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ABSTRACT 
 
Water-saturated bentonite is planned to be used in many countries as an important 
barrier component in high-level nuclear waste (HLW) repositories. Knowledge about 
the microstructure of the bentonite and the distribution of water between interlayer and 
non-interlayer pores is important for modelling of long-term processes.  
 
In this work the microstructure of water-saturated samples prepared from Na-
montmorillonite, Ca-montmorillonite, sodium bentonite MX-80 and calcium bentonite 
Deponit CaN were studied with nuclear magnetic resonance (NMR) and small-angle x-
ray scattering spectroscopy (SAXS). The sample dry densities ranged between 0.3 and 
1.6 g/cm3. The NMR technique was used to get information about the volumes of 
different water types in the bentonite samples. The results were obtained using 1H NMR 
spin-lattice T1ρ relaxation time measurements using the short inter-pulse method. The 
interpretation of the NMR results was made by fitting distributions of exponentials to 
observed decay curves. The SAXS measurements were used to get information about 
the size distribution of the interlayer distance of montmorillonite. The chloride porosity 
measurements and Donnan exclusion calculations were used together with the SAXS 
results for evaluation of the bentonite microstructure.  
 
The NMR studies and SAXS studies coupled with Cl porosity measurements provided 
very similar pictures of how the porewater is divided in interlayer and non-interlayer 
water in MX-80 bentonite. In the case where MX-80 of a dry density 1.6 g/cm3 was 
equilibrated with 0.1 M NaCl solution, the results indicated an interlayer porosity of 
30 % and non-interlayer porosity of 12 %. The interlayer space mainly contained two 
water layers but also spaces with more water layers were present. The average size of 
the non-interlayer pores was evaluated to be 120 - 150 Å. From the montmorillonite 
surface area 98 % was interlayer and 2 % non-interlayer. 
 
Evaluation of the interlayer and non-interlayer porosities in the Deponit CaN based only 
on the SAXS measurements and on assumed number of layers per stack. The behaviour 
was rather similar as in MX-80. 
 
Keywords: bentonite, pore structure, NMR, SAXS, exclusion 



 



SAXS-, KLORIDIEKSKLUUSIO- JA NMR-TUTKIMUKSIIN PERUSTUVA 
BENTONIITIN HUOKOSRAKENNE 
 
TIIVISTELMÄ 
 
Puristettua bentoniittia on suunniteltu monissa maissa käytettävän tärkeänä 
vapautumisesteenä korkea-aktiivisen ydinjätteen loppusijoituksessa. Käsitys bentoniitin 
mikrorakenteesta ja veden jakaantumisesta montmorilloniittilevyjen välisiin (sisäinen) 
ja niiden ulkopuolisiin (ulkoinen) huokosiin on tärkeä pitkäaikaisten prosesssien 
mallinnuksen kannalta. 
 
Tässä työssä tutkittiin vedellä kyllästettyjen Na-montmorilloniitista, Ca-montmorillo-
niitista, natriumbentoniitista (MX-80) ja kalsiumbentoniitista (Deponit CaN) valmis-
tettujen näytteiden mikrorakennetta ydinmagneettisella resonanssispektroskopialla 
(NMR), pienkulmaröntgensironta spektroskopialla (SAXS) ja kloridin ekskluusion 
avulla. Näytteiden kuivatiheydet vaihtelivat välillä 0.3 – 1.6 g/cm3. NMR-tekniikkaa 
käytettiin erilaisten vesityyppien tilavuuksien mittaamiseen näytteessä. Tulokset perus-
tuivat 1H NMR spin-lattice T1ρ relaksaatioajan mittauksiin ja mitattujen vaimene-
miskäyrien tulkintaan. SAXS mittauksia käytettiin montmorilloniittilevyjen välisten 
etäisyyksien määrittämiseen. Kloridihuokoisuuden mittausta ja Donnanin ekskluusion 
mallinnusta käytettiin yhdessä SAXS-tulosten kanssa bentoniitin mikrorakenteen 
arviointiin. 
 
NMR-tutkimukset ja SAXS tutkimukset yhdistettynä kloridihuokoisuuden mittaukseen 
antoivat hyvin samanlaisen kuvan siitä kuinka huokosvesi on jakaantunut sisäisiin ja 
ulkoisiin huokosiin MX-80 bentoniitissa. Tapauksessa, jossa MX-80 kuivatiheydessä 
1.6 g/cm3 oli tasapainotettu 0.1 M NaCl-liuoksen kanssa, tulokset antoivat sisäiseksi 
huokoisuudeksi 30 % ja ulkoiseksi huokoisuudeksi 12 %. Sisäisissä huokosissa oli 
pääasiassa kaksi molekyylikerrosta vettä, mutta tiloja, jossa oli useampia molekyyli-
kerroksia vettä, esiintyi myös. Ulkoisen huokostilan keskimääräiseksi huokoskooksi 
arvioitiin 120 - 150 Å. Montmorilloniitin pinta-alasta 98 % oli sisäistä ja 2 % ulkoista. 
 
Deponit CaN:in sisäisen ja ulkoisen huokoisuuden arvio perustui ainoastaan SAXS-
mittauksiin ja oletettuun montmorilloniittikerrosten lukumäärään partikkeleissa. Käyt-
täytyminen vastasi MX-80:n käyttäytymistä. 
 
Avainsanat: Bentoniitti, huokosrakenne, NMR, SAXS, ekskluusio. 
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1 INTRODUCTION 

The spent nuclear fuel from Finnish power plants at Loviisa and Olkiluoto is planned to 
be disposed of using the KBS-3 concept. Plans are described in Posiva (2010). The 
waste will be encapsulated in copper-iron canisters placed in deposition holes at about 
400 m depth in crystalline bedrock (Figure 1-1). The space between the canister and the 
bedrock will be filled with bentonite (Figure 1-2).  
 

 
 
Figure 1-1 . Two alternatives of the KBS-3 concept: KBS-3V (left) and KBS-3H (right). 
(Slightly modified figure from Posiva 2010.)  
 
 

 

 

 
Figure 1-2. Conceptual image of a disposal tunnel and filled deposition holes 
(Juvankoski 2010). 
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The main functions of the bentonite are 1) to protect the canister from mechanical 
damage due to bedrock displacement along fracture planes through the deposition hole, 
and 2) to prevent canister corrosion by limiting mass flows of corrosive agents (e.g. 
sulphide ions) in the groundwater to the canister surface, and 3) to act as a barrier for 
radionuclide release in case of canister damage.  
 
Many of the performance targets of the bentonite buffer in the KBS-3 concept are 
coupled to processes that occur in the water-saturated bentonite. Examples of such 
processes are the swelling of bentonite, dissolution and precipitation phenomena and 
transport of water, colloids and ions through the clay. These processes are strongly 
coupled to the water in the bentonite and, especially, to how this water is organized 
within the bentonite microstructure. The performance assessment evaluates the 
processes in a long-term perspective in order to guarantee that the set targets are not 
seriously impaired by future physico-chemical changes in the repository. Models are 
used to describe and predict the long-term behaviour of bentonite, and experimental 
studies are needed to provide the data necessary for model development and calibration. 
The relevant processes are coupled to the bentonite microstructure and the distribution 
of water between interlayers and voids between particles. These two topics are not 
satisfactorily understood in order to explain and predict the behaviour of bentonite.  
 
This report presents essential literature on bentonite microstructure and results from 
studies performed in order to improve the understanding of the microstructure of water-
saturated bentonite.  
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2 LITERATURE ON BENTONITE MICROSTRUCTURE 

2.1 Composition and microstructure of bentonite 

MX-80 sodium bentonite from Wyoming, USA and Deponit CaN calcium bentonite 
from the Greek island Milos are considered as potential buffer materials. The major 
component of bentonite is montmorillonite, which confers its swelling properties. Other 
components like quartz, feldspar, cristobalite, gypsum, calcite and pyrite can play an 
important role in determining the buffer porewater composition and may also affect the 
microstructural arrangement of bentonite (Neaman et al. 2003). The buffer around the 
canisters will be installed as partly water-saturated rings and blocks. The bulk density 
after full saturation is planned to be 1 950–2 050 kg/m3 (Juvankoski 2010).  
 
Table 2-1 presents examples of the mineral composition of sodium and calcium 
bentonites. The structural formula of the montmorillonite component in MX-80 is  

(Si7.86 Al0.14) (Al3.11 Fe3+
0.37 Mg0.50 Ti0.01) O20(OH)4, Na0.47 Ca0.05 Mg0.02 K0.01 

and in Deponit CaN 

(Si7.74 Al0.26) (Al2.90 Fe3+
0.44 Mg0.58 Ti0.08) O20(OH)4, Na0.18 Ca0.17 Mg0.11 K0.02 

 
Montmorillonite has a 2:1 layer structure consisting of one octahedrally co-ordinated 
sheet between two tetrahedrally co-ordinated sheets (Figure 2-1). The octahedral sheets 
have aluminium and the tetrahedral sheets silicon as the main central cations. Part of the 
 
Table 2-1. Composition of bentonite in weight% (SKB 2006). 
 
COMPONENT MX-80(wt.%) Deponit CaN 

(wt.%) 
Uncertainty 
( wt.%) 

Calcite + Siderite 0 10 1 
Quartz 3 1 0.5 
Cristobalite 2 1 0.5 
Pyrite 0.07 0.5 0.05 
Mica 4 0 1 
Gypsum 0.7 1.8 (anhydrite) 0.2 
Albite 3 0 1 
Dolomite 0 3 1 
Montmorillonite 87 81 3 
 Na- 72 % 24 % 5 
 Ca- 18 % 46 % 5 
 Mg- 8 % 29 % 5 
 K- 2 % 2 % 1 
Anorthoclase 0 2 1 
Organic carbon 0.2 0.2 - 
CEC1) (meq/100 g) 75 70 2 
1)Cation-exchange capacity 
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Figure 2-1. The structure of montmorillonite mineral. 

 
central cations have been substituted by cations of lesser charge (Al3+ mostly with Mg2+ 
and Si4+ with Al3+) which causes a negative charge in the layer. This substitution varies 
in montmorillonite by definition from 0.4 to 1.2 unit charge per O20(OH)4 group. The 
negative layer charge is balanced by the exchangeable cations on the surfaces of the 
layer.  
 
The surface area of montmorillonite is 749 m2/g (Montavon et al. 2009, Tournassat and 
Appelo 2011). In bentonite the surface area is less and can be evaluated on the basis of 
the montmorillonite content. The surface area of the edge sites has been evaluated by 
AFM studies to be 1 % of the basal surface area (Tournassat et al. 2003).  
 
Parallel montmorillonite layers form particles (or stacks) which can be defined as a 
dense assembly of layers with strong orientational correlations. The particles form 
assemblies called aggregates, which can be defined as an assembly of particles with 
mechanical cohesion but little orientational correlation (Salles et al. 2009). Accordingly, 
one can distinguish between interlayer porosity, inter-particle porosity and inter-
aggregate porosity (Wersin 2003, Bradbury and Baeyens 2003, Tournassat and Appelo 
2011). A different opinion is presented by Birgersson and Karnland (2009) who 
concluded that the deviation from mean interlayer distance is usually small, and 
approximated in their study the pore width distribution by a single distance equal to the 
mean interlayer spacing.  
 
The microstructure of bentonite has been studied using various experimental methods 
like X-ray diffraction (XRD), small angle x-ray spectroscopy (SAXS), neutron 
diffraction, nuclear magnetic resonance spectroscopy (NMR), scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), adsorption isotherms and 
anion exclusion measurements. As far as partly or fully water-saturated bentonite is 
concerned, the microstructure has been difficult to study because different pore types 
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are sensitive to changes in the water content, and aggregates and particles can break 
thus forming new pores. 
 
Terminology and basic definitions 
The terminology in clay science often lacks generally accepted definitions of central 
concepts. In order to avoid ambiguities, some central concepts will be explained below. 
In the review of literature in sections 2.2 and 2.3, the use of terminology is, however, 
the one used by the cited authors. Mostly, the understanding of the scientific content is 
not seriously affected by the lack of a precise terminology. However, in case more 
precise definitions are required, these can be found in, for example, the Handbook of 
Clay Science (Bergaya et al. 2006) or in The Clay Minerals Society Glossary for Clay 
Science Project (Clay Minerals Society 2012). The following list contains a necessary 
minimum of concepts, which are necessary for discussions of the microstructure of 
montmorillonite and bentonite. The list is hoped to be of some help, although the 
concepts are only shortly explained. The reader is referred to, for example, van Olphen 
(1977) or the above references for further information. 
Aggregate.  An assembly of stacks, which is arranged in a close, but more or less 
irregular manner. 
Basal spacing (or basal space).  A measure for the separation between montmorillonite 
unit layers. The basal spacing, d001, is the distance between the midpoints of two 
adjacent unit layers. The relation between the basal spacing and the interlayer distance, 
dIL, is given by d001  = dIL + δ, where δ is the thickness of the unit layer.  
Interlamellar. See interlayer. 
Interlayer. A general term that implies either the region between the two adjacent 
layers or the relation between the two adjacent layers (Guggenheim et al., 2009). 
“Interlayer distance” is more precise to describe the distance between the adjacent 
layers (tetrahedral sheet to tetrahedral sheet, and is measured by taking the average of 
the z coordinate of the basal oxygen plane (excerpt from Clay Minerals Society 2012). 
Octahedral sheet.  A sheet of aluminium-octahedrons, symbol: O. 
Particle. Synonymous with stack (Bergaya et al. 2006).  
Platelet. See unit layer. 
Silica sheet. A sheet of silica-tetrahedrons, symbol: T. 
Stack. A package of parallel unit layers. 
Tactoid. Synonymous with stack (e.g. Tournassat and Apello 2011). 
TOT layer. The basic structural unit in smectites. A sheet of aluminium-octahedrons 
(O) is sandwiched between two silica-tetrahedrons (T). One example of a TOT layer is 
the montmorillonite unit layer. 
Unit layer (montmorillonite unit layer). See TOT layer  
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2.2 Some basic models 

The interest in microstructure of compacted clay has changed over the years with regard 
to scale; early research studies focused on the structure of the montmorillonite unit layer 
(Hofmann et al. 1933, Edelmann and Favejee 1940, van Olphen 1977) and on the 
structure of interlayer water (Forslind 1948, Norrish 1954). Later work focuses more on 
the microstructural arrangement on a higher scale where individual unit layers are 
combined to stacks, having interlayer water and external pores. Such models either 
comprise an ideal parallel arrangement of unit layers combined with interlayer and non-
interlayer pores, as found in, e.g., Pusch (1999), Suzuki et al. (2004), and Muurinen et 
al. (2007) (Figure 2-2), or consist of a more complex arrangement (Figure 2-3). The 
model by Wersin (2003) describes the situation in a compacted water-saturated 
bentonite on two levels; a macro-scale where montmorillonite grains are mixed with 
accessory minerals, and on a micro-scale where individual montmorillonite unit layers 
in two adjacent particles, separated by a zone of external porewater, are seen (Figure 2-
3). In addition, interlayer water between the unit layers is envisaged. 
 
 
 
 

  
 
Figure 2-2. Examples of structural models with parallel arrangement of unit layers. 
Left: a) edge site, b) stack of montmorollonite with interlayer pores and interlayer 
surfaces, c) external surface, d) external pore (from Muurinen et al 2007). Right: 
Structural unit cell containing n quadratic unit layers, each with a thickness δ and an 
edge of length a. The pore water films on basal external areas and on edges have 
thicknesses of L and d, respectively. The macrostructure of a sample is achieved by 
packing the structural unit cells in three dimensions (from Suzuki et al. 2004). 

b                        c  d 

a 
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Figure 2-3. Upper section: Schematic picture of bentonite under compaction (excerpt 
from Wersin 2003). Lower section: Schematic representation of montmorillonite 
microstructure at high density (from Tournassat and Appelo 2011). 
 
 
Tournassat and Appelo (2011) show an idealized model with parallel unit layers, but 
add some phenomena that are not mentioned in the other examples, like the presence of 
turbostratic arrangements and collapse of part of the surfaces or compact with impurity 
minerals (Figure 2-3, lower). Turbostratic arrangements of layers (i.e. a disorder where 
layers are rotated with respect to an axis, or have slipped sideway relative to each 
other), can lead to a situation where the distance between external layers belonging to 
two adjacent stacks is smaller than or equal to the interlayer distances within each stack. 
Tournassat and Appelo stress that it is difficult to conceptually distinguish between 
interlayer and non-interlayer water, and also to “see” the water between turbostratically 
arranged layers with conventional XRD. According to Lutterotti et al. (2011), 
turbostratic disorder is common in montmorillonite and has significant, but not yet well 
understood, effects on diffraction profiles.  
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Finally, Figures 2-4 and 2-5 show examples of models with less regular structure, where 
the layers are non-planar, and the porosity is sub-divided more than in the previous 
cases. Figure 2-4 (upper section) shows a model where the unit layers have been 
combined into stacks, which in turn are combined into aggregates, yielding a mixture of 
micro- and macro-pores containing clay gels of different densities (Pusch et al. 1990, 
Yong 1999, Pusch 2001, 2002, Pusch and Yong 2006). The model in Figure 2-4 (lower 
section) suggests that there is, in addition to the interlayer water also inter- and intra-
aggregate water, as well as double-layer water (Bradbury and Baeyens 2003). Figure 2-
5 presents additional defects and disordered structures which can exist in bentonite.  
 
 
 

 

 

  
Figure 2-4. Microstructural features of smectite clays. Upper left: Dense clay with A) 
large and B) small void with “external water”, C) stack of flakes, D) interface between 
stacks. Upper right: Expanded Na smectite clay gel with practically only external water 
(from Pusch 1990). Lower section: Compacted bentonite with “interlayer water”, 
double layer water” and “free water” (from Bradbury and Baeyens 2003). 

Interlayer water and  
exchangeable cations

Calcite/Quartz/Feldspar 

Double layer water Free bentonite 
(Bentonite porewater) 

 

A C 

D 
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Figure 2-5. Schematic diagram of a compacted montmorillonite-water sample 
(modified from Cebula et al. 1979). The defects are voids (A), edge-to-face stacking (B), 
gross folding (C), small size of ordered domains (D) and regions of disordered stacking 
(E). 
 
The above types of models show simplistic geometrical arrangements, which are useful, 
to a certain extent, in explaining the physico-chemical behaviour of water-saturated 
bentonite. To make the models more realistic, they must, however, also take into 
account that unit layers contain a permanent negative charge deficit and also exhibit an 
edge charge that may be either positive or negative depending on the pH. It has been 
shown that under most conditions (pH, ionic strength) the edge potential is negative, 
due to ‘spill-over effects’, although the edge charge is positive (Secor and Radke 1985, 
Chang and Sposito 1994, 1996, Bourg et al 2007). One result of the charge deficit is the 
formation of ionic diffuse double layers (DDLs) extending outwards from the external 
basal surfaces which cause repulsion of the anions from the surface. 
 
The above, very limited, excursion into the abundant literature on clay microstructure 
suffices to describe the complex physico-chemical system – water-saturated bentonite 
and montmorillonite – discussed in this work. The reader is referred to 1) Yong (1999) 
and references therein for a brief overview of the microstructural arrangement of solid 
unit layers and associated pore volumes and to McBride (1997) for a critique on diffuse 
double-layer models applied to clays and other colloid materials.  
 
2.3 Studies on bentonite microstructure 

XRD, SAXS and neutron diffraction studies 
 
XRD, SAXS and neutron diffraction techniques have been used to study the changes in 
the interlayer distances caused by the hydration of bentonite. Devineau et al. (2006) 
studied the crystalline swelling in MX-80 bentonite and montmorillonite purified from 
MX-80 bentonite and changed into sodium form. The samples were equilibrated in 
different relative humidity in free space or in confined conditions. Gravimetric and 
XRD techniques were used to study the hydration of powder and compacted pellets in 
non-confined conditions whereas hydration under confined conditions was investigated 
in situ by neutron diffraction using a special cell allowing in situ hydration. The cells 
consisted of 2-mm thick sapphire windows placed on both sides of previously 
compacted clay samples. The water vapour exchange took place through a porous ring 
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placed around the pellets. The saturation times in the cells were 3 months. The 
compacted samples had a dry density of 1.7 g/cm3. 
 
The water adsorption isotherms of dry powders of MX-80 bentonite and purified 
montmorillonite displayed a similar shape. The adsorption of the pure montmorillonite 
was, however, higher due to the higher content of the swelling compounds. The effect 
of confinement on crystalline swelling was studied by comparing the d-spacing 
determined either by X-ray or neutron diffraction. At low relative humidity, the 
hydration of MX-80 bentonite and montmorillonite were similar in free and constrained 
conditions. For relative pressure higher than 50 %, swelling in constrained pellets 
started to deviate from that observed for free pellets, however. At 98 % RH, two well-
defined basal spaces were obtained in the case of confined MX-80 bentonite. The major 
peak corresponded to three-layer hydrates (18.6 Å) and the second one to two-layer 
hydrates (16 Å). In contrast, only the latter peak was observed when hydration was 
realized in free geometrical conditions. This is explained so that in the case of the 
confined sample, the porous network cannot be modified. As a consequence, interlayer 
swelling of montmorillonite particles occurs at the expense of the porosity 
modifications. In the case of montmorillonite the sapphire window broke under the 
relative humidity of 0.98 % and no diffraction result was received. 
 
In Salles et al. (2009), the key steps and driving force for the hydration process of 
swelling clays, the water adsorption isotherms and enthalpies were measured on 
montmorillonite samples. The differential heats could not be simply explained by the 
hydration energies of cations. It was necessary to take into account the energies due to 
the layer hydration and the energy due to swelling. The hydration reactions were 
considered exothermic processes, which caused the swelling, while the interlayer and 
mesopore swelling were considered endothermic processes. In the case of Na-
montmorillonite the hydration energy was high, and there was a strong destruction of 
the particles. In the case of Ca-montmorillonite and the mixture Na/Ca-montmorillonite 
the hydration energies were lower, and the destruction of particles was not complete. In 
the case of Na/Ca-montmorillonite, the hydration of the Ca ions seemed to occur first at 
low humidity. It was also shown that, for Na-montmorillonite, the inter-particles' 
osmotic swelling in the mesoporous range begins at lower RH than in the interlayer 
space (54 % and 80 %, respectively). 
 
Morvan et al. (1994) used ultrasmall- and small-angle X-ray scattering for studies of the 
microstructure of sodium montmorillonite suspensions in deionized water. The solid 
concentrations of the samples were 3.4 %, 5.1 %, 8.5 % and 20 % (w/w). The Bragg 
peak position allowed evaluation of the swelling. The thickness, L, of the crystallites 
was evaluated using the Scherrer formula (eq. 2-1), where λ is the wave length of the 
radiation, θ0 is the position of the peak and ∆(2θ) is the angular width of the peak.  The 
observed interlayer distances were smaller than the ideal ones, indicating that the 
montmorillonite sheets cannot be uniformly dispersed in the whole sample. For 
example, the ideal and complete swelling for a 20 % (w/w) sodium montmorillonite 
suspension would be 105 Å. Experimentally the peak was observed at 56 Å, which 
means that half of the water did not participate in the swelling process and was present 
in excess domains.  
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)2(cos

9.0

0 



L       (2-1) 

 
Faisandier et al. (1998) studied the influence of salt concentration on the behaviour and 
properties of montmorillonite suspensions (4 g clay/100 g solution). The structure of the 
clay particles was determined by comparing the SAXS spectra with the theoretical one 
computed from a model that took into account the number of layers per particle and the 
hydration state of the layers (0, 1, 2, 3 or 4 water layers). The mean number of layers 
per particle, mean interlayer distance and its disorder and interlayer and interparticle 
water amounts were evaluated. At low concentration (0.1 M NaCl) the samples did not 
consist of particles but of isolated layers. An increase in salt concentration from 0.1 to 
0.5 M brought the sample to a granular state and the number of layers in the particles 
increased to 25. In NaCl suspensions, the particles comprised hydrated layers with 1 to 
4 water layers and internal porosity of size > 30 Å in the particles. 
 
In Segad et al. 2010, the swelling of MX-80 bentonite and Ca montmorillonite was 
studied in dialysis pockets immersed in pure water. One gram of clay was placed in the 
pocket made of semi-permeable membrane and was allowed to equilibrate with the 
water. The water content of MX-80 was about 16 g after five weeks, which 
corresponded to an average water layer 300 – 400 Å between the montmorillonite 
layers. The SAXS measurements on the Na montmorillonite in contact with a salt 
solution containing 1 M NaCl swelled to a water layer thickness of about 10 Å. If the 
NaCl concentration was reduced to 0.1 M the clay started to swell. In the case of Ca 
montmorillonite the water content in the dialysis experiment was four grams after five 
weeks, which corresponded to an average water layer of 100 Å between the 
montmorillonite layers. In the SAXS measurements the water layer thickness was about 
10 Å, however. It was concluded that the simple picture of clay consisting of well 
organized platelets in a perfect lamellar structure is incomplete. One possible 
explanation is the formation of tactoids containing a small number of platelets. The 
number of the platelets was evaluated from the scattering peak width to be 10 – 20 
which means that the separation between the tactoids was 500 – 1000 Å. Thus the 
swelling in the Ca montmorillonite took place between the tactoids and not between the 
platelets. 
 
In Segad et al. (2012) aqueous dispersions of pure sodium and calcium montmorillonite 
prepared from MX-80 bentonite were characterized using combination of cryo 
transmission electron microscopy (CryoTEM) and small-angle X-ray scattering SAXS. 
The volume fractions of the clay in the dispersions were ≤ 6 volume %. The samples 
were equilibrated with the pure water for three months before characterization. With 
sodium counterions the clay was dispersed as individual platelets. The lateral size of the 
plates was evaluated to be about 370 nm. The calcium clay formed stacks where the 
average number of platelets was about ten. The lateral size of the particles was 
estimated to be 400±200 nm. 
 
Warr and Berger (2007) used XRD to study the hydration behaviour of compacted Na-
activated IBECO-SEAL-80 and Ca-activated TIXOTON-TE. The hydration was 
performed in a disc-shaped flow-through cell. The density of the IBECO-seal samples 
were about 1.15 g/cm3 and that of TIXOTON-TE samples was 0.94 g/cm3. Seawater 
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and groundwater of low ionic strength were used for saturation of the samples. One side 
of the cell was closed with Capton foil supported with a lid during saturation. During 
the measurement period the lid was removed and XRD measurements were performed 
through the foil. The total water uptake could be measured throughout the experiment 
by measuring the weight of the sample. The amount of the interlayer water was 
calculated from the XRD patterns using the CALCMIX software. Subtraction of the 
interlayer water from the measured total water yielded the volume of the non-interlayer 
water. During the hydration of compacted Na-bentonite in both groundwater and 
seawater, roughly equal quantities of interlayer and non-interlayer water entered the 
material, whereas in the calcium bentonite 77 % was non-interlayer water with both 
water types. 
 
Holmboe et al. (2011) and Holmboe et al. (2012) used XRD in reflection mode to study 
the average basal spaces of Wyoming bentonite MX-80 and the corresponding homo-
ionic Na- and Ca-montmorillonites 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. At a dry density of  
>1.4 g/cm3 the average free porosity was found to be <3 % for MX-80 and 
corresponding homo-ionic Na-montmorillonite, which is significantly lower than found 
in the literature. 
 
Neutron scattering was used by Cebula et al. (1979) to study the properties of 
compacted bentonite samples. Neutron scattering techniques has the advantage 
compared to the X-ray techniques that larger and closed samples can be used. Purified 
Wyoming bentonite was used in the studies. The amount of water between the platelets 
was controlled by circulating air at a known humidity over the clay. In the compacted 
samples, the reflection from the basal planes was broad and unsymmetrical, 
characteristic of a highly disordered structure. The types of fault that might occur in 
such a sample were schematically illustrated, as seen in Figure 2-5. The diffraction peak 
is broadened particularly by cross folding (C), small size of ordered domain (D) and 
regions of disordered stacking (E). The Scherrer formula, which can be used for 
calculation of the thickness of the crystallites, is unrealistic in such conditions. 
 
Exclusion in compacted bentonite 
The accessible porosity for anions in bentonite is smaller than the total porosity due to 
anion repulsion (exclusion) by the surface of montmorillonite. The accessible porosity is 
a function of the bentonite density and the salt concentration.  Anion exclusion is well 
known in soil science and the Gouy-Chapman theory for the diffuse double layer has 
been applied to model anion exclusion in clay suspensions, for example in Bolt and 
Warkentin (1958),  Edwards and Quirk (1962), Bolt and De Haan (1982). Sposito 
(1982) improved the Gouy-Chapman model by adding the distance of minimal 
approach, due to the ion size. Birgersson and Karnland (2009) used the Donnan 
equation to calculate the exclusion in compacted bentonite in contact with an external 
NaCl solution using uniform porosity in the bentonite. In Muurinen et al. (2007) and 
Muurinen et al. (2009) the Donnan model was used for the experiments with compacted 
bentonite assuming two different pore types in bentonite. The anion exclusion has been 
observed also in many diffusion experiments performed in compacted bentonite 
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(Eriksen and Jacobsson 1984, Muurinen 1994, Kozaki et al. 2001, Moleira et al. 2003, 
Van Loon et al. 2007). 
 
In Tournassat and Appelo (2011), anion exclusion data were gathered from the 
literature, reprocessed and modelled using different models. It was concluded that when 
the pore space is assumed homogeneous, as in Birgersson and Karnland (2009), the 
anion accessible porosity measurements can be adequately modelled at high 
montmorillonite densities and the data at high ionic strength are better reproduced than 
data at low ionic strength. Models that consider a heterogeneous pore distribution 
reproduce the data better over a wide range of conditions. The number of layers in the 
stacks is a variable that remains to be related to sample preparation and experimental 
conditions. 
 
Microscopic studies 
Holzer et al. (2010) investigated the structure of mesopores in, i.e., compacted MX-80 
bentonite by using high-pressure freezing and freeze substitution preparation 
techniques.  
 
Microscopic analyses of cryo-stabilized bentonite samples were subsequently performed 
with conventional SEM, with cryo-SEM and with focused ion-beam nanotomography 
(FIB-nt). The latter technique gave a resolution in the range of 10 nm, which allowed 
the study of meso- and macropores in bentonite. Two water-saturated MX-80 samples 
were studied; a ‘paste’ and a compacted sample, with dry densities of 0.39 and 1.58 
g/cm3, respectively.  
 
The results by Holzer et al. (2010) comprise both pore-size distribution and mesopore  
connectivity in water-saturated bentonite. Figure 2-6 shows a pore-size distribution in a 
compacted MX-80 sample with a dry density of 1.58 g/cm3. The largest pores, which 
represent only a small fraction of the pores in the sample, have a radius around 100 nm 
(the exact value depends somewhat on which method is used), while the majority of the 
pore radii are smaller than 50 nm. Holzer et al. (2010) also determined the 3D-
connectivity of the MX-80 samples. Briefly, the mesopores were found to be connected 
at the lower dry density (0.39 g/cm3). At the higher density (1.58 g/cm3), however, the 
mesopores did not form a continuously interconnected network. For the transport of 
dissolved material over distances above the micrometer-scale, the pathways have to be 
bridged by nanopores in the interlayers or via external double layers (Holzer et al. 2010, 
Keller et al. 2011). Finally, Holzer et al. (2010) points out that, for a more complete 
characterization of the pore structure in hydrated bentonites, different length scales 
(nano-micro-meso) have to be probed with several techniques (SEM, FIB-nt, TEM and 
AFM).  
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Figure 2-6. Cumulative pore-size distribution from high-pressure frozen and freeze-
dried MX-80 bentonite sample with a dry density of 1.58 g/cm3. Black and grey curves 
are the results of 2D and 3D analysis, respectively. Note that the maximum pore sizes 
indicated are 110 nm (in 2D) and 91 nm in 3D (from Holzer et al. 2010). 
 
NMR studies 
Clay/water systems have been studied by NMR for several years and for quite different 
purposes. Often proton (1H) NMR has been applied in order to study water in, e.g., 
bentonite or purified montmorillonite. The application of NMR involves a wide range of 
different topics, for example, the determination of  
 
i) the orientation of water molecules adsorbed on smectite surfaces (Woessner and 

Snowden 1969),  
ii) the relative amounts of frozen and unfrozen water in frozen soil samples by pulsed 

low-field NMR (Tice et al. 1981, Smith and Tice 1988),  
iii) the structure of water in the two-layer hydrate of Na vermiculite (Fripiat 1980),  
iv) self-diffusion of H2O in montmorillonite gel (Nakashima 2001, 2006) and in a 

synthetic hectorite clay (Duval et al. 2001), 
v) the influence of electrolyte content and water content on porewater mobility in MX-

80 bentonite (Carlsson 1986, Pusch and Carlsson 1985), and 
vi) the interactions of liquids with the clay surface (Delville et al. 1995).  
The above examples relate to 1H NMR measurements, but also 2H (deuterium) has been 
used, as found in, e.g. Grandjean et al. (1989) and Weiss and Gerasimowics (1996).  
 
This report focuses on the determination of interlayer and non-interlayer water in 
bentonite and in montmorillonite. This topic was also considered in the NMR studies by 
Montavon et al. (2009) and Ohkubo et al. (2008). The study by Montavon et al. was 
made on water-saturated compacted clay samples (illite, montmorillonite and MX-80 
bentonite) by low-field proton NMR. By considering the differences in observed proton 
mobilities, it was possible to distinguish between three different populations – structural 
OH, external surface water, and internal surface water. Montavon et al. claim that it was 
not possible to make a proper distinction between external surface water and bulk water 
in fully water-saturated clay at room temperature due to the occurrence of rapid 
exchange reactions. This problem was, however, solved by performing the 
measurements at -25 ˚C. At this temperature, the bulk water was frozen while the 
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surface water was in a semi-liquid state. The number of unfrozen water-layers was 
about three, which is about the same number of significantly structured layers as usually 
found in the literature.  
 
Ohkubo et al. (2008) used 1H NMR in a study of water in water-saturated compacted 
bentonites – Kunipia-F (a purified bentonite with a montmorillonite content >98wt% ) 
and Kunigel-V1 (crude material with a montmorillonite content of 59.3 wt%). The 
measured output signals in the NMR measurements were considered to contain 
contributions from several relaxation processes in the sample, and mathematical 
analyses of the exponential decays indicated the presence of several relaxation 
mechanisms.  Based on this, Ohkubo et al. were, amongst other things, able to estimate 
the ratio of bulk-like water to total water. 
 
The examples above clearly demonstrate that NMR is a useful tool for learning about 
the clay/water systems. It is, however, worthwhile emphasizing that several NMR 
techniques exist, and that not all studies can be performed with a single NMR 
instrument. It is beyond the scope of this report to discuss the experimental details in the 
above examples, and the reader is referred to the particular papers for details concerning 
the measurements in each case. The basics of the application of NMR to clay/water 
systems are found in, for example, Fripiat (1980) and in Sposito and Prost (1982).  
 
Studies on diffusion of colloids in bentonite 
Conclusions about the pore sizes in compacted bentonite can be drawn also from the 
diffusion experiments performed with colloidal particles.  
 
In Wold and Eriksen (2003), the diffusive properties of lignosulfonate (LS) colloids 
dissolved in 0.01 and 0.1 M NaClO4 were studied in bentonite of dry densities 0.6 to 1.8 
g/cm3. The mean size of the colloids was 60 – 80 nm. Independent of ionic strength and 
of dry density, effective diffusivities of the order of 10-12 m2/s were obtained. LS 
diffused in the total pore space, which indicated that the colloids would be neutral and 
there was no ion exclusion. It was assumed that the colloids formed inner sphere 
complexes with cations which caused a more compact structure of the colloids. 
 
In Wold and Eriksen (2007), through-diffusion experiments were carried out in 
bentonite with humic colloids in the size range of 1 – 10 nm. Bentonite was compacted 
to 0.6 – 1.8 g/cm3 dry density and equilibrated with 0.01 and 0.1 M NaClO4 solutions. 
Regardless of the compaction and ionic strength of solutions, humic colloids diffused 
through the compacted bentonite with an effective diffusivity of about 10-12 m2/s. The 
diffusion took place in the major part of the pore space of the compacted bentonite and 
ion exclusion was not significant. 
 
In Iijima et al. (2008), through-diffusion of humic acid was studied under various ionic 
strengths of solution and dry density of bentonite. The molecular weight of HA 
diffusing through bentonite, evaluated by using size exclusion chromatography, was 3 – 
5 kD (corresponding to a pore size of about 3 – 5 Å).  The breakthrough of HA was 
observed in the case of 1.2 – 1.6 g/cm3 dry density in 1 M NaCl, in the case of 1.2 – 1.5 
g/cm3 dry density in 0.1 M NaCl, but not with 1.2 g/cm3 dry density when the ionic 
strength of the solution was below 0.01 M. The effective diffusivities were 2.5x10-11 
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m2/s. It was concluded that the diffusion through the bentonite is more determined by 
the ionic strength than by the density of bentonite. 
 
Holmboe et al. (2010) studied diffusion of negatively charged 2-, 5-, and 15-nm gold 
colloids using MX-80 bentonite compacted to dry density of 0.6 – 2.0 g/cm3. The 
breakthrough of gold colloids was not observed in any of the experiments. In 
concentration profile analysis in bentonite, diffusion was only observed for the smallest 
gold colloids at the lowest density used. The estimated apparent diffusivity was about 5 
x 10-13 m2/s. Interlayer transport of the smallest colloids could not be ruled out in 
addition to the expected inter-particle transport. 
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3 STUDIES ON THE PORE STRUCTURE OF PURIFIED MX-80   

3.1 Sample preparation 

The purification method used comprised the following steps; 1) the removal of large 
particles (<2 μm) by dispersion in Milli-Q water followed by centrifugation, which was 
done three times; 2) the addition of NaCl to the bentonite/water suspension so that the 
NaCl concentration was ~0.5 M, and centrifugation of the suspension, which was 
repeated 2-3 times; 3) the removal of carbonates by acid treatment; 4) the removal of 
iron oxides with citrate-bicarbonate solution; 5) the removal of excess NaCl by dialysis, 
and 6) drying of the material at 60 ˚C. The Ca montmorillonite was made analogously. 
This method is similar to the clay material preparation described by Tournassat et al. 
(2004).  
 
The purified samples were finally milled to a grain size similar to that of MX-80. The 
cation-exchange capacity (CEC) of the materials was determined in two ways: by using 
the complex of copper(II) ion with triethylenetetramine [Cu(trien)]2+ as the index cation 
(Amman et al. 2005, Muurinen 2010), and by using the NH4Cl method as described in 
Kumpulainen and Kiviranta (2010). The CEC was found to be higher in the purified 
samples than in the MX-80, as expected, since they have a higher content of 
montmorillonite. The CEC of MX-80, purified sodium bentonite (PNa) and purified 
calcium bentonite (PCa) were 0.88, 0.94 and 0.95 eq/kg, respectively, according to the 
Cu-Trien method, while the NH4Cl method yielded somewhat lower values (Table 3-1). 
The latter method involved the determination of the amounts of extracted Ca2+, Fetot, 
Mg2+, and Na+ (by ICP-AES) and K+ (by FAAS) in the samples. Table 3-2 shows the 
percentage by which each cation contributes to balancing the total charge deficit in MX-
80, PNa and PCa. The total extracted cation contents were determined after three NH4Cl 
extractions. A fourth NH4Cl extraction was performed, after which the subsequent 
analyses showed only insignificant amounts of extracted ions, and thus indicated a 
complete extraction of the initial cations. The difference between the calculated 
 
 
Table 3-1. CEC-values for MX-80, PNa and PCa determined by the Cu(II)-triethylene-
tetramine (Cu-Trien) and the NH4Cl methods. The CEC values are expressed as 
equivalents per kg dry (105˚C, 24 h) material. Results from Kumpulainen and 
Kivaranta (2010) are given for comparison. The Ca concentrations in the table are 
corrected for the contribution from gypsum dissolution (by subtraction of the measured 
(by IC) SO4

2- concentration. 

Sample Cu-Trien 
(eq/kg) 

NH4Cl 
(eq/kg) 

Reference 

MX-80 0.88 0.78 This study. 
PNa 0.94 0.86 This study. 
PCa 0.95 0.85 This study. 
ABM MX-80 bulk 0.84 0.77 Kumpulainen & Kiviranta 

(2010)* 
ABM MX-80 <2μm, Na-
exchanged 

0.87 - Kumpulainen & Kiviranta 
(2010)* 

*Table 3-3 in Kumpulainen & Kiviranta (2010). 
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Table 3-2. Exchangeable cation saturation as percentage of total exchange capacity of 
MX-80, PNa and PCa. Results from Kumpulainen and Kiviranta (2010) are given for 
comparison. The Ca concentrations in the table are corrected for the contribution from 
gypsum dissolution (by subtraction of the measured (by IC) SO4

2- concentration. 

 
CEC based on three and four extractions was <0.4 %. The results in Table 3-2 also 
show that the PNa and PCa products contain about 99 % Na and Ca, respectively, which 
indicates that the preparation of these samples worked as intended. Finally, the values in 
Tables 3-1 and 3-2 are seen to agree well with those presented previously by 
Kumpulainen and Kiviranta (2010).  
 
The samples for the studies were made in two different ways depending on their 
density. Compacted samples, with dry densities in the range 0.7–1.6 g/cm3, were 
prepared by uniaxial compression in a squeezing cell and thereafter transferred to a two-
sided equilibrium cell (Figure 3-1) in order to homogenize and achieve an equilibrium 
state. The compacted samples were cylindrical with a diameter of 20 mm and a height 
of slightly below 9.5 mm, the value of which is the maximum cylinder height used in 
the equilibrium cell. The water content during compaction was 85-90 % of the amount 
corresponding to the case when the sample is fully saturated, i.e., when all pore are 
filled with water. Once a sample had been compacted to the proper height, the 
squeezing cell was opened and the sample was taken out from the cell, and placed in the 
equilibrium cell (Figure 3-1). The sample started thereafter to swell due to the contact 
with the equilibrium solution until the whole sample volume was filled by the water-
saturated bentonite or montmorillonite. It follows from the above that the dry density of 
the sample in each case was well defined from known values of 1) the mass of bentonite 
or montmorillonite used (given as mass of water-free, oven-dry bentonite), 2) the 
sample geometry (a cylinder with height 9.5 mm and a diameter of 20 mm), and 3) the 
total amount of water taken up. 

Sample Ion content (%) Reference 
Ca2+ Fetot K+ Mg2+ Na+ 

MX-80 22 0 2 7 69 This study. 
PNa 0.1 0 0.3 0.2 99.4 This study. 
PCa 98.9 0 0.3 0.2 0.6 This study. 
ABM MX-80 
bulk 

20 0 2 7 71 Kumpulainen & Kiviranta 
(2010) 

*Table 3-2 in Kumpulainen & Kiviranta (2010). 
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Figure 3-1. Schematic drawing of equilibrium cell with equilibrium solution on two 
sides (left) and on one side (right). The sample thickness is 9.5 mm. Cylindrical 
subsamples with a diameter of 4.5 mm and a height of 9.5 mm, were taken in the 
direction perpendicular to the sinters for NMR measurements.   
  
 
Soft samples, with densities below 0.7 g/cm3, were prepared by manual mixing of 
weighed amounts of bentonite and Milli-Q water. Mixing took place inside sealed 
plastic bags to avoid loss of water during preparation. The dry density of the bentonite 
was calculated by using the known masses of bentonite and water and assuming the 
bentonite grain density and the density of water to be 2.75 g/cm3 and 1.0 g/cm3, 
respectively.  
 
3.2 NMR measurements 

The NMR measurements in this study aimed at determining the relative amounts of 
different water types in water-saturated clay samples by following the method described 
in Ohkubo et al. (2008). The measurements were carried out with a high-field 
Chemagnetics CMX Infinity 270 MHz NMR spectrometer using a spin-locking CPMG 
(Carr-Purcell-Meiboom-Gill) technique. Briefly, this means that the measured signal 
decays are associated with the rotating-frame spin-lattice relaxation time, T1ρ (e.g. 
Farrar and Becker 1971). The use of the CPMG method to measure T1ρ is advantageous, 
since the whole decay signal can be obtained in one shot and a finer resolution of the 
deacay can be obtained for a given time. The measurement of T1ρ necessitates that all 
CPMG measurements are carried out with the same inter-pulse spacing τ in order to 
allow proper comparisons between results from different samples (Carlsson et al. 2012 
and references therein). The software peak-o-mat (Kristukat 2008) was used to fit 
discrete exponentials to the decay curves obtained from the NMR measurements. The 
sample temperature was kept at 23 ˚C by gas flushing. 
 
Subsamples of the water-saturated bentonite samples were transferred to glass tubes, 
which were sealed with Teflon stoppers, and used in subsequent NMR measurements. 
The minimum time used for saturating the samples was six days. The fact that saturation 
was achieved was controlled in a straightforward way by taking cylindrical sub-samples 
and comparing their total volumes with their gravimetric contents of solid and water. 
The diameter and length of the samples were 4.5 mm ~9.5 mm, respectively. Sample 
preparations as well as subsequent NMR measurements were in all cases carried out 
under aerobic conditions. 
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Relaxation times 
Different water phases in the clay/water system exhibit different molecular mobility. 
Thus, water in narrow pores, like the interlayer spacing between montmorillonite layers, 
is less mobile than the water in larger pores outside the stacked montmorillonite layers. 
This is well known and has previously been shown in NMR studies on clay water 
systems (e.g., Montavon et al. 2009 and Porion and Delville 2009). The water mobility 
can be expressed in terms of the spin-spin relaxation time, T2, which, briefly, tells how 
fast the protons in our samples return to equilibrium after having been exposed to an 
electromagnetic pulse in the spectrometer. The relaxation from the disturbed exited spin 
state towards the normal state is given by  
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where n is the number of relaxation processes and T2,i is the relaxation time associated 
with relaxation process “i”. Similar expressions can be given for the spin-lattice 
relaxation time, T1., see e.g., Farrar and Becker (1971) for details. 
 
The NMR measurements in this study indicated that two relaxation processes dominated 
completely in the samples, i.e. n=2 in Equation 3-2. This means that the sum of the two 
associated magnetisation vectors, M0,1 and M0,2, almost perfectly equalled the 
macroscopic magnetization vector M0. Satisfactory fits could thus be made with n=2. A 
higher value of n, say n=3, would suggest the presence of a third relaxation process. It is 
not a priori possible to tell in advance how many relaxation processes are needed to fit 
the observed curve. In the present study, however, it was found that assuming a third 
relaxation process only had a marginal effect; the associated magnetisation, M0,3 was 
thus negligible. This is demonstrated in the examples given in Appendix A. It should be 
explicitly stressed that it is necessary to carry out curve fittings assuming different 
values of n, in order to find the proper value of the number of relaxation processes. In 
the below presentation of results, three magnetisation vectors are given for each sample 
and also the amounts of IL and non-IL water inferred from the two major magnetisation 
vectors. 
 
In practice, magnetic field inhomogeneity may disturb the measurements. A means to 
eliminate such effects is offered by the “spin-locking technique”. The relaxation time 
observed with this method, T1ρ, is called the “spin-lattice relaxation rate in the rotating 
frame”. In non-viscous liquids T1ρ = T2, but in, e.g., a rigid lattice T1ρ >> T2 (Figure 
3-2).  
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Figure 3-2. Schematic relationship between various relaxation times (T1, T2 and T1ρ) 
and the molecular correlation time, τc, for relaxation determined by dipole-dipole 
interactions). (A) Rigid lattice, T1 >> T1ρ >> T2. (B) Non-rigid solid, T1 >> T1ρ ≥ T2. 
(C) Viscous liquid, T1 > T1ρ = T2. (D) Non-viscous liquid, T1 = T1ρ = T2. 
 
 
It is well known that spin-locking of the magnetization can occur when using the Carr-
Purcell-Meiboom-Gill (CPMG) sequence with a short delay between the pulses, such 
that T1ρ is observed instead of T2 (Farrar and Becker 1971). Spin-locking in dipolar 
solids was recognized long ago (Mansfield and Ware 1968, Waugh and Wang 1967), 
while Santyr et al. (1988) showed that this can also occur in semi-liquid-like species. 
There are thus two different types of relaxation times that can be observed with the 
CPMG method and it was not a priori known which type of relaxation time would be 
observed in the present study. A practical advantage with the CPMG method is that it is 
much faster than the spin-locking method. While the CPMG graph corresponds to a 
single measurement, the corresponding spin-locking graph requires a single 
measurement for each data point. The reader is referred to Farrar and Becker (1971) and 
references therein for a closer treatise of this matter.  
 
The pores in the bentonite/water samples offer different conditions for water molecules. 
In a motion-restricted environment, the relaxation rate of water next to the layer 
surfaces is greater than that of the bulk water. In the case of two water phases, the total 
T1ρ value, T1ρ,tot can be expressed as 
 

BStot TTT ,1,1,1

111



      (3-3) 

 
where S and B refer to surface and bulk, respectively. A similar expression also holds 
for T2, but in this case there is also a paramagnetic term involved 
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where P refers to relaxation due to diffusion near magnetic field gradients usually 
caused by paramagnetic impurities. The last term in eq. (3-4) is a problem because it 
does not reflect any structural properties of the sample. When there are a lot of 
paramagnetic impurities and the magnetic field is high, then the relaxation times can be 
very short and completely cover those due to the S and B contributions. 
 
Pore coupling 
A possible complication in NMR relaxation time measurements on samples like 
bentonite/water, is “pore coupling”, a phenomenon that occurs when water molecules 
can travel easily between the different pores (Figure 3-3). Briefly, pore coupling means 
loss of information, since instead of getting several relaxation times, only an average 
relaxation time is observed.  
 
In the present study, samples with high water-to-solid ratios did in some cases exhibit 
pore coupling (see the results section below).  
 

 
NMR results from studies on PNa and PCa 
The results presented here were obtained using the 1H NMR spin-lattice T1ρ relaxation 
time measurements using the short inter-pulse method. The time used between the 180˚ 
pulses, τ, was 22 μs in all cases presented. The software peak-o-mat (Kristukat 2008) 
was used to fit distributions of exponentials to the decay curves obtained from the NMR 
measurements. The sample temperature was kept at 25 ˚C by gas flushing. 
 
The observed decay signals are coupled to the water mobility such that, ideally, the 
presence of different types of porewater in a clay sample can be distinguished. Briefly, 
water molecules with a faster decay (i.e. shorter relaxation time) are less mobile than 
those with a slower decay (i.e. longer relaxation time). The results obtained in this study 
indicated the presence of two major water phases in all samples, which together 
comprised 99.5–100 % of the porewater. (The 100 % value corresponds to the 
magnetization at time zero, as indicated by equation 3-2). The results agree well with 
previous findings by Montavon et al. (2009) who in a low-field proton NMR study on 
synthetic Na-montmorillonite found only two relaxation times. According to Montavon 

   

Figure 3-3. Schematic drawing of water-saturated montmorillonite with different water 
content. Legend: grey = montmorillonite unit layer, light blue = non-IL water in 
external pores, dark blue = IL water between unit layers, gradient from dark blue to 
light blue = IL water at high unit layer separation; when the distinction between IL and 
non-IL water becomes conceptually difficult.  
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et al., the two relaxation times indicated the presence of  two populations of water. After 
performing several tests on clay samples that were systematically varied with regard to 
the clay-water ratio, and carrying out exponential fitting including between one and four 
exponentials, it was concluded that, for each sample, the lower T1ρ value was associated 
with IL water and the higher T1ρ value with the non-IL water. Our assumption is 
explicitly supported by Montavon et al. (2009), who state that for MX-80, the external 
population is characterised by a higher mobility than that of the internal population. 
Table 3-3 shows results from the NMR measurements and the subsequent mathematical 
analysis with peak-o-mat software. The dry density values in Table 3-3 were calculated 
from the relation ρdry =ms/vtot, where ms is the dry mass of the solid determined by 
heating (24h, 105˚C) and vtot is the sample volume. The latter was calculated 
straightforwardly from the relation vtot = (ms/ρs + mw/ρw), where ρs, ρw and mw are the 
grain density of solid (used value: 2.75 g/cm3), density of water (used value: 1.0 g/cm3) 
and mass of water, respectively. The columns showing the relative amounts of IL and 
non-IL water contain rather few and relatively scattered data. Their interpretation is 
facilitated by expressing them as a function of dry density and by distinguishing 
between samples with low and high dry density. This is shown in Figure 3-4 where the 
IL water content in PNa and PCa is plotted vs. dry density. The border between the two 
density regions is tentatively set to a dry density value around 0.8 g/cm3, which is 
sufficient for the present purposes.  
 
Data in the high density region (Figure 3-4) indicate that the relative amount of IL water 
is higher in the PNa samples than in the corresponding PCa samples. This suggests that 
there is a microstructural difference between the PNa and PCa samples although the 
nature of this difference cannot be inferred from the data alone. The difference might be 
explained in terms of differences in interlayer spacings and in the number of unit layers 
forming montmorillonite stacks in PNa and PCa, but on the basis of the limited amount 
of data such speculations are not fruitful. At this point, it is sufficient to point out that 
the difference between the amount of IL water in PNa and PCa agree satisfactorily with 
those given by Pusch et al. (1990) in a comparison between Na and Ca montmorillonite. 
The reader is referred to Pusch et al. for details.  
 
In samples with lower dry density, i.e. higher water contents, the relative amount of IL 
water seems to be the same in PNa and PCa, for a given dry density. This is explained 
by fact that the PNa swells more than PCa as is demonstrated in Figures 3-6 and 3-7 
below; PCa exibits a basal spacing of about 20 Å in the low density region, while PNa 
exhibits basal spacings that are found to be considerably higher (see Figures 3-6 and 3-7 
for details). The fact that the IL values does not differ significantly between the PNa and 
PCa samples in this region can be explained by coupling between IL water and the non-
IL water in the PNa samples. This means, briefly, that the interlayer spacing in the PNa 
samples is so large that part of the IL water will exhibit a mobility that is more or less 
indistinguishable from that of the non-IL water. Consequently, the relative amount of IL 
water in the PNa samples as given by the used NMR technique, will be lower than is 
concluded from, for example, SAXS data. 
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Table 3-3. Estimated fractions of IL water and non-IL water in PNa and PCa samples, 
as determined from NMR measurements. The percentages refer to total volume of 
porewater.  

Sample External 
solution 

Time*  
(d) 

Dry 
density 
(g/cm3) 

i T1ρ 

(us) 
M0,i

** IL water 
(%) 

Non-IL 
water 
(%) 

PNa Milli-Q 6 0.29 1 
2 
3 

2219 
3656 

0 

31.1 
68.9 

0 

31 
- 
- 

- 
69 
- 

PNa Milli-Q 6 0.54 1 
2 
3 

807 
1694 

0 

21.1 
78.9 

0 

21 
- 

- 
79 

PNa Milli-Q 6 0.66 1 
2 
3 

793 
1386 

28248 

25.8 
74.2 

0 

26 
- 
- 

- 
74 
- 

PNa Milli-Q 13 0.93 1 
2 
3 

528 
974 

29172 

44 
56 
0 

44 
- 
- 

- 
56 
- 

PNa Milli-Q 6 1.20 1 
2 
2 

278 
571 

0 

42.6 
57.4 

0 

43 
- 
- 

- 
57 
- 

PNa Milli-Q 21 1.26 1 
2 
3 

287 
527 

69432 

41.2 
58.7 
0.1 

41 
- 
- 

- 
59 
- 

PNa Milli-Q 31 1.59 1 
2 
3 

208 
391 

22655 

46.2 
53.7 
0.1 

46 
- 
- 

- 
54 
- 

PCa Milli-Q 6 0.31 1 
2 
3 

983 
2573 

11865 

24.9 
74.7 
0.3 

25 
- 
- 

- 
75 
- 

PCa Milli-Q 6 0.55 1 
2 
3 

686 
1295 

18216 

27.8 
72.1 
0.1 

28 
- 
- 

- 
72 
- 

PCa Milli-Q 6 0.67 1 
2 
3 

576 
985 

16557 

21.7 
78.2 

0 

22 
- 
- 

- 
78 
- 

PCa Milli-Q 13 0.98 1 
2 
3 

390 
704 

28776 

22.5 
77.3 
0.2 

22 
- 
- 

- 
78 
- 

PCa Milli-Q 6 1.22 1 
2 
3 

276 
549 

0 

31.0 
69.0 

0 

31 
- 
- 

- 
69 
- 

PCa Milli-Q 21 1.26 1 
2 
3 

282 
515 

22709 

42.3 
57.6 
0.1 

42 
- 
- 

- 
58 
- 

PCa Milli-Q 31 1.59 1 
2 
3 

175 
318 
7022 

31.5 
63.4 
0.8 

32 
- 
- 

- 
68 
- 

*Time for saturation in an equilibrium cell.  
**Expressed in per cent of total magnetisation, M0. 
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Figure 3-4. IL water in water-saturated PNa and PCa samples vs. dry density. 
 

 
3.3 SAXS measurements 

Small-angle X-ray Scattering (SAXS) measurements were performed on the purified 
sodium bentonite (PNa) samples of the dry densities 0.29, 0.54 and 1.20 g/cm3 and on 
the purified calcium bentonite (PCa) samples of the densities 0.31, 0.55 and 1.22 g/cm3 

in Table 3-3. The samples were same as used in the NMR measurements i.e. the 
samples with dry densities in the range 0.29-0.55 g/cm3 were prepared in sealed plastic 
bags, while the samples with dry density around 1.2 g/cm3 were prepared in squeezing 
cells. The measurements were carried out with a SAXS device consisting of a Bruker 
MICROSTAR microfocus rotating anode X-ray source with Montel Optics (parallel 
beam, CuKradiation = 1.54 Å), where the beam was further collimated using three 
sets of JJ X-ray 4-blade slits. Different sample-to-detector distances were used in order 
to span different q-ranges. The scattering intensities were measured using a 2D area 
detector (Bruker HiStar or Bruker Våntec). The magnitude of the scattering vector is 
given by q = (4/)sin, where 2is the scattering angle. The dependence between the 
size (d) of the structure causing scattering and the scattering vector (q) is given by d = 
2π/q. The q-values were calibrated using a silver behenate standard (d = 58.4 Å). 
Corrections for spatial distortion and detector response were made using an Fe-55 
source. The SAXS patterns from the samples were absorption-corrected and the 
background scattering was subtracted.  
 
 

 
 

Figure 3-5. Sample holder used in SAXS measurements. 
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For measurement, the samples were cut into 0.5 mm-thick slices to keep the absorption 
of the direct X-ray beam at a reasonable level.  The sample was placed in the sample 
ring as shown in Figure 3-5. Polypropylene foils were placed on each surface of the 
bentonite to prevent drying of the sample, and the ring was fixed in the sample holder. 
The experimental conditions were such that both shrinkage and swelling were 
precluded, i.e. the sample volume was constant throughout the measurements. 
 
The scattering intensity I(q) values have been presented for the samples as a function of 
q in the left part of Figures 3-6 and 3-7. The data sets of the two different detector 
distances were joined together by scaling the low-q data set to coincide with the high-q 
data set in the overlap region. The joined parts are identified by blue and red colour in 
the figures. 
 
The places of the peaks and the theoretical basal space, assuming a homogeneous 
bentonite, have also been marked in the figures. The initial intensity curves have been 
modified by dividing the intensity (I) with the slope of the curve (in log-log scale) so 
that that the curve turns horizontal. Then the background left was subtracted. The 
modified intensities are presented as the function of the basal space, calculated from the 
q, in the right part of the Figures 3-6 and 3-7. 
 
In the PNa samples of the density 0.29 g/cm3 the basal space extends from about 10 Å 
to about 200 Å, indicating that the sample is not homogeneus. In the PNa sample of the 
density 0.54 g/cm3 the basal space is somewhat smaller, extending to about 100 Å. In 
the sample of the highest density (1.20 g/cm3), the major peak is at 19 Å and the basal 
spaces extend to about 45 Å.  In all the samples the basal spaces stay below the 
theoretical value, which indicates that there is also water which is not in the interlayer 
space. 
 
In the PCa samples the variation of the basal spaces is clearly less than in the PNa 
samples. In all samples the major peak is at about 19 Å and the basal space extends to 
about 40 – 50 Å. Also in these samples, the measured basal spaces stay below the 
theoretical ones. 
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Figure 3-6. The intensities of SAXS measurements on the PNa samples of different dry 
densities. The figures on the left present the intensity as a function of q. On the right the 
intensity has been modified and presented in a linear scale as a function of the basal 
space. 
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Figure 3-7. The intensities of SAXS measurements on the PCa samples of different dry 
densities. The figures on the left present the intensity as a function of q. On the right the 
intensity has been modified and presented in a linear scale as a function of the basal 
space. 
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3.4 Coupled interpretation of NMR and SAXS results 

The SAXS curves were used for evaluation of the interlayer water amounts in the 
bentonite samples. In principle, the amount of interlayer water can be calculated from 
eq. 3-5 if the interlayer surface area (Ain) and the thickness of the water layer (h) in the 
interlayer space are known. The value of h is obtained from SAXS measurements. Ain 
has to be evaluated by some method or used as a fitting parameter. If the thickness of 
the interlayer water varies, the contributions of different sizes have to be summarized 
and the Win is obtained from eq. 3-6, where xi is a weight fraction of bentonite having an 
interlayer space hi. The modified intensities in the right parts of Figures 3-6 and 3-7 
were used to evaluate the fractions having a certain basal space. The fraction xi = Ci /C, 
where Ci is the intensity at a certain basal space and C is the sum of the intensities over 
the observed area. The interlayer water can then be calculated from eq. 3-7. Each 
channel of the counts was allowed to represent a certain fraction of bentonite in the 
calculations. 
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The amounts of different water types given by SAXS and NMR measurements are 
compared in Figure 3-8 for PNa. The calculations of SAXS were carried out assuming 
375 m2/g interlayer surface area, which means two montmorillonite layers per stack 
when the total surface area is about 749 m2/g (Tournassat and Appelo (2011). Because 
there was large variation of the interlayer space in the PNa samples (Fig. 3-6), only the 
water in the interlayer spaces, which were smaller than 30 Å, was accepted as interlayer 
water in the SAXS modelling and the rest was assumed to behave like non-IL water. 
The model used can explain the NMR results rather well. Only the NMR point at 0.29 
g/cm3 is an outlier. It may be that the sample has not been homogeneus and the 
measured NMR sample has had higher density than assumed. Otherwise the measured 
NMR values follow the SAXS modelling line of two montmorillonite layers per stack. 
It is obvious that NMR categorizes the water in the large interlayer spaces as less-bound 
water. At higher density, where the interlayer space decreases, NMR and SAXS 
interpret the interlayer water in the same way. In bentonite where the interlayer space 
normally has two to three water layers, SAXS and NMR are expected to interpret the 
interlayer water in the same way. 
 
In the case of PCa, the NMR data scattered strongly, as seen in Figure 3-9, and no 
detailed interpretation has been performed. In the basal space distributions presented in 
Figure 3-7 the interlayer spaces are mostly less than 30 Å and NMR measurements can 
be assumed to give correct water distribution values at all densities. There is clearly a 
need to decrease the scattering of the NMR results in the future. The short 
homogenization time may be a reason for the large scattering. 
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Figure 3-8. Porosity in purified Na-montmorillonite as a function of the dry density. 
The points are values determined with NMR. The values of SAXS measurements (lines) 
are calculated assuming 375 m2/g interlayer surface area i.e. 2 layers in the stacks. 
Only the water in the interlayer spaces smaller than 30 Å has been accepted as 
interlayer water in the SAXS modelling.  
 

 
 

Figure 3-9. Porosity in purified Ca-montmorillonite as a function of the dry density. 
The points are measured with NMR.  
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4 STUDIES ON THE PORE STRUCTURE OF MX-80 AND 
 DEPONIT CaN 

4.1 Studies on porosity in MX-80 with NMR  

4.1.1 Experimental arrangements 

Compacted water-saturated samples were prepared by squeezing ‘as delivered’ MX-80 
bentonite to the desired densities and thereafter keeping them in a two-sided equilibrium 
cell (Figure 3-1) having either Milli-Q water or a 0.1 M NaCl solution as an external 
solution. Details concerning the preparations were given in Chapter 3. Subsamples of 
the compacted samples were transferred to glass tubes for NMR measurements as 
described above. The sample preparations as well as NMR measurements were carried 
out under aerobic conditions.  
 
4.1.2 NMR measurements 

The NMR measurements and subsequent mathematical analysis were carried out in the 
same way as described for the purified samples. Table 4-1 shows the estimated relative 
amounts of IL water and non-IL water in % of total amount of porewater for the 
 
 
Table 4-1. Estimated fractions of IL water and non-IL water in ‘as delivered’ MX-80 
bentonite, as determined from curve-fitting analysis. The fractions are expressed in per 
cent of the total porewater volume.  

Sample External 
solution 

Time*  
(d) 

Dry 
density 
(g/cm3) 

i T1ρ 

(us) 
M0,i

** IL water 
(%) 

Non-IL 
water 
(%) 

MX-80 Milli-Q 7 0.67 1 
2 
3 

538 
1391 

17642 

38.8 
60.1 
1.1 

39 
- 
- 

- 
61 
- 

MX-80 Milli-Q 14 0.97 1 
2 
3 

364 
818 

20935 

50.2 
48.9 
0.9 

50 
- 
- 

- 
49 
- 

MX-80 Milli-Q 26 1.27 1 
2 
3 

287 
586 

19919 

81.6 
37.3 
1.1 

62 
- 
- 

- 
38 
- 

MX-80 Milli-Q 33 1.55 1 
2 
3 

210 
441 

22876 

70.1 
29.1 
0.8 

70 
- 
- 

- 
30 
- 

MX-80 0.1 M 
NaCl 

7 0.71 1 
2 
3 

467 
1213 

16210 

35.8 
63.4 
0.8 

36 
- 
- 

- 
64 
- 

MX-80 0.1 M 
NaCl 

15 0.96 1 
2 
3 

341 
744 

20106 

51.2 
47.6 
0.9 

52 
- 
- 

- 
48 
- 

MX-80 0.1 M 
NaCl 

24 1.27 1 
2 
3 

286 
590 

21667 

63.1 
35.7 
1.2 

63 
- 
- 

- 
37 
- 

MX-80 0.1 M 
NaCl 

33 1.57 1 
2 
3 

189 
390 

24497 

66.7 
32.5 
0.8 

67 
- 
- 

- 
33 
- 

*Time for saturation in an equilibrium cell.  
**Expressed in per cent of total magnetisation, M0. 
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compacted samples. The results indicate also for MX-80 the presence of two different 
water phases. The time for equilibration was sufficient for achieving saturation. 
 
4.2 Studies on porosity in MX-80 and Deponit CaN bentonites with SAXS 

and XRD 

4.2.1 Experimental arrangement 

The total water porosity, chloride porosity and bentonite microstructure were studied in 
compacted bentonite samples prepared from MX-80 and Deponit CaN bentonites 
(Muurinen 2009). The compacted bentonite samples of 9.5 mm in length and 20 mm in 
diameter were equilibrated from one side through a filter plate with 0.1 M NaCl solution 
for 12.5 months in aerobic conditions (Figure 3-1). The planned dry densities of the 
bentonite samples were 0.7, 1.0, 1.3 and 1.6 g/cm3. The solution volume in the external 
vessel was adjusted so that the bentonite-to-solution ratio was a constant 0.15 g/g in all 
the experiments. At the end of the experiment the external solution was removed and 
analyzed. The pH values of the external solutions were measured as soon as the solution 
was removed from the vessel. Later the solution was filtered with 12 k MWCO 
ultrafilter and Na+, K+, Ca2+, Mg2+, Cl-, SO4

2- and HCO3
- were analyzed from the 

solutions. The results of the analyses are presented in Table 4-2. Sodium and chloride 
are the most abundant components in the solutions. Most important changes concern 
sulphate and bicarbonate, which emanate from dissolution of calcite and gypsum. 
 
The bentonite samples were removed from the sample plate and a layer of 1 mm next to 
the filter plate, where the water content is often increased, was removed. Half of the 
next layer of 2 mm was used for the water content measurement and the other half for 
determination of chloride concentration in the clay. The rest of the bentonite sample was 
used for the XRD and SAXS measurements. 
  
Table 4-2. Chemical composition of the external solutions at the end of the 
equilibration. 
 

Sample Density pH  HCO3- Na K Ca Mg Cl SO4 
  g/cm3  (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l) (mmol/l)

MX10 0.69 8.08 4.43 105.3 0.79 1.85 0.86 97.6 5.00 
MX11 0.99 7.82 4.98 104.8 0.77 1.50 0.74 97.9 4.79 
MX12 1.25 8.15 1.95 102.7 0.72 1.20 0.53 98.7 5.10 
MX13 1.56 8.15 1.66 106.6 0.56 1.12 0.58 100.1 4.79 
            
DE10 0.69 7.55 0.67 98.3 0.82 4.24 2.80 102.7 5.52 
DE11 0.99 7.73 1.99 91.8 0.82 5.74 3.87 99.6 5.73 
DE12 1.26 7.82 1.49 94.4 0.82 5.74 3.91 102.4 6.04 
DE13 1.54 7.80 1.20 96.1 0.66 5.49 3.99 102.1 5.83 
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4.2.2 Water and chloride porosity 

The water content was determined by drying the bentonite sample at 105 oC for 2 days. 
The chloride analysis was performed by dispersing the bentonite sample of  0.3 – 1 g in 
20 ml of deionized water. The samples were shaken for four days and then the solution 
was separated from the bentonite in a centrifuge. The solution sample was ultrafiltered 
with 12 k MWCO filter. The chloride concentration was analyzed with ionic 
chromatography (IC). The chloride porosity εCl was evaluated from the volume-based 
concentration ratios between the bentonite and the external solution from eq. (4-1), 
where mCl is the mass of chloride in the studied bentonite sample, mb is the dry mass of 
bentonite, ρg is the grain density of bentonite, Vw  is the volume of water in the water-
saturated bentonite sample, and C0

Cl is the chloride concentration in the external 
solution.  

0)/( Clwgb

Cl
Cl CVm

m





       (4-1) 

 
The water contents measured for the MX-80 and Deponit CaN samples taken 1–3 mm 
from the water bentonite interface gave somewhat lower densities than aimed for in the 
case of the samples 1.3 g/cm3 (measured 1.25 g/cm3) and 1.6 g/cm3 (measured 1.55 
g/cm3). It is possible that there was a density gradient in the sample which caused this 
difference. This was supported by the later observation that, in the XRD measurement 
performed for bentonite at 3 mm from the water bentonite interface, the water content 
was higher than in the SAXS measurement where the samples were taken deeper. In the 
calculations performed on the SAXS samples, the planned densities were used instead 
of the values calculated from the water content measurements. 
 
According to the Donnan model, polyelectrolytes, like bentonite, in contact with salt 
solutions through a membrane are expected to have a unique content of ions in the 
porewater. Equation (4-2), which is based on the Donnan model, presents the 
relationship between the concentration of a monovalent cation in the external water and 
porewater (Overbeek 1952, Karnland 1998, Stålberg 1999). 
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                      (4-2) 

 
where  
Ce is the cation concentration in the external water (mol/l) 
Cie is the cation concentration caused by the external water into the porewater 

(mol/l) 
Ccc  is the concentration caused by the exchangeable cations into the porewater 

(mol/l), and 
ie , γcc and γe are activity coefficients in different conditions. 

 
Ccc can be evaluated from the cation-exchange capacity and water content in the clay. In 
the case where chloride and sodium are the only ions in the system, the chloride 
concentration in the porewater is equal to Cie. By assuming that all the activity 
coefficients are equal, the concentration caused by the external solution into the 
porewater can be solved. 
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Donnan exclusion modelling was done for the MX-80 samples assuming a homogeneus 
structure in the bentonite. The total surface area of the bentonite used in the calculations 
was 610 m2/g. It was determined using ethylene glycol monoethyl ether (EGME) 
adsorption method (Kumpulainen and Kiviranta 2011). CEC determined by CuTrien 
method was 84 meq/g (Kumpulainen and Kiviranta 2010, 2011).  Karnland et al. (2006) 
has determined for Wyoming bentonite grain density values which vary from 2.62 to 
2.78 g/cm3. In our calculations 2.75 g/cm3 was used which is equal with the value 
determined in 3-molar NaCl solution. The concentration caused by the exchangeable 
cations in the porewater (Ccc) could then be calculated. The cation concentration caused 
by the external solution into the porewater (Cie) was then solved from eq. (4-2) and the 
chloride porosity from eq.(4-1). The effect of the dissolving accessory minerals 
(gypsum, calcite) was ignored in the modelling. A theoretical curve for the chloride 
porosity of MX-80 is presented in Figure 4-1 together with the measured values of MX-
80 and Deponit. It is obvious that the measured chloride porosities are lower than the 
water porosity, which indicates the exclusion caused by the charged surfaces. The 
values are, however, higher than the theoretical values calculated for MX-80 assuming a 
homogeneus structure. The difference could be explained by a dual-porosity of 
bentonite with IL and larger non-IL pores. In the large pores the exclusion is decreased 
and the total concentration in the bentonite increases. 
 
4.2.3 SAXS measurements of bentonite samples  

Small-angle X-ray Scattering measurements were performed with a SAXS device as 
described in Section 3.3. The data sets of the two different detector distances were 
joined together by scaling the low-q data set to coincide with the high-q data set in the 
overlap region. The scattering intensity I(q) values have been presented for MX-80 and 
Deponit samples as a function of q in Figures 4-2 and 4-3 (left).  
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Figure 4-1. Chloride porosity and water porosity as a function of dry density in MX-80 
and Deponit CaN samples. The chloride porosity calculation based on the Donnan 
model of the MX-80 bentonite is done assuming a homogeneous bentonite. 
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Characteristic for all the curves is the strong peak at about q = 0.3 – 0.4 Å-1 and a 
straight line at lower values. The peak represents the interlayer basal spaces of the 
montmorillonite. The place and shape of the peak depends on the density of the clay, 
indicating which basal spaces are dominant. The MX-80 sample with a dry density of 
0.7 g/cm3 shows a broad peak also at q of about 0.1 – 0.2 Å-1. Increased intensities at the 
same q-area are probably present in the curves of the MX-80 samples of the other 
densities, too, but not so clearly. The Deponit samples do not show similar intensity 
increase at q of 0.1 – 0.2 Å-1 which may indicate lower swelling tendency of the stacks. 
 
At low q-values the SAXS curves approach on log-log scale a straight line with a slope 
close to -3, except in the case of the highest density where the slope is close to -3.5, as 
seen in Figures 4-2 and 4-3. The slope -3 represents the large three-dimensional 
structures. Very large aggregates or stacks with close to 100 % volume fraction would 
give a gradient of -4 (van Duijneveldt et al. 2005). The change of the slope of the high-
density samples to -3.5 may indicate the approaching of such conditions. 
 
In order to obtain a more precise picture of the scattering effects at high q-values the 
intensity values in Figures 4-2 and 4-3 have been modified by dividing them with qs, 
where s is the exponent of the trend line equation seen in the Figures. The modified 
intensities are presented in Figures 4-2 and 4-3 (right) for MX-80 and Deponit, 
respectively. In the figures the x-axis has been changed from q for the basal space. The 
dotted vertical lines in the figures indicate the theoretical basal spaces of different 
bentonite densities assuming a homogeneous structure. In addition to the peaks which 
represent the interlayer basal spaces in the montmorillonite stacks, there is lower 
intensity in somewhat larger spaces (1.8 – 5 nm). The intensity of those areas seems to 
depend on the density of the sample such that the intensity is highest at low density and 
decreases when the density increases. The theoretical basal spaces of the homogeneous 
bentonite are typically in the area of 1.8 – 10 nm, and it can be assumed that the 
intensities there represent the faults (Cebula et al. 1979) and the most swollen parts of 
the montmorillonite. 
 
The SAXS measurement on the bentonite samples can be used to obtain information 
about the size distribution of the interlayer distance of montmorillonite. Separating the 
overlapping peaks representing each number of molecular layers of water in the 
interlayer space is challenging due to the disordered structure of the bentonite and 
strong overlapping of the peaks at higher basal space values. A simplified method is to 
allow each q-value (channel of counts) to represent an interlayer distance and the counts 
to represent the fraction of montmorillonite having this interlayer distance. In this way, 
the interlayer distances will be considered over the whole area in water amount 
calculations, although the exact contributions of the different water layer numbers are 
not specified. 
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Figure 4-2. The intensity as a function of the scattering vector q (left) and the modified 
intensity as a function of the basal space (right) for MX-80 samples of different 
densities. The theoretical basal space of a homogeneous sample is indicated with the 
dotted line (right). 
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Figure 4-3. The intensity as a function of the scattering vector q (left) and the modified 
intensity as a function of the basal space (right) for Deponit samples of different 
densities. The theoretical basal space of a homogeneous sample is indicated with the 
dotted line (right). 



 40

4.2.4 Evaluation of the microstructure of MX-80 from SAXS results 

The chloride porosity measurements and Donnan exclusion calculations were used 
together with the SAXS results to evaluate the bentonite microstructure. Two 
microstructural models of bentonite, the layer model and the gel model, were used in the 
evaluation. The layer model of bentonite structure was of the same type as described 
earlier in many publications (Wersin 2003, Suzuki et al. 2004, Muurinen et al. 2007, 
Tournassat and Appello 2011), where the montmorillonite is organized in stacks having 
interlayer water between the layers and non-interlayer water between the stacks. The gel 
model was based on the GMM model (Pusch et al. 1990) where the non-interlayer water 
included some amount of less organized montmorillonite flakes (gel). 

In the layer model, the fraction of the montmorillonite of each basal space was 
calculated from eq. 3-8 (Section 3.4) using the curve of the modified intensity v.s. the 
basal space in Figure 4-2. This allows calculation of the total water amount in the 
interlayer space when the surface area of montmorillonite seen by SAXS is known. 
However, it is not possible to conclude from the SAXS curve which fraction of 
montmorillonite contributes to the SAXS spectra, i.e. which part of the surface area can 
be considered as interlayer one. The Scherrer equation (eq. 2-1), which in principle 
could be used to evaluate the stack thickness and IL surface area, is expected to give too 
small a thickness due to the structural disorder in the bentonite (Cebula et al. 1979). The 
disorder is indicated by the non-symmetrical intensity in the SAXS curves in Figure 4-2 
(right) showing larger basal spaces in addition to the main peak. In the modelling, the 
number of layers in the stacks was used as a fitting parameter to determine the interlayer 
and external surface areas. The number of layers per stack was adjusted so that the 
modelled chloride concentration in bentonite was equal to the measured one. 

Chloride was allowed to go both to the interlayer and non-interlayer water according to 
the Donnan model. The material parameters used in the modelling were: total surface 
area 610 m2/g, grain density 2.75 g/cm3 and density of water 1 g/cm3. In the 
calculations, the interlayer size was allowed to extend to twice the theoretical 
homogeneous basal space. The input data used in the modelling and the obtained results 
of MX-80 bentonite are presented in Table 4-3.  

The gel model calculations were used to solve the amount of homogeneously distributed 
montmorillonite layers that are needed in the non-interlayer water to cause the measured 
chloride concentration in the bentonite. No special assumption about the thickness of 
the stacks was needed. Only the volume fractions of the well-organized montmorillonite 
and less-organized gel were solved in the modelling.  The model assumed that the outer 
surfaces of the stacks are part of the gel in the non-IL water. Also in this modelling, 
chloride was allowed to go both to the IL and non-IL water according to the Donnan 
equation. The interlayer size extended to a value of twice the theoretical homogeneous 
basal space. 
 
A two-step approach was used in the calculations of the volumes of different water types 
from the SAXS curves. First it was assumed that 100 % of the surface area (610 m2/g) 
was as IL surface. By comparing the calculated IL water with the measured total water 
it could be seen which amount of water at least was not seen in the SAXS measurement 
and had to be considered as non-IL water. Because the amount of the non-IL water was 
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larger than the chloride porosity, it was concluded that there is some bentonite in the 
non-IL water which causes exclusion.  
 

Table 4-3. Modelling of the microstructure in MX-80 samples on the basis of SAXS and 
chloride exclusion measurements. Layer model is used for the bentonite microstructure. 
 

Sample code MX10 MX11 MX12 MX13 

Input data:     

Dry density (g/cm3) 0.7 1.0 1.3 1.6 

Water porosity (measured) 0.75 0.64 0.53 0.42 

Cl-porosity (measured) 0.37 0.22 0.09 0.05 

Layers per stack (adjusted) 15 18 24 58 

IL surface area (m2/g) 569 576 584 599 

Non-IL surface area (m2/g) 41 34 26 11 

Modelling results:     

IL-porosity (volume fraction) 0.27 0.30 0.32 0.31 

Non-IL porosity (volume fraction) 0.48 0.34 0.21 0.11 

Total Cl-porosity (volume fraction) 0.37 0.22 0.11 0.05 

Pore size of non-IL pores (Å) 336 201 124 121 
 
 
Table 4-4. Results of the modelling of the porosities on the basis of the SAXS 
measurements and chloride exclusion experiments for MX-80 samples. The bentonite is 
assumed to be formed of dense and soft fractions. The basal space to 2 x theoretical 
basal space has been used for the dense fraction. 
 

 MX10 MX11 MX12 MX13 

Input data:     

Dry density (g/cm3) 0.7 1.0 1.3 1.6 

Water porosity (volume fraction) 0.75 0.64 0.53 0.42 

Cl- porosity (measured) 0.37 0.22 0.09 0.05 

Modelling results:     

Volume of dense fraction (cm3/cm3) 0.54 0.67 0.79 0.89 

Dry density of dense fraction (g/cm3) 1.23 1.43 1.58 1.77 

IL porosity (volume fraction) 0.30 0.32 0.34 0.32 

Volume of gel fraction (cm3/cm3) 0.46 0.33 0.21 0.11 

Dry density of gel fraction (g/cm3) 0.06 0.11 0.22 0.22 

Non-IL porosity (volume fraction) 0.45 0.32 0.19 0.10 

Total Cl-porosity (volume fraction) 0.37 0.22 0.10 0.05 

Effective pore size in gel fraction (Å) 515 309 146 146 
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During the next step, a suitable amount of the bentonite and interlayer water were 
moved from the stacks to the non-IL pores so that the total chloride amount in the 
interlayer spaces and the gel was equal to the measured chloride amount. The results of 
the calculations for the MX-80 samples with the gel model are presented in Table 4-4.  
 
The chloride porosity is mostly caused by the pores in the gel fraction where the pore 
size is larger. The volume of the gel fraction decreases and its density increases with 
increasing density of the clay. The effective pore spaces of the gel fraction vary from 
about 515 to 146 Å for the densities from 0.7 g/cm3 to 1.6 g/cm3, respectively. At the 
bentonite density expected to be used in a repository, the volume of the gel fraction was 
about 11 % of the total volume.  
 
4.2.5 Evaluation of the microstructure of Deponit CaN from SAXS results 

In the case of Deponit CaN, where the exchangeable cations are mostly divalent, the 
simple Donnan equation cannot be used to calculate the exclusion. In calcium bentonite, 
the thickness of the stacks is usually larger than in sodium bentonite, however. This was 
supported by lower swelling of the Deponit samples than of MX-80 samples at low 
density in the SAXS measurements. For the Deponit samples, the calculations were 
done using the same and five-fold amount of layers per stack as in the modelling of the 
MX-80 samples. The values most probably cover the lower and upper limit of the stack 
thickness. Only the layer model was used in the Deponit modelling because calcium 
montmorillonite has low tendency to form gel. The total IL water amount over the 
observed q-values was calculated in the same way as for the MX-80 samples. In the 
calculations, the total surface area of 550 m2/g, determined by ethylene glycol 
monoethyl ether (EGME) adsorption method, was used (Kumpulainen and Kiviranta 
2011). By comparing the calculated water amount with the measured water amount in 
the sample, the non-IL water amount could be evaluated.  
 
The results of the Deponit samples are presented in Table 4-5. It can be seen that the 
chloride porosity is close to the non-IL porosity, and there is less exclusion than in MX-
80. This is expected because the double layers in calcium bentonite are thinner than in 
sodium bentonite, and there is probably very little exclusion in the non-IL pores. It is 
also possible that chloride forms ion pairs with the divalent cations, which may increase 
the chloride concentration in bentonite. 
 
The size of the non-IL pores strongly depends on the assumed number of layers per 
stack, as can be seen in Table 4-5. For more exact evaluation, more data is needed about 
Deponit, for example, NMR data or advanced modelling of the measured exclusions. 
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Table 4-5. Results of the modelling of the porosities on the basis of the SAXS 
measurements in Deponit samples. The basal space extending to 2 x theoretical basal 
space has been used for IL pores. 
 

 DE10 DE11 DE12 DE13 

Experimental results:     

Total average dry density 0.7 1.0 1.3 1.6 

Total water (g/cm3) 0.75 0.64 0.55 0.44 

Cl- porosity (measured) 0.52 0.34 0.16 0.09 

Modelling results:  

Layers/stack equal with MX-80     

Layers per stack 18 22 32 52 

IL porosity (volume fraction) 0.20 0.29 0.33 0.34 

Non-IL porosity (volume fraction) 0.55 0.35 0.20 0.08 

Size of non-IL pores (Å) 470 260 160 90 

     

Layers/stack 5 x MX-80 values     

Layers per stack 90 110 160 260 

IL porosity (volume fraction) 0.21 0.30 0.34 034 

Non-IL porosity (volume fraction) 0.54 0.34 0.19 0.08 

Size of non-IL pores (Å) 2330 1260 760 420 

 
 
4.2.6 XRD measurements of bentonite samples 

The MX-80 and Deponit samples from the porosity experiment were studied with XRD 
at the depth of 3 mm from the water bentonite interphase. For the measurement, the 
bentonite sample was moved to a sample holder, as seen in Figure 4-4. The bentonite 
surface was trimmed according to the surface of the sample holder and coated with 
Mylar foil to prevent drying. The bottom of the sample was also closed with tape. The 
XRD measurements were performed immediately in order to avoid any drying of the 
bentonite. 
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Figure 4-4.  Sample holder for XRD measurements. 
 
X-ray diffractograms were run from the samples using a Philips X’Pert MPD 
diffractometer and the powder method.  Measurements were run from the samples under 
the mylar foil using the following parameters: 
 
Incident beam path 
CuKa radiation 40kV 50 mA 
Divergence slit 1 ° 
Nickel filter 
Mask 15 mm 
Soller slit 0.04 rad 

Diffracted beam bath 
Anti-scatter slit ¼ ° 
Receiving slit height 1 mm 
No filter 
Soller slit 0,04 rad 
 

Measurement parameters
Scan axis: Gonio 
Scan mode: continues 
Start angle: 3 °2Θ 
End angle: 12 °2Θ 
Scan speed 0,01 °2Θ/min 

 
The diffractograms of the XRD measurements are presented for the MX-80 and Deponit 
samples of different density in Figures 4-5 and 4-6. The figures present the intensities as 
a function of the basal space, i.e. the thickness formed by one montmorillonite layer 
plus interlayer water layer. For comparison, the figures also show the basal spaces given 
by Tournassat et al. (2003) for montmorillonite assuming 0, 1, 2 and 3 molecular layers 
of water in the interlayer space (0.955 nm, 1.25 nm, 1.56 nm 1.86 nm). On the x-axes 
are presented the theoretical places of the peaks for different bentonite densities if it is 
assumed that water is evenly spread on all montmorillonite surfaces. The density 
increases from left to right and the colours are the same as in the curves. The densities 
in the legend are based on the water contents in the samples at the depth of 1 – 3 mm, 
close to the level where the XRD-measurement was performed. The water contents in 
the samples of the highest density were somewhat higher than the planned 
concentration, which indicates possibly non-homogeneous water distribution in the 
samples. The difference is also seen as a difference in the SAXS and XRD spectra. 
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Bentonit 

Teflon ring 
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Figure 4-5.  Intensity of XRD curves as a function of the basal space in the MX-80 
samples. The dry density of the bentonite sample in g/cm3 is given in the legend. The 
vertical dotted lines with numerical values show the basal spaces found in literature for 
bentonite with 0, 1, 2 and 3 water layers in the interlayer space. The peak places for 
different densities assuming a homogeneous structure are on the x-axis. 
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Figure 4-6.  Intensity of XRD curves as a function of the basal space in the Deponit 
samples. The dry density of the bentonite sample in g/cm3 is given in the legend. The 
vertical dotted lines with numerical values show the basal spaces found in literature for 
bentonite with 0, 1, 2 and 3 water layers in the interlayer space. The peak places for 
different densities assuming a homogeneous structure are on the x-axis. 
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A general conclusion from Figure 4-5 is that the measured basal space represented by 
the peaks is smaller than the theoretical one. It can be assumed that there is water also in 
other, probably larger pores, than those represented by the peaks of two to three water 
layers. The height of the curve to the right of the three-water-layer peak (1.86 nm) 
suggests that there are spaces with more water layers, although separate peaks cannot be 
seen. When the density of the sample increases from 0.7 g/cm3 the height of the curve in 
the area of the large basal space drops, and the peak of the two water layers starts to 
increase. At the density of 1.55 g/cm3 the peaks of two and three water layers exist 
simultaneously.  
 
From the SAXS measurements it can be concluded that part of the IL water is present in 
pores of a larger basal space than 3 nm, which was the maximum for XRD. The 
evaluation of the background of the XRD intensities is also uncertain. Due to the 
uncertainties related to the XRD-spectra, no quantitative evaluation of the porosities is 
presented. Qualitatively however, the results indicate that the bentonite does not swell 
ideally, the basal spaces are smaller than expected, and there is water that is not seen by 
XRD. 
 
4.3 Comparison of the NMR and SAXS values in this study and literature 

The results from the NMR measurements and SAXS measurements are compared in 
Figures 4-7 and 4-8 for MX-80 bentonite. The figures present IL, non-IL, water and 
chloride porosity in MX-80 samples saturated with 0.1 M NaCl solution at different dry 
densities. The lines seen in the figures are trend lines calculated from the SAXS and 
NMR results together. The difference between the figures is that in Figure 4-7 the 
SAXS porosity is based on the layer model of bentonite microstructure, while in Figure 
4-8 the gel model was used. Only a small difference is seen between the porosities of 
the SAXS measurements evaluated by the two assumptions, and it is not possible to say 
which structure, layer or gel is better.  
 
The NMR studies and SAXS studies coupled with the Cl porosity measurements 
provide very similar pictures of how the porewater is divided in two phases in bentonite 
and the IL water and non-IL water are almost the same with both methods. The second-
order regression equations presented in the figure captions describe well the porosities 
as a function of the dry density of bentonite within the described density area. The 
diagrams also show that the chloride porosity is smaller than the non-IL porosity 
indicating the exclusion.  
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Figure 4-7. IL, non-IL, water and chloride porosity in MX-80 samples saturated with 
0.1 M NaCl solution at different dry density. The IL and non-IL porosities were 
evaluated from SAXS and NMR measurements. The layer model was used for bentonite 
in SAXS modelling. The trend lines are IL: y = -0.2231x2 + 0.541x; R2=0.981, non-IL: y 
= 0.223x2- 0.905x + 1; R2= 0.997, Cl porosity: y = 0.337x2 – 1.133x + 1; R2=0.999. 
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Figure 4-8. IL, non-IL, water and chloride porosity in MX-80 samples saturated with 
0.1 M NaCl solution at different dry density. The IL and non-IL porosities were 
evaluated from SAXS and NMR measurements. The gel model was used for bentonite in 
SAXS modelling. The trend lines are IL: y = -0.239x2 + 0.567x; R2=0.986, non-IL: y = 
0.238x2- 0.930x + 1; R2= 0.998, Cl porosity: y = 0.337x2 – 1.133x + 1; R2=0.999. 



 48

Figure 4-9 presents the porosities in Deponit samples as a function of the dry density. 
Evaluation of the IL and non-IL porosities in the Deponit is based only on the SAXS 
measurements.  The modelling curves seen in the Figure are based on an assumed 
number of layers per stack, seen in Table 4-5. The points are measured chloride 
porosities. At low density, Deponit has lower IL porosity than MX-80 due to lower IL 
swelling, and the chloride porosities are larger than in MX-80. Otherwise the behaviour 
is rather similar in both bentonites. 
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Figure 4-9. Different porosity types in Deponit bentonite as a function of dry density. 
The modelling is based on the number of layers in stack as seen in Table 4-5. The points 
are measured chloride porosities. 
 
Table 4-6 presents some literature data from experimentally determined dual pore water 
distributions in bentonite and montmorillonite saturated with water or some aqueous 
solution. The dry density of the samples range between 0.58 and 1.6 g/cm3, which 
provide an opportunity to compare the literature data with the results obtained in this 
study. XRD and NMR were used for determination of the water types.   

The presence of both interlayer and non-interlayer water was clearly indicated in 
Kunipia-F samples saturated with distilled water (Kozaki et al. 2001) and in bentonite 
saturated with ground water or sea water (Warr and Berger 2007). Ohkubo et al. (2008) 
found for Kunigel-V1 bentonite saturated with distilled water, that most of the water 
(99 %) was “bulk-like” at a dry density of 0.68 g/cm3, and that the proportion of this 
water dropped as the dry density increased. At dry densities of 1.2 and 1.6 g/cm3, the 
percentage of the bulk-like water (expressed in per cent of the total water volume) was 
66 % and 11 %, respectively. Roughly speaking, the term “bulk-like water” is similar 
to, but not exactly, the same as “non-interlayer water. A definition of “bulk-like water” 
is found in Ohkubo et al. Montavon et al. (2009) determined the proportion of bulk 
water by using NMR on frozen and unfrozen samples. Their results indicated, for 
example, that the bulk water is about 50 % in MX-80 saturated with synthetic ground 
water and compacted to a dry density of 1.067 g/cm3.  
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Table 4-6. Selected data from literature showing results from porosity studies in water-
saturated bentonite and montmorillonite. The amounts of IL, non-IL and bulk water are 
given 1) as per cent of total water content (the measure used in the original references), 
and 2) as porosity, i.e. as per cent of the sample volume. (The latter values are given in 
parenthesis). 

 
 

Table 4-6 also includes a study by Holmboe et al. (2012) in which the interparticle 
porosity, i.e. what is in this report referred to as non-IL water, was found to be lower 
than previously reported in the literature. Holmboe et al. state that “At compactions 
relevant for the saturated bentonite barrier (1.4-1.8 g/cm3), the interparticle porosity was 
estimated to be ≤3 %”. The saturation solution used was 0.001 M NaCl. The 
information in Table 4-6 demonstrate the existence of what seems to be contradictory 
results concerning the porosity in water saturated bentonite. It is however outside the 
scope of this report to speculate on the reasons for the observed contradiction and the 
reader is referred to Holmboe et al. (2012) and references therein for details on this 
matter. 

Solid material  Added 
solution  

Dry 
density 
(g/cm3) 

IL 
water 
(%) 

Non‐
IL 
water 
(%) 

Bulk 
water 
(%) 

Method 
 
 
 

Reference 

Kunipia‐F 
(>95% Na‐montmorillonite) 

Distilled 
water 

0.7  27 (20)  73 (54)    XRD  Kozaki et al. 
(2001) 

Kunipia‐F 
(>95% Na‐montmorillonite) 

Distilled 
water 

1.0  45 (29)  55 (35)    XRD Kozaki et al. 
(2001) 

Kunipia‐F 
(>95% Na‐montmorillonite) 

Distilled 
water 

1.3  70 (37)  30 (16)    XRD Kozaki et al. 
(2001) 

Kunipia‐F 
(>95% Na‐montmorillonite) 

Distilled 
water 

1.6  68 (28)  32 (13)    XRD Kozaki et al. 
(2001) 

Na‐activated bentonite 
(IBECO‐SEAL‐80,  
>80% montmorillonit) 

Ground 
water 

1.15  53 (31)  47 (27)    Wet‐cell XRD  Warr and 
Berger (2007) 

Na‐activated bentonite 
(IBECO‐SEAL‐80,  
>80% montmorillonit) 

Sea water  1.14  48 (28)  52 (30)    Wet‐cell XRD  Warr and 
Berger (2007) 

Ca‐activated bentonite 
(TIXOTRON‐TE,  
>80% montmorillonit) 

Ground 
water 

0.94  23 (15)  77 (51)    Wet‐cell XRD  Warr and 
Berger (2007) 

Ca‐activated bentonite 
(TIXOTRON‐TE,  
>80% montmorillonit) 

Sea water  0.94  23 (15)  77 (51)    Wet‐cell XRD  Warr and 
Berger (2007) 

Kunigel‐V1 bentonite (~60% 
montmorillonit) 

Distilled 
water 

0.68      99 (75)  NMR, use of an 
"R‐index" 

Ohkubo et al. 
(2008) 

Kunigel‐V1 bentonite (~60% 
montmorillonit) 

Distilled 
water 

1.2      66 (37)  NMR, use of an 
"R‐index" 

Ohkubo et al. 
(2008) 

Kunigel‐V1 bentonite  
(~60% montmorillonit) 

Distilled 
water 

1.6      11 (4.6)  NMR, use of an 
"R‐index" 

Ohkubo et al. 
(2008) 

Synthetic Ca‐
montmorilllonite 

0.1 M 
CaCl2 

0.583      76 ±4 
(60) 

NMR, frozen and 
unfrozen samples 

Montavon et. 
al. (2009) 

MX‐80 bentonite  
(~80% montmorillonite) 

Synthetic 
ground 
water 

1.067      50 ±3  
(31) 

NMR, frozen and 
unfrozen samples 

Montavon et. 
al. (2009) 

MX‐80 bentonite (~80% 
montmorillonit) 

0.001 M 
NaCl 

>1.4    <3  (<1.5)  XRD  Holmboe et 
al. (2012) 

Na‐montmorillonite  0.001 M 
NaCl 

>1.4    <3  (<1.5)  XRD  Holmboe et 
al. (2012) 
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5 DISCUSSION 

Compacted bentonite is planned to be used in many countries as an important barrier 
component in high-level nuclear waste repositories. Knowledge about the 
microstructure of the bentonite and the distribution of water between interlayer (IL) and 
non-interlayer (non-IL) pores is useful for modelling of long-term processes in the 
bentonite in an HLW repository.  
 
Present models of water-saturated bentonite and montmorillonite provide a good picture 
of the microstructure on the lowest levels, but become less accurate when used to 
describe the larger structures. Thus, crystallographic data for the basic montmorillonite 
unit layer are commonly accepted among clay researchers. It is also commonly accepted 
that unit layers form stacks which consist of montmorillonite unit layers containing 
interlayer water between them. The stacks in turn may form larger aggregates, which 
may be combined in an irregular way into denser and less dense parts of the clay, as 
suggested by the GMM model (Pusch et al. 1990). In reality, however, bentonite is a 
more complex material than proposed by idealized models (e.g., Cebula et al. 1979, 
Bradbury and Baeyens 2003). 
 
The porosity is often considered to be divided into two distinguishable parts, interlayer 
and non-interlayer pores (e.g. Ohkubo et al. 2008, Montavon et al. 2009). The water in 
these pores is generally assumed to have different properties as a consequence of how 
much it is influenced by the electric fields emanating from the negatively charged 
montmorillonite unit layers. Close to the basal unit layer surfaces, the anions are 
affected by the negative surface, which is the reason why anion exclusion occurs. At 
larger distances, the water is electroneutral. It is thus possible to sub-divide the non-
interlayer water to smaller categories, like “diffuse double-layer water” and “free water” 
(e.g. Bradbury and Baeyens 2003, Tournassat and Appelo 2011). In the present study, 
however, the result was explained in terms of the interlayer and non-interlayer concepts 
and no further sub-division of the water phases was used.  
 
The complexity concerning the microstructure and the distribution of water in the 
bentonite has been questioned by Birgersson and Karnland, who were able to model 
their experiments assuming a single, uniform porosity in the bentonite samples 
(Birgersson and Karnland 2009). Although the use of a uniform porosity might be 
justified in certain types of swelling calculations, Tournassat and Appelo (2011) point 
out that it is not very likely that all pore space in the bentonite has uniform 
electrochemical properties.  
 
The literature contains an abundance of models that describe bentonite and/or 
montmorillonite microstructure in various ways, which are in general similar, but differ 
in details. The few structural models presented here suffice, however, to suggest that the 
uncertainty concerning the structure is mainly coupled to the larger scales (meso- and 
macro-scales) than to the micro-scale. Clay properties on microscale are relatively easy 
to study in comparison to those on meso- and macro-scales. Studies of clay properties 
on the latter scales require measuring techniques and analytical software that have only 
recently been available for researchers. Still, the research on water-saturated clay 
microstructure in the meso- and macroscale is difficult, and benefits from combining 
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techniques to get complementary data. In the present study, NMR, SAXS and chloride 
exclusion were used for this purpose.  
 
The present study was made on Na-montmorillonite (PNa), Ca-montmorillonite (PCa), 
MX-80 and Deponit CaN bentonites. The sample dry densities ranged between 0.3 and 
1.6 g/cm3. The NMR results were obtained by using 1H NMR spin-lattice T1ρ relaxation 
time measurements using the short inter-pulse method. The interpretation of the NMR 
results was made by fitting distributions of exponentials to observed decay curves. The 
results by NMR indicated for compacted samples with dry densities above 1.0 g/cm3, 
the presence of two main types of porewater, which were interpreted as inter-layer and 
non-interlayer water.  
 
The SAXS measurement on bentonite samples were used to get information about the 
size distribution of the interlayer distance of montmorillonite. However, it is not 
possible to conclude from the SAXS curve which fraction of montmorillonite 
contributes to the SAXS spectra, i.e. which part of the surface area can be considered as 
an interlayer one. The chloride porosity measurements and Donnan exclusion 
calculations were used together with the SAXS results to evaluate the bentonite 
microstructure of MX-80 samples. Two microstructural models of bentonite, the layer 
model and the gel model, were used in the evaluation. In the layer model, the 
montmorillonite was organized in stacks having interlayer water between the layers and 
non-interlayer water between the stacks. The gel model was based on the GMM model 
(Pusch et al. 1990) where the non-interlayer water included some amount of less 
organized montmorillonite flakes (gel). In the modelling, the number of layers in the 
stacks, or the amount of montmorillonite in the non-IL water were used as fitting 
parameters which determined the interlayer and external surface areas. The fitting 
parameters were adjusted so that the modelled chloride concentration was equal to the 
measured one. Only a small difference was seen between the porosities evaluated by the 
two microstructural models of the bentonite.  
 
The studies carried out with two different methods, NMR and SAXS studies coupled 
with Cl porosity measurements, provided very similar pictures of how the porewater is 
divided in interlayer and non-interlayer water in MX-80 bentonite. In the case where 
MX-80 of a dry density 1.6 g/cm3 was equilibrated with 0.1 M NaCl solution, the 
results indicated an interlayer porosity of 30 % and non-interlayer porosity of 12 %. The 
interlayer space mainly contained two water layers but also spaces with more water 
layers were present. The average size of the non-interlayer pores was evaluated to be 
120 - 150 Å. From the montmorillonite surface area 98 % was interlayer and 2 % non-
interlayer. It is probable, however, that the real situation in the bentonite is more 
complex than the microstructural model used where the non-interlayer pores were of the 
same size. More realistic modelling would, however, need data about the stack 
thickness and non-IL pore size distributions, which are not available at the moment.  
 
Evaluation of the IL and non-IL porosities in the Deponit was based only on the SAXS 
measurements and on an assumed number of layers per stack, which was used as a 
fitting parameter. The chloride porosities of Deponit are larger than in MX-80. 
Otherwise the behaviour is rather similar in both bentonites. 
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The interlayer distances measured with SAXS were clearly smaller than the theoretical 
ones assuming homogenous bentonite, which indicates without any complex modelling 
that all water was not in the interlayer space and there is also non-IL water. The IL and 
non-IL porosities of this study were in most cases in line with the porosities found in the 
literature. The only exception was the clearly lower values of non-IL porosity presented 
by Holmboe (2012), which needs further attention in the future. 
 
The subsamples for SAXS and NMR measurements have to be cut from the larger 
bentonite sample of the experiment. For this purpose the initially confined bentonite has 
to be opened and the swelling pressure released. How much this changes the sample is 
not clear at the moment. One possibility would be to use neutron scattering instead of 
SAXS to avoid the need to open the sample. In the case of NMR the sample is larger 
than that of SAXS, and the risk to cause changes is smaller.   
 
The data obtained from the NMR measurements on the purified sodium and calcium 
bentonite samples gave very scattered values. A possible reason was too short saturation 
and homogenization time. 
 
Certain uncertainties are related to the Donnan model used for evaluation of the chloride 
exclusions. According Tournassat and Appelo (2012) the model is more suitable for the 
high density conditions than for the low density conditions. The difficulty to consider 
the divalent ions and evaluate the activity coefficients brings more uncertainty to the 
result. The use of the chloride exclusion for evaluation of the IL and non-IL surface 
areas is not needed when the SAXS and NMR samples are taken from the same 
experiment and the water content is exactly known. The surface areas can be calculated 
directly from SAXS and NMR data without the exclusion calculations. Uncertainties 
related to the surface area, CEC, water content and density values can be diminished by 
improving the experimental methods. In some cases where regression functions have 
been calculated, the corresponding R2 values are given, which can be used as an 
indicator of the quality of the data presented. Evaluation of the total accuracy would 
require more data to be meaningful. 
 
The present study has increased the understanding of bentonite pore structure as a 
function of the dry density. The microstructural features seen in this study and similar 
studies found in the literature are worth of being considered in modelling and 
interpretation of for example diffusion, exclusion, porewater chemistry, swelling 
pressure and hydraulic conductivity studies in the bentonite buffer. 
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APPENDIX A/1 
 
NMR T1ρ RELAXATION CURVES 
 
The proton NMR measurements described in this report yielded for each water-
saturated MX-80 or montmorillonite sample an exponentially decaying relaxation curve, 
showing the measured magnetization as a function of time. In case of n water phases in 
a sample, the observed total relaxation curve can be expressed as the sum of n different 
exponential relaxations, one for each water phase. The relative amount of each water 
phase is then given by its relative contribution to the total value of the magnetization at 
zero time.  
 
Briefly, such a type of analysis can be thought of as fitting of a curve being the sum of n 
exponentials to a given experimental curve, and choosing the fitting curve with the 
smallest value of n. Generally, it was found that n = 2 generated a good fitting curve, 
which thus indicated the presence of two water phases. When higher n-values were 
chosen, say n = 3, the third equation exhibited negligible values (se Figures A2-A4).  
It should finally be pointed out that each exponential is also characterized by a T1ρ 
relaxation time, but this parameter was not necessary for estimating the relative volumes 
of each water phase. 
 
Background samples 
NMR measurements on background samples consisting of dried (105˚C, 24 h), water-
free Na- and Ca-montmorillonite samples, showed the presence of three minor signals 
(Figure A1). However, when compared to the signals from water-saturated samples (see 
below) they were found to be negligible and thus to have no practical effect on the in 
the evaluation of the results from measurements on water-saturated samples.  
 
 
Relaxation curves on water-saturated samples 
 
This section presents typical relaxation curves achieved in the present study for some 
typical water-saturated samples. Generally, the measured magnetisation decay signal 
could be fitted to a curve consisting of only two exponentials. When fitting was done by 
assuming three exponentials, the contribution from third one yielded practically zero, 
see Figures A2-A-4. The relative proportion of each water phase in a sample, expressed 
in per cent of amount of total water, was calculated by dividing the zero time 
magnetization for the corresponding exponential with the zero time magnetization for 
the fitted curve.  
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APPENDIX A/2 
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(possibly with H-

bonded water) 
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Residual physi-
sorbed water? 

 
Figure A1. Dried background samples consisting of oven-dry montmorillonite showed 
small, negligible signals when measured with proton NMR. P1 and P9 refer to PNa and 
PCa samples used in the present study. The highest peaks are possibly associated with 
structural OH groups in the montmorillonite, while the two other peaks might be due to 
some small amounts of water adsorbed on montmorillonite surfaces prior to 
measurement. The measurement was made with a single pulse technique, which was 
more appropriate for measuring the dry samples than the T1ρ method. 
 
 
Figures A2, A3 and A4 show measured relaxation curves for water-saturated Ca-
montmorillonite samples with dry densities of 1.22, 0.55 and 0.31 g/cm3, respectively. 
The zero time magnetization of each measured exponential is seen to increase as the 
total water content increases. The zero time magnetization can therefore, provided that 
all samples have the same volume be used as a measure of the total water content. The 
coupling between water content in, e.g., clay samples and an NMR signal is well known 
(see, e.g., Montavon et al. 2009).  
 
Figures A2-A4 also shows the calculated exponential curves, which were used to 
determine the contents of the interlayer and non-interlayer water in the samples. The 
presented curves are representative of the data achieved in the NMR measurements. The 
information achieved for each sample consisted of 1) values of the zero time 
magnetization for each water phase (expressed as a fraction of the total initial 
magnetization) and 2) the associated T1ρ spin-lattice relaxation time. These values are 
all found in the report and will not be repeated here. 
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APPENDIX A/3

 
 

 
 
 
 
Figure A2. Measured T1ρ relaxation curve for purified Ca-montmorillonite with a dry density of 
1.22 g/cm3. Open circles: experimental curve, red line: fitted curve consisting of two exponentials. 
The use of a third curve does not contribute to the fitting curve. 
 
 

 
 
 
 
Figure A3. Measured T1ρ relaxation curve for purified Ca-montmorillonite with a dry density of 
0.55 g/cm3. Open circles: experimental curve, red line: fitted curve consisting of two exponentials. 
The use of a third curve does not contribute to the fitting curve.  
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APPENDIX A/4
 

 
 
 
 
 
Figure A4. Measured T1ρ relaxation curve for purified Ca-montmorillonite with a dry density of 
0.31 g/cm3. Open circles: experimental curve, red line: fitted curve consisting of two exponentials. 
The use of a third curve does not contribute to the fitting curve.  
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sample with dry density of 0.31 g/cm3 
(sample KG6).  
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