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Abstract Dioctahedral 2:1 phyllosilicates with different
interlayer charge have been studied theoretically by us-
ing transferable empirical interatomic potentials. The
crystal structures of pyrophyllite, muscovite, margarite,
beidellite, montmorillonite, and different smectites and
illites have been simulated. The interatomic potentials
were able to reproduce the experimental structure of
phyllosilicates with high, medium and low interlayer
charge. The calculated structures are in agreement with
experiment for the main structural features of the crystal
lattice. The effect of the cation substitution in the octa-
hedral and tetrahedral sheets on the structural features
has been also studied. Good linear relationships have
been found, and the calculated effects are consistent with
experimental results. Some unknown structural features
of the crystal structures of clays are predicted in this
work.

Key words Dioctahedral 2:1 phyllosilicates -
Pyrophyllite - Mica - Smectite/illite - Theoretical
study - Crystal structure - Cation substitution effect

Introduction

Smectites and other related 2:1 phyllosilicate clay min-
erals share the common structural feature that single
sheets of octahedrally coordinated cations are sand-
wiched between two layers of tetrahedra. The great di-
versity of these silicates occurs because of their capacity
for isomorphous substitution of various cation in octa-
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hedral and tetrahedral sheets, providing different prop-
erties in the interlayer space. These substitutions include
A" by Mg?" in the octahedral sheet, together with
Si*" by AI’" in the tetrahedral sheet, and result in a net
negative charge. This charge is compensated by the
presence of additional cations in the interlayer space. In
this space, the cations can be exchanged easily, and
different molecules of water or organics can be swelled.
The cation substitutions (in octahedral and tetrahedral
sheets) create disordering phenomena in the crystal lat-
tice structure of these minerals. The cation distribution
in the tetrahedral (Herrero and Sanz 1991) and octahe-
dral (Cuadros et al. 1999) sheets of these minerals has
been studied previously. One additional type of struc-
tural disorder is the distribution of the layers. The geo-
metrical similarity of these layer silicate structures
facilitates the formation of structures containing differ-
ent kinds of layers and different ordered and disordered
sequences of layers. All these types of structural disorder
and the small size of the crystals in clays make it difficult
to obtain good experimental structural data for these
minerals by X-ray, neutron, or electron diffraction
techniques, especially in smectites and illites. The valu-
able catalytic and adsorptive properties of clays urge us
towards having an interest in establishing a firm theo-
retical understanding of their structure and behaviour.
This study can also be useful to understand some min-
eral transformations and some industrial applications of
clays, like catalysis, and nuclear waste and pollutant
disposal barrier component.

Computer simulations can contribute significantly in
achieving an understanding of structure-property rela-
tionships in these systems. These theoretical studies re-
quire a model of the forces acting between the atoms in
the mineral. Despite the increasing applicability of first-
principles quantum-mechanical methods based on peri-
odic density functional and Hartree-Fock methods to
the solid state, the computational effort of these methods
limits their application to large systems with low sym-
metry such as clays (Sauer et al. 1994). Atomistic cal-
culations with empirical potentials based on the Born



model of the ionic lattice, which employ interatomic
potentials to represent the short-range interactions be-
tween ions, are fast and provide sufficient accuracy for
reproducing properties of many ionic solids. These po-
tentials are Coulomb interactions between the ionic
charges and a short-range function, which describes the
non-Coulombic interactions between ions, that is the
Pauli repulsion at short range and the dispersion forces
at longer ranges. These empirical potentials can be ob-
tained by different methods, e.g. fitting the form of the
chosen potential model to experimental data (Abbot
et al. 1989a, b; Collins and Catlow 1992), ab initio
quantum-mechanical calculations (Lasaga and Gibbs
1987), and modified electron gas calculations (Post and
Burnham 1986). These potentials obtained for one solid
should be transferable to other similar solids if these
computational modeling techniques are to be used as
predictive methods. This approach has been applied
with good results in a number of silicates: quartz zeolites
(Schroder et al. 1992), forsterite (Price and Parker 1988),
and several framework silicates (Dove 1989; Winkler
et al. 1991). Computational simulation methods have
been applied to studies of layered phyllosilicates with
high interlayer charge, like muscovite (Collins and Cat-
low 1992). However, only a few studies have been applied
to phyllosilicates with low interlayer charge (Teppen
et al. 1997), and some unsatisfactory results have been
reported (Collins 1990), since it is difficult to reproduce
the hydrogen bonding and the weak interactions of the
interlayer space of these minerals. One of the aims of this
work is to find a suitable model for reproducing the ex-
perimental structure of phyllosilicates with low interlayer
charge and thus, to assess the transferability of certain
previously published interatomic potentials for modeling
the structures of these complex minerals.

We report on a wide range of materials. In most cases
we are able to obtain reasonably good agreement with
experimental data, and can account for trends in
structural details with chemical composition. We are
able to extend the range of calculations beyond the
systems for which there are experimental data in order
to be able to predict the crystal structures of materials
for which experimental structural data are difficult to
obtain. We will find that problems with the models arise
only when there are no interlayer cations, where the
interlayer spacing depends only on weak dispersive in-
teractions.

The objective of our work is to establish the ability of
the models to simulate a wide range of chemical com-
positions in layer silicates as a prelude to further studies.
We have an active programme of work on the energetics
and mechanisms of cation ordering that requires a well-
tested model. For example, we have used the models
discussed here to perform calculations on Al/Si ordering
in the tetrahedral layers of muscovite, and on coupled
Al/Si tetrahedral and Mg/Al octahedral ordering in
phengite, obtaining results that are in excellent agree-
ment with several sets of experimental data (EV Palin
et al. submitted 2000).
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Methods

The basic interatomic potential model has been described previ-
ously elsewhere (Winkler et al. 1991; Collins and Catlow 1992).
Electrostatic Coulomb interactions are evaluated by the Ewald
method using formal charges in the ions. In modeling the oxygen
ions, electronic polarizability effects are taken into account by us-
ing the core-shell model, where a massless shell is linked to the core
by ideal harmonic interactions (U = 1/2K?, K is the harmonic
spring constant and r is the core-shell separation). The cation core-
Oghent and Ogpei—Ogpnen Short-range interactions are described by
Buckingham potentials:

Uy = Aexp(—r/p) — Cr=¢ | (1)

where the exponential term describes the repulsive energy and the
r~® term the longer-range attraction. The intramolecular OH in-
teraction is described by a Morse potential:

Usr = '5{1 - exp[—oc(r - .u)]}z ’ (2)

where r and p are the observed and equilibrium interatomic dis-
tances, respectively. Coulomb forces are not included between at-
oms coupled by a Morse potential, as it is assumed that this
potential describes all components of the interactions between both
atoms.

Covalent effects are simulated using three-body bond-bending
interactions:

Upsr = 1/2K e (0 — 00)* (3)

where K is the harmonic three-body force constant, and 0 and 0,
are the observed and ideal bond angles, respectively). All these
potentials use full integral charges on all atoms except for the OH
species, whose component atoms have partial charges chosen so as
to reproduce the dipole moment of the OH group. The values of the
parameters for the potentials used in this work are described in
Table 1. An empirical AlI>*—0%" potential (Catlow et al. 1982) has
been used for all coordinations (Jackson and Catlow 1988). Al-
though the OH groups are joined to cations of the octahedral sheet,
they are also close to the cations of the tetrahedral sheet. Then, we
include an empirical Si** ~O!*?*~ potential for the Si/OH inter-

. N core "~ core 3 1.42% ‘
actions (Collins and Catlow 1992), and an AL} ~O!*2°~ potential

for the tetrahedral Al/OH interactions (Schrééé:re et 5?.61992). Since
the isomorphous substitution of Mg and Fe occurs in the octahe-
dral sheet, the Mg—O and Fe-O potentials were also included for
both types of oxygens (0>~ and OH). The long-range H bonds
(OH.. .O) are described by an H-O Buckingham potential (Winkler
et al. 1991). All these parameters have been used to model accu-
rately structures and crystal properties of the main rock-forming
silicate minerals (see references in Table 1). In the case of the illite/
smectite studies, a careful selection of parameters was necessary,
particularly to describe properly the interlayer cation-oxygen po-
tentials and the interlayer space, as is discussed below. All lattice-
energy calculations have been performed by means of the GULP
code (Gale 1997). The Newton-Raphson minimization method was
used for the lattice relaxation.

Previous experimental studies on micas found a random dis-
tribution of cations in the tetrahedral sheet with the Loewenstein
rule of AlAl pair avoidance (Herrero and Sanz 1991). Then, this
random distribution was included by imposing partial occupancies
of Si and Al in the crystallographic positions of the tetrahedral
sheet. In smectite/illite systems, spectroscopic studies and inverse
MC simulations showed an MgMg pair avoidance and a partial
short-range Fe segregation in the octahedral sheet, but no specific
ordering was found (Cuadros et al. 1999). Besides, the cation or-
dering in the octahedral sheet is similar in the members of smectite/
illite systems, and it does not significantly affect the crystal lattice
parameters of these systems, since the experimental data are aver-
aged values. Therefore, partial occupancies of Al, Mg, and Fe have
been also included, taking into account the chemical composition
of these cations. This approximation (called the virtual crystal
approximation) can be considered valid as a common type of
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Table 1 Interatomic potential

parameters used in this work Short-range interactions® A (eV) p (A) C eV A™% Reference®
Si*T-0" 1283.9073 0.3205 10.6616 1
Si*T—Q!4%6- 999.98 0.3012 0.0 1
Pr_Q!426- 1142.6775 0.2991 0.0 2
AP T-0*" 1460.3 0.2991 0.0 1
(F*-0*)° 3219.335 0.2641 0.0 3
2t_Ql426- 1142.6775 0.2945 0.0 1
Mg> " -0~ 1428.5 0.2945 0.0 1
K++—02; 65269.71 0.2130 0.0 1
at-0* 1271.504 0.3000 0.0 3
¢>" (interlayer)-O*" 946.627 0.31813 0.0 4
Ca®"-0*" 2272.74 0.2986 0.0 3
0% 22764.0 0.149 27.88 1
HO426+_02~ 325.0 0.25 0.0 1
SI})o“rzt6 £ange41réteract10nsd e (eV) o (A’l) u (A)
H -o" 7.0525 2.1986 0.9485 1
Shell-core mteractlon K (eV A’z)
O(c)ogrzg()z*ioshell 74.92 1
Three- body bond bending K (eV rad™) 0, (°)
07 -Si*" 2.09724 109.47 1
(0* - 1”(T) 0¥y 2.09724 109.47 1
(0> -M(Oc)-0*")° 2.09724 90 1
(O*—M(Oc)-0'4*67)y° 2.09724 90
(0"*°—M(Oc)-0'4*67)° 2.09724 90

# Parameters for the Buckingham potentials between cation cores and oxygen shells. When the para-
meter C = 0.0, the function takes the form of Born-Mayer potentials. Cutoff at 12 A
® References: 1: kaler et al. (1991); 2: Schroder et al. (1992); 3: Bush et al. 1994; 4: Gale (1997)

°With 0%, or Ol

core

4 Modified Morse potential between cores
°T in the tetrahedrdl sheet O, in the octahedral coordination; M any cation in the octahedral sheet,

AP* Fe**, and Mg "

distribution for all samples, and as reference for our comparative
studies.

The effects of nonstoichiometric chemical composition are
simulated by using partial occupancies of various cations. This
approach treats each distinct cation site as equivalent in each unit
cell, and is a type of mean-field approach which is often called the
virtual crystal approximation. Of course, it might be more realistic
to use large supercells with a large number of disordered configu-
rations. However, as well as having the penalty of making all cal-
culations very demanding, the need for this approach is justified
only when calculating very small changes in lattice parameters from
ideal behavior (Bosenick et al. 2000b). In many cases (such as
here), we do not require this level of accuracy, and the virtual
crystal approximation has been used to great effect in a number of
studies of the behavior of disordered crystals from a structural
perspective (Winkler et al. 1991; Dove et al. 1993; Dove and
Redfern 1997). The main problem with the virtual crystal ap-
proximation is in calculations of energies, and in the present case
we are not concerned with energies. We use a supercell approach in
applications of the present models for which energies are important
(Palin et al. 2000).

The initial geometry of muscovite was taken from experimental
structural data (powder neutron diffraction) of 2M1 muscovite
(Catti et al. 1994). The experimental crystal structure of margarite
was taken from Kassner et al. (1993). The pyrophyllite experi-
mental structural data were taken from X-ray diffraction studies
(Wardle and Brindley 1972). In the smectite/illite samples, no
experimental atomic coordinates was available. Nevertheless,
the initial geometries were taken from the models proposed by
Tsipursky and Drits (1984) by means of oblique-texture electron
diffraction studies of dioctahedral smectites. The experimental
hydrogen positions of pyrophyllite, smectites, and illites were taken
from the Giese (1979) studies on pyrophyllite, and these positions
were optimized previously by us.

Results
Muscovite

Initially, the well-known crystal structure of muscovite
was studied in order to validate the potential set used in
this work. Two compositions were calculated (Table 2):
one with Fe and Mg substitution in the octahedral sheet
[K0.95(A11.65Fe(3)EMgO.15)(Si3.2A10.8)010(OH)2a muscol],
and one end-member muscovite [KAl, (SizAly)
0,0(OH),, musco?2]. Although the structural parameters
of individual muscovite crystals can be measured accu-
rately, the variation of parameters between different
crystals can be significant because of differences in
chemical composition. The structural features calculated
were compared with experimental data of samples that
have composition similar to the samples studied: a
muscovite from a granite pegmatite dike [KgoNagg7)
(Aly 63Fe]t;Mgo 16 Ti0.03)(Siz 2Aly §)O19(OH),, Cattiet al.
1994] and a muscovite from Panasqueira (Portugal)
[K1N30A03C30A01)(A11A93F6851M80A01Mn8f61) (Siz.00Al.01)
0,9(OH); 33F¢.12, Guggenheim et al. 1987] for the mus-
col and musco2 samples, respectively. In both cases, a
good agreement with the experimental structural data
was found. The values calculated for musco2 are con-
sistent with the previous Collins and Catlow (1992)
studies in an end-member muscovite. The main



Table 2 Comparison of simu-
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lated and experimental struc- Parameters Muscol? Musco2® Marga®
tural features of muscovite
(lengths in A and angles in Exp. Calc. Exp. Calc. Calc.¢ Exp. Calc.
degrees) a 5.21 516 516 517 525 Sl 5.11
b 9.04 9.03 8.95 9.02 9.18 8.86 8.86
¢ 20.02 19.8 20.07 19.75 19.78 19.18 18.64
B 95.8 96.1 95.7 96.1 96.5 95.5 95.3
Tetrahedral sheet
Mean T-O 1.643 1.659 1.636 1.647 1.620 1.683 1.691
7° 112.0 109.5 110.4 107.5 1104 111.0
AZ! 0.23 0.20 0.21 0.23 0.33
Thickness 2.25 2.21 2.23 2.21 2.23
Octahedral sheet
Mean M-O 1.94 1.89 1.92 1.90 1.93 1.90 1.88
O-H 0.947 0.963 0.979 0.975 0.941 0.983
Woct 57.3 58.9 57.1 57.1 56.9
Thickness 1.73 2.08 2.08 2.06 2.11
Interlayer separation 345 3.26 3.43 3.22 3.25

% Experimental data of (KgoNago7)(Al; 3 Fe0 2;Mgo 16 19.03)(Si3 2,Aly g)O19(OH), muscovite (Catti
et al. 1994), and theoretical results of Kgos(Al;. (,SFeO T Mgo.15)(Siz Al g)Olo(OH)’)

®Experimental data of Panasqueira muscovite (K;Nago3Cago1)(Al. 93Feo 01 Mgo. O]Mn0 +1)(Sis.00
Aly91)O19(OH); gsFo.12 (Guggenheim et al. 1987), and theoretical results for KAl, (Si3Al;)O,o(OH),
¢ Experimental data of margarita from Greiner (Tyrol, Austria), (Ca 73Na9.21) (Als o1 Fej 5, Mgo. i Lio 12)
(Si}.94A15.06)010(OH), (Kassner et al. 1993), and theoretical results for Ca;Aly(Si,Al>)O;o(OH),
d Calculated by Collins and Catlow (1992) for KAl,(SizAl;)O;o(OH),
eThe Obasa-T—Oapical bond angle, ©

fCorrugation effect of basal surfaces

€Qctahedral flattening angle, ¥, cos =

structural parameters (a, b, ¢, and f5) are well reproduced
by means of our calculations in both samples. In the
tetrahedral sheet, the corrugation effect of the basal
surface (departure from coplanarity of the basal oxy-
gens, AZ) observed experimentally is reproduced in our
calculations. The mean T—O bond length is also modeled
well. The Opysa—T—O,picai bond angles, 7, are calculated
to be slightly greater than the ideal undisturbed value of
109.47°. However, the calculated values match quite well
with the average value of different experimental values
(110.6-111.0°, Bailey 1980). In the octahedral sheet, the
M-0 bond length calculated is slightly shorter than the
experimental value, probably due to the compositional
differences. In all cases the O—H bond length calculated
is slightly longer than the experimental one, since the
repulsion between this hydrogen and the potassium
cation is not well determined.

Margarite

An end member of brittle mica with a very strong
interlayer charge [margarite, Ca;Al>(Si,Al;)O;9(OH),]
was also modeled reproducing the experimental data [for
(Cag.73Nag 21)(Als o1 Fed §;Mgo 1 Lio 12)(Si1 .04AlL.06)O10
(OH),, Kassner et al. 1993] from Greiner, Tyrol, Aus-
tria) of the main structural features (Table 2). The cell
parameters calculated match quite well with the experi-
mental values except ¢. This parameter c is slightly lower
than the experimental value, probably due to composi-
tional differences. Both values, theoretical and experi-

[oct. thickness/2(M—-O)]

mental, are lower than in the muscovite crystals due to
the higher interlayer charge in margarite. The strong
electrostatic field, produced by the high interlayer
charge, reduces the interlayer d(001) distance. The the-
oretical cation-oxygen bond lengths (T-O and M-O in
tetrahedral and octahedral sheets, respectively) repro-
duce the experimental values. The T-O bond length is
longer than in the muscovite crystal due to the higher Al
content in the tetrahedral sheet. As in previous samples,
the theoretical O-H bond length is longer than the
experimental one.

Pyrophyllite

After validating our potential model for phyllosilicates
with high interlayer charge, like muscovite and marga-
rite, this potential set was also applied to the study of 2:1
phyllosilicates with the minimal interlayer charge, like
pyrophyllite [SizAl,O;o(OH),]. Our calculations repro-
duce the main structural features of pyrophyllite with a
good agreement with experimental values [(Si3 og-
Aly.g2)(Al} 97 F6853)010(OH)2, Lee and Guggenheim
1981] (Table 3). The average disagreement level is lower
than 2% in distances and angles, except in the parameter
c. The theoretical value of the ¢ parameter is lower than
the experimental one, due to the nonexistence of inter-
layer charge. Without interlayer charge, there is no ca-
tion in the interlayer space and the existing interactions
are too weak to be simulated accurately by our potential
set. In the tetrahedral sheet, the Si-O and O-O bond
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Table 3 Comparison of simulated and experimental structural
features of pyrophyllite (lengths in A and angles in degrees)

Table 4 Chemical composition of the smectite/illite samples stu-
died. Structural formulas on the basis O,o(OH),

Sample  Si** APY AP Mg?"  Fe’"  Interlayer
(T) (Oc) cation
smel 8 3.5 0.5 Nag s
sme2 8 3 1 Na,
sme3 8 2.8 0.7 0.5 Ko7
sme4 7.9 0.1 39 0.1 Koz
sme5 7.6 0.4 4 Nag 4
sme6 7.6 0.4 2.4 1.6 K,
sme7 7.2 0.8 3.3 0.7 Na, 5
sme8 7.2 0.8 33 0.7 Mgy 75
sme9 7.2 0.8 3.3 0.7 Cag.7s
smel0 7.2 0.8 33 0.7 Kis
smel 1 7.2 0.8 3.5 0.5 K3
smel2 7.2 0.8 3.7 0.3 K
smel3 7.2 0.8 4 Kog
smel4 7.2 0.8 3 0.5 0.5 Na, 3
smel5 7.2 0.8 3 0.5 0.5 K3
smel6 7.13 0.87 33 0.7 K57
smel7 7.13 0.87 2 1 K7
smel8 7 1 1.8 0.4 1.8 K4
smel9 6.5 1.5 3.5 0.5 K,

Parameters Calc.* Exp. 1° Exp. 2¢

a 5.14 5.16 5.16

b 9.06 8.96 8.97

¢ 8.14 9.35 9.35

o 91.6 91.0 91.2

B 101.8 100.4 100.5

7 89.7 89.7 89.6

Tetrahedral sheet?
Mean T-O 1.62 1.62 1.62
Mean O-O 2.648 2.640 2.640
Mean O-T-O 109.4 109.5 109.4
Mean Si-O-Si 134.2 136.0
¢ 108.0 109.2
o 8.0 10.2
AZ# 0.2 0.24
Thickness 2.14 2.15

Octahedral sheet"
Mean M-OH 1.91 1.89
Mean M-O 1.90 1.94 1.91
Mean O-H 0.986
Mean OH-OH 2.334 2.338
Mean O-O 2.827 2.835 2.813
Mean HO-M-OH 75.2 76.5
Thickness 2.04 2.08
Vot 55.2 57.0

#Calculated for SizAl,O0(OH),

b Experimental data from Wardle and Brindley (1972)
CExperimental data of (si3_ggA10>02)(A11_97 FCSE3)O|0(OH)2 (Lee
and Guggenheim 1981)

4T is the cation of the tetrahedral sheet

°The OpasarT—Ogpical bond angle, t

'Tetrahedral rotational angle, o = 1/2 [120° — mean (OpO,Op)|

€ Corrugation effect of basal surfaces

"M is the cation of the octahedral sheet

'Octahedral flattening angle, v, cos Yy = [oct. thickness/2(M-O)]

lengths and the O-Si—O bond angle match quite well
with the experimental values. Similar agreement was
found in the M—OH, M-O, OH-OH, O-O distances of
the octahedral sheet. The rotation («) and thickening (7)
angle of the tetrahedra are slightly underestimated in the
calculations. The thickness of the tetrahedral and octa-
hedral sheets and the corrugation effect are well repro-
duced. Hence, only the interlayer spacing is not well
reproduced by this method. Studies at a higher level of
theory, like quantum-mechanical calculations, are being
performed in order to obtain better agreement with
experimental data.

Group of beidellite, montmorillonite,
and other smectites and illites

In order to assess the potential transferability of this
model to most members of the 2:1 dioctahedral phyl-
losilicates, we have extended this study to a series of
smectite/illites that are defined in Table 4. A wide range
of tetrahedral, octahedral, and interlayer charges is
considered (Table 4) by introducing different cation
substitutions of Si** by AI’* in the tetrahedral sheet,

and A’ by Mg?" and Fe’" in the octahedra. In this
series, there are samples without tetrahedral charge, like
smel (end member of montmorillonite), sme2 (with
more Mg>" content and then higher octahedral charge
than smel), and sme3 (with the present of Fe’"). Sam-
ples with a high tetrahedral charge, like smel9 (as a
mica), have been also included. There are also members
without octahedral charge like the end members of
beidellite (sme5 and smel3), and samples with high oc-
tahedral charge (sme6). Samples with a very high Fe
content (25 and 45%, in smel7 and smel8, respectively)
in the octahedral sheet have also been included. There
are also samples with a very low interlayer charge (sme4)
and with a high interlayer charge (sme6 and smel9).
Additionally, different interlayer cations have been also
used (K*, Na*, Mg>", and Ca’™).

Some preliminary considerations should be presented
in the modeling of the interlayer space interactions with
the exchange cations. The K-O potential, taken from
modified electron gas calculations (Post and Burnham
1986), describes quite well the interlayer interactions for
a wide range of K content and interlayer charges.
However, the Ca—O potentials taken from the same
source (A = 6958.3, p = 0.2516) did not yield a good
geometry (low value for the parameter ¢, 9.27) in the
simulation of Ca smectites. Applying the Ca—O poten-
tials (Table 1) from Bush et al. (1994), which gave good
results for garnets (Bosenick et al. 2000a), the experi-
mental data were reproduced in our calculations. Bush
et al. extended the shell model to the Ca cation (qcore/
Qsher: 0.719/1.281, K, = 34.05). We applied this exten-
sion in our samples, but no improvement was obtained.
Similarly the Na-O potential (A4 = 5836.824 ¢V,
p = 0.2411), taken from Post and Burnham (1986), did
not correctly describe the crystal structure (low values of
¢, 9.26). By using the Na—O potentials of Bush et al.



(1994), a good crystal structure was obtained with a high
value of f. When the Mg> ™" is as an interlayer cation, the
interactions with the basal oxygens are different from
that in the octahedral sheet. At first, we applied the same
potentials for both kinds of Mg cations, but the geom-
etry obtained had too low a parameter ¢ (¢ = 9.07 A).
Applying the Mg-O potential from Lewis and Catlow
(1985) for the interlayer Mg cations (4 = 821.6, p =
0.3242), geometry with low ¢ parameter (¢ = 9.29 A)
was also obtained. However, a better geometry was
obtained by using the Mg—O potential from Gale (1997)
(Table 1). These empirical potentials have been taken
from crystals with strong interatomic interactions, and it
is difficult to transfer them accurately to environments
with softer interactions as in the interlayer space of
clays. The interaction between the interlayer cation and
the basal oxygens is much weaker than when both
(cation and oxygen) are inside the crystal lattice. Thus,
the parameter 4 in the Buckingham function can be
generally lower for the interlayer cation than for the
octahedral cation.

In most of smectite/illite samples, the calculated
structural features (Table 5) are consistent with the
experimental values (Tsipursky and Drits 1984). No
important difference in the crystal cell parameters is
observed with the cation substitution in the tetrahedral
and octahedral sheet. In the samples with Ca®>* or Mg
as interlayer cations, the values of parameters ¢ and f8
are slightly lower than in the rest of the series. Probably
the repulsion term of these M?'—O potentials is under-
estimated. In samples with extremely low interlayer
charge (sme4), the crystal structure is consistent with the
rest of the series, except the parameter c, that is slightly
higher, probably due to the weakness of the interactions
in the interlayer space. These results are consistent with
previous calculations performed on pyrophyllite and
beidellite (Teppen et al. 1997).

Discussion

In the smectites and illites, the resolution of the experi-
mental diffraction data is too low to give information
about the crystal structure, due to structural disorder
and the small size of the crystals in clay minerals. The
good agreement level between experimental and theo-
retical values obtained above shows us that we can
predict theoretically some structural features for the
crystal lattice of these smectite/illite series. Thus, we
have calculated some features of the crystal lattice that
are difficult to obtain experimentally, such as the
thickness of the tetrahedral sheet, and octahedral sheet,
corrugation effect of the basal oxygens of the tetrahedral
(AZ), thickening of tetrahedra (7), flattening of octa-
hedra (), and the O-H, T-O, M-O bond lengths
(Table 5). In this series, the interlayer and octahedral
sheet thicknesses are slightly higher than in muscovite,
due to lower charge excess. On the contrary, the tetra-
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hedral sheet thickness and the T-O bond length are
slightly lower than in micas, due to the lower Al content
in the tetrahedral sheet.

Cation substitution effect on the main crystal
lattice parameters

The wide range of different cation substitution used in
this work allows us to study the effect of the cation
substitution on the crystal structure. From experimental
results, some previous statistical studies on layer silicates
were performed for correlating the parameter » with the
cation composition. However, no general equation for
all dioctahedral layers 2:1 silicates has been obtained yet,
due to the wide variety of the natural samples (Brown
and Brindley 1980). No example of this correlation has
been reported in smectites. From our calculations in
these smectite/illite systems, some partial relationships
can be studied for the cation substitution effect on the
parameter 5. The increase in Fe*" content produces a
slight decrease of b, obtaining a good linear correlation
(R = 0.9954). On the other hand, an increase of the
interlayer charge produces an increase in » with a linear
correlation (R = 0.9882). However, these last partial
comparisons have been obtained taking into account a
small number of series members. Nevertheless, a multi-
ple correlation between the calculated values of b (in A)
and cation substitution can be obtained for all our
samples yielding the equation:

b = 8.883(6) 4 0.025(6) AI"Y +0.016(6) Mg

—0.112(8) Fe** (R* =0.9324) , (4)

where the numbers in parentheses are the standard
deviations in the last decimals, and Al'Y, Mg, Fe’* rep-
resent the cation composition for unit cell [O,o(OH),].
A decrease in the calculated parameter c is observed
with the increase in the Mg content presenting a linear
correlation. Thus, in our calculations on potassium
smectite/illite samples with a unit cell composition
K 0.8+ x)(Si7.2Alo 8)(Al4_xMg,)O20(OH)4, the Mg substi-

tution effect on ¢ (in A) can be expressed quantitatively
by the equation:

c=1025-021Mg (R=0.9898) . (5)

For a wider range of samples M, (Si;_,Aly)
(Al4_Mg,)O5,(OH); M = K or Na, y = 0-0.87, and
x = 0-1.6), in our calculations a similar correlation can
be found (Fig. 1) yielding the equation:

¢=10.24—0.18 Mg (R = 0.9592) . (6)

The increase in Mg content in the octahedral sheet
produces an increase in the interlayer charge and at-
tractive interactions in the interlayer space decreasing
the interlayer d(001) spacing. Taking into account the
experimental values published by Tsipursky and Drits
(1984), the parameter ¢ was correlated with the Mg
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Fig. 1 Relationship between the Mg content [based on the
structural formulas for O,0(OH)4] in the octahedral sheet and the
parameter ¢ (in A). Calculated (solid symbols) and experimental
(open symbols) values

content obtaining a similar relationship to our theoret-
ical results in Eq. (6) (Fig. 1) with the equation:

¢=10.22—-0.17Mg (R = 0.8227) . (7)

Cation substitution effect on the sheet thickness

The known effect of the interlayer charge on the inter-
layer thickness is well reproduced in our calculations.
The interlayer thickness decreases with the increase in
the interlayer charge. The cation substitution can pro-
duce a charge excess that is localized mainly in the basal
oxygens of the tetrahedral sheet. The higher the charge,
the stronger is the interaction between these oxygens and
the interlayer cations. Hence, this increase in interaction
strength produces a decrease in the interlayer thickness.
Linear correlations can be found for both parameters
(Fig. 2a), considering the octahedral charge effect (with
the tetrahedral charge as a constant, R = 0.9937) and
the tetrahedral charge effect (with the octahedral charge
as a constant, R = 0.9938). For samples, Ks+x
(Al4_xMg,)(Si7 2Aly 8)O20(OH)4, the octahedral charge
effect on the interlayer thickness (in A) can be expressed
quantitatively by the equation:

Interlayer thickness = 3.55 — 0.37¢o (8)

where ¢, is the octahedral charge per unit cell. In the
same way, for samples K s+ v (Sig_xAly) (AlssMgos)
O,0(OH)y, the tetrahedral charge effect on the interlayer
thickness (in A) can be expressed quantitatively by the
equation:

Interlayer thickness = 3.50 — 0.21¢eqra )

where ¢ 1S the tetrahedral charge per unit cell. The
octahedral charge effect is similar to the tetrahedral
charge effect, but with a slightly higher slope increasing
the effect in the octahedral charge. When the charge
excess comes from the octahedral sheet, the cations can
more likely approach into the hexagonal hole of the
tetrahedral layer, decreasing the interlayer distance. This
phenomenon could explain the slightly higher sensitivity
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Fig. 2a, b Effects of cation substitution on interlayer and octahe-
dral sheet thickness (in A). Interlayer thickness vs. interlayer charge
(a) (solid and dotted lines for series with tetrahedral composition
constant and series with octahedral composition fixed, respective-
ly), and (b) octahedral sheet thickness vs. Mg content based on the
0,9(OH), formula

of the interlayer thickness to the octahedral charge-
increasing effect.

A slight increase in the octahedral sheet thickness
with the increase in Mg content is observed, as expected,

due to the higher ionic radius of Mg*? (0.72 A) with
respect to Al"3 (0.54 A). A linear relationship is found
in this effect (Fig. 2b, R = 0.9943). Although there are
only a few samples where all variables are constant
except the Mg or AI" content, a semiquantitative
estimation of the cation substitution can be performed.
So, for samples K g g+ (Aly_ Mg, )(Si72Alg 8)O20(OH)4,
the Mg substitution effect on the octahedral sheet
thickness (in A) can be expressed by the equation:

Octahedral thickness = 2.08 + 0.07 Mg . (10)

In the same way, a slight increase in tetrahedral sheet
thickness is observed with an increase in tetrahedral
Al content, probably due to a similar effect, the higher
ionic radius of Al*? with respect to Si** In samples
K0.5+x(Al3 sMg 5)(Sig— Al )O20(OH),, the AlY sub-
stitution effect on the tetrahedral sheet thickness (in A)
can be expressed by the equation:

Tetrahedral thickness = 2.11 + 0.04 AI'Y . (11)
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Cation substitution effect on the distortion parameters

In 2:1 layer aluminosilicates, distortions from an ideal
hexagonal tetrahedral or octahedral sheet can be pro-
duced. The larger tetrahedral sheet can reduce its lateral
dimensions to compensate for the smaller size of the oc-
tahedral sheet. Alternatively, the octahedral sheet may
expand its lateral dimensions to partly compensate for this
misfit. One of the structural distortions is the corrugation
effect (AZ) of basal tetrahedral oxygens along [110], pro-
ducing a tilting of the tetrahedral out of the (001) plane.
The AZ values found in these smectite/illite samples are
similar to those found in mica and pyrophyllite. No spe-
cific correlation was found between this parameter and the
cationic substitutions. The smel8 sample presented a
slightly higher AZ, due to the distortions produced by the
high substitution grade of Fe. Another distortion pa-
rameter is the thickening effect of the tetrahedra (t, de-
termined by the Opasa—~T—O,pical bond angles). The values
calculated are slightly larger than the ideal undisturbed
value of 109.47°, as it was found in micas above. A linear
correlation was found between this parameter and the Mg
substitution in the octahedral sheet (Fig. 3a, R =
0.9836). Anincrease in T with the increase in Mg content is
found. The higher ionic radius of the Mg makes it push out
the apical tetrahedral oxygens, increasing this Opge—T—
O,pical bond angle. In potassium samples with a compo-
sition in the range of 0.4-0.87 and 0—1 atoms per unit cell
of AI'Y and Fe’ ¥, respectively, the Mg substitution effect
on 7 (in degrees) can be expressed quantitatively by the
equation:

t=110.344+2.01 Mg . (12)
The flattening effect of the octahedra is another distor-
tion parameter in these structures (¥, determined by the
angle between the normal to the octahedral sheet and a
body diagonal of the octahedron, the ideal value is
54.7°). All smectite/illite samples present values of ¥ in
the same range as is found in micas and pyrophyllite
(Guven 1988). Some relationships between this param-
eter and the cation substitutions can be found. A
decrease in W with the increase in Fe content is found
with a linear correlation (Fig. 3b, open symbols, R =
0.9939). For potassium samples with a composition
of 0.8-1.0 and 0.4-1.0 atoms per unit cell of Al'Y and
Mg, respectively, the Fe® " substitution effect on ¥ (in
degrees) can be expressed quantitatively by the equation:

(13)

Analogously, the ¥ decreases slightly with the increasing
of the interlayer charge, showing also a linear correla-
tion (Fig. 3b, solid symbols, R = 0.9857). For potassi-
um samples with a cation Comeosition of 0.1-1.5 and
0-0.7 atoms per unit cell of Al'Y and Mg, respectively,
the interlayer charge (IC) effect on ¥ (in degrees) can be
expressed quantitatively by the equation:

Y =57.05-0.551C

¥ = 56.35+ 1.33Fe** |

(14)
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Fig. 3a, b Variation of the distortion parameters with cation
substitutions. (a) Thickening effect of the tetrahedra (1) vs. Mg
content per O,o(OH),. (b) Flattening effect on the octahedra () vs.
Fe content (open symbols) and interlayer charge (solid symbols) per
020(OH)4

Effects on the main bond lengths

The previous structural parameters studied above are
closely related with the main bond lengths of the crystal,
and these bond lengths can also be affected by the cation
substitutions. An increase in the T(tetrahedral cation)-O
bond length with the tetrahedral Al content is observed
with a good linear correlation (Fig. 4a, R = 0.9973).
This fact is due to the higher ionic radius of Al'" with
respect to Si**. For all samples, a quantitative rela-
tionship of the A1" substitution effect on the T-O bond
length (in A) can also be found with the equation:

d(T-0) = 1.614 +0.017 AI'Y . (15)

Analogously, an increase of M(octahedral cation)-O
bond length with the Mg content is found, also with a
good linear correlation (Fig. 4b, solid symbols,
R = 0.9991), due also to the higher ionic radius of
Mg " (0.72 A) with respect to A’ (0.54 A). This effect
of the Mg substitution on the M—O bond length (in A)
can also be expressed quantitatively with the equation:

d(M-0) = 1.890 + 0.034 Mg (16)
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for all potassium smectite/illite samples that no have
significant amount of Fe'". On the other hand, a de-
crease in the M—OH bond length with the increase in Fe
content is observed, with also a good linear correlation
(Fig. 4b, open symbols, R = 0.9910), in spite of the
higher ionic radius of Fe’" (0.65 A) with respect to
A", For potassium samples with a composition of 0.8—
1.0 and 0.4-1.0 atoms per unit cell of AI"Y and Mg,
respectively, a quantitative relationship of theoFe3+
substitution effect on the M—OH bond length (in A) can
be also found with the equation:

d(M-OH) = 1.946 — 0.184 Fe** (17)

This fact can be due to a higher covalent character of the
Fe—O bond (a higher overlapping between the oxygen
orbitals and the Fe d-orbitals) than the other M-O
bonds in the octahedral sheet (Sherman 1985; Sainz-
Diaz et al. 2000).
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As found in previous simulation studies of hydroxyl
ions in minerals, the experimental OH bond length is
slightly shorter than the value calculated. Nevertheless,
we observe a linear relationship between the OH bond
length and the Fe content in the octahedral sheet
(Fig. 4c, R = 0.9975). The OH bond length increases
with the increase of Fe content. This relationship is in-
dependent of the octahedral and tetrahedral cation
substitutions. A longer O—H bond length is related with
a lower v(OH) frequency. Hence, this is consistent with
the experimental values of the stretching vibrational
frequency v(OH) of the M—OH-M groups, which de-
crease with the increase in Fe content (Besson and Drits
1997). This fact has been corroborated by means of
quantum mechanical calculations on molecular clusters
representing dioctahedral pairs of the octahedral sheet
of clays (Sainz-Diaz et al. 2000).

Conclusions

The experimental crystal lattice structure of 2:1 diocta-
hedral phyllosilicates with high and low interlayer
charge can be reproduced theoretically by means of a
suitable simulation model. This model can be formed
with a careful selection of transferable empirical poten-
tials that have been used successfully in the modeling of
framework silicates and other minerals. The selection of
a suitable empirical potential set is critical for modeling
2:1 dioctahedral phyllosilicate crystal structures, due to
the significant differences with other nonlayered silicates.
The most peculiar characteristic of these phyllosilicates
is the existence of the interlayer space, where the atomic
interactions are much weaker than in the crystal lattice.

The muscovite, margarite, pyrophyllite, beidellite,
montmorillonite, and other different smectites and illites
can be modeled by means of this interatomic empirical
potential set. The theoretical structural parameters of
the mica muscovite (two different compositions), and the
brittle mica margarite, both with high interlayer charge,
match quite well the experimental values. A good
agreement between calculated and experimental results
has also been obtained in the pyrophyllite studies, where
there is no interlayer charge, in any crystal lattice pa-
rameters except in ¢. The tetrahedral and octahedral
sheet thicknesses are well described. Hence, our method
did not properly describe the interlayer thickness in
pyrophillite, due to the weakness of the interactions in
this interlayer space. Extending the study to the rest of
the series, beidellite, montmorillonite, and other smec-
tites and illites, the transferability of our potential model
has been assessed. These samples represent a wide range
of interlayer charge (between mica and pyrophyllite
types). In these silicates the agreement between experi-
mental and theoretical results is similar to the results for
micas and pyrophyllite.

In most cases, the interlayer space interactions have
been reproduced satisfactorily, except in margarite and
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pyrophyllite. In these last samples, the parameter c
calculated is lower than the experimental value, due
to composition differences (in margarite) or the existence
of too weak interactions in the interlayer space (in
pyrophyllite). Nevertheless, the calculated structures
reproduce the experimental crystal lattice in the main
structural features. The parameters calculated, which
characterize the distortion of the tetrahedra and octa-
hedra, are consistent with the experimental values. In all
cases, the OH bond length calculated is slightly longer
than the experimental values.

In smectite/illite samples, the cation substitution ef-
fect (in octahedral and tetrahedral sheets) on the struc-
tural features has been also studied. In most cases where
the structural parameters are sensitive to these cation
substitutions, good linear correlations have been found.
Our theoretical results are consistent with the experi-
ment in those cation substitution effects that have been
detected experimentally, as in the (interlayer thickness)/
(interlayer charge) relationship. In the same way, a lin-
ear relationship between the Fe content and the OH
bond length has been found, in agreement with previous
spectroscopic studies.

This good agreement between experimental and cal-
culated values shows us that these theoretical simula-
tions can be useful for predicting structural features of
the crystal lattice of clays which cannot be obtained by
experiment. Moreover the cation substitution effect on
these predicted parameters can be studied by means of
our calculations. The quality of the correlations ob-
tained allows us to predict quantitative relationships
between the cation substitution effects and the main
structural features of the crystal lattice. Further calcu-
lations have to be performed for a wider range of cation
substitutions, in order to increase the accuracy of these
quantitative relationships and to generalize these cation
substitution effects for all phyllosilicates. The predictive
power of our calculations can be useful for under-
standing and refining low-resolution experimental X-ray
or neutron diffraction studies of illites and smectites.

These results assess the validation of this potential
selection set for application it in further studies on clays,
such as order/disorder of cations by Monte Carlo sim-
ulations, mineral transformations, such as smectite/illite
transition, diagenetic transformations in sediments, and
cis-vacant/trans-vacant transformations.
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