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SUMMARY 

The hydration of Na montmorillonite is currently explained in two 
ways, which are related to different crystal structure versions of 
this mineral. Wetting of the Edelman/Favejee structure takes place 
through formation of an ice-like hydrogen-bonded water lattice that 
grows from assumed, protruding hydroxyls in the basal planes, yield
ing interlarnellar water of a density well below l g/cm3 • The hydra
tion of the conventional Hofmann/Endell/Wilm structure instead im
plies that interlarnellar cations hydrate and that the spatial arran
gement of the water therefore depends on the location of positive 
clay lattice charge. The molecular arrangement may thus vary and 
yield a density of the interlamellar water that may be lower, equal 
to, or higher than that of free water. 

The amount of interlamellar water depends on the microstructure of 
the clay. At bulk densities exceeding 1.6-1.8 t/m3 it constitutes 40-
80 % of the total porewater content, while at densities lower than 
about 1.3 t/m3 this percentage drops to less than 5. 

One way of finding out which of the two hydrate models that is valid 
at room temperature would be to determine the density of interlamel
lar water. Reinterpretation of published data and the outcome of 
recent experiments using dilatometer technique all point to an aver
age density of such water of slightly more than 0.9 g/cm3 , which 
suggests that ice-like water lattices are formed in the interlamellar 
space when Li and Na are adsorbed cations. External surfaces of 
stacks of montmorillonite flakes are concluded to have a negligible 
ordering influence on the porewater, which therefore has a density on 
the same order as free water. 
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1 INTRODUCTION 

The rather extreme water-sealing properties rif smectite-rich clays as 

well as their swelling potential and strong affinity for water have 

long been assumed to result from physico/chemical interaction between 

the crystal lattice of such minerals and water molecules. Various 
laboratory investigations of the bulk properties of such clays indi

cate that this interaction may be very strong, the most striking 

example being that smectite clays with a water content of 20-40 % by 

weight exhibit a high shear strength and very moderate creep strain 

rates despite the fact that water separates all the crystallites. 

This suggests that the intercrystalline water is in a physical state 

which is quite different from that of free water. 

Physical and mathematical modelling of the processes that are involv

ed in water and gas percolation, shear, creep and swelling, require a 

much improved understanding of the physical constitution of the water 

in smectite clays. This report, which adds some new information to 

the presently available literature data, is an attempt to form a base 

for derivation of a general physical clay/water model for montmoril

lonite. In particular, it is focussed on the importance of the di

stribution of strongly mineral-influenced porewater. Dilatometer 

measurements are reported which serve to illustrate the relevance of 

currently favored water structures in montmorillonite clay of low and 

high density and with Na or Ca as adsorbed cation. 

2 CONSTITUTION OF WATER SATURATED MONTMORILLONITE CLAY 

2. 1 General 

Montmorillonite crystals are known to interact strongly with the 

first few hydrate layers and since the specific surface area is very 

large, i.e. 600-800 m2 /g in the sodium state, a major part of the 

water in dense montmorillonite clay is assumed to be in a physical 

state that is different from that of free water. Since there is 

supposed to be a decay in interaction at increasing distance from 
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the basal planes of the crystals there is a strong need to quantify 
the interparticle distance for interpretation of the physical state 
of the "porewater" from various bulk clay tests. This matter is of 
vital importance as demonstrated in the report. 

2.2 The mineral montmorillonite 

2. 2. l Crystal structure 

There are two possible theoretical crystal lattice models for montmo
rillonite, i.e. the Hofmann/Endell/Wilm (HEW) version and the one 
suggested by Edelman and Favejee (EF). They are represented by the 
compositions in Eqs (1) and (2) and the atomic arrangements shown in 
Fig 1. XRO or chemical analyses cannot be used to distinguish between 
them and both will be referred to in the subsequent text since it is 
presently not known which model that applies and since their atom 
lattice configurations may influence the physical state of part of 
the porewater in different ways. 

f 

Qo @OH OAI •Si 

Fig 1. The montmorillonite crystal lattice. Left: The HEW structure. 
Right: The EF structure 
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HEW: (Si 8)(A1 4_xMgx) o20 (0H) 4 M+ ( 1 ) 

EF: (s· ) + 
,8 (A14-xMgx) 016(0H)l2 M (2) 

The EF model deviates from the traditionally favored HEW structure 

with respect to the type of coordination of the tetrahedra, which 

have been termed trans- for the EF structure and cis- for the HEW 

version. We see that every second tetrahedron of the silicious sheets 

is inverted, thus exposing apical OH:s which absorb water through 

hydrogen bonding and which can also exchange the proton. Since only 

about 20 % of the cation exchange capacity appears to be due to such 

place exchange, the model has later been adjusted to one with a 

smaller number of inverted tetrahedrons although this correction may 

not be required as discussed in a subsequent section (1). 

As to the crystallographic conditions it should be noticed that both 

versions are usually claimed to be monoclinic as is also the basic 

form of pyrophyllite with only Al in octahedral positions. While the 

latter mineral has no net lattice charge and no water molecules 

between the layers, montmorillonite of the HEW type is assumed to 

have vacancies and octahedral as well as tetrahedral substitutions 

that yield a net negative lattice charge and interlamellar uptake of 

cations. This is in contrast with the EF structure, which in its 

theoretical, perfect form gains its cation exchange properties 

through proton dissociation from the protruding OH-groups. Electron 

diffraction spot patterns usually show hexagonal symmetry instead of 

the expected two-fold, which has been explained by bending of flakes 

with tetrahedral oxygens (or OH:s) rotated from their positions by a 

plausible amount (2). Also, it has been stated that in thicker aggre

gates the aligned flakes (e.g. domains) are stacked with mutual 

rotations around the perpendicular to their plane. These observations 

indicate that the degree of ordering may be relatively low in larger 

stacks, which has a bearing on the microstructural (fabric) constitu

tion as well as on the physical state of intercalated water. 

2.2.2 Shape and size of smectite crystals 

It appears from various electron microscope studies that effectively 

dispersed smectite clays consist of individual razorblade-shaped 
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lamellae with a maximum diameter that ranges between about 0.05 and 

0.5 µm (Fig 2). Usually, they exhibit twisted, bent and even curled 
forms. 

40 

~ 
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z w 
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Fig 2. Example of smectite particle size distribution. A) Distribu

tion based on the Stoke diameter (d). B) Definition of particle 
size and shape; d can roughly be taken as the average of a, b 
and c (4) 

2.2.3 Microstructure 

The problem of identifying the detailed particle arrangement in 

expandable smectite clays without producing artefacts was recognized 

a couple of decades ago when rather intense work was conducted to 

develop techniques for microstructural investigations using electron 

microscopy (5). Since then, two main methods have been applied, one 

being mechanical fracturing of freeze-dried specimens for scanning 

electron microscopy after gold-coating, the other being transmission 

electron microscopy of ultrathin microtome-cut sections after re
placement of the pore fluid by a suitable resin. 

Freezing, however rapidly made, is known to affect the particle 
arrangement. It leads to a rapid expulsion of intercrystalline water 
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associated with a shrinkage of clay crystal aggregates that consist 

of aligned, parallel crystal lamellae. After freezing the interlamel

lar space hosts one to two monolayers of water molecules (4), which 

means that if the actual arrangement is that of crystallites sepa
rated by more than two hydrate layers, freezing will contract the 

particle aggregates and enlarge interaggregate pores through the 
accumulation of ice in them (Figs 3 and 4). 

I 
II 

Fig 3. Schematic picture of structural rearrangement caused by 

freeze-drying of montmorillonit2. I) Original state, II) 

freeze-dried state 

µm 

Fig 4. Scanning electron micrograph of montmoril1onite-rich bento
nite from 300 m depth in Gotland 



7 

Fig 4 is a representative scanning micrograph of a freeze-dried very 

dense smectite clay, the obvious degree of particle orientation being 

caused by the high overburden pressure ( 3.5 MPa). The pores seen in 

the micrograph are probably considerably wider than in the original 

state, while the domain-type particles are more condensed than in 

nature. Thus, each particle consists of dense groupings of several 

tens of smectite lamellae with a wider spacing in the natural state. 

Several resin preparation techniques are known to yield large expan

sion of dense smectites if they are free to swell, while soft clays 

of this sort are assumed to be very little affected by such treat

ment. If the sample is confined throughout the preparation as well as 

in the polymerization phase, the microstructural pattern is expected 

to be largely preserved regardless of the density. Transmission 

electron microscopy of ultrathin sections obtained 

prepared by use of such techniques have revealed 

from specimens 

characteristic 

microstructural patterns of smectite clays as shown in Figs 5-7. 

Fig 5. Electron micrograph of ultrathin section of butyl/methyl 

methacrylate-treated clay with a content of Na smectite 

(SWY-1) of about 100 ¾. Bulk density 1.25 g/cm3 
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Fig 6. Electron micrograph of ultrathin section of butyl/methyl 
rnethacrylate-treated clay with a content of Na smectite 
(GEKO/OI bentonite) of about 70%. Bulk density about 1.6 
g/cm3 

Fig 7. Electron micrograph of ultrathin section of butyl/methyl 
rnethacrylate-treated Triassic clay rich in Na rnontmori11onite. 
Bulk density about 2.3 t/rn3 

µm 
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2.3 Pore water, internal and external water 

2.3. 1 General 

It is concluded from a number of published microstructural investiga
tions that dense face-to-face grouping of smectite flakes is the 
dominant mode of association at high bulk densities. The water con
tained between closely located flakes is suitably termed interlamel
lar or internal water (6}. At very low densities there seems to be 
evidence of edge-to-face coupling (7, 8, 9} although the exact nature 
of interparticle contacts has not been revealed. In principle, the 
particle arrangement may be of either type shown schematically in Fig 
8, which illustrates the general appearance of smectite flake net
works at low bulk densities. Case A, in which face-to-face associa
tion is the main structural fashion, may be more plausible than the 
edge-to-face type since it would explain why there is a significant 
potential for expansion even at bulk densities as low as 1.3-1.4 
g/cm3 at Li or Na saturation. An additional reason for this is that 
the particle links, which may be more accurately described as tac

toids, always seem to consist of several face-to-face grouped flakes. 
It cannot be excluded, however, that both versions apply, Case A 
resulting from expansion from denser states, while Case B may be 
valid for sediments formed by successive association of discrete 
particles. 

Fig 8. Microstructure of smectite clays at low bulk densities 

The matter of particle distribution is essential for the evaluation 
of the physical state of the pore water, one possible way of estimat
ing the ratio of internal and external water being based on electron 
microscopy as demonstrated in the subsequent text. 
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2.3.2 Quantitative microstructural analysis 

Detailed microstructural investigations are preferably made by apply

ing a technique based on ultramicrotome sectioning and transmission 

electron microscopy. The preparation of undisturbed natural clay 

specimens usually involves stepwise replacement of the pore water 

with plastic monomer by diffusion. The monomer used in the author's 

study was butyl/methyl methacrylate with which the samples were 

saturated after having replaced the porewater with 99.5 % ethylene 

alcohole in successive steps (5). The 0.25 cm3 specimens were com

pletely confined between porous filters in sample holders throughout 

the chemical treatment to prevent expansion. After polymerization at 

60°C for one day, ultra-thin sections (300-500 A) for electron micro

scopy were taken perpendicular to the plane of sedimentation or 

general stratification by means of an ultramicrotome equipped with a 

diamond knife. 

The microstructural patterns as illustrated by electron micrographs 

can be analysed by simple statistical methods (11) provided that the 

ultrathin sections have a standard thickness (300-500 A). The total 

sectioned pore area (P) in percent of the total area (T) of the 

micrograph and the pore size (a ) are characteristic microstructural 

parameters. The pore size is dgfined as the longest intercept (Fig 

9). 

The measurement of pore size (individual measurements) and pore area 

(continuous line integration) was based on drawn images of the micro

graphs in which no discrete particles are depicted. Hence, the draw

ings show black areas for the clay particle matrix with no sectioned 

pore space. Depending on particle size and arrangement this matrix 

has a varying density which is not illustrated by the even black 

areas, which means that the true porosity cannot be judged from the 

drawings. Although the sections are extremely thin they naturally 

contain very small voids which are embedded in the clay sections and 

are thus not revealed. The observed frequency of pores containing 

external water and being smaller than about 1000 A is therefore not 

representative and needs to be corrected. 
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VP 
Fig 9. Example of schematic reproduction of electron micrographs. 

The continuous particle network is marked black without refe

rence to variations in density. The pore system consisting of 

discrete, sectioned pores defined in the picture, is marked 

white 
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Statistical treatment of drawn images of natural clays with smectite 

as major mineral in the clay fraction has yielded the values in Table 

l, each sample being represented by 5 micrographs as an average. The 

majority of the measurable pores in most of the investigated clays 

belonged to the "ultra-pore" fraction (<0.2µm). The largest average 

pore size was found for the relatively soft montmorillonitic Creta
ceous Fish clay and the Tertiary clays, while the smallest average 

pore size was found for the montmorillonitic Ordovician and Triassic 
clays. The micrographs usually had a magnification of 10.000-25.000 X. 

Table 1. Natural smectite clays analysed with respect to their micro
structural features and physical properties (12) 

Clay Bulk Water Poro- Clay Clay Microstruct param 
dens cont sityk cont minerals** Median pore P/T 
g/cm3 % % (<2µm) size % 

% µm 

--------------------------------------------------------------------
Ordovician 1.98 28 43 38 S>Ch l>K 0. 12 1.5 
K i nneku lle 
bentonite 

Triassic 2.30 10 21 10 S>H>K>Chl 0. 12 7.0 

Vallakra clay 

Cretacious 1.88 34 47 43 S>K 0.30 12.7 
"Fish" clay 

Tertiary 1.87 35 49 47 H>S>K>Chl 0.29 14.5 
London clay 

Tertiary 1.83 38 51 65 S>H>K>Ch l 0.33 15. 8 

R~snaes clay 

--------------------------------------------------------------------
* Ratio of pore volume to total volume 

** S=smectite and mixed layers, H=hydrous mica, Chl=chlorite, K= 
kaolinite 
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The "microstructural porosity" PIT is a function of the pore size. 

Thus, the highest PIT-values were found for the clays with the lar

gest average pore size. The reproducibility of the values of the 

structural parameters was very good and there was a clear tendency 

towards a certain pore size distribution and a certain PIT-range 

already when only one or two micrographs of each clay had been stu

died. 

The PIT-values can be transformed to three-dimensional porosities 

from which the ratio of the volume of external water and that of 

total volume (V IV) can be evaluated. It is about 0.001 for the 
e 

Ordovician clay, 0.02 for the Triassic clay, 0.05 for the Cretaceous 

clay and approximately 0.06 for the Tertiary clays. Using these 

figures and the actual porosities representing the space occupied by 

internal as well as external water and defined as (V.+V )IV, the 
l e 

ratio V.IV of internal and external water can be calculated. With 
l e 

the exception of the Ordovician clay we find the value to be surpris-

ingly constant, i.e. ranging between about 7.5 and 9.5 for the inves

tigated bulk density interval. All the clays have sodium as major 

adsorbed cation except the Fish clay, which is Ca-saturated. The 

Ordovician clay gave a much higher V.IV -ratio which is probably 
l e 

explained by its very high Na smectite content and relatively high 
density. 

Naturally, the evaluated amounts of internal water from the micro

graphs include some external water. Thus, the "opaque" particle 

aggregates contain intra-aggregate external water enclosed in voids 

with a maximum diameter of about 1000 A. This amount is assumed to 

represent about 20-50 % of the volume of internal water evaluated 

from the microscopy, which brings down the actual V.IV -ratio and in 
l e 

turn suggests that the "true" internal water constitutes about 70-85 

% of the total water content of the investigated dense natural clays. 

Recent studies of soft, artificially produced clay-water mixtures, 

illustrated here by Fig 6, have given similar results. Thus, sodium 

montmorillonite clay prepared by saturating air-dry, fine-grained 

clay powder with brackish water while confined in oedometers, yielded 

a clay with tactoid-type microstructure characterized by a median a -

value of 0.25 µm and a PIT-value of 28 %, the bulk density being 1~6 
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t/m3 • Applying the same philosophy as for the dense natural clays, 
the internal water is concluded to represent 40-60 % of the total 
water content of this soft clay. 

An even softer sodium montmorillonite clay gel, produced in a similar 
way as the previous one but using distilled water, gave electron 
micrographs like the one shown in Fig 5. The bulk density was 1.25 
t/m3 and the water content about 215 %. We see from this picture that 
the smectite flakes, most of which appear to have a length of more 
than 0. 1-0.2 µm, are collected in packs of 5 - or more - aligned 
flakes in much the same way as Case A in Fig 8. The PIT-value of this 
clay is 31 %, which yields a V./V ratio of 0.35-1.2, meaning that 

1 e 
the internal water represents 20-50 % of the total water content. The 
frequency of small voids in the clay matrix, holding external water, 
is much higher than in the denser smectite clays and the "true'' 
internal water therefore represents a much smaller fraction. A plau
sible figure expressed in percent of the total porewater volume is 
10-20. 

2.3.3 Conclusions 

The microstructural analysis demonstrates that the clay matrix of 
smectite-rich materials holds an amount of internal (interlamellar) 
water that is related to the external (pore) water in a fashion that 
is largely determined by the bulk density. The porewater chemistry 
should also be a determinant according to classical colloid chemistry 
in the sense that an increase in ion strength produces coagulation of 
particles. However, we will make the distinction here that interla
mellar space hosts 3 hydrate layers at maximum. This criterion im
plies that anions are not present in the interlamellar space because 
of Donnan exclusion and that electrical double-layers are developed 
only in pores holding external water. 

For any particular pore water salinity there is a unique relationship 
between internal and external water. The data derived in the preced
ing text suggest a general relationship of the type shown in Fig 10. 
We will see later that additional restrictions yield even lower 
percentages of internal water. 
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Fig 10. General relationship between bulk density and content of 
internal water in percent of the total pore water volume of 
smectite clays 

3 CLAY-WATER INTERACTIONS 

3. l Current concepts of smectite-adsorbed water 

3. 1. l Recent literature review 

Sposito & Prost (13) recently synthesized available empirical infor
mation on the physical state of smectite-adsorbed water from which 
they drew conclusions as to the spatial organization of the adsorbed 
water molecules, the mechanism of hydration of smectites, and the 
thickness of the layer of adsorbed water whose molecular vibration 
properties are significantly affected by the clay mineral surfaces. 
Their main conclusions, which are taken here as the state of art, 
form the basis of this chapter. 
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The deficit of positive crystal lattice charge is of profound 
importance. If it occurs in the octahedral sheet the adsorbed 
water molecules should form only weak hydrogen bonds with the 
surface oxygen atoms, while strong hydrogen bonds are expected 
to be established near sites of isomorphous substitution in the 
tetrahedral sheets. For the EF model of montmorillonite, hydro
gen bonding should be strong. 

A general conclusion from various infrared spectroscopic stu
dies of smectite hydration is that solvation of the exchange
able cations by either three (monovalent ions) or more (biva
lent ions) water molecules forms the first stage of water 
adsorption. It leads to interlamellar spacings expanded to 
accommodate 
Additional 

one or two layers of adsorbed water molecules. 
hydration can be assumed to result in the formation 

of solvation complexes or sheaths for the exchangeable cations, 
which is the traditional view of smectite hydration. 

* Proton motion studies of Li montmorillonite using neutron scat
tering technique indicate that water molecules adsorbed to form 
1-2 hydrate layers diffuse much more slowly than those in bulk 
water, and that they are not rigidly bound to the exchangeable 
cations. This suggests a considerable degree of freedom of 
adsorbed Li ions. Recent diffusion tests actually demonstrate 
that the same goes for Na (14). 

* Investigations of dielectric relaxation properties of montmo
rillonite saturated with monovalent, exchangeable cations, 
indicate that interlamellar monolayers consist of water mole
cules arranged in a strained, ice-like pattern with bonds 
formed with the oxygens of the silicate surface (Fig 11). At 
least some of the molecules in this monolayer are thought to be 
strongly associated with these oxygens in contrast to montmo
rillonite with Ca as exchangeable ion, in which case the cation 
tends to bind salvation shell water so strongly that the water 
lattice is disturbed. 
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M+ (a} 

(b) 

Fig 11. Spatial arrangement of water molecules in the interlamellar 

space of montmorillonite containing monovalent exchangeable 
cations, as determined by dielectric relaxation spectroscopy: 

(a) section view, (b) plan view. The shaded circles denote 
clay surface oxygen atoms (13) 

* Thermodynamic data cannot be interpreted directly in terms of 

molecular structure since any specific entropy or energy value 
is an average over the entire clay-water system (internal + 

external water) and cannot be attributed to part of the water 
alone. This point is of particular importance since it implies 

that parameter values from any measurement of the physical 

state of the porewater only mirrors some average conditions 

which cannot be used for derivation of the structure of inter
lamellar water. Thus, not only entropy and IR measurements but 

also NMR analysis of water saturated clays are disqualified if 

they are not interpreted with due respect to the relative 

amounts of internal and external water. 

* It is concluded from thermo-dilatometric measurements that the 
structure of water adsorbed by Na montmorillonite is more 

extensible and compressible but also less fractured than the 
structure of bulk liquid water 
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Synthesizing all this and referring to the two basic montmorillonite 

structures, the following extremes can be defined: 

l Hydration of the Edelman/Favejee structure takes place through 
formation of an ice-like hydrogen-bonded water lattice that 

grows from the protruding hydroxyls, forming a regular water 
lattice that matches that of the surface. It is required, 

however, that interlamellar cations are sized and charged so as 
not to disturb the water lattice. The necessary conclusion is 
that the molecules are not as closely packed as those in bulk 
water. 

2 Wetting of the Hofmann/Endell/Wilm structure has the form of 
hydration of interlamellar cations through electrostatic bonds. 
Like in the case of the EF model, interlamellar water lattices 
may be established but the spatial arrangement of the water 
molecules is largely determined by the position, size and 
charge of interlamellar exchangeable cations, which in turn 
depend on the location of the deficit of positive clay lattice 

charge. The orientation and mutual interaction of the water 
molecules as well as their association with the interlamellar 
cations and the crystal lattice become altered in the succes
sive build-up of interlamellar hydrates, the expected degree of 
ordering being low, particularly of the second and third hyd
rates. The molecular arrangement may thus vary and yield a 
density that is higher than, equal to, or lower than that of 
free water. Close packing would result from complete absence of 
hydrogen bonds and an appropriate concentration and charge of 
interlamellar cations, while an open arrangement may result 

from hydrogen bonds formed between the oxygen atoms of the 
basal planes and neighboring water molecules. 

It is highly probable that various intermediate stages exist between 
these extremes, but it appears to be virtually impossible to identify 
or even characterize them. What we intend to do here is to find out 
what the density is of the interlamellar water under circumstances 
that should reveal whether the EF-version is valid at all, and if the 
EF-related hydration model outlined in the preceding paragraph l is 
relevant. For this purpose we will examine Forslind's hydration 
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theory in the first place, some recent thermodynamic considerations, 
and some precision dilatometer tests thereafter. As will be shown, 
all three approaches are rather clarifying with respect to the vali
dity of Forslind's model although the matter cannot be considered as 
settled. 

3. 1.2 The Forslind concept 

Forslind introduced a structural model for interlamellar water that 
is based on the Edelman/Favejee crystal version. Objections were 
originally raised against the EF model since it yields a six times 
higher cation exchange capacity than the usually found experimental 
value if the apices carrying acidic hydroxyl groups are assumed to 
exchange their protons. This is because there are four unit charges 
per unit cell, while the average value observed is two-thirds of a 
charge unit per cell. This discrepancy has been explained by consi
dering the coupling between the associated water lattice, which can 
be assumed to be of the ice-lattice type, and the basal planes of the 
montmorillonite crystallites. Fig 12 shows the protruding hydroxyls 
of the (001) plane with three unit cells marked, while Fig 13 shows 
the basal molecules of an ice lattice superimposed on these hyd
roxyls. It is immediately seen that there are only four hydrogen 
bonds formed between the three unit cells and the associated water 
lattice and the charge of the crystallite should therefore attain a 
mean value of two-thirds of a charge unit per unit crystal cell. 

There are two particularly strong facts which are in favor with this 
model. Firstly, the phenomenon that hydrophilic clays always become 
negatively charged in aqueous solutions may generally be explained by 
proton expulsion, independently of whether there are isomorphous 
substitutions and lattice vacancies or not. Secondly, chemical stu
dies of the interaction of Na-montmorillonite and glass with aqueous 
media have demonstrated that Si(OH) 4 is an important constituent of 
montmorillonite and that the pH of the medium is a sensitive function 
of its ionic strength (16). Thus, the pH-producing property of the 
Si(OH) 4 is clearly associated with the surface constitution of mont
morillonite and this may be fully explained by the reactivity of the 
surface hydroxyls of the EF crystal model. 
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Forslind stated that thermal alteration of montmorillonite in the 
form of endothermal lattice reorganization indicated by use of OTA 
around l00°C is associated with surface phenomena. He ascribed such 
surface reorganization to a reequilibration of the SiO lattice, 

2 
disturbed by surface dehydroxylation. The structural effect of heat-
ing to about l00°C would be that of trans-cis conversion of the 
silica layers, or in practice, a transformation from the EF to the 
HEW state. Thus, experimentally observed basal spacings and theoreti
cally deduced charge distributions are in reasonable accordance with 
the EF model as illustrated by the commonly measured basal spacing of 
12.4 A of air-dry montmorillonite which corresponds to the spacing of 
directly interacting protruding hydroxyls, slightly expanded in the 
c-axis direction due to intercalated interstitial ions (cf Fig 14). 
At 12.4 A spacing, 23 % of the protruding hydroxyls remain intact 
while 77 % are replaced by water molecules to fill the matrix, and 
together they contribute 39 electrons to the intercrystalline space. 
Adding to this the contribution from the interstitial molecules, i.e. 
20 electrons, the total number of electrons in the intercrystalline 
layer is 59 electrons per unit cell which is in satisfactory agree
ment with observations. Forslind concluded on this basis that the EF 
structure is in agreement with experimental data and that it fits 
montmorillonite Fourier syntheses while the HEW model does not. 

When hydration takes place an unstable state with a basal spacing of 
15.05 A is first reached according to the model (Fig 14). It is 
followed by the establishment of one complete water layer with a 
lattice of the type shown in the diagram between adjacent clay crys
tal surfaces. The average number of water molecules per cell is 5.33 
(16 molecules per three cells) or 0. 119 g H20/g clay, corresponding 
to a theoretical basal spacing of 17.81 A. The density of the water 
is significantly less than unity and its attachment to the mineral 
substrate is supposed to provide a strong but very flexible medium 
joining the two crystallites. 

Further increase in water content yields an unstable state with a 
basal spacing of 18.73 A, which is transferred to a stable state with 
two hydrates, a basal spacing of 21.49 A and a water content of 
0.238 g H2o;g clay if expansion is allowed for. A third stable state 
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wit~ a basal spacing of 25. 17 A is obtained on additional wetting 

according to Forslind. 

The density of the interlamellar water is actually a matter of defi

nition. Considering only the water molecules grouped between the 

apical hydroxyls we find that one stable monolayer of water mole
cules, as derived from atomic mass data, would be about 0.5 g/cm3 , 

while that of two and three hydrates would be approximately 0.6 and 
0.7 g/cm3 , respectively. 

3. 1.3 Energy considerations 

Many attempts have been made to evaluate the energy state of water 

absorbed by montmorillonite but only recently, sufficiently careful 
and relevant measurements and evaluations have been made that offer 

reasonably safe conclusions. These studies comprise an appropriate 
distinction between internal and external water and are therefore of 

interest in the present context (18). Wyoming montmorillonite, satu
rated with Li, Na, Ca, Zn, Cd and Cu, a Li-hectorite and an endellite 

clay were used because of their different pore systems, the testing 
being made by applying RMN and IR techniques at different degrees of 

hydration. The investigators concluded that the water in larger 
pores, i.e. the external water, resembles free water while interla

mellar water has an energy state that is similar to that of ice. They 

stated, on the basis of their tests, that the hydration energy is 
2+ 2+ 2+ 2+ + + + 

much higher of Mg , Ca , Sr and Ba than of Li , Na, Cs and 
+ 

K • In principle, therefore, their findings are not incompatible with 

Forslind's model of interlamellar water that is directly associated 

with the crystal lattice in the particular case of Li or Na as 

adsorbed cations. 
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Schematic interlayer 
H10 Basal 

g H10/g mM H,0/g 
molecules spacing, Remarks 

structure 
per unit cell A clay clay 

2;;S? 0 0 12.30 0; 0,084° 0; 4.667° Unstable; 
no hydration; 
four OH 
groups per 
unit cell 

~ 2.66 15.05 0.059 3.278 Unstable 

2 m: 5.33 17.81 0.119 6.661 Stable monolayer 

3 ~ 8.0 18.73 0.179 9.944 Unstable 

4 32 10.67 21.49 0.238 13.222 Stable; two layers 

5 ill 13.32 22.41 0.297 16.5 Unstable 

6 M 16.0 25.17 0.357 I 9.833 Stable; three 
layers 

a At complete dehydroxylation. 

Fig 14. Water lattice configuration in interlamellar positions of 
Li- or Na montmorillonite (After Forslind) 
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3. 1.4 The porewater density 

Several attempts have been made to determine the porewater density, 

most of the reported values being in the range of 0.85-1.4 t/m3 • One 

of the most careful studies was made by Low & Anderson, deserving 

special attention since it covered a relatively wide bulk density 
range and several electrolytes, and since the experimental error was 

as low as ±0.0029 g/cm3 (19). They investigated water saturated 
montmorillonite clay refined from Wyoming bentonite and applied a 

form of dilatometry in a series of tests of Li, Na and K-saturated 
clay. After degassing the clay with a Hi-vac pump at 105°C it was 

saturated with freshly-boiled deionized water for about 8 hours. The 

paste was then compressed between a porous filter and a column of 

mercury and, by means of capillaries, the change in volume of the 

paste and the volume of water forced through the filter was measured 

simultaneously. Fig 15 show data calculated from Li and Na montmoril

lonite experiments, using the term v for the partial specific volume 
w 

and assuming complete dispersion and parallel orientation of all 

mineral flakes. They did not consider the existence of external 

water, which must have amounted to at least about 30 % of the total 

porewater content at the highest density, and to more than 95 % at 

the lowest density. Nor did they consider the compressibility of the 

porewater, but this omission does not significantly affect the eva

luated densities. 

These investigators expressed the change in specific volume in terms 

of a successive drop in porewater density at decreasing distance from 

the basal planes of the crystals and found that the average porewater 

density at average water contents of 50-100 % was 0.97-0.98 g/cm3 at 

room temperature (Fig 16). For the sodium- and lithium-saturated 

samples the density values tended to be lower than for the potassium

saturated clay indicating a lattice-disturbing property of the K ion, 

which is significantly bigger than the other investigated cations. 
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Fig 15. The partial specific volume of the porewater at room tempera
ture (25°C) as a function of the average water content (21). 
w = water content, d = interlayer distance 

Their conclusions were that the ordering of the water was altered to 
a distance of at least 60 A from the basal planes. We will consider 
these values in detail later but at this stage already, we like to 
point out the interesting fact that if the density 0.993 g/cm3 for 
480 % water content of Na montmorillonite is reinterpreted to yield a 
density of 1.00 g/cm3 for the external water, which can be assumed to 
have formed at least 97 % of the total water content, and a separate 
density of the remaining interlamellar water, the latter is found to 
be 0.77 g/cm3 • Repeating the calculation for 80 % total water con
tent, which corresponds to a bulk density of 1.54 t/m3 and an esti
mated fraction of external water of 70 %, we find the density of the 
interlamellar water to be 0.91 g/cm3 • Extrapolating the curve to 50 % 
water content, i.e. a bulk density of 1.72 g/cm3 with an estimated 
percentage of external porewater of 60, the calculated density of the 
interlamellar water constituting the remaining 40 %, is 0.93 g/cm3 • 

These estimations indicate that the interlamellar water may have a 
significantly lower density than free pore water if Low & Anderson's 
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values are correct and if we consider the fact that the interlamellar 

water only forms a fraction of the total water content and further

more assume that only interlamellar water can be organized to form 

open lattices. 

From a separate series of tests, in which the volume changes of a 

very soft Na montmorillonite clay gel were measured before and after 

mechanical agitation, the investigators concluded that the changes 

were unexpectedly small (20). Actually, they were less than l % of 

the predicted value, which was taken to indicate that the water 

structure nearest the clay particles was left relatively undisturbed. 

An alternative explanation, that is favored by the present authors, 

is that the amount of interlamellar water was insignificant in the 

clay gel that appears to have had a density of somewhat less than 1. l 

t/m3 • 

d, A 
19.5 25.0 

1.00 

... 

0.97 
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37.5 

30 

50.0 

,1 
,.,::. 2 

••T•' 
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Fig 16. The average density (o) of porewater in montmorillonite as a 
w 

function of water content (w) and electrolyte according to Low 

& Anderson. 1) K-clay at l°C, 2) K-clay at 25°C, 3) Na-clay at 

25°C, 4) Li-clay at 25°C 
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3.2 Conclusions 

The major issue that we are concerned with, i.e. the physical state 

of the internal water, appears to be closely related to the question 

concerning what crystal lattice model that is actually valid. While 

X-ray diffraction analysis and chemical analyses do not offer means 

of distinguishing between the HEW and EF structures, it follows from 

the preceding text that careful determination of the density of 

interlamellar water opens up a line of approach. However, a different 

technique than that of Low & Anderson would be preferable in order to 

avoid repeating possible experimental errors. As pointed out, it is 

essential to consider the spatial arrangement of the montmorillonite 

flakes since it determines the relative amount of internal and exter

nal water. A more detailed picture of the microstructural features of 

montmorillonite clays of low and high density would be required to 

check the relationship given in Fig 10. It was therefore decided to 

conduct an exploratory study of the density of interlamellar water in 

montmorillonite clay, and to investigate its microstructural features 

by using new techniques. 



4 EXPERIMENTAL 

4. l Test philosophy 

The dilatometric techniaue used by Low & Anderson and others involved 
compression of a soft clay gel with simultaneous careful measurement 
of the volume of the expelled water. For the present study an inde
pendent technique was asked for and the following measuring principle 
was found to be superior to other alternatives. It is based on the 
principle of saturating a montmorillonite paste of high bulk density 
and then introducing it into a water-filled closed vessel eauipped a 
capillary for measuring the associated change in water volume. The 
dense sample is supposed to host a major part of the water in inter
lamellar positions, and introducing it in a large volume of free 
water may initially lead to further interlamellar hydration and 
subsequently to particle dispersion and an altered ratio of internal/ 
external water. In the theoretical case of complete dispersion, the 
amount of internal water would vanish completely, which should be 
manifested by a downward motion of the capillary meniscus if the 
density of this water is lower than that of free water. 

This measuring principle is estimated to yield average porewater 
densities with an accuracy of 0.001 g/cm3 or better, provided that 
the following criteria are applied: 

1 The water saturation of the dense clay paste must be complete be
fore submerging it in the water of the vessel. At moderately high 
densities 100 % saturation is obtained by use of de-aired water 
that is introduced through a filter at one end of the dry sample, 
which is kept under vacuum at its other end. Through this proce
dure the amount of gas in the sample will be negligible. 

2 A filter saturated with de-aired water should separate the 
vessel and the capillary so that the expansion of the clay does 
not extend into the capillary. 

3 The temperature is controlled so that heat-induced volume changes 
are either eliminated or calculable. 
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The evaluation of the density of internal water requires a much 

improved understanding of the degree of dispersion and this matter 

was focussed on in a first phase of the study. The intention was to 

get a more detailed picture of the ordering of the montmorillonite 

flakes and, through this, a way of checking the relationship between 

the fractions of internal and external water that is implied by the 
diagram in Fig 10. A true vision would require Ultra-Microscopy or 

High Voltage Electron Microscopy of wet clay, the latter technique 
being available for the present study. 

4.2 The hydration process in Na montmorillonite and the asso

ciated microstructural evolution 

4.2. 1 HVEM-microscopy 

The detailed hydration of an initially dry montmorillonite clay was 

studied directly in the 3 MV microscope at the CNRS research centre 

in Toulouse, France. It was kindly put at the authors' disposal for a 

pilot study in which air-dry purified montmorillonite powder (SWY 1, 

Na Wyoming type) was placed in a cell that could be inserted in the 

electron path of the high voltage microscope. The cell was attached 

to a closed system for flushing water vapor of a given pressure 

through it, by which the original vacuum conditions were replaced in 

steps to reach the condition of 10 mm Hg to 60 mm Hg vapor pressure 

at room temperature. 10 mm Hg vapor pressure yields an RH value 

approximately equal to 50 % at room temperature, which corresponds to 

a water content of the clay of approximately 10-20 %, and to at least 

one monomolecular interlamellar hydrate. 20 mm Hg vapor pressure 

corresponds to RH=l00 % and presumably 2 interlamellar hydrates, 

while 40 and 60 mm Hg would offer sufficiently much water to estab
lish 3 hydrate layers of the unconfined clay and to fill small pores 

separating expanded stacks of montmorillonite flakes (cf. 22). 

The outcome of the study, which comprised cyclic wetting and drying 

of the clay, has been discussed in a preliminary report (23). It 

demonstrated that the expected hydration and intra-aggregate swelling 

took place successively on wetting, as illustrated here by Fig 15 and 

16. The gel is estimated to have reached a largely saturated state 

with an average bulk density on the order of 1.05 g/cm3 at the 
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highest vapor pressure, the depicted denser parts having a presumed 

density of about 1.3 g/cm3 • An important fact is that the gel had 

become largely homogeneous in the last, fully expanded state, con

taining only a very small number of dense stacks and with most of the 

flakes rearranged into a very open honeycomb-type pattern. In this 

state, the amount of water in interlamellar positions is estimated to 

be less than 5 % of the total water content, while the corresponding 

percentage for the denser elements in the first wetting stage may 

have been as high as 60-80. These elements are estimated to represent 

a bulk density of about 2 g/cm3 in a fully water saturated state. The 

study thus supports the general principle of distribution of internal 

and external water implied by the diagram in Fig 10 although the 

indicated content of internal water at low bulk densities appear to 

be somewhat too high. 

It should be added here that the present study supports the conclu

sion from various electron microscopical investigations that single 

flakes do hardly exist. There is always a grouping of several flakes 
even when montmorillonite gels are free to expand, with the possible 

exception of Li-saturated clay (24, 25). The number of flakes that 

stick together in very diluted Na montmorillonite gels with porewater 

of low ionic strength appears to be very small, however, the maximum 

number being 5-10. The matter was further investigated in a later 

phase in conjunction with electron diffraction analyses of hydrating 

montmorillonite. 
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Fig 17. HVEM micrographs of hydrating montmorillonite clay. Upper: 

Initial condition of condensed large stacks. Lower: First 

wetting stage at 10 mm Hg vapor pressure, picture taken 

after 6 minutes 
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Fig 18. HVEM micrographs of hydrating montmori11onite clay. Upper: 
Second wetting stage at 20 mm Hg vapor pressure, picture 
taken after l minute. Lower: Third wetting stage at 40 mm 
Hg vapor pressure, depicting the ultimate state 
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4.2.2 Electron diffractometry 

4.2.2.l Orientation of crystal flakes in stacks 

One of the major points in estimatinq how much of the total water in 

montmorillonite clay that is in interlamellar positions, is how requ

larly the individual crystal flakes are arranged, not only with 

respect to the parallelity of the basal planes but also to the orien

tation of their crystallographic a and b axes. Thus, it is obvious 

from various investigations that rotational distortion of several 

degrees of stacked flakes is common (2, 23). 

The fact that selected area diffraction patterns of thin aggregates 

often show almost continuous rings or arced patterns demonstrates 

that the crystal axes a and b of many of the crystal sheets do not 

coincide. This suggests that the number of flakes in stacks with 

perfectly coinciding crystal axes does not exceed 5-10, which has a 

great impact on the evaluation of the amount of interlamellar water. 

Thus, it can be assumed that less than 90 % and probably only 60-80 t 

of the interlamellar space offers a possibility for regular water 

• :ices to be formed. Using the diagram in Fig 10 it would mean 

that, for pure montmorillonite, the amount of internal water expres

sed in percent of the total porewater volume is probably less than 5% 

at a bulk density of l. 1-1.3 g/cm3 , 40-60 % at a density of about 

1.8 g/cm3 , and 50-70 % at 2 g/cm3 • 

4.2.2.2 Electron diffraction of hydrating montmorillonite 

Diffraction analysis of montmorillonite stacks with the direction of 

travel of the electron beam being perpendicular to the crystallogra

phic a/b plane show clear ring-shaped patterns in vacuum. At hydra

tion, these patterns are expected to become very diffuse and to 

disappear when the stacks become fully hydrated if the water mole

cules are randomly ordered, while the reflections are assumed to be 

only slightly distorted and even enhanced if the interlamellar water 

is organized to form quasicrystals of hydrated and expanded montmo

rillonite sheets. This issue was investigated in connection with the 

previously discussed HVEM study, the result of the diffraction study 

being illustrated by Fig 19. The micrograph at the upper left shows 
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Fig 19. Electron diffraction patterns of a stack of montmorillonite 
flakes a) TEM picture, b) vacuum, c) 10 mm Hg vapor pressure, 
d) 20 mm Hg vp 
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the typical contour-less TEM appearance of thin stacks of montmoril
lonite flakes viewed approximately in the direction of the crystallo
graphic c-axis. The micrograph at the upper right verifies that the 
stack consists of rotated flakes giving a vague pattern only. On 
hydration in 10 mm Hg vapor atmosphere, which corresponds to l mono
molecular interlamellar hydrate, we see that the diffraction rings 
have become slightly more diffuse but also much more brilliant, while 
further hydration leading to two interlamellar hydrates yielded 
further enhanced diffraction rings. This supports the idea of rather 
well ordered interlamellar water. The voltage 2 MV, as well as the 
current and other settings that determined the intensity and focus
sing of the electron beam, were kept constant throughout the study. 

4.3 Dilatometer tests 

4.3. l Test technique 

4.3. 1. l Pilot tests 

In a series of pilot tests clay gels with a bulk density of 1.04 
g/cm3 were filled in pycnometers which were exposed to ultrasonic 
treatment. This was assumed to generate breakdown of possibly exist
ing organized water lattices in the undisturbed clay and if its 
density had been lower than unity, as indicated by the determinations 
made by Low & Anderson, a decrease in volume and increase in density 
was expected to occur on disturbance, while a volume increase would 
logically take place after the end of the ultrasonic treatment. In 
the experiments this treatment was found to produce significant heat, 
for which due correction had to be made. The evaluation of the tests 
gave the same results as those of Low & Anderson, i.e. the average 
density of the porewater was insignificantly lower than unity. Since 
higher bulk densities could not be used in test setups of this sort, 
due to swelling pressures and insufficient disturbing power of the 
ultrasonic treatment, a different technique was applied in the main 
tests. 
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4.3. 1.2 Main tests 

A fully water saturated, dense sample of a clay rich in Na montmoril

lonite was inserted in a water-filled pycnometer to which a capillary 

was attached. The motion of the meniscus in the capillary as well as 

the temperature were measured as a function of time. The dense clay 

sample expanded to form a virtually homogeneous clay gel in the 

pycnometer. 

The recorded change in volume of the clay/water system in the pycno

meter as interpreted from the displacement of the meniscus in the 

calibrated capillary, was caused by the difference in density between 

the external and internal water, the amount of the latter being 

successively reduced in the course of the expansion. 

4.3.2 Clay material 

Commercial Na bentonite (MX-80) produced by the American Colloid Co 

was chosen for the study. Its clay content, i.e. the content of 

particles with a Stoke diameter less than 2 µm, is 80-90 % and this 

fraction has a montmorillonite content of 80-90 %. Fig 20 shows a 

typical X-ray diffractogram with a (001) peak displacement from 12.9 

A to 17.4 A upon ethylene glycol treatment. Silt is the dominant 

remaining fraction which mainly contains quartz and feldspars as well 

as some micas, sulphides and oxides. The chemical composition is 

given by Table 2. 

Spectrometric analyses have shown that the natural porewater of this 

clay contains 70 mg Na, 30 mg Ca and 15 mg Mg per liter porewater. 

This demonstrates that a significant amount of bivalent cations may 

be in interlamellar positions, but we assume here that this deviation 

from pure conditions is covered by the basic relationship between the 

assumed amounts of internal and external water. 



37 

Table 2. Representative chemical analysis of MX-80 bentonite (Asea
Atom) 

SiO 63.0 % 
2 

Al 0 
2 3 16. l % 

Fe 0 3.0 % 2 3 
1. l % cao 

MgO 1.6 % 
Na 2o 2.2 % 
K 0 0.48 % 
L~ 0 <0.01 % 

2 
MnO 0.03 % 
T'O 1 2 0. 10 % 

F o. 10 % 

Cl <0.01 % 

s o. 12-0.23 % 

Cu <0.01 % 

Zn 0. 01 % 

Cr <0.01 % 

Ni <0.01 % 
Aso4 0.018 % 
NO 

3 
none 

P04 0.060 % 
S in sulphides 0. 12 % 
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Fig 20. X-ray diffractogram of MX-80 powder. 20° is given by the 

horizontal scale. 12.87 A is the 001 spacing of air-dry clay 

which is expanded to 17.39 A by ethylene glycol treatment 

(lower curve) 

4.3.3 Preparation of clay samples 

Air-dry clay powder was compacted in a swelling pressure oedometer to 

a density that would yield a bulk density in the range of 1.80 to 

2.20 g/cm3 at complete saturation (Fig 21). 
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Fig 21. Swelling pressure oedometer used for preparation of saturated 

clay samples of high density. A) sample, 8) stainless steel 

filter, C) water inlet, D) degassed passage 

Distilled water was let in through the lower filter and successively 
filled the pores in the clay by which slight dissociation of ex
changeable cations must have taken place. As indicated by electropho

retic tests the percentage of cations that were released cannot have 
exceeded about one percent, thus leaving the large majority of sodium 
ions in exchange positions. 

The water uptake by the approximately 2 cm thick samples, which had a 
diameter of 5 cm, was known to be completed in less than a week as 

documented by a large number of similar tests, but they were kept in 

the oedometer for at least 10 days to assure that the degree of 
saturation had reached 100 %. 

4.3.4 The pycnometer device 

The 60 ml pycnometer was equipped with a glass filter that separated 
the interior from the capillary (Fig 22). After inserting the sample 
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of dense clay in the pycnometer, which was placed in a water bath, 

the motion of the meniscu~ in the capillary was recorded. The tempe

rature of the bath was measured with an accuracy of ±0. l°C and due 

correction of the readings was made for the change in volume of the 

pycnometer, water content, and mineral substance that was caused by 

variations in temperature. 

C --------

B 

A 

Fig 22. The pycnometer/capillary device. A} 60 cm3 pycnometer, 

B} Glass filter, C} Capillary 2.2 mm inner diameter. 

Upper right: Dense clay sample submerged 

Lower right: Appearance after complete dispersion 
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4.3.5 Test program 

Clay samples saturated with distilled water were emplaced in the 

pycnometer, which contained distilled water in one series and 0.3 M 

CaC1 2 in a second series, the purpose of the latter being to convert 

the clay to calcium form, which is expected to cause collapse of the 

interlamellar water lattice if the initial structure is open and of 

low density. The main test data are collected in Table 3. 

Table 3. Test data 

Test Pycnometer Bulk density, g/cm3 Pore water mass, g 

no water Dense sample Dense sample Expanded gel 

--------------------------------------------------------------------
l Dist 2.20 4. 10 49 

2 Dist 2.05 6. 55 49 

3 Dist 2.00 7.40 49 

4 Dist 2.00 7.40 49 

5 Dist l.80 11.90 49 

6 CaCl 2.05 6.55 31 
2 

7 CaCl 2.00 7.40 31 
2 

8 CaCl 
2 

2.00 7.40 31 

--------------------------------------------------------------------

4.3.6 Test results 

4.3.6. l General 

The observation was made that no air emerged from the dense samples, 

except for a very minute quantity in one of the CaCl tests. Thus, 
2 

the degree of saturation was equal to or very near to 100 % in the 

tests. 

The net change in volume as interpreted from the motion of the menis

cus in the capillary - with due temperature correction - indicated 

shrinkage in all the tests, the interpretation being specified for 

each individual test in the subsequent text. The shrinkage was not 

fully developed until several days had passed after immersin~ the 

dense samples in the pycnometer. The recorded volume change was so 
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large and systematic in the tests that it cannot be explained by 
irrelevant experimental conditions or errors. 

4.3.6.2 Distilled water 

The diagram in Fig 23 depicts the recorded volume change of the 
clay/water system in the five tests, and they can be interpreted in 

the following specified way. 
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Fig 23. Change in volume of the clay/water systems as a function of 
time for the clay samples expanded in distilled water 

Test no 1, (Distilled water, density of dense sample= 2.20 t/m3 } 

After a temporary expansion by slightly more than 0.6 cm3 , the volume 
of the clay/water system decreased by 1.94 cm3 from the initial value 
in 6 days and tended to drop slightly even beyond the 8th day. The 
expanded gel filled the pycnometer completely and its average density 
was estimated at slightly higher than 1.3 t/m3 • Assuming that all the 
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water in the dense clay sample was "internal 11 and had an initial 

density o., and that the expanded clay contained only external water , 
with a density of 1.00 g/cm3 we find that the recorded volume de-

crease yields o. = 0.68 g/cm3 • In this particular test there were , 
considerable uncertainties in measuring the volume changes because 
the initial expansion took place so rapidly. The accuracy of the 
measurement and therefore of the evaluated water density was low and 
the test is therefore only valuable from a qualitative point of view. 

The initial expansion probably resulted from a competition between 
adsorption and release of interlamellar water. Thus, 2 and possibly 3 
interlamellar hydrate layers of presumably low density grew from the 
initial monolayer and the associated expansion preceded and supersed
ed the dispersion of the stacks in the first few hours. Later, after 
completion of the 3-layer hydrates in interlamellar positions in a 
certain fraction of the clay sample, the dispersion and disappearance 
of internal water became dominant. 

Test no 2 (Distilled water, density of dense sample= 2.05 t/m3 ) 

The drop in volume of the clay/water system amounted to 0.55 cm3 in 
26 days. The gel appeared to fill the pycnometer almost completely 
and assuming the expansion to have yielded a homogeneous gel its bulk 
density would correspond to about 1.3 g/cm3 • Also in this test there 
was an initial expansion but it was very much smaller than in Test no 
1 and will not be considered here. 

Assuming that all the water 
initial density o. and that , 

in the dense clay sample had the same 

the net water density o was equal to 
e 

that of free water throughout the expanded clay gel, we find for o 
e 

= 1.00 g/cm3 that o. = 0.92 g/cm3 • If the more reasonable figures 60 , 
% for the internal water of the dense sample and 3 % for that of the 
expanded sample are applied and the density o of external water is 

e 3 
taken as 1.00 g/cm3 , we arrive at o. = 0.82 g/cm. , 
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Test no 3, (Distilled water, density of dense sample= 2.00 t/m3 ) 

The observed drop in volume of the clay/water system was 0.23 cm3 in 

6 days. The gel filled the pycnometer as completely as in Tests no l 

and 2, and the internal water of the expanded gel was therefore 

concluded to form approximately the same part of the total water as 

in the previous test. Taking the fraction of internal water to be 3 % 

after expansion and the corresponding fraction of the dense sample as 

50 %, we find the density of internal water to be P. = 0.91 g/cm3 • 

l 

Test no 4, (Distilled water, density of dense sample= 2.00 t/m3 ) 

The result of this test appeared to be almost identical to that of 

Test no 2. Thus, the reduction in volume of the clay/water system was 

found to be 0.23 cm3 in 5 days, yielding the same result as in Test 

no 1, i.e. P. = 0.91 g/cm3 • 
l 

Test no 5, (Distilled water, density of dense sample= 1.80 t/m3 ) 

According to the diagram in Fig 10 and subsequent corrections, the 

internal water in the dense sample constituted about 30-50 % of the 

total water content, while the corresponding percentage of the expan

ded gel was only a few percent. Taking the content of internal water 

of the dense sample as 40 % and that of the expanded gel as 3 %, we 

find the density of the internal water, P., to be 0.94 g/cm3 • 
l 

4.3.6.3 CaC1 2 solution 

Fig 24 shows the volume decrease of the various clay samples in the 

course of their expansion in CaCl solution. 
2 
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Change in volume of the clay/water systems as a function of 
time for the clay samples expanded in CaC1 2 solution 

Test no 6, (CaC1 2 solution, density of dense sample= 2.05 t/m3 ) 

The reduction in volume of the clay/water system amounted to 0.25 cm3 

in 6 days. The expansion of the gel, which turned out to be completed 
in about 25 days, did not proceed to fill the pycnometer and the 
estimated bulk density of the gel was 1.4 t/m3 • It appeared as an 
irregularly shaped mass of large fluffy aggregates. The amount of 
internal water of the dense sample must have been on the same order 
as in Test no 2, i.e. about 60 % of the initial 6.55 g but while this 
particular water phase almost vanished at the expansion in Test no 2 
much of it was retained, somewhat reshaped, in the Ca-tests. The 
introduction of the sample in Ca-rich nai.cr 111u:,1. rictv~ ,ea t:o rap,a 
ion exchange associated with the formation of large stacks with much 
internal water. Assuming that the volume of this water after the 
expansion had remained unchanged from the initial state or that it 
had been only slightly reduced, its density must have increased as 
concluded from the recorded drop in volume of the clay/water system. 
If the volume of internal water had been reduced to considerably less 
than that of the initial, dense clay sample, its density may have 
decreased on the other hand. The critical percentage of internal 
water of the expanded gel that would imply a higher density than in 
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the initial clay sample is 13.5 %, and since the actual content is 

most probably higher than that, it can be assumed that the calcium 

uptake led to a denser state of the internal water. 

Test no 7, (CaC1 2 solution, density of dense sample= 2.00 t/m3 ) 

The observed drop in volume of the clay/water system was only 0. 12 

cm3 , the net bulk density of the expanded gel being estimated at 1.4 

g/cm3 as in the preceding test. Taking the fraction of internal water 

in the dense sample to be 50 %, the percentage of such water in the 

expanded gel at which its density becomes higher than in the dense 

clay sample is 12.3 %. We are therefore led to the same conclusion as 

previously, i.e. that the Ca uptake gave a denser state of the inter

nal water than in the Na state. 

Test no 8, (CaCl solution) 
2 

This test gave an almost identical volume decrease as in Test no 7, 

i.e. 0. 12(5) cm3 , which supports the assumption that the accuracy in 

measuring the volume changes is sufficiently high for the present 

purpose. 

4.4 Discussion 

4.4. l General 

The tests offer different explanations of the recorded change in 

volume of the clay/water systems with respect to the density of the 

pore water. They will be discussed here with respect to accuracy, 

influence of the assumed ratio of internal/external water, and the 

effect of ion exchange from Na to Ca. 

4.4.2 Accuracy 

The large size of the samples and the very clear change in volume of 

the clay/water system on dispersion in the de-aired solutions, to

gether with the careful temperature correction, would imply a high 

accuracy of the measurements. Thus, the accuracy of the volume mea

surements is estimated at 0.001 cm3 in all the tests. The total 
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amount of porewater was calculated from the experimentally determined 

water content and solid mineral mass, while that of the expanded gel 
was calculated on the basis of its estimated volume and known amount 
of solid matter. These quantities were known with an accuracy of ±1 % 
for the dense samples and ±2 % for the expanded gels. This allows for 
an evaluation of the average density of the porewater with an accura
cy of ±0.01 - ±0.02 g/cm3 except in the case of Test no 1. However, 
the accuracy of the calculated density of internal water is entirely 
dependent on the assumed ratio of internal and external water as 
discussed in the subsequent chapter. 

4.4.3 Influence of the ratio of internal and external water 

It is quite clear that while the amount of internal water in the 
initial, dense clay samples is not critical to the evaluation of its 
density, the fraction of such water in the expanded state certainly 
is. There are actually two possible evaluations of the pycnometer 

measurements, one being that the density P. of the internal water is 
1 

lower than that of free water and thus of the external porewater 

(p ), the other being the improbable case that o. is higher than p • 
e 1 e 

The first-mentioned case yields the mathematical relationship: 

L\m . 
Wl p = ---,--,~----,--,-,,-w L\V . - L\V 
Wl 

where p = p = 1 g/cm3 

w e 
L\m = change in mass of internal water on expansion 

wi 
L\V • = change in volume of internal water on expansion 

Wl 

(3) 

L\V = recorded change in volume of the entire clay/water system 

We obtain from this relationship the expression: 

p • = 
Wl L\V 

1+ ----------=-
(m 1 •p 1 - m 11 •p 11 )10-2 

w w 
where m' = mass of water in the dense sample 

w 

(4) 

p' = percentage of internal water, i.e. water in interlamellar 
positions 

m" = mass of water in the expanded gel 
w 
p11 = percentage of internal water in the expanded gel 
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The second case, implying P.>r leads to the expression: 
, e 

p = -----
wi 

1- ---------~ 
(m "·P" - mi •p1)10-2 w w 

( 5} 

The relationships in Eqs. (4} and (5} are graphically depicted in Fig 
25, which demonstrates the importance of the factors m" and p''. The 

w 
sensitivity of the parameter p11 is illustrated by the change in o. 

1 
when p11 increases from O to 40 % in Tests no 2 and 5 (Table 4}. We 
see that the evaluated o.-value is not very much affected if we let 

1 
p" take the value Oto 3 %, while it is dramatically altered if p" 
exceeds 5-6 %. The figure 3 % that was used in the evaluations is 
estimated to be very reasonable and it probably represents an upper 
limit for the fraction of water that is in true interlamellar posi
tions in the very soft gels that expanded in distilled water. 

mwi 
m ·+tiV 

WI 

0 
p" 

Fig 25. General relationship between the density of internal water 
and the amount of such water in the non-expanded and expand
ed states (Eqs. no 4 and 5} 
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Table 4. Evaluated density of interlamellar water in Na montmoril

lonite as a function of p" in Tests no 2 and 5 

p" o.' g/cm3 
l 

% o=2.05 g/cm3 (p'=60 %) o=l.80 g/cm3 (p'=40 %) 

--------------------------------------------------------------------
0 0.88 0.96 
1 0.86 0.95 
2 0.84 0.95 
3 0.82 0.94 
4 0.78 0.93 
5 0.73 0.92 
6 0.64 0.90 
7 0.47 0.86 
8 0.02 0.80 
g -6.6 0.63 

10 2.33 -2.03 
11 1.61 1.50 
12 1.40 1.23 
20 l. 10 1.04 
40 1.04 l. 01 

While Test no l gave water density values that are in the same range 

as those of Forslind's hydration model, we find Tests no 3, 4 and 5 

to yield values that agree well with those reinterpreted from Low & 
Anderson's results (p 24), i.e. slightly higher than 0.9 g/cm3• Test 

no 2 gave a density of the interlamellar water that is intermediate 

to Forslind's range and that of the values reinterpreted from Low & 
Anderson's study. In general these values and the authors' experimen

tal results are in agreement also with Sposito's idea of an ice-like 
structure of the first interlamellar hydrate layer. 

Qualitatively, we take as a working hypothesis that water molecules 

in interlamellar positions in Na montmorillonite are arranged in a 

strained, ice-like lattice form. Forslind's model is not perfectly 

applicable but it can be taken as a prototype which is preliminarily 

adopted here. Naturally, it may well be subjected to alteration or 

may even be abandoned in the course of the ongoing research. 



50 

Theoretically, it is possible that the outer surfaces of montmorillo

nite stacks, which become numerous in the course of the expansion, 

become hydrated with water in dense layering. If the density is taken 

to be 1.05 t/m3 of a monolayer, it would mean that the aforementioned 

density values of water in interlamellar positions is underestimated 

by 10-20 %. The influence of such density anomalies is thus not very 

significant but it requires attention in more detailed, forthcoming 

analyses. 

4.4.4 Influence of exchange from Na to Ca 

The tests in which the dense clay was dispersed in CaCl solution do 
2 

not offer a way of determining the density of internal water in the 

initial dense clay samples or in the expanded gels, while it is 

possible to conclude which of them had the highest density if the 

relative amounts of internal and external water can be estimated. The 

critical point is the microstructural arrangement of flakes in the 

expanded state in the CaC1 2 solution. No detailed microstructural 

data are available from which quantitative determinations can be 

made, but the common concept of limited spontaneous dispersion of Ca 

montmorillonite suggests that the number of associated flakes in 

dispersed Ca montmorillonite is many times that of Na montmorillonite 

(Fig 26). The conclusion from the tests with CaC1 2 solution that the 

amount of internal water was higher after expansion than in the 

initial Na clay samples is therefore reasonable. It must be realized, 

however, that only 2 hydrate layers are hosted in interlamellar 

voids, while 3 layers may have been present in some of the dense Na 

montmorillonite samples. With the present limited knowledge of the 

microstructural features of dispersed Ca montmorillonite, no safe 

conclusions can be drawn as to the organization and density of its 

interlamellar water. 
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0 

0 

0 = Na • = Ca 

Fig 26. Left: Irregular type of particle association in Na-saturated 

montmorillonite clay. Right: Domain-type arrangement of cry
stallites in Ca-saturated montmorillonite (After Fahn) 

5 CONCLUSIONS 

The microstructural arrangement of the thin crystal flakes is con

cluded to be of great importance in the evaluation of the organiza
tion and physical state of the porewater in montmorillonite clay. 

This arrangement has been found to be very much dependent on the bulk 
density. For Na montmorillonite, the HVEM study and various investi

gations of resin-embedded clay yield the schematic models in Fig 27, 
the version for dense clay characteristically containing a certain, 

rather small number of continuous voids and local pores which are 
more or less continuous and in which the water is poorly organized 

because of imperfect orientation of neighboring crystals. Here, and 

in the large pores, electrical double-layers determine the equili

brium distance between the "quasicrystals" of regularly stacked mont
morillonite flakes, which are assumed to be separated by well orga-
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nized interlamellar water of low density, possibly represented by 

Forslind's model. This speaks in favor of the Edelman/Favejee crystal 

structure provided that the temperature is sufficiently low. A neces

sary implication in applying this model is that hydrogen bonds are 

largely responsible for the stability and physical properties of the 

interlamellar water, while electrostatic forces may be more important 

for the water associated with the mineral surfaces that are exposed 

in the voids. The ordering of water molecules to form open lattices 

is assumed to be produced only in interlamellar positions when the 

adjacent flakes are oriented so that the directions of their crystal

lographic axes coincide. The ordering influence on adjacent water 

molecules at free "external" surfaces of the stacks is too weak to 

organize the water as in the interlamellar space and largely random 

grouping is expected here. 

In Na montmorillonite gels which are allowed to swell in electrolyte

poor water, the quasicrystals expand to hold 2-3 interlamellar hyd

rate layers which breaks them up in thin fragments due to mechanical 

stresses which are set up in the expansion process. At the freshly 

formed free surfaces, electrical double-layers are developed in which 

the water is probably not organized. The ultimate state is a very 

soft gel with very thin stacks and almost all the porewater being 

unaffected by the minerals. 
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Fig 27. Upper: Dense Na montmorillonite clay. A) Large pore, 
B) Small void with external water, C) Stack or quasicrystal 
with organized interlamellar water, D) Interface between 
stacks. Lower: Expanded Na montmorillonite gel with very 
thin stacks and practically only external water 

One consequence of this hypothetical microstructure of dense montmo
rillonite clay may be that chemical reactions, such as ion exchange 
and charge change by tetrahedral release of Si and uptake of Al, 
start at the interface between the stacks and in their shallow parts. 
Thus, the formation of mixed layer minerals would not result from a 
randomly or uniformly distributed layer alteration but may well 
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result from attacks at the interface of neighboring stacks. Thus, the 

initial points of chemical attack are very probably determined by the 

microstructural features. This first attack may, in turn, create 

mechanical stresses that break these larger homogeneous units and 

expose new surfaces to chemical attack. We may thus have obtained an 

explanation of the phenomenon that illite layers in mixed layer 

bentonites do not occur in large continuous series but are regularly 

or irregularly distributed in the stacks. 

From a practical engineering point of view there are several impor

tant consequences of this tentative water structure model: 

* 

* 

A significant part of the porewater has a higher, elastic 

compressibility than that of free water 

The ordering of interlamellar water implies that it has plastic 

properties, i.e. there is a treshold shear stress that must be 

exceeded before significant permanent strain is developed. This 

property would also be characteristic of the stacks, which 

therefore deserve to be termed quasicrystals 

* Since the fraction of internal water is not significantly re

duced when the bulk density drops from about 2 t/m3 to 1.6-1.8 

t/m3 the rheological properties are only moderately altered on 

such a reduction in density. However, it is expected to produce 

a significant change in interconnectivity of pervious passages 

and therefore in bulk permeability, as has been verified in 

numerous experiments. The expansion associated with the drop in 

density also means that the pores and interface zones between 

adjacent stacks become enlarged which also makes the clay/water 

system more pervious. Such widening means that electrical 

double-layers become largely decisive of the swelling pro

perties when the density is reduced to less than 1.9-2.0 t/m3 , 

which is beautifully illustrated by Fig 28. It demonstrates 

that the porewater chemistry does not affect the swelling 

pressure at higher bulk densities than about 2.0 t/m3 • 
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Fig 28. Recorded swelling pressure of MX-80 bentonite at 20° C. 

6 

Notes:+ artificial groundwater, • distilled water, ~ 0.6 M 
NaCl solution, 00.3 M CaCl solution 

2 

RECOMMENDATIONS FOR FURTHER WORK 

Naturally, the tentative model of organization of water in Na montmo
rillonite that has been derived needs to be further tested. Since it 
is related to the Edelman/Favejee crystal structure it is recommended 
that the research comprises physico/chemical analyses and relevant 
NMR investigations. The following program is suggested: 

* Extension of the test series concerning the porewater density 
with other cations 

* Shear tests of clay specimens prepared so that virtually all 
stacks are aligned. Shear takes place at different normal 
pressures under undrained conditions and with pore pressure 
measurement 
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29 17 * MAS/NMR technique focussing on Si and O in tetrahedral 
positions to find out expected changes related to heat-induced 
EF/HEW translation 
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