the adsorption of protons on surface oxygen (Tombacz
& Szekeres 2006). The clay EDL is made of a “compact” Stern layer with a solid-like
viscosity and containing mostly counter-ions and of a diffuse layer with a liquid-like viscosity
and containing an excess of counter-ions and a deficiency of co-ions (Leroy. &Reyvil 2004).
The EDL controls the distribution and displacement of electrical charges ‘on.the surface of
clays because of the high surface charge magnitude and specific 'surface area of clays
(Tournassat & Steefel 2019). Therefore, clay EDL has a strong influence on clay electrical

conductivity (Waxman & Smits 1968).

In geophysics, electrical and electromagnetic methods are very sensitive to electrical charge
transport in clay materials, especially in thesEDL at the interface between solid clay and bulk
pore water (e.g., Revil & Leroy 2001; Jougnot ez al. 2010a; Qi & Wu 2022). Any perturbation
of chemical, electrical, hydrostatic_and thermal nature in a geological system containing a
significant fraction of clays should be theoretically captured by these methods (Revil & Leroy
2004; Revil et al. 2005; Revil & Linde 2006). Notably, the electrical current injected into the
ground containing clay materials moves the electrical charges in the pore water, especially
those in the diffuse part of the clay EDL and in the stagnant part of the clay EDL (Stern
layer), which in turn influence ground electrical conductivity (ability of the medium to carry
electric current) (e.g., Revil 2012; Okay et al. 2014; Qi & Wu 2024). In the laboratory, a

tension typically £ 5V and a resulting weak electrical current typically in the mA range is
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injected when investigating pluricentimetric samples (Zimmermann ef a/. 2008). In the field,
considerably higher voltages and currents are typically injected into the ground depending on
the depth of the investigation (Kemna et al. 2012). The measured electrical and magnetic
fields and related conductivities and susceptibilities can thus be used to estimate the
petrophysical, state and transport properties of clay materials in geological formations

(Triantafilis & Lesch 2005; Glaser ef al. 2023; Porté et al. 2023).

A main inherent drawback of the conventional direct current (DC) resistivity survey is its
ambiguity in distinguishing between the effects of groundwater salinity, clay content,, and
pore space geometry (Binley & Kemna 2005; Binley & Slater 2020). Among th¢ electtical
and electromagnetic methods, one named “induced polarisation” (IP) is of particular interest
for geophysicists due to its increasing sensitivity to subsurface processeswover the last 20
years (Kemna et al. 2012; Binley et al. 2015). The induced polarisation method is related to
the reversible “storage” of electrical charges in porous media (Revil & Skold 2011). It was
discovered more than 100 years ago by Conrad Schlumberger (as far as we know). After
cutting the electrical current injected into the groeund centaining sulphide ores, Schlumberger
observed that the related voltage did not disappear immediately and instead decreased slowly
with time (Schlumberger 1920). Integrating the measured voltage in excess over the time after
switching off the current allows estimating the chargeability of the investigated porous
medium (Pelton ez al. 1978). In.the case of clay materials, the chargeability is sensitive to the
excess of electrical conductivity in the clay EDL compared to in bulk water, which is
responsible forwclay” “surface” conductivity controlled by clay microstructural and
electrochemical, properties (Leroy & Revil 2009; Leroy et al. 2017b; Revil et al. 2023). The
IP fmethod~ gives therefore access not only to the DC (“zero frequency”) conductivity or
resistivity but it also gives access to the chargeability of the investigated clayey medium

(Revil & Florsch 2010; Revil 2012; Qi & Wu 2024). These physical quantities, due to their
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dependence on clay pore water and surface conductivity, can deliver important information on
the petrophysical properties of clay materials. These properties are, for instance, mineralogy,
pore structure, water and clay contents, and transport properties including ion diffusivity and
rock permeability (Jougnot et al. 2009, 2010b; Revil & Florsch 2010; El Alam et al. 2023;

Revil et al. 2023).

The spectral induced polarisation (SIP) method belongs to the broader family of IP methods.
Rather than switching off and on the injected current, a sinusoidal, low-frequency (typically,
in the mHz to kHz frequency range) electrical current is injected into the ground and the
resulting voltage is measured (Marshall & Madden 1959). There are different ways of doing
TDIP and SIP measurements in the laboratory and in the field. In the case ofthe Wenner
alpha configuration, two current electrodes are used to inject the currént and/two potential
electrodes located between the current electrodes and at equal separation distance are used to
measure the resulting voltage in the investigated porous medium (e.g., Martin et al. 2020).
Other frequently employed configurations are dipele-dipole, pole-dipole or Wenner-

Schlumberger ones (Aizebeokhai & Oyeyemi, 2014).

During SIP measurements on clay materials, the'magnitude of the measured voltage depends
on ion fluxes induced by the imposed electrical field in the pore water especially on those in
the clay diffuse layer and in the clay Stern layer (ion electromigration processes) (e.g., Leroy
& Revil 2009; Okay ef.al. 2014). The measured phase-shift between injected current and
measured voltage“.depends on ion counteracting diffusion fluxes to reestablish their
distributionat thermodynamic equilibrium (Fig. 1) (e.g., Lyklema et al. 1983; Grosse &
Delgado 2010). Indeed, when the frequency of the injected sinusoidal current is sufficiently
low (typically below 1 kHz), the EDL polarizes (i.e. counter-ions in the EDL have time to
electromigrate tangentially to the particle surface) to accumulate on one side of the particle,

and to diffuse back to their initial position (Fig. la, Schwarz 1962). These ion movements,
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which can be characterized by a relaxation time, thus create a complex surface conductivity
increasing the electrical conductivity of the medium (e.g., Leroy et al. 2008; Leroy et al.
2017a). When the frequency of the injected sinusoidal current is higher (typically above 1
kHz), there is a charge build-up at the boundary between two phases presenting different
conductivities and permittivities, like solid clay and water, responsible for another
polarisation mechanism, Maxwell-Wagner polarisation, and increasing the electrical
conductivity of the medium (de Lima & Sharma 1992). Nanoporous clay materials are
characterized by a broad distribution of relaxation times due to Stern layer polarisation
influencing in particular medium and high-frequency SIP measurements (Leroy.&“Rewvil

2009).

- + Diffusion +

Figure 1. Sketch of EDL: polarisation at low frequencies of the injected current for a
negatively charged particle. Model of Lyklema ef al. (1983) (generalized Schwarz model)
showing the capacitive effeet of the polarized thin layer usually assumed to be the Stern layer
(surface diffusion” processes) (a., modified from Leroy et al. 2017b). Model of Grosse &
Delgado (2010)*showing the formation of ion clouds in excess and deficiency outside the
EDL compated to in the surrounding electrolyte due to EDL (here diffuse layer) polarisation
(concentrationypolarisation, volume diffusion processes) (b., modified from Grosse &
Delgado 2010).

Petrophysical models have been developed to understand quantitatively SIP laboratory and

field IP measurements on clayey media. For instance, Vinegar & Waxman (1984) developed a
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petrophysical SIP model for shaly sands based on an equivalent circuit model. Following
Waxman & Smits (1968), their model assumes that the measured real part of the complex
conductivity, the measured in-phase conductivity, can be wunderstood quantitatively
considering two conductances in parallel, one associated with electromigrating ions in the
bulk pore water and one associated with electromigrating cation counter-ions on the clay
surface. Following the membrane polarisation model of Marshall & Madden (1959), they
considered in addition two conductances in series, one related to clay counter-ion
displacement in clay-free zones and one related to electrolyte blockage by the clay-site
membranes, to explain imaginary, quadrature conductivity measurements on shaly“sands

between 1 Hz and 1 kHz. In the model of Vinegar & Waxman 1984, the”in-phase and
quadrature (or out-of-phase) conductivities depend on O, , which is the'excess of counter-

charge (canceling clay surface charge) per unit pore volume and ‘is calculated from the
measured porosity and clay cation exchange capacity. The SIPumodel of Vinegar & Waxman
(1984) is elegant and easy to use but its main drawback is, in.our opinion, its establishment at
the macroscale of the centimetric sample that does not/allow it to explicitly consider clay
microstructure and EDL properties. de Lima“& Sharma (1992) developed mechanistic SIP
models for clay materials considering’explicitly Stern layer (Schwarz 1962) or diffuse layer
(Fixman 1980) polarisation and”Maxwell-Wagner polarisation (Sen et al. 1981). The SIP
model of de Lima & Sharmia 1992 is more physical and more difficult to handle than the SIP
model of Vinegar & Waxman (1984). In our opinion its main drawback is its inability to
capture clay microstrueture with very elongated interacting clay particles on the contrary to
the spherical clay-particle considered in the model of de Lima & Sharma (1992). Most of the
following,SIP models for clay materials were inspired by the works of Vinegar & Waxman
(1984Yand de Lima & Sharma (1992) (e.g., Leroy & Revil 2009; Jougnot et al. 2010a; Revil

2012; Okay et al. 2014; Weller et al. 2015; Leroy et al. 2017b; Revil et al. 2023; Qi & Wu
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2024). For instance, Leroy et al. (2017b) considered a Stern layer polarisation model for
dispersed clay particles interacting with each other and forming aggregate. However, they did
not consider Maxwell-Wagner polarisation. In addition, the role of the interlayer space of Na-
montmorillonite (Na-Mt) containing hydrated and mobile Na" cations (Bourg et al. 2003) on
clay conduction and polarisation during SIP measurement was not investigated in the
previously reported works. In our knowledge, most of the current SIP models are not
considering explicitly clay microstructure and EDL properties. The microstructural and
electrical properties of the different components of the clay material, e.g., bulk pore water,

diffuse layer, Stern layer, and interlayer space, are not clearly described.

In this study, we propose a new mechanistic model to interpret SIP measuréments on
unconsolidated clay materials (e.g., muds) as a function of salinity and temperature from clay
microstructural and EDL properties. Our model is an extension of the ‘SIP model of Leroy et
al. (2017b). It considers bulk pore water and diffuse layer conductivities as well as Stern layer
and Maxwell-Wagner polarisations including the contribution of the interlayer space of Na-
Mt, which both were neglected in Leroy et al. (2017b).due to the low concentration of clay
particles in the suspension (less than 60 g of clay powder per liter of electrolyte). Porosity,
cementation exponent, electrical formation factor, surface conductivity and water conductivity
can be extracted from our model.compared to experimental data in order to better understand
the electrical properties of“clay_materials and to test the assumptions of SIP petrophysical
models developed at larger scale (e.g., Weller et al. 2013). Section 2 of our manuscript
explains the mierostructural and electrochemical properties of the main clay minerals, i.e.
kaoliniteg=illite;and montmorillonite clays. Section 3 presents the theory of our mechanistic
SIP model that is compared to the experimental data of Mendieta et al. (2021) in the

companion paper by Maineult et al. (2024).
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2 CHARACTERISTICS OF KAOLINITE, ILLITE AND MT PARTICLES

2.1. Microstructural properties

Clay minerals are characterized by a wide variety of mineralogies, sizes and shapes, and
heterogeneities in their surface properties (the edge surfaces behave differently than the basal
surfaces) (Tombacz & Szekeres 2006; Brigatti et al. 2013). Clay particles (or tactoids) are a
stack of platelets that are very elongated (Tournassat et al. 2015). These particles have
therefore a high aspect ratio with a thickness considerably smaller than length for illite and Mt

particles. Typical dimensions of clay platelets and particles are indicated in the following text.

The chemical formula of kaolinite is Al;Si,Os(OH)s (Grim 1962). A kaolinite particle is a
stack of several silica tetrahedral (T) and alumina octahedral (O) sheets linked by hydrogen
bonds (1:1 clay). The thickness of a TO sheet is ~7 A (Fig. 2a) and its-lenigth is typically
between 200 and more than 1000 nm (Fig. 3a) (Tournassat et al.\2015). The specific surface
areas (SSA) of the TO platelets (or layers) can be estimated from crystallography (Leroy &
Revil 2004). Indeed, a square TO platelet with a thickness of 7.2 A, a length of 500 nm and a
solid volumetric density of 2.62 g cm™ (Hassan’ehal: 2006) has a total specific surface area of
about 1063 m” g from which the edge surface share is about 3 m” g and the basal surface
share is about 1060 m? g”. According to the previous calculation and Hassan ef al. 2006 and
Tournassat et al. 2015, the edge specific surface area of a TO platelet is about 2-7 m” g and
the basal specific surface aréa of a TO platelet is about 1060-1070 m* g”'. The edge SSA of
individual TO layers is .therefore roughly 150 to 500 times lower than their basal SSA. In
addition, a kaolinite’particle is considerably thicker and larger in average than an illite and Mt
particle (Fig. 3). Kaolinite particle thickness is typically from less than 7 nm to more than 140
nm (Tournassat et al. 2015). The number of stacked TO layers of a kaolinite particle can

therefore range from 10 to more than 200.
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a. Kaolinite b. lllite and montmorillonite

~7 A j o Si4t _? o Si4+ AR+
lo]o[o]o]o] o oAR ~95A| [ololololo 0 0AR*, Mg?*, Fe2*
T

Figure 2. Sketch of (a.) kaolinite, and (b.) illite and Mt platelets (modified from Leroy &
Revil 2009).

a. Kaolinite
~200 nm - >1000 nm

Permanent surface charge (low)

A
\

~7 nm ->140 nm

pH and salinity -desgndent surface charge
b. lllite c. Montmorillonite
P ~50 nm - 100 nm ~50 nm - 1000 nm
Permanent surface charge (high) Permanent surface charge (high)

»

A
\/

~5nm-20 nm

pH and salinity dependent surface charge

OEDL counter-ion (e.g., Nat)
pH and salinity dependent surface charge oK*

Figure 3. Sketch of (a.) kaolinite, (b.) illite and (c.)\Mt particles (modified from Tournassat et
al. 2015).

The chemical formula of illite is. (K,H30)(Al,Mg,Fe),(Si,Al)s0,0[(OH),,(H,O)] and the
chemical formula of Mt is (Na,Ca)q 33(A1,Mg),S14019(OH),-n(H,0) (Grim 1962). Illite and Mt
particles are stacks of BOT sheéts of thickness ~9.5 A (Fig. 2b) and length between 50 and
100 nm for illite (Kig. 3b) and between 50 and 1000 nm for Mt (Fig. 3c) (Tournassat et al.
2015). TOT.sheets exhibit a permanent negative charge on their basal surfaces and are bonded
by non¢solyated cations (e.g, K*) for illite and fully solvated cations (e.g., Na™ and/or Ca*")
for swelling clays such as Mt (2:1 clays) (Tournassat et al. 2015). From crystallographic
consideration, it can be estimated that the total specific surface area of a TOT layer is about

780 m* g, from which the edge surface share is about 10-30 m” g and the basal surface
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share is about 750-770 m® g (Leroy et al. 2015). The edge SSA of individual TOT layers is
therefore roughly 20 to 80 times lower than their basal SSA. The SSA of clay layers are thus
dominated by the contribution of the basal surfaces, as the edge SSA represents only a minor
part of the total SSA. Furthermore, illite particle thicknesses are typically from 5 nm to 20 nm
and Mt particle thicknesses are typically from 1 nm to above 10 nm (Tournassat et al. 2015).
Therefore, Mt particles are more elongated than illite particles. Illite particles typically consist
of 5 to 20 stacked TOT layers. The TOT layers of Mt particles can become completely
delaminated. The number of TOT layers per Mt particle rarely exceeds 10 in water
(Tournassat & Appelo 2011). The number of TOT layers per Mt particle increases, with
decreasing water chemical potential and also tends to increase with the valence ©of the.counter-
ion in the interlayer space (Tournassat et al. 2015). According to wiscosity and light-
transmission experiments, Na-Mt dispersions in pure water contain‘particles made up of 1-2
TOT layers, whereas Ca-Mt or Mg-Mt dispersions in pure water contain particles made up of

6-10 TOT layers (Schramm & Kwak 1982).

The total SSA of a kaolinite particle, typically 40-20'm”? g (where the edge surface shares
around 15% of it, around 1.5-3 m* g (HasSan'ez al. 2006)), is considerably smaller than the
total SSA of an illite or Mt particle, which)is typically between 100 and 200 m* g for illite
and between 750 and 800 m’ g'1 for’ Na-Mt (Revil & Leroy 2004; Hassan et al. 2006;
Tournassat & Appelo 2011 Tournassat et al. 2015). Due to the irregular morphology of clay
mineral layers, the edge surfaces of different layers in a single particle may be misaligned.
Moreover, translational and rotational disorder between adjacent layers makes the structure
turbostratie=at-the scale of individual clay mineral particles. Clay minerals have different
motphologies: kaolinite and well-crystallized illite have a tendency toward hexagonal and
elongated hexagonal morphologies, respectively, whereas Mt and less well-crystallized illite

have mostly irregular platy or lath-shaped morphologies (Fig. 4).
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a. Kaolinite

Figure 4. Scanning electron microscopy (SEM) images of dried kaolinite (a., modified/from
Christidis 2010), illite (b., modified from Mc Bride 2012), and Mt (c., modified from
Christidis 2010) particles. All images are at the same scale.

2.2. Electrochemical properties

The different faces of clay particles exhibit different electroehemical properties (Tombacz &
Szekeres 2006; Bourg et al. 2007; Tournassat et al.-2016a). The electrochemical properties of
kaolinite particles are mainly controlled by th¢ edge surfaces and the alumina basal surfaces
due to the weak negative structural charge on the silica basal surfaces (Tombacz & Szekeres
2006) (Fig. 3a). The electrochemical properties of Mt particles and in lesser extent of illite
particles are mainly controlled-by.the basal surfaces due to their larger specific surface area
than the edge surfaces and to the structural charge (Tombacz & Szekeres 2004; Leroy & Revil

2009; Tournassat ‘etsal. 2011; Tournassat et al. 2013) (Figs 3b and 3c). In the following, we
define Q, as-the'surface charge density of the clay mineral (in C m?), Q) as the basal surface
charge density, O, as the edge surface charge density, O as the negative and permanent
structural surface charge density due to isomorphic substitutions, and O, as the surface

charge density of the EDL.
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The quantity Q, is an accurate indicator of the EDL properties controlling the IP response

because of the electroneutrality condition (Hunter 1981) implying

Oy + 0O =0, (1
and then
QEDL = _Qo . (2)

Therefore, according to Eq. 2, a high clay surface charge density magnitude implies a high
EDL surface charge density magnitude and potentially a high IP real conductivity résponse
(due to EDL conduction) and a high IP imaginary conductivity response Adue to/EDL

polarisation) (Leroy & Revil 2009). The quantity O, depends on the contributions of the edge
and basal surfaces considering

_ 0SS, +0SS, )

G SS

where SS,is the edge specific surface area (in m.g"), SS, is the basal specific surface area,

and SS is the total specific surface area, SS =SS+ SS, .

The surface charge density O, iS.controlled by the amphoteric aluminol, >Al-OH, and silanol,
>Si-OH, hydroxyl surface ‘sites- that are sensitive to pH and salinity of the surrounding
electrolyte due to proton desorption and adsorption on mineral surface (e.g., >S-OH <> >S-
O + H" where >$"=>Al or >Si) and salt counter-ion adsorption and desorption in the Stern
layer (e.g:, >S-0” + M'<> >S-O -M" where M'=Na") (Leroy & Revil 2004; Tombacz &
Szekeres 2004; Tombacz & Szekeres 2006; Tournassat et al. 2016a). The alumina basal

surface of kaolinite particle is also sensitive to pH and salinity (Tombacz & Szekeres 2006).

In absence of strong () influence and dissolution/precipitation reactions, (), magnitude
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should increase when pH moves from the point of zero charge (PZC, pH value where the
surface charge involving only amphoteric sites is zero). Indeed, in these conditions, when pH
decreases from PZC, mineral edge surface charge should become more positive because of
the increasing adsorption of protons H', and when pH increases from PZC, mineral edge

surface charge should become more negative because of the increasing desorption of protons

H' (Leroy et al. 2011). In these conditions also,

e‘ should increase when salinity increases

because of the adsorption of salt counter-ions in the Stern layer (Leroy et al. 2013). The
replacement of chemically adsorbed protons by salt cations mostly adsorbed further away
from the mineral surface in the Stern layer increases the magnitude of the negative surface

charge (the surface charge due to negative oxygen atoms is not compensated,by.H" anymore,

see Fig. 5).
(110) & (010) faces
- . »O=~M*t |
a. Kaolinite (”°)+ (010) faces b. lllite, Mt i .
W e w2 A
| = ! P i T AR
212 s o 5 5 "¢
amt g B el g |3
= = o SR > !
24 & Lo oH =+ E 1 x
v =) I ‘ M (&) I =
[ mt | oA P (A
>OH | ! | | mt ! .
— [ I M
= Q Qg OH | | A
E(OOUface Q, Q4 Q
______ Q Py Interlayer spaces
OH OH O OH o X X X X X lllite

----Stern plane - m* Q, -M+Sternplane M+

S Msaaasaaanias P4 - M T ~3,[\¢K+ Kt Kkt Kt
mt (001) M it ——
Diffuse layer Q X / Diffuse layer Qq Montmorillonite

e 110 A e

................... (010) | cocci .
m+ A

a-Bulkelectrolyte W+ Bulk electrolyte

Figure'S. Sketch of the electrochemical properties of (a.) kaolinite, (b.) illite and Mt particles
in contactiwith a 1:1 electrolyte like NaCl or KCI1 (modified from Leroy & Revil 2009). The
¢lectrical potential ¢, is assumed to the located at the d-plane delimiting the beginning of the
diffuse layer from the mineral surface. In Figure 5b, the white color in the interlayer space
means that cations are non-solvated and the blue color in the interlayer space means that
cations are fully-solvated.
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Illite and Mt particles exhibit a permanent and negative structural charge on their basal

surface (Q, value typically between —0.20 C m? and —0.10 C m?) due to isomorphic

substitutions within the mineral crystal (Grim 1962; Bourg et al. 2007; Leroy et al. 2007;
Leroy et al. 2017b). This structural surface charge is partly compensated by non-solvated
cations (e.g., K" or NH;" ions with low hydration energy) and hydrated cations (e.g., Na"
and/or Ca*"ions) in the interlayer space of illite and Mt (dioctahedral smectite), respectively,
(Melkior et al. 2009; Tournassat et al. 2015). In most of natural Mts, Na™ and Ca’’_ions
commonly coexist in the interlayer space (Tournassat et al. 2011). Hydrated cations such-as
Na' ions have a significant mobility in the interlayer space of Mt (for instance, ‘arotund 20% of
their mobility in bulk water according to the molecular dynamic simulations,of Tournassat et
al. 2009) whereas non-solvated cations such as K' ions have a_negligible mobility in the
interlayer space of illite (Ruiz Pestana et al. 2016). Therefore, in the following, we consider
that the interlayer space of Mts such as Na-Mt is conductiverand polarizable in the mHz to

kHz frequency range on the contrary to the illite.interlayer space.

The behavior of the clay surface charge is therefore more complicated than for oxides such as
SiO, (Leroy et al. 2013) or TiO, (Leroywet.al. 2011) or carbonates (Li et al. 2016) because, as
written previously, the different. faces have not the same electrochemical properties
(Tournassat et al. 2013). For, instance, the PZC of the edge face of Na-Mt is around 6.5
whereas its basalfaces do not exhibit a PZC value because of the strong influence of the
negative structural surface charge (Tombacz & Szekeres 2004). The basal faces (or surfaces)
of illiteland Mt are less sensitive to pH and salinity than their edge face because the hydroxyl
sites are less abundant and of the strong influence of the structural surface charge (Tournassat
et.al. 2015) In a system where protons and hydroxide ions are the only aqueous species, the

point of zero net proton charge (PZNPC) of a mineral defines the pH at which the positively
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and negatively charged functional groups on its surface are equal (Hao et al. 2018) For clay
minerals presenting both pH-dependent surface charge and a permanent structural surface
charge, the PZNPC is a better indicator of the state of the surface charge than the PZC
(Tombacz & Szekeres 2004). The PZNPC of clays decreases to lower pH with increasing,
e.g., NaCl concentration in bulk water (not influenced by the electrically charged surface)
because of the structural charge influence, which is stronger for, e.g., Na-Mt or illite than for
kaolinite (Avena & De Pauli 1998; Tombacz & Szekeres 2006). Tombacz & Szekeres (2006)
reported that the PZNPC of Na-Mt ranges from around 8.75 at a salinity of 0.01 M NaCl to
around 6.75 at a salinity of 1 M NaCl and that the PZNPC of kaolinite ranges from around
6.75 at a salinity of 0.01 M NaCl to around 5.25 at a salinity of 1 M NaCl (se€ their Fig. 6).
This confirms that the structural charge influence on clay surface charge is‘stronger for Na-Mt
than for kaolinite and hence that the surface charge of kaolinite is more“sensitive to pH and
salinity compared to the surface charge of Na-Mt. Using measured PZNPC values, Hao et al.
(2018) showed that the surface charge of kaolinite is moretsensitive to pH and salinity
compared to the surface charge of Mt and also illit¢ in a Iesser extent (a significant part of the

structural surface charge of illite is compensated bynon-solvated K counter-ions).

The outer mineral surface charge, i€., the mineral surface charge not compensated by the
interlayer counter-ions, is compénsated.by counter-ions adsorbed in the “compact” Stern layer
that has a solid-like water viscosity and is located between the mineral surface and the shear
(or slipping) plane when water flow occurs on the mineral surface (Revil & Leroy 2001). The
remaining outefiminerdl surface charge is compensated by counter-ions in excess and co-ions
in deficiency..compared to their concentration in bulk water that follow a Boltzmann type
distribution in the diffuse part of the EDL (Leroy & Revil 2004) (Fig. 5). The high negative
surface charge on the basal faces of Mt and illite favors counter-ion condensation within the

Stern layer (Leroy & Revil 2009). This is the reason why the fraction of the surface charge
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compensated by the Stern layer on the external basal surface of such clay minerals ( f,) is

typically above 50% (Leroy & Revil 2004; Tombacz & Szekeres 2004; Leroy et al. 2007,

Leroy & Revil 2009; Leroy ez al. 2015). The f,, quantity is of paramount importance for SIP
models because they consider that the Stern and diffuse layers have different contributions to
measured SIP data (e.g., de Lima & Sharma 1992; Leroy & Revil 2009; Revil 2012; Okay et
al. 2014; Leroy et al. 2017b; Qi & Wu 2024). It is defined by:

9% _ 9 (4)

fo=0 20,0,

where O, and O, are the surface charge densities of the Stern and diffuse layers (in.€ m?),

respectively. The f, quantity can be estimated using ion adsorption experiments and surface

complexation models (e.g., basic Stern, triple layer or extended Stern layer models) (e.g.,
Yates et al. 1974; Hiemstra & VanRiemsdijk 1996; Sahai & Sverjensky 1997). In addition, in
our knowledge, there is no study on the fraction of the.counter-charge controlled by the Stern

layer on the edge surfaces of illite and Mt. Howeyer,\we can expect, in average, lower f,
values for the edge surfaces than for the externalibasal surfaces of illite and Mt and higher f,,

values for the edge surfaces of these minerals than for the surfaces of kaolinite because of the
structural charge influence on the edge surfaces of illite and Mt. Indeed, Secor & Radke
(1985) followed by, e.gg Bourg'et al. (2007), Tournassat et al. (2013), and Tournassat et al.
(2016a) showed that there is a spill-over effect of the electrostatic potential on the external
basal surface onto the electrostatic potential on the edge surface, which can increase the
magnitude.of the edge negative surface charge in neutral to basic pH conditions and favor

Stern layer ion condensation. (Grosse & Delgado 2010)
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In water, clay particles in contact with each other form aggregates in particular because of
EDL interactions between particles (Fig. 6) (Mc Bride & Baveye 2002). Attractive edge-to-
face interactions (when pH < PZC of the edge faces) and repulsive face-to-face interactions as
well as edge-to-edge interactions regulate the size and shape of the clay aggregate and its
internal porosity, which are strongly depend on pH and salinity (e.g., Leroy et al. 2015, Leroy
et al. 2017b, Rasmusson et al. 1997, Sondi et al. 1996, Tombacz & Szekeres 2006). The
critical coagulation concentration (CCC) is defined as the minimum concentration of salt
counter-ions to induce coagulation of colloidal particles. Above the CCC, which is typically
between 0.01 and 0.1 mol L™ (M) for dispersed clays in NaCl electrolyte, clay.-paxticles
coagulate due to diffuse layer compression and form larger particles with moreuinterlayer
space for illite and Mt than at lower salinities (e.g., Sondi et al. 1996, Rasmusson et al. 1997,
Tombacz & Szekeres 2004, Tombacz & Szekeres 2006, Leroy et al.”2015; Leroy et al. 2017D,

Mendieta et al. 2021).

a. Na-montmorillonite aggregate

D —
500 nm
Bulk electrolyte

~ Diffuse layer

Stern layer
Interlayer space

Figure(6. Sketch of a Na-Mt aggregate containing interacting clay particles (a., modified from
Leroy et al- 2015, in reality particles are thinner than those represented here) and Cryo-SEM
images of high-pressure frozen and freeze-fractured SWy-2 bentonite in distilled water with
5% (Wt/wt) solid content (b., Na-ion exchanged gel, modified from Mouzon et al. 2016).
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The surface conductivity influencing IP measurements is defined as the excess of electrical
conductivity in the EDL compared to in bulk water integrated over the thickness of the EDL
(Revil & Glover 1997; Lyklema & Minor 1998). According to O'Konski 1960, surface
conductivity contributes to particle conductivity when the thickness (or radius) of the particle
is larger than the thickness of the EDL. However, the EDL can be thicker than clay such as
illite or Na-Mt particle (section 2.1.), meaning that in that case it can contribute to water
conductivity (Dufreche et al. 2001; Leroy & Revil 2009). In addition, the electrochemical
properties and surface conductivity of kaolinite are more sensitive to pH and salinity than.the
electrochemical properties and surface conductivity of Mt and illite in a lesser extent (Leroy
& Revil 2004). Furthermore, because a kaolinite TO sheet has a weaker structural strface
charge and a kaolinite particle has a smaller specific surface area than, an illite or a Mt
particle, kaolinite has weaker electrochemical and adsorption propeétties;“and hence surface
conductivity than illite and Mt (Leroy & Revil 2004; Tombacz & Szekeres 2006; Okay et al.
2014). Mt surface conductivity should be higher than illite.surface conductivity because Mt
has a larger reactive specific surface area than illite,(Leroy & Revil 2009). This should be
particularly true for Na-Mt containing hydratéd anduniobile Na" cations in its interlayer space.
This conclusion also means that the laboratery CEC measurement, which depends on the

product of the surface charge density( Q) with the reactive specific surface area (Leroy ef al.

2007; Okay et al. 2014), cannot be used to characterize the electrochemical and IP properties

of clays such as kaolinite'beCause of the strong dependence of O, on the bulk pore water

composition (pHs.salinity). Indeed, CEC laboratory measurements are done using a particular
bulk water.composition (Khaled & Stucki 1991) that does not correspond necessarily to the
bulk pore'water composition in the laboratory samples during SIP measurements and in-situ
during field geophysical measurements. However, the laboratory CEC measurement could be

safely employed to characterize the electrochemical and IP properties of Mt and in a lesser
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extent of illite and soils, sediments and rocks containing a significant fraction of these
minerals because of the strong influence of the permanent and negative structural charge
(Vinegar & Waxman 1984; Revil 2012; Weller et al. 2013; Okay et al. 2014; Leroy et al.

2017b).

3 THE PETROPHYSICAL SIP MODEL

After presenting the microstructural and electrochemical properties of kaolinite, illite, and Mt
clays, we explain here the petrophysical SIP model. During SIP measurement, a sinusoidal
electrical current in the mHz to kHz frequency range is injected into the clay material and the
resulting voltage is recorded in order to measure the complex conductivity ‘of the clay
material. In this section, we briefly explain the SIP model developedsby.Leroy et al. (2017b)
for dilute Mt suspensions. We then explain the extension of this SIP"model to clay materials
containing significant content of kaolinite, illite or Mt conSidering interlayer space conduction

and polarisation for Na-Mt and Maxwell-Wagner polarisation.

Our conductivity model is based on Ampere’s‘law, one of the four Maxwell’s equations. This
law considers that the magnetic fieldstrength”is influenced by conduction current satisfying
Ohm’s law and displacement current due to the time-varying electrical field (Maxwell 1892),

that is

VxH=J,.+J,, (5)

where H is the magnetic field strength (in A m™), and J ¢ 1s the electrical current density due
to ¢onduction current (in A m™) and J, is the electrical current density due to displacement

current, which are defined by
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J.=0E, (6)

oD (7

where o is the electrical conductivity of the investigated medium (in S m™), E is the applied
electrical field (in V. m™), D is the dielectric displacement (in C m?), and ¢ is the time (in s).

The applied sinusoidal electrical field and the dielectric displacement are respectively defined

by

E=E,exp(iat), (8)
and

D =¢E, )

where i is the imaginary number (i° =—1), is the angular frequency of the applied electrical
current (in rad s'; @ =27 f with fbeing the frequency in Hz), and ¢ is the permittivity of the
investigated medium (in F m™). By using,Bgs 6 to 9, we finally obtain for the total current

density
J, =(o+iwe)E, (10)
and then for the medium conductivity

o*=o0+iwe. (1)
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3.1. Model assumptions

A clay aggregate can be decomposed into different compartments: bulk (electroneutral) water,
diffuse layer water, Stern layers and interlayer spaces of particles, which exhibit different
electrical conductivities (Leroy & Revil 2009; Okay et al. 2014; Leroy et al. 2017b) (Fig. 6).
Following the works of Revil and co-workers (e.g., Leroy & Revil 2009; Jougnot ef al. 2010a;
Revil 2012; Okay et al. 2014), the SIP model of Leroy ef al. (2017b) assumes that the bulk
water and the diffuse layer water surrounding clay particles are continuous at the scale of the
laboratory centimetric measurement and hence do not contribute to the polarisation of,the
particles. According to Leroy ef al. (2017b), the bulk and diffuse layer waters only contribute
to conductivity at zero frequency (direct current, DC conductivity) influeneing clay material
in-phase conductivity (real component of clay material complex conductivity). Similarly to
the SIP models of Revil and co-workers, the model of Leroy efal. (2017b) considers that the
Stern layers around clay particles are discontinuous at.the scale of the centimetric laboratory
measurement and polarize, influencing clay materialvin-phase conductivity and quadrature
conductivity (imaginary component of clay material complex conductivity). Leroy et al.
2017b) assumed that the clay material polarizes at the scale of the clay aggregate, meaning
that they considered the polarisation of'the Stern layers on the clay particles in contact with
each other. Similarly to the works of Revil and co-workers, Leroy et al. (2017b) did not
consider the adsorption/desorption kinetics of the ions in the Stern layer as well as their
exchange with the ions’in the diffuse layer and bulk water because they assumed that these
processes=are_instantaneous compared to the movements of the ions in the EDL and bulk

water.

Following the works of, e.g., Dufreche et al. (2001), Bourg et al. (2003), Rotenberg et al.

(2005), and Cadene et al. (2006), we consider that some fully hydrated ions (such as Na" ions

20z 19quiada g0 uo Jasn NOYg Salalul 18 sanbibojoas) sayalayoay ap neaing Agq 190506Z/L L 7oebb/6/2601 0L /10p/0101E-00ueApE/IB/WO02° dno-dlWwapede//:sdyy wolj papeojumoq



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

and/or Ca®" ions in a lesser extent (Tournassat ez al. 2009; Bourg & Sposito 2011; Greathouse
et al. 2016)) are mobile in the interlayer space of Mt particle and hence contribute to low-

frequency conduction and polarisation in clay particles in contact with each other.

Our model has been developed to extract porosity, electrical formation factor, clay aggregate
size distribution, and water and surface conductivities from complex conductivity
measurements. It was used to interpret SIP measurements reported in Mendieta et al. (2021)
from the measured experimental conditions (Maineult e al. 2024). For instance, prior to the
SIP measurements, Mendieta ef al. (2021) measured the mass of the dry clay powder, i.e. the

solid mass (,) (in g), before mixing it with a NaCl electrolyte of known salt con¢entration (

C% ) (in mol L', M). It should be noted that the SIP model presented here can be

generalized to any type of electrolyte but the case of a NaCl electrolyte is\considered here in
order to compare in Maineult er al. (2024) the model to the experimental data reported in
Mendieta ef al. 2021 on kaolinite, illite and Mt muds. In these experiments, the (total) volume

of the sample (V) (in m’), the temperature (T.)Ain °C) (T, =T —-273.15 where T is the
absolute temperature in K), and the (total)/masses/of the sample before and after water

evaporation (5 and & , respectively) (img)pwere also recorded. In our model, measured &,

and V, values as well as the meaSured yolume fraction of the main clay mineral in the solid

phase (&,) (by X-ray difffaction, XRD) are used to compute the volumes of the different
components of the clay material intervening in the SIP model (Appendix A). Measured 7,
values are used to,compute the model parameter values as a function of temperature
(Appendix_B),” and measured Cy.,, 6’ and J§ values are used to calculate NaCl
concentration in bulk water after evaporation and bulk water chemical composition

(Appendix C). Na" and CI” ion mobilities in bulk water intervening in the SIP model are also

computed as a function of NaCl concentration (Appendix B) because of the mutual influence
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of cations and anions decreasing their mobility and hence the related electrical conductivity

(Leroy et al. 2015).

3.2. Calculation of the EDL properties

We have developed here a new approach to directly compute the electrical potential at the d-

plane (delimiting the beginning of the diffuse layer from the mineral surface) (¢, ) (in V, Fig.
4), from the fraction of the counter-charge in the Stern layer ( f,) and the mineral surface

charge density (Q,) (in C m?). The mineral surface charge density is computed from ratio“of

the measured cation exchange capacity (CEC) (in meq g™) to the specific surface-area’ where
cation exchange reactions occur on clay mineral surface (SS) (in m’ g'l) (Okay et al. 2014).
The SS quantity can be estimated using crystallography (Leroy & Revil 2004). In the case of
Na-Mt, it can be approximated by the total specific surface area of the basal surfaces (SS,)
(Leroy et al. 2015; Leroy et al. 2017b). Clay particles exhibitidifferent electrical potentials on
their surfaces (Bourg et al. 2007; Tournassat” et al/2013). Our approach considers a

dominating electrical potential at the d-plané onithe clay surface (@, ) and not a distribution of
@, potentials on the clay surface, which will make the modeling considerably more complex.

The advantage of our approach. isialso that it does not need an electrostatic surface

complexation model, that can be very complicated, to estimate ¢, from bulk water chemical

composition (see for.example Tournassat et al. 2013).

The @, potentialiis a physical quantity of paramount importance in the colloidal and interface

science and geophysical communities focusing on understanding electrochemical properties.
Indeed, it regulates electrostatic attraction/repulsion on charged surfaces and electrostatic

iteraction between charged surfaces when in contact with a polar solvent like water (Gouy
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1910; Chapman 1913; Grahame 1947). This electrical potential is commonly assumed to be
equal to the zeta potential inferred from electrokinetic measurements when a shear or slipping

plane involving polar solvent flow occurs on the surfaces (von Smoluchowski 1905; von
Smoluchowski 1921). Knowing the ¢, potential value is useful here to compute two

processes considered in the SIP model: (i) the effect of the diffuse layer on Stern layer
polarisation through the M parameter value (M > 1) and (ii) the electrical conductivity of the
diffuse layer (that will be fully explained in Sections 3.3 and 3.4). According to Lyklema et
al. (1983), ions in the diffuse layer counterbalance locally ions in the polarized Stern layerito
ensure local electroneutrality. This effect decreases the length of the pathway of the’migrating
ions in the Stern layer and hence it decreases the relaxation time of the polarized*Stern layer

(Fig. 1, Fig. 7b and Eq. 15).

Ions in the diffuse layer counteracting ions in the Stern layer Comtributing to polarisation
could in principle not contribute also to conduction via electromigration. However, on the
contrary to what is shown by Lyklema et al. (1983) about the EDL of a single particle, the
diffuse layers around clay particles are probably'connected and may fill a significant part of
the pore space in clay materials when the clay” concentration in the sample is large. For
instance, clay muds can contain a large'mass of dry clay powder per liter of sample. In the SIP
experiments of Mendieta et al. (2021), clay muds contain about one thousand grams of dry
clay powder per liter of sample. This means that the diffuse layers are not necessarily
disconnected and.hence solely counteracting Stern layer polarisation. For this reason, we
consider in the following that the diffuse layer contributes to DC conductivity implying that
M =1 theoretically (no effect of diffuse layer on Stern layer polarisation). However, we also
consideryhere a hybrid approach assuming that the diffuse layer can locally (at the particle
scale) counter-balance Stern layer polarisation through the computation of M > 1 and

contribute also to conduction via electromigration (at the sample scale).
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The following function is minimized to estimate ¢, from f, and O, (Appendix D) (knowing

the bulk water chemical composition):

_ y (12)
\/ZgkaT103NAZCf’ {exp(—%j—l} ~0,(1-1,)|=0.

where &, represents the mean water permittivity (in F m™) including in the interlayer space
of Na-Mt (we consider that &  has the same value in the diffuse layer and bulk water, see
Appendix B for &, values), and k; is the Boltzmann’s constant (~1.381x107 J K1 Eq:

12, N represents the number of different ion species i in bulk water with ion coneentration C;
(in mol L™, M) and charge g, = *ez, (in C) where “+” and “-” stand for<cationsand anions,
respectively, e is the elementary (or electron) charge (~1.602x10"°"C), z, is the ion valence
(e.g., z; =1 for sodium or chloride ion and z, = 2 for calcium, maghesium or sulfate ion), and

N, is the Avogadro’s number (~6.022x1023 mol'l).

In the case of Na-Mt, we assume in Eq. 12 the same’electrical potential ¢, in the interlayer
space and diffuse layer on the external’clay, surface (Dufreche et al. 2001). However, for Na-
Mt, the water permittivity value intervening in the calculation of ¢, (Eqs 12 or 15) and of the
differential capacitance of ‘the diffuse layer C, (in F m'z) (Hunter 1981) to compute M (Eq.

16) could be significantly smaller in the interlayer space than in the diffuse layer on the
external clay surface due to the stronger electrical field (Hiemstra & Van Riemsdijk 2006)
and the weaker level of hydration (Wander & Clark 2008) in the interlayer space. In our
knowledge; the water permittivity value is not accurately known in the interlayer space of Na-

Mtyand should be between clay solid permittivity value (&, =5¢, where g, is vacuum

permittivity, see Section 3.3) and bulk water permittivity value (¢, =78.3¢, for distilled
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water at a temperature of 298.15 K, see Appendix B). For that reason, we consider in the
following that the water permittivity value in the interlayer space of Na-Mt is half the value in

bulk water, i.e. &, =¢,/2.In Eqs 12 or 15 and 16, water permittivity is therefore computed

using

o gw I/j + gin I/in gw d I/in ( 1 3)
gw = 4 = 4 V , + - |
Ve+V, Ve +V.

where V¢ is the calculated diffuse layer volume (in m’) and V.

m

is the calculated interlayer

space volume when it contains mobile ions such as Na" ions (see Appendix A).

If O, is considered homogeneous on the mineral surface, it can be computed as.a“function of

the measured CEC and SS (Okay et al. 2014) using

_eN, CEC (14)

=""0'ss

then when using Eq. 14, Eq. 12 becomes

_ N (15)
\/ZgkaT103NAZCf [exp(— ?fon J_l} _eN, CEC (1-1,) =0.
i=1 B

The M parameter value (Lyklema'et al. 1983) is computed from f, and ¢, according to

90, (16)

M =1+ ,
k,TC,

where g.issthe.mean charge of the counter-ions in the Stern layer (in C; g = ez with z is the

mean valence of the counter-ions). The O, quantity in Eq. 16 is determined as a function of

Jo-and the surface charge density on the mineral surface (Q,) using (Appendix D)
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where (J, can be computed as a function of the measured CEC and SS using Eq. 7. The
differential capacitance of the diffuse layer (Eq. 16) is determined from ¢, (Leroy et al

2017a) according to

(18)
— 10N Zq,cf exp| - 204
an _ gw i=1 k T

’ -
op 2k, T
’ ’ \/103N Zch[exp[ ‘%{J 1}

b

i=1 B

and for a symmetric electrolyte of valence z, Eq. 18 reduces to

— (19)
C, = ¢, kcosh 29 ,
2k, T

where x =y, is the inverse of the Debye length (in m™)(see Eq-AS (Lyklema et al. 1983)),
and then the M parameter value is computed from<f, and O, or CEC and SS according to

Eqs 12 to 18 or 19. The case M = 1 corresponds to'the Schwarz’s model (Schwarz 1962) with
no effect of the diffuse layer on Sterm~layer polarisation. Leroy et al. (2017b) found that
M =4 for the basal surface of Na-Mt,ymeaning that, in this case, ions in the diffuse layer
significantly decrease the lenigth=of the pathways and then the relaxation time of ions in the

polarized Stern layer according to the generalized Schwarz model of Lyklema et al. (1983).

3.3. Aggregate conductivity due to surface conductivity

A minetral surface in contact with a polar solvent like water and submitted to a low-frequency
electrical field expresses a surface conductivity response due to migrating ions in the EDL

(O'Konski 1960). Surface conductivity (or surface conductance) is defined as a surface
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quantity in Siemens and not as a volume quantity in Siemens per meter. However, we will
define it in the following as a volume quantity because of its widespread use as a volume
quantity like water conductivity in the geophysical community. Like our water conductivity
model, our “surface” conductivity model is based on Ampere’s law (Eq. 5) (e.g., Schwarz
1962; de Lima & Sharma 1992; Chelidze & Gueguen 1999; Leroy et al. 2008). The resulting

surface conductivity is written as (Eq. 11)
o, *(w)=0,(v)+ive,, (20)

where the first term (a complex quantity when considering EDL polarisation) arisés, from
conduction current and the second term arises from displacement current in the presence/of an

applied sinusoidal electrical field with ¢ being the solid dielectric constant (in'\F m™). In our

model, we assume that clay aggregates control the surface conductivity and induced

polarisation response of the material. Therefore, the symbol (@, * \teported in Eq. 20 for the

clay aggregate conductivity corresponds to the symbol used.by most IP practitioners for the
surface conductivity of the whole material. In“addition, in Eq. 20, we do not consider
anisotropy in the calculation of the surface ¢conductivity. Therefore, our model is particularly

adapted to unconsolidated clay materials like uncompacted clay muds.

Clay particles assemble themselvesyto make clay aggregate, which can be considered a
spherical object with a surface area made of the surface area of the particles constituting the
aggregate at first approximation. Leroy et al. (2017b) developed petrophysical relationships to
compute o in Eq."20 from the Mt aggregate microstructural and electrochemical properties.
They considered that the surface conductivity of a Mt aggregate is similar to the surface
conductivity of an equivalent spherical particle with an amplified surface area S (in m?)
compared to its surface area if it is considered perfectly smooth and non-porous. In the model

of Leroy et al. (2017b), S is related to the specific surface area of all the polarising clay
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platelets inside the aggregate (Fig. 6a). In addition, the SIP model of Leroy et al. (2017b) uses
the generalized Schwarz model developed by Lyklema et al. (1983) to simulate the effect of

the diffuse layer on the polarisation of the Stern layer surrounding clay particle (Fig. 1a).

It is actually very difficult and time-consuming to numerically compute the induced
polarisation response of interacting clay particles because of (i) their high aspect ratio, (ii)
heterogeneities in their surface electrical properties, and (iii) the physical-chemical
mechanisms involved in the interaction (interacting diffuse and Stern layers) (Tournassat et
al. 2013; Tournassat et al. 2015; Biicker et al. 2019). For this reason, we have to make the
assumption that the polarisation of the Stern layers surrounding interacting clay particles is
equivalent to the polarisation of a porous clay aggregate with an effective) diameter
surrounded by a Stern layer (for more information read Leroy et al. 2017b). Tn_other words, in
our model, the Stern layers of the interacting clay particles are assumed continuous at the

scale of the aggregate (see also discussion in Jougnot et al. 2010a).

It should be noted that, according to some molecular dynamic (MD) simulations, most Na"
and Ca’" counter-ions in the Stern layer on the"Mt/bagal surface may be adsorbed beyond the
first hydration layer plane as outer-sphere ‘surface complexes, keeping their hydration shell
(e.g., Tournassat et al. 2009; Bourg & Sposito 2011). These MD simulations show that these
counter-ions may behave in terms-of'ion diffusivity like ions in the diffuse layer. Therefore,
according to these MD.simulations, we can expect that, for a single clay particle, Stern layer
polarisation is not‘necessarily different from diffuse layer polarisation on the basal surface of

Mt.

We cannattribute diffuse layer polarisation to a volume diffusion mechanism involving
migrating ions in the diffuse layer and ions clouds in bulk water (Fig. 1b) and Stern layer

polarisation to a surface diffusion mechanism associated with migrating ions on particle
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surface (Fig. la) (Grosse & Delgado 2010). Delgado et al (1998) showed that the
contribution of the volume diffusion mechanism to the measured dielectric dispersion of
polymer latex particles in the kHz to MHz frequency range decreases compared to the
contribution of the surface diffusion mechanism because the space available for volume
diffusion in bulk water decreases faster than the space available for surface diffusion when the
particle concentration in solution increases (here particle volume fraction ranges from 3 to
16%). Concentrated colloidal suspensions like clay muds have solid volume fractions
typically above 10% (Richter & Sevick-Muraca 2000). Our model is adapted to saturated clay
materials presenting typically a high concentration of clay particles with a high fraction=of

counter-charge in the Stern layer ( f, ). For this reason, we believe that the pelarisation

models of Schwarz (1962) and Lyklema et al. (1983) considering surface diffusion is suitable

to simulate EDL polarisation of clay materials.

According to Leroy et al. (2017b), the low-frequency surface conductivity of clay aggregates

is written as

ot . 21)
. +la)aps80,
1+i

0 =P S0 Y 1)

k

where ¢, is the porosity of the aggregate (dimensionless, between 0 and 1), f; is the mean
ion mobility of the counter-ions moving along the particle surface contributing to low-
frequency polarisation (in m?’s” V'l), and Q, is the excess of counter-charge of the EDL per
unit pore volume-of the aggregate (in C m™). In Eq. 21, f(d,), k=1...L, is the discretized
distribution of the effective sizes of the aggregates with d, being the effective diameter of the

K aggregate (in m) and L being the number of different effective diameters of the aggregates

in the model. In Eq. 21 also, 7, is the relaxation time of the polarized Stern layers within the

K" aggregate (in s), « =0.00191 m’ kg'1 is an empirical value that was used by Olhoeft
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(1981) to adjust solid permittivity spectra, p, is the solid volumetric mass density (in kg m?),
and g, = 8.854x% 10" F m™ is the vacuum permittivity. According to the crystallographic unit
cell, p, = 2700 kg m> for clays (~2600, 2700, and 2800 kg m™ for kaolinite, smectite and

illite, respectively (Leroy & Revil 2009); ~2710 and 2840 kg m™ for Kunipia-G Na-Mt
(Massat et al. 2016) and MX80 bentonite — mostly made of Na-Mt (Tournassat & Appelo

2011)). Using &, = ap,&, (Eqgs 20 and 21), the ¢ = 4.57¢, value obtained accordingly is close

to the ¢, = 5.5¢,value reported by Robinson (2004) for Mt using time domain reflectometry.

Determining p, by crystallography, i.e. dividing the mass of the solid by the estimated related

volume, is a challenging task for clays because of the difficulty to accurately*measure the
effective thickness of a clay layer ¢. Tournassat et al. (2016b) used.molecular dynamic

simulations to estimate ¢. They found p, = 2930 £ 100 kg m” for.swelling clays such as Mt,

which is significantly higher than the Mt p, value estimated by)pycnometry, ~2700 kg m”

that can be representative of the volumetric mass density value of the solid part of a non-

swelling clay such as illite (value down to 2600-kg m).

In our model ¢, (Eq. 21) is not necessarily the sample porosity ¢ because we assume that

some types of clay aggregatesAikedillite and Mt aggregates contain only diffuse layer and
interlayer space waters (case of. Na-Mt) and the sample can also contain bulk water. The word
“sample” is referred here torthe investigated porous medium at the scale of the representative
elementary volume (REV) where the measured electrical properties are considered

homogeneous (Revil & Leroy 2004).

Aggregate porosity ¢ is calculated from the computed volumes of the different components

ofithe aggregate:
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4 = Vi+Vi 4V, (22)
‘ I/SU+VS+I/:+VM{)’

for kaolinite, and

_ Ve 23)
V.+V +V+V"’

in

¢,

for illite, and

Vit VsV (24)

T

for Mt such as Na-Mt, where V", V,, and ¥V, are the computed volumes of thé.bulk water (in

m’), Stern layer, and solid clay layers, respectively (Appendix A). Kaolinite.aggregates are
assumed to contain bulk and diffuse layer waters (Eq. 22). Illite and Mt aggregates are
assumed to contain only diffuse layer and interlayer space waters (case of Na-Mt) because of
their higher specific surface areas and surface charges and smaller pores than kaolinite
aggregates (Leroy & Revil 2009; Okay et al. 2014; Leroy et al. 2015) (Eqgs 23 and 24). In Eq.
23, we assume that K ions migrate and diffuse‘very slowly along the surface of the interlayer
space of illite compared to in bulk water (Ruiz Pestana et al. 2016) and hence that they do not
contribute to low-frequency polarisation. We also assume that they do not contribute to low-
frequency conduction. In Eq, 24, we assume that Na' ions migrate and diffuse significantly
along the surface of the interlayer space of Na-Mt compared to in bulk water (Bourg et al.
2003; Zhang ef“al._2014) and hence that they contribute to low-frequency polarisation
(Rotenberget-al. 2005; Cadene et al. 2006). We also assume that the part of Na' ions in the
intérlayer space not contributing to low-frequency polarisation contributes to low-frequency
conduction. Mt particles containing immobile or very slow ions in the interlayer space can be

considered similar to illite particles.
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Sample porosity can be computed using

¢_Vm+_+V$ (25)

b

N si

where V, is the measured total volume of the sample during laboratory SIP measurements.

In Eq. 21, the O, quantity is given by

— 26
0, =p, (%}eNA CEC. 20

a

Eq. 21 uses a parallel mixing formula for the modelling of the surface conductivity (&, ) of
the clay aggregates with different sizes, i.e., to compute o, the surface conductivity response
of each aggregate of diameter d, is weighted by its volume relative to-the total volume of the

aggregates (Lesmes & Morgan 2001). As stated by, e.g., Lesmes & Morgan (2001), the
parallel mixing formula gives an upper bound for the computed complex surface conductivity
of different sized particles. The geometric mean/mixing/formula, which arises from random
networks consisting of both parallel and serial‘connections (Madden 1976), would have been
more realistic to compute o, in our model because it gives an average value for the computed
complex surface conductivity ofy, different sized particles. However, the parameter
optimization procedure to obtain the relaxation time distribution intervening in the SIP model
from the SIP measurement is the Debye decomposition approach here (for more details on the

optimization procedure, see Maineult et al. 2024). The parallel mixing formula gives for o,

an Eq..eéquivalent to the Eq. inferred from the Debye decomposition approach (Lesmes &

Morgan2001). This is the reason why our model uses the parallel mixing formula for o

similarly to Lesmes & Morgan (2001).
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The relaxation time 7, (Eq. 21) is the time necessary for the counter-ions in the Stern layers

within the k™ aggregate to diffuse back to their equilibrium position once the Stern layers are
polarized due to ion electromigration (Lyklema et al. 1983; de Lima & Sharma 1992;
Chelidze & Gueguen 1999) (see Fig. 1a). It is related to the effective diameter and surface ion

mobility using

d2|d] 27)
T, =—,
Y8k, T M
Eq. 27 shows that, for each aggregate of effective size d,, the generalized Schwarz model of
Lyklema et al. (1983) considers one relaxation time 7, (see Fig. 7). Therefore, ‘our.model

simulates a Debye type response for the increase of the real and imaginary, conductivity
response due to the low-frequency polarisation of the aggregate. Our modelling approach is
based on (i) fitting the complex conductivity spectra to obtaindthe r€laxation time distribution
f(z,), k=1...L and the aggregate size distribution f(d,),k =1...L (for more details on the
optimization procedure see Leroy et al. 2017b and Maineult e al. 2024) and (ii) computing

the aggregate effective size d, from the obtained relaxation time z, and the optimized S,

value obtained by successfully comparing ‘measured to predicted complex conductivity

spectra using

28
d, = 8k|B_T’BSMTk’ 29
q

meaning that\for\given values of f; and 7, , increasing M increases the calculated effective

diameterof the k™ aggregate.
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a.Montmorillonite aggregate b. E

“zorm” Diffuse layer polarization 4 Stern layer polarization
nm

Bulk water Gﬁ.*

| Stern layer G ¢
Interlayer space G, *

Fig. 7. Sketch of a Mt aggregate with an effective diameter d.; showing the clay particles
interacting with each other and the electrical conductivities of the different components (not
in scale) (a.). Sketch of the equivalent Stern layer polarisation model of Leroywef al. (2017b)
around a negatively charged spherical particle in contact with a monovalent electrolyte (not in
scale) (b.) (modified from Leroy et al. 2017b).

In Section 3.4, we will explain that the diffuse layer of clay particles, especially illite and Na-
Mt particles, contributes to the volume conductivity of the clay material and not to its surface
conductivity because the diffuse layer thickness can b€ larger than the clay particle thickness
(see Section 2.1) (O'Konski 1960; Dufreche et“a/,>2001). However, at high ionic strength /
(typically > 1 M), the diffuse layer is highly compressed. For instance, the Debye length
characterizing the diffuse layer thicknéss is' ~3 A at 7=298.15 K and ionic strength / = 1 M
(see Eqs A5 and B16). In that“case; the diffuse layer thickness can be smaller than the
thickness of the clay layer and the assumption of the diffuse layer contributing to the volume
conductivity of the clay material does not necessarily hold because the diffuse layer can
contribute to the surface conductivity of the particle (O'Konski 1960). For larger clay particles
such as’kaolinite particles, the diffuse layer can be thinner than the particle thickness for
smaller‘ionic strengths compared to illite and Mt particles and hence contribute to surface
conductivity according to O'Konski (1960). For this reason, in this condition, Eq. 21 becomes

(Leroy et al. 2008; Leroy et al. 2017b) (Appendix D):
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(29)

0T,

as*=§¢azkf(dk>{ﬁsfg +§;(1—fg)}QV +iwap,,

I+iwr,

where E is the ion mobility in the diffuse layer including electro-osmosis (in m* s* V)

(Revil & Glover 1997), which can be calculated according to

. - (30)
B, :l(/}f L 28T ,
l9 77w ql|

where 9 (4 > 1) is a weighting coefficient that can be considered equal to the ratio ofthe

surface area of the clay particles within the clay aggregate to the surface area of the equivalent
non-porous spherical particle (Appendix D), 3’ is the ion mobility in the diffusedayer due to
electro-migration (in m’ s V') (we assume B’ =p)and g, is the charge 6fthe dominating

ion in the diffuse layer (in C). For a 1:1 electrolyte such as NaCl'electrolyte at a temperature

of 298.15 K, the second term of Eq. 30 describing ‘electro-osmotic effect yields

m’ =3.78x10" m* s V' using a =78.3¢,, which is in the same order of magnitude than
the ion mobility values in bulk and distilled water due to electro-migration ( ﬂ;;f =5.17x10"

m®s” V'and ﬂgl_ =7.89x10" m? s V") \meaning that electro-osmosis cannot be neglected

for the computation of the surface conductivity of the diffuse layer. It should be noted that it
may be complicated to distinguish between Stern and diffuse layer contributions to surface
conductivity especially at high ionic strengths due to diffuse layer compression and to the fact
that most counter=ions“adsorbed in the Stern layer on the basal clay surface may be adsorbed

as outer-sphere:surface complexes.
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3.4. Water conductivity

We consider that the bulk water and the diffuse layer water are continuous at the scale of the
SIP laboratory measurement and hence that they only contribute to the in-phase conductivity
of the clay material (see Section 3.1). The self-consistent model developed by Hashin &
Shtrikman (1962) is used here to compute clay water conductivity including the diffuse layer

contribution in the case of the thick diffuse layer assumption. It is written as

307 (Gi e *) (1)
303,*+(1—®‘j,)(0'd *—o! *) ’

w w

* _ bk
o =0, * 1+

b

where o * is the bulk water conductivity (in S m'l) (including displacement current), o * is

the diffuse layer water conductivity (including displacement current), and, ®? “is"the volume

fraction of diffuse layer water over diffuse layer and bulk waters. Hashin & Shtrikman (1962)
presented two models as the upper and lower bounds to calculate'the effective property that
depends on which one of the two components is seen as thesmatrix or as the inclusion. In Eq.
31 the bulk water is the matrix and the diffuse layer/ water is the inclusion during the

calculation. This equation is the lower bound ebtained by Hashin & Shtrikman (1962). Eq. 31
has been developed under the condition ‘05 *‘ > ‘O'i’ *‘ that is usually satisfied because there is
an excess of mobile counter-ionsiin the-diffuse layer compared to in bulk water to compensate
the surface charge not compensated by counter-ions in the Stern layer (Bourg & Sposito
2011). In our model, the ®¢ quantity in Eq. 31 is determined from the computed volumes of
the different.components of the aggregate (Appendix A). It is given by

Pl (32)
Lol

for kaolinite and illite, and
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ol = ViV, (33)
R A A

for Mt such as Na-Mt, where the interlayer space of Na-Mt is considered contributing of the
volume conductivity of the clay material similarly to the diffuse layer. Despite the fact that
the thickness of the interlayer space of Na-Mt is on the same order of magnitude than the
thickness of a TOT layer (~ 1 nm), we do not consider here that the part of the interlayer
space of Na-Mt that is not polarizing contributes to the surface conductivity of Na-Mt. Indeed,
it would be too complicated to consider at this stage of our model that the interlayer space
would contribute to the surface conductivity of the clay particles while the diffuse layer would
contribute to the water conductivity. In addition, our diffuse layer surface conductivity model
is more accurate for low ¢, potentials (see Appendix D) whereas our«diffuse,/layer volume

conductivity model is adapted to any ¢, potentials when the electrolyte is symmetric (Leroy

et al. 2015) (see discussion related to Eq. 38).

In Eq. 31, the conductivity of the bulk water is calculated from ion concentration in bulk
water (C”) considering conduction current(from, ion electro-migration and displacement

current (Leroy et al. 2008)

v 34
ol*=el0’N, Y z,B'C’ +iwe,. 34)

i=1
In our model, simulated bulk water conductivity depends on temperature and salinity. Indeed,
in Eq. 34, computéd,ion mobilities in bulk water ( 8”) consider temperature and salinity (here
NaCl eoncentration) effects, and bulk water permittivity (&, ) considers temperature effect

(Appendix B). Computed ion concentration in bulk water (C;) also considers temperature

effect via the simulation of the temperature dependence of the dissociation constant of water
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molecules K, (Eq. B2). For other types of ions than Na* and CI™ ions (here H', OH", and

Ca® and SO ions), B’(298) is also computed as a function of the measured ion self-

diffusion coefficient in distilled water at a temperature of 298.15 K 5?(298) (in m* s™)

reported in the phreeqc.dat database of the geochemical software PhreeqC (Parkhurst &

Appelo 2013).

Similarly to bulk water conductivity, the volume conductivity of the diffuse layer water is

determined from

S | _ (35)
ol = el0’ N, I * zZiBid (x)C! exp [_M} dx+iwe,,
Zd x=0 i=l1 kBT
Bl (x)=p' £, (x), (36)
Py 37
p0 = o0, o7
4k, T 4 ezg, (38)
= tanh™ | tanh| —% - ,
o(x) - an { a [4kBT exp( Kx)

where x is the distance from the beginning of the diffuse layer on the mineral side (in m),
X, =2x, (Leroy et al. 2015) is the diffuse layer thickness (with y, being the Debye length,

Eq. AS) (inm), B is the ion)mobility in the diffuse layer considering electro-osmosis (in m?

s' V1), and k= Zn \(Leroy et al. 2015; Leroy et al. 2017b). Liquid water dynamic viscosity

7, (in Pa s") intervening in the calculation of the effect of electro-osmosis on surface

conductivity (Eqs 36 and 37) is calculated as a function of temperature (Appendix B). In Eq.
36, “+” and “-” stand for cations and anions, respectively. Eqs 35-38 show interesting

features for the conductivity calculations compared to the surface conductivity model based
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on Bikerman’s equation (Eqs D12-D14). Eq. 36 shows that electro-osmosis associated with
cations increases conductivity whereas it shows that electro-osmosis associated with anions
decreases conductivity because the solvent flow due to the excess of cationic charge is in the
direction of the electrical field and the solvent flow due to the excess of anionic charge is in
the direction opposed to the electrical field (Leroy et al. 2015). Eqs 37-38 also show that
electro-osmotic effect on conductivity is larger when the ¢, potential is larger hence when
ionic strength decreases at fixed pH or when pH is further away from IEP (pH value where
the zeta potential is zero) at fixed ionic strength. Bikerman’s Eq. considers that both cations

and anions increase conductivity due to electro-osmosis with a value independent on the, ¢,

potential (Eqs D12 to D14).

When the electrolyte is not symmetric, the following equation, based on\the Debye-Hiickel
approximation (Appendix D), is used to calculate the electrical potential distribution in the

diffuse layer instead of Eq. 38:

@(x) = @, exp(—kx). (39)

Leroy et al. (2017b) computed the diffuse layer volume conductivity by calculating an

average (or mean) electrical potential in the diffuse layer ¢, (see Appendix E). In that case,

Eqs 35-38 become

i _ (40)
o=l N, Y2 C exp| ~ 12 | i,
i=1 kBT
B = Bl ps 0
(42)

ﬂe‘i=%(¢m—¢d),

w
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where ¢, is computed according to Eq. E8 for kaolinite and illite and Eq. E7 for Mt with

mobile ions in the interlayer space such as Na-Mt. Compared to Eqs 35-38, Eqs 40-42 and ES8
or E7 have the advantage of not needing to know the electrical potential distribution in the
diffuse layer. But, these Eqs can be more approximate because they do not consider the
dependence on the distance from the beginning of the diffuse layer, which can lead to less
accurate results for the electrical potential distribution, especially at high ionic strengths when

the diffuse layer is highly compressed.

3.5. Clay material conductivity

In our model, minerals other than the main clay mineral are not considered-Conductive
compared to water and the main clay mineral. The effect of weakly=conductive minerals on

the modeled background conductivity ( o, *), which does not considerisurface conductivity of

the particles, is considered here using the self-consistent. model developed by Hashin &

Shtrikman (1962)
_ 43
00* =0 * 1_M , ( )
w (3 —C)

where

P AL (44)
Vo, +Ve+V! 81!

for kaolinite, and

8 (45)
+V +VE+ V)

C =
VLA,

in

for illite, and

20z 19quiada g0 uo Jasn NOYg Salalul 18 sanbibojoas) sayalayoay ap neaing Agq 190506Z/L L 7oebb/6/2601 0L /10p/0101E-00ueApE/IB/WO02° dno-dlWwapede//:sdyy wolj papeojumoq



950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

v, +VI+v? (46)

¢= d b
I/so+I/in+VS+Vw +I/w

for Mt such as Na-Mt, where c is the volume fraction of conductive water and ¥, (in m’) is

the volume of weakly conductive minerals (compared to water and the main clay mineral; the
subscript “so” means “solid other”) that are not considered conductive. The Stern layer is

considered not conductive too here.

The differential effective medium (DEM) theory (Bruggeman 1935; Hanai 1968; Sen 1984) is
used to compute the complex conductivity of the clay material after calculating the complex
conductivity of the clay particles and of the background medium. In the DEM theory, clay
particles are embedded in a self-similar way in the background medium, (Sen ez/al. 1981).
First, a particle is added to the background medium and the influence of the particle upon the
conductivity of the medium is calculated. Then, the particle/background medium mixture is
added to another particle in the background medium .and \the’ conductivity of the new
particle/background medium mixture is calculated, and so,on following an iterative procedure
until the desired porosity is reached (see Fig. l-of.Senyef al. 1981). The DEM theory assumes
that the current crosses all the pores inythe Jinvestigated sample, i.e. that they are all
interconnected electrically speaking. It works well to describe the electrical properties
(conductivity and permittivity) of porous media with small and isolated contact regions
between the particles. It also\simulates Maxwell-Wagner polarisation effect (Leroy & Revil

2009).

The DEM model uses the computed background conductivity (o, *), aggregate surface
conductivity (o, *) and volume fraction of the solid part of the main clay mineral in the
investigated sample (Q, =V, /¥,) (¥, in m’ is the volume of the solid part of the main clay

mineral and ¥, in m’ is the sample volume, see Appendix A) to compute clay material
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complex conductivity. The cementation exponent m characterizing the shape of the aggregates
should also be considered in the DEM model. For a sphere, m =1.5 (Sen et al. 1981), and the

m value increases when the aspect ratio (width to height ratio) of the particles or grains of the
material with a o * conductivity increases. For unconsolidated sands packed in the

laboratory, m =1.3, consolidated sandstones, 1.8 <m <2, and 1.2 <m <4 for most minerals

with goethite and clay particles exhibiting the highest m values (Mendelson & Cohen 1982).

In our model, DEM computations are presented as follows. The initial electrical conductivity
of the clay material is the background conductivity, i.e. o* =0, * initially. Inclusions ar¢'clay
aggregates with a given shape that have a surface conductivity o, * and volume fraction/d Q_

and that are randomly oriented in the medium. The depolarisation factor of inclusions, L (
0< L <1), which is necessary for the calculation of o * according=testhe DEM theory

(Mendelson & Cohen 1982), is calculated from

I 349 +36m* —60m (47)

b

6m

and, finally, clay material conductivity is calculated iteratively using

ot (000 ) [(143)6 " H573L)0, ] dg (48)
C T3 Lo *+(I-L)o, *[(-k)o, *+(1+ L)o, *]1-9Q,

oc*=c*+do*, 49)
QS :Qs—i_dQs’ (50)

where Q =0 (and o*= o0, *) initially and dQ_ =V, /(V,N,) with N, being the number of

solid=inclusions to reach the volume fraction of the solid part of the main mineral in the

sample. Compared to the integrated form of the DEM model, the iterative form shown here
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gives more accurate complex conductivity predictions when the inclusion eccentricity
increases compared to spherical inclusions (Sen et al. 1981; Mendelson & Cohen 1982; Sen

1984).

Our model allows determining the effective diameter of the K® clay aggregate, d, (Eq. 28).
The following equation (Mendelson & Cohen 1982) can be solved numerically to determine

aggregate eccentricity (e,) from the depolarisation factor (L) calculation

l+e’ 5H
L- ¢ (e —tan"'e )|=0,
)
and the height of the Kt aggregate is then given by
h, = L.
l+e,
4 CONCLUSIONS

We have developed a new mechanistic modelito understand and predict laboratory and field
spectral induced polarisation (SIP) measurements on clay materials including kaolinite, illite
and montmorillonite minerals from their microstructural and electrochemical properties.
Water and surface conductivities, electrical formation factor, cementation exponent, sample
porosity, and clay aggregate-¢ffective size distribution can be extracted from the comparison

of the model toexperimental data.

Our model simulates the complex conductivity (for frequencies typically from 1 mHz to tens
of kHz) of the different components of the clay material. It considers the polarisation of the
Stern layers around clay particles forming aggregates and contributing to surface conductivity

as well as montmorillonite interlayer space conduction and polarisation and Maxwell-Wagner
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polarisation. The diffuse layer is assumed to contribute to the water conductivity or to the
surface conductivity of the particle depending notably if the diffuse layer is thicker or not to
the clay particle. Our model assumes one main clay mineral contributing to conduction and
polarisation in the low-frequency range. It also uses parameter values that can be measured in
the laboratory independently to the SIP measurements like temperature (for temperatures
between 2 and 87°C where water is liquid), cation exchange capacity (CEC), clay powder
mass, initial salinity, and sample volume. The parameters to be adjusted are the fraction of the
counter-charge and the ion effective mobility in the Stern layer, the number of stacked solid
layers per particle for montmorillonite and the cementation exponent characterizing the'shape

of the aggregates.

The comparison of the model predictions to the experimental data including,the optimization
procedure and the related discussion will be presented in a companion‘paper. Our model can
test the validity of some petrophysical models developed at larger-scale that are commonly
used to interpret laboratory and field SIP measurements. Injaddition, its predictions can be
checked by purely numerical SIP models developedyat the scale of the clay particle and

constrained by high-resolution characterization measurements.
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APPENDIX A. COMPUTED VOLUMES OF THE COMPONENTS OF THE CLAY

MATERIAL

The volume of the solid part of the clay sample (not considering the interlayer space) (in m®)

is given by
1075, (AD)
V=
Ps

The volumes of the solid part of the main clay mineral and of the remaining minerals in the

sample are determined, respectively, from

V. =V.E, (A2)

Vo =V.(1-&), (A3)
assuming that the minerals have roughly the same volumetric mass density.

The volume of the diffuse layer water is calculated using

Vi=S,x.5 (A4)

where S, is the outer surface area of the main clay mineral in the mud (in mz) and y, =2y,.

The Debye length is calculated.as a.function of the bulk water chemical composition using

I &, kT (A5)

Ap = N :
\/ e10°N, > zC)

i=1

The quantity-S, in Eq. A4 is given by

S '=5,SS,, (A06)
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where 0, =6,¢, is the solid mass of the main clay mineral in the mud (in g) and SS, is the

outer specific surface area of the main clay mineral in the mud (in m* g"), which is computed

using

SS =85 +5% (A7)
0 e n >

c

where 7, is the number of solid layers per clay particle (Tournassat ef al. 2011). In Eq. A7,

the SS, quantity can be neglected for Mt and illite (see Section 2.1.).

The volume of the Stern layers is calculated using
Vs =S,ds, (A8)

where d is the Stern layer thickness (in m) that can be approximated-:to 0.5 nm for the basal
surface of illite and Mt (Bourg & Sposito 2011) and possibly\te the same value for the edge
surface (more work is necessary for the Stern layer modelling on the edge surface). Most of
the time, the Stern layer volume can be neglected compared to the diffuse layer volume, but,
in the case of compacted clays (dry density fypically above 1600 kg m~ (Massat et al. 2016))
and saline bulk aqueous solutions (ionic strengths typically > 0.1 M (Leroy et al. 2015)), the
diffuse layer can be highly compressed; and the Stern layer volume can be higher or equal to

the diffuse layer volume and heénce it cannot be neglected.
The volume of the“interlayer space (for illite and Mt) is determined by

_ 935, (A9)

I/in 2}16 (nc _l)tin’

whete?, is the thickness of the interlayer space (in m). The quantity ¢z, = 10 A for Na-Mt and

t, =3 A for illite (crystal diameter of K" (Leroy et al. 2010)). But because K" ions are non-

20z 19quiada g0 uo Jasn NOYg Salalul 18 sanbibojoas) sayalayoay ap neaing Agq 190506Z/L L 7oebb/6/2601 0L /10p/0101E-00ueApE/IB/WO02° dno-dlWwapede//:sdyy wolj papeojumoq



1520

1521

1522

1523

1524

1525

1526

1527

1528

1529

1530

1531

1532

1533

1534

1535

solvated and for the mud we can take the mass of the clay powder containing already K" ions

for V,, we can assume ¢, = 0 A for illite (Tournassat et al. 2015) (¢, = 0 A also for

kaolinite).

Finally, the volume of bulk water is calculated according to the volume of the sample minus

the estimated volumes of the other components of the mud:

VE=V VW V=V, (A10)

m

APPENDIX B. COMPUTATION OF MODEL PARAMETER VALUES..FROM

TEMPERATURE AND SALINITY

In the model, the liquid water permittivity, for temperatures ranging from 2°C to §7°C (Lide
1990) and minus the decimal logarithm of the dissociation ‘constant of water molecules (

pK,=-logK ), for temperatures ranging from 0°C-to,100°C (Bandura & Lvov 2006), are

computed as a function of the temperature in degree"Celsius using
e, =50(a0+a1TC+a2TC2+a3TC3), (BI)
pK, =b,+bT. +bT. > +bT, (B2)

where a, =87.895, a, ==440029x10™", a,=8.6132x10", a, =—-9.565x107", b, =14.95,

b, =-438x10%b, =2.32x107*, and b, =-6.4x10" in order to reproduce the related

measurements:

The ion mobility in bulk water at a temperature 7 (in K) is calculated from
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T=T.+273.15, (B3)

T n,298) (B4)

B (T)=p; (298) 258 ;

w

where S”(298) is the ion i mobility in bulk water at a temperature of 298.15 K, 7,,(298) is
the liquid water dynamic viscosity at a temperature of 298.15 K (~O.8905><10'3 Pas), and 7,
is the liquid water dynamic viscosity at a temperature 7.

Ions of opposite charge decrease ion mobility in bulk water because of their mutual
interaction (e.g., Bernard et al 1992). Na" and CI” ion mobilities in bulk water ‘at a

temperature of 298.15 K are determined as a function of NaCl concentratien«in bulk water

using
BL.(298) = (a, + a,Cle + a,Cloe” )10, (BS)

for CJ,, <0.1M,

Bl (298) =(a,'+a,"Cle, )10°°, (B6)
for C. . >0.1M,
Bl (298) = (b, + b Clyc, +BCrie, )10, (B7)

for CJ,, <0.1M ,"and
Bl (298y=(bs+ b, 'Cl,, )10, (B8)

for €5, >0.1M,
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where a,=5.07490, a, =-9.55617, a,=7.73145, a,'=4.32333, a,'=-1.07333,
b,=7.77572, b =10.77742, b,'=6.92256, and b, '=1.14556 in order to reproduce the
corresponding values simulated by the mean spherical approximation (MSA) method
(Bernard et al. 1992; Leroy et al. 2015). For other types of ions (here H", OH™, and Ca*" and
SO;™ ions from the interlayer space and dissolved clay minerals, according to Leroy et al.

2017b), we use for ion i mobility in bulk water

D (298)|q (B)

k298

b

B (298) =

where Bf (298) is the measured ion i self-diffusion coefficient in distilled (bulk) water at a
temperature of 298.15 K (in m’ s'l) (Table B1 (Parkhurst & Appelo 2013))"(Eq. B9 is the

Nernst-Einstein equation).

Table B1

Ion self-diffusion coefficient values in distilled water from the phreeqc.dat database

2—
Na®* CI° H' _OHT ,Ca* S0,

Di(298) (10°ms!)y 133 203 931N.527 0793 1.07

In Eq. B3, the liquid water dynamic, viscosity at a temperature 7 (in K) is computed from

1,(293) (B10)
w = 10A/B >
A = 1.37023(7-293.15) + 8.36x107* (T —293.15)’, (BID)
B's T~164.15, (B12)
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where 77,(293) is the liquid water dynamic viscosity at a temperature of 293 K (~1.002x 10°

Pas).

The ion mobility of the counter-ions in the Stern layer at a temperature 7 (K) is calculated

from
B = Bs(298)[ 1+ v, (T —298.15)], (B13)
B = B, (298)mry [ 1+v, (T -298.15)], (B14)

where v, =0.037 K" for sodium ion (Revil et al. 1998) (there are other v, (valuesyfor
monovalent and divalent cations reported in Revil et al. 1998) and mr; is the mobility ratio

between a ion in the Stern layer and the same ion in bulk and distilled water at a temperature

0f 298.15 K (/ is the ionic strength in M),

yo = Ps(298) (B15)
By
/5, (298) =1im 8/ (298) , (B10)
1205 23" (B17)

i=1
The Stern layer of clays isumostly occupied by ions with the same sign of the charge. This is

the reason why we.use in Eqs B14 and B15 ,Ef (298) instead of B”(298). Indeed, because of

the mutual interaction of anions and cations in bulk water, 3’(298) decreases when salt

concentration increases, which is not expected in the Stern layer of clays containing usually
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—b
mostly cations counter-ions. In our model, £, (298) is a constant that is not decreasing with

salinity on the contrary to /3 (298).

APPENDIX C. COMPUTED BULK WATER CHEMICAL COMPOSITION

In our model, NaCl concentration in bulk water after evaporation, Cy,_,, is determined by:

S5° (CH
CI[\)IaCl = CI(\)IaCI 5_t1

t

HCI1 and NaOH electrolytes can also be added to NaCl electrolyte to change the”pH. Hence,

their concentrations after evaporation become

5 (C2)
CIIJ)ICI = Cf{a o1

1)

t

5 (C3)

o

t

b 0
Craon = Craon

Ton concentrations in bulk water, C’, afe calculated according to:

a). =107, (C4)
agH_ =K,/ aI]_’r , (C5)
' =dl., (Co)
Cy =y “n
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chl» = CIIZIaCI + CfICl + C_b (C8)

cr

b _
CNa’ - cr’

CI[\)IaCl +CI[\)IaOH +Z_Z,-CT;++ZZJ-CT;,—C;+ +CgH, +C° (C9)

i#]

where C”. and C’, are ion (cation and anion) concentrations from dissolved minerals and
i J

Mt interlayer space. It should be noted that more complex electrolytes can be considered in
our model, but here we focus on an electrolyte containing mostly Na’, CI” and leached ions
because we will show in Maineult et al. 2024) the comparison of our SIP model predictions.to

the corresponding measurements reported by Mendieta et al. (2021).

APPENDIX D. COMPUTED ELECTRICAL POTENTIAL AT.THE, D-PLANE AND

SURFACE CONDUCTIVITY OF THE DIFFUSE LAYER

The ¢, potential is calculated by minimizing the following function:

|Qd1 _Qd2|:0’ -
) N (D2)

0, = \/28kaT103 NA;C"[) {exp(—i;_(p;J_l} ,

dez_Qo(l_fQ)’ h

where Q,, is the,surface charge density of the diffuse layer calculated from the Gouy-

Chapmantheory (Hunter 1981) based on the assumption that the electrical potential in the

diffusedayer does not change with the distance from the mineral surface at the end of the
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diffuse layer, i.e. (dgo/ dx) =0V m’'. The expression of the surface charge density of the

x=y,

diffuse layer Q,, (Eq. D3) was determined from

e (04
0 =-(0+09,), (D3)
which make
1 :‘Z_f’ (D6)
and finally
0 =-0,(1- 1,)- (D7)

Eq. D5 is the electroneutrality condition.

According to Schurr 1964, the low-frequency conductivity of a spherical particle of diameter

d due to EDL polarisation and conduction-s given by

: DS
szi[zslw_fﬂgja (D8)
S d l+ior

where the first term in brackets represents conductivity from the polarisation of the bounded
ion layer with surface conductivity X¢ (in S) (Schwarz 1962) and the second term in brackets
represents conductivity from ion electro-migration in the diffuse layer with surface

conductivity ¢ (Leroy et al. 2008).

Leroy et al. 2017b) showed that the first term in brackets of Eq. D8 significantly

underestimates the complex conductivity magnitude of clay aggregates because it does not
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consider the surface area of the clay particles inside the aggregate. To reproduce the measured
Na-Mt complex conductivity magnitude, they therefore proposed to multiply this term by the

ratio of the surface area of the clay particles inside the aggregate (S,) to the surface area of
the non-porous spherical particle with the same effective diameter d, (.S,). We used the same

method than Leroy er al. 2017b) to calculate aggregate conductivity considering EDL
polarisation and conduction in the case here of a thin diffuse layer. After some algebraic

developments, we obtained the following equation for aggregate conductivity

2 ior 2 X (D9)
o, = §¢aIBSfQQV m‘@% EOQV :

In Eq. D9, the surface conductivity of the diffuse layer can be calculated from

d 3 Zd u d ~d b b d d (DIO)
X0 =10 NAJ.O {Z|ql||:ﬁl G (x)-5C }"'%CI‘ (x)ﬂeo(x)}dx’

where the first term of Eq. D10 represents diffuselayer surface conductivity due to ion
electro-migration and the second term of Eq. D10 is diffuse layer surface conductivity due to

electro-osmosis (Leroy ef al. 2011). By assuming that ion concentration in the diffuse layer

follows a Boltzmann’s distribution,,i‘e. C/(x)=C’ exp[—qigo(x)/ kT ] and that ion mobility

in the diffuse layer is equal to ion\mobility in bulk water, i.e. B’ = ', and using Eq. 29, Eq.

D10 reduces to

d_103 PN b b _q9(x) |
;_mmi{ngq%m[7§J1F

(D11)

4,CF.exp {—%(;)}i[‘/’(x) P ]} dx,

w
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where the electrical potential distribution in the diffuse layer ¢(x) is given by Eq. 37 or Eq.

38.
According to Revil & Glover 1997), Eq. D11can be simplified to

N 9,9 (D12)
Z‘(j = Zd103NAZ|qi|BidC1'b eXp —=d _1 5
=1 2k, T

B
B =B +m, (D13)

where m! (in m®s” V) in Eq. D13 is related to the increase of electrical conductivity of the
diffuse layer due to electro-osmosis (Bikerman 1940; Revil & Glover 1997;~Leroy et al.
2011). The term m!" is written as

,_2ekT (D14)
l nw ql|

Egs D12-D14 have been developed considering a symmetric electrolyte where cation valence
z, is equal to anion valence z_ (Pride 1994;~Lyklema & Minor 1998). In the case of an
asymmetric electrolyte, Eqs D12-D14 can, be ‘used to compute the diffuse layer surface

conductivity despite being more approximate than in the case of a symmetric electrolyte
(Revil & Glover 1997). Eqs=D12-D14 are strictly valid for |god| <k,T/(ze) where z is the
valence of the symmetric electrolyte (k7 /e=25.7mV at a temperature of 298.15 K).
Indeed, they are based’on the Debye-Hiickel (D-H) approximation, i.e. |go| <<kpT/(ze), to
compute-the-electrical potential distribution in the diffuse layer from the ¢, potential and the
Poisson=Boltzmann (P-B) equation, i.e. ¢(x)=¢, exp(-x/ y,) (Hunter 1981; Pride 1994). In

our'model, we consider that the diffuse layer can contribute to the surface conductivity of the

aggregate when the diffuse layer is thinner than the particle. For illite and Mt, this occurs
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typically when the diffuse layer is highly compressed (see end of section 3.3) at high ionic

strengths typically > 0.1 M where the ¢, potential magnitude should be low satisfying

|¢ d| <k;T/(ze) (Sondi et al. 1996; Leroy et al. 2015). Therefore, in this condition, Eqs D12-

D14 are valid for our calculation of the surface conductivity of the diffuse layer within the
aggregate. It should be noted that Eq. D11 with Eq. 37 or 38 or Eqs D12-D14 can be used to
compute the diffuse layer surface conductivity of kaolinite and illite particles at typically
lower ionic strengths than Mt particles because kaolinite and in a lesser extent illite particles

are thicker than Na-Mt particles and they do not have interlayer space containing hydrated

and mobile cations.

If the ion mobilities are similar in the diffuse layer, Eq. D12 can be reduced to

Ej =B,0,,

and Eq. D9 finally becomes

2.0 iot B, ]
- ot Bagg ,
o, 3¢a_ﬂSfQ1+in g( fQ)_QV
—y _ﬂf _lor +B,(1-f, )_Q
ST T N i NN

The Jratio can be computed using Eq. A6

19 :&: é‘scS'S;a .
S, md,

(D15)

(D16)

(D17)

(D18)
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APPENDIX E. COMPUTED AVERAGE ELECTRICAL POTENTIAL IN THE

DIFFUSE LAYER AND INTERLAYER SPACE OF NA-MT

We use the volume averaging method to compute ¢, as a function of CEC and bulk water

chemical composition (Revil & Leroy 2004; Leroy et al. 2007; Leroy et al. 2017b). We
assume that the (usually negative) surface charge of the clay mineral is compensated by the
excess of counter-charge per unit pore volume in the Stern and diffuse layers and interlayer

space of Na-Mt, i.e.

L (5 v s, Vg (ED)
= [ods+[orav+[ods+ [ odv|=0,
t 0 0 0 0

where S, is the surface area of the interlayer space (in m?), O \is'the excess of charge per

unit interlayer space volume (in C m™) and O, is the exeess of charge per unit Stern and

diffuse layer volumes. In the case of kaolinite and-illite, the first two terms in Eq. E1 can be

assumed to be zero (no interlayer space and.interlayer space containing non-solvated K ions,

respectively). In the case of Na-Mt, we'assime'that O)' = Q7. Eq. E1 then becomes

SintS, Vin +VS+V»:‘l (E2)

! jQOdS+ j 0ldV |=0"
0 0

4
If O, and Q) are assumed constant throughout the pore surface and volume, respectively,

and, according to'Eq. A6, Eq. E2 simplifies to:

\ 5.8 (E3)
Q= V, +V,+V! -

for Na-Mt, and
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) 5,88 (E4)
QV = V +Vd QO’

for kaolinite and illite. The excess of charge per unit pore volume in the diffuse layer and
interlayer space of Na-Mt (contributing solely to conduction due to ion electro-migration) is

written as:

N E5
0 =10°N, 3 4,C7 . (53)

o =(1-£,)0;, (B6)

and, finally, using Eqs E3, ES5, and E6 for Na-Mt and Eqs E4, E5, and E6 for kaolinite and

illite, the ¢, potential was computed from

S 4 5SS (E7)
10°N, > ,Cl ex T G B S e e R W
Ai=l QI i p[ kBT ( fQ)I/m—i-VS-{-V‘j QO

for Na-Mt, and

58S (E8)
i=1 B

for kaolinite and illite, where G, = exp(—q¢,p, /k,T) is the average ion concentration in

the diffuse layer and interlayer space of Na-Mt or in the diffuse layer of kaolinite and illite,
which follows a Boltzmann’s distribution. The O, quantity is expressed as a function of CEC
using Eq. 14. We. assume in Eq. E7 that the interlayer space of Na-Mt behaves like the EDL
on the elay external surface. This assumption could be considered rather crude but we do not
want to‘complicate more our model and hence add additional parameter values to be fitted in

ourymodel.
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