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ABSTRACT 
 
Porosity in bentonite can be subdivided in free porewater, diffuse double layer (DDL) 
water, and interlayer water in montmorillonite, the most important mineral of bentonite. 
The proportions of these water types can be calculated from the internal and external 
specific surface area of montmorillonite and the width of interlayer- and DDL-water. 
Stacking of the TOT layers in montmorillonite in the c-direction is the master variable 
that determines the specific internal and external surface areas. The thickness of the wa-
ter layers depends on the ionic strength and the composition of the free porewater, and 
on the packing density of the bentonite. 
 
When the proportions of the water types change, the diffusion of cations, anions and 
neutral molecules is affected in different ways since the diffusional properties vary. Dif-
fusive fluxes are proportional with accessible porosity, chemical potential gradient, and 
diffusion coefficient, but not with concentration as has been proposed often in diffusion 
models. The equations for calculating the diffusive flux through interlayer water are de-
rived. The potential gradient here is given by the gradient of the equivalent (or molar) 
fraction of the cation in the cation exchange capacity. The latter is expressed as concen-
tration in the interlayer water. An example calculation illustrates that the flux in inter-
layer water can be dominant and opposite to the one in free porewater. 
 
Retardation by ion exchange is an important process in bentonite that can be modeled if 
the concentrations of major ions are known. Unfortunately, the analyses are almost nev-
er done in diffusion experiments.  
 
Keywords: Bentonite, montmorillonite, porosity, free porewater, diffuse double layer, 
interlayer, specific surface area, water layer, diffusivity, diffusive flux. 
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Katsaus bentoniitin huokoisuuteen ja diffuusio-ominaisuuksiin 
 
TIIVISTELMÄ 
 
Bentoniitin huokoisuus voidaan jaotella vapaaseen huokosveteen, diffusiivisessa kak-
soiskerroksessa olevaan veteen (DDL) ja montmorilloniitin välikerroksissa olevaan ve-
teen. Näiden vesityyppien suhteelliset osuudet voidaan laskea montmorilloniitin sisäis-
ten sekä ulkoisten ominaispinta-alojen ja väli- sekä DDL-kerrosten paksuuksista. 
Montmorilloniitin TOT-kerrosten pinoutuminen c-suunnassa on keskeisin sisäiset ja 
ulkoiset ominaispinta-alat määrittävä muuttuja. Vesikerrosten paksuus riippuu ionivah-
vuudesta ja vapaan huokosveden koostumuksesta sekä bentoniitin pakkaustiheydestä. 
 
Eri vesityyppien suhteellisten osuuksien muuttuessa kationien, anionien ja neutraalien 
molekyylien diffuusiot muuttuvat eri tavalla, koska niiden diffusiiviset ominaisuudet 
vaihtelevat. Diffusiiviset vuot ovat verrannollisia käytettävissä olevaan huokoisuuteen, 
kemiallisen potentiaalin gradienttiin ja diffuusiokertoimeen muttei pitoisuuksiin kuten 
usein on esitetty eri diffuusiomalleissa. Yhtälöt, joiden avulla lasketaan diffusiiviset 
vuot, on johdettu. Potentiaalin gradientti on tässä yhteydessä annettu kationinvaihtoka-
pasiteetin kationien ekvivalentin (tai molaarisen) osuuden gradientin muodossa. Ka-
tioninvaihtokapasiteetti esitetään välikerroksen pitoisuutena. Esimerkilaskelman avulla 
havainnollistetaan välikerrosvedessä olevan vuon dominoivan muihin nähden sekä sen 
olevan vastakkainen vapaan huokosveden vuohon nähden. 
 
Ionin vaihdosta aiheutuva pidättyminen on merkittävä prosessi bentoniitissa. Tämä pro-
sessi voidaan mallintaa mikäli merkittävimpien ionien pitoisuudet tunnetaan. Näitä ana-
lysejä ei valitettavasti yleensä tehdä diffuusiokokeiden yhteydessä. 
 
Avainsanat: Bentoniitti, montmorilloniitti, huokoisuus, vapaa huokosvesi, diffuusivi-
nen kaksoiskerros, välikerros, ominaispinta-ala, vesikerros, diffusiviteetti, diffusiivinen 
vuo. 
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1 INTRODUCTION 
 
Bentonite is foreseen as a confining material in the disposal of radioactive waste (Posiva 
2008; NAGRA 2002). Bentonite contains a high proportion of Na-montmorillonite, a 
clay mineral that swells in water and endows bentonite with a very low hydraulic con-
ductivity (Pusch, 2001). As a result, transport of water and solutes in bentonite is mainly 
diffusive, with diffusion coefficients that are much smaller than in ordinary water (Mad-
sen 1998; Ochs et al. 2001; Bourg et al. 2007). Moreover, montmorillonite carries a 
negative charge that is balanced by cations which exchange readily with other solute 
cations (Sposito 1984). Cation exchange retards solute transport (Appelo and Postma 
2005), and further enhances the barrier properties of bentonite that stem from the negli-
gible advective flow and the small diffusion coefficients. However, for the performance 
of a repository, even small transport rates of radioactive elements with extended half-
lives can be important. Moreover, interaction with the environment can change the 
properties of bentonite. For example, Ca2+ from external water can exchange with Na+ 
by diffusion and cause the montmorillonite structure to collapse (Laird 2006). As a re-
sult, the hydraulic conductivity may increase markedly. Chemical calculations of these 
interactions are done with geochemical models that can incorporate solubility limita-
tions on the concentrations of various elements, as well as diffusion. However, the mod-
els are not well adapted to handle the specific properties of bentonite, in which water is 
distributed over diverse porosities with different characteristics. 
 
This report gives a review of the porosity structure of bentonite and diffusion models 
adopted so far. The inner structure of bentonite with its different porosities is of para-
mount importance for understanding how transport (by diffusion) depends on compac-
tion and solution composition. A model structure is derived that allows to calculate the 
porosity distribution as a function of the layer stacking of montmorillonite and the NaCl 
concentration in free porewater. The model is used to extract the porosity distribution 
from experiments in which the accessible porosity of Cl- was measured as a function of 
packing density and NaCl concentration (Muurinen 2006; Van Loon et al. 2007). The 
model structure can be introduced in general geochemical transport models. Diffusion 
models are reviewed, and a model is derived for diffusion of exchangeable cations in 
interlayer water. 
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Figure 1. Illustrations of the bentonite structure and porosity types. 
 
(A): A scanning electron micrograph of packed bentonite indicating intergranular poros-

ity and macroscopic layering as a result of compaction. The intergranular porosity 
is filled with free porewater. The scale bar is 100 μm (Sato and Suzuki 2003). 

(B): A high-resolution transmission electron micrograph showing the 1 nm thick TOT-
layers of a montmorillonite quasicrystal. Interlayer water resides between the lay-
ers. The scale bar is 10 nm (Laird et al. 1989). 

(C): Bentonite with montmorillonite and mineral impurities (these may have larger crys-
tal size than indicated, Mäder, pers. comm.) illustrating the location of different 
water types (Bradbury and Baeyens 2002). 

(D): A sketch of water in montmorillonite showing the heterogeneous distribution of 
anions and cations in three water types. Interlayer water has cations only, diffuse 
double layer water has an excess of cations, and free porewater is charge-neutral. 
TOT indicates the tetrahedral-octahedral-tetrahedral coordination of oxygen 
around cations in the structure (Wersin et al. 2004) 
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2 POROSITY IN BENTONITE 
 
Laboratory experiments have shown that tracer diffusion coefficients change with the 
preparation and packing density of the bentonite and with the concentrations of the ma-
jor ions (Sato et al. 1992; Kim et al. 1993; Muurinen 1994, 2006; Kozaki et al. 1998a, b, 
2001, 2008; Molera and Eriksen 2002; Oscarson 1994; Van Loon et al. 2007, García-
Gutiérrez et al. 2004). The changes are related to the inner structure of a compacted 
bentonite with different porosities as illustrated in Figure 1. Thus, when calculating dif-
fusional fluxes in bentonite, the first challenge is to find how porewater is distributed 
over these porosities. Three types of water with different properties emerge from Figure 
1 (Kozaki et al. 2008; Bradbury and Baeyens 2002; Bourg et al. 2003; Wersin et al. 
2004; Muurinen 2006): 
 
Interlayer water (εIL) with water and cations between the TOT layers of 
montmorillonite, devoid of anions. The cations compensate the structural charge deficit 
of the TOT layers, the water molecules are built up in layers and are part of the crystal-
lographic structure of the montmorillonite. 
 
Diffuse double layer (DDL) water (εDDL), containing water, cations and anions; an ex-
cess of cations neutralizes the charge at the outer surface of the montmorillonite. The 
DDL forms the transition zone from the mineral surface to free porewater. 
 
Free porewater (εfree), a charge-balanced aqueous solution of cations and anions. 
 
The proportions of the water types depend on size and shape of the montmorillonite 
flakes in the bentonite and the degree of compaction expressed by the dry density. Fur-
thermore, the free porewater composition determines, by electrostatics, the extent of the 
diffuse double layer in the pore and influences, by osmotic pressure, the interlayer water 
(Kozaki et al. 2008). 
 
2.1 A structural model for porosity in bentonite 
 
The effect of size and shape of montmorillonite on the porosity can be calculated by 
stacking a montmorillonite unit-cell in 3 dimensions and calculating the internal and 
external surface. The chemical formula of a typical montmorillonite is 
Na0.6[Si7.8Al0.2]

IV[Al3.6Mg0.4]
VIO20(OH)4 (omitting water), with molecular weight MW = 

0.735 kg/mol and crystal density ρcryst = 2760 kg/m3. The chemical formula is for a unit-
cell with the dimensions a × b × c* = 0.523 × 0.905 × 0.96 nm3, where c* = c sin(95°) is 
the orthogonally projected c-axis of the monoclinic unit-cell. When montmorillonite 
expands in water, c* increases with tIL, the interlayer thickness which is variable and de-
pends on the number of water molecules adsorbed. The unit-cells are stacked in 3 di-
mensions by na, nb and nc. 
 

The external surface area is: 
 

 
          /kgm2 2

MW

N

nnn

banncbnncann
A A

cba

ba
*

cb
*

ca
ext 


   (1) 

where NA = 6.022×1023 molecules/mol (Avogadro’s number). 
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The internal planar surface is: 
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   (2) 

 
The average diameter of montmorillonite flakes is about 0.15 μm (Pusch 2001) which 
suggests that na and nb are close to 200. An edge surface of 3 m2/g is often used for cal-
culating proton buffering and specific sorption with the surface complexation model. If 
the surface complexation properties are assigned to the octahedral (O) layer, which is 
0.4 nm thick, the edge surface area of 3 m2/g results when na = nb = 311, assuming that 
stacking is the same along a and b. The value of nc ranges from 3 – 5 for Na-
montmorillonite, and is about 10 when divalent cations occupy the interlayer space 
(Pusch 2001). With such small nc, and high na and nb, the contribution of the edge sur-
face area to the total external surface is relatively small and not much dependent on the 
exact values of na and nb. 
 
2.2 Distributing the water 
 
The sum of interlayer-, DDL- and free water-porosity (εtot) is given by: 

 
cryst

dry
tot 


 1    (3) 

 
where ρdry is the dry density of the packed bentonite (kg/m3). 
 
The interlayer porosity can be calculated multiplying the internal planar surface with the 
interlayer thickness and the relative density of the interlayer water. The interlayer thick-
ness is a variable which depends on the type of montmorillonite (Slade et al., 1991), the 
activity of water and the type of cation (Cases et al. 1992, 1997; Bérend et al. 1995; 
Ferrage et al. 2005b) and on the compaction of the bentonite expressed by the dry densi-
ty (Kozaki 1998a; Muurinen 2007). For Na+, three distinct spacings can be observed in 
XRD-patterns for 1-, 2- and 3-layer hydrates, with gradual transitions in-between 
(Ferrage et al. 2005b; Slade et al. 1991). For bentonite packed at dry densities varying 
from 1000 to 1800 kg/m3, Kozaki noted d001 spacings of 1.88 and 1.56 nm, correspond-
ing to 3- and 2-layer hydrates, respectively, with the transition occurring between 1300 
and 1600 kg/m3. Based on these, and his own data, Muurinen et al. (2007) proposed a 
continuous decrease of the interlayer thickness in the range from 750 to 1800 kg/m3 ac-
cording to: 
 
 tIL = 1.41×10-9 – 4.9×10-13 ρdry  (m) (4) 
 
Bourg et al. (2006), also building on the Kozaki et al. data, positioned the transition of 
the three- and two-layer hydrates in-between 1420 and 1570 kg/m3. 
 
The interlayer space contracts with increasing NaCl concentration (Norrish and Quirk 
1954; Slade et al. 1991; Kozaki et al. 2008), and an additional term can be added to ac-
count for this osmotic effect: 
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 tIL = 1.41×10-9 – 4.9×10-13 ρdry +  fI_IL × (mext – 0.2) (m) (5) 
 
where (mext – 0.2) is the total concentration of solutes in free porewater (mol/L) with 0.2 
M as reference level (Kozaki et al. (2008) observed the osmotic contraction to start at 
0.1 M NaCl), and fI_IL is a coefficient (expected to be negative). The osmotic effect is, in 
principle, linear with concentration. This contrasts with the expansion of a single, un-
confined flake of montmorillonite with (cNaCl)

-0.5, which indicates an increase of the 
DDL thickness (Norrish 1954). 
 
The volume of the interlayer space is 
 
 VIL = tIL × Aplanar,int / 2 (m3/kg)   (6) 
 
The interlayer porosity becomes: 
 
 εIL = VIL × fdens × wmm × ρdry (-)   (7) 
 
where fdens is the density ratio of water in the interlayer space and in the free pore (-), 
and wmm is the weight fraction of montmorillonite in the bentonite. The value of fdens is 
not exactly known, as discussed in Section 5.  
 
Assuming for a start that fdens = 1, and fI_IL = 0, Figure 2 presents the interlayer porosity 
for nc = 1.5, 3 and 25. Also, the interlayer porosity is drawn according to Bourg et al. 
(2006) who change the interlayer thickness from the 2- into the 3-layer hydrate between 
1420 and 1570 kg/m3 and assume that all the basal planes are bordering on interlayer 
water (nc = ∞). Finally, a simple model shows interlayer water as a constant fraction of 
the dry density of 0.16×10-3 / (kg/m3) (Bourg et al. 2003).  

 
Figure 2. Interlayer porosity in Na-montmorillonite as a function of the dry density ac-
cording to various models: 
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1)  the interlayer thickness decreases gradually with the dry density (Muurinen et al., 
2007); the interlayer porosity depends on unit-cell stacking in the c-direction (nc) and 
is shown for nc = 1.5, 3 and 25 (lines); 

2)  the interlayer thickness changes from 0.9 to 0.55 nm between dry densities of 1420 
and 1570 kg/m3 and all the planar surfaces are bordering the interlayer space (nc = ∞; 
Bourg et al. 2006, dotted line); 

3)   the interlayer porosity is a constant fraction of the dry density of 0.16 (Bourg et al. 
2003, dashed line). 

 
First, figure 2 illustrates that the interlayer porosity is a very significant part of the total 
porosity when dry density increases above 1000 kg/m3. This is reached in all practical 
applications of bentonite. At a dry density of 1800 kg/m3 almost all the porosity resides 
in the interlayers of Na-montmorillonite. Since anions are excluded from the interlayers 
(Bolt and De Haan, 1982), the anion-accessible porosity becomes zero, and anion-
diffusion is minimized (Bourg et al. 2003). 
 
Second, the number of stacks in the c-direction has considerable influence on the inter-
layer porosity. The interlayer porosity increases with nc. The maximum is reached when 
nc ≈ 25 and it remains almost the same with higher nc. The interlayer porosity halves 
with nc when nc is smaller than 3, and it becomes zero for nc = 1. Thus, a well washed 
and completely dispersed Na-montmorillonite in distilled water will have zero interlayer 
porosity. 
 
The DDL porosity can be calculated by multiplying the external surface area with the 
thickness of the DDL. The thickness of the DDL can be expressed in Debye-lengths: 
 

  m
10093 10

DDLDDL f
I

.
t


    (8) 

 
Where I is the ionic strength (mol/L), and fDDL is the number of Debye-lengths. The 
DDL porosity is: 
 
 εDDL = Aext × tDDL × wmm × ρdry (-)   (9) 
 
Defined in this way, fDDL also corrects the decrease of external surface area by grain to 
grain contacts.  
 
Finally, the free water porosity becomes: 
 
 εfree = εtot - εIL - εDDL (-)   (10) 
 

 
2.3 Calculating the porewater distribution from experimental data 
 
Muurinen (2006) and Van Loon et al. (2007) have measured the anion accessible po-
rosity of bentonite as a function of the dry density and the concentration of NaCl in the 
external solution. In principle, the experimental data permit to obtain the coefficients nc, 
fI_IL, fdens and fDDL. However, the coefficients were found to be highly correlated and the 
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data are few and not very precise (cf. Van Loon et al. 2007). Thus, the model was sim-
plified to derive the effect of the NaCl-concentration for a given bentonite dry density. 
According to Equations (5) and (8), the external solution concentration affects the anion 
accessible porosity in two ways. The interlayer porosity decreases linearly with concen-
tration by the osmotic effect, and the DDL porosity decreases with the square root of 
concentration. Or, in Equation (10), assuming that DDL-water and interlayer water are 
devoid of anions: 

  
NaCl

DDL
NaClosmIL_totfree

I

a
Iaa  0    (11) 

 
where a0_IL, aosm and aDDL are variables that lump the effects of the ‘f’’ parameters from 
the previous section. 
 
The parameters were optimized to obtain the smallest sum of the squared deviations (us-
ing PEST, Doherty 1994) and the resulting Cl--accessible porosities (assumed equal to 
εfree) are shown in Figures 3 and 4, together with the data. Muurinen used MX80 and 
washed it in NaCl, while Van Loon et al. used Volclay as received from the manufac-
turer. The Cl--accessible porosities were measured for different dry densities of 1300, 
1600, and 1700 or 1900 kg/m3, and different concentrations of NaCl in the external so-
lution. At the same ionic strength and dry density, Van Loon et al. found a smaller Cl--
accessible porosity than Muurinen, possibly a result of the different origin of the 
bentonite and the different preparation. However, both datasets show the expected trend 
of a decreasing Cl--accessible porosity with increasing dry density of the bentonite and 
with decreasing NaCl concentration, and the data are closely matched by the model-
lines. 
 
Parts B, C and D in figures 3 and 4 illustrate the model’s distribution of the porosity 
over free porewater, interlayer and DDL- water, where the latter two are given by the 
2nd and 3rd terms of the right-hand side of Equation (11). In both datasets, the fraction of 
interlayer water increases, as expected, with decreasing NaCl concentration and with 
increasing dry density. The fraction of DDL-water is substantial in Muurinen’s 
bentonite, but fairly small in the bentonite used by Van Loon et al. For NaCl concentra-
tions below 0.4 M, the fraction of DDL porosity increases markedly with decreasing 
NaCl concentration. Concomitantly, the anion-accessible porosity diminishes to very 
small values. 
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Figure 3.  (A): Anion-accessible porosity in bentonite packed at different dry density as 
a function of NaCl concentration in the external solution, and (B, C, D): model-
distribution of water over Cl--accessible (assumed equal to εfree), DDL- (εDDL) and inter-
layer (εIL) porosities for packings of (B) 1280, (C) 1580, (D) 1700 kg/m3 . Experimental 
data from Muurinen (2006). 
 
The optimized values of the parameters a0_IL,  aosm and aDDL are listed in Table 1. The 
numbers express the different trends in the two datasets. In Van Loon’s experiments, the 
Cl--accessible porosity is dominated by the change of the interlayer porosity (relatively 
large numbers for a0_IL and aosm), whereas the DDL porosity is influential only when 
ionic strength decreases below 0.05. Muurinen’s data show equal importance of both 
porosity types, although also here, the DDL-porosity becomes predominant when the 
ionic strength becomes less than 0.1. 
 

The numbers permit calculation of the specific external and internal surface area of the 
montmorillonite. The external surface area is: 
 

 
drymmDDL

DDL
ext

wf.

a
A




1010093
  (12) 

It was assumed that fDDL = 1, and wmm = 0.8 and 0.71 for Muurinen and Van Loon’s da-
ta, respectively. 
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Figure 4.  (A): Anion-accessible porosity in bentonite packed at different dry density as 
a function of NaCl concentration in the external solution, and (B, C, D): model-
distribution of water over Cl--accessible (εfree), DDL- (εDDL) and interlayer (εIL) porosi-
ties for packings of (B) 1300, (C) 1600, (D) 1900 kg/m3. The DDL-porosity is represent-
ed in B-D by the small field in-between the dashed line and the full line that follows the 
data. Experimental data from Van Loon et al. (2007). 
 
 
The specific interlayer surface area is: 
 

 
 

  drymmdensIL_I

osmIL_
int,planar

wfIf

Iaa
A






0.2) - (2   +  104.9- 101.41

2

NaCldry
13-9-

NaCl0   (13) 

 
It was assumed that fdens = 1, and the numbers in Table 1  are for INaCl = 0.1. 
 
The specific surface areas for Muurinen’s data are in good agreement with expected 
values for montmorillonite, but the internal planar surface area is too high for Van 
Loon’s data. Of course, this is related to the different fit-parameters (Table 1). The fit-
parameters express the different trends of the Cl--accessible porosity that can be noted 
in Figures 3A and 4A. In Van Loon’s experiments, the Cl-accessible porosity increases 
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linearly with the NaCl concentration, in Muurinen’s data the increase flattens out. Thus, 
in Van Loon’s data the osmotic component is more important than in Muurinen’s, in 
which the DDL parameter predominates (Table 1). It may be that the preparation, or ra-
ther, the lack of preparation of the bentonite bears upon these results. The Volclay used 
by Van Loon contains calcite and perhaps gypsum, which dissolve more when the ionic 
strength increases. The increasing Ca2+ concentration may cause the interlayer space to 
collapse, thus causing the free porosity to increase with ionic strength (Dufey et al. 
1976). Muurinen washed MX80 bentonite with NaCl solution and may have removed 
the more readily dissolving minerals. Muurinen (2007) also experimented with 
bentonite that was washed with distilled water, and observed that the Cl--accessible po-
rosities were smaller than without washing. 
 
Table 1. Fit-parameters for the Cl--accessible porosity measured by Muurinen (2006) 
and Van Loon et al. (2007) as a function of the dry density of bentonite. The fit-
parameters allow to obtain the internal planar, and total external surface of the 
montmorillonite, and to estimate the stacking number in the c direction. 
 
 ρdry 

(kg/m3) 
a0_IL 

(-) 
aosm 

(mol/L)-1 
aDDL 

(mol/L)-0.5 
Aplanar,int  
(m2/g) 

Aext  
(m2/g) 

nc 

Muurinen 
(2006) 

1280 ± 80 0.162 -0.0106 0.0749 402 237 
2.6 1580 ± 40 0.192 -0.00856 0.0575 476 147 

1700 ± 70 0.299 -0.0128 0.0363 583 86 

Van Loon et 
al. (2007) 

1300 0.478 -0.321 0.00312 1250 11 
>100 1600 0.388 -0.0632 0.00291 1073 8 

1900 0.300 -0.0244 0.00157 921 4 
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3 DIFFUSION IN BENTONITE: INTRODUCTION 
 
The diffusional flux of species i is given by: 
 

 
xz

cu
J i

i

ii
i 




F||
  (14) 

 
where Ji is the flux (mol/m2/s), ui is the mobility (m2/s/V), ci is the concentration 
(mol/m3), zi is charge number (-), F is the Faraday constant (96485 J/V/eq), x is distance 
(m), and μi is the thermodynamic potential, given by: 
 
 μi = μi

0 + RT ln ai + ziFψ  (15) 
 
where μi

0 is the standard potential (J/mol), R is the gas constant (8.314 J/K/mol), T is 
the absolute temperature (K), ai is the activity (-), and ψ is the electrical potential (V). 
The activity is related to concentration by ai = γi ci/c

0, where γi is the activity coefficient 
(-) and ci

0 is the standard state (1 mol/kg H2O, assumed equal to 1 mol/L in the follow-
ing). 
 
Assuming an activity coefficient γi = 1 and an electric potential gradient ∂ψ/∂x = 0, and 
using the identities ui = Dw, i |zi| F / (RT) and c d(ln c) = d(c), Equation (14) becomes: 
 

 
x

c
DJ i

i,wi d

d
   (16) 

 
 
where Dw,i is the diffusion coefficient in water (m2/s) and ci has units mol/m3. In a po-
rous medium, the porewater diffusion coefficient differs from the diffusion coefficient 
in free water (Dw,i) by tortuosity and constrictivity factors (Van Brakel and Heertjes, 
1974; Figure 5): 
 

 i,wi,p DD
2


   (17) 

 
The tortuosity factor (θ2) expresses that diffusing molecules have to pass around solid 
grains and take a longer path (La) than the straight line distance (L) (Figure 5). A tortu-
ous path at an angle of 45° with the straight line distance obviously gives a tortuosity θ 
= 2 / √2 = 1.4, and a tortuosity factor θ2 = 2. The constrictivity factor (δ) encompasses 
effects of pore narrowing and widening. A straight pore has a constrictivity factor of 1, 
if the pore narrows it becomes smaller than 1, and if it widens, larger than 1. Inert po-
rous media have constrictivity factors slightly smaller than 1 (Van Brakel and Heertjes 
1974). However, in bentonite where DDL water occupies part of the pore space, pore 
narrowing that results in overlapping DDL’s has a different effect for cations and neu-
tral species that still can pass through, and for anions for which the constriction be-
comes an obstruction that has to be circumnavigated. In that case the constrictivity is 
smaller for anions than for cations and neutral species, while at the same time, for ani-
ons the tortuosity increases. 
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Figure 5. (Left:) The tortuosity is the ratio of traveled and straight-line distance, 
squared in the tortuosity factor (Appelo and Postma, 2005). (Right:) Overall picture of 
the porosity in clay, showing changes in pore-width (constrictivity). Overlapping double 
layers at pore constrictions increase the tortuosity for anions (Appelo et al. 2008). 
 
The quotient of the constrictivity and tortuosity factors is assembled in the geometrical 
factor (Gi) which is related by Archie law to the accessible porosity (εa,i) (Van Loon et 
al., 2007; Grathwohl 1998): 
 

  ni,a
iG



 1
2

  (18) 

 
where n is an empirical factor (≈ 1). 
 
In the flux equation, the porewater diffusion coefficient of the porous medium (Dp,i) is 
corrected for the surface area that is accessible for the solute. Thus: 
 

 De, i = i,pi,a D   (19) 

 

Combining Equations (16-19) gives the flux in terms of the known diffusion coefficient 
in free water and accessible porosity as: 
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Often in experiments, the concentration profile in the bentonite is measured and inter-
preted in terms of an apparent diffusion coefficient: 
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where Da,i is the apparent diffusion coefficient (m2/s), and where ci can be the concen-
tration in porewater as before, or the concentration in the bulk volume (= εa, ici) as 
measured easily when i is a radioactive tracer. The apparent diffusion coefficient in-
cludes the effects of retardation by sorption, ion-exchange, and/or precipitation and dis-
solution: 
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where R is the retardation (-), given by: 
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where ρd is the dry density of solid (kg/m3) and si the concentration in the solid 
(mol/kg). Usually for tracers, the slope of the isotherm (dsi / dci) is constant and can be 
estimated. For Na-montmorillonite it is (Appelo and Postma 2005): 
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where Kd is the distribution coefficient (m3/kg), CEC is the cation exchange capacity (≈ 
1 eq/kg for montmorillonite), KI\Na is the exchange constant (-), and aNa is the activity of 
Na+ in free porewater, in the first instance about equal to the NaCl concentration. Val-
ues of KI\Na are given by Appelo and Postma (2005). 
 
Altogether, Equations (21-24) relate the changing concentration of a tracer with time 
and the porewater diffusion coefficient as: 
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The apparent diffusion coefficient in Na-montmorillonite can be found from: 
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Equation (26) contains terms that should be known for the experiment or can be looked 
up, and is useful for obtaining first estimates. 
 
Figure 6 compares measured apparent diffusion coefficients of Na+, Cs+ and Sr2+ with 
values estimated by Equation (26), using the parameters listed in Table 2. The values for 
Archie’s exponent n, and the sodium activity aNa were adapted to obtain a visual agree-
ment (the Na+ concentration is unknown). The Na+ and Cs+ data are from Kozaki et al. 
(1998) who removed excess salt from the (Kunipia) bentonite by dialysis after having it 
washed with NaCl solution, while the Sr2+ data stem from Sato et al. (1992) who used 
distilled water for saturation only and did not prepare the bentonite. This could explain 
the higher activity of Na+ in the experiments of Sato, but it may be that also other cati-
ons are present in the porewater. The values for Archie’s n are low (meaning that the 
tortuosity is small). 
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Dashed lines show the calculated apparent diffusion coefficient if, for Cs+ the higher aNa 
of Sr2+ is used, and for Sr2+ the lower aNa of Cs+. To match the experimental data again, 
Archie’s n would have to be increased for Cs+ (to n ≈ 2), and still more reduced for 
Sr2+(to n ≈ -2). The very low values for Sr2+ suggest that Ca2+ is present in porewater, 
which competes more strongly than Na+ for exchange sites. For example, if only 1 
mmol Ca2+/L were added to 100 mmol Na+/L, the distribution coefficient of Sr2+ would 
decrease 10-fold. Anyhow, it is clear that the background concentration of NaCl (which 
determines aNa) has a spectacular effect on the apparent diffusion coefficient. Unfortu-
nately, few experiments have it well defined, and in most, it is not mentioned at all, nor 
are the concentrations of other major cations known. 
 

 
 
Figure 6. Apparent diffusion coefficients measured in bentonite by Kozaki et al. (1998) 
and Sato et al. (1992), compared with estimates using Equation (26). Full lines were 
obtained with parameters listed in Table 2, dashed lines for Cs+ and Sr2+ were calculat-
ed with the values of the background concentration of NaCl interchanged. 
 
 
Table 2. Parameters for estimating apparent diffusion coefficients for Na+, Cs+ and 
Sr2+ in bentonite with Equation (26). The CEC of the bentonite was fixed to 1 eq/kg. 
 

Na Cs Sr 

zi 1 1 2
Dw / (10-9 m2/s)(a) 1.33 2.07 0.794
KI \ Na

(b) 1 15 2.8
Archie's n 0.5 0.5 0.1
aNa 0.1 0.1 0.3
(a) Appelo and Wersin 2007 
(b) Appelo and Postma 2005 
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In Equation (26) it is assumed that all the porosities in bentonite contribute equally to 
diffusion. In reality, the processes are more complicated. Water and solutes are mobile 
in interlayer water, DDL water and free porewater, but diffusion coefficients are differ-
ent in these domains. Kemper et al. (1964), Van Schaik et al. (1966) and Dufey and 
Laudelout (1975, 1976) measured smaller diffusion rates of HDO and cations in the 
DDL close to the surface of montmorillonite than farther out. Kozaki et al. (1998b; 
2005; 2008) measured the temperature dependence of the diffusion coefficients in 
bentonite and found that the activation energy varied for cations, anions and HTO with 
dry density: for ρdry < 900 kg/m3 the activation energy is similar to the one in free water, 
up to 1100 kg/m3 the activation energy for Na+ and Cl- is smaller than in free water, and 
at higher dry densities it increases above the free water value. 
 
Generally in chemistry, if the activation energy of a process is higher than for diffusion 
in free water, it indicates that chemical bonds are broken. Thus, higher activation ener-
gies at higher bentonite densities suggest that interlayer water, in which the cations are 
bonded to the bentonite surface and where water is present as hydration water rather 
than free water, is gaining importance over diffusion in free porewater. Kozaki et al. 
measured mostly in distilled water in which the DDL can occupy a large portion of the 
pore space, causing the contribution of DDL water to manifest itself at intermediate dry 
densities. 
 
Molecular dynamics (MD) calculations indicate that water and cations in DDL water are 
only slightly less mobile than in free water (Lyklema et al. 1998; Rotenberg et al. 2007). 
For interlayer water, results are dependent on the number of water layers in the struc-
ture. Sodium in the 3-layer hydrate is calculated to have diffusion coefficients that are 
similar to DDL water (Chang et al. 1995; Rotenberg et al. 2007), but in the 2- and 1-
layer hydrate the diffusion coefficient of Na+ seems to decrease by 1 and 2 orders of 
magnitude, respectively (Chang et al. 1995; Marry and Turq 1992). 
 
3.1 Models for diffusion in bentonite 
 
Cations have, relative to deuterated or tritiated water molecules, higher porewater diffu-
sion coefficients in bentonite and clay than in ordinary water (Sato et al., 1992; Wersin 
et al. 2004b; Melkior et al. 2005; Eriksen et al. 1999). In other words, the tortuosity fac-
tors are smaller for cations than for water molecules, and also, they differ for various 
cations (Figure 6 and Table 2; Appelo and Wersin 2007). On the other hand, anions 
have larger tortuosity factors (Shackelford and Daniel, 1991; Oscarson et al. 1992; Sato 
et al. 1992; Iversen and Jørgensen 1993; Muurinen 1994; Molera et al. 2002), which is 
readily explained by overlapping double layers at pore constrictions (Appelo and 
Wersin, 2007; Figure 5). 
 
Several models have been proposed for explaining and calculating the different behav-
ior of cations and anions. Ochs et al. (1998, 2001) considered the porosity to consist on-
ly of free porewater and DDL water. They calculated the enrichment of cations and the 
depletion of anions in DDL water to obtain multipliers that increase the diffusion coef-
ficient for cations and reduce it for anions. However, as noted earlier, diffusion in the 
DDL is slightly smaller than in free porewater. To compensate the increase for cations, 
Ochs et al. introduced high tortuosity factors, which rise to unexplained high values 
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with increasing density of the bentonite. As noted by Bourg et al. (2003), the escalation 
of the tortuosity factor is due to the neglect of interlayer water which becomes the major 
porosity type when density increases above 1800 kg/m3. 
 
Other models subdivide the effective diffusion coefficient in its components associated 
with free porewater, DDL water (usually denoted as surface diffusion), and interlayer 
water (Eriksen et al. 1999; Bourg et al. 2006, 2007; Kozaki et al. 2008). The effective 
diffusion coefficient becomes: 
 
 De, i = εfreeDp, i + εDDLDDDL, i  + εILDIL, i  (27) 
 
which for anions turns into (discussed in Section 5.1): 

 i,w
free

free
freei,e DD

2


   (28) 

 
and for cations and neutral species: 
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  (29) 

 
In these models, the concentration gradient in free porewater is used as the driving force 
for the diffusive flux. However, the concentration scales in the diffusion domains are 
different, and, of course, the concentration gradient should be calculated in accordance 
with that scale. Thus, as demonstrated in section 4.2, a fractional scale must be used for 
calculating the concentration gradients for diffusion in interlayer water. 
 
Van Loon et al. (2007) measured the diffusion of 36Cl- in bentonite at various NaCl con-
centration and obtained anion-accessible porosities from the data, which are assumed 
here to be equal to εfree. For a comprehensive dataset, they showed that the geometrical 
factor for Cl- followed Archie’s law: 
 

  nfreeG






2

1
  (30) 

 
with n = 0.9 (Figure 7). Muurinen (1994) found a similar relation, but with n = 0.6. The 
line given by Archie’s law in Figure 7 was forced to pass through the free water value, 
Dw, Cl = 2.03×10-9 m2/s. It can be seen that this forcing leads to a slight overestimate of 
the effective diffusion coefficient compared with experimental values and it may be that 
the real tortuosity is  somewhat larger.  
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Figure 7. The effective diffusion coefficient of Cl- in bentonite as a function of the ac-
cessible porosity (Van Loon et al. 2007). The line denoted as Archie’s law gives De,Cl = 
(εfree)

1.9 2.03×10-9 m2/s. 
 
Also for Cl-, Leroy et al. (2006) developed a model in which the concentration in DDL 
water is calculated by Donnan equilibrium: 
 

  50250 Cl
2

Cl, .c.c ,freeDDL    (31) 

 
where σ is the charge of the surface to which the DDL is attached (mol/L). They next 
give the expression for the diffusion coefficient in DDL water which simplifies to: 
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And similar for Na+: 
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In DDL water, cCl is smaller than in free water, and conversely, cNa is higher than in free 
water. Thus, the model explains the observed trends of larger and smaller diffusion co-
efficient for cations and anions, respectively. However, Leroy et al. propose Equations 
(32) and (33) for diffusion of a salt (NaCl) in which the denominator c-term stems from 
the conversion c d(ln c) = d(c), and the numerator c-term from the conversion of mobili-
ty into diffusion coefficient. Leroy et al. assume that the concentration in the numerator 
can be split up in the constituent ions (even when the concentrations are different), 
while the denominator and the concentration gradient are taken for the salt. 
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More simply, the individual concentrations in DDL water can be calculated by averag-
ing the potential in DDL water, and calculating the concentration with Boltzmann’s 
equation: 
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 DDL,   (34) 

 
where ψDDL is the averaged potential in DDL water. Appelo and Wersin (2007) have 
shown that the averaged concentration gives an accurate approximation for the total 
concentration that follows from integrating the exponential concentration distribution in 
the DDL. With Equation (34), the flux through DDL water can be calculated as shown 
in the next section. 
 
3.2 Which concentration gradient should be used? 
 
Many authors, cited before, distribute a high proportion of the mass of cations to DDL 
and/or interlayer water, and calculate the diffusive flux without realizing that the driving 
force for diffusion is not the concentration, but the concentration gradient (formally, the 
potential gradient). Imagine two tubes, one filled with 1 M NaCl, the other with 0.01 M 
NaCl, while the concentration gradient is the same in both tubes. If the flux in the en-
semble is weighed according to concentration, the flux would be 99 % located in the 
tube with the 1 M NaCl solution. But of course, the flux is the same in the two tubes. 
Actually, because the activity coefficient is somewhat smaller in 1 M solution, the flux 
in that solution is slightly less. 
 
In free porewater and DDL water the molal scale is used for the activity of solutes 
(mol/kg H2O, divided by 1 M to arrive at a dimensionless number). The flux in free 
porewater is, from combining Equations (20) and (29), assuming γi = 1: 
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Appelo and Wersin (2007) have shown that the potential gradient in free porewater also 
applies to diffusion in DDL water. Thus the flux through DDL water follows from 
Equations (14-15), (29) and (34): 
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For exchangeable cations in interlayer water the molar- or equivalent-fraction is the 
commonly used concentration scale. Both molar- and equivalent-fraction scales are well 
established by experience and experiment, and explain typical aspects of ion exchange 
such as dilution and retardation in a complex mixture of cations (Appelo and Postma, 
2005). The choice between the equivalent and the molar scale is mostly a matter of con-
venience (Gaines and Thomas 1953). The equivalent scale has the advantage that the 
sum of the exchangeable cations equals the CEC (a more or less fixed number), and will 
be used here. 
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The equivalent fraction of an exchangeable cation is:  
 
 βi = (eqi/kg) / CEC  (37) 
 
Again, the flux in the interlayer follows from Equations (14-15) and (29): 
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where cIL,i is the concentration in the interlayer (mol/m3). For example, the Na-
montmorillonite discussed before has 0.6 Na+ ions in an interlayer volume of 2.84×10-28 
m3 for the 2-layer hydrate. Dividing by Avogadro’s number gives the concentration 
cIL,Na = cIL,CEC = 3.51 kmol/m3. In general for exchangeable cations, 
 
 cIL,i = βi (cIL,CEC ) / zi (39) 
 
and therefore: 

 
xz

c
DJ i

i

CEC,IL
i,w

IL

IL
ILi,IL d

d
2
















   (40) 

 
3.3 Example: fluxes of I-,  Cs+ and Sr2+ in the 3 porosity domains 
 
As an example, the concentration gradients and fluxes can be calculated in free 
porewater, DDL water and interlayer water in a column containing bentonite packed to 
a dry density of 1700 kg/m3. Steady state concentration differences are maintained at the 
column ends (0 and 1 m) of the NaCl concentration (0.3 and 0.1 M), and trace concen-
trations of I-, Cs+ and Sr2+ (3 and 1 μmol/L). Using the parameters derived from 
Muurinen’s data (Table 1), the porosities are: 
 

 I = 0.1 I = 0.3 Average 
εIL = 0.299 - 0.0128×I 0.298 0.295 0.30 
εDDL = 0.0363 / √I 0.115 0.066 0.09 
εtot = 1 - 1700 / 2760 0.384 0.384 0.40 (adapted  total of ε’s) 
εfree = εtot - εIL - εDDL (-0.028) 0.023 0.01 (small positive number) 

 
For INaCl = 0.1, the total of DDL and interlayer water is calculated to be larger than the 
total porosity. The free porosity would be negative, which is impossible, of course, and 
a small positive value (0.01) is assumed in the average. In the averaged numbers, inter-
layer water constitutes 75 % of the total porosity. 
 
The total CEC = 1 eq/kg × 1.7 kg/L total volume = 1.7 eq/L. The CEC can be distribut-
ed over interlayer water and the sum of DDL- and free porewater in proportion with 
specific surface areas (Table 1). Thus, the interlayer charge (cIL,CEC ) is (583 / (583 + 86) 
= 0.87) × 1.7 eq/L / (0.3 L interlayer water/L total volume) = 4.94 eq/L interlayer water. 
The DDL charge is 0.13 × 1.7 eq/L / (0.09 L DDL water/L total volume) = 2.43 eq/L. 
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The tortuosity factor for the combination of free porewater and DDL water is δ/ θ2 = ε = 
0.1. The same factor is used for interlayer water as well, in accordance with estimates 
from MD calculations for 2-layer hydrated montmorillonite. 
 
The concentrations and gradients in the 3 water types can be calculated with PHREEQC 
and are given at x = 1 m in Table 3. The steady-state fluxes then follow using Equations 
(35, 36 and 40), for example for Cs: 
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The fluxes are also listed in Table 3. 
 
The concentration gradient of Cs+ in free porewater is -2×10-3 mol/m4, and near-zero in 
interlayer water. Thus, most diffusive transport of Cs+ takes place through free 
porewater and DDL water. The flux in DDL water is 219 times higher than in free 
porewater because the porosity is 9 times, and the concentration 24 times higher for 
DDL water. On the other hand, the flux of I- in DDL water is 2.7 times smaller than in 
free porewater because the concentration is 24 times smaller than in free porewater. The 
concentration gradient of Sr2+ in free porewater is also -2×10-3 mol/m4 (negative), but in 
interlayer water the gradient of the exchange fraction is positive. Thus, transport of Sr2+ 
through interlayer water is in opposite direction of transport through interlayer water. 
The different behavior of Cs+ and Sr2+ is a consequence of the law of mass action, 
which favors higher charged cations on exchange sites when the free porewater solution 
is diluted. The Sr2+ concentration gradient is also positive in DDL water, but compen-
sated there by the negative potential gradient which results in a positive flux. Overall, 
the flux through interlayer water dominates, and the flux of Sr2+ is predicted to be nega-
tive. 
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Table 3. Concentrations, concentration gradients and fluxes in porewater, DDL water 
and interlayer water in a column filled with bentonite packed to a dry density of 1700 
kg/m3 with a steady state flux of background NaCl (gradient of -200 mol/m4) and of 
trace concentrations of I-, Cs+ and Sr2+. Calculations with PHREEQC (Parkhurst and 
Appelo, 1999). 

 

0.1 M NaCl 
1  μM I-, Cs+, Sr2+ gradient ε 2


 Dw 

(10-9 m2/s) 
Flux 

(mol/m2/s) 

Free porewater mol/m3 mol/m4   

   I- 10-3 -2×10-3 0.01 0.1 2.03 4.06×10-15 

   Cs+ 10-3 -2×10-3 0.01 0.1 2.07 4.14×10-15 

   Sr2+ 10-3 -2×10-3 0.01 0.1 0.794 1.59×10-15 

DDL water  mol/m3 mol/m4 or V/m   

   I- 4.12×10-5 -1.65×10-4 0.09 0.1 2.03 1.50×10-15 

   Cs+ 2.43×10-2 
-2.36×10-5 0.09 0.1 2.07 9.05×10-13 

   Sr2+ 0.59 
+1.18 0.09 0.1 0.794 8.43×10-12 

    ψ / V 0.082 -0.051   

Interlayer water  β (-) 1/m   

   Cs+ 1.99×10-4 -3.23×10-7 0.3 0.1 2.07 9.91×10-14 

   Sr2+ 8.11×10-4 +1.62×10-3 0.3 0.1 0.794 -9.51×10-11 
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4 DISCUSSION 
 
Figures 3, 4 and 6 compare model calculations and experimental data of bentonite prop-
erties, and show that models can explain the observed trends. However, the adopted 
model parameters are questionable in some cases (Archie’s n is very small for Sr2+ in 
Table 2; the internal planar surface area is improbably high for Volclay in Table 1). The 
discrepancy was provisionally related to the dissolution of accessory minerals from 
bentonite. This is not merely a hypothesis. Bentonite is not pure montmorillonite, it con-
tains appreciable amounts of calcite and pyrite, and possibly of gypsum as well. Disso-
lution of gypsum may give a Ca2+ concentration of 20 mM when it dissolves till satura-
tion. If it does, the distribution coefficient of Sr2+ decreases 20 times in 0.1 M NaCl so-
lution compared with the same solution without Ca2+. For Cs+, the decrease is √20 = 4.5 
times. (Changes in the major concentrations always have an effect that is quadratic 
higher on divalent cations than on monovalent cations.) But, if only traces of gypsum 
are present, the Ca2+ concentration depends on the ratio of bentonite and water, and it 
will increase with dry density of the bentonite. In that case the distribution coefficients 
of tracers decrease with the dry density, and the effect of decreasing porosity and in-
creasing CEC on the apparent diffusion coefficient is counterbalanced. 
 
In Figure 6, the apparent diffusion coefficient (Da) of Sr2+ is nearly invariant with dry 
density of bentonite. Thus, porosity seems to have no effect on Sr2+ (Archie’s n is near-
zero). But, it is unlikely that the porosity effect is zero for Sr2+ (measured by Sato et al. 
1992), while Cs+ shows the expected trend. It suggests that the Na+ and/or Ca2+ concen-
tration changes with dry density, since that has different effect on the distribution coef-
ficients of Sr2+ and Cs+, and hence on their apparent diffusion coefficients Both Kozaki 
and Sato used Kunipia-bentonite, but since Kozaki et al. measured twice higher Da for 
Cs+ than Sato et al. it seems that the experimental conditions were different in the exper-
iments. Unfortunately, it is difficult to decide what factor can explain the discrepancy, 
since the parameters that are needed for doing the calculations are not given (notably, 
the Na+ and Ca2+ concentrations for calculating distribution coefficients are lacking). 
 
Another difficulty is that montmorillonite in different bentonites is not the same. They 
have different layer charges, and the charge comes differently from the octahedral or the 
tetrahedral layer of the crystal, or from both. This affects swelling differently (Ferrage 
et al. 2005a; Laird 2006), and thus the distribution of the porosities may change with 
density in another way. The different Cl--accessible porosities in the experiments of 
Muurinen and Van Loon et al. (Figures 3 and 4, respectively) may be due to these varia-
tions, in addition to the different preparatory treatment. 
 



24 
 

 

Table 4. Specific volume and relative density of water in the interlayer space of 
montmorillonite. The specific volume is calculated from the measured (or calculated) 
number of water molecules per unit cell and the volume of the interlayer space 
(a×b×(d001 – c*)), where c* is the thickness of the TOT layer (10-9 nm for divalent cati-
ons and K+, 0.96×10-9 nm for lighter alkalis). The density is relative to pure water with 
a specific volume of 3.00×10-29 m3/mol H2O. 
 

Author 
mol H2O/ 

unit cell 
d001 

(nm)

Vsp 

(10-29 m3/ 
mol H2O)

relative 
density 

Cation 
 (no of water 

layers) 
Method 

Pitteloud, 2000 3.9 1.20 2.90 1.03 Na (1W) 
Neutron 

 diffraction 

Ferrage, 2007 
0.5 1.17 0.16 0.19 Ca (1W) XRD 

3 1.26 4.10 0.73 Ca (1W) 

 
 

5.5 1.50 4.26 0.70 Ca (2W) 
7 1.52 3.53 0.85 Ca (2W) 

Ferrage, 
2005b 

2.8 1.23 4.56 0.66 Na (1W) XRD 
4.5 1.26 3.10 0.96 Na (1W) 
6.4 1.54 4.29 0.70 Na (2W) XRD 

7 1.55 3.95 0.76 Na (2W) 

Karaborni, 
1996 

4.30 1.25 3.19 0.94 Na (1W) Molecular 
dynamics 

calculations 7.60 1.55 3.67 0.81 Na (2W) 

9.10 1.83 4.52 0.66 Na (3W) 

 
However, even if the interlayer spacing would be known, the density of the water there 
is not. Changes in water content and thickness of the interlayer space have been meas-
ured by weighing in combination with XRD and neutron scattering, and can be calculat-
ed, in principle, by molecular dynamics simulations. Table 4 shows values of interlayer 
thickness and water content from the literature. The XRD measurements are done by 
varying the relative humidity (RH) and show hysteresis, with smaller d001 spacing upon 
wetting than with drying. Relative densities from Cases et al. (1992) and Bérend et al. 
(1995) (not in Table 4) average to about 0.65 for the 1-layer hydrate at a relative water-
vapor pressure of 0.4, and about 0.8 for the 2-layer hydrate, similar to the data of 
Ferrage et al. (2005b, 2007) listed in Table 4. In between 0 and ~90 % RH, four levels 
correspond with the completely dehydrated mineral, and 1-, 2-, or 3-layer hydrates with 
Na+ as interlayer cation (Cases et al. 1992; Bérend et al. 1995; Ferrage 2005b, 2007). In 
between, the spacing and number of water molecules per water-layer varies gradually, 
suggesting mixed-layer formation and a complicated distribution of the water over hy-
dration water associated with the exchangeable cation and free water (Ferrage 2007). 
 
Table 4 shows that the density of water in the interlayer space is smaller than of bulk 
water, except for the value extracted from Pitteloud et al. (2000). When spacing increas-
es, it approaches 1, but not in the MD calculations of Karaborni et al. (1996). The XRD 
results are more consistent and show that water starts with hydrating the cation and that 
the structure expands then slightly. With increasing humidity, and as more water enters 
the interlayer space (displacing the gas molecules from the laboratory atmosphere if not 
pumped vacuum), the relative density increases until a threshold value is reached where 
the structure converts from the 1- to the 2-layer hydrate. With Na+ as exchangeable cat-
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ion, the structure expands further into the 3-layer hydrate when the RH increases above 
85 % (Bérend et al. 1995). 
 
With increasing spacing, the interlayer water can be expected to gain the density of free 
water, as observed in the XRD studies. Thus, the decreasing density calculated by 
Karaborni et al. and others (e.g. Marry and Turq, 2002) may be an artifact that is associ-
ated with approximations in the MD simulations (Young and Smith 2000). 
 
In the model for calculating the distribution of the porosities, it was assumed that the 
density is 1 kg/L (fdens = 1), and that may look erroneous given the results in Table 4. 
However, the XRD measurements are done at less than 90 % relative humidity, corre-
sponding with activity of water less than 0.9. On the other hand, in free porewater in 
which the ionic strength is below 1, the activity of water is close to 1 and hence, the as-
sumed density may be realistic. 
 
4.1 Experimental verification is necessary; consistency checks are   

possible 
 
The example calculation in Section 4.3 of the fluxes of 3 differently charged tracers 
through the porosity domains hinges on the parameters discussed before, but offers a 
template for testing by experiment. The proposed setup can be reproduced in a laborato-
ry experiment by assembling 2 pieces of bentonite with the properties of the boundary 
conditions  and measuring concentration profiles after given times. The bentonite needs 
to be cleaned from reactive accessory minerals and washed. The resulting diffusion pro-
files can be modeled with PHREEQC and used for verifying model-assumptions and -
parameters. In particular, the large flux of Sr2+ through interlayer water, which is partly 
a result of the tortuosity factor found in MD calculations, needs experimental validation. 
The MD calculations consider a single, rectangular interlayer unit and do not account 
for irregular packing of the units. Thus, the real tortuosity factor for cations in interlayer 
water is probably larger. Also, the same tortuosity factor was adopted for cations and 
anions in free porewater and DDL water. However, as illustrated in Figure 5, the tortu-
osity may be larger for anions than for cations and neutral species, and the viscosity of 
DDL water may be higher than of free porewater. 
 
Consistency checks are possible of the parameters used for DDL water. The relative 
amounts of free porewater and DDL water, and the average potential of DDL water 
should agree with the anion-accessible porosity, the potential that is used for calculating 
the depletion or enrichment of anions or cations, the external surface area of 
montmorillonite in contact with DDL water, the thickness of  DDL water, the average 
pore-size, and the charge of montmorillonite that is counterbalanced in DDL water. For 
example, if the anion-accessible porosity is measured to be 0.034, the following equa-
tion results for I-: 
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Furthermore, if the flux of Cs+ is 20 times the flux of HDO with the same concentration 
gradient in free porewater, and the tortuosity is the same and interlayer diffusion can be 
neglected: 

 



























 




DDLfree

DDL
DDL

free

HDO ,

Cs ,

HDO DDL,

Cs DDL, R
F-

exp
20

T
D

D

J

J

w

w  (42) 

Similar equations hold for anions as well as other cations. 
Finally, 
 
 εfree + εDDL = εtot - εIL  (43) 
 
Equations (41-43), and an estimate of εIL, allow to obtain εfree, εDDL and ψDDL (and will, 
with the numbers selected, provide the porosities that were used in Section 4.3). 
 
In the example of Section 4.3, the concentration of I- in DDL water is 0.04 times the 
concentration in free porewater, and DDL water contains 26 % of I- (with the εDDL = 
0.09 and εfree = 0.01). Accordingly, the assumption that free porewater equals the anion-
accessible porosity is not correct: the free porewater porosity is smaller than the anion-
accessible porosity. With the numbers from adequate measurements, Equations (41-43) 
will provide better estimates for the porosities. 
 
The DDL porosity should also be consistent with the external surface area of the 
montmorillonite and the thickness of DDL water. In the example of Section 4.3, 
bentonite with a specific external surface area of 86 m2/g was packed to 1700 kg/m3. 
Assuming that the thickness of DDL water is 1 Debye length or 0.3 / √0.1 = 1 nm, the 
DDL porosity amounts to 1.7×10-6 × 86 × 10-9 m3/m3 = 0.15. This is higher than the 
value (0.09) obtained with the porosity distribution model, but perhaps the thickness 
should be reduced, or alternatively, the specific surface area must be adapted. 
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5 CONCLUSIONS 
 
Diffusion of various tracers in bentonite has been measured often, but models that can 
explain the results are few, and unfortunately, incomplete or afflicted by incorrect as-
sumptions. The behavior of montmorillonite, the mineral that provides bentonite with its 
sealing properties, lies at the heart of the problem. From the dry state in a bentonite pel-
let, montmorillonite swells up in water. Concomitantly, the hydraulic conductivity is 
reduced to very low values, and diffusion becomes the main, if not the only transport 
mechanism. Diffusion can occur through free porewater, an electrically balanced solu-
tion, through diffuse double layer water that is present at the interface with the mineral 
surface and has a surplus of cations, and through interlayer water that forms part of the 
mineral structure. These three water types have very different diffusional properties, and 
the proportions they take of the total porosity vary with packing density and solution 
chemistry. A structural model was derived that can calculate the proportions. Parame-
ters were derived from two experiments and satisfactory numbers were obtained for 
one, but not for the other. The different results may be due to a different origin of the 
bentonites, and perhaps, to different preparation in the experiment. 
 
For assessing the behavior of bentonite as a confining material for radioactive waste, a 
model is needed that can calculate the diffusion of the radioactive elements in conjunc-
tion with environmental interactions that change the properties of the bentonite. Diffu-
sion through free porewater and DDL water can be calculated already with PHREEQC 
(Appelo and Wersin, 2007). Interlayer water is a significant part of total water in 
bentonite, and a module for calculating diffusion through interlayer water can enhance 
PHREEQC’s applicability for bentonite. In PHREEQC (like in other models), the 
standard states (activity scales) are different for the (exchangeable) cations in interlayer 
water and the species in free water. Retardation by ion exchange is a crucial part of the 
barrier properties of bentonite. It can be modeled easily if the concentrations of the ma-
jor ions are known. Unfortunately, these have been rarely analyzed in diffusion experi-
ments, a situation that needs to be improved to enhance confidence in the modeling. 
 
An experiment is proposed in which diffusion of  tracers (HDO, I-, Cs+, Sr2+) is meas-
ured and used for model verification and for determining model parameters. A bentonite 
is to be cleaned from reactive accessory minerals and washed. Next, 2 samples are pre-
pared with 2 different concentrations of background-NaCl and tracers. Sets of the 2 
samples are clamped together, sliced after given times, and analyzed. The experiment 
will allow to assess parameters for interlayer diffusion (for Sr2+ predicted to be counter 
to the concentration gradient in free porewater), and the parameters for DDL water 
(fraction of free porewater, potential for calculating depletion and enrichment).  
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