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Abstract

The interstitial water contained in the microporosity of highly compact clay-rich media does not obey the classical condition usually
used to derive the ionic composition of a solution. This is because the requirement for global electroneutrality of a charged microporous
body (one having a significant fraction of pores with dimensions of the same order of size as the diffuse double layer) implies that the net
charge density of the pore water must balance the deficiency (or the excess) of electrical charge carried by the solid matrix. In order to
determine the solution composition in the micropores of a clay-rock, we first generalize the Donnan equilibrium conditions for the case
of a multi-ionic electrolyte, with partitioning of the charge compensating counterions between the Stern and the diffuse layers A material-
specific geochemical equilibrium model, incorporating an electrical triple layer model for adsorption reactions, is used to calculate the
partition coefficient for the compensating ion charge (i.e., the fraction of charge in the Stern layer). This is then used to calculate the
osmotic pressure and ionic composition of the pore water in the micropores. The material considered in this study is the argillite
clay-rock sampled from the Callovo-Oxfordian geological formation under consideration in France for a deep geological disposal facility
for radioactive waste.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

The chemical composition of the pore water in compact-
ed clay-rich porous media influences both their swelling
properties and the diffusion of the ions through their con-
nected porosity (e.g., Ochs et al., 2001; Loret et al.,
2004). A portion of the Callovo-Oxfordian (argillite) for-
mation located in the eastern part of the Paris Basin in
France has been the target of many scientific investigations
over the past decade (e.g., Gaucher et al., 2004; Gonçalves
et al., 2004; ANDRA, 2005; Revil et al., 2005 and referenc-
es therein) to determine its capacity to act as a host rock for
a deep geological disposal facility for radioactive wastes.
These investigations are supervised by ANDRA, the
French agency for nuclear waste management. The recov-
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.gca.2006.11.009

* Corresponding author.
E-mail address: revil@cerege.fr (A. Revil).
ery of representative pore water samples from these types
of rocks is almost impossible due to their very low perme-
ability (�10�21 m2) and low water content, but also be-
cause commonly applied techniques such as high pressure
squeezing can introduce experimental and analytical arte-
facts (Sacchi et al., 2000).

These problems have led such research scientists as
Bradbury and Baeyens (1998) and Beaucaire et al. (2000)
to propose thermodynamic models for calculating the pore
water chemistry for other clay-rich geological formations,
respectively the Opalinus Clay (Switzerland) and the Boom
Clay (Belgium) formations. A similar type of model, called
THERMOAR, has been developed by Gaucher et al.
(2006) to calculate the pore water chemistry of the
Callovo-Oxfordian formation. Although this model was
designed to estimate the composition of the ‘mobile’ water
which would be sampled by in situ experiments, the current
version does not contain an electrical double layer model

mailto:revil@cerege.fr


1088 P. Leroy et al. 71 (2007) 1087–1097
for ion distribution at charged interfaces, which is needed
to account for the effect of ‘exclusion’ of anions from the
immobile water adjacent to clay mineral surfaces, i.e., in
the vicinity of the shear plane (Fig. 1). To compensate
for this, a correction factor was introduced. The value of
this factor was taken to be on the order of 0.5 based on
knowledge of the wetted surface area to pore volume ratio,
the number of adsorbed water layers on clay mineral sur-
faces and a reasonable thickness for a diffuse layer (AN-
DRA, 2005; Gaucher et al., 2006). The THERMOAR
model therefore can be considered to calculate the compo-
sition of the solution far from mineral surfaces, i.e., that of
‘‘macropores’’ within the rock or in a solution reservoir in
equilibrium with a clay-rock under in situ conditions.

In the Callovo-Oxfordian argillites, most of the con-
nected pores are associated with clay minerals and have
characteristic dimensions in the 2–50 nm range (Sammar-
tino et al., 2003). The mineralogy of the argillites can be
subdivided into three mineral groups (Sammartino et al.,
2003): a tectosilicate group (mainly quartz and some feld-
spars), a carbonate group (mainly calcite and some dolo-
mite), and a phyllosilicate group (illite/smectite mixed
layers and non-swelling minerals: kaolinite, mica, chlo-
rite). The mineral with the highest specific surface area
is the smectite and therefore, the chemical reactions con-
Fig. 1. Sketch of the electrical triple layer model at the clay basal surface
in the case of a binary monovalent electrolyte, M represents the metal
cations (e.g., Na+) and A the anions (e.g., Cl�). OHP represents the Outer
Helmholtz Plane (d-plane), which coincides here with the shear plane
along which the zeta potential is defined. The b-plane corresponds to the
mean plane of the Stern layer while the o-plane corresponds to the surface
of the basal plane.
trolling the exchange of ions will be principally those
associated with this mineral. Smectite minerals have a per-
manent negative structural charge on their basal planes
due to isomorphic substitution, as well as amphoteric
edge sites (ANDRA, 2005). In the following we will con-
sider that the connected microporosity is principally
bounded by the basal planes of these minerals (i.e., that
the amphoteric sites on the clay platelet edges do not ef-
fect the solution composition). We will also not consider
the pore solution contained within the clay interlayer
spaces since these spaces are too small for diffuse layer
development and were assumed to contain only charge
compensating cations (i.e., anions are completely exclud-
ed, neglecting the effect of ion pair exchange at the con-
sidered ionic strengths, Tournassat et al., 2004).

The ionic distribution in the micropore solution is influ-
enced by the negative charge excess on the clay mineral
basal planes, i.e., an excess of cations (and deficit of anions)
in the adjacent pore water (e.g., Ochs et al., 2004). The
resulting ionic imbalance will have a particularly strong ef-
fect on the mean solution composition of the interstitial
water contained in small dimension pores (the microporos-
ity), i.e., the mean solution composition will not obey the
classical electroneutrality condition. Ochs et al. (2004)
modeled the pore water chemistry of bentonite at different
total porosities (material bulk densities) recognizing the
influence of the diffuse layer upon the concentration of
the ionic species in the porosity. Bourg et al. (2003) have
characterized the variation in pore size categories (macro,
meso, interlayer) in bentonite—solution systems as a func-
tion of material density, and modeled the effects on water
and ion diffusion within the material. There does not exist,
however, to the best of our knowledge, a thermodynamic
model capable of calculating the ionic composition of a
charged porous media wherein the pore space available
for coupled anion–cation transport is considered as made
up of two pore size classes, macropores and micropores,
with the cut-off characteristic dimension being determined
by that of the diffuse layer thickness.

In this paper, we (i) extend the Donnan equilibrium
condition to cover the case of a multi-ionic electrolyte
and use it to calculate the ionic activities in the microp-
ores as a function of the ionic activities in the macropores,
and (ii) use a material-specific geochemical equilibrium
model, incorporating an electrical triple layer model for
adsorption reactions, to calculate the partitioning of coun-
terions in the micropores between the Stern and diffuse
layers. The Stern layer is a layer of sorbed counterions
in contact with the charged basal surfaces of the clay min-
erals, while the diffuse layer of counterions and co-ions ex-
tends outwards into solution (see Fig. 1b). In addition, we
determine the osmotic pressure within the Callovo-Oxfor-
dian porosity based on the ionic concentrations in the
macropores and micropores. Finally, we calculate the
mean total concentration of species i in the pore space,
accounting for the relative contributions of the two pore
size classes.
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2. Description of the porous medium

We consider a charged porous medium made up of two
pore size classes—i.e., micro and macropores. Here we will
use the term microporosity to describe the fraction of the
connected porosity with a pore size below a length charac-
terizing the extension into solution of the diffuse layer. The
size of the diffuse layer is controlled by the Debye screening
length, which depends on the ionic strength of the pore
water in the macropores or in a reservoir of ions in contact
with the sediment (Hunter, 1981). The fraction of the
porosity considered as microporosity will therefore depend
on the ionic strength of the pore water of an ionic reservoir
locally in contact, and in thermodynamic equilibrium, with
the charged porous medium. In the following, / (dimen-
sionless) denotes the total connected porosity, denotes the
microporosity, and denotes the macroporosity (i.e., /
= /m + /p). To determine the composition of the pore
water, we consider the pore water as a three-phase medium
comprising: (i) the interface between the pore water and the
surfaces of the minerals represented in terms of a triple
layer-based surface complexation and speciation model,
(ii) the microporosity, characterized by a deficiency of co-
ions and excess of counterions, and (iii) the macropores,
characterized by a classical electroneutrality condition. In
addition, we consider the porous medium as a closed sys-
tem at thermodynamic equilibrium.

3. Generalized Donnan equilibrium model

We assume that thermodynamic equilibrium holds be-
tween the water located in the microporosity and the water
contained into the macroporosity. The electrochemical
potentials of the water solvent and dissolved cation and an-
ion species are:

l̂p
w ¼ l̂R;p

w þ kbT ln ap
w þ Xwpp; ð1Þ

l̂m
w ¼ l̂R;m

w þ kbT ln am
w þ Xwpm; ð2Þ

l̂p
i ¼ l̂R;p

i þ kbT ln ap
i ; ð3Þ

l̂m
i ¼ l̂R;m

i þ kbT ln am
i þ qium; ð4Þ

where the superscripts ‘‘m’’ and ‘‘p’’ refer respectively to
the pore fluid inside the microporosity and the macropo-
rosity of the charged medium, the superscript R refers to
a stress-free reference state, which is necessarily a thermo-
static state. We note as um the mean electrical potential in-
side the pores of the charged material, aw and ai denote the
activities of water and of the ionic species i, kb is the Boltz-
mann constant (1.381 · 10�23 J K�1), qi = (±e)zi is the
charge of species i of valence zi, e represents the elementary
charge (positive, 1.6 · 10�19 C), Xw and p denote the specif-
ic molar volume of water (in m3) and the pore fluid pres-
sure (in Pa), respectively, and T represents the absolute
temperature (in K). We have neglected the partial pressure
and gravity terms in the expression of the effective chemico-
potentials of the component i embedded in the pore water.
Equilibrium states are states for which the dissipation
function is zero. This yields the equality of all the thermo-
dynamic potentials between the microporosity and the
macroporosity of the system,

l̂p
w ¼ l̂m

w ; ð5Þ

l̂R;p
w ¼ l̂R;m

w ; ð6Þ

l̂p
i ¼ l̂m

i ; ð7Þ

l̂R;p
i ¼ l̂R;m

i : ð8Þ

These conditions are the so-called Donnan equilibrium
conditions. In addition to the equilibrium conditions, we
also specify the equations for species and charge conserva-
tion. Considering Q types of ions in the pore water, this
yields,

XwCm
w þ

XQ

i¼1

XiC
m
i ¼ 1; ð9Þ

XwCp
w þ

XQ

i¼1

XiC
p
i ¼ 1; ð10Þ

XQ

i¼1

qiC
m
i ¼ Qm

V ; ð11Þ

XQ

i¼1

qiC
p
i ¼ 0; ð12Þ

where Ci and Cw are the concentrations of the ions of spe-
cies i and water, respectively (the concentrations are ex-
pressed in mol m�3 in S.I. units but expressed below, for
convenience, in mol L�1), Qm

V is the volumetric charge den-
sity in the microporosity (in C m�3), and Xi the specific mo-
lar volume of species i (expressed in m3 mol�1). The
volumetric charge density is defined by,

Qm
V ¼ ð1� fQÞQm

V ; ð13Þ

where fQ is the fraction of counterions located in the Stern
layer or, in other words, the partition coefficient of the
counterions between the Stern and the diffuse layers. Its
value will be calculated by the triple layer-based surface
complexation model developed in Section 4. The parameter
Qm

V represents the total bulk charge density corresponding
to the excess of charge per unit pore volume of the porous
material.

For clay-rich media, the total bulk charge density is cal-
culated by (e.g., Revil et al., 2002 and references therein),

Qm
V ¼ qg

1� /
/

� �
CEC; ð14Þ

where qg is the grain density (in kg m�3), / is the connected
porosity, and CEC is the cation exchange capacity of the
medium (in meq g�1). According to Eqs. (1), (2), (5), (6),
(9), and (10), and assuming (i) that the activity coefficient
of water can be approximated by its concentration
and (ii) that only solutes present outside the Stern layer
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influence the electrochemical potential of the water solvent,
the osmotic pressure in the microporosity is given by,

pm ¼ pm � pp; ð15Þ

pm ¼
kbT
Xw

ln
Cp

w

Cm
w

� �
; ð16Þ

pm ¼
kbT
Xw

ln 1þ Cp
w � Cm

w

Cm
w

� �
; ð17Þ

pm �
kbT
Xw

XQ

i¼1

XiðCm
i � Cp

i Þ; ð18Þ

where we have used the approximation XwCm
w � 1. Eq. (18)

is the van’t Hoff equation. Using Eqs. (3), (4), (7), and (8)
yields the Boltzmann distribution for the activities inside
the micropores,

am
i ¼ ap

i exp � qium

kbT

� �
: ð19Þ

The ionic activity depends on the product of the activity
coefficient and the ionic concentration. This implies respec-
tively for micropores and macropores that:

am
i ¼ cm

i Cm
i ; ð20Þ

ap
i ¼ cp

i Cp
i ; ð21Þ

where ci is the activity coefficient of species i (calculated in
this paper by the Davies equation). In the case of the Cal-
lovo-Oxfordian argillite, we consider that the activity coef-
ficient in the micropores is similar to the activity coefficient
in the macropores (see the Appendix A),

cm
i � cp

i ; ð22Þ

According to Eqs. (18)–(22) the osmotic pressure in the
micropores is,

pm � kbT
XQ

i¼1

Cp
i exp � qium

kbT

� �
� 1

� �
: ð23Þ

Using Eqs. (11), (19), (20), (21), and (22), we can show that
the volumetric charge density is related to the electrical po-
tential um by,

Qm
V �

XQ

i¼1

qiC
p
i exp � qium

kbT

� �
: ð24Þ

Eq. (24) establishes a useful relationship between the
electrical potential um and the volumetric charge density
Qm

V , which can be determined from a triple layer model and
the values of the ionic concentrations in the macropores.
For small potentials Qm

V , such that ŒumŒ� kbT/e
(kbT/e � 25.7 mV at 25 �C), we can use asymptotic develop-
ments which yield, after simple algebraic manipulations,

um � �
kbT

2Ipe2
Qm

V ; ð25Þ
Ip �
1

2

XQ

i¼1

qi

e

� �2

Cp
i ; ð26Þ

where Ip is the ionic strength of the pore water contained in
the macropores (in mol L�1). For example, with
Ip = 10�1 mol L�1 and Qm

V ¼ 5� 106 C m�3, we obtain
um (25 �C) = �7 mV. However, these first-order approxi-
mations cannot be used to determine the electrical potential
in the micropores in the case of the Callovo-Oxfordian
argillite. They can, on the other hand, be used to deter-
mine, using an iterative procedure, the exact values of the
charge density and electrical potential in the pore water.
In Section 5, we will need a second-order approximation
to calculate the electrical potential in the micropores. This
second-order approximation is obtained by solving the sec-
ond-order Eq. (24), yielding:

� 2e2Ip

kbT
um þ

XQ

i¼1

q3
i Cp

i

2ðkbT Þ2

 !
u2

m � Qm
V ¼ 0: ð27Þ

To determine the partition coefficient entering into Eq.
(13), we need a triple layer model for the solid-solution
interface of the clay minerals in contact with the pore solu-
tion. Such a model is developed in the next section.
4. Electrical triple layer model

In order to determine the chemical composition of a
solution in equilibrium with a material such as the Cal-
lovo-Oxfordian argillite (see Section 5), it is necessary to
model the effects of exchange reactions that occur at the
surface of the mineral grains. Electrical triple layer models
(e.g., Avena and De Pauli, 1998; Revil and Leroy, 2001;
Leroy and Revil, 2004) of solute species reactions with
the charged sites on clay mineral basal planes allow calcu-
lation of counter and co-ion distribution between the Stern
layer and Gouy-Chapman diffuse layer (e.g., Ochs et al.,
2001). Such a model was developed for the Callovo-Oxfor-
dian argillites.

4.1. The argillite TLM model

The electrical triple layer model (TLM) we developed
to model co- and counterion distribution at the basal
plane/water interface of smectitic clay minerals makes
several simplifying assumptions. First we assume that
the amphoteric groups on the smectite edges do not con-
tribute to the co- and counterion distributions between
the Stern and diffuse layers in the microporosity. This
is justified primarily by the fact that pore water pH of
the Callovo-Oxfordian formation is near neutral (Gauch-
er et al., 2006) and, under these conditions, the charge
density induced by edge sites is likely to be small relative
to that due to permanent excess of negative charge creat-
ed by the isomorphic substitutions inside the crystalline
network of the smectite (e.g., Tournassat et al., 2004).



Table 1
Speciation constants for the various cations

Chemical reaction Gaines and Thomas selectivity
coefficients

> XNaþKþ () > XKþNaþ KKNa = 2.78 ± 0.12
> XNaþHþ () > XHþNaþ KHNa = 13.00 ± 2.63
2 > XNaþMg2þ () > X2Mgþ 2Naþ KMgNa = 2.41 ± 0.09
2 > XNaþ Ca2þ () > X2Caþ 2Naþ KCaNa = 3.17 ± 0.10

pH 7.3, T = 25 �C (one site model, from Gaucher et al., 2006, ‘‘>’’ refers
to the mineral framework).

Table 2
Speciation constants for the various cations (half-reactions)

Half-reactions Speciation contants

> XNa() > X� þNaþ KNa

> XH() > X� þHþ KH = KNa/KHNa

> XK() > X� þKþ KK = KNa/KKNa

> X2Ca() 2 > X� þ Ca2þ KCa ¼ K2
Na=KCaNa

> X2Mg() 2 > X� þMg2þ KMg ¼ K2
Na=KMgNa

pH 7.3, T = 25 �C (one site model).
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We therefore consider only these latter sites in the model
which we will represent as ‘‘X sites’’ (one negative charge
per site: X�). The mineral surface charge density Q0 (in
C m�2) associated with these sites is considered equal
to the ratio between the cation exchange capacity
(CEC) of smectite (1 meq g�1) and its specific surface
(800 m2 g�1, see Revil et al. (1998) and references there-
in), which gives a value equal to 0.75 charge nm�2.

The surface charge density Q0 for the clay minerals in
the Callovo-Oxfordian argillite in equilibrium with a con-
tacting solution phase can then be expressed as follows:

Q0 ¼ �eðC0
X þ 2C0

X2Ca þ 2C0
X2Mg þ C0

XNa þ C0
XKÞ; ð28Þ

where C0
i is the surface site density of species i (in sites

m�2). The surface charge density Qb in the Stern layer is
determined according to:

Qb ¼ eð2C0
X 2Ca þ 2C0

X2Mg þ C0
XNa þ C0

XK þ C0
XHÞ: ð29Þ

The surface charge density in the diffuse layer is calculated
in the case of a multi-component electrolyte (Hunter,
1981):

QS ¼ 2ekbT
XQ

i¼1

Cp
i exp � qiud

kbT

� �
� 1

� �( )1=2

; ð30Þ

where e is the dielectric permittivity of the fluid at the min-
eral/water interface. We consider here that the permittivity
e is equal to its value for the bulk water (ef � 81e0;
e0 � 8.85 · 10�12 F m�1). We did not use the ionic activities
in Eq. (30) because we suppose that the activity coefficient
in the macropores is roughly equal to the activity coeffi-
cient in the micropores (see the Appendix A). The electrical
potential ud (in V) is that of the Outer Helmholtz Plane (see
OHP on Fig. 1). We make the assumption that ud is equal
to the zeta potential f measured on clay particles; this po-
tential is assumed to be that existing at the particle electro-
kinetic shear plane (where the relative velocity between the
grains and the electrolyte is null). The zeta potential is a
key potential to model electrokinetic properties of porous
media and colloidal suspensions under non-equilibrium
thermodynamic conditions.

A simple one site model is chosen to simulate the reac-
tions between cation species and the smectite surface in or-
der to calculate the surface site density of each species. The
reactions are written in the form of half-reactions for intro-
duction in the TLM model framework. For monovalent
cation sorption like Na+ on these sites,

> XNa() > X� þNaþ; KNa: ð31Þ

The symbol ‘‘>’’ refers to the mineral framework and KNa

is the associated selectivity coefficient. For divalent cation
sorption like Ca2+ on these sites

> X2Ca() 2 > X� þ Ca2þ; KCa: ð32Þ

The activity of the >X2Ca and the >X� sites are
aX2Ca ¼ 2C0

X2Ca=ð�Q0=eÞ and aX� ¼ C0
X�=ð�Q0=eÞ, respec-

tively, using the Gaines–Thomas convention. The associat-
ed selectivity coefficient KNa and KCa are expressed as a
function of their equivalent fraction on the surface (Appelo
and Postma, 1999):

KNa ¼
C0

Xða
p

Naþ
Þ

C0
XNa

exp �
eub

kbT

� �
; ð33Þ

KCa ¼ �
eC02

X ða
p

Ca2þÞ
2Q0C

0
X2Ca

exp �
2eub

kbT

� �
: ð34Þ

Combining these two equations, one obtains:

> 2XNaþ Ca2þ () > X2Caþ 2Naþ; KNaCa; ð35Þ
with,

KNaCa ¼
K2

Na

KCa

¼
� Q0

e ða
p

Naþ
Þ22C0

X2Ca

ðap

Ca2þÞC02

XNa

: ð36Þ

KNaCa is equivalent to the selectivity coefficient of the
Na/Ca exchange in the Gaines and Thomas convention
(Gaines and Thomas, 1953), providing that the value of
C0

X is small as compared to Q0 in absolute value. It is there-
fore possible to use the exchange reactions and associated
selectivity coefficients of the THERMOAR model (see
Table 1; Gaucher et al., 2006), in order to obtain the
half-reactions presented in Table 2. Thanks to these
Gaines–Thomas exchange selectivity coefficients, we need
only the value of the selectivity coefficients of the half-reac-
tion concerning the sodium to calculate all of the other
half-reactions. It is worth pointing out that the use of
half-reactions and a TLM model to represent cation reac-
tions with the permanent charge sites means that a certain
fraction of the X� sites will not be associated with counte-
rions located in the Stern layer, which distinguishes this
representation from that of classical cation exchange
models.



Fig. 2. Sketch of the optimization procedure. A Matlab routine is used to
determine the zeta potential of smectite as a function of the type of
counterions using the Gaines–Thomas selectivity coefficients and the
equilibrium constant associated with the adsorption of sodium. The other
parameters, the capacities C1 and C2 are not optimized. Their values are
taken from Avena and De Pauli (1996), Gutierrez and Fuentes (1996),
Kitamura et al. (1999), and Persello (2002).
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We use the equilibrium constants associated with the
half-reactions to calculate the surface site densities. This
yields:

C0
X2Ca ¼

C02

X ða
p

Ca2þÞ
� Q0

e 2KCa

exp �
2eub

kbT

� �
; ð37Þ

C0
X2Mg ¼

C02

X ða
p

Mg2þÞ
� Q0

e 2KMg

exp �
2eub

kbT

� �
; ð38Þ

C0
XNa ¼

C0
Xða

p

Naþ
Þ

KNa

exp �
eub

kbT

� �
; ð39Þ

C0
XK ¼

C0
Xða

p

KþÞ
KK

exp �
eub

kbT

� �
; ð40Þ

C0
XH ¼

C0
Xða

p

Hþ
Þ

KH

exp �
eub

kbT

� �
; ð41Þ

where ub is the electrical potential at the Stern layer plane
(Fig. 1b).

By replacing Eqs. (37)–(41) in Eq. (28), we obtain a sec-
ond degree equation for the surface site density of X sites,
C0

X:

Q0

e
þ C0

X 1þ
ap

Naþ

KNa

exp �
eub

kbT

� �
þ

ap

Kþ

KK

exp �
eub

kbT

� ��

þ
ap

Hþ

KH

exp �
eub

kbT

� ��
þ 2C02

X

ap

Ca2þ

� Q0

e 2KCa

exp �
2eub

kbT

� �"

þ
ap

Mg2þ

� Q0

e 2KMg

exp �
2eub

kbT

� �#
¼ 0: ð42Þ

This equation was used to compute the surface density of X
sites as a function of the electrical potential at the Stern
layer, b plane (Fig. 1b). Using Eqs. (37)–(41), the surface
site densities can be expressed as a function of the electrical
potential on the b plane.

The global electroneutrality equation for the TLM
model is,

Q0 þ Qb þ QS ¼ 0: ð43Þ

The electrical potentials at the surface of the clay minerals,
u0, at the b plane, ub, and at the Outer Helmholtz Plane,
ud, are related by a series capacitor model, which is a
classical approach in the context of the TLM theory (e.g.,
Persello, 2002),

u0 � ub ¼ Q0=C1; ð44Þ
ub � ud ¼ �QS=C2: ð45Þ

The parameters C1 and C2 (in F m�2) are the (constant)
integral capacitances of the inner and outer parts of the
Stern layer, respectively. We calculate the potential ud

using Eqs. (28)–(45). Finally, we need to optimize only
three parameters, the capacitances C1 and C2 and the equi-
librium constant associated with the sodium complexation
half-reaction, KNa.
4.2. Comparison with experimental data

The previously described forward model is set up as a
Matlab� routine (Fig. 2). We use the Simplex algorithm
(Caceci and Cacheris, 1984) to optimize the parameters
of our model to fit the experimental data. The algorithm
minimizes the following cost function R:

R2 ¼
PN

i¼1xi fi
Mes � fi

Model

� 	2

N
PN

i¼1xi

; ð46Þ

where fi
Mes and fi

Model are, respectively, the experimentally
determined zeta potential (determined by electrophoresis
or streaming current measurements) and the zeta potential
calculated by the TLM model. The coefficients xi are the
statistical weights given to the measurements i depending
on their standard deviations; they are taken as equal to 1
here.

We decided to optimize only the equilibrium constant
KNa because sensitivity analyses show that the value of
the capacitance C1 does not significantly influence the cal-
culation of the potential ud (see Leroy and Revil, 2004). In
the literature, the value of the capacitance C2, for a number
of minerals, is taken as constant and usually equal to
0.2 F m�2 (Gutierrez and Fuentes, 1996; Kitamura et al.,
1999; Persello, 2002).

We start the optimization with an a priori model that
was chosen randomly in a range of a priori potential range
of values for the model parameters (null a priori informa-
tion for this range corresponds to a random choice). We
then determined the mean and standard deviation of the
optimized model parameter using a Monte-Carlo proce-
dure. As explained above, we have only one parameter in
our model to optimize: KNa. We use an a priori density
probability corresponding to the null information in the
range KNa 2 [10�2; 1]. The zeta potentials were taken from
measurements of colloidal suspensions of Na, Ca, Mg
Montmorillonite in NaCl, CaCl2, MgCl2 electrolytes,



Table 3
Distribution of surface site densities of adsorbed counterions in the Stern
and diffuse layer (fQ = 0.94) for the Callovo-Oxfordian shale

CXNa (%) CXK (%) CXH (%) CX2Ca (%) CX2Mg (%)

27a 14.5a 5 · 10�6a 35a 23a

14.5b 8.5b — 47b 29b

This distribution is nearly independent of the value of the partition
coefficient fQ.

a Using the triple layer model developed in this paper.
b Gaucher et al. (2006).
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respectively taken from Sondi et al. (1996) and Rosanne
et al. (2003). These authors use Henry’s equation to relate
the electrophoretic mobility and the zeta potential, which
implies that they do not account in their measurements
for the influence of surface conductivity. Neglecting surface
conductivity leads to under estimation of the zeta potential
values (Revil et al., 1999, 2002; Perrier and Froidefond,
2003). This explains why we test our model only with the
experimental data obtained at high salinities (10�1 mol L�1

in the present case) for which the influence of surface con-
ductivity can be considered as negligible. However the mea-
sured values of the zeta potential should be considered as
lower bounds for the real values of the inner-potential of
the diffuse layer.

We found that the predictions of the model are in rela-
tively good agreement with the experimental data for Na+,
Ca2+, and Mg2+ counterions (see Fig. 3). For each type of
counterion, we use the half-reaction corresponding to its
adsorption reaction. The optimized parameter of the equi-
librium constant KNa is equal to 0.8 ± 0.5. Within
the calculated uncertainty, the estimated KNa is essentially
the same as Avena and De Pauli (1998) (KNa = 0.77).

4.3. Calculation of the partition coefficient

Using the optimized value of the equilibrium constant
KNa, the electrical triple layer model is now run to deter-
mine the partition coefficient fQ for the case of a multi-ionic
electrolyte. This partition coefficient fQ is defined as the
fraction of counterions located in the Stern layer:

fQ ¼
PQ

i¼1ziC
0
XiMPQ

i¼1ziC
0
XiM
þ
PQ

i¼1ziC
S
XiM

: ð47Þ

The parameters C0
XiM

and CS
XiM

are respectively the surface
site density of adsorbed counterions in the Stern and in the
Fig. 3. Zeta potentials of colloidal suspensions of Na, K, Ca, Mg
Montmorillonite in NaCl, KCl, CaCl2, MgCl2 electrolytes, respectively.
The salinity Cf is equal to 0.1 mol L�1.
diffuse layer. The value Q is the number of types of coun-
terions in the electrolyte. The surface site density of ad-
sorbed counterions in the diffuse layer is given by
integrating the excess of the concentration of counterions
in the diffuse layer. This yields

CS
XiM
¼ Cp

i

Z 2vd

0

exp � qiuðxÞ
kbT

� �
� 1


 �
dx; ð48Þ

where x is the distance taken locally extending from the
smooth surface of the mineral (in m) and vd (in m) is the
Debye length. The electrical potential u(x) is calculated
by the expression,

uðxÞ ¼ ud expð�x=vdÞ: ð49Þ

By using Eqs. (47)–(49) and Eqs. (37)–(41), we obtain a val-
ue of fQ in the range 0.94 ± 0.02, corresponding to
KNa = 0.8 ± 0.5. This means that 94 ± 2% of the charge
of the counterions are located in the Stern layer. Table 3
presents the distribution of the surface site densities of ad-
sorbed counterions in the Stern and in the diffuse layer with
fQ = 0.94 (same values with fQ = 0.92 and fQ = 0.96). This
distribution is relatively similar to the distribution of the
surface sites of adsorbed cations calculated by THERM-
OAR using the values of the cation exchange capacity of
each cation (Gaucher et al., 2006). However, the propor-
tions of adsorbed monovalent and divalent cations in our
study are respectively higher and lower than the values
determined by Gaucher et al. (2006).
5. Determination of the ionic concentrations

The model developed above allows calculation of the
composition of the pore water in the micropores as a func-
tion of the composition of the pore water in the macrop-
ores. As a first approximation, the macropore solute
composition is considered to be that calculated by the
THERMOAR model (Gaucher et al., 2006). The total
Na, Ca, K, Mg, Cl, S (in sulphate form) concentrations,
and solution pH are given in Table 4 for a simplified water
composition, i.e., neglecting minor species such as Sr, Si,
Al, and Fe species. The speciation of the solution was
determined using the code PHREEQC v2.12 and the
Llnl.dat database (see Parkhurst and Appelo, 1999). Table
4 also gives the major solute species concentrations (minor
species are considered as those whose mole fraction is



Table 4
Ionic concentrations in the macropores of the Callovo-Oxfordian shale

THERMOAR model
(Gaucher et al., 2006)

PHREEQC2 speciation calculation
(major species)

Simplified macropore solute composition
(only charged species)

Species Cp
i (in mol L�1) Species Cp

i (in mol L�1) Species Cp
i (in mol L�1)

Na 32 · 10�3 Na+ 31.8 · 10�3 Na+ 31.5 · 10�3

K 7 · 10�3 K+ 6.7 · 10�3 K+ 6.5 · 10�3

Ca 15 · 10�3 Ca2+ 9.7 · 10�3 Ca2+ 9.5 · 10�3

CaSO4 5.2 · 10�3 — —
Mg 14 · 10�3 Mg2+ 8.4 · 10�3 Mg2+ 8.1 · 10�3

MgSO4 5.6 · 10�3 — —
Cl 30 · 10�3 Cl� 30 · 10�3 Cl� 30 · 10�3

S(+6) 34 · 10�3 SO4
2� 20.6 · 10�3 SO4

2� 21 · 10�3

pH 7.3 H+ 6.1 · 10�8 — —
OH� 2.7 · 10�7 — —

pCO2 �2.5 HCO3
� 1.2 · 10�3 HCO3

� 1.2 · 10�3
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below 10% of the total element concentration). The solute
species are mainly the dissociated cations and anions, as
well as neutral solute complexes such as CaSO4 and
MgSO4. The value of the ionic strength determined from
the code PHREEQC2 is 0.11 mol L�1. This value is very
similar to the experimental value used to fit the KNa param-
eter of the TLM model. In the following, a simplified water
composition (see Table 4), taking into account only the ma-
jor charged species, will be used to calculate the solute
composition of the micropore solution. The concentrations
have been adjusted slightly to satisfy the electroneutrality
of the simplified macropore solution.

The volumetric charge density in the micropores was
calculated using the value of the partition coefficient and
the concentrations of the ions in the macropores. Using
Table 5
Properties of the Callovo-Oxfordian argillite

Symbols Meaning Value

/ Connected porosity 0.164 ± 0.018a

fm Fraction of microporosity 0.50c

q (kg m�3) Bulk density 2420 ± 30b

qg (kg m�3) Grain density 2700c

CEC (meq g�1) Cation exchange capacity 0.18 ± 0.05d

uW Clay fraction 0.45 ± 0.05a

a ANDRA (2005).
b We use q = (1 � /) qg + /qf.
c This study.
d Gaucher et al., 2004, Hole EST205, excluding the strongly calcareous

beds.

Table 6
Concentrations of the ionic species in the macropores and in the micropores o

Species Cp
i in mol L�1 Cm

i ðfQ ¼ 0:92Þ in mol L�1

Na+ 3.15 · 10�2 7.95 · 10�2

K+ 6.50 · 10�3 1.64 · 10�2

H+ 5.01 · 10�8 1.26 · 10�7

Ca2+ 9.50 · 10�3 6.05 · 10�2

Mg2+ 8.10 · 10�3 5.16 · 10�2

Cl� 3.00 · 10�2 1.19 · 10�2

SO4
2� 2.10 · 10�2 3.30 · 10�3

HCO3
� 1.20 · 10�3 4.76 · 10�4
the values of the cation exchange capacity, the porosity,
and the grain density reported in Table 5, with fQ = 0.94,
we obtain (Qm

V ¼ 1:43� 107 C m�3, um = �17.7 mV). We
found (Qm

V ¼ 1:91� 107 C m�3, um = �23.8 mV) and
(Qm

V ¼ 9:54� 106 C m�3, um = �11.6 mV) with fQ = 0.92
and fQ = 0.96, respectively. From Eqs. (19)–(22) and the
values of the mean potential in the microporosity um, we
determined the concentrations of the ions in the microp-
ores, which are reported in Table 6. The ionic activities
in the macropores are calculated according to the values
of the ionic concentrations in the macropores presented
in Table 6 and using Eq. (21) and the Davies equation.
We used the value of the electrical potential in the microp-
ores, the values of the ionic activities in the macropores,
and Eq. (19) to determine the ionic activities in the microp-
ores. These ionic activities are reported in Table 7.
f the Callovo-Oxfordian shale

Cm
i ðfQ ¼ 0:94Þ in mol L�1 Cm

i ðfQ ¼ 0:96Þ in mol L�1

6.26 · 10�2 4.95 · 10�2

1.29 · 10�2 1.02 · 10�2

9.95 · 10�8 7.88 · 10�8

3.75 · 10�2 2.35 · 10�2

3.20 · 10�2 2.00 · 10�2

1.51 · 10�2 1.91 · 10�2

5.32 · 10�3 8.50 · 10�3

6.04 · 10�4 7.63 · 10�4

Table 7
Activities of the ionic species in the macropores and in the micropores of
the Callovo-Oxfordian shale

Species ap
i am

i (fQ = 0.92) am
i (fQ = 0.94) am

i (fQ = 0.96)

Na+ 2.45 · 10�2 6.19 · 10�2 4.87 · 10�2 3.86 · 10�2

K+ 5.06 · 10�3 1.28 · 10�2 1.06 · 10�2 7.96 · 10�3

H+ 3.90 · 10�8 9.85 · 10�8 7.75 · 10�8 6.14 · 10�8

Ca2+ 3.50 · 10�3 2.23 · 10�2 1.38 · 10�2 8.64 · 10�3

Mg2+ 2.98 · 10�3 1.90 · 10�2 1.18 · 10�2 7.37 · 10�3

Cl� 2.34 · 10�2 9.26 · 10�3 1.18 · 10�2 1.49 · 10�2

SO4
2� 7.73 · 10�3 1.21 · 10�3 1.96 · 10�3 3.13 · 10�3

HCO3
� 9.35 · 10�4 3.70 · 10�4 4.71 · 10�4 5.94 · 10�4
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Fig. 4. Pore size distribution of the Callovo-Oxfordian argillite (from
ANDRA, 2005). The distinction between the macroporosity and the
microporosity is based on the thickness of the diffuse layer.

Table 8
Total concentration of the ionic species in the macropores and in the
micropores for different values of the partition coefficient fQ of the
Callovo-Oxfordian shale

Species Ci (fQ = 0.92)
in mol L�1

Ci (fQ = 0.94)
in mol L�1

Ci (fQ = 0.96)
in mol L�1

Na+ 5.55 · 10�2 4.70 · 10�2 4.05 · 10�2

K+ 1.14 · 10�2 9.70 · 10�3 8.36 · 10�3

H+ 8.83 · 10�8 7.48 · 10�8 6.45 · 10�8

Ca2+ 3.50 · 10�2 2.35 · 10�2 1.65 · 10�2

Mg2+ 2.98 · 10�2 2.00 · 10�2 1.41 · 10�2

Cl� 2.09 · 10�2 2.26 · 10�2 2.45 · 10�2

SO4
2� 1.21 · 10�2 1.32 · 10�2 1.47 · 10�2

HCO3
� 8.38 · 10�4 9.02 · 10�4 9.82 · 10�4

These total concentrations are determined from Eq. (50) with fm = 0.50 for
the volumetric fraction of the microporosity relative to the total porosity.
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Finally, we calculated the osmotic pressure in the Cal-
lovo-Oxfordian porosity using Eq. (18). Using fQ = 0.94,
we obtained p0 = 144 kPa, with values of p0 = 287 kPa
being obtained for fQ = 0.92 and p0 = 59 kPa for
fQ = 0.96. The values of the excess pore pressure measured
within the Callovo-Oxfordian formation are in the range of
200–500 kPa (Gonçalves et al., 2004; ANDRA, 2005). The
understanding of the in situ excess pore fluid pressure of
the Callovo-Oxfordian formation clearly deserves further
attention.

Finally, the total concentration of species i in the pore
space of the porous material is given by the sum of the con-
centrations in the micro and macroporosity weighted by
the volumetric fractions of each porosity,

Ci ¼ fmCm
i þ ð1� fmÞCp

i ; ð50Þ

where fm is the volumetric fraction of the microporosity rel-
ative to the total porosity. Using Eqs. (19)–(22) together
with Eq. (50) yields a relationship between the total con-
centration of species i and the concentration of the same
ionic species in the macropores, Cp

i , and the mean electrical
potential in the micropores um,

Ci ¼ ½1� fmð1� #mÞ�Cp
i ; ð51Þ

#m � exp � qium

kbT

� �
: ð52Þ

To evaluate the fraction of the micropores, fm, we need to
evaluate the size of the Stern and of the diffuse layer. The
minimum size of the Stern layer corresponds to the mean
diameter of hydrated cations. Their values are comprised
between 1 and 2 nm (Kitamura et al., 1999). Consequently,
we assume that the Stern layer is approximately 2 nm thick.
Using the value of the ionic strength in the macropores, the
Debye screening length that controls the thickness of the
diffuse layer is close to 1 nm. The thickness of the diffuse
layer is approximately twice the Debye screening length.
If we define the critical size of the pores as the size used
to distinguish between the microporores and the macrop-
ores, it follows that the critical size of the pore is 8 nm.
Fig. 4 represents a typical pore size distribution for Cal-
lovo-Oxfordian rock (Sammartino et al., 2003; ANDRA,
2005). The mean pore size of the macroporosity is equal
to 28 ± 5 nm using the distribution of Fig. 4. Consequent-
ly, using the distribution of the pore size of Fig. 4, we
found fm = 0.5, taking into account the diffuse layer also
present on the surfaces of the macropores.

The values of the total concentration of species i and of
the ionic concentration in the micropores and macropores
are presented in Tables 6 and 8. The total concentration of
species i is really influenced by the electrochemical proper-
ties of the mineral/water interface for all the values of the
partition coefficient fQ. The concentrations of divalent cat-
ions are much higher than their concentrations in the mac-
ropores. The concentrations of monovalent cations
significantly increase and the concentration of anions de-
crease dramatically compared to their values in the
macropores.

6. Concluding statements

In this paper, we have presented a method to estimate
the composition of the water contained in the micropores
and the bulk water contained in the macropores of clay-
rich media. These types of media are being considered as
host rocks for geologic repositories, and the proposed
methodology addresses the difficulties of determining a rep-
resentative in situ pore water chemistry. This is an impor-
tant issue in geochemistry, because it is very difficult to
obtain representative pore water samples for analysis from
such clay-rock formations at great depths. The Callovo-
Oxfordian argillite is under consideration as a host forma-
tion for deep geological disposal of high-level radioactive
waste in France. Similar rock formations are under evalu-
ation in other countries, including Belgium and Switzer-
land, posing similar problems. An important underlying
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need when building a theory for transport of ions in porous
media, especially diffusion, is a model for determining the
concentrations of ionic species in the thermostatic reference
state, and especially the partitioning of these species be-
tween the micropores and the macropores of porous media
with a broad distribution of pore sizes. The problem is
especially important in charged media because the pore
water filling the microporosity does not obey the electro-
neutrality condition. In this paper, we solved this problem
by coupling a Donnan description of equilibrium condi-
tions with an electrical triple layer speciation model for cal-
culating the partitioning of counterions between the Stern
and the diffuse layer. We also calculated the osmotic pres-
sure within the medium. The value we determined corre-
sponds to the lower limit of the measured excess pressure
in the Calloxo-Oxfordian formation. We found that
approximately 50% of the connected porosity is affected
by the excess of electrical charge at the surface of clay min-
erals. The concentrations of cations in the microporosity
are much higher than their values in the macropores. The
anionic concentrations in the micropores are much lower
than their values in the macropores. We plan to use the
present results to model the effective diffusivity of ions in
this type of porous material using the model of Leroy
et al. (2006) extended to multi-component electrolytes by
Revil and Linde (2006).
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Appendix A

The ionic strength in the micropores Im is calculated by
an expression similar to Eq. (26),

Im ¼
1

2

XQ

i¼1

qi

e

� �2

Cm
i : ðA1Þ

Using Eqs. (19), (20), and (A1), we obtain,

Im ¼
1

2

XQ

i¼1

qi

e

� �2 ap
i

cm
i

exp � qium

kbT

� �
: ðA2Þ

Davies’s equation allows to determine the activity coeffi-
cient in the micropores cm

i of species i as a function of
the ionic strength Im (Im 6 0.5 mol L�1),
log cm
i ¼ �0:5

qi

e

� �2
ffiffiffiffiffi
Im

p

1þ
ffiffiffiffiffi
Im

p � 0:3Im

� �
: ðA3Þ

For small potentials um, such as um� kbT/e, we use sec-
ond-order approximations to determine the electrical po-
tential um as a function of the ionic strength Im. Eqs.
(A1)–(A3) yield

Imc� 2

c3
ap

Ca2þ þ ap

Mg2þ þ ap

SO2�
4

� �

� 1

2
ap

Naþ
þ ap

Kþ
þ ap

Hþ
þ ap

Cl� þ ap
OH�

� 	
þ eum

kbT
4

c3
ap

Ca2þ þ ap

Mg2þ � ap

SO2�
4

� ��

þ 1

2
ap

Naþ
þ ap

Kþ
þ ap

Hþ
� ap

Cl� � ap
OH�

� 	�

þ eum

kbT

� �2

� 4

c3
ap

Ca2þ þ ap

Mg2þ þ ap

SO2�
4

� ��

� 1

4
ap

Naþ
þ ap

Kþ
þ ap

Hþ
þ ap

Cl� þ ap
OH�

� 	�
¼ 0; ðA4Þ

c � 10
�0:5

ffiffiffiffi
Im
p

1þ
ffiffiffiffi
Im
p �0:3Im

� �
: ðA5Þ

According to Eqs. (11), (19), and (20),

Qm
V ¼

XQ

i¼1

qia
p
i

cm
i

exp � qium

kbT

� �
: ðA6Þ

We use a second-order approximation for the electrical po-
tential um in Eq. (A6),

Qm
V �

XQ

i¼1

qia
p
i

cm
i

1� qium

kbT
þ 0:5

qium

kbT

� �2
" #

: ðA7Þ

We replace in Eq. (A7) um by its expression calculated as a
function of the ionic strength Im, which is solution of Eqs.
(A4) and (A5), and we replace cm

i by its expression given
according to Davies’s equation, Eq. (A3). We found an
equation with the unknown Im and we use the gradient’s
method to determine this parameter. We obtain Im = 0.3
mol L�1. According to Davies’s equation, (A3), the activity
coefficient does not change dramatically with the ionic
strength. Consequently, if the ionic strengths of the pore
waters in the macropores and in the micropores are quite
similar, and we can assume that,

cm
i � cp

i : ðA8Þ

Poisson’s equation allows determination of the electrostatic
potential in the micropores um resulting from the volumet-
ric charge density Qm

V by solving,

r2um ¼ �
Qm

V

ef
: ðA9Þ

By combining Eqs. (11), (20), and (A9), we obtain,

r2um ¼ �
XQ

i¼1

qi

ef

am
i

cm
i

: ðA10Þ
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By inserting Eq. (19) into Eq. (A10) and using Eq. (22), we
found,

r2um � �
XQ

i¼1

qi

ef

ap
i

cp
i

exp � qium

kbT

� �
; ðA11Þ

r2um � �
XQ

i¼1

qi

ef
Cp

i exp � qium

kbT

� �
; ðA12Þ

which corresponds to the classical Poisson–Boltzmann
equation. The surface charge density in the diffuse layer
is determined using Eq. (A12) for small values of um (see
Hunter, 1981).
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