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ABSTRACT

The aim of the project was to study the effect of pressure and temperature on
smectite clays. Monte Carlo modelling and Neutron Diffraction experiments were the main
techniques used throughout this work.

In this thesis, computer simulations of swelling clays under sedimentary basin
conditions have been carried out for the first time. This has led to the first predictions of
the interlayer water structure at elevated temperatures and pressures. In the course of this
work, both Na- and Ca-saturated smectites and vermiculites have been simulated. As a
result, this work has encompassed the first simulations of Ca** ions in a confined
environment. An alternative structure for the hydration shell of Ca** in vermiculite is
proposed that suggests partial hydration by the basal oxygen atoms. This reduces the
number of water molecules in the hydration shell from 8 to 6.

Experimentally, this has been the first # situ measurement of clay dehydration with
higher p/'T at the correct ‘depth’ for I/S transition. The work has demonstrated that this
reaction is reversible up to a point, beyond which dehydroxylation and structural changes
at the clay sheet level take place, rendering rehydration impossible. The experimental work
has resulted in the first direct confirmation that interlayer water density is higher than in the
bulk, under the same p/'T conditions.
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Chapter 1

INTRODUCTION

Swelling clays, such as vermiculites and smectites, are layered alumino-silicates
that are widespread in geologic deposits, soils and sedimentary rocks (Grim, 1960; Brindley
and Brown, 1980; Newman, 1987). They are comprised of negatively charged mica-like
sheets, which are held together by charge balancing interlayer counterions, namely sodium
and calcium. Since these counterions have a strong tendency to hydrate, water and other
polar molecules can be intercalated between the clay layers. This creates an interlayer ionic
solution, which causes the clay to swell. Under near ambient conditions the expanding clay
typically passes through three discrete hydration states, and is then govemned by longer-
range electrical double layer interactions (Norrish, 1954; Sposito and Prost, 1982; Newman,
1987).

Detailed knowledge of clay swelling and interlayer fluids is essential if we are to
understand many natural and industrial processes. For example, clay
hydration/ dehydration plays a key role in subsurface fluid migration, damage to buildings
and oil-well collapse (Grim, 1960; North, 1990). In addition, the interlayer region of clays
provides an ideal environment in which to study the fundamental properties of two-
dimensional pore-fluids (figure 1.1).

Langmuir claimed that clay swelling was caused by the formation of an electric
double layer (Langmuir, 1938). This was later described quantitatively by the DLVO theory

(Degaguin and Landau., 1941; Verwey and Overbeek, 1948), in which the solvent is



described as a primitive dielectric continuum. This theory successfully describes swelling at
large clay-clay separations, and still forms the basis of clay colloid science.

The origins of swelling at smaller separations is still a topic of intense current
research (eg, Cases e al.,, 1992; Delville, 1993, 1993a; Low; 1985; Smalley, 1994). Based on
calorimetric measurements, Low (1985) claimed that water molecules hydrate the clay
surfaces, thus screening the counter-ions. However, Sposito and Prost (1982) argue that it
is the initial hydration of the counter-ions that drives the clay to take up water in the first
instance. In addition, to understand the properties of hydrated ions in a confined
environment it is important to grasp what drives swelling clays to take up water into their
interlayer spacing (eg, Hendricks et al, 1940; Nornsh, 1954; Low, 1985; Slade et 4/, 1985,
1991; Quirk and Murray, 1991; Yan e al.,, 1996; Sposito et al., 1999). Furthermore, the initial
stages of clay hydration are essential to understanding what drives the very first, or last,
water molecules from the interlayer spacing in hydration/dehydration reactions taking
place in sedimentary basins.

The effect of pressure and temperature on the swelling properties and pore-fluid
structure of these minerals is important to understand sub-surface fluid processes. For
instance, when one wishes to gain an insight into the observed smectite to anhydrous illite
(I/S) transformation as a major diagenetic reaction taking place in the Earth’s crust (e.g,
Eberl e al, 1978; Inoue e al, 1988; Velde and Espitalié, 1989; Velde, 1992, Velde and
Vasseur 1992; Eberl, 1993, Bloch et 4L, 1998; Roaldset et 4/, 1998). The 1/S transformation
in itself occurs at about the same burial depth as that at which petroleum hydrocarbons
begin forming, with the subsequent release of interlayer water (North, 1990). This has been
observed to occur at around 3-4 km burial depth (eg, Inoue et 4L, 1988; North, 1990; Velde
and Espitalié, 1989; Velde, 1992; Velde and Vasseur 1992; Eberl, 1993; Bloch et 4/, 1998).

Recent X-ray diffraction experiments of Na- and Ca-smectite under non-ambient



conditions have, however, found conflicting evidence for the point at which dehydration of
smectite occurs (van Olphen, 1963; Koster van Groos and Guggenheim, 1984; Colten,
1986; Huang & al, 1994; Wu & al, 1997). Unfortunately, none of these has followed a
geological gradient, therefore, the dehydration point of smectite has not been accurately
determined.

Bore-hole instability problems are a direct result of uncontrolled
hydration/ dehydration reactions taking place when drilling through shale formations using
environmentally friendly, water-based drlling-fluids (Bailey et 4/, 1994). This is why
knowledge of the properties of the confined fluid under sedimentary basin conditions is
central to providing the oil and construction industries with a means to controlling these

hydration/ dehydration reactions.
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1.1 ‘Thesis Content

In this thesis, computer simulations of swelling clays under sedimentary basin
conditions have been carried out for the first time. This has led to the first predictions of
the interlayer water structure at elevated temperatures and pressures. In the course of this
work, both Na- and Ca-saturated smectites and vermiculites have been simulated. As a
result, this work has encompassed the first simulations of Ca** ions in a confined
environment. An alternative structure for the hydration shell of Ca** in vermiculite is
proposed that suggests partial hydration by the basal oxygen atoms. This has been found to
reduce the number of water molecules in the first hydration shell of calcium from 8 to 6.

These computer simulations have been complemented by the first #2 situ neutron
diffraction measurements of clay dehydration, under the high p/'T conditions appropriate
for the 1/S transition. The work has demonstrated that this reaction is reversible, up to the
point at which dehydroxylation and structural changes within the clay sheets render
rehydration impossible. The experimental work has also resulted in the first direct
confirmation that inferlayer water density is higher than in the bulk, under the same p/T

conditions.

1.2 Layout of Thesis

This thesis has been subdivided into seven chapters separating logical sections of
the work carried out. Chapter 2 presents an introduction to clay science, their
nomenclature and chemistry. Particular attention is paid to swelling clay minerals, especially
the smectites. In addition, an account is given of the smectite to illite transformation in the
light of other related diagenetic reactions taking place in the Earth’s crust. Chapters 3 and 4

contain background information of techniques employed to carry out this research: Monte



Carlo molecular modelling and time-of-flight (TOF) neutron diffraction. Here, an in-depth
discussion of the relevant literature is presented and used to place this thesis in context.
Chapter 5 displays the results from the computer simulations and a short discussion of
those results is made. The need for the diffraction experiments is made clear in the light of
the interpretation of the simulation results. Chapter 6, in turn, presents the results obtained
from the neutron diffraction experiments. Finally, chapter 7 puts the results from the two

lines of research together and concludes with some proposals for future work.



Chapter 2

CLAY MINERALS AND THEIR INTERACTION WITH

AQUEOQOUS SOLUTIONS

This chapter gives an introduction to clay mineral science, paying special attention
to the types of clay studied in this thesis: smectites and vermiculites. More detailed
information can be found in Crstal Struaure of Qlay Mirerals and. their X-vay ldentification
(Brindley and Brown, 1980) and Ghenistry of Qlays and Qlay Minenals (Newman, 1987).

2.1 ClayLayers

(lay sheets are generally composed of two structural elements: tetrahedrally co-
ordinated cations, Y, of composition YO,, comer-linked to form an infinite two-
dimensional sheet (figure 2.1); and octahedrally co-ordinated cations, Z, of composition
ZO,, edge-linked to form another two-dimensional sheet (figure 2.2).

The oxygen co-ordination length in the tetrahedral and octahedral sheets is similar,
therefore, it becomes possible to join two such sheets together by sharing two out of three
octahedral oxygens with one apical oxygen in the tetrahedral network. When one
octahedral sheet is linked to a tetrahedral one, a 1:1 clay layer is formed as in kaolinite
(Newman, 1987); when one octahedral sheet is sandwiched between two tetrahedral sheets
a 2:1 clay is formed as in the case of talc and smectite (figure 2.3). The unshared oxygen
atoms of the octahedral sheet become hydroxyl groups appearing in the centre of the
hexagonal cavities of the tetrahedral network. These OH groups can, in principle, assume

any positive angle orientation with the clay layer. However, Serratosai and Bradley (1958)
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For more detail on the different clay classification groups Bailey (1980) and Brindley and

Brown (1980) provide extensive information.

Table 2.1: Classification and generalised structural formulae of phyllosilicates.

) Nature of Structural Negative charge
Mineral Group B
Octahedral Sheet(s) Formula* per silicate layer
1 Kaolinite 1:1 dioct Y,Z4O10(OH)s 0
Serpentine 1:1 trioct Y6Z4O10(OH)s 0
2 Pyrophyllite 2:1 dioct YZsOxn(OH), 0
Tale 2:1 trioct YZsOn(OH)s 0
3 Micas 2:1 dioct Y. ZsOxn(OH)s 2
2:1 trioct YZ3Ox0(OH)4 2
Brittle Micas 2:1 dioct Y. ZsOx(OH)4 4
2:1 trioct YsZ30(OH)4 4
4  Chlorite 21 dioct Y.Z3O:0(OH)4 variable
2:1 di trioct Y.Z3O0(OH)4 variable
2:1 trioct YsZ3Ox(OH)4 variable
5  Smectites 2:1 dioct Y:Z3On(OH), 0.5-1.2
2:1 trioct Y:Z3O0(OH)4 05-1.2
Vermiculites 2:1 dioct Y4Z3020(OH)4 12-19
2:1 trioct Y:ZsOn(OH)4 12-19
6 Palygorskite - - Y:Z30:0(OH)2(OHy)4 ?
Sepiolite - - Y5Z12030(OH)4(OHy)4 ?

*Y and X represent the tetrahedral and octahedral cations respectively. The layer charge indicated in the

following column is based on this formula unit. The number of charge balancing counterions matches

therefore this layer charge.

The negative charge per silicate layer (formula unit) given in table 2.1 is twice that

given by Bailey (1980). This is because the formula unit used here applies to the contents of

a volume defined by the (z ® 4) unit cell base area that is one full layer thick. Therefore, the

fractional negative layer charge x can be defined as the charge per O,i(OH), unit of clay in

a 2:1 mineral. 1:1 types of clay usually have zero or very low charge, whilst in the 2:1

minerals x can range from O to about 2. Physically, the magnitude of this charge is generally



reflected in the size of the individual clay crystals. Minerals with high layer charge, such as
vermiculites, have large macroscopic sized crystals, whereas those with low charge
densities, such as smectites, have microscopic sized crystallites.

The unit cell of an anhydrous clay mineral is therefore comprised of the clay layer
and, if present, the counter-ions. This unit is usually of the order of 4A by 104 in the 2 and
b axes, and about 8A in the c-axis direction. Individual clay sheets are two-dimensional
repeats of the unit cell. Oriented stacks of these sheets form clay crystallites. Finally, the

clay mineral itself is more a more loosely ordered collection of crystallites.

2.1.1 Classification of dioctahedral smectites

The focus of the work being reported in this thesis concerns primarily the swelling
characteristics of smectites. Smectites are the archetypal swelling clays and comprise about
80% of the total clay composition in sedimentary basins (Newman, 1987; North, 1990). Of
these, the most common are the aluminium rich minerals, montmonllonite and beidellite.
The iron rich nontronites are not so common and the current work is not concemed
directly with these.

The main difference between montmorllonites and beidellites is the location of the
negative charge on the layers. Whereas in montmorillonite the surface charge occurs mainly
through substitutions by Mg’ in the octahedral layer, in beidellite it mainly arises from AP*
substituting Si** on the tetrahedral layers.

The generalised structural formula for montmorillonite is therefore

(A13.15Mgo.ss) (Sis.oo) Ozo(om4}<o,as'”1{zo»
and for beidellite

(Al o) (S17,15AL 45) Orp(OH) X, 57,0,

12



where X denotes the particular counterion present (the formulae above assume the
counter-ion is monovalent). These should be seen as ideal definitions, whereby the
naturally occurning minerals generally have intermediate distributions. Schultz (1969) has
identified six different types of aluminous smectite on the basis of their charge distribution
and magnitude (see table 2.2). For the purpose of this work, the word smectite will be used
as to mean Wyoming type smectite.

Table 2.2: Classification of aluminous smectites*,

Charge per O,(OH),  Amount of tetrahedral

Name
formula unit charge
Wyoming <085 15%-50%
Ouay >0.85 <15%
Tataila >0.85 15%-50%
Beidellite >0.85 >50%

‘Using Schultz’s (1969) nomenclature.

There are, therefore, two types of layer charge distnbution: octahedral and
tetrahedral, depending on the type of cation substitution that gives rise to it. The effect on
the interlayer cations (and associated fluid) of the two types of surface charge is very
different. The tetrahedral charge is mainly distributed over the three basal oxygens of the
tetrahedron where the substitution occurs (Farmer and Russell, 1971; Sposito, 1984). It is,
thus, relatively localised and very close to the interlayer species. This gives rise to a localised
structural impact on the interlayer fluid. Since the octahedral charge is usually distributed
over a much wider range of oxygen atoms (Farmer and Russell, 1971; Sposito, 1984) and
further away from the clay layer surface, the interlayer fluid will experience a weaker but

more uniform negative potential. It is therefore to be expected that the swelling properties
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and interlayer structure of these minerals will be strongly dependent on the distribution and

magnitude of the layer charge (Sato et 4l., 1992).

2.1.2  Vermiculites

In the course of this work, vermiculite minerals have been studied for comparison
with the smectites. These are 2:1 trioctahedral minerals with a structure very similar to that
of mica, albeit with a lower surface charge in the range 1.2 <x <19 (Norsh, 1973;
Newman, 1987). Vermiculites often have similar swelling properties to those of the
smectites, but tend to occur naturally as macroscopic single crystals, due to the higher layer
charge. The larger average crystal size makes vermiculites more suitable than the smectites
for certain experimental work such as diffraction at high resolution (Skipper et 4/, 1991).

Vermiculites have little octahedral layer charge, whereas the smectites studied here
have up to 85% of their layer charge in the octahedral sheets. This will be an important
consideration when comparing the interlayer water structure for these two minerals, and
one of the reasons for studying the two different types of clay.

Vermiculites are very common in day-to-day life, as they are used in a variety of
applications such as an absorbent material for chemical spills, and as a soil improver. There
has been a significant amount of experimental research into vermiculites. In contrast, most
of the previous computational work has been done on smectites. In fact, experimental
results obtained for vermiculites are often used as a base for molecular models of the much

more widespread smectites.
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2.2 Effect of different counter-ions on the swelling properties

In this thesis, the focus is on smectites and vermiculites, also known as swelling
clay minerals. These clays can take up a polar liquid into their interlayer region thereby
solvating the counter-ions. The swelling properties depend on the surface charge density
and the type of cation present in the interlayer region. In fact, the effect of the cation
charge, electronegativity and hydration energy is so marked that clays may not swell at all,
as in the case of potassium substituted clays (eg Sato et 4, 1992; Boek et 4l., 1995).

The charge balancing counter-ions, unlike the cations in the clay layer itself, have a
relatively high level of mobility. When the clay is immersed in a salt solution, with a
different cation from the one originally in the interlayer region, a cation exchange reaction
can occur. The speed at which the cation replacement reaction takes place can be
quantified by what is known as the cation exchange capacity (CEC) of the clay mineral in
question. The CEC is conventionally expressed in the units of miliequivalents per gram of
clay (meq g"), which in SI units corresponds to 96.5 C g, and corresponds to charge per
unit mass of clay. Other factors affecting the cation exchange reactions are the
concentration of salt in the external solution, and the size, electronegativity, and hydration

energies of the cations in question.
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Figure 2.4: Water sorption isotherms for Wyoming Bentonite (Newman, 1987; page
257). Ca (squares); Ba (circles); Na (triangles) and Cs (crosses). The numbers
on the plot show d(001) spacings in A at various points on the isotherms.
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The effects of cation type on the ability of the swelling clays to take up water into
their interlayer spaces has been established for both vermiculites and smectites (Hendricks
et al., 1940; Mooney et al, 1952; Gieseking, 1975). Figure 2.4 shows the absorption
isotherms for various counter-ions in a Wyoming type smectite. More recently, neutron
diffraction work by de Siqueira et 4. (1999) and by Skipper et . (2000) have demonstrated

the effect of different counter-ions in vermiculites and smectites with rising pressure and

temperature (figure 2.5).
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Two types of swelling can occur in both smectites and vermiculites: a) crystalline
swelling, involving the limited adsorption of water molecules into the interlayer spacing to
about 0.5g H,O/g clay; b) osmotic swelling, due to unfettered adsorption of water water by
the clay up to approximately 10g H,O/g clay (Norrish, 1954). The latter leads to
macroscopic swelling of the crystals and the formation of a thixotropic gel and
subsequently of a sol.

From figure 2.6 one can see that the rate of change in basal spacing for sodium
saturated clays (distance between the basal oxygens on each adjoining clay sheet) is not
constant. Swelling therefore proceeds in a step-wise fashion, with the size and sharpness of
the steps increasing with grain size. This means that in the case of smectite the swelling
process is much smoother than for vermiculites with macroscopic single crystals (Mooney,
1952).

The mechanism by which water molecules enter the interlamellar spacing is stll
disputed. Some workers have argued that the initial stages of swelling are essentially due the
hydration of the counter-ions (Hendricks er 4/, 1940; Sposito and Prost, 1982). More recent
work by Slade et 4l (1991) has examined the effect that the layer charge and electrolyte
concentration have on the crystalline swelling of smectites, and compared it to similar
behaviour on vermiculites. They have proposed that the swelling of clays is driven by the
competition for water molecules by the counter-ions and the cations in the electrolyte. This
is eventually won by the counter-ions, due to the much higher concentrations inside the
clay pores (in excess of 4 molar). In this regime, swelling is only hindered by the negative

charge associated to the clay layers.
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Figure 2.6: Water sorption isotherms for different types of Na-saturated clays (Newman,
1987; page 258). Llano vermiculite, solid lmne; Camp Berteau
montmorillonite, solid line and squares; Unterrupsroth Beidellite, dashed and
crosses. The numbers indicate d(001) spacings in

03

1543 _x
/I‘

0.2
"-a
o
3
3
T
3
0.1

i ' L 1 1

0.2 04 0.6 08 10

Relative vapour pressure, p/p,
The step-wise crystalline intercalation of water molecules into the intetlayer spacing

proceeds as one, two, three, and eventually four layers of water are progressively formed

under increasing relative humidities (Norrish, 1952; Newman, 1987; Cases et 4l., 1992). The
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interlayer spacing increases from its anhydrous state of about 10A to approximately 20A at
99% relative humidity (Norrish, 1952).

The second type of swelling mentioned, osmotic swelling, occurs when swelling
clays with certain kinds of counter-ion are immersed in a dilute aqueous solution. The
minerals then adsorb many times their own volume of water into the interlayer spacing and
form a gel. The spacing between individual platelets can grow to over 9004, as observed by
Braganza et al. (1990). It has been postulated by Skipper et . (1995) that before osmotic
swelling can occur, there has to be at least one layer of water molecules between the
counter-ions and the clay layers. This would act as a screening potential, allowing an
unlimited amount of water molecules to enter the pores, and the formation of an electrical
double layer (EDL; Stern, 1924). Current treatments of the EDL and the ensuing colloidal
dispersion have been traditionally based on the well-established DLVO theory (Derjaguin
and Landau, 1941; Verwey and Overbeek., 1948), but only for interlamellar separations of
well over 40A. More recently, Smalley (1994) has treated the specific problem of
macroscopic clay swelling in term's of the Sogami and Ise (1984) theories. This regime of
swelling is of no direct concemn to the work reported here, and therefore no further

mention of osmotic swelling will be made.

2.2.2  Interayer Structure in swelling clays

Understanding the clay swelling mechanisms, is still a hotly disputed topic that has
been studied at length with a variety of experimental methods on both smectite and
vermiculite. For instance, X-ray diffraction (Pezerat er 4, 1967; Slade et al, 1985) infrared
spectroscopy (Sposito et 4, 1983) and neutron scattering (Hawkins and Egelstaff, 1980;
Skipper et al, 1994, Powell et al, 1998). Computer Modelling has also been extensively used

to probe the interlayer fluid structure (Skipper, 1998). For example, Monte Carlo molecular
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other and to the clay surface, where possible. Hydrogen bonding to the basal plane is likely
to occur near the tetrahedral substitution sites, or above the hydroxyl groups in the centre
of the basal hexagons. There is a stronger tendency for the water to solvate the cation in a
six-fold structure (Skipper e 4., 1991; 1994) although Slade et 4. (1985) have argued
previously that Ca-substituted vermiculites are primarily 8-fold co-ordinated. Skipper et 4.
(1994), in agreement with Slade et 2. (1985), have proposed that the calcium-water complex
forms an octahedron, distorted along the c-axis to accommodate the hydrogen bonds of
four water molecules to the clay surface (figure 2.7). In contrast, the Na-vermiculite
interlayer structure appears more disordered than that of the calcium saturated samples

(Slade et 4l., 1985). This may be due to the weaker hydration energy of the sodium cations.

2.3 The Geological clay cycle

Clays are formed from weathering processes on the Earth’s surface. Carried into a
basin as alluvial sediments, the precursor minerals start depositing themselves and the
various types of clay minerals start forming. As these minerals are buried organic matter
and water are also adsorbed on the clays' (Velde, 1992).

The porosity of a formation is a measure of the percentage of the total volume that
is pore space, Le. in the case of clay minerals, the volume occupied by the interlayer fluid,

and is given by:

1 One should perhaps highlight the subtle difference between adsorbed water and absorbed
water: adsorbed water is that which is on the surface and edges of the silicate sheets, while
absorbed water is actually inside the crystal structure. There is also a further type of water present
in clay minerals known as constitutional water bound to the crystal lattice itself as the hydroxyl

groups.
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In near surface soils and sediments the internal pores of swelling clays — the most
common type of clay in sedimentary basins - contain several molecular layers of absorbed
water and their porosity, ¢, is usually around 50% (North, 1990; Sheniff and Geldart, 1995).

During the initial stages of bunal, down to about 500m, the adsorbed fluid is
quickly squeezed out, and porosity is reduced at an exponentially decreasing rate (Shenff
and Geldart, 1995). Beyond this, and until about 1700m burial depth, the absorbed pore-
fluid starts being expelled from the clays. The rate of decrease in porosity of the clay
minerals is now linear. Below around 1700m the porosity has been reduced to below 15%,
and further reductions in porosity and related fluid loss can only occur very slowly as other
geological processes start taking over.
Figure 2.8: Change in expandability with depth from Gulf Coast well CWRUES.

Expandability measures the relative abundance of swelling type clay minerals
versus that of non-swelling clays such as illite. Eberl (1993).

Temperature (°C)

39 90 130 162 174
100 ' —_ Lﬁﬁ..l ~
Zone 1 Zone 2 Zone 3
8o .
g ]
> Sor )
E 3
]
'u p
§ 4f
o b
] !
w
m- q
0‘.“‘.. A A A b 2 2 a2 4 A . 4 A
1 2 3 4 5 6
Depth {(km)

23



Near surface sediments are composed mainly of expandable clay layers (up to
about 80%). At depths between 600m and 3000m, vertical water expulsion virtually stops,
as vertical permeability is drastically reduced. This coincides with the gradual disappearance
of expandable clays and the appearance of illite layers. Illite or hydromica is a non-swelling
type of clay that has no interlayer water. Its general structural formula is given by (North,
1990):

(ALFe,Mg,)(S1,A) O(OH), K
Notice that the counter-ion present between the illite layers is now potassium rather than a
predominance of sodium in the mainly smectitic expandable layers.

Eberl (1993) has identified three zones of change in expandability with depth
(figure 2.8). Zone two in figure 2.8 shows a rapid decrease in the amount of expandable
layers. The process of smectite to illite transformation is closely linked to that of petroleum
hydrocarbon formation and migration (North, 1990; Eberl, 1993, Roaldset e 4l., 1998), and
the reactions that take place in the transition from swelling clay to anhydrous illite are still
not fully understood (Inoue et 4l., 1988; Velde e 4., 1989; North, 1990; Eberl, 1993;
Roaldset et al, 1998; Bloch, et 2. 1998). It is thought that exchange of interlayer sodium for
potassium from K-felspar triggers dehydration of the smectites, with the eventual
transformation to illite. Indeed, potassium is known to inhibit in some way the hydration
of the clay layers (see e.g. Sato et l, 1992; Boek ez 4, 1995), perhaps due to its size and weak
hydration. In fact, Eberl e 4. (1978) have directly observed the transformation of K-

montmorillonite to interstratified illite/ smectite layers plus small amounts of kaolinite. This
result was achieved by keeping K-smectite at 300°C for 30 days in an autoclave.

The critical stage of the diagenetic process, or the clay diagenetic threshold, is

reached when the burial conditions of pressure and temperature are such that the bonding
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and hydrostatic pressure energies, which serve to retain clay water, are no longer sufficient
to withstand the energies related to the geothermal gradients which work to release it. The
exact depths at which these transformations occur are, of course, dependent on the
particular pressure and temperature gradients of each particular formation (Sahay and Fertl,
1988; North, 1990).

For the computational and experimental work being reported in this thesis, a
pressure gradient of 15kPa km™ has been chosen. This is between the 10.5kPa km'' of the
hydrostatic head, and the average 22.5kPa km' gradient corresponding to the weight of
sedimentary rock alone (North, 1990). The reason for choosing a gradient above the
hydrostatic head is because the rate of fluid loss from the pore sediment is not fast enough
to establish stress equilibrium with the surrounding rock. As vertical permeability of the
rocks is drastically reduced with the loss of porosity, the fluid becomes effectively trapped
within the formation. From literature (Sahay and Fertl, 1988; North, 1990; Shenff and
Geldart, 1995), the average temperature gradient around the Earth has been found to be

around 30°C km™. 'This has been the gradient assumed throughout the work presented

here. The temperature gradient, however, does vary from around 18°Ckm’ to over

50°Ckmi" in certain wells around the world (see Sahay and Fertl, 1998; North, 1990).

2.3.1  Effects of burial on swelling clays

The well-known smectite to illite transition is a diagenetic process closely linked to
the formation of hydrocarbons and their subsequent migration to reservoirs (North, 1990;
Eberl, 1993, Roaldset et 4l., 1998). Since illite only occurs in anhydrous form, clay
dehydration must occur before this transformation can take place. It is therefore important

to understand the hydration/dehydration reactions that take place during burial.
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Much experimental work has been done on the kinetics and reactivity of clay
dehydration. Bray e 4l (1998, 1999) have carried out thermal dehydration experiments on
Ca-montmorillonite. They have found that the dehydration reaction takes place in two
stages, with distinct activation energies due to different water removal processes. A
nucleation and growth mechanism dominates the first stage of dehydration at lower
temperatures of up to 90°C. At higher temperatures, the dehydration reaction is diffusion
controlled. The activation energy required during the first stage was found to be around 35
kJ mol”, whereas the removal of water during the second dehydration stage required an
activation energy of 50 kJ mol”. The two dehydration mechanisms proposed by Bray and
Redfern (1999) can therefore be interpreted as dehydration of weakly bonded water, from
the outer hydration shell of the interlayer cations, followed by dehydration of water bonded
to clay surfaces and from the first hydration shell of the counter-ions. At temperatures
above 350°C, dehydroxylation begins taking place, as the hydroxyl groups, previously
attached to the octahedral sheets of the clay layers, become free and form water molecules
(Bray and Redfern, 2000).

Koster van Groos and Guggenheim (1984) have studied the effects of pressure on
Na-montmorillonite and found, in agreement with the previous work of Eberl et 4/ (1978),
that these clays are stable at up to 500 °C and 2 kbar. It is generally agreed that for an open
system, pressure alone can only remove up to the last two layers of interlayer water from
the clay-pores (van Olphen H, 1963). This seems to suggest that overburden pressure
would be insufficient to cause the near complete dehydration of the clay layers. More
recently, X-ray diffraction experiments at elevated pressures and temperatures on Na-

smectites by Colten (1986) have placed the dehydration temperature from three to two

layers at 310 °C to 380 °C. Similarly, Huang et 4. (1994) have placed this dehydration

temperature for Na-montmorillonite at 260-350 °C . Further loss of water to a one layer
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hydrate was recorded at 483 °C and similar temperatures have also been reported by Wu e
al. (1997) in the case of Ca-montmorllonite. These transitions have occurred at
temperature conditions much lower than at lower pressures, which seems to corroborate
the evidence from Koster van Groos and Guggenheim (1984) and from Hall e 4l (1986)
that pressure increases the dehydration temperature of montmorillonite. This leads to the
hypothesis that water is denser in the clay interlayer spacing than in the bulk liquid phase.
De Siqueira et al. (1999) and Skipper et 4. (2000) have tested this hypothesis directly in Na-
and Ca-smectite with high pressure and temperature neutron diffraction studies. The
results from these experiments form part of this thesis and are presented in detail in
Chapter 6. This experimental work has followed the Monte Carlo Molecular modelling of
Na- and Ca-smectites and vermiculites at elevated pressures and temperatures of de
Siqueira et 4l (1997, 2000) that has predicted that intetlayer water is indeed denser than the

bulk. The simulation results are presented in more detail in Chapter 5 of this thesis.
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Chapter 3

MONTE CARLO MOLECULAR MODELLING

OF CLAY MINERALS

Computer simulation is an important tool for studying a variety of condensed
matter systems whose behaviour is not easily accessible by other methods, either due to
experimental difficulties or to the lack of a satisfactory theory. It provides a means of
probing molecular systems and looking at quantities that have no experimental analogue.
For instance, it is possible to turn off certain interactions in order to gauge their influence
on the overall behaviour of the system (Lee et 4l., 1974). In this way, computer simulation
can provide a bridge between experiment and theory, and is especially useful when little
information is available from either source.

Starting from a microscopic model, the application of computer simulation to the
study of fluids allows the calculation of thermodynamic, structural, and transport
properties of the fluid. The techniques used have proved successful in calculating bulk
properties of fluids using model systems containing only a few hundred particles. Early
work on the statistical mechanical computer modelling of simple fluids (eg Metropolis e
al., 1953; Wood and Parker, 1957; Alder and Wainwright, 1957,1959) has been extended to
cover more complex liquids (eg Rahman and Stillinger, 1971; Jorgernsen et 4L, 1981, 1983)
and fluids at interfaces (eg Lee et 4., 1974; Chapella et 4l., 1977; Delville, 1993a; Bridgeman
et al, 1997). For a detailed overview of techniques for computer simulation of liquids, see
for example Allen and Tildesley (1987) or Frenkel and Smit (1996). Skipper (1998) provides
a review of the recent advances in molecular modelling of aqueous pore fluids in 2:1 clay

minerals, of particular relevance to this thesis.
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Though the power of simulations to provide useful information increases with
every advance in computer technology, the immensely long computation times required to
obtain reliable results remain a major limitation on the use of the technique in simulating
complex systems. For instance, in the simulation of a single component liquid, over a
million configurations of 256 molecules, under infinite periodic boundary conditions, may
be required to compute stable values for properties such as internal energy and radial
distribution functions (Mezei et «f, 1979). Simulation times become even longer when
attempting to model a single solute particle inserted into a large number of solvent

N-1

molecules. Sampling time increases by , for a system of N-1 solvent molecules and

one solute particle. In the case of N=256, the simulation would therefore require 127.5
times more time to sample the single solute particle than it would to obtain average values
for the solvent molecules (Bridgeman, 1999).

It is impractical to run simulations of this length. Consequently, it is necessary to
accept larger uncertainties in the outcome of the simulation. Techniques such as force bias,
preferential sampling or density scaling can significantly increase the rate of convergence
for particular systems (eg Mezei, 1980; Rapaport et 4, 1981; Mehrotra et al., 1983, Valleau,
1991). Other factors such as the interaction potentials used (eg Jorgensen e al, 1983;
Berendsen et 4l., 1987; Watanabe and Klein, 1989; Brodholt and Wood, 1993), long-range
interactions, size of the system, the way in which boundary conditions are implemented (eg
Jorgensen et al, 1983; 1985, Skipper et 4l., 1995a), and sampling ensemble used (eg Delville,
1993; Karabomi et al., 1995; Skipper, 1998), will influence the computed average values.

Currently, there are only two molecular simulation methods that can calculate
thermodynamic properties of a system from interactions between particles: Monte Carlo
(MO and molecular dynamics (MD) (Allen and Tildesley, 1987). MD requires the input of

a set of initial positions and momenta for all the particles in the system. The equations of
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motion of the interacting molecules are then solved, and equilibrium properties of the
system determined by taking averages over sufficiently large time intervals. MC requires the
generation of a set of configurations distributed in space according to a chosen probability
distribution. 'The average value of any quantity, found by generating a large number of
configurations so as to sample adequately the available phase space, gives an estimate of
the ensemble-average for that quantity. MD has the advantage of providing dynamical
information about the system, whereas MC requires significantly less computer time. This
is an important factor when considering the simulation of multiple component systems
such as swelling clays.

The two molecular modelling methods just mentioned rely on the interaction of
the component particles via a set of potential energy functions. These potential functions
are usually empirical in nature. In other words, they have been derived to represent the
effective interactions between atoms and molecules. These effective interaction potentials
generally involve pair-wise terms, and can also include higher order terms such as
polarisation.

For a variety of statistical mechanical ensembles, Monte Carlo is relatively simpler
to implement than MD in (Frenkel and Smit, 1996). The majority of the work done on
aqueous fluid interactions have used the canonical ensemble (<N, V, T>) where the
equilibrium thermodynamic state of the system is defined by the number of particles N, the
total volume of the system, V, and the temperature, 7. Other thermodynamic ensembles
may be more suitable to the problem being addressed, and a choice of ensemble to be used
must be made prior to starting the simulation work.

In the case of a clay-water system at temperature 7, equilibium would occur
when the chemical potential 4 of the interlayer fluid equals that of the external bath of

fluid. Such a system is generally also under uniaxial stress along the ¢axis of the clay
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mineral unit cell, o, Therefore, the ensemble of choice would be the grand isostress

ensemble, <1, o, T> initially proposed by Shoen et al. (1994) for the study of fluids in
micropores. In this ensemble, thermodynamic equilibrium is dependent on the chemical
potential of the interlayer water (the counter-ions are part of the clay unit cell) 1,0, the

temperature 7, and the stress normal to the clay plates o, Setting p,,, requires the
creation/ destruction of water molecules in order to sample <N>and <V'>;, which would
be very difficult to do in a reasonable length of time for a relatively dense system such as a
clay (Allen and Tildesley, 1987; Delville, 1991,1992; Karabomi et 4l., 1995; Frenkel and
Smit, 1996). Karabomi et 4. (1995) have done a series of simulations of Na-
montmorillonite in the grand canonical ensemble <, V, T>; for a range of volumes, V,
and extracted <p>and <N> This ensemble proves to be too slow when sampling for
<N >and thermodynamic equilibrium becomes difficult to gauge. In addition, this method
on its own relies on a correct choice for 1, which would have to be measured or calculated
a priori. Such calculation is not mentioned in the publication just cited, casting doubt over
the validity of the results.

For the computational work reported in this thesis, the isothermal-isobaric
ensemble, <N, o, 7> has been implemented as a way to avoid the limitations imposed by
setting the chemical potential for the system. This leads to the approximation that the clay-
water-cation system behaves in effect as a closed system in equilibrium and could be
conceptualised in the context of deeply buried clay formations, where there is no vertical
permeability for the pore-fluids, implying constant (p, 7) conditions. In this case, stress is
only applied parallel to the caxis of the clay unit cell, analogous to a sedimentary basin,
where fluids can only migrate horizontally. The equilibrium would then be broken, for
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example, when drilling through such an ‘overpressured’ formation, bringing the pore-fluid
in contact with a fluid bath at different (p, 7) conditions.

As mentioned above, the grand isostress ensemble would be the most suitable for
simulations of an open clay-fluid system. As part of this thesis, an attempt has been made
to run Monte Carlo simulations in the <, 0,, T> ensemble. This would allow the
calculation of the equilibrium interlayer fluid density and water content for different (p,7)

conditions, corresponding to different burial depths in a sedimentary basin. The chemical
potential would be calculated from a previous <N, o, T>simulation by sampling < ,u""‘> ,

as prescribed by the Widom sampling method (Widom, 1963, 1982; Shing and Gubbins,
1982; Allen and Tildesley., 1987; Ding and Valleau, 1993). Unfortunately, lack of time did

not allow the achievement of this goal. Development of the grand isostress simulation

code did not go beyond <N, V, T>Monte Carlo.

3.1 The Monte Caro Technique

The Monte Carlo technique (Allen and Tildesley, 1987) relies on the generation of a
trajectory in phase space which samples from a chosen ensemble, to determine the average
properties of an N-particle system. Many simulations to date have used the canonical
ensemble, <N, V, T>, and it is for this ensemble that Metropolis (Metropolis et 4l., 1958)
sampling was originally introduced. The method has since been extended and can now be
applied to constant <N, p, T>and constant <I, V, u>ensembles. The <N, V, T> base
case will be reviewed, followed by an extension to the isobaric-isothermal ensemble used
for the simulation work reported in chapter 5.

A configurational co-ordinate vector, X™, specifies an N-molecule configuration of

the simulated system where:
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XV =(x,,X,, .. ,X,) (3.1)
and,

X, =(R,Q,) (3.2)
represent the configurational co-ordinates of molecule /, where R, are the positional co-
ordinates and £2,, the angular co-ordinates. An average property of the system such as the
internal energy U'is given by the configurational integral

U= fux®) Pty det =(ux")), (3.3)
where U(X") is the configurational energy and P(X") is the probability that the system is in
configuration X”. The integration is performed by the generation of an irreducible Markov
chain whose limiting distribution is the Boltzman distribution (Frenken and Smit, 1996),

P(XY) = (P Xy ,px), ) (34)

where A(X") is the Boltzman factor for the ith configuration in the chain,

(3.5)

PXN) =2, exp(ﬂ(:v—)J.

k,T

The Markov chain is generated by taking a configuration X”; and performing a trial
move on a given particle to generate a trial configuration X" The trial move may consist
of changes in position and orentation, chosen at random from given distributions. The
states X™;and X", are linked by the transition matrix T,. The matrix T must satisfy two

conditions (for more detail see e.g. Allen and Tildesley, 1987):

> P(X}) T, =P(X}") (3:6)
and,
2T =1. 3.7
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The second condition is the statement that 7" must be a stochastic matrix. These
conditions are necessary in order to generate an ergodic chain, e every state must be
reachable from another state without discontinuity. Equation (3.6) can be replaced by the

condition of microscopic reversibility:
P(x)) T, = P(X)T,. (3.8)
Forcing the above condition automatically satisfies equation (3.6)."
The matrix T'is not known  prion, and must be chosen so that it satisfies equations
(3.6) and (3.7). The transition probability from state 7 to state j can be written as the
product of two terms,

T, =T'(X} X)) 72X} |x), (9)

where T' is the 4 prion transition probability, the choice of which is dependent on the
sampling method used, and 7* is governed by the choice of ensemble and determines
whether the move is energetically favourable. The new configuration is then accepted with

probability

T P(XY
p=min{l, L2X,) ;,)}, (3.10)
T;P(X;")

which, in the <N, V, T>ensemble reduces to:

. E_ _UX)-UX)
p—mln{l, le, exp( T }} (3.11)

The particle move is chosen from a distribution & such that

xXY=x"+6", (3.12)
where we have
sV =40, 0, .., (XM, 0,0, ...¢, (3.13)

34



and &(X,)is a displacement vector for the ih molecule. In the Metropolis formulation
(Metropolis et 4l., 1953), displacement vectors & are obtained by uniform sampling from the

domain A. In this case T; can be written as

le Ve A
T‘={<: € (3.14)

0< 6"¢ A

Other sampling procedures such as force bias and preferential sampling are also
available. These become useful when the density of the system is very large or the
interesting species is very dilute (e.g., Valleau, 1991; Siepman and Frenkel, 1992; Shelley
and Patey, 1994; Yau et a/, 1994).

The implementation of Monte Carlo sampling in other ensembles relies on the
solving of configurational integrals, similar in form to equation (3.4), appropriate to the
desired limiting distribution. In the isothermal-isobaric ensemble the configuration may be
written in terms of a box length L and box-scaled co-ordinates s. An average property, 4,

of the system is then given by (Allen and Tildesley, 1987)

N 3
mlC. )exp_pL A DN, (3.15)

(4) o = !dL IdS exp &7 W7

The ensemble is sampled according to the distribution function given by

_ _UXY)  -pI?
P(XMy=2Z3  ex ex DV 3.16
(X7)=Zy,; exp W T (3.16)

or equivalently by using the pseudo Boltzman factor

—SHY (x")

P(XM=Z7 ex
X") nor ©XP kT

, (3.17)
where,

SH(XM)=UX")- UX¥)+ plV,-V,)- GN+2) k,T m(%} (3.18)

1
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and V is the volume of the simulation box. In this way the move is accepted wirh

probability

kT

p=minil, exp (3.19)

Equations (3.18) and (3.19) are implemented in the Monte Carlo algorithm used in

this work, described in more detail in the following sections.

3.2 Interaction Potential Energy Functions

Whenever a problem is to be studied using computer simulation techniques, one
always has to take great care in choosing the “right” potential forms and parameters, since
these will determine the outcome of the simulation. Complex potential functions may be
theoretically appropriate but would often take unreasonable amounts of time to integrate.
One must therefore compromise the ideal implementation with feasibility (Jorgersen, 1981;
Allen and Tildesley, 1987; Frekel and Smit, 1996; Skipper, 1998).

In order to describe molecular interactions in a swelling clay-water system, the
common approach has been to implement empirical potential models that represent the
effective potential energy function between pairs of interacting particles. Six sets of
intermolecular potential functions must be developed: water-water, water-aation (the counter-

ions), aationaation, water-day surface, ation-day surface, and day-day (Skipper, 1998).

3.2.1 Potential functions for simulating liquid water

Much work has gone into devising models that accurately describe the properties

of liquid water alone. For a more detailed account of the earlier work done on the water
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dimer potential surface see for example Jorgensen (1981), Finney e 4/ (1986) and
Kalinischev and Heinzinger (1992). Any potential parameters used for the water-water
interactions must be able to reasonably replicate the behaviour of water along the p-T
gradients, described previously for this study of clay-fluid interactions at high pressures and
temperatures. For a more detailed account of the high pressure and temperature behaviour
of various pair potential functions developed for liquid water see for example Jorgensen
and Madura (1985), Madura & 4. (1988) or Brodholt and Wood (1993). The two most
widely adopted models for work on clay-fluid systems have been the MCY (Matsouka et 4.,
1976) and the TIP4P (Jorgensen et 4l., 1983) potential functions. The reasons for their
success have been the simplicity of implementation, speed of execution, and faithfulness in
the replication of the structural properties of the bulk fluid.

Both the TIP4P and MCY models implement a rigid, non-polarisable geometry for
the water molecule. Two positive interaction sites are located on the hydrogen atoms, one
Lennard-Jones site on the oxygen atom, and one massless positive site lying along the C,
axis of the water molecule (figure 3.1). The C, axis is the bisector plane of the HOH angle.
Non-nigid models for water have been developed successfully (eg Kalinichev and
Heinzinger., 1995, 1998) for work on supercritical water, but tend to take significantly
more computer time before reaching equilibrium. In addition, the added-complexity in the
model makes it very difficult to calculate potential parameters for interactions with ions.

MCY water has a dipole moment of 2.19D, which compares with that of a single

water molecule, of 1.8D.
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TIP4P model has, however, been known to overestimate the volume of the simulated
system (Madura ez 4l., 1988).

Table 3.1: Partial electronic charges, used in equation 3.20.

Site 40 ste e

M(E:0) 104 Na 10

H(H,0, OH) 0.52 Ca 20

O(surface) -0.8 Si 1.2

O(OR) -1.52 Al(tetra-) 0.2

Ofapical) -10 Al(octa-) 3.0
Mg 2.0

\

The water-water interaction was simulated using the empirical TIP4P model for the
whole of the computational work described in this thesis. As mentioned, the model
represents the water molecule as a nigid system of four intermolecular interaction sites.
Interactions are pairwise additive, involving Coulombic and Lennard-Jones 6-12 potential
terms according to

q ., . B
Uy =Y, (@-%+—”). (3.20)

12

y b y

Partial charges, g, are assigned to the hydrogen atoms and to site M on the G, axis, 0.15A
away from the oxygen atom (see figure 3.1). The fourth interaction site is the oxygen atom
which is also the only Lennard-Jones site in the TIP4P molecule. Polarisation effects are
included in the potential parameters themselves, rather than dealt with directly. As a result,
the TIP4P water molecule has a dipole moment of 2.2D, as compared to 1.8D for a single
molecule in the gas phase (Neilson and Enderby, 1986). Including polarisation effects in

the potential functions is possible (Karin, 1991; Corrungiu and Clementi 1992; Smith and
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Haynet, 1992), but the added implementation complexity and consequent increase in
computation time makes it impractical.

Tables 3.1 and 3.2 show the parameters used in equation 3.20 to model the
interactions of clay-fluid systems studied in this work.

Table 3.2: Lennard-Jones parameters for equation 3.20

Site A (kcal A° mol') B x 10° (keal A2 mol)
Na+Na+ f 300.0 14.0
Ca++-Cat+§ 356.0 69.8

(010 x 610.0 600.0
O-Na+ i 427.8 91.7
O-Ca++§ 470.0 205.0

1 Jorgensen et al (1983)

§ Aqvist (1990) adapted for TIP4P water.

3.2.2  Potential functions for simulating aqueous solutions

The next step is to obtain potential parameters that can accurately describe the
interactions between the water molecules and the counter-ions in the interlayer spacing of
the clays. The valence, radius and number density of the interlayer cations are the
important factors in determining the nature of the clay-fluid interactions. The quality of the
water-cation parameters is therefore just as great as that of the water-water parameters. In
addition, these parameters must also be compatible with TIP4P water. In the present work,
the counter-ions studied have been Na* and Ca**. Previous work on hydration of
monovalent ions (such as Na*, Li* and K*) has shown that the a#tion water interactions can
be well described via rigid effective pair potential forms such as the TIP4P form (see e.g.
Mezei et al. (1980a); Bounds, 1985; Impey et 4/, 1983; Neilson and Enderby,, 1989; Ohtaki

and Radnai, 1993). Divalent ions like Ca** or Mg** are more problematic (Bounds, 1985)
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and, perhaps for that reason much less work has been done on aqueous solutions
containing this type of electrolyte. The main reason for this difficulty has been ascribed to
the fact that these ions are strongly polanising due to their relatively small radius. The
Coulombic interaction is very strong, leading to stable and well defined hydration shells
around these ions. As a consequence of this, it is very important that the potential
parameters used capture the hydration number for each cation accurately. In comparison,
sodium, displays a weaker co-ordination shell of water molecules.

We have therefore used the Jorgensen (Jorgensen et 4l., 1983; Chandrasekhar et 4l.,
1984) parameters to characterise the Na-water potential function. This set of parameters is
part of the OPLS system and has already been extensively used in simulations of clays
under ambient conditions (Boek et &/, 1995, 1995a) in conjunction with the TIP4P water
model discussed previously. Indeed, the implementation of Skipper (1995) and Boek et &/
(1995) has been followed for the purposes of the current work in the context of the
sodium smectites and vermiculites simulated.

This thesis reports simulations of clay systems with Ca** counter-ions for the first
time. For the Cz-water interaction potentials, the work of Aqvist (1990) has been adapted
for use with TIP4P water. These potentials were onginally developed using the SPC water
model from free energy perturbation calculations, but adapted for the TIP4P potential for
this work. The Lennard-Jones parameters of Aqvist are used, without alteration, for the
interaction with the Lennard-Jones site located on the oxygen of the TIP4P water
molecule.

Bounds (1985) has also developed potential functions for Ca**, fitted to neutron
diffraction data of dilute solutions that predict a hydration number of around 10 water
molecules for a system of one calcium ion and 64 TIP4P molecules. The number obtained

by Bounds is comparable with other neutron diffraction results that have calculated the co-
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ordination number of the Ca** ion to be 6-10 water molecules, over a range of
concentrations (Hewish et 4., 1982; Ohtaki and Radnai, 1993; Skipper et et 4/, 1994). This
compares with 8.6 and 7 obtained by Floris e 4. (1994) and Uruchurtu e 4l (1995)
respectively (table 5.3).

Aqvist (1990) reports -380.6 kcal mol” for the hydration free energy of Ca**. This
is almost exactly the value of 380.8 kcal mol”, obtained experimentally by Burgess (1978),
but differs somewhat from that given in the NBS tables of drenical thermodynamic properties
(1982) of -362.09 kcal mol*. Uruchurtu ez 4l (1995) calculated the hydration free energy,
from Monte Carlo simulations of a single cation and 149-480 water molecules, to be -

338.55 kcal mol™.

3.2.3 Interactions of an aqueous fluid with the clay mineral sheets
The final sets of parameters that need to be fitted are the dzywater and dayion

interactions. These will complete the set of potential functions needed to simulate a clay-
fluid system. In this thesis, the methodology proposed by Skipper e 4/ (1995a) and later
expanded by Boek et 4/ (1995) has been followed. This approach has been considered
preferential to more complex semi-empirical cluster models such as those of Sauer et 4
(1984) and Delville (1991). These do not take good account of short-range van der Waals
interactions, particularly important when looking at the initial stages of clay hydration.
When relatively few water molecules are present in the interlayer spacing, hydrogen
bonding of water to the clay surface will play a significant role in the swelling mechanism.
Previous Quantum Mechanical studies have found that the valence electrons in the
basic units of the clay layer, namely OH, SiO,, and AlO,, are centered about the oxygen
atoms (Sauer et al. 1989; Lasaga, 1992). Therefore, in order to make optimal use of the

OPLS potential functions used to describe the Na-water interactions, the basal oxygen
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atoms are treated essentially as TIP4P oxygen atoms with the charged site located on the
oxygen atom itself. In other words, the basal oxygen atoms are assigned partial charges and
Lennard-Jones parameters like those of the TIP4P molecule (see tables 2.2 and 2.3). The
remaining constituents of the clay layer interact via the Coulomb force, through the partial
charges assigned to each of those species as shown in table 2.2. Isomorphic substitutions
are also implemented by this method. For instance, to represent a substitution of an
octahedral AP* by a Mg*?, a charge of 2e is assigned to the octahedral site instead of 3e,
thus creating a net negative charge of -1e. Since the clay layers are assumed to be rigid
sheets, no interactions between the constituents of each layer are allowed. Nevertheless,

each clay layer as a whole is allowed to interact with adjacent layers.

3.3 Computational Method

The computational work done for this thesis used a Monte Carlo modelling
programme called MONTE (Skipper, 1992). This programme has been specifically
designed to be used with mixed phase materials where one of the phases is solid and is
represented by an infinitely long 2-D sheet. This code has been extensively used in studies
of hydrated clay minerals under ambient conditions (Skipper e 4., 1995a, 1995b; Boek et
al., 1995). This thesis reports, for the first time, computational work done on 2:1 swelling
clays under non-ambient conditions (de Siqueira & 4/, 1997, 2000). It is also the first time
that a simulation of calcium hydration in a confined environment has been attempted.

The MONTE package implements the Metropolis method (Metropolis e 4/., 1953;
Allen and Tildesley, 1987), with periodic boundary conditions. The long-range interaction
of the Coulomb force is calculated via a three-dimensional Ewald summation method as

suggested by Allen and Tildesley (1987).
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All work has been done in the isostress-isothermal ensemble, <N, o, T>. Since
only the ¢axis of the unit cell is allowed to change in magnitude throughout the simulation,
the cell volume is allowed to vary in only one dimension. This more accurately describes
the semi-infinite nature of the clay sheets when compared to the interlayer spacing. During
the simulation, the cell angles, a and B, are allowed to change, including xyplane moves in
the sampling.

Acceptance of moves follows the principle of Markov chain sampling as described
in section 3.1. Rates for attempted layer moves and distortions were set at 20% of the total
acceptance rate. The molecular/cation move acceptance to rejection ratio was biased
towards 50% using a Gaussian distribution of moves sizes. This prevents a large
proportion of very small moves from being accepted, which would lead to high acceptance
rates with small energy changes at each every step. Such a sampling path would be an
inefficient way to sample phase space, and could lead to convergence to a local energy
minimum.

The simulation cell is comprised of two half clay layers of dimensions 21.12A by
18.26A, by 3.28A thick (see figure 1.1). The model clay minerals studied were therefore

comprised of 4 by 2 units of smectite or vermiculite with unit cell formulae given by

(Als.sMgo.s)[Si7.75Alo.zs]Ozo(OI_l)4'M+o.75
and by

Mg,(SisAl; ) Or(OH), M5
in the case of the smectite and vermiculite respectively. Three-dimensional
boundary conditions ensure, firstly, that the other identical half of the clay layer is mirrored
to complete the clay layer. Secondly, that any edge effects caused by a rigid simulation box
are made insignificant allowing the simulated system to replicate a three dimensional

infinite clay system as would occur in nature.
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The implementation of such system of periodic images is essential when simulating
clay minerals. This is because a clay layer by itself has a net negative charge due to
isomorphic substitutions in the tetrahedral and octahedral sheets. Therefore, if no
boundary conditions were used, the octahedral charge could not be properly represented
since the unit cell only contains two half octahedral sheets (figure 1.1). In addition, the
long-range electrostatic dzydzy interactions from a clay layer several images along should
be taken into account when evaluating the total potential energy of the system.
Consequently, each particle in the simulation cell now interacts with an infinite number of
images of itself and of other particles. The total energy of the system is then given by a sum

over an infinite number of pair-wise terms

o

v=> 3 v, (7)), (3.20).

pr et
where 7(7;), can be separated into the Lennard-Jones and Coulomb terms. Each of these
has both short- and long-ranged elements.

The short-ranged Lennard-Jones interactions are calculated by settng any
contribution to V=0 if 7>y, where 7, is a pre-determined cut-off radius. For each
interaction site in the simulation cell, a Verlet type neighbour list, as given by Allen and
Tildesley (1987), is used to speed up the calculation of the pairwise potentials within the
cut-off radius. The potential contribution from each interaction site is generally calculated
by taking into account the nearest image of every other particle. However, should the
chosen cut-off be greater than the simulation cell length, more than one image cell could
fall within the cut-off radius. This problem comes into context in the case of clay minerals
with very low, or no, interlayer water content. In these cases, the smallest dimension of the

simulation cell would be around 104, forcing a cut-off radius of only 5A. When this
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happens, MONTE can take into account more than one image of each interaction site, and
runs according to the all image convention (Skipper et al., 1995a).

Beyond the cut-off radius, the short-range Lennard-Jones forces become very
small, but not negligible. Therefore, a background correction is applied to this part of the
potential energy that assumes that the pair correlation function is 1 for r>r. (Allen and
Tiledesley, 1987)

E e =27Np [r*v(r)dr . (3.21)

re

The long-range Coulombic forces are not negligible beyond the cut-off radius, and
should be evaluated to infinity as a sum of charge-charge interactions. The generally
accepted method to achieve this is through an Ewald sum, as described in detail by Allen

and Tildesley (1987)
e =3 i{q"q" lerf (@ 7,) +erfe(a r,.j)]] . (3.22)
ey Y 0
In (3.22) above, erffx) and erfq’x) are the error function and complementary error function
respectively, given by,
erf (x) + erfe(x) =1. (3.23)

The Ewald sum comprises two finite series: one in real space, where the interactions are

calculated within the minimum-image convention up to a cut-off radius 7; the second one

in reciprocal space, up to a cut-off point [k| < &, . The magnitude of 7,and of & is critical to
the accuracy of the Ewald sum. The parameter ¢ in expression 3.22 is usually set at %,

where L is the smallest dimension of the simulation cell. It determines how fast the

window functions exffx) and erfq’x) converge, making the summation less time-consuming.
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All systems were considered to be in equilibrium when both the total system
energy and the layer spacing were fluctuating about an average value: typically after 1
million attempted Monte Catlo steps per run. Using an IBM RS/6000 workstation, this
took approximately 30 hours per system to complete. Data was then typically collected for
a further 1 million MC steps to accumulate the statistics necessary for the analysis of the

simulation outcome.

3.3.1  Analysis of the simulations

MONTE calculates, as part of its output, radial distribution functions and
interlayer number density profiles for all species in the interlayer spacing of the clay. The
potential energy and layer separation of the system is also stored at each time-step so that

thermodynamic quantities can be extracted from the equilibrated system.

3.3.1.1  Thermodynamic analysis

The clay porosity @, a measure of the pore size relative to total clay volume, is

calculated as per equation 2.1 as follows (de Siqueira et 4L, 1997),

V(N)-V(0)
= 3.24
9" 629
The interlayer water density, o(N), is given by (de Siqueira et 4l 1997)
N
P(N) = —H:0Y (3.25)

V(N)-V(0)
Where, in the above, V{N) and V{(0) stand for the final wet and dry volumes of the

simulation cells respectively. N is the number of water molecules in the system, and m,, ,

is the mass of one water molecule. Note that expression (3.25) explicitly excludes the

volume occupied by the interlayer cations, which are part of the clay itself, and only

47



represents the density of the interlayer water molecules. V{0) is obtained by simulating a
system with no interlayer water molecules, thus incorporating only the counter-ions in the
pore volume.

Another important thermodynamic property that has been calculated here is the
interlayer water enthalpy H(N),

H(N) = {(E(N)-E(0)} +0_ V(N)-V(0)} . (3.26)

The terms E(N) and E(0) stand for the total potential energy of the wet and dry clay
systems respectively.

When drilling through a clay-rich formation, bulk fluid becomes in contact with the
pore-fluid under similar conditions of pressure and temperature. In order to compare
directly the properties of the two fluids, de Siqueira et 4L (1997) have introduced the
Enthalpy of clay hydration, AH(N).

AH(N) = H(N) - H(), (3.27)
where H{) stands for the enthalpy of bulk TIP4P water under the same conditions. A
positive value for AH(N) implies that the wet clay system is enthalpically unstable, relative
to the dry clay plus bulk water. On the other hand, a negative value of AH[N) implies that

the hydrated clay system is enthalpically stable.

3.3.1.2  Structural Analysis
The interaction of the interlayer fluid with the charged clay surfaces is the key to

understanding the initial stages of clay swelling. Therefore, it is important to identify the
structural arrangement of the interlayer species, especially close to the counter-ions and

surfaces throughout the swelling process (increase in the number of interlayer water

molecules, in this case). This can described by the number density profiles p, (z) that give
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the number of atoms of a particular species, o, a distance z to z+dz from the centre of the
interlayer region.

z dn,
pa(Z)_’N dZ

a

(3.28)

Plots of p,(z) show the intedayer fluid structure in respect of the clay walls. For
example, one can see the location of the counter-ions and gain insights into the orientation

of the water molecules inside the clay layer.

Radial distribution functions were also evaluated during the simulation. These give
the number of particles of type S that exist in a radial shell 7 to r+dr around a particle of

type . Given dn, , the average number of particles of type S around a particle of type o=

1 dn

_ @ 3.29
4mp,r’ dr 6.29)

Since the above expression depends on the number density of elements of type £ in the
cell, p,, and limg,,(r) =1, this expression is not ideally suited to compare systems at

different densities, as is the case here. Equation 3.30, represents the unnormalised radial

distnibution function.
dn

G =—2 3.30

aff (7‘ ) dr ( )

As such, this expression is not constant at large 7 This is intuitively more correct
when looking at clay minerals because the interlayer fluid is likely to be anisotropic. As a
result, equation 3.29 is used for the analysis of the bulk fluids simulated here, whereas
equation 3.30 is used for the analysis of the clay-fluid structures.

All of the above analysis has been done on systems of sodium and calcium smectite
and vermiculite under conditions of elevated temperatures and pressures, similar to those

found under sedimentary basin conditions. A series of simulations were done of systems of
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different interlayer water content at the same conditions of temperature and pressure. The
results from these simulations and a short discussion are presented in Chapter 5 of this

thesis.
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Chapter 4

NEUTRON DIFFRACTION FROM CLAY MINERALS

A detailed knowledge of the structure developed at the clay-fluid interface is
essential to understand clay swelling and many important hydrological and petrological
processes. For example: diagenetic reactions, ion exchange in soils and sedimentary rocks,
and primary and tertiary migration of petroleum hydrocarbons. In addition, the
hydration/ dehydration of expandable clays is a continuing problem for the construction,
waste containment and oil-well drilling industries.

Neutrons are uncharged nucleons. They are therefore able to penetrate relatively
deeply into condensed matter, and are scattered via strong nuclear forces from the atomic
nuclei (Lovesey, 1984). By tuning their energy, the wavelength of neutrons can be matched
to atomic spacings. For example, a neutron of energy 80 meV has a speed of 4000 ms™,
and a wavelength of 1A. This facilitates neutron diffraction from many materials. The
general advantages and limitations of the neutron as a structural probe for clay-fluid
systems can be summarised, as suggested by Finney and Steigenberger (1997).

In general the light elements, such as H, C N, and O, which predominate in pore-
fluids, scatter neutrons strongly (table 4.1). Neutron scattering lengths are also isotope
dependent (Lovesey, 1984), therefore, isotopic substitution can be used to obtain a very
detailed picture of the environment around the particular labelled species (Enderby et 4,
1987). Suitable elements for this treatment include H, Li, Ca and N. We can also see from
table 4.1 that by judicious mixing of certain metals it is possible to obtain null-scattering
alloys. For example a 68.32 mix of Ti and Zr is mechanically strong and chemically

unreactive, and is eminently suitable for sample containment.
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Perhaps the biggest practical limitation of neutron diffraction is the rather restricted
availability of high-intensity neutron sources. Two types of sources are currently used for
materials research purposes: nuclear reactors and particle accelerators (Finney and
Steinenberger, 1997). A more detailed account of these two types of neutron sources is
given later in this chapter.

Neutron diffraction is therefore an extremely powerful technique for structural
studies of systems containing hydrogenous fluids, such as water and aqueous solutions
(Enderby et 4l, 1987). It has already provided definitive structural data for a number of
clay-water-cation systems under ambient conditions. Studies of water structure in Li-, Na-,
K-, and Ca-smectites (Cebula et al, 1979; Hawkins and Egelstaff, 1980; Powell & 4/, 1998)
argue against a very highly structured interlayer region in rigid association with the silicate
sheets. Instead, the data support a liquid-like model, in which cation hydration is similar to
that found in aqueous solutions. Higher resolution studies of single crystals of Na- and
alkylammonium-vermiculites (Skipper er 4, 1991; Willlams et 4/, 1998) support this view,
the relatively high (tetrahedral) layer charge of these clay sheets notwithstanding. However,
a more ordered interlayer is found in Li-, Ni and Ca-vermiculites (Skipper et 4/, 1991,
1994, 1995)

This chapter will cover the theory behind neutron scattering, particularly from
pulsed sources, and the application of this technique to the study of clay minerals under
non-ambient conditions. This section will give an overview of the concepts involved,
especially those required for time-of-flight diffraction. The detals of the sample
environment used, and the reasons for choosing neutron diffraction rather than other
diffraction techniques, such as X-ray diffraction will highlighted.

For a more detailed treatment of the relevant theories behind neutron diffraction,

see Theory of Neutron Scattering from Condersed Matter (Lovesey, 1984). For an overview of the
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experimental techniques involved see Neutron Diffraction (Bacon, 1975). For details on time-
of-flight neutron scattering using pulsed neutron sources see Pulsed Neutron Saattering
(Windsor, 1981).

4.1 Neutron Scattering: from atomic nuclei

There are two mechanisms by which neutrons can be scattered by atoms. One
arises from the interaction of the incident neutron with the nucleus of the atom via the
strong nuclear force, whilst the other arises from the interaction of the neutron spin with
any net magnetic moment the atom might have. The latter can give rise to scattered
intensities similar in magnitude to nuclear scattering, but since no magnetic studies are
being reported in this thesis, this topic shall not be developed further.

The scattering of neutrons by nuclei is the sum of two types of scattering: potential
and resonance scattering. Potential scattering is always positive and is proportional to the
nuclear radius, or mass number of the nucleus. The resonance term can, in certain cases,
become negative and sufficiently large numerically to outweigh the potential term (e.g.
when nuclear resonance energies are just above the energy of the incident neutron beam;

figure 4.1; Bacon, 1975). This results in a negative scattering amplitude and represents

elements whose nuclei scatter 180° out of phase (table 4.1).
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Table 4.1: Neutron Scattering Lengths, b, for selected species (Lovesey, 1984)

Species b/ftm Species b/fm
H -3.74 O 5.81
D 6.67 Si 4.15
“Ca 49 Al 3.45
“Ca 1.8 Na 3.63
Mg 538  Ti -3.44
Fe 9.51 Ni 103

The scattering length is actually a complex quantity, and a non-zero imaginary part
represents neutron capture processes. In the current context, however, these processes are
not relevant, since only elastic scattering is being considered. For the purpose of this thesis,
the scattering density is always taken as a real quantity.

Figure 4.1: The irregular variation of the scattering amplitude with increasing atomic

number for neutron scattering can be an advantage for identifying atomic
species. By contrast, X-rays scatter-off atoms with a monotonically

increasing function of Z, scattering angle, 6, and incident beam wavelength,
A. (Bacon, 1975; pp 43).
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In contrast, X-rays scatter from atoms via the electromagnetic force. In fact, most

of the scattering from X-rays arises from interactions with the atomic electrons, not with
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the nucleus. Consequently, light elements are weak scatterers of X-rays. The scattering
amplitude for X-rays rises linearly with atomic number Z (figure 4.1), therefore,

distinguishing between adjacent elements in the periodic table is difficult.

4.1.1  Scattering from a single atom

The scattered neutron density is a function of the incident and scattered neutron

wave-vectors, K, and k;, and the scattering angle 6, where k =27” =Ln—h! . The incident

beam of neutrons, of wavelength A, with velocity v, impinging on a single point at position
r' can be represented by a plane wave of unit density given by,

w, =exp(i kg -T) 4.1
In the Bom approximation, we assume that the target particles are much smaller than the
wavelength of the incoming radiation. Therefore, if there is no energy transfer to the target,

the scattered radiation can be described as a spherical wavefunction centred on r, with

scattering amplitude -5.

_ o exp (@ k,-R)
78 _—bT 42)

where R=r —r', k, denotes the magnitude of the wave vector k,, and, 7 is the distance

from the target of the scattered wave at position F. b is the atomic scattering factor of the

target (termed the scattering length), and can be of the order of the nuclear radius size. The
b hk .
scattered wave ;, now has density RZ and velocity —- . Figure 4.2a shows a diagram of
m

the scattering geometry just described.
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b)

Another useful description of the diffraction event, and indeed the one that has
been applied throughout this work, is the concept of the momentum transfer vector Q,
given by

nQ=hk,—hk, (4.3)

The momentum transfer vector is also called the scattering vector. The angle
between the initial and final momentum vectors (the incoming and outgoing beams) is
denoted as 26, where 6 is the scattering angle. Figure 4.2b shows geometrically how the
scattering vector is calculated when scattering radiation from a single point.

Figure 4.2: A scattering event from a single point scatterer can be represented by (a) a
plane and spherical wave or (b) by the momentum transfer vector Q.

¥, =exp(i k, ‘r)
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4,1.2  The differential cross-section

As assumed in expression 4.1, the incident beam of neutrons has unit density. Its

flux, @, therefore, is equal to its velocity h—ko— Similarly, the flux @, from the scattered
m

2 2
beam of neutrons into the solid angle R’ is given by %%deﬂ, where % and
m

Rk, are the density and velocity of the scattered beam respectively. The ratio of scattered
m

to incident neutron fluxes is known as the differential scattering cross-section (DCS)

d_cr_k_,b2

44
dQ  k, (44

Since for diffraction experiments, energy transfers are not analysed the &,/k, term can be
dropped (no change in momentum after scattering) and the total scattering cross section is

now given by
T do 2
ol = [== dQ=4z b’. (4.5)
dQ

The probability of a neutron being scattered when passing through a system of N
nuclei is therefore No,". Atomic nuclei have small radii (~10™7) when compared to the
wavelength of the neutrons used (~10"°7). One can therefore treat them as point
scatterers. As such, o;," has units of area and is independent of scattering angle.

The above analysis assumed that the scattering point is located at the origin. If that
is not the case, for instance in a molecule, and the scattering centre is at a point r, the
scattered spherical wave would be phase shifted by the difference in the phases of the
incident and the scattered beams at r . The differential cross section would be unchanged

but the scattering amplitude would now be given by
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b'=bexp [i (ko —k,)-r'"']=bexp [i Q-r"]. (4.6)

The DCS for a system of atoms can be expressed as a sum of two terms (Windsor,
1981) one of which is phase dependent and hence gives rise to coherent scattering, o,
The remainder of the scattering is phase independent and is termed incoherent scattering,
O, This term comes about from the random distribution of isotopes and/or spins within
a sample. No structural information can be obtained from incoherent scattering but, o,

would only become zero if a sample is monoisotopic and has total spin equal to zero. Since
the incoherent scattering is independent of structure, it is simply given by a summation

over each species present in a sample

o-inc = zcabzinc 4 (4'7)

where ¢, is the atomic fraction of species « that have an incoherent scattering length b,
The total DCS can therefore be written as the coherent scattering plus the incoherent
scattering

O.sT = Gcah + O-inc . (48)

4.2 The structure factor: scattering from more than one atom

Consider an assembly of N stationary nuclei at positions . Each of these nuclei
scatters a spherical wave with amplitude given by equation 4.6. The total scattering
amplitude from this array is then given by

N

S(Q) =) -b,e ™ (4.8)

n

where r corresponds to the atom’s position along the axis parallel to Q S(Q) is called the

structure factor for the sample. Now, expanding expression 4.8 we get
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S(Q)=)b,cos(Q-r,)+iY.b,sin(Q-r,) 4.9)

If the unit cell has a plane of symmetry, as is the case for most clay minerals, then the sin
term must be equal to zero. This is because the sin term is anti-symmetric, so the integral
of this term over the first and second halves of the unit cell cancel out. In this special case

we then have:

S(Q =3 b,cos(Q-1,) (4.10)

As stated in the previous section, phase correlations give rise to coherent scattering.
The total coherent scattering from a sample, also called the Bragg intensity, is then given by

the amplitude of the structure factor,

1(Q)=5(Q) S©. (4.11)
This demonstrates why the observed scattering is always positive. We can never observe
the sign of the structure factor. In addition to this, we can only observe the structure factor
at those Qvalues where the Bragg condition is satisfied. This leads to a loss of information
that limits our knowledge of the density profile for each species inside the unit cell. For
instance, for vermiculite crystals where very good quality diffraction patterns can be
obtained, a reverse Monte Carlo fitting procedure must be run to define the density profile

that matches the structure factor (Williams, 1998).
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Figure 4.3: Geometry of scattering from two planes of atoms, separated by a distance d.
The momentum transfer vector Q is normal to the planes of atoms. In the

current context, each of these planes could represent a clay layer separated by
a distance d.

ko ki

y T~ _—

4.2.1 Bragg’s Law

Consider an array of point scatterers, arranged in planes a distance d apart (figure
4.3). Consider also a wave of neutrons k,, of wavelength A, impinging at an angle 9 to the
planes. For totally constructive interference to occur, the path difference between the
scattered radiation from two planes must equal an integral number of wavelengths. In

other words, Bragg’s law must be observed

2d sin@=nA. (4.12)

Consequently, coherent scattering will only occur as a series of sharp peaks (Bragg
peaks) at regular intervals in ), corresponding in real space to the distance d separating the
planes of atoms within the sample. Each of these peaks corresponds therefore, to the
reflection from one such plane of atoms and as such can be referenced in terms of the
Miller indices 4, &, and /. These indices give the orders with respect to which axis of the
unit cell scattering is taking place. For instance all the reflections denoted (00), with
[=1,2,3,4,... would correspond to the consecutive reflections from those planes of atoms
perpendicular to the ¢-axis of the unit cell (figure 4.3). This particular direction of scattering

is particularly important for the work being reported here, since the clay particles being
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studied are comprised of planes of crystalline matenal perpendicular to the c¢axis of the
unit cell.

If the caxis of the clay crystals is aligned along the direction of scattering, the first
peak seen from the clay samples comes from the (001) plane, at a Qvalue equal to the
separation between the two nearest clay layers. Transmission experiments (along the bk-
planes) would make analysis of the clay layer structure easier, but would entail loss of
information on the structure parallel to the surface and interlayer regions. Usually during a
diffraction experiment both orentations of the clay sample would be measured to
maximise the information collected. The intensity of each Bragg peak, //Q), is dependent
on the phase relationship of all the atoms in the unit cell, which in turn depends on their
position along the axis of scattering (i.e. parallel to Q.

In the context of time-of-flight (TOF) elastic neutron scattering, it is more
convenient to express Bragg’s law (equation 4.12) in terms of the scattering vector Q
instead, since the measured quantity during an experiment is actually /{Q). Therefore,

4rsin@

Q=2 |k,|sin@ = (4.13)
or indeed,
2
=—. 4.14
0=~ (4.14)

4.2.2 Deviation from Bragg’s model: disorder in the crystals

The structure factor (equation 4.8) is a summation over a precisely defined array of
static point scatterers. Even a perfect crystal at 0 K would not satisfy this condition, simply
because of the zero point motion of the scattering nuclei. In reality, there are always

deviations from the perfect crystal due to random defects in the lattice and thermal
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motions of the individual atoms and lattice as a whole. Therefore, the observed intensities
represent the average scattering from the lattice over the measurement period. This has the
effect of broadening the Bragg peaks (theoretically 8-functions) since now the Bragg
conditions are met over a range of Qvalues.

Particular to the multicrystallite morphology of clay minerals is the mosaicity and
dispersivity of the samples. The mosaic spread is the range of orientations of the individual
crystallites that compose a sample of clay mineral. For a vermiculite it is typically +5°
(Crawford et al.,, 1991) and for a smectite around 20° (Hawkins and Egelstaff, 1980). The

dispersivity of the sample is the average deviation of the interlayer spacing between distinct
crystallites, leading to further broadening of the observed peaks.

4.3 Time-of-Flight Neutron Scattering

Total diffraction experiments may be carried out on twin axis diffractometers or on
time of flight diffractometers. After analysis, both methods should result in identical
structure factors for the same sample. Twin axis diffractometers, like D4 at the ILL
(Institut Laue Langevin) in Grenoble, use a monochromatic beam of thermal neutrons (ie.
with energies ~10-100 meV, Lovesey, 1984) and collect data as a function of scattering
angle 26. In contrast, time of flight (ToF) diffractometers, for example LAD (the Liquids
and Amorphous Diffractometer) at the Rutherford Appleton Laboratory’s ISIS facility,
make use of thermal and epithermal (energy >500 meV) neutrons to measure intensity as a
function of neutron wavelength. For the experiments described here, this experimental
arrangement does not require the sample environment to be rotated to access a range of
scattering angles. This proves to be advantageous, because of the cumbersome nature of

the high pressure environment used. Both methods, however, effectively vary the
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Table 4.2: LAD detector table.

Bank ?;gl)e R;;g;t(gn Q(E_Il])ge Detector type
1 +4.8 0.14 0.08-2.2 3He
2 +9.6 0.07 0.17-4.4 3He
3 +20.23 0.035 0.34-8.7 ZnS
4 +35.27 0.018 0.58-15.1 ZnS
5 +58.11 0.012 0.97-25.1 ZnS
6 +90.13 0.008 1.36-35.5 ZnS
7 +148.16 0.006 1.86-48.6 SHe

The neutrons thus produced pass through a liquid methane moderator (at 100K)
that increases the average incident wavelengths of the neutrons reaching the sample (in a
range between 0.25A and 6.5A). The incident beam is also collimated to 50x20mm and is
then monitored by a low efficiency lithium scintillator. The beam size at the sample is
usually further reduced by means of a beam mask, to dimensions of the order of the
sample holder cross-sectional area. The sample is mounted inside its sample environment
(section 4.3.2 below) in a cylindrical enclosure, located 10m from the moderator and
approximately 1m from the detector faces. This enclosure is evacuated to minimise
scattering by air.

Two types of detector are used for neutrons, either gas ionisation (usually *He) or
scintillation (ZnS in this case). Scintillation detectors have a shorter dead-time (see section

4.3.3 below) but are more sensitive to background radiation. There are seven pairs of
detector banks positioned around the sample at angle between 5° to 150°, covering a Q

range of 0.08-50A" (see table 4.2).
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4.3.2 The UCL/RAL high p/T sample environment

The sample environment used for the experimental work reported in this thesis

was developed under a small grant from NERC.. It provides temperature and hydrostatic

pressure control up to 600K and 2kbar, for ToF diffraction experiments on clay minerals

in supernatant fluid. The purpose of this pressure cell has been to simulate the conditions

encountered by swelling clay minerals in sedimentary basins down to a bunal depth of

10km. In fact, after minor alterations to the initial design, the specifications of this

environment have been improved to withstand temperatures of 670K and pressures of

1.7kbar. This corresponds roughly to a bunal depth of 12km in terms of the pressure

applied (according to the geological gradients assumed in Chapter 2), and is well above the

critical point of water (Holser and Kennedy, 1958; Haar et 4/, 1984). Table 4.3 relates burial

depth to the corresponding p/'T conditions applied to the sample during the experiments

reported in this thesis.

Table 4.3: Pressure and Temperature gradients

Depth Temperature Pressure E OS Density
(km) (K) (Pa) (g cc’)*
0 277 1.0x10° 1.0000
3 367 4.5x10 0.9822
6 457 9.0x107 0.9328
9 547 13.5x10 0.8799
12 637 18.0x10° 0.8140

* Haar et al. (1984)

The sample environment is constructed from a solid piece of Ti,Zr, with minimum

wall thickness of 10mm. This surrounds a 50mm deep, 2mm by 15mm sample slot, spark
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eroded into the can (figure 4.6). Two belt heaters wrapped around the top and bottom
parts of the cell control the tem'perature of the sample monitored by two Fe
thermocouples. The sample can is sealed by a custom made soft metal ‘o-ring’. When the
cap of the sample chamber is tightened to the body of the can, the hollow seal collapses
and fills all the available space. These high-pressure seals, therefore, can only be used once.

Hydrostatic pressure is applied directly to the supernatant fluid via a high-pressure
hand pump. The sample fluid is isolated from the pump oil by a steel bellows. This way,
aggressive supernatant fluids can be kept away from the pump mechanism thus minimising
the areas of the sample environment where salt corrosion may occur. Figure 4.7 shows a
full view picture of the sample environment just described.

The cell was designed at the Rutherford Appleton Laboratory under specification.
The initial testing of this sample environment was done on a Na-vermiculite sample.
Despite many technical difficulties in achieving sustained pressure and temperature, the
‘burial depth’ at which Na-vermiculite dehydrates from a three to two layer hydrate was
established at 6km (Skipper et 4L, 1998). In addition, these preliminary results, together with
a second experiment on Na-smectite, have led to the application to the GB patent office
for registration of the patent: Stabilisation of a well bore in cntact with a water-based drilling fluid

(Skipper N. T., Williams G. D., and de Siqueira AV C, 1999).

3 Grant GR9/02249 from NERC
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4.3.3  Data analysis procedure

Time-of-Flight data is collected in histogram form and stored in the DAE (data
acquisition electronics) during a run and later in a RAW file. This raw data must be treated
in order to obtain the differential scattering cross-section.

The first thing that must be done is to run the NORM routine from the ATLAS
suit of data analysis routines (Soper et 4/, 1989). The spectra from each individual counter
are converted from ToF to wavelength and then rebinned to a common wavelength
increment. The counters were then corrected for the detector dead-time to give the correct

counts Cvia

c-—2_ ¢, (4.16)
A-D

m

where C,, is the measured count rate, A the width of the time channel and D, the detector

dead time given by
D=1 YAC,,. (4.17)
7k

An encoder then creates a binary output for a group of detectors and since it can
only process one event at one time, all the detectors served by that encoder are dead when

any one detector fires. C; is therefore, the count rate in time channel j and encoder
channel k. 7 is the detector dead time and A4; the encoder dead time. For a *He detector
tube used in the work described here, the dead time is approximately 3s.

The resulting spectra are then divided by the incident beam monitor spectrum and

converted to counts per inverse Angstrom. Spectra belonging to a particular detector group
are then added to give 14 spectra, each with a Q interval AQ=0.005A", corresponding to

the seven scattering angles on either side of LAD (see figure 4.5). The average 20 values

for these detector banks are shown in table 4.2. The NORM routine is applied on every
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data run. In addition to these sample runs, an empty can and background runs have been
analysed in this way as well.

Vanadium can be used to normalise the diffraction results to incoherent scattering,
The scattering from this element is almost totally incoherent, with only a few very weak
Bragg reflections. These, along with any other noise present, can be removed by fitting a
smooth curve through the Va spectrum, ignoring the regions of the known Bragg peaks.
This smoothed vanadium spectrum is then further corrected for multiple scattering and
inelastic effects such as absorption. The smoothed incoherent scattering curve, contains the
shape in Qspace of the combined instrumental corrections, including detector efficiency
and area. These corrections are independent of the sample and, therefore, can be removed
by dividing the normalised sample data by the vanadium-smoothed curve. This procedure
is also performed for the empty can and background runs.

The next step in the analysis is to remove the scattering due to the sample
container (very significant in this case) and of the background radiation due to scattering
for example by air, off the edges of the detector walls and electronic noise induced by
residual gamma radiation.

The analysis of the neutron data collected for this work is therefore given by

RawSample — (EmptyCan + Background) (4.18)

FinalSpectrum =
SmoothedVanadium

All that should be left in the final spectrum given by the above expression is the
Differential Scattering Cross-Section above a flat and equal to zero background. The
reason why this is not so is due to multiple scattering and attenuation effects from both the
sample and its container (Williams, 1998; Soper et 4l., 1989).

Raw data should be corrected for absorption by the sample. The intensity of a

beam of radiation passing through an absorbing medium is reduced in intensity by a factor

of e**, where x is the path length of the beam within the medium and g is the absorbance
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the above corrections are dependent on the geometry of the sample and its container,
which in this case is difficult to integrate over, and various assumptions have to be made. It
is only by trial and error, attempting for example different radii for the high pressure can,
that reasonable corrections can be applied. Finally, since the smectite samples studied here
have very large mosaicity and dispersivity and are not very dense, most of the above
corrections would come from the scattering die to the TiZr can, which is wholly removed.

'The simplified analysis procedure shown in figure 4.8 has been compared with that
given by Soper e a/ (1989) where multiple scattering and attenuation corrections are applied
and, found that the results were of the necessary standard for smectite clays. The smectite
samples are very poorly characterised and only the (001) peaks can be observed.
Consequently, only the (001) peak position and intensity can be calculated.

A description of the data collected and the results of the analysis described above
can be found in Chapter 6 of this thesis.

4.4 Sample Preparation Methodology

The experimental work being reported here is focused mainly on smectite clay
minerals under high pressures and temperatures. These results are compared with
concurrent experiments on vermiculites carried out by Skipper et 4. (2000). The smectite
clay used was source clay “Swy-1”, obtained from the Source Clays Repository of the Clay
Minerals Society (Newman, 1987). This standard sample has natural dry composition:

Si, Mg, 35AL ;Fe 3,05 (OH),00.3 1M,
and is a Wyoming type smectite clay mineral, with similar layer charge distribution as the
theoretical clay used for the computational work described in the previous chapter. The

vermiculite samples used were from Eucatex, Brazil and have composition given by:

73



Si 1:M8s 44Al ( Feo s Thy 1,Cag 1,000(OH) 10065 M

This clay occurs naturally as macroscopic single crystals, typically mm’-cm’ in
volume, whereas the smectites occur as microscopic crystallites only. One possible
explanation for this could be the lower surface charge density on the smectite as shown by
the above chemical formulae. Given the very different natural morphology of the two clays
studied, different sample preparation techniques have been used to obtain aligned samples
of sodium and calcium saturated swelling clay minerals.

Natural vermiculites contain a mixture of monovalent and divalent exchangeable
counterions, including potassium and calcium. In order to prepare these samples in their
homoionic forms, single crystals were soaked in 1M Na(l solution at 60°C. This solution
was exchanged every two weeks for over a year to obtain Na-Eucatex vermiculite. From
this base sample, Ca-Eucatex was prepared by exchanging the sodium with the relevant
cation with 1M Ca{, solution for 6 months. Hydrogenated and deuterated samples were
then prepared by rinsing the exchanged clay with either H,O or D,O untl all excess salt
had been removed.

Previous structural work on smectites under non-ambient conditions has been
done with X-rays (eg Colten, 1986; Huang et al, 1994; Wu et 4l, 1997). Diffraction from
neutrons requires either a large volume of sample, or a very well onented sample.
Otherwise, the data will be statistically poor because of the low efficiency of the neutron
scattering process, and the thickness of sample container. For the high pressure
experiments being described in this thesis, a small volume of sample was enclosed in a
relatively thick container. For the smectite experiments, the sample preparation is more
complex than for vermiculite due to the microscopic nature of the crystals. An ideal

smectite sample is composed of a very large number of individual crystallites, which have

to be homoionic, have approximately the same size and be aligned with all their ¢axes
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parallel to each other. In addition, the sample needs to be dense enough to be visible to the
neutron beam. Impurities such as quartz, which can make up to 5% of the natural Swy-1
material, should also be removed, unless included for calibration purposes (Koster van
Groos and Guggenheim, 1984).

One must therefore separate the smectite from other mineral impurities and
remove all crystallites bigger than 2um across. Size separation is required to reduce the
mosaic spread of the sample and will also ensure quicker and more complete cation
exchange. Finally, the homoionic sample must be prepared by exchanging the various
natural counter ions with a single one.

A method to prepare the smectite samples was developed for this work, analogous
to the process employed at Schlumberger Cambridge Research (SCR)* to prepare smectite
thin-films (of 50 um thickness) for IR spectroscopy. The first step was to prepare a
suspension of clay particles. The concentration (by weight) of this initial solution would
eventually dictate the maximum density of the sémple which should be as high as possible.
However, it was found that concentrations any larger than 1.5% b/w lead to the clay
entering a gel-like phase, and no further preparation could continue. Several litres of this
1.5% b/w solution were prepared and dispersed with frequent agitation over three days in
a measuring cylinder. Then, all particles greater than 2 pm and impurnties had to be
separated away. Ideally, this would be achieved with the use of a centrifuge (see e.g. Sposito
et al, 1983), but since one was not available at UCL, the trivial method of waiting for the
larger particles to sediment to the bottom of the measuring cylinder was the alternative

used. After the stipulated time of 4 hours and 45 minutes (table 4.4) had passed, all of the

4 This thesis was funded by SCR as a CASE sponsorship in partnership with UCL
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slurry but that the bottom 10cm of the cylinder was siphoned into another measuring
cylinder.

Table 4.4: Time taken for a smectite particle to sediment 5cm vertically.

Diam.(um) Hours Minutes Seconds
50 - - 22
20 - 2 20 _
5 - 37 30
2 3 50

This means that the 5pm particles take approximately 4 hours and 50 minutes to sediment
through a 40cm measuring cylinder. Moore et al, 1989a

The next step was to start replacing the water in the suspension with a solution of
either Na(l or Cad,. Once the size-separated suspension settled, after about 2 days, the
clear supernatant fluid could be replaced with 2M Na( solution or 1M Cad,. As more salt
solution was added every day the slurry would settle more and more, as it became saturated
in the salt. After about one week, all the clay particles were deemed exchanged and the clay
considered in a homoionic form. The reason for using 2M Na( and 1M Gad, solutions
was because the calcium ion forces the clay particles into a lower hydration state when
compared to the sodium. This can be observed in the lighter colour and increased
brittleness of the calcium rich samples, evidencing lower overall water content. This was
later shown to be the case after measuring the layer spacings.

Finally, excess salt in the slurry had to be removed by dialysis. This was done by
placing the clay suspension in standard medical dialysis tubing. The tubing was then placed
in a warm bath of deionised water at 35 °C. The bath water was changed many times until
the AgNO,; test for (T ions was negative. This took approximately one week with twice

daily water changes.
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The final stage of the smectite sample preparation was to obtain a thin film of
aligned clay that would fit into the sample container. This is done by making what is known
in the oil-industry as filter-cakes. For this, an apparatus called a filter-press was acquired
from API Oil Services inc., Aberdeen. The API press is comprised of a 350 ml cylindrical
reservoir than is sealed on both ends by a rubber 'O*ring. The filter paper is held in place
by another rubber 'O"ring on top of a thin wire mesh. The top lid is held by a screw that
ensures a proper seal. CO, gas from a canister at up to 180 psi is then used to force the
fluid in the reservoir through the filter paper. After several hours, a clear fluid is collected
in the measuring cylinder at the bottom of the reservoir. The aligned filter-cakes so
obtained have a diameter of about 8 cm. The final thickness varied with the initial volume
of slurry, the pressure applied and the length of time allowed before depressurising. After
peeling from the filter paper, the cakes were cut into strips with a scalpel to facilitate drying.

Different initial volumes, pressures and times were attempted before a suitable
filter-cake was made. It was found that filtering pressures greater than 120 psi left the film
with a series of bumps on the surface. Presumably, the slurry did not diffuse evenly
through the film already deposited and flowed mainly through particularly weak areas. This
effect was greater with higher volumes of initial slurry. The best films in terms of texture
and firmness were obtained with 250 ml of clay suspension under 90 psi for about 48
hours for the Na smectites. The Ca saturated samples sediment much quicker because of
their lower hydration state. For this reason, only about 50 psi of pressure was used to make
them.

Before removing from the filter-paper, the films were allowed to dry in air
overnight and then placed under 80% relative humidity in a dessicator. The interlayer
spacing of a Na-saturated sample was measured before and after drying with X-ray

diffraction and was found to be 18.7A and 11.4A respectively. The dspacing of dry
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smectite is 9.8A (Newman, 1987), and a water molecule has a radius of approximately 2.5A.
The sample was therefore dehydrated from over three layers to one layer of water.

When immersed in water, smectite swells macroscopically and forms a gel. This
would be a problem during the neutron diffraction experiments, since the samples have to
be immersed in the fluid providing the hydrostatic pressure. Therefore, Na-smectite
samples have been immersed and kept in 2M and 4M Na( and the Ca-smectites in 1M
Cad, solutions. This kept the clays aligned by reducing uncontrolled swelling (Slade et 4/,
1991) and at the same time replicates somewhat the conditions found in sedimentary
basins, where trapped water can be several time more concentrated than the average sea
water concentration of 0.5M.

The results from the neutron diffraction experiments and analysis of the results can
be found in Chapter 6. The outcome from the experiments is then compared with the

Monte Carlo Molecular modelling results of Chapter 5 in Chapter 7.
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Chapter 5

RESULTS OF THE MONTE CARLO

MOLECULAR MODELLING

In this Chapter, the results from the simulations on smectites and vermiculites are
presented. Both types of clay have been investigated over a range of porosities, and under
elevated pressures and temperatures similar to those found in sedimentary basins.
Following sensible geological gradients (table 4.3) up to 9 km burnal depth, both sodium
and calcium counter-ions have been investigated. This work has simulated clays under non-
ambient conditions for the first time. In addition, this is also the first time that Ca counter-
ions have been simulated in a clay mineral. Comparisons can be made with previous
expenimental work on Ca-vermiculite at ambient conditions (Skipper et 4/., 1994; Slade et 4.,

1985) and with the experimental results described in the following chapter.

5.1 Some preliminary studies of aqueous solutions

In all cases, each simulated clay system is compared with a bulk water system under
the same p/'T conditions. In addition, a 2M NaCl and a 1M Ca(, aqueous solution have
been simulated under ambient conditions. This has been done to test the potentials used to
describe the interaction of water with the two particular counter-ions simulated.

The structural and thermodynamic properties of the simulated bulk water systems
are shown in table 5.1. The g(r) radial distnbution functions for the bulk systems are in
figure 5.1. As mentioned in previous chapters, TIP4P water describes well the properties of

the liquid at ambient conditions, especially at the starting point of T=277K and P=1x10°
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Pa, where the liquid displays a maximum in density (Jorgensen et 4l., 1983; Soper e 4l.,
1986). The 7., separation of 2.75A differs from the experimental result of 2.875A (Soper et
al, 1986), however the 7y, and 7, separations are in excellent agreement. Madura et 4l
(1988) and Brodholt and Wood (1993) have simulated TIP4P water under non-ambient
conditions, and found good agreement with thermodynamic data of Burnham et 4l, 1969.
In the current work though, it can be seen from the density results in table 5.1 that there is
some divergence from Equation Of State (E ) calculations (Haar, 1984). See table 4.3 for
the relevant Haar points. There is at present a lack of experimental data on the structural
properties of water at the particular high pressures and temperatures studied here.

Table 5.1: Properties of TIP4P water with increasing pressure and temperature (depth).

The first four rows in the first column show the peak positions of the
corresponding g(r) functions.

Okm 3km 6 km 9 km
T=277K T=367K T=457K T=547K
0,=10x 10°Pa 0,=45x10Pa 0,=90x10Pa 0©,=135x 10’ Pa
100 (A) 2.75 277 2.8 2.85
ron (&) 1.8;3.25 1.85 19 195
nm (A) 24 - - -
now (A) 392 375 3.50 326
p (g ) 1.01 0974 0.865 0.814
E (K] mol) -42.9 -37.6 -327 -29.2

The ambient conditions data presented here for bulk water agree well with the
onginal results of Jorgensen er 4l (1983). As temperature and pressure increase, the O-O
correlation function shows a rapid deterioration of the tetrahedral ordering of the fluid,
with the loss of the second peak at approximately 7=4.5A. There is no evidence of the shift
in the position of the third O-O peak from ~6.5A to ~5.5A reported by Brodholt and

Wood.(1993), and taken as evidence of simple liquid structure. As one might expect, the
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amount of hydrogen bonding decreases with increasing depth. The position of the first
intermolecular O-H peak shifts to greater 7, showing a lengthening of the bond with
increasing depth. This can be seen in the O-H correlation function. Similarly, the H-H
correlation also becomes less and less significant with increased pressure and temperature.
This loss of H-H structure is more rapid than the O-H correlation decrease, because of the
increase in molecular rotation with temperature. Hydrogen bonds have been found to
persist to relatively high temperatures, whereas the fast rotation of the water molecules
quickly eliminates the intermolecular H-H correlation (Brodholt and Wood, 1993).

Table 5.2: Structure of the first co-ordination shell around Na* ions in a 2M Nad

solution at 298K and 1x10° Pa.. Comparison is made to a smectite system
with 192 water molecules and 6 Na' counter-ions at 7=277K and

p=1x10°Pa.

This Workt Bounds Ohtaki et al. N=192

(1985)% (1993)§ Smectite
o (B) 2.3;4.45 2.35 241 2.30
e (R) 29 291 - 2.90
700 (&) 275 - - 275
mo (A) 1.80; 3.40 - - 1.85
a0 5.13 6.2 6 5.84
MNaH 11.13 - - 12.02
100 4.54 - - 4.34
o 1.82 - - 193
prizo (g cor?) 1.03 - - 1.07

+ Monte Carlo simulation of 10 NaQ pairs and 256 TIP4P water molecules
1 T=287. One Na+ only

§ Experimental results. Average values.

Since the Ca-water potential parameters, for use in the clay simulations, have been
adapted from the work of Aqvist (1990) to TIP4P water from SPC water, a valedictory

simulation of 1M Cad, solution has been done. This allowed comparnson with the
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experimental results of Hewish e 2/ (1982) and Ohtaki and Radnai (1985). The Cl-water
parameters used were those of Bounds (1985). For completeness, a 2M Na( solution was
also simulated. The results of this study can be found in Tables 5.2 and 5.3. The g(r) radial
distribution functions for the Na(l and CaCl, systems are shown in figures 5.2 and 5.3
respectively.

The Na(l data compares well with the results of Bounds (1985), as shown in table
5.2. However, Bounds (1985) obtains a Na-O co-ordination number of 6.2, whereas this
work reports 75;=5.3. Bounds has simulated a single Na* ion and 64 water molecules
which corresponds to a concentration of Na of 0.8M and of 0.0M for I ions. The
difference in the hydration number may be due to this difference in concentration between
the two systems. This dependency of the Na-O correlation number with concentration has
been measured experimentally by Ohtaki and Radnai (1993) through X-ray and neutron
diffraction experiments. They reported a range of 4-8 for ny,;, well within the value
calculated in this work.

When comparing the results of the pure water simulations with those of the Na(l
solution, one can see that the presence of the ions leads to a shift to higher 7 of the second
peak in the OH correlation function. This indicates a lower hydrogen bond angle. The
amount of hydrogen bonding is also slightly reduced from ~3.92 to ~3.64 due to the
presence of the ions. As a result of adding 2M Na(, the water density increases by a small

amount from 1.01 g cm” to 1.03 g cm”.
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Table 5.3: Structure of the first co-ordination shell around Ca** ions in a IM CGadl,
solution at 298K and 1x10° Pa. Comparison is made with the computational
results of Bounds (1985), Aqist (1990) and Floris et 2. (1994). Experimental
results are summarised in Ohtaki et 2 (1992). Data from Probst et 4. (1985)

are shown.
This Workf Bounds Floris et al. Probstetal.  Skipper et al.
(1985)F (1994)% (1985)§ (1994)*

reo(B) 240,455 254 25 239 -
e (B) 3.05 3.13 na - -
700 (&) 275 - 3.0 - -
mio (A) 1.85;3.20 - - - -
nco 8.00 9.3 8.6 69 5.7
Mo 16.10 - - - 13.0
100 4.44 - - - -
(36} 1.76 - - - -
pPr0 (g 1.02 - - - -
cmr?)

f Monte Catlo simulation of 5 Ca++ and 10 (I ions and 256 TIP4P water molecules.
T T=286K. MD simulation of one Ca*+ion and 64 TIP4P molecules.

1 T=298K. MD simulation of one Ca++ ion and 342 SPC/E molecules.

§ Experimental results at ¢ ~1.3M from Probst et 4. (1985).

* Neutron diffraction results of 15.05 A Ca-vermiculite.

In the case of the calcium chloride solution (table 5.3), five CaCl, units were

simulated. This corresponds to a concentration of 1.09M, or 51.2 in terms of molar ratio as

described in Ohtaki and Radnai (1985). Now, in this system the average hydration number

is 8.00 and the first peak in the calcium-oxygen g%, 7o, Occurs at 2.4A (figure 5.3). This

compares with 6.9 water molecules at 2.39A obtained from EXAFS experiments by Probst

et al. (1985) at a concentration of 1.3M, and 75,=10.0 at 2.46A in a 1M solution (Hewish et

al., 1982) from neutron scattering experiments. In fact, Hewish er /. (1982) have found that

the average hydration number of calcium is a function of concentration in aqueous

solution, and can range from ~6 at 4.5M to ~10 at 1M. Other computational work has
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reported 7= 9.3 at 750= 2.54A (Bounds, 1985), n,0= 8.6 at 750= 2.5A (Floris et 4,
1994), and 7, ,="7.01 at 7,o= 2.4A (Uruchurtu et al., 1995).

The hydration number calculated here should of course be contrasted with the
result obtained by Skipper e 4. (1994) in 15.05A Ca-vermiculite at ambient conditions.
They have calculated 7n,o= 57 from neutron scattering data, suggesting that the

concentration of calcium ions in the interlayer region of clays is relatively high.
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Figure 5.1: Radial distribution functions, g7), for a bulk water system of 256 TIP4P
molecules in a 20A by 20A simulation box. To facilitate viewing, each series
is shifted upwards along the y-axis, and correspond, from the bottom, to 0, 3,

6, and 9 km burial depth.
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