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ABSTRACT

Most of the available data on diffusion in natural clayey rocks consider tracer diffusion in the absence of a
salinity gradient despite the fact that such gradients are frequently found in natural and engineered subsurface
environments. To assess the role of such gradients on the diffusion properties of clayey materials, through-
diffusion experiments were carried out in the presence and absence of a salinity gradient using salt-diffusion
and radioisotope tracer techniques. The experiments were carried out with vermiculite samples that contained
equal proportions of interparticle and interlayer porosities so as to assess also the role played by the two types of
porosities on the diffusion of water and ions. Data were interpreted using both a classical Fickian diffusion model
and with a reactive transport code, CrunchClay that can handle multi-porosity diffusion processes in the presence
of charged surfaces. By combining experimental and simulated data, we demonstrated that (i) the flux of water
diffusing through vermiculite interlayer porosity was minor compared to that diffusing through the interparticle
porosity, and (ii) a model considering at least three types of porous volumes (interlayer, interparticle diffuse
layer, and bulk interparticle) was necessary to reproduce consistently the variations of neutral and charged
species diffusion as a function of salinity gradient conditions.

1. Introduction

Diffusion properties of water and aqueous solutes in clayey samples
have been extensively studied, especially in the context of radioactive
waste disposal in deep argillaceous rocks (Appelo and Wersin, 2007;
Bourg and Tournassat, 2015; Charlet et al., 2017). Most of the data have
been collected from laboratory experiments in which the electrolyte
background was kept at constant concentration throughout the experi-
ment, i.e. in the absence of a salinity gradient. Diffusion properties were
probed by aqueous tracer species at very low concentrations compared
to the electrolyte background concentration. Under these conditions,
anionic and cationic tracers diffusion properties are considered to be
independent of each other, and measured tracer diffusive fluxes can be
interpreted using Fick’s laws:
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where C is the aqueous concentration (mol m~2), tis the time (s), a is the
rock capacity factor, &4 is the diffusion-accessible porosity (dimen-
sionless), pqpp. is the bulk dry density (kg m~?), Rd is a distribution co-
efficient (m® kg’l), which relates the tracer concentration adsorbed
reversibly on the solid phase to its aqueous concentration, and D, is the
effective diffusion coefficient (m? s™1):

De = DPsacc. = D(Jéga(‘c, (2)
where Dp is the pore diffusion coefficient (m?s™1), Dy is the free-solution
(aqueous) diffusion coefficient (m? s’l), and G is the geometrical factor
taking into account the tortuosity and constrictivity of the porous media,
depending then on the geometrical organization of the porous medium
(dimensionless).

Diffusion properties of clayey samples are markedly different for the
anionic and cationic tracers. In particular, anionic and cationic tracers
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do not experience the same overall accessible porosity. Differences in
accessible porosity can be related to the presence of the electrical double
layer (EDL), i.e. a porosity domain next to the negatively charged sur-
faces of clay minerals such as smectite and illite in which electro-
neutrality is not achieved. EDL ion concentrations depend on the ionic
strength of the bulk solution and distance from the surface considered.
Anions are repelled from the region next to the surface where a negative
electrostatic potential prevails. Conversely, cations are enriched in the
diffuse layer. At an infinite distance from the charged surface, the so-
lution is charge neutral and is commonly described as a bulk or free
solution (or water). Because of their depletion in the EDL, diffusion rate
of anions is decreased compared to aqueous neutral species that have
access to the total porosity of the clayey sample, while diffusion rate of
cations, which are enriched in the EDL, is increased. This interpretation
of the difference in anionic and cationic tracer fluxes is further sup-
ported by the fact that an increase in ionic strength, which reduces anion
exclusion at the vicinity of charged surfaces, is responsible for an in-
crease in anionic tracer diffusion. Conversely, cationic tracers diffusive
fluxes also decrease because of the increased competition of electrolyte
background cations with tracer cations for accumulation and charge
compensation in the EDL (Tournassat and Steefel, 2015, 2019; Charlet
et al., 2017; Tertre et al., 2021).

Furthermore, in natural clayey formation, pore water composition is
not always homogeneous throughout the formation. Differences in
water composition in surrounding aquifers can then create salinity
gradients in clay formations (Goncalves et al., 2004; Gaucher et al.,
2006; Gueutin et al., 2007; Mazurek et al., 2011; Pearson et al., 2011;
Wersin et al., 2016), and these gradients may represent steady-state
conditions, or not. In the lifetime of an underground repository facil-
ity, interactions of waste and barrier materials are foreseen to create
salinity gradients through a variety of mechanisms in surrounding clay
materials. Under these conditions, a coupling of anionic and cationic
tracer diffusion with the diffusion of electrolyte background species is
inevitable (Appelo et al., 2010; Tournassat and Steefel, 2019, 2020).

Diffusion data obtained under salinity gradients are less common in
literature than those obtained at constant electrolyte background con-
centration. Some authors are however obtained data for bentonites and
geosynthetic clay liners under salinity gradients, especially by using salt-
diffusion techniques in the context of conventional waste containment
applications and/or salt transfer in soils (Kemper and Van Schaik, 1966;
Lake and Rowe, 2000; Malusis and Shackelford, 2002; Bohnhoff and
Shackelford, 2014; among others). In these cases, the authors investi-
gated then the diffusion of the major species responsible for the back-
ground electrolyte concentration gradient. In these experiments,
aqueous species diffusive fluxes are governed by that of the slowest ion
present in the system, usually the anion because of the anion exclusion
effect. In binary systems, i.e. in the presence of only one type of anion
and cation in the system, including the type of cation present on the clay
mineral surfaces, cation diffusion is equal to that of the anion. This
observation differs from what is reported for anionic and cationic tracers
in the absence of background electrolyte concentration gradient, and is
in agreement with the electroneutrality condition in aqueous solutions.
Mobility of the dissolved salt increases also with the increase of the
salinity gradient, which agrees with a reduced anionic exclusion as the
ionic strength increases. Note that influence of a background electrolyte
concentration gradient on the diffusion of anionic and cationic species at
trace concentrations has also been rarely investigated. Notable excep-
tions are the DR-A in situ diffusion experiment conducted at the Mont-
Terri laboratory (Soler et al., 2019), and an “uphill” diffusion experi-
ment of a ?Na™* tracer in a compacted sodium montmorillonite (Glaus
et al., 2013). These two studies demonstrated the marked influence of
background electrolyte concentration gradient on tracer diffusion, and
thus the necessity to understand the couplings between diffusion of
several charged species present at contrasting concentrations and
experiencing different concentration gradients. The experiment from
Glaus et al. (2013) also demonstrated the importance of considering
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diffusion processes occurring in the porosity next to the charged surface
of clay minerals (i.e., the porosity associated to the EDL of particles).

Depending on dry density (i.e. compaction), salinity, and the nature
of the clay minerals, EDL porosity properties vary considerably pri-
marily because of differences in the pore size distribution and electro-
static potential. Montmorillonite, which is the most studied clay mineral
in the diffusion literature, as in Glaus et al. (2013), is a low-charge clay
mineral that exhibits swelling properties, meaning that the number of
water molecules in-between montmorillonite layers varies as a function
of the water potential. Depending on salinity, applied pressure, tem-
perature, and hydration, the number of water molecules varies from the
equivalent of one (~3 10\), two (~6 A), or three (~9 A) water layers
(crystalline swelling regime with the presence of interlayer porosity,
which can be seen as an extremely contracted EDL porosity), or to layer-
to-layer separation distance above 30 A (osmotic swelling regime with
the presence of a true EDL porosity). The abrupt transition from the
osmotic swelling regime to that of the crystalline swelling regime
eventually results in a complete rearrangement of the pore size distri-
bution (Abend and Lagaly, 2000; Tournassat and Appelo, 2011; Liu,
2013; Massat et al., 2016). Such dynamic processes make it difficult to
determine accurately the different porous volumes (interlayer, inter-
particle diffuse layer, and bulk interparticle) present in compact mont-
morillonite samples. Consequently, it is difficult to attribute diffusion
transport properties to each of these porosity types unequivocally,
particularly when a salinity gradient is present that creates differences in
microstructure along the gradient. However, in contrast to montmoril-
lonite, vermiculite, which is a high-charge smectite, exhibits only crys-
talline swelling, even for samples made with very fine particles (e.g., <
0.2 pm particles; (Faurel, 2012)). Then, using such particles to prepare
clayey porous media with the objective to control the distribution of
interlayer and interparticle porosity volumes is ideal.

In this current study, through-diffusion experiments were carried out
with nearly isotropic porous media consisting of Na-vermiculite parti-
cles. The originality of the study was to perform these experiments in the
presence and absence of salinity gradients, to assess their influence on
diffusion properties of the porous media. Thanks to the use of vermic-
ulite particles, additional objective of this study is to precise the roles
played by interlayer and interparticle porosities on the diffusion of water
and ions as a function of background electrolyte gradients. Data were
interpreted using a semi-analytical solution of Fick’s laws, and also with
a reactive transport code, CrunchClay, which can handle multi-porosity
diffusion processes in the presence of charged surfaces and EDL (Tour-
nassat and Steefel, 2019; Steefel and Tournassat, 2021).

2. Material and methods

Material. Porous media consisting of saturated Na-vermiculite par-
ticles having a 0.1-0.2 pm size fraction were prepared for use in the
experiments. All details concerning the origin of the raw material, the
preparation method to obtain the appropriate size fraction from centi-
meter natural monocrystals, crystal chemistry, and morphological pa-
rameters have been detailed in Reinholdt et al. (2013). The 0.1-0.2 pm
size fraction presents an aspect ratio (thickness over average diameter)
close to 0.1, a total cationic exchange capacity of 220 meq/100 g, from
which 60 meq/100 g can be attributed to external (as opposed to
interlayer) surfaces (Dzene et al., 2016), and a total external specific
surface area of 100 m> g_1 (Reinholdt et al., 2013).

Compacted samples having a total porosity of 0.5 were prepared
from the 0.1-0.2 pm size fraction dried at 60 °C and sieved through a 50
pm mesh to remove the coarsest aggregates. These samples were pre-
pared by uniaxial compaction using a hydraulic press in polyetherketone
(PEEK) tubes (diameter = 0.95 cm, height = 7 cm) (Tertre et al., 2018).
This preparation procedure allowed for an isotropic organization of the
particles (Dabat, 2019; Asaad et al., 2021). The particle size fraction and
sample dry density chosen resulted in the interlayer and interparticle
porosities being equal to 0.25 (Asaad et al., 2021).
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Through-diffusion experiments. The details of the set-up of
through-diffusion experiments have been described in previous works to
study the mobility of water (HDO or HTO tracers) and ions (Na* and
Cl7) in clayey samples in the absence of background electrolyte con-
centration gradient (Van Loon et al., 2007; Savoye et al., 2012; Tertre
et al., 2018; Wang et al., 2022). Experiments were carried out with 50
mL reservoirs connected to the clay sample. They were conducted at 20
+ 2°Cin the presence and absence of NaCl concentration gradients. Two
experiments were conducted with a constant salinity at 1 M and 1072 M,
for which the diffusion of HTO, %°Cl~ and 2?Na* radioisotopes was
monitored. Two other experiments were conducted with salinity gra-
dients imposed by 1 M and 102 M NaCl in the upstream reservoirs and
deionized water (< 107°> M NaCl) in the downstream reservoirs
(Table 1). In these experiments, the diffusion of HDO, Na}+ and Cl~ was
monitored. For experiments carried out in the absence of a salinity
gradient, upstream reservoirs were not replaced during the experiments
while downstream reservoirs were replaced when tracer mass activities
reached 1% of the concentration present in the upstream reservoir. This
procedure is commonly used in through-diffusion experiments to avoid
an increase in tracer activities in downstream reservoirs that would in-
fluence the overall diffusion gradient through the sample with time
(Glaus et al., 2007). In experiments that included a NaCl concentration
gradient, upstream and downstream reservoirs were replaced at each

Table 1
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sampling step. In the presence of salinity gradients, determination of the
constant reservoir weights showed negligible osmotic water flux during
the experiments.

Aqueous concentration measurements. HDO concentrations were
determined by water isotope analysis (LWIA DLT-100, Los Gatos
Research®), and the amount of HDO diffusing in the downstream
reservoir was calculated by accounting for the HDO concentration that
was naturally present in ultrapure water, i.e. 1.65 1072 M (Tertre et al.,
2018). Uncertainty in the HDO concentration was estimated at 10% (20
standard deviations) based on the variation of 5 replicate measurements
on the same sample. Aqueous Na' concentrations were measured using
an atomic absorption spectrophotometer (Varian® AA240FS). Samples
were prepared in 2% HNOj3 solution and 2 g L™! potassium chloride
solution to account for possible interference during acquisition. Cl~
aqueous concentrations were measured by liquid ionic chromatography
(ICS 1000, Dionex®) by using an AS9-HC column (Thermo Scientific®)
anda510 3M Na,COs3 eluant solution. An uncertainty (26) of 10% was
found for Na* and Cl~ concentrations, based on 5 replicate measure-
ments on a selection of analyzed solutions.

HTO and °Cl~ activities were measured by p~ liquid scintillation
(Packard Tricarb® 2700) and 22Na* activities were obtained using y
counting (Packard® 1480, Wizard). Both technics led to detection limits
of around 0.1 Bq, and total uncertainties (2c) of 10%.

Summary of diffusion experiments, including characteristics of the compacted samples, and diffusion parameters (effective diffusion coefficient and rock capacity

1
factor) used to interpret experimental data with MIEDE. Inverse of geometrical factor (i.e., 7) values obtained with MIEDE and used with CrunchClay® to interpret

experimental data are also reported (see text for details).

total interparticle thickness of presence of chemical chemical D, (20 °C) a obtained by 1 N .
. . L L. L. 10 2 1 — (20 °C) obtained by
porosity porosity compacted salinity composition of the composition of the (x10"""m*s™")  MIEDE G
e+ s;merp" sample L gradient upstream reservoir downstream obtained by MIEDE for HTO/HDO (i.e.,
0.025 (mm) + 0.1 (M or Bq/L) reservoir (M) MIEDE Dy/Do) and used in
+ 0.025 CrunchClay predictions
0.490 0.250 8.0 No - [HTO] = 8.03 - [HTO] = 0 HTO: 2.0 HTO: 0.49 0.19
107 M (i.e., 86 10° -[ClT] =102 (1.5-2.8) (0.45-0.54)
Bq/L) -[Na*]1 =102 36C17: 0.14 36C17: 0.30
-[c1=102%m -*cl'1=0 (0.11-0.17) (0.25-0.35)
-[Na*1=10"2M -[*Na*1=0 22Na*: > 20° 22Na*: >750°
-*cl"1=1.07107°
(i.e., 4.7 10° Bq/L)
- [%Na™] = 1.32
10—10
(i.e., 6.7 10° Bq/L)
0.490 0.250 8.0 No -[HTO] =1.210°M - [HTO] =0 HTO: 2.4 HTO: 0.49 0.23
(i.e., 1.29 10° Bq/L) -[ar1=1 (1.8-3.2) (0.45-0.50)
-[Cr1=1M -[Na*l1=1 36C1™: 1.5 36C17: 0.3
-[Na'l=1M -*cl'1=0 (1.1-2.0) (0.3-0.4)
-*ClT1=1.1310"° - [®Naf]=0 22Na™: 2.3 22Nat: 3.2
M (1.8-2.9) (3.0-3.4)
(i.e., 5 10° Bq/L)
- [*Na™] = 1.23
1071°M
(i.e., 6.3 10° Bq/L)
0.495 0.250 8.0 Yes - [HDO] = 0.56 M -[HDO] =1.6510"2  HDO: 1.8 HDO: 0.49 0.17
-[CI"] =0.01 M -[Cl]1 <1070 (1.4-2.2) (0.49-0.7)
-[Na*]=0.01M -[Na*] <107° Cl™:0.18 cl:o.a
(0.12-0.23) (0.05-0.40)
Na*: 0.35 Na': 0.49
(0.28-0.42) (0.1-0.49)
0.495 0.250 8.0 Yes - [HDO] = 0.57 M -[HDO] =1.6510"2  HDO: 1.8 HDO: 0.49 0.17
-[CI'1 =0.99 M -[c1<107° (1.6-2.1) (0.49-0.8)
-[Na*] =0.99 M -[Na*] <107 c—:1.8 Cl™: 0.49
(1.5-2.0) (0.49-1)
Na': 2.1 Na't: 0.49
(1.8-2.6) (0.49-1)

# Calculated as € = 1-p,pp./ps Where ps is the real grain density (i.e., 2.7 g em 2 as calculated by Reinholdt et al. (2013) on the basis of the structural formula). Papp. is
the bulk dry density (i.e., 1.49 g cm™>) calculated considering the volume of diffusion cell and the mass of samples measured at 25 °C and corrected from mass of
interlayer water of Na-vermiculite at room humidity (approximatively 10%) as performed in previous studies (Tertre et al., 2018; Asaad et al., 2021).

b Einterp 1S calculated as detailed in Asaad et al. (2021).

© Constant boundary conditions were not reached for this experiment, and 2?Na™ mobility in the clay medium was limited by that in the stainless-steel filters; then
only lower limit of the diffusion parameter values could be estimated for 22Na* using MIEDE (see text for details).
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Data analysis and modeling. Effective diffusion coefficient (D)
and rock capacity values (o) of clay porous media were obtained by
least-square fitting of the experimental results of the diffusive flux
incoming in the downstream reservoir using a semi-analytical solution
of the diffusion Eq. 1 (Descostes et al., 2008; Tertre et al., 2018). In this
case, the following boundary and initial conditions where the concen-
tration in the upstream reservoir is left free to decrease are considered:

Cx,t)=0, t=0
Clx,r)=Cy x=0,1=0

Cx,t)=0 x=L+20Lt>0

where L and 1 are, respectively, the sample and stainless-steel filters
thicknesses (m). The MIEDE code (Radwan et al., 2006) was used, which
solves the diffusion equations analytically in Laplace space and then
inverts them numerically for the purposes of parameter estimation by
means of the De Hoog algorithm (Moridis, 1998). The semi-analytical
solution was given in Didierjean et al. (2004). This mathematical reso-
lution makes it possible to obtain diffusion parameters of the clay porous
media while taking into account (i) the geometric and diffusion prop-
erties of stainless-steel filters used in the experiments and (ii) the
possible decrease of the tracer concentration in the upstream reservoir
due to its consumption by diffusion in the porous media. For these cal-
culations, filters characteristics were the following: thickness = 1.66
mm, diameter = 9.5 mm, porosity = 0.28, and % = 0.38 as reported by
Glaus et al. (2008) for a water tracer. Uncertainties associated with clay
diffusion parameters were obtained by considering uncertainties asso-
ciated with the concentration (or activity) measurements (see Table 1).

Reactive transport modeling was conducted to unravel the respective
contributions of interlayer vs. interparticle porosities (dual porosity) on
the measured diffusion properties, as well as to estimate the influence of
coupling terms related to electrostatic interactions at charged clay
mineral surfaces. Fig. 1 illustrates the concept of the dual porosity used
in our approach to describe/predict data obtained with vermiculite
samples. Simulations were carried out using CrunchClay (Tournassat
and Steefel, 2015, 2019, 2020; Steefel and Tournassat, 2021), which
takes into account the EDL properties to evaluate overall diffusive fluxes
using the Nernst-Planck equation instead of the Fick’s equation. In the
absence of advection and electrical current injection, the Nernst-Planck
diffusive flux equation simplifies into:

aln( ;¢
J SD A aln(?ici,o) + SD " § jG%DOJ'ZI'CI\()A/ (ale)) (3)
i= — 1€ i T 1o i
G 0,iCi0. ox G, 0,iZiCi0 Zk GLL Do,kaCk,oAk

a b
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where the subscripts i, j and k refer to the individual aqueous species, for
which specific activity coefficients (y), charge (z), geometrical factor (G)
and accumulation factor (A) values are considered. The accumulation
factor represents the ratio of the average concentration in the considered
pore compared to that of the bulk water, which is not influenced by the
presence of a diffuse layer. Because vermiculite surfaces are negatively
charged, the porosity fraction next to the vermiculite surfaces are
enriched in cations (A > 1) and depleted in anions (A < 1) compared to a
bulk porosity fraction. The accumulation factor values are evaluated
using a mean electrostatic model, which is a simplification of the
Poisson-Boltzmann model. The full details on the model can be found in
Tournassat and Steefel (2019). Calculations with increasing level of
complexity were carried out to characterize the influence of diffusion
paths in interparticle (bulk and EDL) and interlayer porosities. Geo-
metric details of these calculations are given in S.I.1 and Fig. S.I.1. All
calculations were carried out with self-diffusion coefficient values (Dg)
at 20 °C equal t0 2.1 107°,1.7 10" and 1.3 10~° m? s~ ! for HDO/HTO,
Cl~ and Na™, respectively (Mills and Lobo, 1989). Note that these
CrunchClay calculations were carried out as predictive simulations to
identify the primary diffusion mechanisms, i.e., not with the intent of
fitting the experimental data.

3. Results and discussion

All flux data reported in the following section were normalized to the
concentration of the relevant species in the upstream reservoir and the
sample surface area perpendicular to the diffusion direction (i.e., flux in
m day’l) so that results obtained with different conditions could be
compared more easily. Data obtained for HTO/HDO and ions (i.e., an-
ions and cations) are reported in Figs. S.1.2 and S.1.3, respectively.

HTO and HDO diffusion. Instantaneous fluxes and cumulative total
amounts for HDO/HTO measured in the downstream reservoirs were
compared with those fitted by MIEDE (Fig. S.1.2) for the four salinity
conditions (with and without salinity gradients). HTO and HDO tracers
exhibited the same diffusion properties (Table 1) for all investigated
systems given the uncertainties estimated for diffusion coefficients, thus
demonstrating a negligible influence of background NaCl electrolyte
concentration on water molecule diffusion properties. HDO and HTO
rock capacity factors were equal to the total porosity of the sample,
which was in agreement with literature results on HTO and HDO
diffusion in swelling and non-swelling clay materials (Bourg and Tour-
nassat, 2015). This result was also in agreement with the connectivity of
all interlayer or interparticle pores present in the samples. In the limit of
the experimental error bands, effective diffusion coefficient values are
independent of the ionic strength and the presence or absence of a
salinity gradient. The absence of change in the D, value with a change in

Fig. 1. Description of multi-scale organization of vermiculite dual-porosity media (adapted from Ferrage et al., 2023). (a) Scale of the crystal structure of vermiculite
with interlayer pore space. (b) Scale of the individual vermiculite particle with interparticle (D) and interlayer porous network (®). (c) Scale of a stack of particles of

~1 pm?® dimension.
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salinity is in agreement with some of the literature data (Glaus et al.,
2007; Gonzalez Sanchez et al., 2008; Melkior et al., 2009; Glaus et al.,
2010; Bestel et al., 2018). This would suggest that the influence of the
fluid viscosity increase with the salinity increase on D, was negligible in
our experimental conditions (< 1 M NaCl). However, this result con-
trasts with other data reported in the literature (Van Schaik and Kemper,
1966; Kemper and Van Schaik, 1966; Muurinen et al., 1989; Lake and
Rowe, 2000; Malusis and Shackelford, 2002; Heister et al., 2005) where
changes in D, values with changes in salinity in the porous medium, due
to salinity gradient, were observed. These latest studies were carried out
with bentonite, i.e. with smectitic (mostly montmorillonite) clayey
materials exhibiting osmotic swelling properties. Smectitic materials are
prone to exfoliation of individual layers, which may be responsible for
the presence of small pore throats with widths below a few Debye
lengths (i.e., typically <30 A considering a fluid salinity at 1072 M) that
result in semi-permeable membrane properties. In turn, this behavior
can modify the organization of the smectitic porous media when sub-
jected to variations in salinity, thus leading to changes in diffusion
properties contrasting with the behavior observed for vermiculite for
which the absence of osmotic swelling prevents such re-organization.
Furthermore, self-diffusion of water in vermiculite interlayers is
slower than in montmorillonite interlayers (Asaad et al., 2021), but D,
values obtained for Na-vermiculite samples (Table 1) were systemati-
cally higher by a factor ~ 5 compared to D, values obtained with Na-
montmorillonite or Na-bentonite samples having the same total
porosity values (Garcia-Gutierrez et al., 2004; Melkior et al., 2009; Glaus
et al., 2010). The flux of water tracers diffusing through charged clayey
porous media is markedly influenced by sample microstructure,
including pore and pore throat size distribution. Then, in the vermiculite
samples used in this present study, the diffusive flux is mainly governed
by the interparticle volume, with the interlayer flux playing only a
marginal role, as previously reported by Tertre et al. (2018) and Asaad
et al. (2021).

36Cl—and Cl diffusion. In the absence of a salinity gradient,
a(36Cl’) values ranged from 0.25 to 0.4, and were lower than the total
porosity (0.5) of the samples for the two tested salinity conditions
(Table 1, Fig. S.I. 3a). These results are in agreement with a partial
exclusion of anions from part of the porosity, as commonly reported in
the literature (Glaus et al., 2010; Tournassat and Appelo, 2011; Bourg
and Tournassat, 2015). Anions are expected to have little to no access to
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the interlayer space of swelling clays in a bi-hydrated state (Birgersson
and Karnland, 2009; Hedstrom and Karnland, 2012; Rotenberg et al.,
2014; Tournassat et al., 2016). Accordingly, the maximum accessible
porosity for anions in our sample should be about 0.25, corresponding to
the interparticle porosity. The upper range of a values may indicate the
presence of slight adsorption of anions on the external surfaces of
vermiculite particles or a limited but significant access of 6Cl~ to
interlayer spaces. De(3°Cl7) decreased by one order of magnitude while
salinity decreased by two orders of magnitude (Table 1 and Fig. 2). This
variation was consistent with an increased repulsion of 2°Cl~ from
interlayer and/or EDL with a decrease in ionic strength as commonly
reported in the literature for anions diffusion in illitic and smectitic
materials (Van Loon et al., 2007; Glaus et al., 2010; Chen et al., 2018).
In the presence of a salinity gradient (aqueous upstream reservoirs of
1020r1 M NaCl), o and D, values obtained for CI~ were not signifi-
cantly different from those obtained without such gradient in the limit of
experimental uncertainties (see Table 1 and Fig. 2). As for conditions
with no salinity gradient, slight adsorption of Cl™ cannot be ruled out
completely when a salinity gradient is imposed. Anyway, the main result
brought by these data is that the anion (i.e., C1~ in our case) controls the
diffusion of the NaCl salt in such salinity gradient conditions.
22Natand Na'diffusion. In the absence of salinity gradients, the
22Na* « value was significantly higher than the total porosity of the
sample in the experiment conducted at 1 M NaCl (3.2 vs. 0.5 respec-
tively; see Table 1), which is in agreement with 2?Nat adsorption
through ion-exchange reactions as commonly reported in the literature
for other charged clayey materials (Glaus et al., 2010). In the presence of
1072 M NaCl, constant 22Na™ activity in the upstream reservoir could
not be maintained (Fig. S.I.4 a) and steady-state conditions (i.e., con-
stant flux) in the downstream reservoir were never achieved (Fig. S.1.4
b). Moreover, 22Na* mobility in the clay medium was limited by its
mobility in the stainless filters and then only the lower limit of the
diffusion parameter values could be estimated using MIEDE (o > 750;
De > 2 107° m2%s™1). The high a value corresponds to high 22Na*
adsorption in these conditions. This behavior can be explained by the
large proportion of the interlayer porosity (~ 0.25) as compared to the
total porosity (~ 0.5) in the sample, and thus the high concentration of
22Na* that could be adsorbed in the interlayer porosity. Such an effect
has been already reported for the diffusion of 22Na* in montmorillonite-
rich samples but at a lower level than in this case (Glaus et al., 2010).
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Fig. 2. Comparison between effective diffusion coefficients (D) measured in this study for porous media made of vermiculite with those reported from literature and
obtained for media made with other types of clays. Data are plotted as a function of the salinity of the upstream reservoir and data from literature are obtained for
porous media having either total porosity or interparticle porosity close to that of the vermiculite sample used in this study. Data obtained with salinity gradients are
plotted as open symbols while those obtained without salinity gradients are represented as closed symbols. Cl: left panel; Na™: right panel.
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The enhancement of this effect in the case of vermiculite could be due to
the absence of osmotic swelling and/or its higher structural charge
compared to that of montmorillonite. The increase of the De(ZZNa+)
value with decreasing ionic strength is in agreement with literature data
obtained with montmorillonite and bentonite samples (see Fig. 2).

In the presence of a salinity gradient with 1 M NaCl in the upstream
reservoir, Na* diffusion parameters were very similar to those obtained
in the absence of salinity gradient (De(Na™) = 2.1 107 %9m?2s1vs 23
10710 m2st respectively). In contrast, values differed drastically in the
experiment carried out with a 1072 M upstream reservoir with and
without salinity gradients (Table 1). D.(Na™) values were at least two
orders of magnitude lower in the presence of a salinity gradient than
without (3.5 10" m? s vs D, > 2107 m? s ! respectively). Using a 1
M NaCl concentration for the upstream reservoir (with the downstream
reservoir being deionized water), diffusion parameters obtained for Na™
are very close to those obtained for Cl~, confirming that the diffusion of
the NaCl salt under salinity gradient is controlled primarily by diffusion
of the anion (e.g., C17) as previously suggested by the analysis of Cl™
diffusion parameters. Furthermore, D.(Na™) value is about 2 times
higher than that of D(Cl") for experiments conducted with a salinity
gradient using a low salinity for the upstream reservoir (i.e., 1072 M).
Because of the electroneutrality requirement, this result suggests that
ionic species other than Na* and Cl~ accounted for some of the charge
compensation via diffusion during this specific experiment, and that a
more complicated coupled process occurred. Some authors mentioned
also that other aqueous species than those impose experimentally (i.e.,
NaCl in the upstream reservoir in our case) can assure the electro-
neutrality of aqueous reservoirs when through-diffusion experiments of
salt were performed at low ionic strength (i.e., < 0.1 M). For example,
during a diffusion experiment of a 8 1072 M NaCl solution through
geosynthetic clay liners, Lake and Rowe (2000) mentioned that SOF~
species, naturally present initially in the porosity of the clay liners,
diffuse towards aqueous reservoir explaining a mobility difference of
around 50% between Na'™ and Cl~. Furthermore, Malusis and Shack-
elford (2002) measured also a difference of mobility between KT andCl™
during diffusion of a 4.10~3 M KCl solution through a semipermeable
clay membrane up to 60%, due to Na™ species remaining initially in the
porosity of the clay membrane. As far as the experiment performed here
with a salinity of 1072 M is concerned, pH variation measured between
upstream and downstream reservoirs (i.e., around 1 unit pH) during
experiments, impacting then possible equilibrium with carbonates (ex-
periments were not performed under inert atmosphere), could be at the
origin of the charge imbalance considering only Na* and Cl~ species.
However, the quantification of such effect is far from trivial due to the
very low difference of aqueous carbonates concentration between the
two aqueous reservoirs, and other experiments could be planned in the
future to confirm this assumption. Furthermore, such a difference be-
tween Cl~ and Na™' fluxes is not observed in the experiment with an
upstream reservoir at 1 M NaCl, because of the higher concentration and
fluxes values, which limited the influence of presence of other ionic
species as mentioned above for low ionic strength conditions. Finally,
with the presence of salinity gradients, the evolution of D¢(Na™*) with the
salinity of the upstream reservoir is reversed compared to the case
without such gradient (Fig. 2). This observation is in agreement with
data reported by Lake and Rowe (2000) for the diffusion of NaCl through
bentonite samples in the presence of a salinity gradients (Fig. 2). It is
enhanced here probably because of the larger range of salinity condi-
tions tested, from 10~2 to 1 M in this study vs from 8 10~ to 2 M in Lake
and Rowe (2000), and the use of vermiculite samples enhancing cation
adsorption in the interlayer volume.

Reactive transport modeling. For illustration, Fig. 1 shows the
concept of the dual-porosity used in this study to interpret the data. First,
we considered that interparticle porosity (ginterparticle) Was responsible
for the HTO/HDO flux measured in all experiments (Asaad et al., 2021).
To account for the negligible contribution of interlayer water diffusion
on the overall water flux (Asaad et al., 2021; Ferrage et al., 2023; Tertre
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et al., 2018) interlayer porosity (einterlayer) Was considered to have a
diffusivity of zero, or equivalently a very high geometrical factor (i.e., G)
value. To compensate for this absence of diffusive flux in interlayers, the
geometrical factor in the bulk porosity (Ginerparticte) Of the sample was set
to:

1 1 1

— X Sml/e_ = 2 @
animl e interparticle Gm iede

Ginzerpanic/e

in which Gpyepg is the geometrical factor value fitting HDO/HTO
experimental data with MIEDE code (see Table 1), gy is the total
porosity of the sample (i.e., fixed to 0.5 in our case), and €interparticle iS
fixed to 0.25 in our case.

A perfect agreement was obtained between the flux fitted by MIEDE
and the flux predicted by CrunchClay (‘CrunchClay 2 porosities’ model)
for the experiments performed without NaCl concentration gradients
using these assumptions (see Fig. 3 for HTO at 1072 M NaCl and 1 M
NacCl). Overall the rock capacity factor (i.e., ®) was the same in the two
types of simulation:

QA = E1or = Einterparticle + Einterlayer (5)

and the enhanced diffusivity of the interparticle porosity compensated
for the absence of diffusivity in the interlayer according to the:

1 1
Do = € Do (6)

GMIEDE

De = Einterparticle Ginrerpurri(-le

In the presence of a NaCl concentration gradient between 1 M in the
upstream reservoir and 0.005 M in the clay and downstream reservoir
(attempts to decrease further the latest concentration resulted in
calculation convergence issues), an increase of HDO diffusive flux
(maximum 10%) was predicted using this model (Fig. 4A). This increase
was related to the presence of an activity gradient which is implicitly
taken into account in CrunchClay and which participates to an
enhancement of diffusion according to the full treatment of the Nernst-
Planck equation (Tournassat and Steefel, 2019, 2020). Indeed, addi-
tional CrunchClay simulation with the cancellation of the influence of
activity coefficient gradients predicts a reduction of the flux of about 3%
compared to that predicted by the initial model taking into account
activity gradients (see S.1.5 for illustration in the case of the presence of a
NaCl concentration gradient between 1 M in the upstream reservoir and
0.005 M in the clay and downstream reservoir). The slight increase of
diffusivity predicted by the model taking into account activity gradients
was not observed in the experiments, but measurement uncertainties
can be invoked to explain this absence of observation. Another expla-
nation is related to viscosity increase with NaCl concentration, which
CrunchClay does not take into account. This correction would be
necessary to compute correct Dy values. If this effect was considered, the
Dy value should be corrected by a factor of approximately 0.9 at NaCl 1
M compared to pure water (Appelo et al., 2010). This factor is
commensurable with, but opposite to, the predicted increase in diffu-
sivity in the presence of a concentration gradient, and these two effects
might indeed cancel each other.

Na™ and Cl~ diffusive fluxes in the presence of a NaCl concentration
gradient were first predicted with the same model as for HTO
(‘CrunchClay 2 porosities’ model) without changing any parameter
(Fig. 4). For the experiment with 1 M NaCl in the upstream reservoir,
steady state flux predictions were in reasonable agreement with mea-
surements although showing a slight underestimation (~25%; Fig. 4A).
The mean electrostatic model implemented in CrunchClay for the
calculation of aqueous concentration in the EDL porosity influenced by
surface charges does not make it possible to exclude a species completely
for that porosity. Consequently, Cl~ interlayer concentration amounted
to 8 1071 M at 10~* M interparticle bulk Cl~ concentration, and 0.06 M
at 0.88 M interparticle bulk ClI™ concentration, which were respectively
the minimum and maximum concentration reached in the simulation.
While Cl™ access to the interlayer is questionable (Rotenberg et al.,
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Fig. 3. Comparison between instantaneous flux measured in the downstream reservoirs (symbols) with those predicted using CrunchClay® software (lines; see
details of the model in text). Data are reported for no salinity gradient conditions for the three tracers: HTO, 3°Cl~ and 2?Na™.

A: 1 M for both upstream and downstream reservoirs. B: 1072 M for both upstream and downstream reservoirs. Data fitted with MIEDE are also reported for in-
formation (see details in the text and in S.1.3), except for ?*Na™ for 102 M constant salinity conditions because of the limitation of 2Na™ mobility in the clay medium

by that in stainless-steel filters (see text for details).

2014; Tournassat et al., 2016), this modeling issue does not influence the
fluxes calculated at the transitory state (i.e., no retardation was pre-
dicted) and at steady state that are representative of interparticle
diffusivity only, because diffusivity was set to zero for all species in the
interlayer. Furthermore, the slight difference observed in the predictions
at 1M and 10~2 M NaCl gradient conditions corresponds to the influence
of the activity term in the Nernst-Planck diffusion equation: Na™ and Cl~
activity coefficients are lower at high ionic strength than at low ionic
strength, and thus overall diffusion occurs at counter-gradient of activity
coefficients. Consequently, predicted Na* and CI~ diffusive fluxes are
slightly reduced at higher ionic strength using the ‘CrunchClay 2 po-
rosities’ model (e.g., 1.0 1073 vs 1.05 10~ m/day for Cl~ flux using 1
and 1072 M upstream reservoirs respectively; see the comparison in
Fig. 4A and B). Note, however, that the extent of this ionic strength effect
is negligible compared to measurement uncertainties.

Using CrunchClay models, Na* and Cl~ had the same predicted
steady-state fluxes because of the electroneutrality requirement. The
fluxes normalized to the concentration in the upstream reservoir were
almost the same for experiments with 1 M and 0.01 M NaCl concen-
tration gradients from the upstream to the downstream reservoir, save
for the above-mentioned minor influence of activity coefficient gradient
(Figs. 4A and B). Note that this prediction was not at all in agreement
with experimental results, for which Na* and Cl~ steady-state fluxes
normalized to the upstream concentration were about 3 to 5 times lower
with an upstream concentration of 1072 M than with an upstream
concentration of 1 M. This comparison demonstrated the need to
consider an additional process in the interparticle porosity that hinders

the diffusion of Na™ and Cl~ at low ionic strength.
The average distance between vermiculite particles (Sinerparticte) Can
be approximated with the following equation:

Vimerpartirle _ 2 Sinlerparlicle Vsample

= )
Aext(-mal/z Vverm[culi!e pvermiculile SSAeXIemuI

5interpurticle =

where Vg is the sample volume (in m3), Vinterparticte is the interparticle
volume in the sample (in m3), Vyermicutite 1S the volume of vermiculite
including interlayer volume in the sample (in m®), Agxierna is the external
surface of vermiculite particles (in m?), p,pmicuie iS the vermiculite
density that includes interlayer volume (in kg m~>), and SSAexeerna is the
specific external surface area (in m? kg_l). Eq. 7 yields a Singerparsicie Value
about 3.7 nm, which is commensurate with 4 Debye lengths in a 0.1 M
NaCl background electrolyte. Therefore, for concentrations below 0.1 M,
interparticle pores were mostly occupied by the diffuse layers extending
from the surfaces bordering the pores (Tournassat and Appelo, 2011).
Under those conditions, varying the size of the diffuse layer as a function
of ionic strength was not practicable within CrunchClay because, as
ionic strength decreased below 0.1 M, the extent of the diffuse layer
porosity calculated as twice the Debye lengths exceeded the total
porosity. There is no simple and accurate solution to this problem, which
has been discussed in detail in Tournassat and Steefel (2019). In the
following, we considered as an approximation that the diffuse layer
occupied approximately 90% of the interparticle porosity. The corre-
sponding simulation considered thus three different types of porosity
domain: interlayer, bulk interparticle, and interparticle diffuse layer (i.
e., ‘CrunchClay 3 porosities’ model). As expected, the predicted HDO/
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Fig. 4. Comparison between instantaneous flux measured in the downstream reservoirs (symbols) with those predicted using CrunchClay® software (lines; see
details of the model in text). Data are reported for salinity gradient conditions for the three tracers: HDO, Cl~ and Na™.
A: 1 M for the upstream reservoir, pure water for downstream reservoir; B: 107> M for the upstream reservoir, pure water for downstream reservoir. Data fitted with

MIEDE are also reported for information (see details in the text and in S.I.3).

HTO diffusive fluxes were not influenced by this porosity redistribution
(Fig. 4). In contrast, Na* and Cl~ diffusive fluxes were reduced because
of the resistance to diffusion at the low concentration boundary of the
sample due to the negative electrostatic potential of the diffuse layer
porosity for which Cl™ accessibility was hindered. Then, because of the
electroneutrality requirement, Na™ diffusion was hindered as well. The
effect was more pronounced for the 0.01 M gradient (Fig. 4B) than for
the 1 M gradient (Fig. 4A) in agreement with the increase of anion
repulsion from the EDL with decreasing ionic strength.

Finally, without parameter modification, our ‘CrunchClay 3 poros-
ities’ model predicted relatively well the relative behavior of 22Na* and
36C1~ diffusion at constant background NaCl concentration (Fig. 3).
First, the °Cl~ steady-state flux was much lower than that of 2Na*t
(Fig. 3A) because of anion exclusion from the diffuse layer of the
interparticle porosity and of cation diffuse layer enhanced diffusion at
charge surface of interparticle pores (Glaus et al., 2010; Tournassat and
Steefel, 2015). Second, 36C1~ diffusion was more reduced at low ionic
strength than it was at high ionic strength (compare Fig. 3A with
Fig. 3B), which can be explained by its lower concentration in the diffuse
layer at low ionic strength (see e.g. Tournassat and Appelo, 2011).
Third, as expected from qualitative analysis of experimental data, 2Na*
diffusion flux at 10~2 M constant background NaCl concentration did
not reach a steady state in the time frame of the simulation (Fig. 3B)
because of ??Na* enrichment in the diffuse layer and the interlayer of
vermiculite. Fourth, at 1 M constant background NaCl condition, the
predicted 22Na™ steady flux was ~20% higher than the measured one
(Fig. 3A). This discrepancy can be resolved with the consideration of
different Dy values for Na™ in the bulk and EDL porosities: a reduction of
~30% of D0(22Na+) in the EDL compared to bulk porosity allows us to
perfectly reproduce experimental data (see Fig. 3A). Such differences in

self-diffusion coefficient are in agreement with molecular dynamic
simulations results (Le Crom et al., 2022). The predicted time that was
necessary for the fluxes to reach steady-state was otherwise in good
agreement with experimental data, particularly considering that the
simulation was a blind prediction from a model that did not match
perfectly our NaCl diffusion data.

Final remarks. The fair agreement between experimental and
modeled data without considering interlayer water diffusivity further
confirms that the flux of water diffusing through interlayer porosity is
not significant compared to that diffusing in the interparticle porosity of
our dual-porosity vermiculite samples (Asaad et al., 2021; Ferrage et al.,
2023; Tertre et al., 2018).

The mobility of CI”~ depends strongly on the salinity of the pore water
in experiments carried out at constant salinity conditions (tracer ex-
periments with °Cl™) and in the presence of a NaCl concentration
gradient. In the latter case, the diffusion flux of Nat was governed by
that of C1~ because of the electroneutrality requirement, thus leading to
a negligible flux of cation in the interlayer porosity. The consideration of
three types of porous volumes (interlayer, interparticle diffuse layer, and
bulk interparticle) and the influence of surface charge on diffusion
properties was necessary to predict the observed differences of diffusion
properties as a function of experimental conditions. These differences
include a contrast in diffusive flux by a factor of 50 for Na* salt diffusion
coefficient, obtained using a salinity gradient using 10~2 mol L™ for the
upstream reservoir (and deionized water for the downstream reservoir),
as compared to 22Na* tracer diffusion coefficient obtained using a
constant NaCl concentration equal to 10~2 mol L™} in the clay porous
media.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jconhyd.2024.104357.
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