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a b s t r a c t

Predicting the gas diffusion coefficient of water-saturated Na-bentonite is crucial for the overall per-
formance of the geological repository for isolating high-level radioactive waste (HLW). In this study, a
conceptual model that incorporates a multi-porosity system was proposed, dividing the pore space into
free water pores, interlayer water pores, and diffuse double layer (DDL) water pores, to describe the
molecular diffusion behaviour of the dissolved gas in saturated bentonite. In this model, gas diffusion in
these three porosities is considered as independent and parallel processes. The apparent gas diffusion
coefficient is quantified by applying weighted approximations that consider the specific porosity, tor-
tuosity factor, and constrictivity factor within each porosity domain. For verification, experimental data
from gas diffusion tests on saturated MX-80 and Kunipia-F bentonite specimens across a wide range of
dry densities were utilized. The proposed model could successfully capture the overall trend of the
apparent gas diffusion coefficient for bentonite materials across the partial dry density of montmoril-
lonite ranging from 900 kg/m3 to 1820 kg/m3, by employing only one fitting parameter of the scaling
factor. When the partial dry density of montmorillonite decreased to 800 kg/m3, the proposed model
shows an underestimation of the apparent gas diffusion coefficient due to possible changes of the tor-
tuosity factor. Model predictions indicate that gas diffusion in saturated bentonite is primarily controlled
by the free pore domain, with minimal contributions from DDL pores. Despite being the dominant pore
type, interlayer pores contribute limitedly to total Da/Dw values due to significant constrictivity effects.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Sodium bentonites, which are rich in Na-montmorillonite, are
essential components in engineered barriers for the subsurface
disposal of high-level radioactive waste (HLW) in deep geological
repositories. This preference stems from their advantageous qual-
ities, including low hydraulic conductivity, high adsorption capac-
ity, and effective self-sealing properties (Bourg et al., 2007).
Throughout the prolonged operation of a repository, gases such as
hydrogen, methane, and carbon dioxide are inevitably produced
through various mechanisms, such as organic matter degradation,
ock and Soil Mechanics, Chi-

s, Chinese Academy of Sciences. Pu

heng et al., Modelling gas diff
and Geotechnical Engineerin
groundwater radiolysis, and anaerobic metal corrosion (Liu et al.,
2020, 2024; Ni et al., 2023). During gas generation, the reposi-
tory’s near field is typically saturated with pore water, leading to
the initial dissolution of generated gases into the pore water. The
saturated hydraulic conductivity of the barrier materials generally
remains in a lower level, which could ensure minimal advective
transport of these dissolved gases, with molecular diffusion under
concentration gradients emerging as the dominant mechanism for
gas migration (Liu et al., 2021). Furthermore, if the gas generation
rate surpasses the rate of gas diffusion into the bentonite barriers, a
discrete gas phase may develop, potentially compromising the
barrier performance. Therefore, accurate estimates of gas diffusion
coefficients will be indispensable for determining an accurate and
thorough equilibrium between gas generation and dissipation.

Over the past decades, efforts to anticipate how bentonite bar-
riers will perform have prompted many investigations into gas
blished by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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diffusion and flow behaviour within compacted saturated ben-
tonites and other clay materials employed in disposal of nuclear
waste (Eriksen and Jacobsson, 1982; Neretnieks, 1985; Sato et al.,
2001; Higashihara et al., 2001, 2005; Jacops et al., 2017; Radeisen
et al., 2023; Watanabe et al., 2023). Gas diffusion experiments
typically involve measuring and interpreting concentration profiles
within a clay specimen in relation to the apparent diffusion coef-
ficient. Within the water-saturated bentonite, where montmoril-
lonite predominates as the primary clay mineral, there exists a
simultaneous presence of interlayer water, diffuse double layer
(DDL) water and free pore water (Appelo et al., 2008). Typically, the
pores containing free water contribute the most to the diffusion
process, owing to their larger diameters compared to the DDL and
interlayer pores. Based on systematic transient gas diffusion tests,
Sato et al. (2001) reported that, both the pore water, where the
mobility of water molecules is constrained near the montmoril-
lonite surface, and the interlayer water within montmorillonite,
could potentially serve as the media for the diffusional transport of
dissolved gas. Nevertheless, the precise extent of each contribution
remains unclear. Shackelford and Moore (2013) and Kant and
Prerna (2022) noted reduced rates of diffusion of cations within
the DDL near the montmorillonite surface compared to regions
farther away. Molecular dynamics (MD) simulations further sup-
port this observation, indicating slightly lower mobility of water
and cations within DDL water compared to free water (Rotenberg
et al., 2007). The diffusion characteristics of interlayer water
depend on the number of water layers present within the mont-
morillonite structure. Studies have shown that sodium in the 3-
layer hydrate exhibits diffusion coefficients comparable to those
of DDL water (Chang et al., 1995; Rotenberg et al., 2007). However,
the diffusion coefficient of Naþ appears to decrease significantly by
1 and 2 orders of magnitude for the 2- and 1-layer hydrate,
respectively (Chang et al., 1995; Marry et al., 2002). Based on these
experimental observations, certain diffusion models delineate the
apparent diffusion coefficient into segments linked with free pore
water, DDL water, and interlayer water (Bourg et al., 2006, 2007;
Kozaki et al., 2008).

It should be noted that previous experimental investigations
and theoretical models of solute diffusion have predominantly
focused on both cations and anions in compacted bentonite (Van
Loon et al., 2007; Bourg et al., 2007; Schampera et al., 2016; Geng
et al., 2022; Kumar et al., 2023; Wu et al., 2023; Cui et al., 2024).
However, gas diffusion in water differs significantly from those of
cations. Experimentally, helium and hydrogen gases, classified as
neutral species, are commonly employed as permeants for con-
ducting gas diffusion and flow tests on bentonite materials (Sato
et al., 2001; Higashihara et al., 2001, 2005; Cui et al., 2019, 2020,
2022). The diffusion coefficients of these gases can be higher than
those of ions in a hydrated state (Sato et al., 2001). This discrepancy
arises because helium and hydrogen gases diffuse within the un-
occupied space among water molecules in their liquid state, con-
trasting with the diffusion of ions in the hydration state. Up to now,
there is very limited availability of experimental studies for inves-
tigating the gas diffusion behaviour in water-saturated, compacted
bentonite. This is because experimental measurement of the
diffusion coefficient can be extremely time-consuming due to the
presence of pores within compacted bentonite that can be as small
as several nanometers. Furthermore, models for predicting the
apparent diffusion coefficient of dissolved gases are even less re-
ported in the literature.

In this study, we proposed a conceptual model that incorporates
a multi-porosity system, dividing the pore space within saturated
Na-bentonite into free water pores, DDL water pores and the
interlayer water pores, to describe the gas diffusion behaviour.
2

Meanwhile, the apparent gas diffusion coefficient was quantified by
applying weighted approximations that consider the specific
porosity, tortuosity factor, and constrictivity factor within each
porosity domain. Following this, we propose a methodology to
ascertain these parameters based on the crystallographic infor-
mation of montmorillonite minerals. Finally, comparisons and
comprehensive evaluations between the model prediction results
with experimental data are conducted. This approach could provide
a novel perspective for understanding the molecular diffusion of
dissolved gas in bentonite materials.
2. Model development

For a conservative, non-sorbing solute transport through a
water-saturated homogenous porous medium, Sposito et al. (1979)
reported that a macroscopic mass balance can be derived from the
generalized Fick’s law, incorporating a tensor of apparent diffusion
coefficient, Da, which encompasses contributions from both hy-
drodynamic dispersion and molecular diffusion as

vC
vt

¼V $ ðDa $VCÞ�V$VC (1)

where C represents the solute concentration in the pore water and
V denotes the Darcy velocity vector. If the advective flow is
neglected as compared to themolecule diffusion, the Darcy velocity
can be overlooked and Eq. (1) can be given as

vC
vt

¼ v

vxi

�
Da;i

vC
vxi

�
(2)

where Da,i represents the apparent diffusion coefficient of the so-
lute mass flux density associate with the xi (principal axis)
direction.

The fundamental concept underlying the gas diffusion model
proposed in this study is to construct a multi-porosity system
within saturated bentonite materials, comprising free water pores,
DDL water pores, and interlayer water pores, as presented in Fig. 1.
Within this system, the individual contributions of gas diffusion
coefficients in the three types of porewater domains to the total
diffusion coefficient can be determined based on microstructure
information of montmorillonite.

Gas diffusion through a water-saturated specimen entails
traversing an additional distance compared to diffusion in bulk
water, because the dissolved gas molecule has to circumnavigate
the soil particles. Boving and Grathwohl (2001) described diffusion
coefficient as a function of effective transport porosity, tortuosity,
and sorption. For porous media containing a significant fraction of
nanopores, an additional parameter, the constrictivity factor,
should be included. Therefore, the apparent diffusion coefficient of
gas in Eq. (2) can be expressed as follows (Boving and Grathwohl,
2001; Bourg et al., 2006):

Da¼ Dwhed

ðhþ KdrÞt2
(3)

whereDw denotes the gas diffusion coefficient in bulkwater (m2/s);
he and h represent the effective transport porosity and the total
porosity, respectively; t is the tortuosity, which is related to the
ratio of the actual travel path length le within a porous medium to
the straight-line distance l of the bentonite specimen (t ¼ le/l); d is
the constrictivity, which measures the narrowing and widening of
pores; Kd represents the distribution coefficient (m3/kg); and r

denotes the bulk density of the specimen (kg/m3). Given that the



Fig. 1. Schematic diagram of molecular diffusion of gas within various types of porewater domains in saturated bentonites (adapted from Appelo et al. (2008)).
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physical adsorption of helium and hydrogen gases on the mont-
morillonite is significantly weaker, the retardation of gases due to
adsorption is considered negligible. Consequently, Kd is considered
to be zero. Moreover, based on the assumption that the effective
porosity is equal to the overall porosity, the apparent diffusion
coefficient for non-sorbing dissolved gases can be given by (Sato
et al., 2001; Cui et al., 2023):

Da

Dw
¼ d

t2
¼ d

ðle=lÞ2
(4)

In Eq. (4), the apparent diffusion coefficient of dissolved gas is only
related with the ratio of d/t2, regardless of water types within the
pore space of bentonite. However, in the case of saturated com-
pacted bentonite, gas diffusion coefficient can vary among free
water pores, DDL water pores, and interlayer water pores, as
mentioned above. Therefore, it is essential to make a careful
distinction between these three pore categories. Hueckel et al.
(2018) once explained the impact of porewater types on clay
swelling mechanics by differentiating the contributions of inter-
layer pores and larger pores. Therefore, in this study, we also
conceptually divide the porosity in compacted, water-saturated
bentonite into three categories: free water porosity, DDL water
porosity, and interlayer water porosity, denoted by their respective
values of hfree, hDDL and hinter:

h¼ hfree þ hDDL þ hinter (5)

It is proposed that the diffusion process of dissolved gas in these
three porosities can be described as separate and parallel processes,
each characterized by its unique values of Da/Dw, denoted as (Da/
Dw)free, (Da/Dw)DDL, and (Da/Dw)inter, respectively. Moreover, the Da/
Dw of dissolved gas within compacted, water-saturated bentonite is
considered as theweightedmean of Da/Dw across the free, DDL, and
interlayer pore domains, with each domain’s contribution
approximated by its respective porosity as follows:

Da

Dw
¼ hfree

h

�
Da

Dw

�
free

þ hDDL
h

�
Da

Dw

�
DDL

þ hinter
h

�
Da

Dw

�
inter

(6)

Using Eq. (4) to calculate (Da/Dw)free, (Da/Dw)DDL, and (Da/Dw)inter
from Eq. (6), themodel expression for predicting apparent diffusion
coefficient of dissolved gas can be obtained:
3

Da

Dw
¼ dfree
t2free

hfree
h

þ dDDL
t2DDL

hDDL
h

þ dinter
t2inter

hinter
h

(7)

Obviously, the prerequisite for determination of Da/Dw of saturated
Na-bentonite is to ascertain the parameters of porosity h, con-
strictivity d and tortuosity t in the three types porewater domains.

2.1. Determination of porosity distribution in saturated bentonite

2.1.1. Interlayer porosity
On the length scale of tens of nanometers, montmorillonite

particles in Na-bentonite materials are formed by parallel stacking
an assemblage of tetrahedral-octahedral-tetrahedral (TOT) layers.
Assuming the montmorillonite is homogeneous and the TOT layers
are perfectly parallel, Kozaki et al. (2001) stated that the interlayer
porosity hinter could be computed based on the area of internal
basal surface and the interlayer distance according to the following
equation:

hinter ¼
Ainter
2

hinterurd (8)

where Ainter is the area of internal basal surface of the TOT layer per
unit mass of montmorillonite (m2/kg), hinter is the interlayer dis-
tance (m), rd represents the dry density of bentonite materials (kg/
m3), and u denotes the mass fraction of montmorillonite.

The clay crystal is made of unit-cells stacked in three di-
mensions with lateral dimensions given by: ana, bnb and cnc.
Therefore, internal basal surface area of montmorillonite per unit
mass Ainter can be determined based on the dimensions of the unit-
cell and the mass fraction of montmorillonite in bentonites, as in
Tournassat et al. (2011):

Ainter ¼
2ðnaaÞðnbbÞðnc � 1Þ

nanbnc

NA
MW

¼2abðnc � 1Þ
nc

NA
MW

(9)

where a and b are the dimensions of the unit-cell, with respective
values of 5.23�10�10 and 9.05�10�10 m; NA denotes the Avogadro’s
number (6.022 � 1023 molecules/mol); MW is approximately
0.735 kg/mol, which represents the molecular weight of mont-
morillonite; and nc is the number of TOT layers stacked per particle.
Saiyouri et al. (2004) observed that nc commonly decreases with



Fig. 3. Evolution of the interlayer distance with the partial dry density of montmo-
rillonite within bentonite specimen.
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the increase of water content, and they determined an average of
100 layers at suctions around 107 MPa in the soil particle for Na-
montmorillonite. While under almost fully saturated conditions,
the mean value of nc per particle is reported to be 10 (Delage et al.,
2006), which we also use in this study.

Meanwhile, the interlayer distance hinter varies depending on
factors such as water activity, the type of montmorillonite, the dry
density of the specimen and cation type. Experimentally, hinter can
be determined based on X-ray diffraction (XRD) measurements of
the basal spacing d001 (the sum of layer thickness and interlayer
distance). For Na-montmorillonite, XRD patterns exhibit discern-
ible spacings for 1-, 2-, and 3-layer hydrates, with transitional shifts
occurring gradually as relative humidity increases (Ferrage et al.,
2005). Kozaki et al. (1998) observed interlayer distances corre-
sponding to 2- and 3-layer hydrates in sodium montmorillonite
compacted at dry densities ranging from 1000 kg/m3 to 1800 kg/m3

and in contact with distilled water, as depicted in Fig. 2 based on
XRD findings.

It should be noted that, in addition to dry density, the XRD
profiles also change as montmorillonite content changes, as evi-
denced by Wang et al. (2022). This indicates that the interlayer
distance is influenced by both dry density and montmorillonite
content. Therefore, following the method outlined in Muurinen
et al. (2007), the interlayer distance is expressed as a function of
the partial dry density of montmorillonite in the bentonite spec-
imen (Fig. 3). Although the interlayer distance actually increases in
a stepwise manner as the partial dry density of montmorillonite
decreases, the linear relationship still shows good agreement with
the experimental data from XRD tests conducted byMuurinen et al.
(2004), Kozaki et al. (1998), and S�anchez et al. (2008):

hinter ¼1:41� 10�9 � 4:9� 10�10rpartial
rw

(10)

where rw represents the density of porewater (kg/m3); and rpartial
denotes the partial dry density of montmorillonite in bentonite
materials (kg/m3), which is defined as the ratio of the mass of
montmorillonite to the combined volume of montmorillonite and
total pore space (Liu et al., 2003). For the pure montmorillonite
sample, rpartial is identical to the total dry density, while for
Fig. 2. XRD profiles for water-saturated Na-montmorillonite compacted at various dry
densities (1 Mg/m3 ¼ 1000 kg/m3) (data from Kozaki et al. (1998)).

4

bentonite materials containing non-montmorillonite particles, the
rpartial can be given by

rpartial ¼
rdu

1� ð1� uÞ rd
rnm

(11)

where rnm signifies the particle density (kg/m3) of constituent
minerals other than montmorillonite within the bentonite.

Combining Eqs. (8)e(10), the interlayer porosities can be
determined as

hinter ¼
�
1:41�10�9 �4:9�10�10rpartial

rw

�
abðnc � 1Þ

nc

NA

MW
urd

(12)

Fig. 4 illustrates the computed interlayer porosity results using
Eq. (12) across various dry densities and mass fraction of mont-
morillonite in bentonite materials, assuming the bentonite particle
density rs of 2770 kg/m3. Curves in Fig. 4a show that an increase in
the dry density initially leads to an increase in interlayer porosity,
followed by a decreasing trend. Concurrently, at a specific dry
density, the interlayer porosity consistently rises with an increase
in the stacking interlayer number from 3 to 10 and the mass frac-
tion of montmorillonite in bentonite clays. Since the interlayer
porosity will not exceed the overall porosity of the specimen, the
interlayer porosity curve will finally intersect with the overall
porosity curve at a critical dry density. This critical dry density
tends to increase with decreasing the amount of stacking TOT
layers per particle at a given mass fraction of montmorillonite or
with decreasing the mass fraction of montmorillonite at a given
stacking number of TOT layers.

2.1.2. DDL and free porosity
The DDL is comprised of water molecules, cations, and anions,

where an abundance of cations counteracts the charge on the outer
surface of themontmorillonite. DDLwater serves as the transitional
region between the mineral surface and the free pore water.
Calculation of the DDL porosity hDDL, similar to that of interlayer
volume, can be determined based on the external surface area and
the thickness of DDL as follows:

hDDL ¼AexthDDLurd (13)

where Aext represents the external surface area of montmorillonite
per unit mass (m2/kg), hDDL represents the thickness of the DDL
(m), and external surface area Aext is comprised of the external
basal surface area and the edge surface area. Therefore, the total
external basal surface area can be calculated as follows:



Fig. 4. Interlayer porosity in saturated bentonite with (a) different stacking numbers of nc (with u ¼ 100%), and (b) different mass fractions of montmorillonite (with nc ¼ 10).
Particle density of both montmorillonite and non-montmorillonite minerals is assumed to be 2770 kg/m3.
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Aext ¼2
ðnaaÞðnbbÞ þ ðnaaÞðncc*Þ þ ðnbbÞðncc*Þ

nanbnc
(14)

where a, b, and c are the dimensions of montmorillonite unit-cell;
and c* ¼ c sin95� is the orthogonally projected c-axis, d001 in XRD
pattern and is equal to 0.96 nm. Commonly, the diameter of a
montmorillonite TOT layer is about 50e200 nm (Tournassat et al.,
2011), which is much larger than its thickness of 0.96 nm. This
implies that the stacking number in the direction of c-axis (nc) is
much less than that in the directions of a-axis (na) and b-axis (nb).
Consequently, the contribution of edge surface area to the total
external surface is relatively small and can be neglected for
simplicity. The Aext in Eq. (14) then can be approximated by
(Tournassat et al., 2011):

Aext ¼2
ðnaaÞðnbbÞ
nanbnc

NA
MW

¼2ab
nc

NA
MW

(15)

Commonly, DDL exhibits a thickness on the nanometer scale,
with its extent heavily influenced by ionic strength. This thickness
can be quantified in terms of Debye lengths as follows:

hDDL ¼
3:09� 10�10ffiffi

I
p fDDL (16)

where I represents the ionic strength (mol/L), and fDDL denotes the
number of Debye-lengths and is assumed to be 1 (Wu et al., 2018).
The gas diffusion tests are usually conducted on bentonite satu-
rated with deionized water (Sato et al., 2001; Higashihara et al.,
2001, 2005). Komine and Ogata (1996) reported that the ion con-
centration of water surrounding compacted bentonite in contact
with distilled water during swelling tests is approximately
0.02e0.04 mol/L, based on measurements from an ICP-atomic
emission spectrometer. According to these experimental observa-
tions of ion concentration, a low ionic strength of 0.01 mol/L is
employed for I in this study, which corresponds to a DDL thickness
of 3.09 nm. By integrating Eqs. (13), (15) and (16), we can derive the
DDL porosity hDDL.

Note that, diffusion of neutral species, e.g. helium and hydrogen,
being unaffected by the electrostatic potential generated by the
negatively charged montmorillonite surfaces, contrasts with the
diffusion of charged chemical species. The influence of DDL pores
on gas diffusion is mainly due to the interaction between the gas
molecule and external basal surface of montmorillonite. Within the
DDL, pore regions near the external basal surface force gas diffusion
pathways to align parallel to the basal surface, accompanied by a
lower constrictivity value due to greater proximity to the basal
5

surface. In regions further from the external basal surface but still
within the DDL zone, gas diffusion resembles that in free water
pores and is less influenced by the TOT layer’s external surface. To
account for the limited impact of DDL pores on gas diffusion, we
introduced a scaling factor c to hDDL in Eq. (16) which represents
the reduced thickness affecting gas diffusion near the montmoril-
lonite basal surface. Therefore, Eq. (16) can be rearranged as

hDDL ¼
3:09� 10�10ffiffi

I
p fDDLc (17)

DDL porosity hDDL then can be given as

hDDL ¼6:18� 10�10ab
nc

NA

MW
1ffiffi
I

p fDDLcurd (18)

In water-saturated compacted bentonite, the total porosity is
determined by summing the volumes of interlayer water, DDL
water, and free water, then normalizing the result to the overall
specimen volume. If the dry density of the bentonite rd and the
specific gravity of the soil particles rs are provided, calculating the
total porosity is straightforward:

h¼ 1� rd
rs

(19)

Finally, substituting Eqs. (12), (18) and (19) into Eq. (5) yields the
free porosity hfree as follows:

hfree ¼
�
1� rd

rs

�
�
�
2:4c�1:71

rpartial
rw

þ4:92
�
� 10�4urd

(20)

Fig. 5 shows the resulting DDL and free porosities for different
scaling factors c plotted against the dry density of a pure mont-
morillonite specimen, corresponding to u ¼ 100%. Obviously, both
the hDDL and hfree are very sensitive to scaling factor c and show an
opposite trend with increasing the dry density of specimen.
2.2. Estimation of the constrictivity and tortuosity

In water-saturated porous media, the gas diffusion process de-
pends on the intermolecular collisions, e.g. water molecules-
dissolved gas molecules. Constrictivity d refers to the slowing of
diffusion caused by increased viscosity in narrow pores due to the
closer proximity of the diffusing particles to the average pore wall.
This effect depends on both the pore diameter and the size of the
diffusing particles, and becomes significant when the size of the gas



Fig. 5. Theoretical DDL and free porosities in pure montmorillonite specimen, shown
as a function of scaling factor c, ranging from 0.1 to 0.3 (increments of 0.05) increasing
in the direction of the arrows. The solid and dashed lines represent hDDL and hfree
versus the specimen dry density, respectively.
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molecules approaches the size of the pores lp (<1). For quantifi-
cation of the constrictivity parameter d, empirical equations of
power function (Beck and Schultz, 1970) and exponential function
(Chantong andMassoth, 1983) have been proposed based on steady
state and transient diffusion experiments of different solutes.
However, a more generalized function developed by Renkin (1954)
is widely accepted for evaluation of the pore constrictivity of
porous medium:

d¼ �
1� lp

�2�1�2:104lp þ2:09lp
3 �0:95lp

5
�

(21)

Here, by definition, dfree is approximately equal to 1, as free water
fills the macropores, which are significantly larger, ranging from
tens of nanometers to micrometers, compared to the kinetic
diameter of the gas molecule (0.289 nm for hydrogen gas and
0.26 nm for helium gas). For interlayer and DDL pores, lp can be
determined based on Eqs. (10) and (17):

lp inter ¼
kinetic diameter

1:41� 10�9 � 4:9� 10�10rpartial
rw

(22)

lp DDL ¼
kinetic diameter
3:09� 10�9c

(23)

where lp_inter and lp_DDL are the ratios of the gas molecule size to
the size of interlater and DDL pores, respectively. Finally, con-
strictivity for interlayer pores dinter and DDL pores dDDL can be ob-
tained by substituting Eqs. (22) and (23) into Eq. (21), respectively.
The constrictivity for interlayer pores is solely related to the partial
Fig. 6. Evolution of the constrictivity factor for both DDL and interlayer pores.

6

dry density of montmorillonite in bentonite materials, whereas for
DDL pores, it is a variable dependent solely on the scaling factor.
Fig. 6 shows the calculated constrictivity results for both the
interlayer and DDL pores. Clearly, an increasing trend is observed
for the constrictivity of interlayer pores dinter as rpartial decreases.
Meanwhile, regarding the constrictivity of DDL pores dDDL, there is a
tendency for it to rise with an increase in the scaling factor.

For determining the t2 value, it is often assumed that diffusion
pathways are primarily influenced by the basal surfaces of mont-
morillonite within the specimen, given that the average distance
between two montmorillonite layers in a compacted bentonite is
far below the diameter of a montmorillonite particle. Therefore,
Kozaki et al. (2008) once proposed that the tortuosity parameter for
free pores t2free is approximately equal to interlayer pores t2inter, due
to the parallel nature of these two diffusion pathways. With the
same reason, we further assume the relation t2DDL z t2inter, leading

to similar values among the three factors t2free z t2inter z t2DDL.
Furthermore, increasing the dry density or further compacting the
specimen primarily alters the relative proportions of the macro-
pores to interlayer nanopores. However, the diffusion pathways still
remain parallel or nearly parallel to the basal surfaces. Conse-
quently, we assume that the tortuosity t2 of gas diffusion pathways
remains relatively unchanged, whichmeans that t2 can be regarded
as a constant for compacted bentonite (Bourg et al., 2006). Based on
experimental diffusion results on Na-montmorillonite (S�anchez
et al., 2009; Suzuki et al., 2004) and Opalinus clay (Van Loon
et al., 2004), and accounting for anisotropic effects at higher den-
sities (>1500 kg/m3), S�anchez et al. (2009) derived amean principal
value for tortuosity of 12.8 ± 1.8, corresponding to 11 < t2 < 14.6,
which we adopted in this study regardless of the partial dry density
of montmorillonite.

Finally, with the porosity h, constrictivity d and tortuosity t2

parameters determined as mentioned above in the three types of
porewater domains, Eq. (7) can be rearranged to calculate theDa/Dw
values as follows:

Da

Dw
¼ 1
t2h

�
hfree þ dDDLhDDL þ dinterhinter

� �
t2 2 ½11;14:6�

�

(24)

3. Experimental database

Several studies have reported on the apparent diffusion co-
efficients for hydrogen and helium gases in compacted, water-
saturated Na-bentonite, including those by Eriksen and Jacobsson
(1982), Neretnieks (1985), Sato et al. (2001), Higashihara et al.
(2001, 2005), and Jacops et al. (2017). The experimental condi-
tions are summarized in Table 1. Diffusion coefficients for helium
and hydrogen gases were obtained using the through-diffusion or
closed-cell methods.

The through-diffusion method employs the double through-
diffusion approach, as described by Jacops et al. (2017). In this
method, both sides of the bentonite specimen are connected to
water vessels containing water and pressurized gas. Each
compartment is filled with a different gas, such as helium and ni-
trogen, while maintaining equal total pressure to prevent any po-
tential advective flux. Gas chromatography measures the change in
gas composition over time in both reservoirs, allowing determi-
nation of the apparent diffusion coefficient through Fick’s first law.
On the other hand, the closed-cell method involves immersing a
compacted water-saturated bentonite specimen in gas-saturated
water within a sealed diffusion cell. After a specified duration, the
bentonite specimen is sliced to analyse the new spatial distribution
of gas concentration, facilitating the determination of the apparent



Table 1
Experimental database of reported measurements of gas diffusion in compacted water-saturated sodium bentonite.

Source Gas type Diameter of gas molecule
(nm)

Bentonite
type

Testing
temperature

u rs (Mg/
m3)

rd (Mg/
m3)

rpartial (Mg/
m3)

Dw (m2/
s) c

Sato et al. (2001); Higashihara et al.
(2005)

Helium gas 0.26 Kunipia-F 298 ± 0.1 K 1 2.77 b 0.8e1.6 0.8e1.6 7.5�10�9

Jacops et al. (2017) Helium gas MX-80 21 ± 2 �C 0.61
e0.8 a

2.77 1.4 1.15 ± 0.09 7.5�10�9

Higashihara et al. (2001) Hydrogen
gas

0.289 Kunipia-F 298 ± 0.1 K 1 2.77 0.8e1.6 0.8e1.6 6.1�10�9

Eriksen and Jacobsson (1982); Neretnieks
(1985)

Hydrogen
gas

MX-80 25 �C 0.61
e0.8

2.77 2 1.78 ± 0.08 6.1�10�9

a Komine (2021) and Ruan et al. (2022).
b Particle density of bentonite is calculated with the relation rs ¼ rmrnm/[urnmþ(1�u)rm], where rm and rnm are the densities of montmorillonite and non-montmorillonite

minerals. rm is assumed to be 2.77 Mg/m3 (Komine, 2008, 2021). For MX-80 bentonite, rnm is also assumed to be 2.77 Mg/m3 for simplicity.
c Dw values for helium and hydrogen gases in bulk water are obtained from Wise and Houghton (1966).
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diffusion coefficient through Fick’s second law (Higashihara et al.,
2001).

Note that Table 1 presents gas diffusion data for two bentonite
materials: Kunipia-F and MX-80. In Kunipia-F, where the mont-
morillonite content is nearly 100%, rpartial can be considered equal
to the dry density of the specimen. In contrast, MX-80 is a highly
variable material, with montmorillonite content ranging from
approximately 61% (Ruan et al., 2022) to 80% (Komine, 2021),
depending on the batch. This variability affects the partial dry
density of montmorillonite in MX-80, potentially introducing er-
rors in predicting the gas diffusion coefficient. To address this issue,
error bounds have been included in the calculated rpartial value for
MX-80 bentonite, as shown in Table 1 and the subsequent calcu-
lating results.
4. Results and discussion

4.1. Comparison between model prediction and experimental data

For prediction of Da/Dw using Eq. (24), the parameters hinter, hDDL
and hfree are determined by Eqs. (12), (18) and (20), respectively.
The values for dinter and dDDL can be calculated based on Eq. (21),
with dfree set to 1. Additionally, a t2 value of 12.8 ± 1.8 is utilized for
the three types porewater domains. As mentioned above, this value
is a mean principal value of experimental results on Na-
montmorillonite (Suzuki et al., 2004; S�anchez et al., 2009) and
Opalinus clay (Van Loon et al., 2004), while also accounting for
anisotropic effects. Utilizing the parameters of u, rs, rd, and rpartial
complied in Table 1, we apply the least squares method to deter-
mine the scaling factor c by fitting the experimental data of Da/Dw
to rpartial. Once the c value is determined, the Da/Dw can be calcu-
lated and compared with the experimentally measured values.
Model predictions of Da/Dw and the three types porewater poros-
ities for helium and hydrogen gases are plotted against rpartial, as
shown in Fig. 7a and c, respectively. The fitted parameters c are
almost equal for helium and hydrogen gases, with a value of 0.11
and 0.108, respectively. This is reasonable because the two type
gases have similar kinetic molecule diameter and negligible
adsorption on the montmorillonite layers, and diffusion processes
of helium and hydrogen gases in bentonite are very similar.
Meanwhile, the c value of approximately 0.1 implies that only a
very small portion (10%) of the total DDL porosity near the external
basal surface influences the gas diffusion process, while the
remaining 90% behaves similarly to free pore space. Overall, the
model prediction results show good agreements with the experi-
mental data for both the helium and hydrogen gases within the
partial dry density of montmorillonite tested. The curves depicted
in Fig. 7a and c illustrate that the Da/Dw values for both helium and
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hydrogen gases display a nearly linearly decreasing trend as rpartial
increases. This phenomenon can be explained in terms of the
porosity distribution and the resultant influence on the con-
strictivity of diffusion pathways. As shown in Fig. 7b and d, with the
increase of rpartial, both the DDL and interlayer porosities show only
slight changes, while a significant decrease of free porosity can be
observed simultaneously. Moreover, an increase in rpartial will lead
to a decrease in the constrictivity value of interlayer pores dinter
(Fig. 6). These effects were then lumped into the proposed model
(Eq. (23)), thus resulting in a decreasing trend of the Da/Dw values.

However, in Fig. 7a and c, it is evident that the proposed model
tends to underestimate theDa/Dw values at rpartial below 900 kg/m3.
This discrepancy between the predicted and measured Da/Dw
values could be explained in terms of the tortuosity parameter t2.
Tortuosity is related to the ratio of the actual travel path length to
the length of the bentonite specimen. In this study, the t2 is
assumed to be 12.8 ± 1.8 for the three types of porewater domains
within the saturated bentonite specimen, irrespective of the partial
dry density of montmorillonite rpartial. It is possible that the tor-
tuosity parameter t2 decreases as the rpartial decreases. This phe-
nomenon arises because decreasing the rpartial will induce a
progressive increase in proportion of free water volume, where gas
diffusion pathways are randomly distributed. However, the volume
of interlayer and DDL water, where diffusion pathways could align
parallel to the basal surfaces of montmorillonite tends to gradually
decrease. Consequently, in pure water, where rpartial is decreased to
0 kg/m3 and there is an absence of montmorillonite particles, t2 is
approximately equal to 1. This hypothesis is consistent with Bourg
et al. (2006) who reported that the tortuosity for water tracers in
Na-bentonite could increase rapidly when the rpartial remains at a
lower level, such as for pure water or highly concentrated sus-
pensions and dilute gels. Conversely, it exhibits negligible variation
for concentrated gels and compacted bentonites. Based on the
above analysis, we can combine Eq. (7) and the experimental values
of the apparent diffusion coefficient (Fig. 7) to determine the
optimal value of t2 for compacted, water-saturated bentonite:

t2 ¼Dw

Da

�hfree
h

þ dDDL
hDDL
h

þ dinter
hinter
h

�
(25)

Inserting the available values ofDa/Dw at rpartial < 900 kg/m3 into
Eq. (25), we obtain t2 around 8 for both helium and hydrogen gases.

4.2. Effect of pore type domain on gas diffusion

Fig. 7b and d indicate that the free porosity shows more sig-
nificant influence by the rpartial, than the DDL and interlayer po-
rosities, decreasing rapidly to zero as rpartial approaches 1800 kg/
m3. This rpartial value at free porosity of 0 aligns with the



Fig. 7. Evolution of (a) Da/Dw values and (b) calculated porosities for helium gas, along with (c) Da/Dw values and (d) calculated porosities for hydrogen gas. The cyan regions indicate
prediction ranges.
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experimental results of Van Loon et al. (2007) andWu et al. (2023).
In Van Loon et al. (2007), anion diffusion tests were conducted on
Volclay KWK bentonite (with a particle density of 2800 kg/m3 and a
montmorillonite mass content of u ¼ 0.64). Their measurements
found hfree to be approximately 0.02e0.04 at a bulk dry density of
1900 kg/m3 (rpartial z 1600 kg/m3). Similarly, Wu et al. (2023)
measured the diffusion coefficient of anions in Zhisin bentonite,
which has a particle density of 2670 kg/m3 and a montmorillonite
mass content of 0.368, reporting an hfree of 0.24 at a bulk dry
density of 1800 kg/m3 (rpartial z 1150 kg/m3).

According to Eq. (24), the differences in gas diffusion coefficients
among the interlayer, DDL, and free pore domains in saturated
bentonite are governed not only by porosity but also by the con-
strictivity factor of each pore domain. The quantitative contribu-
tions of the three pore domains to the overall Da/Dw values are
calculated using the expression in Eq. (7): hidi/t2 ih, where i rep-
resents interlayer, DDL and free pore domains. Fig. 8 illustrates the
calculated contributions of gas diffusion from each pore domain to
the total Da/Dw values. As shown in Fig. 8, gas diffusion in saturated
Fig. 8. Contributions of interlayer, DDL and free pore domains to th
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bentonite is predominantly controlled by the free pore domain for
both helium and hydrogen gases, while the contributions from the
DDL pores are nearly negligible. Although the interlayer pore is the
dominant pore type, especially for rpartial values greater than
1000 kg/m3 (Fig. 7b and d), its contribution to the totalDa/Dw values
remains relatively low due to significant constrictivity effects.

4.3. Comparison with predictions by Archie’s law

In many cases, only the overall porosity of porous media can be
determined, with pore size distribution and tortuosity remaining
unknown. Therefore, the Da/Dw values are typically determined by
an empirical function of porosity alone, expressed as Da/Dw ¼ hm,
where m is an empirical exponent (Van Loon et al., 2007). This
equation is derived analogously to Archie’s law, an empirical cor-
relation that describes electrical conductivity in sedimentary rocks.
By extrapolating Archie’s law, the dependence of Da/Dw on the
rpartial can be predicted by fitting the Da/Dw values with the overall
porosity. Fig. 9 illustrates the comparison of the predicted Da/Dw
e overall Da/Dw values for (a) helium and (b) hydrogen gases.



Fig. 9. Comparisons between the predicted Da/Dw values by the proposed model (Eq. (24)) and those based on Archie’s law for helium and hydrogen gases.
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values between Archie’s law and the proposed model in this study.
The optimized values of the empirical exponent m in Archie’s law
are 7.08 and 7.24 for helium and hydrogen gases, respectively. It is
evident that without separately evaluating the contributions of free
pore, DDL pore and interlayer pore domains, Archie’s law cannot
provide adequate predictions for the diffusion coefficients of both
helium and hydrogen gases. This is particularly noticeable for rpartial
higher than 1000 kg/m3, as significant deviations between the
measured data points and the predicted curve by Archie’s law can
be observed. This result emphasizes the importance of treating the
three types of porewater domains within saturated compacted
bentonite as individual and parallel processes, each with its unique
geometric factors such as constrictivity and tortuosity. Generally,
measuring the diffusion coefficient Da/Dw is challenging due to the
extended experimental duration. However, it can be predicted us-
ing the proposed model with knowledge of the physico-chemical
properties of clay materials (bulk dry density, mass content of
montmorillonite, internal and basal surface area, etc.) and geo-
metric factors. The findings of this study mark a significant stride
towards achieving a thorough comprehension of gas diffusion
within compacted bentonite clays at pore scales.

5. Conclusions

The gas diffusion process in water-saturated Na-bentonite dif-
fers from that in bulk water due to the influence of the gas diffusion
pathway length and the reduced mobility of dissolved gas mole-
cules near the basal surface of montmorillonite layers. To address
this, a newmodel was developed in this study, establishing a multi-
porosity system within saturated compacted bentonite materials,
encompassing interlayer porosity, DDL porosity, and free porosity.
Within this system, the apparent gas diffusion coefficient was
quantified using weighted approximations based on individual
porosities, tortuosity factor, and constrictivity factor in these three
porosity domains. These parameters were determined based on the
microstructure and crystallographic information of montmoril-
lonite minerals.

The interlayer porosity was calculated according to the internal
basal surface area of montmorillonite and the interlayer distance,
while the DDL porosity was derived from the external basal surface
area multiplied by the DDL thickness. The tortuosity factor was
considered as a constant parameter of 12.8 ± 1.8 regardless of the
bentonite specimen dry density, while the constrictivity factor was
determined based on the relative size between the gas molecule
diameter and the pore size. With these parameters obtained, the
apparent diffusion coefficients of hydrogen and helium gases in
water-saturated Na-bentonite materials can be calculated.

Verification results demonstrated that the model prediction
results are in good agreement with the measured gas diffusion
9

coefficients for bentonite materials across a wide range of partial
dry density of montmorillonite, i.e. 900 kg/m3 to 1820 kg/m3, by
employing only one fitting parameter, the scaling factor for the DDL
thickness. However, as the partial dry density of montmorillonite
decreases to 800 kg/m3, the proposed model tended to underesti-
mate the apparent diffusion coefficient due to potential changes in
the tortuosity factor. The newly proposed approach could provide a
novel perspective for understanding the molecular diffusion of
dissolved gas in bentonite materials.
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