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Abstract 
Many countries intend to use compacted bentonite as a 
barrier in their deep geological repositories for nuclear 
waste. In order to describe and predict hydraulic 
conductivity or radionuclide transport through the 
bentonite barrier, fundamental understanding of the 
microstructure of compacted bentonite is needed. This 
study examined the interlayer swelling and overall 
microstructure of Wyoming Bentonite MX-80 and the 
corresponding homo-ionic Na+ and Ca2+ forms, using 
XRD with samples saturated under confined swelling 
conditions and free swelling conditions. For the 
samples saturated under confined conditions, the 
interparticle, or so-called free porosity was estimated 
by comparing the experimental interlayer distances 
obtained from one-dimensional XRD profile fitting 
against the maximum interlayer distances possible for 
the corresponding water content. The results showed 
that interlayer porosity dominated total porosity, 
irrespective of water content, and that free porosity 
was lower than previously reported in the literature. At 
compactions relevant for the saturated bentonite 
barrier (1.4-1.8 g/cm3), the free porosity was estimated 
to ≤ 3%. 

Keywords: Bentonite, clay swelling, Microstructure, 
porosity, Nuclear Waste disposal, XRD. 
 

1. Introduction 
In future high level nuclear waste repositories, 
compacted bentonite has been proposed as an 
engineered barrier in many countries. Due to the high 
compaction and high sorption capacity of the saturated 
bentonite barrier, the diffusive transport of 
radionuclides will be substantially retarded. It is 
widely acknowledged that bentonite consists of 
turbostratically stacked montmorillonite layers 
forming individual particles, usually called crystallites, 
tactoids or simply stacks, and a smaller fraction of 
accessory minerals (Bergaya et al., 2006; Pusch, 

2001). However, many microstructural properties of 
saturated compacted bentonite are still not well 
established. In the literature, several different 
approaches have been taken in order to predict 
properties such as hydraulic conductivity and diffusive 
transport of cationic and anionic radionuclides, using 
models based on various assumptions regarding 
microstructure. The microstructural properties are also 
of fundamental interest in the aspect of colloid 
transport in the bentonite barrier, since in the event of 
canister failure, radiocolloids can be formed in close 
proximity to the fuel. Transport of these radiocolloids 
would presumably be hindered by filtration, due to the 
low free porosity of saturated compacted bentonite 
(Holmboe et al., 2010; Kurosawa and Ueta, 2001). 
However, bentonite also contains small amounts of 
organic material, which if mobilised can enhance the 
transport of radionuclides in the bentonite barrier 
(Ijimia et al., 2009; Wold and Eriksen, 2007). One 
main problem hitherto has been to estimate the relative 
proportions of interlayer and interparticle voids. Since 
interlayer voids may have different size, geometry and 
surface properties than interparticle voids, the 
distinction between both types of voids is important. 
Some authors have suggested that interparticle voids 
or local low density regions, i.e. so-called free 
porosity, can comprise a significant fraction of total 
porosity for dry density < 1.8 g/cm3 (Bourg et al., 
2003; 2006; Kozaki et al., 2001; Muurinen, 2009; 
Muurinen et al., 2004; Suzuki et al., 2004; Van Loon 
et al., 2007; Wersin et al., 2004), or even form a 
coherent interparticle network (Pusch et al., 1990). 

For instance in (Pusch et al., 1990), a general 
microstructural model was developed in order to 
estimate the hydraulic conductivity of bentonite, on 
the assumption of a coherent network of gel-filled 
pores or channels ranging from 10-80 nm depending 
on the dry density of the bentonite. In (Muurinen et al., 
2004), the size of possible interparticle voids was 
estimated to several nm, increasing with decreasing 
compaction, from experimental basal spacings with the 
assumption that the particle size could be estimated 
from the BET surface area of freeze-dried, Na-washed 
bentonite. In (Van Loon et al., 2007), the free porosity 
from Cl- diffusion investigations was estimated, 
assuming no interlayer transport due to anionic 
exclusion effects, and arrived at free porosities ranging 
from 6-22% for the dry density range 1.3-1.9 g/cm3. 
From the density and surface area of montmorillonite 
and the interlayer distances reported in (Kozaki et al., 
1998; 2001), (Bourg et al., 2003; 2006) estimated that 
for bentonite with dry density < 1.8 g/cm3, the 
interparticle voids would constitute a substantial 
fraction of the total porosity and that the volume 
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fraction of the interlayer voids would increase with 
increasing compaction.  In (Suzuki et al., 2004) a 
geometric layer-particle model was developed based 
also on the basal spacings reported in (Kozaki et al., 
1998), in order to estimate the size of the interparticle 
voids assuming planar and uniform void geometry 
between individual particles. For high dry density 
values, their model suggests small (or even negative) 
interparticle voids, but for lower dry density values the 
size of the interparticle voids becomes very large. For 
instance, for dry density 0.9 and 1.35 g/cm3, Suzuki et 
al. (2004) estimated the volume fraction of these 
interparticle voids to be 61% and 22%, respectively.  

If the mineral composition is well characterised, 
microstructural models of compacted bentonite on the 
nano-scale can be based on accurate information of the 
basal spacings or the corresponding interlayer 
distances within the montmorillonite particles. From 
the average interlayer distance, both the interparticle 
or free porosity and the interlayer porosity can be 
estimated. The basal spacings, i.e. the d001 values of 
montmorillonite, can be measured by neutron and X-
ray small-angle scattering or diffraction. Traditionally, 
the apparent basal spacings are calculated from Braggs 
law and the peak maxima of the 001 reflection. 
However, because of swelling heterogeneity and 
interstratification of different interlayer types, i.e. 
different hydration states (0-4 water layers, hereafter 
denoted 0W-4W), resulting in broad and often 
asymmetric diffraction peaks, accurate basal spacings 
for montmorillonite cannot be obtained by simply 
applying Braggs law. Instead, one-dimensional XRD 
profile fitting is needed. 

Most XRD studies regarding the swelling of smectites 
have traditionally been performed as a function of 
relative humidity (RH%), using purified homo-ionic 
montmorillonites under free swelling conditions. 
However for the engineered barrier, bentonite clay 
containing different counter-ions, usually Na+, Ca2+, 
Mg2+, K+, and accessory minerals will be used. 
Furthermore, saturation of the bentonite will proceed 
from the aqueous phase, inducing a high swelling 
pressure. Thus, most XRD data found in the literature 
may not be unconditionally representative of the 
engineered barrier. Unfortunately, few studies to date 
have reported diffraction data on crystalline swelling 
of montmorillonite at water contents relevant for the 
engineered barrier (> 0.2 gH2O/gclay), saturated directly 
from the aqueous phase under confined conditions. 
Devineau and co-workers (2006), performed in situ 
neutron diffraction and traditional XRD experiments 
in reflection mode with a Wyoming Bentonite MX-80 
and a Na-montmorillonite saturated at four different 

water pressures, i.e. RH% values, through adsorption. 
Although no profile fitting was performed, it was 
concluded that the swelling of samples saturated under 
confined conditions and measured in situ and that of 
samples saturated under free conditions was similar for 
low RH%. However, for the highest water pressure 
used, corresponding to 98 RH%, the apparent basal 
spacing of the confined samples was slightly larger 
than for samples saturated through adsorption under 
free swelling conditions. Kozaki et al. (1998; 2001) 
reported low-angle XRD data from reflection mode 
measurements of the 001 reflection for a size-
fractionated, washed Kunipia-F Na+ montmorillonite. 
Their samples were saturated under confined 
conditions at low ionic strength in diffusion cells and 
measured directly upon disassembly. Very distinct 
stepwise hydration of Na-montmorillonite as a 
function of dry density (1.0-1.8 g/cm3) was found. 
There was no sign of osmotic interlayer swelling, i.e. 
basal spacings > 22 Å, at the lowest dry density 
values, contradicting results reported in (Norrish, 
1954) for well-orientated Na-montmorillonite samples 
at similar water contents. Using both low-angle XRD 
and SAXS, Muurinen (2009; 2004) measured the basal 
spacings of a Na+ washed MX-80 bentonite saturated 
under confined conditions. Unfortunately, only four 
dry density values were probed (approximately 0.7, 
1.0, 1.3 and 1.6 g/cm3). The XRD results showed less 
pronounced stepwise hydration compared with that 
reported in (Kozaki et al., 1998), while the SAXS 
results provided evidence of osmotic interlayer 
swelling. 

In this study, we used XRD in reflection mode, 
together with one-dimensional XRD profile fitting 
using the software MODXRSD (Plançon, 2002), in 
order to compare the distribution of hydration states 
and the average basal spacings of Wyoming bentonite 
MX-80 (MX80) and the corresponding homo-ionic 
Na- and Ca-montmorillonites (WyNa, WyCa) as a 
function of water content. For compacted samples 
representative of the bentonite barrier in a deep 
geological repository, the interlayer distances obtained 
were compared against the corresponding theoretical 
maximum interlayer distances, in order to calculate the 
free porosity. 

1.1	  The	  swelling	  of	  bentonite	  
In order to understand the microstructure of saturated 
compacted bentonite, it must be borne in mind that the 
microstructure is primarily controlled by the 
magnitude of swelling, which in turn is controlled by 
the water content, accessible counter-ions and ionic 
strength. Upon water uptake the counter-ions become 
hydrated, together with the montmorillonite surfaces. 
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When the swelling is constricted by constant volume, a 
high swelling pressure builds up, itself a function of 
compaction and type of counter-ions. The swelling 
pressure of saturated compacted bentonite displays an 
even and almost exponential increase with increasing 
dry density (Karnland et al., 2006). Because of the 
great swelling capacity of compacted bentonite, the 
voids between the individual particles could be 
expected to decrease in number and total volume upon 
saturation. Due to the heterogeneity in shape and 
polydispersity regarding particle size of both the 
montmorillonite and accessory mineral particles, the 
distances between particles of the larger size fraction 
would be filled by particles belonging to the smaller 
size fraction, reducing the interparticle porosity. 
Another factor anticipated to contribute to low 
interparticle porosity, which is not yet well described 
in the literature, is the structural flexibility of the 
montmorillonite particles (Sato et al., 2001) in both the 
lateral (in-plane shearing and twisting/turning) and 
perpendicular direction (bending). 

Starting with a dried montmorillonite sample, one, 
two, three and sometimes four virtually discrete layers 
(0W-4W) with increasing water content are formed 
(hence the term crystalline swelling). The 4W 
hydration state is uncommon and has only been 
reported for MX-80 bentonite, not for homo-ionic Na- 
or Ca-montmorillonites (Norrish, 1954; Saiyouri et al., 
2004). The discrete basal spacings of the different 
hydration states are not absolutely discrete, even for 
the same type of clay. Instead the basal spacings, 
which depend on the type of counter-ions present, also 
depend on the actual water content or activity (Ferrage 
et al., 2005b). This partly explains the variation in 
basal spacings usually found in the literature in 
different diffraction investigations, namely 12.2-12.7 
(1W), 15.2-15.7 (2W), 18.4-19 (3W) and 21.4-22 Å 
(4W). Although the increase in basal spacings with 
increasing water content is a (more or less) stepwise 
process, the increase in average basal spacings has 
recently been reported to be more of a continuous 
process due to swelling heterogeneity. This 
phenomenon is often attributed to layer charge 
heterogeneities leading to different coexisting and 
interstratified interlayer types, i.e. different hydration 
states, 0W-4W (Devineau et al., 2006; Ferrage et al., 
2005a; Ferrage et al., 2005b; Ferrage et al., 2007; 
Laird, 2006; Saiyouri et al., 2004; Warr and Berger, 
2007; Wilson et al., 2004). Thus, depending on the 
actual water content, usually two or sometimes three 
different interlayer types can be interstratified. 

Increasing the water content further induces a 
transition from crystalline swelling to osmotic 

interlayer swelling. For Na-montmorillonite, this 
transition leads to a jump in the basal spacing from 
~19 (18.4-19) Å to approximately 35-40 Å, which is 
explained by the formation of repulsive diffuse double 
layers (Norrish, 1954). Thus, for osmotic interlayer 
swelling the interlayer environment can best be 
described by two negatively charged surfaces with 
repulsive diffuse double layers (DDL). The actual 
limits and behaviour in the region of crystalline and 
osmotic swelling depend on the type of counter-ions 
available and montmorillonite layer charge. For pure 
Ca-montmorillonite, osmotic interlayer swelling is 
probably not possible at all (Amorim et al., 2007; 
Norrish, 1954) due to the higher valence resulting in 
ion-ion correlation forces, which reduce the electro-
osmotic repulsion (Segad et al., 2010). The swelling 
also depends on the bulk ionic strength. For NaCl, 
with increasing concentration the basal spacings of 
Na-montmorillonite has been shown to be proportional 
to [NaCl]-1/2, until [NaCl] < 0.3 M, where osmotic 
interlayer swelling is not possible (Amorim et al., 
2007; Norrish, 1954; Suzuki et al., 2005). 
Interestingly, above ~1.5 M NaCl (depending on layer 
charge), the crystalline swelling of Na-
montmorillonite does not extend beyond the 2W state 
(Slade et al., 1991). 

 

1.2	  Microstructural	  model	  
By treating montmorillonite as uniform discrete sheets, 
separated by discrete water layers, microstructural 
models of compacted bentonite or pure 
montmorillonite can be formulated by performing a 
geometric bulk or mass balance. Both the interlayer 
and the interparticle porosity can be estimated by 
comparing the average interlayer distance for a certain 
dry density with the corresponding maximum 
theoretical interlayer distance possible, thus 
representing the case when the interlayer porosity 
equals the total porosity. If the concept of dry density 
is used to express the water content, accurate data are 
only needed for the montmorillonite density and the 
montmorillonite thickness. However, if the water 
content is expressed by weight, knowledge about the 
water density is also necessary. The different values of 
the montmorillonite density found in the literature vary 
by almost 10% (2.65-2.88 g/cm3), which is also true 
for the montmorillonite layer thickness (9.2-10.1 Å). 
Due to this, microstructural models based on these 
parameters may lead to relatively large errors. 
However, by treating the montmorillonite layers as 
uniform discrete sheets, it follows that both properties 
must be related to each other, as well as to the specific 
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surface area of the montmorillonite faces, SA,faces, 
through the relationship: 

!!"#$!!"#$ =
!

!!,!"#$%
          Eq. 1 

Where ρMont and tMont are the montmorillonite density 
and layer thickness, respectively. SA,faces can be 
calculated from the unit cell area AUC (46.7±0.1 Å2) 
and the molecular weight MW (Karnland et al., 2006), 
both known with an estimated uncertainty below 1%, 
as well as the Avogadro number NA according to 
equation 2. 

!!,!"#$% = 2!!"
!!
!!

                      Eq. 2 

For the Na-montmorillonite used in this study, SA,faces 
was calculated to be 756 m2/g, which is in agreement 
(within 1% in error) with a Na-montmorillonite 
density of 2.80 g/cm3 (Karnland et al., 2006) and a 
montmorillonite layer thickness of 9.5 Å. In practice, 
the latter is often assumed to be equal to or slightly 
smaller than the d001 value for a dehydrated sample, 
which in this study was found to be ≤ 9.55 Å. From 
the accessory mineral inventory of Wyoming 
Bentonite MX-80 reported in (Karnland et al., 2006), 
the accessory mineral average density was estimated to 
be 2.77 g/cm3, i.e. within the range of error of the 
estimated montmorillonite density. Because of this, no 
distinction was made between bentonite and Na-
montmorillonite density in this study. In order to relate 
dry density (g/cm3) to water content by weight, the 
apparent water density in the clay was assumed to be 1 
g/cm3, which is well in line with gravimetric data in 
(Van Loon et al., 2007), where compacted Wyoming 
Bentonite MX-80 was saturated at dry density 1.3-1.9 
g/cm3, corresponding to water contents of 0.17-0.41 
gH2O/gclay assuming a bentonite density of 2.80 g/cm3. 
These water contents correspond to approximately 
2W-4W layers. However at lower water contents, 
equivalent to an overall hydration state corresponding 
to 0W-2W layers, this assumption may not be valid.  

For a pure montmorillonite assuming a uniform sheet-
like structure, the theoretical maximum basal spacing 
dmax and the corresponding interlayer distance tmax can 
be derived from the specific surface area SA and the 
respective dry density ρd, see equation 3.  

!!"# = !!"# − !!"#$ = 1 !!"#
!!
!

− !!"#$             Eq. 3 

where the thickness of the montmorillonite layer tMont 
is taken as 9.5 Å. For a bentonite containing accessory 
minerals and a lower smectite content, the 
corresponding maximum interlayer distance becomes: 

!!"# = 1 − !!"#!
!!"#$

− !!"#(!!!)
!!""

!!"#
!!,!"#
!

    Eq. 4 

Where β is the montmorillonite fraction in the clay. 
Taking the surface edge area and surface area of the 
accessory minerals into account, the total surface area 
SA,Tot  becomes: 

!!,!"# = 2!!"
!!
!!

!
!!,!"#$%!!!,!"#!$

!!,!"#$%
+ !!,!!! !!!

!
      Eq. 5 

SA,edges has been estimated by AFM observations to be 
approx. 1% of SA,faces (Cadene et al., 2005; Tournassat 
et al., 2003). The specific surface area of the accessory 
minerals SA,acc was assumed to be small, 10 m2/g. 
Thus, the last two terms have a minor effect on SA,Tot.  

From equation 3 or 4, it follows that the interlayer 
porosity, εIL, can be defined as: 

!!" = !!"#
!!"#
!!"#

          Eq. 6 

Since the interparticle porosity, hereafter called the 
free porosity, can be defined as the difference between 
the total porosity εTot and the interlayer porosity εIL, it 
follows from equation 4 that the free porosity can be 
described by: 

!!"## = !!"# 1 − !!"#
!!"#

           Eq. 7 

Figure 1 shows the resulting maximum basal spacing 
for bentonites containing different montmorillonite 
contents as a function of water content. 

 

 

 

 

 

 

 

 

Figure 1. Theoretical maximum basal spacing (dmax) in bentonite 
shown as a function of montmorillonite content, ranging from 0.5-
1.0 (increments of 0.1) increasing in the direction of the arrows. 
The solid lines display dmax versus clay dry density, g/cm3 (left 
axis) whereas the dashed lines display dmax versus water content, 
mH2O/mclay (right axis). 
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2. Experimental 

2.1	  Materials	  and	  methods	  
In this study Wyoming Bentonite MX-80, 
characterised in detail by (Karnland et al., 2006) and 
hereafter denoted MX80, was investigated. The 
exchangeable counter-ions in this bentonite are 
reported to be: 75% Na+; 17% Ca2+; 7% Mg2+; 2% K+, 
and the montmorillonite content approximately 83%. 
The representative structural formula of this 
montmorillonite is: 

(Si7.92Al0.08)O20(OH)4(Al3.11Fe0.37Ti0.01Mg0.48)Na/Ca0.65/0.33 

Washed and dialysed homo-ionic Na- and Ca-
montmorillonite originating from MX80, denoted 
WyNa and WyCa, were supplied by Claytech AB, 
Sweden. For complete washing procedure see 
(Karnland et al., 2006). The CEC as measured by the 
trien-Cu(II) method for the MX80 and the Na+ homo-
ionic form were ~0.75 and ~0.85 mEq/g, respectively.  

In order to compare saturation under different 
conditions, the samples were saturated i) directly from 
the aqueous phase in plastic cells or ii) at constant 
relative humidity, see Table 1. In the former case, 
confined plugs of compacted MX80 and WyNa with 
varying dry density were saturated with 1 mM NaCl 
through metallic filters in plastic PEEK cells with 
dimensions 10 mm diameter by 5 mm length. These 
samples are denoted MX80C and WyNaC. A similar set 
of MX80 samples was also saturated in plastic 
syringes through direct mixing with water in order to 
investigate differences in interlayer osmotic swelling 
at high water contents in the absence of an induced 
swelling pressure. These samples are denoted MX80S 
(Table 1). All samples saturated from the aqueous 
phase were saturated for ≥ 4 weeks prior to 
measurements. 

Table 1. Summary of the clay samples investigated. 

 Ca Sb Ads/Desc 
 Dry density, g/cm3 Rel. hum, RH% 

MX80x 0.5-1.8 0.5-1.0 0-100 
WyNax 0.5-1.8 - 0-100 
WyCax - - 0-100 

a Saturated from aq. phase under confined conditions. 
b Saturated from aq. phase under non-confined conditions. 
c Saturated from vap. phase under adsorption or desorption conditions. 

 

The samples saturated under relative humidity were 
equilibrated for 8 weeks using the saturated salt 
solutions displayed in Table 2. The dehydrated 

samples (~0 RH%) were prepared by drying at 393 K 
for minimum 24 h, while the fully saturated samples, 
i.e. ~100 RH%, were equilibrated using Milli-Q water. 
For each type of clay (MX80, WyNa and WyCa), both 
adsorption and desorption experiments as a function of 
RH% were performed. For the samples in the 
adsorption experiment, approximately 0.3 g of the 
dried clay was placed in a closed vessel containing a 
smaller vessel with the relevant oversaturated salt 
solution. In the desorption experiments, an equal mass 
of clay was first soaked with a small aliquot of water 
before being placed in a separate closed vessel 
containing the relevant oversaturated salt solution. 
These samples are denoted MX80Ads or MX80Des etc. 
in the following text. 

 

Table 2. Saturated salt solutions and the corresponding 
relative humidity (RH%) used in the adsorption and 
desorption experiments. 

RH% ~0 11 23 33 43 54 
Salt 

 

Dehyd. LiCl KAc MgCl2 K2CO3 Mg(NO3)2 

RH% 67 75 85 94.5 97.6 ~100 
Salt 

 

NH4NO3 NaCl KCl KNO3 K2SO4 No salt 

 

The XRD measurements were conducted in reflection 
mode using a PANalytical X'Pert PRO instrument and 
Cu-Kα radiation. The size of the two Soller slits was 
2.3º and the scan speed 2º/min. Due to the small 
sample diameter, all samples were measured with a 
programmable divergence slit (PDS) and rotated at 16 
rpm. All XRD samples were covered with a thin 
Kapton® film during the experiments to avoid drying 
effects. Since the height of the sample holder was 
smaller than the height of the MX80C and WyNaC 
samples, each plug was divided in two using a sharp 
knife, enabling exposure of a fresh surface and 
elimination of filter effects. The water content of all 
samples was determined gravimetrically directly after 
the measurements and after drying at 393 K for at least 
24 h. 

2.2 XRD profile fitting 
In this study the software MODXRSD by Plançon 
(Plançon, 2002) was used to fit the XRD profiles of 
MX80 bentonite and WyNa/WyCa samples at low 
water contents, i.e. crystalline swelling only.  For 
practical reasons a single component formalism 
described in (Reynolds, 1989) was used to model the 
XRD profiles at high water contents displaying well-
defined 001 reflections due to osmotic interlayer 
swelling. The underlying theories to these models are 
described in detail elsewhere, see (Drits and Tchoubar, 
1990; Ferrage, 2005; Moore and Reynolds, 1989; 

Clay 
Subscript 
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Reynolds, 1989). In its general form, the diffracted X-
ray intensity for a layered clay mineral form can be 
expressed as: 

 ! ! = !"!!! ∙ !"                   Eq. 8 

where LP is the combined Lorentz and Polarisation 
factor: 

 !" = (1 + !"# 2!)! !"# !               Eq. 9 

ψ is an orientation-dependent factor representing the 
fraction of layers in the sample orientated so that they 
diffract into the receiving slit for a specific angle, 
which depends on the size of the Soller slits and the 
mean rocking angle σ* of the layers in a particle. ψ 
varies from a constant to sin θ-1 for perfectly and 
randomly orientated samples, respectively. G(θ) is the 
one-dimensional layer structure function, which for 
centro-symmetrical layers is given by: 

!(!) = !!!(!)! !"#(4!!! !"# !/!)!               Eq. 10 

where p is the occurrence of each atom and f(θ)j the 
temperature-corrected scattering factor, respectively.  
Since only the 00l reflections are of interest, the 
summation is taken normal to the basal plane over all 
the j-type atoms, where zj is the distance from the 
centre of the layer. ! is the wavelength of the X-rays 
(1.5418 Å). The interference function, Φ(θ), is a 
periodic trigonometric function which describes the 
Bragg reflections of a periodic structure with unit 
integrated peak intensity and peak breadth, which is 
inversely proportional to the number of periods. 
Different expressions for the interference function can 
be found in the literature. Combining equations 7b, 9b 
and 11 in (Reynolds, 1989) gives the following Fourier 
series used in the single component formalism in this 
study: 

 

 

 

      Eq. 11 

 

where !   is the average number of layers in the 
particles. The !(!) term describes the size distribution 
of layers in the particles. In this study, the concept of 
mean defect-free domain size was used (Ergun, 1970), 
since this type of size distribution gave much more 
realistic peak shapes than a lognormal or uniform 
particle size distribution. α is a mean strain parameter, 

which can be used to model deviation from a fully 
discrete basal spacing, !!!" (similarly to the so-called 
Guinier defects, i.e. first and second type of disorder 
(Drits and Tchoubar, 1990)). The EX term comprises 
instrumental and measurement-specific parameters. 
Some of these parameters depend on measurement 
geometry and others are needed in order to scale the 
modelled XRD profiles to absolute intensities (Moore 
and Reynolds, 1989; Reynolds, 1983). In order to deal 
with interstratification, every possible sequence of the 
different scattering interlayers with different d001 
values and layer structure factors G(θ) must be 
accounted for. For this purpose, the software by 
Plançon (2002) utilising the Reichweite nomenclature 
together with the matrix formalism described in (Drits 
and Tchoubar, 1990) was used in this study. In order 
to determine the average experimental basal spacing, 
the experimental XRD profiles were fitted manually 
after background subtraction with a linear combination 
of pre-generated XRD profiles converted to PDS 
mode. This was accomplished by varying the amount 
of interstratification, mean defect-free domain size, 
first type of size strain according to Guinier (see Drits 
and Tchoubar (Drits and Tchoubar, 1990) for details), 
and optimal d001 values for the different hydration 
states. Since σ*=1º was used for the pre-generated 
XRD profiles, the particle orientation was accounted 
for by multiplication with an angle-dependent ratio of 
ψ(θ)σ*=fitted/ψ(θ)σ*=1º. It is well known that modelled 
XRD profiles overestimate the scattered intensity at 
low angles, an effect that increases with increasing 
FWHM of the 001 peak, i.e. it is proportional to 
particle size. Thus, for montmorillonite this effect, 
which has not been well explained in detail in the 
literature (Ferrage et al., 2005b; Plançon, 2002; 
Wilson et al., 2004; Yuan and Bish, 2010), is quite 
substantial. Due to this the combined modelled XRD 
profiles were background-subtracted as in (Wilson et 
al., 2004), in order to fit the experimental XRD 
profiles at low angles. Due to limitations of the 
MODXRSD software and since the occurrence and 
probability of more than two interlayer types within 
the same particle (i.e. the same scattering domain) was 
expected to be very low, only interstratified profiles of 
neighbouring hydration states were used, i.e. 0W and 
1W, 1W and 2W and so on. In order to adequately fit 
the experimental XRD profiles, it was found to be 
sufficient to use four different amounts of random 
interstratification, namely 1, 0.9, 0.75 and 0.5. The 
unweighted RP parameter was used to evaluate the 
overall fit between the normalised experimental and 
modelled XRD profile, see equation 12 (Howard, 
1989). The summation was taken over all angular 
increments between 3º and 10º 2θ.   
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For the montmorillonite layer, the recommended 
atomic positions from (Moore and Reynolds, 1989) 
were used after modification to a base-centred unit 
cell. As for the interlayer species, Gaussian-like 
distributions of H2O in the interlayers were used in 
order to successfully fit experimental XRD profiles 
over a wide angular range (Ferrage et al., 2005a). This 
was accomplished for the 1W-3W states by fitting a 
modelled XRD profile to an experimental XRD profile 
of a montmorillonite sample displaying a nearly 
homogeneous 1W-3W state, by varying the Gaussian-
like H2O distributions using a trial and error approach. 
However, this procedure was not possible for the 4W 
state, which appears less frequently. Figure 2 shows 
the XRD profiles demonstrating virtually 
homogeneous 0W-3W states, while Figure 3 shows the 
corresponding fitted XRD profiles from MODXRSD 
and the interlayer H2O distributions. It should be 
pointed out, however, that the actual H2O distributions 
in the interlayers are not truly Gaussian and much 
more realistic H2O distributions can be found in the 
literature regarding Molecular Dynamics simulations 
of clays.  

3	  Results	  and	  discussion	  

3.1	  XRD	  results	  
The fitting procedure using pre-generated XRD 
profiles was generally quite satisfying for the samples 
with low water contents, i.e. subjected only to 
crystalline swelling. Usually 3-5 pre-generated XRD 
profiles were required to achieve a good fit. Figure 4 
shows an example of a XRD profile from a MX80C 
sample displaying significant hydration heterogeneity 
dominated by non-randomly interstratified 2W and 
3W states, and a possibly a small amount of 4W, at the 
dry density planned for the bentonite barrier in the 
KBS-3 concept, 1.58 g/cm3 (0.273±0.012 gH2O/gbentonite 
). Five pre-generated profiles of different interstratified 
states were required to fit the experimental XRD 
profile, namely (2W/3W): 15% [0.9/0.1]; 20% 
[0.75/0.25]; 20% [0.25/0.75]; 35% [0.1/0.9] and 
(3W/4W): 10% [0.9/0.1]. The corresponding optimal 
basal spacings for the 2W-4W states were 15.65:18:95 
and 21.8 Å, resp. For comparison, Figure 4 also shows 
fitted XRD profiles with average basal spacings 
ranging from 17.6-18.0 Å, produced by varying the 
relative fractions of the aforementioned pre-generated 
profiles. As can be seen in Figure 4, a difference in 
average basal spacing of 0.1 Å gives a significant 
deviation in the composite 001 reflection. For the 

higher order reflections in the range of 10-20º 2θ, the 
overall fit was generally not perfect using the pre-
generated XRD profiles. However for the overlapping 
003(0W), 004(1W), 005(2W), 006(3W) and 007(4W) 
reflections at approx. 28º 2θ, the overall fit was 
usually very good and was used to optimise the 
specific d001 values for the different 0W-4W hydration 
states. 

 

3.1.1	  Saturation	  from	  the	  aqueous	  phase	  
Figure 5 shows a selection of experimental and fitted 
XRD profiles from the MX80C, MX80S and the 
WyNaC series as a function of dry density. For these 
samples, quite broad and often asymmetric peaks were 
observed with no apparent sign of stepwise hydration 
with decreasing dry density, in contrast to results 
reported by Kozaki et al. (Kozaki et al., 1998). Hence, 
the evolution of the crystalline swelling and the overall 
microstructure seemed to have more of a 
heterogeneous character, in agreement with (Ferrage et 
al., 2007). For the MX80C samples, the minimum 
FWHM values observed for the interstratified 001 
reflections displaying 2W and 3W states were 
approximately 0.85º 2θ. At higher water contents (< 
1.3 /cm3), where the introduction of osmotic interlayer 
swelling would be anticipated, significant differences 
were found between the MX80C and the MX80S 
samples. For the former set of samples, no clear 
transition to osmotic interlayer swelling could be 
observed, despite the apparent decrease in the amount 
of crystalline swelling. This is in line with  Kozaki et 
al. (Kozaki et al., 1998) and Muurinen et al. (Muurinen 
et al., 2004), who also saturated their samples under 
confined conditions. For the MX80S samples, 
however, relatively well defined reflections could be 
observed at angles corresponding to both crystalline 
(3W and 4W) and osmotic interlayer swelling. This 
shows that osmotic interlayer swelling for MX80 at 
these water contents is possible, as previously shown 
in SAXS investigations (Muurinen, 2009; Segad et al., 
2010), despite the anticipated elevated ionic strength 
in the so-called pore water (Bradbury and Baeyens, 
2003). Thus for bentonite, only considering the 
diffraction peak due to crystalline swelling in a XRD 
profile may be erroneous for samples with dry density 
< 1.4 g/cm3 when calculating the average basal 
spacing. 

 

 

 

Figure 4 

Figure 4 

Figure 4 
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Figure 3. Gaussian-like distribution used to approximate the H2O distribution in the interlayers of the 0W-4W hydration states.  
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Figure 2. Comparison between background subtracted and normalised experimental (circles) and modelled (grey curves) 

XRD profiles of the hydration states corresponding to 0W, 1W, 2W and 3W. 

 

 

Figure 4. Comparison between experimental and modelled XRD profiles, using pre-generated XRD profiles from 
MODXRSD. Note the divided x-axis and the magnification factor for angles > 10º 2θ. 
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For the WyNaC samples, seemingly similar composite 
001 reflections compared with the MX80C samples at 
high dry density values (> 1.3 g/cm3) were observed. 
As with the MX80C samples, the minimum FWHM 
value observed for the 2W and 3W 001 reflections for 
the WyNaC samples was approximately 0.85º 2θ. At 
higher water contents, however, very well-defined 001 
reflections due to osmotic interlayer swelling were 
found except at very high water contents, i.e. very low 
dry density (< 0.6 g/cm3) and intermediate water 
contents, where both crystalline and osmotic interlayer 
swelling would be anticipated (Norrish, 1954). 

The 001 and 002 (and occasionally 003) reflections 
due to osmotic interlayer swelling were modelled with 
the single component formalism, using very small 
particle size and considerable size strain (α). It must be 
pointed out that precise basal spacing determination at 
these low angles is problematic with the XRD setup 
used in this study. This is mainly because of the large 
dependence on accurate sample alignment, 
uncertainties in background intensity, surface 
roughness effects, as well as the Lorentz-Polarisation 
factor (LP) and layer structure function (G) used to fit  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the XRD profiles. Thus the reported basal spacings for 
the WyNaC samples resulting from osmotic interlayer 
swelling in this study are only approximate. 

With the objective of investigating the difference 
between the MX80C and WyNaC samples at high water 
contents, the impact of the accessory minerals and 
Ca2+ fraction in bentonite on the XRD profiles at high 
water contents was tested. This was done by preparing 
a synthetic MX-80 Bentonite (denoted MX80synt) 
consisting of 80% WyNa and 20% WyCa, in the same 
way as the MX80C/WyNaC samples. 

Figure 6 shows representative XRD profiles for 
MX80Synt, MX80C and MX80S, as well as for WyNaC 
and WyCaC samples at high water contents and low 
ionic strength. As can be seen, without the accessory 
minerals a diffraction peak at ~2º 2θ was present in the 
MX80synt sample, as in the MX80S and the WyNaC 
samples, displaying explicit osmotic interlayer 
swelling. However, in contrast to the MX80S samples, 
the observed osmotic interlayer swelling for the 
MX80Synt samples was not found to be easily 
destroyed by inappropriate sample handling, such as 
smearing of the sample surface. In all, this indicates 

Figure 5. XRD profiles of a) MX80C (black +), fitted (solid line) and MX80S (grey +) b) WyNaC (black +) and fitted (solid line). 
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that the accessory minerals in bentonite, especially 
when subjected to an elevated swelling pressure, 
impede the ability to give rise to diffraction due to 
osmotic interlayer swelling. From comparisons 
between the WyCaC sample, which displays a distinct 
3W state, and the MX80synt sample, the overall effect 
of the Ca2+ fraction in MX80 appears to be small. 

 

 

 

 

 

 

 

 

Figure 6. Experimental XRD profiles at high water contents of 
MX80C (black), MX80S (grey), MX80synt (light grey). WyNaC (+) 
and WyCaC (circles) are also shown for comparison. 

 

3.1.2	  Saturation	  at	  constant	  relative	  humidity	  
 

The XRD profiles of the MX80Ads/Des, WyNaAds/Des and 
WyCaAds/Des samples, saturated under static adsorption 
or desorption conditions at different relative humidity 
values, are shown in Figure 7a and b, respectively. In 
the adsorption experiment, there was a large difference 
in hydration behaviour as a function of relative 
humidity between the WyCaAds and WyNaAds samples, 
which can be explained by the higher ionic potential of 
Ca2+ compared with Na+  (Ferrage et al., 2005b). As 
expected, the hydration of the MX80Ads samples was 
seen to proceed in a very similar manner to that of the 
WyNaAds samples, which can be explained by its 
counter-ion inventory being dominated by Na+. 
Interestingly, for half the relative humidity values 
investigated, the basal spacings of the MX80Ads 
samples were slightly larger than that of the 
corresponding WyNaAds samples, indicating that the 
small amount of divalent counter-ions influences 
crystalline swelling. However, it is striking that neither 
WyNaAds nor MX80Ads proceeded to a 3W-dominated 
hydration state, even after 2 months at ~100 RH%. As 
in the adsorption experiment, a large difference 
between the WyCaAds and the WyNaAds hydration 
behaviour was observed in the desorption experiment. 
The MX80Ads samples generally followed the same 

pattern as the WyNaAds samples. However, unlike in 
the adsorption experiment, the hydration of the MX-
80Ads samples was often seen to be slightly less than 
that of the WyNaAds samples, which the authors cannot 
presently explain. 

3.2	  XRD	  profile	  fitting	  results	  

Figure 8a shows the relative abundance of the different 
interlayer types (0W-4W) obtained from the MX80C 
samples. The vertical error bars correspond to ± 0.1 Å. 
Starting at the highest dry density investigated, 1.8 
g/cm3, the 2W state is the dominant interlayer type, 
with only small amounts of 1W and 3W states. With 
decreasing dry density, a gradual increase in the 3W 
state proceeds to almost 100% at approx. 1.4-1.5 g/cm3 
at the expense of the 1W and 2W states. Below 1.4 
g/cm3 the amount of the 4W state increases rapidly, 
but not to the same extent as the 2W and 3W states at 
higher dry density. This suggests that the 4W state 
alone is not energetically stable but merely acts as a 
bridge between crystalline and osmotic interlayer 
swelling. Below 1.3 g/cm3 the fitting procedure using 
pre-generated XRD profiles was not successful, 
indicating transition to osmotic interlayer swelling. 
Figure 8b shows the relative interlayer type abundance 
for WyNaC together with the corresponding data for 
MX80C, recalculated to the equivalent montmorillonite 
dry density. Starting at the highest dry density 
investigated for the WyNaC samples, 1.8 g/cm3, the 
overall hydration state of the montmorillonite particles 
consisted of 67% of the 2W state and 33% of the 1W 
state. With decreasing dry density the amount of the 
2W state was seen to increase in a seemingly gradual 
manner to over 90%, at the expense of the 1W and 3W 
states. Compared with the MX80C samples, the 
WyNaC samples evidently displayed a more 
homogeneous overall hydration state between 1.5-1.8 
g/cm3 compared with MX80C, although the FWHM 
values for both the MX80C and WyNaC samples were 
generally very similar. Between 1.3-1.5 g/cm3 in dry 
density, no significant difference in the relative 
interlayer type abundance was observed between the 
WyNaC and the MX80C samples (Figure 8). For 
instance, at the calculated montmorillonite dry density 
of 1.47 g/cm3 to be used in the KBS-3 concept 
(assuming a bentonite with similar montmorillonite 
content as MX80), the overall hydration state of 
WyNaC was estimated to be 60-65% 3W and 35-40% 
2W, i.e. very similar to the MX80C samples. This 
indicates that the presence of the accessory minerals 
does not affect crystalline swelling at these dry density 
values. Below 1.3 g/cm3 the XRD profile fitting  
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indicated an apparent 4W state for WyNaC (at dry 
density 1.28 g/cm3). However, since to the best of our 
knowledge a 4W state has never been proven to exist 
for a homo-ionic Na-montmorillonite, this may be the 
result of 3W states interstratified with montmorillonite 
layers subjected to osmotic interlayer swelling. 

Figure 9a-c show the relative interlayer abundance of 
the samples saturated at constant relative humidity. 
For the WyNa samples significant differences in the 
hydration states were found at most relative humidity 
values investigated, indicating possible swelling 
hysteresis effects.  In general, a more homogeneous 
overall hydration state was found in the desorption 
experiment compared with the adsorption experiment. 
This was also observed for the WyCaAds/Des samples at 
low relative humidity, < 50 RH%. However for higher 
relative humidity values, no significant differences 
were found between the adsorption and desorption 
experiments. Compared with the WyNaAds/Des samples, 
the WyCaAds/Des samples generally displayed much 
more distinct hydration steps and an overall 
homogeneous hydration state. One noteworthy 
observation characteristic for the WyCaAds/Des  samples 
was the dominance of the 2W state over a broad range 
of relative humidity. The MX80Ads/Des samples 
displayed more resemblance to the WyNaAds/Des than 
the WyCaAds/Des samples. However, for the MX80Ads/Des  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

samples less discrepancy between the adsorption and 
desorption experiment was generally found, except at 
the two highest relative humidity values investigated 
(98 RH% and 100 RH%). 

Instead of reporting the average basal spacings in the 
adsorption and desorption experiments as a function of 
RH%, it is useful to present them as a function of 
water content (mH2O/mclay) in order to compare them 
with the samples saturated under confined conditions 
from the aqueous phase (see Figure 10a-c). The dotted 
lines in the figures represent the maximum basal 
spacing possible assuming an apparent water density 
of 1. For clarification, the horizontal lines show the 
approximate basal spacings for the 1W, 2W and 3W 
states. For the WyNa samples, relatively large 
differences were found in average basal spacings 
between the WyNaC, WyNaAds and WyNaDes samples, 
suggesting that the different sample preparation 
methods significantly influenced the hydration 
behaviour of homo-ionic Na-montmorillonites. For the 
WyNaAds samples, pronounced stepwise hydration was 
actually found. This behaviour was quite contrary to 
that of the WyNaDes samples, which also showed a 
much higher total water uptake and yet a marked 
resistance to evolve from the 2W state to the 3W state, 
leaving a large fraction of the total water outside the 
interlayers, in interparticle voids. For the WyNaC 

Figure 7. Experimental and fitted XRD profiles of MX80Ads, WyNaAds and WyCaAds as a function of relative humidity. a) Equilibration 
through adsorption b) equilibration through desorption. 
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samples neither stepwise hydration nor a large 
deviation from the theoretical line was found. Instead, 
the average basal spacings of the WyNaC samples 
displayed a gradual increase with increasing water 
content. Compared with the WyNaAds samples, the 
WyCaAds samples did not display any noticeable 
stepwise hydration with increasing water content. 
However, similarly to the WyNaDes samples, the 
WyCaDes samples displayed a plateau at the 2W state, 
meaning that a large fraction of the total water content 
was located in the interparticle voids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Relative abundance of the 0W-4W interlayer types for a) 
MX80C as a function of bentonite dry density. b) WyNaC and 
MX80C as a function of montmorillonite dry density. 

The MX80Ads and MX80Des samples showed similar 
hydration behaviour, except at the highest relative 
humidity values investigated. Except at water contents 
corresponding to 0W-1W, the MX80Des samples 
concurred quite well with the theoretical line, as did 
the MX80C samples at water contents corresponding to 
< 3W. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. The relative abundance of the 0W-4W interlayer types 
versus the relative humidity, RH%, for a) WyNaAds/Des. b) 
WyCaAds/Des. c) MX80Ads/Des. 
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From Figure 10 it is evident that samples saturated 
under free swelling conditions at constant RH% may 
not be as representative of the bentonite barrier as 
those saturated under confined conditions. This is 
because the latter samples displayed almost 
exclusively larger swelling compared with the free 
swelling samples, supporting findings by (Devineau et 
al., 2006) for high water contents. Furthermore, 
significant hysteresis was observed between the 
samples saturated under adsorption and desorption 
conditions, especially at the water contents relevant for 
the bentonite barrier (> 0.2 gH2O/gclay). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Figure 10. Increase in average basal spacings with water content, 
mH2O/mclay for the a) WyNa samples b) WyCa samples c) MX80 
samples. 

	  

	  

	  

	  

	  

	  

	  

	  
 

Figure 11. Reported basal spacings for clay samples saturated 
from the aqueous phase together with the respective maximum 
basal spacing (from Eq. 3 and 4). MX80C (white circles), WyNaC 
(grey circles), Na-montmorillonite from washed Kunipia-F (light 
grey triangles), obtained from  Kozaki et al. (Kozaki et al., 1998; 
Kozaki et al., 2001), Na-montmorillonite from washed MX-80 
(black diamonds), obtained from Muurinen et al. (Muurinen et al., 
2004). 

	  

	  
 

 

 

 

 

Figure 12. Left axis: Comparison of the basal spacings from 
MX80C and MX80Des obtained from XRD profile fitting (white 
circles) and from Braggs law (black circles). Right axis: Difference 
between apparent basal spacings using Braggs law and the fitted 
basal spacings. 

 

3.3	  Free	  porosity	  estimation	  
Figure 11 compares the average basal spacings 
obtained from the XRD profile fitting for the samples 
saturated under confined conditions, i.e. MX80C and 
WyNaC, and basal spacings reported in the literature 
for other Na-montmorillonites saturated under similar 
conditions. The theoretical maximum basal spacings 
for MX80 (upper curve) and Na-montmorillonite 
(lower curve) are also shown for comparison. For the 
MX80C and the WyNaC samples, the basal spacings 
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are close to the maximum spacing possible. For 
samples at dry density values below approximately 1.3  

g/cm3, the average basal spacings could not be 
determined using the pre-generated XRD profiles 
corresponding to only crystalline swelling, 0W-4W, 
indicating a transition to osmotic interlayer swelling. 
Note that for bentonite, the transition from crystalline 
swelling to osmotic interlayer swelling is anticipated 
to occur at approximately the same dry density as for 
Na-montmorillonite, approximately 1.4 g/cm3, despite 
the lower smectite content. This is due to a weak 
fourth water layer at 21.8 Å. Albeit linked to large 
uncertainties, it is interesting to see that the average 
basal spacings from the WyNaS samples at very high 
water contents obtained using the single component 
formalism, corresponded well with the theoretical line, 
see insert in Figure 11. These spacings are well in line 
with those due to osmotic interlayer swelling reported 
by Norrish (1954), at similar water contents. 

The apparent discrepancy between the basal spacings 
reported by Kozaki et al. (Kozaki et al., 1998; Kozaki 
et al., 2001), using Kunipia-F washed Na-
montmorillonite, and by Muurinen et al. (Muurinen et 
al., 2004), using a Na-montmorillonite originating 
from Wyoming Bentonite MX-80, and the 
corresponding average basal spacings of the WyNaC 
samples reported in this study may be partly be due to 
water contents and partly to the fact that only apparent 
d001 values using Braggs law, without any profile 
fitting, were reported in their studies. Due to the 
orientation-dependent Lorentz-Polarisation factor, LP, 
different layer structure functions G0W-4W, and 
interlayer hydration state heterogeneity as well as 
dependence of the peak intensity maxima on the 
magnitude of interstratification, an apparent basal 
spacing obtained from Braggs law may differ 
significantly from the true average basal spacing. 
Figure 12 shows a comparison between the apparent 
d001 values using Braggs law and the corresponding 
modelled average basal spacing of the MX80C and 
MX80Des samples as a function of water content. As 
can be seen, the apparent d001 values display much 
more pronounced stepwise hydration behaviour than 
the modelled average basal spacing. Thus the apparent 
d001 values may both overestimate and underestimate 
the average basal spacing by as much as 
approximately 1 Å, depending on the water content. 

In addition, the pronounced stepwise and seemingly 
homogeneous hydration observed by Kozaki and co-
workers could perhaps be explained by a particle size 
effect. The FWHM for the measured 001 reflections in 
Kozaki et al. (Kozaki et al., 1998) was significantly 

lower than the FWHM values for natural smectites 
found in this study, approx. 0.45º 2θ for both the 2W 
and the 3W states, respectively, which are indicative 
of very large montmorillonite particles. Tamura et al. 
(Tamura et al., 2000) compared the swelling of a 
natural montmorillonite and a synthetic high-quality 
montmorillonite with a particle size ( > 10 µm) and 
found very small FWHM values, approx. 30% of the 
001 reflection, for the synthetic compared with the 
natural montmorillonite. Whereas the synthetic 
montmorillonite showed a very pronounced stepwise 
hydration sequence with increasing RH%, while the 
natural sample did not. 

 

 

 

 

 

 

 

 

Figure 13. Free porosity calculated from average interlayer 
distance and the corresponding theoretical maximum interlayer 
distance for: MX80C (white circles); WyNaC/S (grey circles); 
Norrish (Norrish, 1954) Na-montmorillonite (white squares); 
Kozaki et al. (Kozaki et al., 1998; Kozaki et al., 2001) Na-
montmorillonite (light grey triangles); and Muurinen et al. 
(Muurinen et al., 2004) washed MX-80 bentonite (black 
diamonds). Theoretical estimates for the free porosity of Na-
montmorillonite by Bourg et al. (Bourg et al., 2003) (dashed line); 
Suzuki et al. (Suzuki et al., 2004) (white triangles); and Van Loon 
et al. (Van Loon et al., 2007) (black crosses). 

Figure 13 shows the resulting free porosities using 
equation 7 for the samples saturated under confined 
conditions in this study, as well as free porosities 
reported in the literature. At dry density > 1.4 g/cm3, 
the average free porosity for the MX80C and the 
WyNaC samples used in this study was found to be 
1.5±1.5%, i.e. ≤ 3% and significantly lower than 
previously reported in the literature. Due to the low 
free porosity values and the experimental uncertainty, 
the expected decrease in the free porosity with 
increasing dry density could not be verified 
statistically. At dry density ≤ 0.8 g/cm3, both Norrish 
(Norrish, 1954) samples and the WyNaS samples 
demonstrated that the free porosity at these low 
compactions would also constitute quite low volume 
fractions as at dry density > 1.4 g/cm3. This indicates 
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that the free porosity may also be small in the 
transition region between crystalline and osmotic 
interlayer swelling, meaning that the apparent increase 
in free porosity at dry density < 1.4 g/cm3 may be 
explained by the transition from crystalline to osmotic 
interlayer swelling with decreasing dry density. 

In all, the results from this study suggest that the free 
porosity in saturated compacted bentonite may be 
significantly lower than previously reported in the 
literature. Relating these results to the microstructural 
models mentioned earlier, two hypothetical cases can 
be considered: i) free porosity is distributed 
approximately equally between the particles, as in the 
models in (Bourg et al., 2003; Bourg et al., 2006; 
Muurinen, 2009; Muurinen et al., 2004; Suzuki et al., 
2004); and ii) free porosity is more locally 
concentrated in between fewer particles, as in the 
microstructural model in (Pusch et al., 1990). 
Assuming a free porosity of ≤ 3%, with an average of 
10-20 montmorillonite layers/particle, in case i) the 
interparticle voids would be of the same magnitude as 
the interlayer distance itself for wedge-shaped voids, 
and hence the free porosity would offer similar 
transport pathways to the interlayer porosity. Case ii) 
would give larger but fewer interparticle voids, so they 
could expect to be isolated from each other and 
consequently unable to affect transport processes 
significantly in compacted saturated bentonite. Any 
intermediate state between these two cases would not 
comprise a significant transport pathway, since it 
would contain either many dead ends (especially in the 
region of crystalline swelling) or comprise a network 
of interparticle voids with similar constraints as the 
interlayer voids (in the region of crystalline/osmotic 
interlayer and osmotic interlayer swelling). Thus the 
dominant impact of the free porosity on transport 
processes should apparently be questioned. Our 
interpretation of the free porosity results for the 
WyNaC and MX80C samples in this study is as 
follows. Even for dry density < 1.4 g/cm3, the free 
porosity may be quite small. In fact, the main 
microstructural voids for dry density < 1.4 g/cm3 seem 
to be the interlayer voids formed by osmotic interlayer 
swelling. With decreasing dry density, these voids will 
increase in number, but not in size, until the 
corresponding dry density becomes < ~0.7 g/cm3 for 
bentonite and < ~0.8 g/cm3 for Na-montmorillonite 
(see Figure 11). For higher dry density values in the 
region of only crystalline swelling (> 1.4 g/cm3), the 
free porosity is below 3% and may decrease with 
increasing dry density. 

4. Conclusions 
This study examined interlayer swelling of Wyoming 
MX-80 bentonite and the corresponding homo-ionic 
Na- and Ca-montmorillonites as a function of 
saturation method and water content. The method of 
saturation was shown to substantially influence the 
interlayer swelling. Saturation under free swelling 
conditions as a function of relative humidity resulted 
in noticeable interlayer swelling hysteresis between 
the adsorption and desorption samples, especially at 
high relative humidity (> 80 RH%), which 
corresponds to the water content range relevant for the 
compacted bentonite barrier, 0.2-0.3 gH2O/gclay 
(approx.1.4-1.8 g/cm3). Furthermore, saturation under 
free swelling conditions as a function of relative 
humidity generally resulted in lesser interlayer 
swelling compared with saturation from the aqueous 
phase under confined conditions. Thus, when studying 
the microstructure of bentonite in the context of the 
bentonite barrier, saturation under free swelling 
conditions as a function of relative humidity is not 
recommended. The free porosities obtained for 
compacted and saturated Wyoming Bentonite MX-80 
(MX80C) and the corresponding homo-ionic Na-
montmorillonite (WyNaC) were shown to be similar, ≤ 
3% in the region of only crystalline swelling (dry 
density 1.4-1.8 g/cm3) hence significantly lower than 
previous reported in the literature. This implies that the 
interparticle voids may not comprise the only major 
transport pathway in saturated compacted bentonite. In 
order to confirm these results in future work, high 
quality in situ diffraction data from bentonite samples 
saturated from the aqueous phase under confined 
conditions would be needed. 
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