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Sorption and diffusion of radionuclides in compacted clays and argillaceous rocks are
key processes in the safe geological disposal of radioactive waste. The integrated sorp-
tion and diffusion (ISD) model was developed to quantify radionuclide transport in com-
pacted bentonite. The current ISD model is based on a simplified pore structure with
averaged pore aperture and the Gouy-Chapman electric double layer (EDL) theory and
can account quantitatively for the diffusion of monovalent cations and anions under
different conditions (e.g. porewater salinity and bentonite density). In the present
study a modified ISD model was developed which considers multiple pore structures,
including interlayer and interparticle pores, particularly for anionic species, in order to
improve the applicability of the existing model. The applicability of the modified ISD
model to multiple pore structures was tested. The dual-pore model, which considers
only interparticle pores and averaged interlayer pores, performed adequately as an het-
erogeneous pore model.

1. Introduction

Diffusion and sorption of radionuclides in compacted bentonite are key processes in the

safe geological disposal of radioactive waste. The ISD model (Ochs et al., 2001; Tachi

et al., 2010; Tachi and Yotsuji, 2012, 2014) considers porewater chemistry, sorption,

and diffusion in compacted bentonite. In the ISD model, the diffusion component

based on the EDL theory accounts consistently for excess cation diffusion and anion

exclusion in narrow pores. The current ISD model (Tachi and Yotsuji, 2014) can

account quantitatively for diffusion data of monovalent cations and anions; the model

predictions disagree, however, with the diffusion data of multivalent-cation and

complex species (Tachi et al., 2010; Tachi and Yotsuji, 2012). The current ISD model

assumes the classical Gouy-Chapman (G-C) model of the EDL theory and the homo-

geneous pore model. To improve the applicability of the model, evaluation of the

effects of more realistic diffusion models by considering atomic-level interactions

among solute, solvent, or clay mineral and the heterogeneous pore structure is important.

To this end, as a first step, modified models which consider the excluded volume effect

and the dielectric saturation effect were tested (Yotsuji et al., 2014), although these modi-

fied models had little effect on effective diffusivity. In contrast, the model which
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considers the effective electric charge of hydrated ions, calculated using the Gibbs free

energy of hydration, agreed well with the diffusion data on divalent cations (Sr2þ). As

a next step, in the present study, the existing ISD model was modified to allow for con-

sideration of multiple pore structures, including interlayer and interparticle pores. The

applicability of the modified ISD model was then tested for multiple pore structures.

2. Modeling approach

The key parameter of the diffusion component De,i (m2 s21) of species i in the ISD

model is electrostatic constrictivity del,i (-), and these are related as follows:

De,i ¼ f
dgdel,i

t 2
Dw,i, (1)

where f is porosity (-), t is tortuosity (-), dg is the geometrical constrictivity (-), and Dw,i

is the tracer diffusivity of species i in bulk liquid water (m2 s21). The electrostatic con-

strictivity is evaluated as the average ratio of the ionic concentration in the diffuse layer

vs. that in bulk water, by considering the enhanced viscosity of water due to viscoelec-

tric effects in the interlayer as follows:
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where ni(x), h(x), and c(x) are the local number density of ionic species i (m23), vis-

cosity of water (N s m22), and electric potential (V) in the interlayer at a distance of

x (m) from the clay basal surface, respectively; nb,i and h0 are the corresponding

number density and the viscosity of bulk water, respectively; d is the interlayer width

(m); zi is the valence of ionic species i (-); e is the absolute value of the elementary elec-

tric charge (C); k is Boltzmann’s constant (J K21); T is the temperature (K); and fve is a

viscoelectric constant (¼1.02 � 10215 m2 V22, Lyklema and Overbeek, 1961).

The Poisson-Boltzmann (P-B) equation, which describes the distribution of electric

potential c(x) in the EDL, is as follows (e.g. Verwey and Overbeek, 1948):
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where 1b is the relative permittivity of water (¼ 78.36 at 298.15 K) and 10 is the vacuum

permittivity (C V21 m21). Surface charge density, s0, is 20.129 C m22, as calculated

from the CEC (¼ 108 meq/100 g) and specific surface area (¼ 8.1 � 105 m2 kg21) for

montmorillonite (Carter et al., 1965). The entire pore volume is assumed to

be distributed in slit-like pores with an averaged aperture of d ¼ 2.25 � 1029 m, as cal-

culated for Kunipia-Fw (purified montmorillonite, which is produced from a crude Tsu-

kinuno bentonite) at a dry density of 800 kg m23. De,i values were evaluated based on

equation 1 using the same porosity f (¼ 0.723) and geometric factor dg/t
2 (¼ 0.0989,

Tachi and Yotsuji, 2014) for both cations and anions.

As mentioned above, the existing ISD model was developed on the assumption of an

homogeneous pore structure. According to analyses using X-ray diffraction (XRD) or

nuclear magnetic resonance (NMR), however, the migration pathways of nuclides as

(1) ‘interlayer (interlamellar) pores’ (in montmorillonite) and (2) ‘interparticle pores’

(between clay particles or other mineral particles) in saturated compacted bentonite

(e.g. Bradbury and Bayens, 2003) must be classified. This pore structure changes

according to the dry density of bentonite and the salinity of porewater (Kozaki et al.,

1998, 2008; Holmboe et al., 2012).

The simplest modification of the ISD model is that which accounts for heterogeneous

pore structures; the dual-pore model is considered first (Figure 1a). Here, T1 is the thickness

of a montmorillonite 2:1 layer (m), b is the basal spacing (a period of the direction perpen-

dicular to a basal plane) (m), T2 is averaged thickness of accessory minerals included in the

dual pore structure unit cell (m), d1 (¼ b 2 T1) is interlayer spacing (m), and d2 is averaged

spacing of interparticle pores (m). S is the area of one side of the basal plane (m2) and

it satisfies S ¼ SwMm/(2N), where Sw is the specific surface area of montmorillonite

(m2 kg21), Mm is the molecular weight of the montmorillonite included in a unit cell

(kg), and N is the stacking number of the montmorillonite 2:1 layer included in a unit

cell. Interlayer spacing, d1, is calculated on the basis of the relationship T1 ¼ 2/(Sw rm)

as follows:

d1 ¼ b�
2

Swrm

(4)

Figure 1. (a) Schematic diagram of the unit cell of a dual-pore model, and (b) salinity dependence of the

volume ratio of a one-to-four-layer hydrated state and interparticle pores with rb
ben ¼ 800 kg m23 (JAEA, 2015).
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where rm (¼ 2884 kg m23) is the specific density of pure montmorillonite. Then, the

average spacing of interparticle pores, d2, is calculated using the following equation:

d2 ¼
2N

Swr

1

rben
b

�
1

rben
s

� �
� (N� 1)d1 (5)

where rs
ben and rb

ben are the specific and dry densities of bentonite, respectively, and r is the

montmorillonite content in bentonite. When the dual-pore model is applied to Kunipia-F

(rs
ben ¼ 2880 kg m23, r ¼ 0.99) with rb

ben ¼ 800 kg m23, the montmorillonite interlayers

are mostly in the three-layer hydrated state, and the basal spacing b ¼ 1.88 � 1029 m

(Kozaki et al., 1998). In the present study, Sw ¼ 8.1 � 105 m2 kg21 was used.

T1 ¼ 8.56 � 10210 m and interlayer spacing, d1 ¼ 1.02 � 1029 m, therefore. Furthermore,

assuming that averaged stacking number N is equal to 8 (Nakano, 1991), the average spacing

of interparticle pores, d2 is equal to 1.09 � 1028 m, according to equation 5.

In the development of the dual-pore model, the salinity dependence of the interlayer

hydrated state was ignored. The interlayer hydrated state depends mostly on salinity, and

various hydration states coexist. Using the result of an NMR measurement based on the

method described by Ohkubo et al. (2008), a multi-pore model is considered here which

takes into account the salinity dependence of the interlayer hydrated state and the coex-

istence of various hydration states (JAEA, 2015). The salinity dependence of the volume

ratios of one-to-four-layer hydrated states and interparticle pores with rb
ben ¼ 800 kg

m23 is shown in Figure 1b. The averaged spacing of interparticle pores, d2, is calculated

using the following equation:

d2 ¼
1� f11

f11

(N� 1)d1 (6)

where f11 is the volume ratio of montmorillonite interlayer pores to the total pore volume

in bentonite, and interlayer spacing, d1, is defined by the following equation:

d1 ¼
j1

d1�1

þ
j2

d1�2

þ
j3

d1�3

þ
1� j1 � j2 � j3

d1�4

� ��1

(7)

where ji is the volume ratio of the ith layer hydrated interlayer pores to the total inter-

layer pore volume, and d1-i is the ith layer hydrated interlayer spacing. According to

XRD measurements (Kozaki et al., 1998), the basal spacing of the two-layer hydrated

state, b, was 1.56 � 1029 m, and the basal spacing of the three-layer hydrated state,

b, was 1.88 � 1029 m. The two-layer hydrated interlayer spacing, d1 – 2, therefore

equals 7.04 � 10210 m, and the three-layer hydrated interlayer spacing, d1 – 3, equals

1.02 � 1029 m where T1 ¼ 8.56 � 10210 m. The one-layer hydrated interlayer

spacing, d1 – 1, and four-layer hydrated interlayer spacing, d1 – 4, were estimated from

these data assuming a linear relationship between hydrated state and interlayer

spacing. As a result, d1 – 1 ¼ 3.84 � 10210 m and d1 – 4 ¼ 1.34 � 1029 m.
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3. Results and discussion

The salinity dependence of the effective diffusivity of Sr2þ/Csþ/I2 calculated using the

dual-pore model and the current ISD model are shown in Figure 2a, together with

measured data (Tachi and Yotsuji, 2012, 2014). The effective diffusivities were calcu-

lated using harmonic mean weighting in conjunction with the volume ratio of the log-

arithmic effective diffusivity of each pore. The cationic species migrate mainly in the

narrower interlayer pores because of enhanced cation concentration. In contrast,

anionic species are expected to migrate into wider pores forced by anion exclusion in

narrow pores (Tachi and Yotsuji, 2014). The dependence of salinity of electrostatic con-

strictivity on wider pore spacing is less than that on narrower pore spacing. Anionic

species have this tendency in contrast to cationic species. The dependence of effective

diffusivity on the salinity in the dual-pore model is, therefore, less than that in the homo-

geneous pore model (current ISD model) because the contribution of interparticle pores

to effective diffusivity is greater than that of interlayer pores. This situation is almost the

same in the case of the multi-pore model (Figure 2b) where it is more conspicuous than

for the dual-pore model because the volume ratio of pores with wider spacing is greater

in lower-salinity domains (Figure 1b).

In the present study, the specific surface area of montmorillonite (Sw) was assumed to

be 8.1 � 105 m2 kg21 (Carter et al., 1965) and the specific density of pure montmorillonite

(rm) to be 2884 kg m23 (calculated on the basis of rs
ben ¼ 2880 kg m23 and r ¼ 0.99 for

Kunipia-F). Then, T1 ¼ 8.56 � 10210 m, calculated from the relationship T1 ¼ 2/(Swrm),

was used. According to recent literature (e.g. Karnland et al., 2006; Holmboe et al.,

2012; Holmboe and Bourg, 2014), however, for Sw ¼ 7.5 � 105 m2 kg21 and

rm ¼ 2800 kg m23, T1 is evaluated as 9.5 � 10210 m, therefore. Although the difference

of 1 � 10210 m in the thickness of the clay is non-negligible, confirmation was achieved

here that it would have little influence on the final results of the diffusion models.

The current ISD model could be improved by considering multiple pore structures, par-

ticularly for anionic species, and the dual-pore model, which considers only interparticle

Figure 2. (a) Effective diffusivity of Sr2þ/Csþ/I2 as a function of salinity, as calculated using the dual-pore

model and the current ISD model (homogeneous pore model), together with measured data (Tachi and Yotsuji,

2012, 2014); (b) the same result determined using a multi-pore model.
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pores and averaged interlayer pores, performed as an heterogeneous pore model.

The effective diffusivity of ionic species was influenced heavily by porewater salinity,

but almost never depended on the geometrical microstructures of compacted bentonite

pores under the fixed dry density of bentonite because the electrical effects at the

microscale (e.g. EDL) persist up to the macroscale diffusion parameter, but the geo-

metrical microstructures (e.g. tortuosity and pore volume ratio) are homogenized

upon scaling up.
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