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Abstract An accurate mechanistic understanding of solute diffusion in partially saturated clays is critical
for assessing the safety of deep geological repositories for radioactive waste. In this study, a pore-scale
numerical framework is developed to simulate water and ion diffusion in partially saturated clays. First, the
two-phase Shan-Chen Lattice Boltzmann method is employed to establish the liquid-gas distribution in a
reconstructed three-dimensional pore geometry of a clay. An equivalent solute method is also developed and
validated to improve the numerical stability of the solution at the liquid/gas interface corresponding to steep
variations of the concentration and diffusion coefficient of the water tracer. By using a mobility-distance
relationship from molecular simulations, Fick's law is numerically solved to simulate water diffusion in
nanopores, while the coupled Poisson-Boltzmann-Nernst-Planck equations are solved to simulate ion diffusion
under the influence of the electrical double layer (EDL). Our model reveals that the decrease of relative
effective diffusion coefficients during the desaturation is more pronounced for ions than for water, due to the
additional transport pathway of water tracers in the gas phase. The obtained effective diffusion coefficients

of tritiated water and ions agree well with reported data from compacted sedimentary rocks. By comparing
the local electric potential and the distribution of ion concentrations in single pores, the simulation results
suggest that the EDL in unsaturated clays has a more complex influence on ion distribution than under fully
water-saturated conditions. This study provides critical insights into the coupled transport processes of solutes
in partially saturated clays.

1. Introduction

Clay-based materials, including compacted bentonite and clay rocks, are considered as buffer materials and host
rocks for deep geological disposal of radioactive wastes due to their low permeability and swelling capacity. The
porosity of clay-based materials consists of sub-micro to nanometer sized interparticle pores and sub-nanometer
sized interlayer pores (Bourg et al., 2007). Radionuclide diffusion in these materials is influenced by various
factors, such as the degree of water saturation (Gimmi & Churakov, 2019; Savoye et al., 2012), the pore size distri-
butions of the clay-based materials, the salinity and composition of the pore solution (Glaus et al., 2020; Tachi &
Yotsuji, 2014; Wigger & Van Loon, 2018), and/or size and shape of the clay particles (Tertre et al., 2018). Unsatu-
rated conditions within the surrounding clay-based materials for long periods of time could be caused by the high
temperature from decay heat and the hydrogen gas production from canister corrosion (Savoye et al., 2010).
Significant gas production and heat generation might cause fractures in clay-based materials and eventually
affect the long-term integrity of the multibarrier system (Tamayo-Mas et al., 2021). Therefore, understanding the
mechanisms of solute transport through these clay-based materials under partially saturated conditions is critical
for the evaluation of the long-term safety of geological repositories for radioactive wastes (Zheng et al., 2015).

In the past two decades, an extensive number of experiments (Gvirtzman & Gorelick, 1991; Revil & Jougnot, 2008;
Savoye et al., 2010, 2012) provided in-depth insights into water and ion transport in unsaturated clay-based
materials. As illustrated in Figure 1, at the scale of nanometers, the clay minerals can absorb water molecules
by intermolecular adsorptive forces and generate a thin water film on their surface due to its hydrophilic nature
(Nishiyama & Yokoyama, 2021). Hence, a thin water film covers the surfaces of partially saturated clays. The
charged surfaces of clay minerals induce an electrical double layer (EDL) in the electrolyte solution, which
influences the ion distribution within nanopores due to the long-range Coulomb force (Duncan, 1992; Yang &
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Figure 1. Sketch of the electrical double layer (EDL) within a nanoscale water film and the corresponding distributions of ions and water molecules in liquid and gas

phases.

Wang, 2019). Thus, cations accumulate near negatively charged surfaces, while anions are excluded. In small
nanometer sized pores, the EDL effect becomes very strong, and the assumption of electroneutrality of the entire
pore solution is no longer appropriate (Miller & Wang, 2012). Experiments performed by Savoye et al. (2014)
have shown that the effective diffusion coefficients of anions at trace concentrations in Callovo-Oxfordian
claystones under variable water saturation are much smaller than that of tritiated water (HTO) or cesium ions,
since the mean pore size of Callovo-Oxfordian claystones is comparable to the EDL thickness. Ion transport
also alters the local composition of the pore solution, including pH and salinity, leading to changes in surface
charge properties (Mullet et al., 1997; Sondi et al., 1996) and surface reactivity (Zhang & Wang, 2015), which
in turn have an impact on ion transport. In addition, as anions are typically more polarizable than cations, they
are located closer to the water-vapor interface than cations (Jungwirth & Tobias, 2002; Olivieri et al., 2018).
As the thickness of the water film on solid surfaces approaches the nanometer scale, both the liquid-gas and
liquid-solid interfaces may significantly affect ion distribution and further impact ion transport (cf. Figure 1).
An additional challenge is the diffusion of volatile species, such as HTO or dissolved '“C -bearing inorganic and
organic compounds, in partially saturated clay-based materials. Compared with non-volatile tracers (i.e., ions),
volatile species can diffuse across the liquid-gas interface, resulting in a different relationship between effective
diffusion coefficient and saturation for volatile and non-volatile tracers (Savoye et al., 2010). Wang et al. (2022)
recently observed experimentally that the effective diffusion coefficients of non-volatile ?Na* and I~ tracers
in compacted kaolinite decrease more rapidly than that of volatile HTO as the water saturation decreases.

Various efforts have been taken to achieve a model-based understanding of ion transport phenomena across vari-
ous scales from molecular modeling (Churakov, 2013; Le Crom et al., 2021) to pore-scale simulations (Gimmi
& Churakov, 2019), and continuum-scale models (Appelo et al., 2010; Muniruzzaman & Rolle, 2019; Revil
& Jougnot, 2008). For example, Le Crom et al. (2021) simulated the processes of water desaturation and ion
diffusion in a single interlayer pore at the atomic scale, which revealed a complex relationship of the aver-
age diffusion coefficient of water molecules and ions with respect to the water saturation. These molecular
simulations provided more precise density distributions of ions and water and a more fundamental understand-
ing of the water-vapor and water-solid interfacial effects on solute transport in nanopores. Underwood and
Bourg (2020) carried out large-scale molecular dynamics (MD) simulations to study ion diffusion in compacted
clay nanoparticles under fully water-saturated conditions. Since the computing cost of MD simulations in such
three-dimensional (3D) nanostructures is extremely large, the derivation of transport parameters from atomistic
simulations of realistic 3D nanostructures is still a challenge. Continuum-scale models are more computationally
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efficient and straightforward to implement. However, these models require empirical or fitting geometry factors
to consider the complexity of the unsaturated 3D pore network, such as tortuosity or connectivity (Gimmi
& Alt-Epping, 2018; Soler et al., 2019). Furthermore, continuum-scale models utilize either the classical
one-dimensional Poisson-Boltzmann model (Tournassat et al., 2009) or the Donnan model (Birgersson, 2017,
Gimmi & Alt-Epping, 2018; Revil et al., 2011) to account for the influence of the EDL on the transport of charged
species. The EDL may completely or partially overlap within the nanopores when the ionic strength is low, which
may augment its influence (Miller & Wang, 2012; Tinnacher et al., 2016), where the Donnan model becomes
inaccurate (Hsiao & Hedstrom, 2015; Yang & Wang, 2019). In case compacted clay-based materials are not fully
water saturated, the coupling of the water/vapor interfacial effect with the EDL effect makes the mechanism of
solute transport even more complex.

Pore-scale modeling relies on model-based representations of solid and fluid filled domains in the porous
media (derived either from simulations or measurements) and can be used to bridge the molecular models with
continuum-scale models. For instance, by using the simplified profiles of density distributions and transport prop-
erties at water-vapor and water-solid interfaces from the molecular simulations, Gimmi and Churakov (2019)
solved Fick's law at the pore scale to calculate the effective diffusion coefficients of anions in reconstructed 2D
pore-networks of bentonite under different humidity conditions. Yang and Wang (2019) utilized more fundamental
Poisson-Nernst-Planck equations to understand ion diffusion in 3D nanostructures of saturated compacted clays. The
solute transport processes in partially water-saturated nanoporous materials across scales still an unresolved scien-
tific challenge. These processes need to be further investigated to allow for a more realistic description of coupled
transport processes in variably saturated clay-based materials. Therefore, in this study we developed a pore-scale
model that accounts for the water distribution and the EDL effect in 3D nanostructures to enhance the understand-
ing of coupled transport processes in partially saturated clay-based materials. This study employed idealized clayey
nanoporous media but could be extended to other types of clays if an appropriate representation of pore structure
is available. The simulations performed by the developed pore-scale model are in particular focused on two main
objectives: (a) investigations of water tracers diffusion in partially saturated nanoscale porous media, and (b) assess-
ment of the EDL role in the diffusion of cations (i.e., 2Na) and anions (i.e., '*]) at trace concentrations (10~7 mol/L)
with respect to different water saturations, including interpretation and extrapolation of data from existing experi-
ments in illite/sand mixtures (Savoye et al., 2014) and compacted sedimentary rocks (Garcia-Gutiérrez et al., 2023).

2. Methods

This study extends our previous numerical framework for saturated porous media (Wu et al., 2020; Yang &
Wang, 2019; Yuan et al., 2022) to partially saturated conditions by adding (a) the equilibrium water/vapor distri-
bution in pore geometries; (b) a stable method to capture the water transport through the water/vapor interface;
(c) the electrokinetic boundary condition of liquid/gas interfaces; and (d) the local solute mobility relating to the
distance away from the solid/liquid interface. The commonly used numerical method for pore-scale simulations
is the Lattice Boltzmann Method (LBM) benefitting from its efficient parallelization and flexible handling of
various liquid-solid boundary conditions. Hence, LBM is employed in this work to simulate the water/vapor
distribution and the diffusion process at the pore scale. Specifically, the Shan-Chen LBM was used to simu-
late the spontaneous phase separation and to build the liquid/gas distribution in complex 3D pore geometries
(Section 2.1). Subsequently, Fick's law is numerically solved using LBM to simulate water diffusion, while the
coupled Poisson-Nernst-Planck equations are solved to simulate ion diffusion (Section 2.2).

The nanostructures of compacted clays were generated using the quartet structure generation set (QSGS) method
based on the stochastic growth theory developed by Wang et al. (2007). By adjusting the growth factors and seed
distribution probabilities, this method allows to control the statistical properties of the reconstructed microstruc-
tures, with respect to porosity, specific surface area, and mean particle/pore size. The regenerated nanostructures
are not absolutely the same as the real structures of clays. This method has been utilized in previous pore-scale
studies on diffusion in compacted clays and is detailed inter alia in Wu et al. (2020) and Yang and Wang (2019).
Savoye et al. (2014) measured the effective diffusion coefficients of HTO and iodide in variably water-saturated
illite/sand mixtures that exhibited porosities ranging from 0.24 to 0.36; the specific surface area (SSA) of the
solids was estimated to range from 50 m?/g to 80 m%/g (corresponding volume-specific surface area: 0.09 1/
nm-0.15 1/nm). Garcia-Gutiérrez et al. (2023) analyzed the diffusion of HTO and chloride ions in variably
water-saturated compacted sedimentary rocks, with porosities from 0.03 to 0.35 and an estimated SSA around
13 m?/g (0.03 1/nm). In this study it was assumed that the nanostructures of compacted clays at the representative
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Figure 2. Pore size distribution of the regenerated clay.

elementary volume scale are isotropic and rigid. In order to compare with their experimental data, a clay that has
similar structural characteristics (regarding porosity, mean pore size, and SSA) as the experimental samples was
generated by utilizing the QSGS method. It is a 300 x 300 X 300 nm cubic pore geometry of compacted clay with
aresolution of 1 nm, with a porosity of 0.288 and a SSA of 0.106 1/nm (cf. Figure 6a). The pore size distribution
of this regenerated clay is shown in Figure 2; the mean pore size is around 10 nm.

2.1. Evolution Equation of LBM for Phase Separation

The simulation of the static liquid-gas (water-vapor) distribution in the pore structures was performed using the
two-phase single-component Shan-Chen LBM (Shan & Chen, 1993, 1994). Its evolution equation in the 3D nine-
teenth speed (D3Q19) lattice scheme is written as follows:

5/
fa(r+ewds,t +6)) = fulr,t) = —T—’ [falr,t) = £23(r.1)], (1
S

where f,,r, 1,6 6rf ,e,, and 7, represent the distribution function along the direction «, the position vector, time,

» Oy
the grid size, the time step for phase separation, the discrete velocities, and the dimensionless relation time for the
phase separation, respectively. The equilibrium function f,%(r, t) is given by:

2 2
eqv +9(eav) _3 v @

c 2 2 |’
r 2cf 2cf

fr,)=wep|1+3

a=0

and w, = a=1-6, 3)

Rl- @l- wi-

a=T7-18

where w,, is the distribution factor, p the density of the fluid, and v the velocity of the fluid defined by the equi-
librium distribution function, which is different from the fluid velocity u = v — 7' /p with an external volumetric
force F,. For the D3Q19 lattice, the discretized directions of e, used here are the same as the ones from Huang
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etal. (2015). p and v can be determined by p(r,r) = Y. f,(r,0) and v = Y, f (r,t)e /p, respectively. The macroscopic
kinematic viscosity v is related to the relaxation time: v = c; (T = (Slf / 2) /3, where ¢, = 6,/ 6{ . The phase change
is achieved via a volumetric interaction force, which is mathematically expressed as:

eaax» t)eacf

) 4
\/5 “4)

Fy(r.0) = —Go(r.n Y, @@ +

and
®(r, 1) = @y exp[—po/p(r, 1)), )

where © denotes the interaction potential and G the interaction strength, taken as —120 in arbitrary non-dimensional
lattice units. ®; = 4 and p, = 200 are arbitrary constants. This study considers a set of parameters, where the densi-
ties of the gas phase and the aqueous phase are approximately p, = 85.86 and p,, = 527.98 in arbitrary dimensionless
lattice units, respectively, with a density ratio between the two phases of around 6. This density ratio is lower than
the expected value, but it does not significantly affect the water/vapor distributions in rigid porous media, such as
hardened cement paste (Bentz et al., 2022). A perfectly wetting solid boundary condition is assumed for water. The
solid phase is assigned a pseudo density of the water phase for computing the volumetric interaction force (Bentz
etal., 2022). This LBM for phase separation is similar to that developed by Xu et al. (2020). Furthermore, a bounce-
back boundary condition is applied at the solid-liquid interface. To achieve the water distribution with a chosen

volumetric water saturation S,, an equilibrium distribution function with a density of p(r, 0) = (1 — S )p, + S,

w?

and a zero-velocity fluid are used as initial conditions. After reaching a steady state, the liquid and gas phases can be

w

separated by using a threshold density p = 0.5p, + 0.5p,,. Voxels with densities lower than the threshold density are
considered gas voxels, and those with densities above it are considered fluid voxels. The deformation will be signif-
icant in clays with drying to a low saturation level (Bag & Jadda, 2021) and the assumption of a rigid clay structure
may fail. Hence, the minimal water saturation employed in this work is above 0.5 to reduce this hydromechanical
effect. The Yantra open-source code (Patel, 2018) was used to implement the described model for phase separation.

2.2. Pore-Scale Modeling of Solute Transport
2.2.1. Governing Equation and Boundary Conditions

Solute transport in compacted clays is usually dominated by diffusion due to their ultra-low permeability. The
impact of the EDL on ion diffusion in such clays has already been highlighted in the introduction. By treating
ions as point charges with consideration of the EDL effect, the coupled Poisson-Nernst-Planck (PNP) model is
utilized herein, in which the electrostatic potential field y is solved by the Poisson equation and the concentration
distribution of the ith species C; is solved by the Nernst-Planck equation (Probstein, 2005):

oC;

Z,‘@C,‘
—_ = V . D,‘VC,‘ + Di V ,
o ( ksT "’> ©

2 z,-eNAC;
Vi =y S @

ErEN

where D, z,, t, e, ky, T, N,, and ¢,¢, denote the diffusion coefficient, the charge of the ith species, the time, the
absolute charge of an electron (1.6 X 1071 C), the Boltzmann constant (1.38 x 10723 J/K), temperature, Avogadro's
number (6.02 X 10% 1/mol), and the permittivity of the pore solution, respectively. This study employs two differ-
ent sets of the local diffusion coefficients D;: identical diffusion coefficients D, = D, and D, = D(x), which varies
depending on the distance to solid surfaces (refer to Section 2.3 for more details). In the case of a dilute electrolyte,
the distribution of ions as a function of distance from the clay surface follows the Maxwell-Boltzmann distribution:

Zi
Ci=Cip exp(— k:?)’ ®)

with the bulk concentration C; at an infinite distance from the surface. Hence, by substituting Equation 8 into
Equation 7, we get the Poisson-Boltzmann equation:

zieNACip ziey
Vi = — z = - .
v - £,€0 eXp( kgT ) ©
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Figure 3. Schematic overview of the 3D simulation domain and boundary conditions.

Equations 6 and 9 are the Poisson-Boltzmann-Nernst-Planck equations governing the solute transport process in
the complex pore geometries of compacted clays. For non-charged solutes, like water molecules, the PNP model
reduces to the classical Fick's equation:
%€ _v.vo). (10)
ot
In the 3D simulations, constant concentration conditions of charged tracers (i.e., 2Na and '?°I) are used at the
inlet and outlet C; = C, ; or C,

in,i out,i®

while a nonflux boundary condition is used on other surfaces of the simulation
domain (Figure 3). The ion transport is limited to the liquid phase, while water molecules can access both the gas
and liquid phase. Therefore, the nonflux boundary condition is applied for ions at liquid-solid and liquid-gas inter-
faces, while water molecules use this boundary condition at liquid-solid and gas-solid interfaces. A zero electrical
potential w = 0 V is applied at the inlet and outlet and a zero gradient of electrical potential dy/ox = 0 V/m on
other boundaries of the simulation domain. A constant surface charge density ¢ at the clay surface is adopted as

the boundary condition for the Poisson equation Vil —o,/(g,&,). The electrokinetic property at the liquid/

surface
gas interface under nanoconfined conditions is still debated (Bjorneholm et al., 2016; Levin et al., 2009; Olivieri
et al., 2018). Previous studies suggested that the liquid/gas interface is also a charged interface but its surface
charge density is negligible compared to that of clay surfaces (Leroy et al., 2012; Revil et al., 2007). Hence,
this study assumes a zero surface charge density at the liquid/gas interface. For the initialization of simulations,
C,=C,,, and y = 0 are applied as the initial conditions. Room temperature (298 K) is applied for all simulations.
Under steady-state conditions, the effective diffusion coefficient is calculated by the flux J; of the ith solute per

unit cross-section:

Ji - L

D= =,
Cin - Cout

(1)
where L is the length of the domain along the transport direction. To avoid the influence of the transition regions
on the computation of effective diffusion coefficient of HTO, the inlet concentration, C;, in Equation 11, is
defined here as the mean concentration of HTO on the left side of the clay, while the outlet concentration, C_,, is
defined as the mean concentration of HTO on the right side of the clay. To eliminate this influence on the D} of
the ions, the inlet and outlet concentrations in Equation 11 were defined by the following formulas based on the

Maxwell-Boltzmann distribution:

—Jeft
—left ziey
Ci in = Ci ) 12

Jin exp( kaT > (12)

—right ziewrighl

Ci out = Ci s

out eXp( "o 13)
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—left __| —right —rio] . . . . .
where C; y/leﬂ, C; ,and y/""m are the mean concentration of ions and electrical potential on the left side of the
clay, as well as the mean concentration and electrical potential on the right side of the clay, respectively.

2.2.2. Corresponding Evolution Equations of LBM

The 3D coupled Equations 6 and 9, subjected to the appropriate boundary conditions, are numerically solved by
previously developed GPU-LBM codes (Yang & Wang, 2018b, 2019). The D3Q7 lattice system is proven to be
very stable and robust for solving the PNP model (Yang & Wang, 2018a). Besides, it also has a higher efficiency
compared to higher-order lattice schemes. In a D3Q7 lattice system of single-relaxation-time LBM, the evolution
equation g’ for the ith solute transport along the direction « (cf. Equation 6) is:

1

Di(r)

galr + €abi 1 +6) = gu(r, 1) = ———[gu(r,1) = g:(r, 1), (14)

where 6, and 7p,( denote the time step and the dimensionless relation time for the solute transport related to the
diffusion coefficient D(r). The value of zp, in each grid is determined through the local diffusion coefficient
D(r) by the following equation:

4D(r) | 1

oy 2 (s

Dy =
Here, c, represents the diffusion lattice speed defined as ¢, = §,/6,. For numerical stability considerations, it is
recommended to confine zp,( within the range of 0.5-2, that is, 7p ) € (0.5, 2). e, denotes the discrete veloci-
ties, where @ = 0, 1, ---, 6 representing the discretized directions as in Yang and Wang (2018b). The equilibrium
distribution function g"*d(r, 1) is given by:

eziey

2:5(r, 1) = @, C; |1 — 4Di(r) V|, (16)

CngT

with

Wy =

a7

o= Bl—

The evolution equation on the same set of lattices for the Poisson-Boltzmann equation (cf. Equation 9) is:

1 . @a6neN4ziCip ziey
N WO, 1+ 800) — ha(r, 1) = ——[ha(r, 1) — K(r,t /L -,
(r+ eubist + 8u) = ho(r,0) = = [ha(r.) = W2 D] + D) === exp( kBT) (18)

i
where &, , is the time step for &, evolution and 7, = 45,/52 + 0.5 is the corresponding dimensionless relaxation
time. The equilibrium distribution function A (r, t) is written as:

h(r, 1) = wayp. (19)

The gradient of y along the j direction dy/ox; can be calculated by dyfox; = —4Za(ej - e )h /(r,0,) with a
unit vector e, The concentration and electrical potential on each grid are then calculated respectively as
Ci(r,t) =Y, gi(r,t) and w(r,t) = Y h(r.1). Using the boundary conditions described above, it was proved
that the evolution equations can recover the governing Equations 6 and 9 through the Chapman-Enskog
expansion. In the LBM scheme, the local flux of solutes can be easily obtained by the distribution functions:
Ji(r,t)-e; = [(rnl(,) - 0.5)/101(,)%] > .(e; - e))gk(r,1). The classical bounce-back rule is employed as the
nonflux boundary condition for solute transport and the zero-gradient boundary condition for the Poisson equa-
tion. The Dirichlet boundary condition for solute transport C; = C,; is gi(r,1 + &) = —g;(r, 1) + 0.25C),; and that
for Poisson equation (y =0 V) is h (r,t + 6, = —hﬁ(r,t), where index a and S are the opposite directions normal
to the interface and f is the direction toward the surface. The Neumann boundary condition for the Poisson equa-
tion V.. = —0,/(£,€,) is obtained by: &, (r.t + &) = hy(r.0) + 6,6, ,/(¢,€,5,). The Poisson-Boltzmann equation
(cf. Equation 9) is solved iteratively in the numerical scheme until the electrical potential converges, then the
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Figure 4. (a) E(d,,,) / Dy values of Na* (red circles) and CI~ (black triangles) obtained from the molecular simulations of
Le Crom et al. (2021) and the fitting formula (black dashed line, cf. Equation 22); (b) dimensionless diffusion coefficient
D(x)/D, as function of the distance to the clay mineral surface x for a = 5.3 (cf. Equation 20).

evolutions of solutes are numerically solved to reach a steady state. The detailed procedure can be found in our
previous studies (Yang & Wang, 2018b, 2019). This numerical framework for solute transport in fully saturated
porous media has already been validated in our previous work (Tian et al., 2015; Yang & Wang, 2018a), which
indicates that the accuracy and robustness of our framework are suitable to capture interactions between ions and
charged surfaces.

2.3. Relationship of Solute Mobility With Distance to the Solid Surface

Several molecular studies indicated a nonlinear decrease of solute mobility or diffusion coefficient in close proximity
to clay mineral surfaces caused by water structuring and preferential interaction with the surface (Churakov, 2013;
Le Crom et al., 2021), while the diffusivity in domains more than three molecular diameters of the water molecule
away from the surface is expected to be equal to the diffusion coefficient in bulk water D,,. Therefore, the diffusion
coefficient D(x) as a function of the distance from the clay mineral surface x is proposed to be:

D(x) = 2D, arc;,:an(ax), 20)

including a decay parameter a. This parameter can be calculated by fitting the results from molecular simulations.
The average diffusion coefficient within a water film of a thickness d, is determined by:

dy
D(dw) = di / D(x)dx. @1
w Jo

Substituting Equation 20 into Equation 21 yields:

D(d,) _ dwarctan(ad,) = 0.5In (a*xdy” + 1)/du

22
Do 1.57d,, @

The crosses presented in Figure 4a are D(d,,) / Dy values of sodium and chloride ions obtained from previous
molecular simulations by Le Crom et al. (2021). It can be observed that the B(du‘)/ D, curves for sodium and
chloride ions are similar. However, the substantial difference in diffusion coefficient of water molecules between
the liquid and gas phases may affect the D(d,) / Do value under unsaturated conditions. For simplification, we
assume that the D(d,,) / Do dependence for water molecules within the liquid phase is identical to that of the ions.
Finally, by fitting with these data, the parameter a = 5.3 1/nm is derived. The black dashed line in Figure 4a is the
fitting curve of D(d,) /Dy and the line in Figure 4b represents the dimensionless diffusion coefficient D(x)/D,,
for solutes with respect to the distance x. The different force fields employed in the molecular simulations could
change the value of g, but this influence is ignorable on D, since the most of the pores in the regenerated clay are
larger than 5 nm (cf. Figure 2).

2.4. Transport of Water Molecules Through the Liquid/Gas Interface

Henry's Law states that the concentration of a volatile species in a liquid is directly proportional to its partial pressure
in the gas phase. The dimensionless Henry solubility coefficient (He) represents the equilibrium solubility of a volatile
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species in a liquid, expressed as the ratio between its concentration (C,) in the aqueous phase and its concentration (C,)
in the gas phase (Sander, 2015). At the liquid/gas interface I, the mass flux of the volatile species is conserved, but
its concentration exhibits a sharp drop governed by Henry's law (Lu et al., 2019; Sander, 2015). By assuming that the
accommodation coefficient of water equals unity at room temperature (Vieceli et al., 2004), we get:

—D,VC,

o= =DIva,. (23)

with

<
C,

He= —|, 4)

r

where the diffusion coefficients of a volatile species are D, in the liquid phase and D, in the gas phase, respec-
tively. The presence of discontinuities in concentration and diffusion coefficient at the interface often results in a
numerical instability of LBM. Numerically solving the volatile solute diffusion across the liquid/gas interface is a
challenge due to the significant differences in concentration and diffusion coefficient between the liquid and gas
phases. Specifically, simulating the transfer of volatile HTO with a remarkably large Henry solubility coefficient
poses a significant challenge. To avoid sharp jumps in concentration and diffusion coefficient at the interface, this
study hypothesizes an equivalent solute C* subject to the following constraints:

C¢ = C,He, (25)
Cr =0, (26)
Dt =Dy, @

and

D: = D,/He, 28)

where Cy, C/, D;, and Dj denote the concentrations and diffusion coefficients of the equivalent solute species
in the gas phase and liquid phase, respectively. Substituting Equations 25-28 into Equations 23 and 24, we can
finally get:

—-D:VCS

L =-DiVC

r’ 29)

C

r- Cfe)r' (30)

The hypothesized solute species satisfies both the mass flux and concentration continuities at the interface while
avoiding a sharp concentration jump at the steady state. This approach for water tracers is not validated for the
unsteady state because it does not consider the evaporation/condensation rate through the liquid/gas interface. Addi-
tionally, the difference in diffusion coefficients at the interface also decreases for some volatile solutes by using
this approach. For example, the transport parameters for HTO are D, = 2 x 10~° m*s, D, = 2.6 X 107> m?/s, and
He = 6.0 x 10* at room temperature (298 K) and 1013.25 hPa (Wang et al., 2022). It is important to note that He of
HTO can be affected by other factors such as the ionic strength of the solution. Since this study addresses dilute elec-
trolytes, He in the electrolyte is assumed to be identical to He in free water. While the real diffusion coefficient ratio
of HTOis D /D, =1.3 X 10, the corresponding ratio for its equivalent solute is only D /D¢ = D, /(He - D;) = 0.22.
It is also very easy to obtain the actual concentration distribution from that of the equivalent solute by using Equa-
tion 25. Therefore, this approach greatly improves the stability of the LBM simulations.

2.5. Adsorption of Thin Water Films on Clay Surfaces

At the molecular scale, the intermolecular adsorptive forces can lead to a thin water film on the clay surface
due to its hydrophilic nature. The thickness of the water film is influenced by changes in relative humidity and
temperature (Ledo & Tuller, 2014), as well as by the types of clay minerals and electrolytes present (Gimmi &
Churakov, 2019). Molecular simulations by Gimmi and Churakov (2019) investigated the thickness of water
films on different surfaces of montmorillonite. Their simulations showed that the thickness of the water films on

YANG ET AL.

90f23

85U8017 SUOWWOD A0 8|qed! [dde aup Aq peusenob ake sapiie YO ‘s JO S3|n. 10} Arelq18UIUO 48] 1M UO (SUORIPUOD-pUe-SWB}LI00" AB|IMAeIq | Ul UO//SdnY) SUORIPUOD pue Swie | 3y} 89S *[202/T0/LT] uo Ariqi]auliuo A8|im ‘Auewses aueiyood Aq S6SGE04MEZ0Z/620T OT/I0p/wo A8 |im Arelq 1 uljuo'sqndnfe//sdny wouy papeojumoq ‘T *v20Z ‘€L6. 6T



A0 |
NI Water Resources Research 10.1029/2023WR035595
AND SPACE SCIENCES
Table 1 the external clay surface ranged from 0.3 to 2.95 nm as the relative humidity
Parameters Used in 1D Steady State Transfer of HTO Between Liquid and changed from 43% to 94%. However, for the sake of simplicity, this study
Gas Phase considers two fixed thicknesses of water films: 0 nm (i.e., ignoring the water

Geometry and mesh

film) and 1 nm. After performing the phase separation simulation by the

Physical length H (um)

LBM (described in Section 2.1), the water-film grids replace the gas grids
near the gas/solid interface based on the water-film thickness. Herein, the

Number of grids used in LBM 100 water-film grids are assumed to have identical properties (e.g., with respect
Transport parameters to diffusion coefficients) as the liquid grids.

Concentration boundary at the liquid side C,, (mol/L) 1

Concentration boundary at the gas side C,, (mol/L) 0 3. Results and Discussions

Diffusion coefficient in the liquid phase D, , (m%s) 2.0%x107° e . .

’ 3.1. Water Diffusion in Partially Saturated Porous Media
Diffusion coefficient in the gas phase D, , (m*/s) 2.6 x 107>
Bt 12y ey wesiFens % 6.0 x 10* 3.1.1. 1D Steady State Transfer Between Liquid and Gas Phase

A one-dimensional example of steady state HTO transfer between liquid
phase and gas phase is considered to test the methodology described in
Section 2.4. The computational domain has a length of H = 1 pm, and the liquid/air interface is positioned at the
midpoint. The left side is the liquid phase, and the right side is the gas phase. A constant concentration bound-
ary condition is used on both sides (Cj, = 1 mol/L, C,, = 0 mol/L). All parameters used in this benchmark are
tabulated in Table 1. At steady state, the analytical solution for the concentration distribution is (Lu et al., 2019):

D,C,,—D,HeCyy, 2 H
—sgb & BIX 4 Chn x < =
Clx) = D/ +DgHe H 2 31)
D|Cyp — Dy HeCyy 2x DgHeCyp+2D HeCpy — D Cyy x> H
D/+D,He H D;+DyHe =2

Figure 5 shows the concentration distribution of HTO in this one-dimensional example. Notably, a sharp concen-
tration jump is observed at the liquid/gas interface. Remarkably, to directly simulate the diffusion within a region
with a sharp concentration and diffusion coefficient jump is a big challenge for the classical single-relaxation-time
LBM (Perko & Patel, 2014). However, the simulation exhibits a good agreement with the analytical solution,
thereby validating the method developed in Section 2.4. After this validation, our method can be used to simulate
HTO diffusion in unsaturated compacted clays.

3.1.2. 3D Steady State Diffusion in Compacted Clays

This section describes the simulations of water diffusion in unsaturated compacted clays. The grid size of the
LBM used is identical to the resolution of the regenerated nanostructure of the clay. Various water saturations
ranging from 0.5 to 1 were set in the compacted clay by the LBM described in Section 2.1. In the simulation
domain for HTO transport, two transition regions are connected with the inlet and outlet sides of the compacted
clays, consistent with our previous studies (Yang & Wang, 2018b, 2019). The simulation domain and the corre-
sponding boundary conditions are schematically illustrated in Figure 3. An overview of the mesh discretization
and simulation parameters is tabulated in Table 2. After the diffusion reaches steady state by solving Fick's law
(cf. Equation 10) and using the developed equivalent solute method (cf. Section 2.4), the effective diffusion coef-
ficients can be calculated by Equation 11. Figures 6a—6d present two simulated examples of 3D phase distribution
and tracer concentration distribution in the nanostructure at saturation levels of 1.0 (i.e., full saturation) and 0.73,
respectively. Focusing on one single pore shown in the black square of Figure 6¢, the local diffusion coefficient
and concentration distributions along the red line are determined as shown in Figure 6e. Here, the local diffusion
coefficient within the liquid phase decreases near the clay surface which follows from Equation 20. Besides, our
model accurately captures the sharp jump in the HTO concentration near the liquid/gas interface governed by
Henry's law, which approves, again, the stability and accuracy of the developed equivalent solute method.

Four scenarios for the simulation of HTO diffusion are examined here: (a) employing a constant diffusion coeffi-
cient, D, ,, in the liquid phase without the presence of thin water films on the clay surface (cf. case 1 in Table 2);
(b) employing a location-dependent diffusion coefficient (as outlined in Section 2.3) in the liquid phase without
thin water films on the surface (case 2); (c) incorporating thin water films (as described in Section 2.5) while
using a variable diffusion coefficient (case 3); and (d) evaluating the Knudsen effect and transport resistance
at the interface (case 4). Figure 7 presents the relative effective diffusion coefficients D} as a function of water
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Figure 5. Concentration distribution of 1D steady transfer of HTO between liquid and gas phases as given by our model
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saturation determined by our pore-scale model. In all cases, D} decreases with decreasing degree of water satu-
ration. Compared to the D} calculated by using a constant diffusion coefficient (case 1), utilizing a variable
local diffusion coefficient (case 2) results in a decrease in D of approximately 7% at saturation levels ranging
from 0.55 to 1.0. This indicates that the liquid phase is the primary medium for HTO tracer diffusion. At lower
saturation levels, HTO diffusion becomes slightly more sensitive to the diffusion coefficient D(r) near the clay
surface. For example, in fully saturated conditions, the relative difference with and without utilizing the changed
local diffusion coefficient is 6.9% whereas this difference slightly increases to 7.4% as the saturation decreases to
0.54. Involving the thin nanoscale water film leads to an increase of approximately 11% in D because the surface
water films create a diffusive pathway in the pores clogged by the gas phase. The simulation results reveal that the
impact of water films on HTO diffusion increases at lower water saturation, in line with previous investigations
(Tokunaga et al., 2017). Thus these surface water films play a crucial role in enhancing HTO diffusion through
the clay matrix at low water saturation.

Other effects, such as the Knudsen effect and the resistance of the liquid/gas interface, can also have an influence
on HTO diffusion in partially saturated compacted clays. The Knudsen effect describes the confined gas diffusion
in nanoscale pores whose size is comparable to the mean free path (MFP) of the gas molecules, where the colli-
sion between the gas molecule and solid or liquid surface is not negligible (Krishna & van Baten, 2012). At room
temperature and atmospheric pressure, the MFP of HTO is around dozens of nanometers. According to the pore
size distribution shown in Figure 2, the mean pore size of the generated clay is smaller than the MFP, and hence,
Knudsen diffusion will play an important role in these nanoscale pores. The mean diffusion coefficient of HTO
vapor in the nanoscale pores D, , can be reduced by the Knudsen effect and its value is estimated by the empirical

Bosanquet formula (Guo et al., 2018):

= ——— Dy,
p i1 (32)

where the Knudsen number Kn is the ratio of the MFP and the mean pore size d, Kn = MFP/d.
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Figure 6. Phase (a, ¢) and HTO concentration (b, d) distributions in the nanostructure at water saturations of 1.0 (a, b) and
0.73 (c, d). In (a, b), the brown, dark blue and light blue phases represent the clay particles, the liquid and the gas phase,
respectively. (b, d) only present the HTO concentration in the liquid phase. The local diffusion coefficient distribution in the
liquid phase and HTO concentration distributions in both gas and liquid phases along the red line in (c) are shown in (e).

The other effect mentioned above, the transport resistance through the liquid/gas interface, has been observed in
experiments (Lee et al., 2014). This resistance arises due to an accommodation coefficient of water below unity
(Miles et al., 2012). At thermodynamic equilibrium, the flux of water molecules condensing into the liquid phase
is equal to the flux of water molecules evaporating from the liquid phase. The resulting interface resistance can
reduce the flux of HTO through the liquid/gas interface at the nanometer scale. In this study, Kn exhibits a range
of approximately 2-20. This range of Kn values gives rise to a decrease in D, ,, which spans from 0.03 to 0.22. As
a consequence, Dy /D; described in Section 2.4 is also significantly diminished. By incorporating the interface
resistance, an asymptotic case is that diffusion in the gas phase is not taken into account Dg/D; = 0, in which
situation the migration of HTO can be assumed only to take place in the liquid phase (cf. case 4 in Table 2). The
orange solid and dashed lines in Figure 7 compare the results of whether HTO is accessible into the gas phase
under the same conditions. The simulation results show that this alteration has a critical effect on D} of HTO.
Assuming Dg/Dj ~ 0 results in an approximately 50% reduction in the value of D} for HTO tracers when the
saturation level decreases from 1.0 to 0.64. Gimmi and Churakov (2019) also simulated HTO diffusion by using
D;/D; = 0in a2D unsaturated “CV-10" smectite. A similar trend was observed in 2D simulations by Gimmi and
Churakov (2019) (cf. black dash-point line in Figure 7). The differences are related to the geometrical connectiv-
ity of the media and percolation threshold in 2D and 3D systems.
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Figure 7. Simulated relative effective diffusion coefficients D} of HTO in the nanostructure as function of water
saturation. The blue solid line is simulated by using a constant diffusion coefficient (case 1); the orange solid line by a
location-dependent diffusion coefficient (case 2); the black solid line by adding a 1 nm thin water film (case 3); and the
orange dashed line by assuming D; /Dj ~ 0 (case 4). The black dash-point line gives the results of 2D simulations of HTO
diffusion in variably saturated smectite by Gimmi and Churakov (2019) for comparison.

3.2. Ion Diffusion in Partially Saturated Compacted Clays

The same clay nanostructure and liquid/gas distributions as those in Section 3.1 were used to investigate the
diffusion of ions under unsaturated conditions. In this section, the same simulation domain and boundary condi-
tions as above are also employed for the simulation of ion diffusion. A zero electrical potential is applied for the
inlet and outlet ¥, . oue = 0 V and a 2NaCl electrolyte is used as a pore solution. The effective diffusion coeffi-
cients of two tracers 2?Na and %I were simulated using the parameters summarized in Table 3. Previous studies
(Birgersson, 2017; Van Schaik et al., 1966; Yang & Wang, 2019) indicated that the dimensionless normalized
volume charge density pj, the ratio of total carried charges between clay surface and pore solution, determines the
strength of the EDL effect on ion diffusion in compacted clays. p} is determined by:
¥ _ CECpbd _ O'()SSA

pe (pwl.s' - _(Pwe]\]AIS7

(33)

where CEC denotes the cation exchange capacity (equiv/kg), p,, the dry density of the compacted clays (kg/m?),
and ¢,, the water content. The water content ¢,, is determined by using the porosity 6 and water saturation S,
as: @,, = S,0. The ionic strength I is calculated as I, = O'SZZiCi,O' The illite/sand mixtures used by Savoye
et al. (2014) exhibited a CEC in the range of 0.1 equiv/kg to 0.2 equiv/kg, as well as p,, ranging from 1760 kg/m?
to 1840 kg/m®. The ionic strength I, of their pore solution is 0.1 M, which yielded a p in their experiment
around 8 in the saturated illite/sand mixtures. For the sedimentary rocks used by Garcia-Gutiérrez et al. (2023),
the estimated CEC is about 0.07 equiv/kg, p,, around 1650 kg/m?, and I, = 0.027 M, which gives a p} ~ 10
at full water saturation. Our previous study (Yang & Wang, 2019) indicated that simulations with identical p
could cause a similar EDL effect on ion diffusion. Therefore, to keep the p} values of simulations close to those
in the experiments, this study used a set of surface charge densities o, and bulk concentrations C;, tabulated
in Table 3, and the resulting values of p% ranged from 0.38 to 8 at full saturation. The thickness of EDL is the
distance of the region away from the solid surface where Cy,+ # Cq-. It increases as the ionic strength of the pore
solution decreases. The maximal ionic strength used in this study is 0.01 mol/L and the corresponding minimal
thickness of the EDL is about 14 nm (Zhang & Wang, 2017). The grid size of the LBM in this study is 1 nm,
which is sufficient to resolve the structure of the EDL. When the diffusion achieves steady state by solving the

YANG ET AL.

14 of 23

85U8017 SUOWWOD A0 8|qed! [dde aup Aq peusenob ake sapiie YO ‘s JO S3|n. 10} Arelq18UIUO 48] 1M UO (SUORIPUOD-pUe-SWB}LI00" AB|IMAeIq | Ul UO//SdnY) SUORIPUOD pue Swie | 3y} 89S *[202/T0/LT] uo Ariqi]auliuo A8|im ‘Auewses aueiyood Aq S6SGE04MEZ0Z/620T OT/I0p/wo A8 |im Arelq 1 uljuo'sqndnfe//sdny wouy papeojumoq ‘T *v20Z ‘€L6. 6T



A7oN |
NI
ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research

10.1029/2023WR035595

0.288
0.64; 0.68; 0.73; 1.0

Overview of Parameters of the 3D Steady Diffusion Simulation of lons in the Compacted Clay

Geometry and mesh

Table 3
Porosity

w

Water saturation S

Parameters in the transport model

2.0x107°

D, (m?/s)

1.0 x 107

Concentration boundary of the transition region at the inlet C,, (mol/L)

1.0 x 1078
6.95 x 10710

Concentration boundary of the transition region at the outlet C_, (mol/L)

€6, (C¥/Jom)

Simulation cases

No.

DI,O

DI,O

Equation 20

Equation 20

DI,U

Diffusion coefficient in the liquid phase D(r)

1

10.0
—0.001

0

Thickness of water film (nm)

5.0
—-0.01

10.0
—-0.01

10.0
—0.001

10.0

Bulk electrolyte concentration C;, (mmol/L)

—0.001

Surface charge density o, (C/m?) of solid

Poisson-Boltzmann-Nernst-Planck equations (cf. Equations 6 and 9), the effec-
tive diffusion coefficients can be calculated by Equation 11.

Regarding the diffusion coefficient and the presence of water films, similar
scenarios as for the HTO simulations (cf. Section 3.1.2) are considered in this
section: (a) constant diffusion coefficient D, without thin water films on the
clay surface (cf. cases 1,4,5), (b) a variable diffusion coefficient in the liquid
phase without thin water films (case 2), and (c) with thin water films (case 3).
Figure 8 shows the dependence of D} on water saturation. As the water satura-
tion decreases, D} for both, the sodium and iodide tracers exhibit a decrease,
which is more pronounced than that of the HTO tracer (cf. red line in Figure 8).
In fully saturated compacted clays, the effective diffusion coefficient of sodium
ions has been observed to exceed the one of HTO (Bestel et al., 2018; Glaus
et al., 2010). However, our simulation results show that HTO can have a higher
effective diffusion coefficient than sodium ions under unsaturated conditions
(water saturation less than 0.75) because HTO can also diffuse in the gas phase.
This finding is consistent with experimental observations in partially saturated
Callovo-Oxfordian claystones conducted by Savoye et al. (2012). At full water
saturation, the employment of a changed diffusion coefficient relating to the
distance to the solid surface (case 2) leads to a decrease in the calculated D} of
around 14% for sodium and 13% for iodide compared to that simulated using a
constant diffusion coefficient (case 1). However, with decreasing saturation these
differences slightly decrease to 11% for sodium tracer but increase to 22% for
iodide tracer. This suggests that the diffusion of sodium near the surface contrib-
utes the major component of the total flux, and thus the desaturation has limited
influence on the calculated D} with and without considering a changed local
diffusion coefficient. In contrast, desaturation can alter the diffusion pathway
of iodide tracers from the bulk region to the near-surface region, resulting in a
larger difference of D} with and without considering a changed local diffusion
coefficient in the partially saturated compacted clays. Besides, the difference in
D; between sodium and iodide tracers increases by a factor of about two when
the water saturation decreases from 1.0 to 0.64 (Figure 9). This reveals that desat-
uration can enhance the EDL effect on ion diffusion in compacted clays. This is
because a decrease in saturation causes a reduction in the bulk volume for ions
in clays, which will promote the interaction between charged surfaces and ions.
Besides, the desaturation also causes an increase in the normalized volume
charge density, pi, while a larger p? indicates a stronger EDL effect. It means
that p} as a scaling faction for the EDL effect can also be suitable in the partially
saturated clays. Involving the thin nanoscale water film (case 3) also leads to an
approximately 30% increase in the value of D; for iodide tracers at a saturation
level of around 0.7 in comparison to case 2. This increase is distinctly lower
than the one indicated by previous 2D simulations in clayrocks by Gimmi and
Churakov (2019), who found an increase of at least 90% in the D; for involving
the nanoscale water film, since in the 2D case the water film can create more
connective pathways for diffusion than that in 3D porous media.

Figures 10a—10d show the 3D phase distribution in the nanostructure as well as
the distribution of the electric potential and the tracer concentrations for simu-
lation case 2 at a water saturation of 0.728. The pore-scale model takes into
account the non-overlapping and overlapping EDL structures in the 3D pore
geometry. The electric potential decreases near the negatively charged surface
in Figure 10b, and the cations exhibit a higher concentration than the anions due
to the negative electric potential within the pores (Figures 10c and 10d). Our
pore-scale model is capable of considering 3D pore geometries and the struc-
tures of partially or fully overlapping EDL in nanopores. For instance, the EDL
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Figure 8. Simulated relative effective diffusion coefficients D} of the ??Na* tracer (red lines) and the '>I~ tracer (blue lines)
in the compacted clay as a function of water saturation. The dashed lines use a constant diffusion coefficient (cf. case 1 in
Table 3); the solid lines by location-dependent diffusion coefficient (case 2 in Table 3); and the dash-point line addresses

the adding of a thin water film (case 3 in Table 3). The orange line represents the HTO tracer (cf. the orange solid line in
Figure 7).

within Pore 1 (indicated by the black square in Figure 10a) is fully overlapping, while that in Pore 2 (indicated
by the red square in Figure 10a) is only partially overlapping. Figures 11a—11d compare the distributions of the
electric potential and the tracer concentrations along the radial direction (indicated by the arrows in Figure 9a).
Our pore-scale simulations reveal an exponential decrease in the electrical potential near the surface of the clay
particles. By comparing the electrical potential distributions in Pores 1 and 2, we find that the electric potential
in the pore with completely overlapping EDL (Pore 1) has a more homogeneous distribution than that in the pore

2.50

2.00 f

D *(Na®)/D (I}

100 b e
0.6 0.7 0.8 0.9 1

Water saturation

Figure 9. D (Na*)/D;(I") as a function of water saturation for simulation case 2.
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Figure 10. Simulated local distributions of phases (a), electric potential (b) and tracer concentrations (c, d) in the generated nanostructure for simulation case 2
(location-dependent diffusion coefficient) at a water saturation of 0.728. In Figure (a), the brown, dark blue and tight blue phases represent the clay particles, the liquid
and the gas phase, respectively. The solid and gas phases are hyaline and invisible in (c, d).

with partially overlapping EDL (Pore 2). Furthermore, the mean-concentration ratio between sodium and iodide
decreases from 4.1 in Pore 1 to 1.2 in Pore 2 when the thickness of the water films increases from 4 to 33 nm.
This EDL effect is different from our previous study of fully saturated compacted clays (Wu et al., 2020), where
the overlapping EDL could significantly enhance the EDL effect on ion diffusion. In unsaturated compacted
clays, the non-charged gas-liquid interface weakens the EDL effect in the overlapping EDL. This suggests that
the EDL in unsaturated compacted clays exhibits a more complex and nonlinear influence on ion diffusion than
under fully saturated conditions.

3.3. Comparison With Reported Experimental Data

Figure 12 compares the simulation results with experimental data measured in compacted sedimentary rocks
(Garcia-Gutiérrez et al., 2023) and illite/sand mixtures (Savoye et al., 2014), The experimental data obtained for
Callovo-Oxfordian (COx) claystones (Savoye et al., 2010, 2012) and compacted kaolinite (Wang et al., 2022) are
also depicted for comparison. While unsaturated conditions in the compacted sedimentary rocks were obtained
by the equilibrium method, in other cases the osmotic method was used to control the suction. Our simulated
relative effective diffusion coefficients D} for HTO and the anionic tracer iodide agree well with the experimen-
tal data from Garcia-Gutiérrez et al. (2023). However, the experimental data obtained using the osmotic method
shows a sharper drop than our simulation results. This discrepancy could be attributed to two primary reasons:
(a) a non-equilibrium state of water and pressure distributions in samples using the osmotic methods; and (b) an
inconsistency of the pore geometries between our regenerated clay and the real samples.

The osmotic method is used to control the suction and to reduce the pressure of the pore water below its satu-
ration vapor pressure, thereby inducing the vaporization of pore water (Delage & Cui, 2008; Lloret Morancho
etal., 2003). The time required to reach equilibrium in the osmotic method depends on the abilities of water/vapor
migration and pressure evolution. In a tight porous material, the time to reach equilibrium may be significant. For
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Figure 11. Distribution of tracers (a, ¢) and electric potential (b, d) in Pore 1 (a, b) and Pore 2 (c, d) along the radial directions (arrow x) shown in Figure 10 (a).

example, a previous study (Delage & Cui, 2008) demonstrated that a sample of compacted Jossigny silt under the
suction of 800 kPa requires approximately 1 month to reach equilibrium, which is much longer than for sandy
soils. Before reaching equilibrium, the pressure changes closer to the boundaries will first cause the pore water to
vaporize. Hence, the water saturation profiles exhibit a rough U-shape, as observed in shale (Nunn et al., 2018),
with a lower water saturation at the inlet and outlet boundaries and a higher saturation in the center. Additionally,
the pressure gradient could also induce a deformation of the clay material (Guo & Fall 2021; Ma et al., 2020).
This hydromechanical coupled effect on the evolution of pressure p in clay materials can be described by the
Richards's model (Chen et al., 2022; Miller et al., 1998):

0
(Cuw + Seke)_p +V. (—EVp> =0, (34)
ot U

where C,, = —d0/dp is the specific moisture capacity, S, the water saturation, k, the effective compressibility, k the
permeability of the porous medium, and y the dynamic viscosity of water. For a one-dimensional system under
the condition of S, = 1, the above equation can be simplified as:

op _ K 0%p

R S——— 35
ot u(Cy, + k.) 0x? 33

and k, can be estimated from the compressibilities of rock k; and water k by the formula: k, = 6k,, + (1 — O)k_.
Therefore, the characteristic time for pressure equilibration is #* = L*u(C, + k,)/k. Assuming that the porosity of
the rock matrix has a very low susceptibility to pressure in comparison to water, C, = —06/dp =~ 0. Hence, t* can be
simplified as: #* = k L*u/k. The estimated values of the above parameters are = 0.3, k,, = 1 X 10~71/Pa (Domenico
& Mifflin, 1965), L =1 cm, u = 1073 Pa-s, and x = 1072 m? (Rolfe & Aylmore, 1977) result in #* ~ 12 days. This
is the characteristic time for the condition of nearly full saturation. However, as the water saturation decreases,
the permeability sharply decreases, and the effective compressibility increases. This can slowdown the expulsion
of porewater from the interior, and therefore the characteristic time 7* will increase significantly. As a result, it
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Figure 12. Comparisons of D} given by the simulations of this work with
reported experimental data and simulations for water tracers (i.e., deuterated
and tritiated water) (a) and anionic tracers (b) as a function of water content
@, The experimental data are indicated by different black markers. The
colored circles refer to the simulations performed in this work: blue and red

are case 2 and case 4 in Table 2; green, orange and purple: case 2, case 4 and
case 5 in Table 3, respectively. The black solid line refers to the fitting formula

D; /Dy = @2 from previous 2D simulations (Gimmi & Churakov, 2019).
Dashed lines are the best-fitting curves of the simulation results (red:

D /Do = @l blue: D} /Dy = @l%, green: D} /Dy = @2, orange:

D: /Do = ¢% and purple: D} /Dy = ¢%%).

may take several months for a compacted clay sample with a thickness of
only 1 cm to achieve an equilibrium state. Before reaching an equilibrium
state, the water saturation profiles will display a U-shape. This heterogeneous
distribution of saturation at the inlet and outlet boundaries could have a nota-
ble impact on the measured effective diffusion coefficients.

The transport properties of a material depend strongly on its pore geom-
etry. Thus, for the purpose of performing more accurate pore-scale simu-
lations, it is critical to employ more realistic 3D microstructures of clays.
Recent improvements in 3D imaging techniques, such as Nano X-ray
Computed Tomography (nanoCT) and Focused Ion Beam Scanning Elec-
tron Microscopes (FIB-SEM), have extended the view of researchers from
submicroscale to nanoscale 3D porous geometries (Keller & Holzer, 2018).
Additionally, the rapid evolution of artificial intelligence (AI) and machine
learning (ML) also significantly improves the methodology to automatically
generate a set of 3D microstructures using low-resolution 3D microstructures
or 2D slices of a porous material (Huang et al., 2022; Zheng & Zhang, 2022).
The nanostructure used in this study was generated by the QSGS method
for granular materials, which can satisfy statistical properties of porosity,
specific surface area, and mean particle/pore size, but cannot account for the
different topological characteristics of the various clay materials. This limi-
tation could be addressed in future studies by refining and testing different
microstructural models as well as by exploiting the latest developments in the
field like employing and extending the generative adversarial network (GAN)
model (Gayon-Lombardo et al., 2020; Kench & Cooper, 2021) to generate
more reliable 3D microstructures of clay materials.

3.4. Pore-Scale Implication and Prospects

The compressed EDL caused by the desaturation in clay minerals may
induce a complex two-way coupling between the electrokinetic effect and
the ion diffusion. This effect is particularly pronounced within the thin
nanoscale water films, where molecular interactions at both liquid/gas and
liquid/solid interfaces can magnify the desaturation impact on solute trans-
port (Bjorneholm et al., 2016). However, it is a challenge to understand this
coupled process in clays using the continuum-scale models fitted with exper-
imental results. Molecular simulations, constrained by the massive computa-
tional cost, typically concentrate on solute transport within a single nanopore.
The proposed pore-scale model is a versatile bridging tool, aiming to inte-
grate molecular-scale data into continuum-scale models (upscaling), which
would establish processes-based relationships. This study quantifies various

effects (such as water films, pore-size dependent diffusion coefficients in the liquid phase, and/or EDL effects)
on solute diffusion in partially saturated nanoporous media. The pore-scale view from this study has important
implications for the quantification of solute transport in partially saturated clays, which is also helpful for future
experimental design and evaluating radionuclide migration in the near and far field of deep geological reposi-
tories. The simulations conducted in this study were run within hours to reach the steady state, which is more
time-efficient and cost-effective compared to experiments.

In addition, the proposed pore-scale model can also extend to include the complex electrokinetic properties of the
gas/liquid interface (Levin et al., 2009; Olivieri et al., 2018), which could also have an influence on the transport
of ions in the liquid phase of compacted clays (Kallay et al., 2014; Olivieri et al., 2018). For example, The zeta
potential of gas bubbles in the aqueous electrolyte is reported to range from —30 mV to —45 mV at pH =7, as
measured by Yang et al. (2001) and Takahashi (2005). This could have a non-negligible impact on the ion trans-
port in clay materials at a low water saturation. Besides, previous MD simulations (Churakov, 2013; Le Crom
et al., 2021) indicated that the diffusion coefficients of cations confined in the thin water film drastically increase
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on the surface of montmorillonites and the average water diffusion coefficient within the thin water film is also
larger than that in the water-saturated system. Further experiments and MD simulations are still needed to improve
the understanding of the gas/liquid interface effect on solute transport in clays and clayrocks. During the drying
process in the smectite mineral, the previous study shows that the average interparticle distance decreases while
the number of sheets per clay particle increases, which suggests a nanoscale structural modification and reor-
ganization of clay materials during the hydration process (Seiphoori et al., 2014). These changes could alter the
pathway for solute diffusion and impact the relationship of the effective diffusion coefficient with saturation. The
development of hydromechanical coupled pore-scale models could shed light on these processes. For instance,
Chen et al. (2018) employed a hydro-mechanical coupled LBM-DEM model to investigate the hydraulic fracture
propagation in rocks with cemented natural fractures. Kim et al. (2021) developed a coupled multiphase fluid
flow and discrete fracturing model to study gas migration in compacted bentonite. Pore-scale models that account
for these hydromechanical coupling effects in clays during desaturation are expected to enhance the understand-
ing of the mechanisms governing water and vapor transport under the mechanical deformation of clay particles.

4. Conclusions

A numerical framework was developed to simulate water and ion diffusion in 3D partially saturated pore geom-
etries of clays. By assuming that the clay nanostructures are isotropic and rigid, this numerical framework first
generates a pore geometry of a compacted clay at a nanoscale resolution by the QSGS method. The two-phase
single-component Shan-Chen LBM model was then used to simulate the vapor-water distribution in complex
3D pore geometries with a homogeneous wettability at the pore scale (Section 2.1). This study considers several
conditions for water and ion diffusion including constant or variable diffusion coefficients in the liquid phase
and the consideration of thin water films on the solid surface as a solute transport pathway. An equivalent solute
method (cf. Section 2.4) benchmarked against analytical solutions was also developed to improve the numerical
stability affected by the significant discontinuities through the liquid/gas interface in concentration and diffu-
sion coefficients of HTO at the steady state. Excluding the steric effect, Fick's law was numerically solved by
LBM to simulate water diffusion in clays, while the coupled Poisson-Boltzmann-Nernst-Planck equations were
solved to simulate ion diffusion under the influence of the EDL effect. Our investigations showed that as water
saturation decreases, the relative effective diffusion coefficients for both cationic and anionic tracers decrease
more pronounced than the one for HTO. The model was designed to quantify the impact of water films on HTO
diffusion showing an increase in D} in the clay at lower water saturation compared to the simulation case neglect-
ing the water film, which is consistent with previous experimental investigations (Tokunaga et al., 2017).

In addition, our model reveals that desaturation can enhance the EDL effect on ion diffusion in compacted clays
since a decrease in saturation causes an increase in p} (normalized volume charge density), a dimensionless
parameter quantifying the EDL effect on ion diffusion. Using pore-scale simulations, the local distributions
of electrical potential and concentrations of tracers can be obtained in every single pore. By comparing these
distributions, we found that the EDL in unsaturated compacted clays exhibits a more complex and nonlinear
influence on ion diffusion than indicated by previous pore-scale simulations under saturated conditions (Yang &
Wang, 2019). The predicted effective diffusion coefficients show good agreement with experimentally derived
data for compacted sedimentary rocks. Some discrepancies were observed for clay and clayrock samples equil-
ibrated with osmotic methods, which can be attributed to differences in pore geometry and the non-equilibrium
distribution of water in the experiments. The developed modeling approach will be extended to include further
process couplings, for example, with respect to hydromechanical effects or the electrokinetic properties of the
gas/liquid interface, that will impact solute diffusion pathways and consequently the effective diffusion coeffi-
cients of solutes.

This study provides mechanistic insights into coupled transport of solutes in partially saturated clay-based materi-
als and a solid basis for evaluating radionuclide migration in the near and far field of deep geological repositories.
These insights at the pore scale can be implemented in larger scale analyses for example, in continuum-scale
simulations for the evaluation of radionuclide migration in a repository system by considering the constitutive
equations with upscaled parameters (cf. best-fitting formulas in Figure 12) in multi-phase and multicomponent
reactive transport approaches (Ahmadi et al., 2022). Besides, the findings in partially saturated clay-based mate-
rials from this study are also relevant for a wide range of environmental and engineering processes such as
contaminant transport in aquitards (Muniruzzaman & Rolle, 2019), bio-reactive transport of hydrogen storage
(Zivar et al., 2021), and geological CO, sequestration (Li et al., 2017).
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