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Abstract An inverse Monte Carlo (MC) method was
developed to determine the distribution of octahedral
cations (A", Fe'", and Mg?") in bentonite illite—
smectite (I-S) samples (dioctahedral 2:1 phyllosilicates)
using FT-IR and ’Al MAS NMR spectroscopies. FT—
IR allows determination of the nature and proportion of
different cation pairs bound to OH groups measuring
the intensities of OH-bending bands. Al MAS NMR
data provide information about cation configuration
because ’Al MAS NMR intensity depends on Fe dis-
tribution. MC calculations based on FT-IR data alone
show Fe segregation by short-range ordering (Fe clus-
ters within 9 to 15 A from a given Fe atom). Fe segre-
gation increases with illite proportion. MC calculations
based on IR and ?’Al NMR simultaneously yield similar
configurations in which Fe clusters are smaller. The
latter calculations fail to build appropriate cation dis-
tributions for those samples with higher number of illite
layers and significant Fe content, which is indicative of
long-range Fe ordering that cannot be detected by FT—
IR and 2’Al MAS NMR. The proportion of Mg-Mg
pairs is negligible in all samples, and calculations, in
which the number of Mg atoms, as second neighbours, is
minimised, create appropriate configurations.
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Introduction

Phyllosilicate minerals, and specifically smectite, have a
wide range of chemical composition and different iso-
morphous cation substitutions in the octahedral and tet-
rahedral sheets. This fact generates a great diversity of
these minerals in nature. In dioctahedral smectites, iso-
morphous substitution of A’ by Mg®* in the octahedral
sheet, or of Si* " by AI’ * in the tetrahedral sheet, results in
a net negative charge, which is balanced by cations in the
interlayer space. Determination of the distribution of
cations within the sheets is a complex problem, especially
in the octahedral sheet, to which we refer in this paper.
This type of study can be useful to understand natural
processes, such as smectite to illite transformation, and to
analyse how cation distribution affects lattice stability.
Also, the industrial applications of smectite due to its
valuable catalytic and adsorptive properties (e.g. as a
barrier in nuclear waste and pollutant disposal reposito-
ries) make it of great interest to establish a firm theoretical
understanding of their structure and behaviour.
Spectroscopic methods are especially useful for cation
distribution analysis, since they probe local atomic envi-
ronments and can detect short-range cation associations.
Fourier transform infrared (FT-IR) spectroscopy of the
vibrations of hydroxyl groups of 2:1 layer silicates has been
used to assess octahedral cation distribution (Besson et al.
1987; Sainz-Diaz et al. 2000). The frequency of OH vi-
brations depends on the nature of the cations bonded to
the OH group. ’Si magic angle spinning (MAS) NMR has
proven to be a sensitive probe of tetrahedral Al-Si cation
ordering in aluminosilicate minerals. Different Si bands are
detected depending on the neighbour cations. Al MAS
NMR spectroscopy can measure total intensities from
octahedral Al in phyllosilicates. The paramagnetic char-
acter of Fe causes it to interact with the applied magnetic
field and creates a field inhomogeneity that broadens the
NMR signal and causes some signal loss of *’Al MAS
NMR. The Fe-magnetic field interaction occurs only
within a short radius around the Fe atom, where the NMR
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signal is lost. The resulting ’Al NMR signal intensity
depends on the effective Fe wipeout-sphere radius, which
Schroeder and Pruett (1996) bracketed between 6 and
10 A. Cuadros et al. (1999) tested different effective radii
(in the range 6-8.5 A) and found a minimum value of
7.5 A. Thus, the total NMR signal from octahedral Al
depends on the amount of octahedral Fe and its distribu-
tion. Increasing Fe segregation causes higher 2’Al NMR
intensity because less Al atoms are close enough to Fe
atoms for their NMR signal to be lost. Knowing the oc-
tahedral Fe and Al content in a sample together with the
corresponding octahedral Al NMR signal intensity permits
evaluation of how Fe is distributed in the octahedral sheet
of phyllosilicates (Schroeder 1993).

Some of the previous studies assessing cation distribu-
tion in the octahedral sheet of phyllosilicates are the fol-
lowing. Using IR techniques, Slonimskaya et al. (1986)
found that divalent and trivalent cations alternate within
the octahedral sheet of celadonite, and Besson et al. (1987)
showed that octahedral cation arrangement in the same
mineral is not random and that A3+ and Fe’* tend to
segregate from each other. Dainyak et al. (1992) per-
formed Mossbauer analysis on a trans-vacant (i.e. vacan-
cies in the octahedral sheet are in the M1 crystallographic
position) glauconite and found that it presented celadonite-
and illite-like domains in its octahedral sheet. Goodman
et al. (1988) studied smectites by means of Mdssbauer and
electron paramagnetic resonance spectroscopies, finding
that Fe was located in two different crystal-field environ-
ments that could be interpreted as either two phases, two
crystallographic sites, or two different nearest-neighbour
compositions. Morris et al. (1990) investigated Fe-bearing
montmorillonites by means of 27’A1 NMR and concluded
that Fe was either segregated from Al in the octahedral
sheet or present in a phase different from smectite. Grauby
et al. (1991, 1993, 1994) synthesised smectites with different
proportions of A", Mg*>* and Fe*". They studied how
these cations arrange in the octahedral sheet using IR, and
found that AI’* and Fe’* tend to mix rather than to
segregate, Mg> " and Fe’" to segregate within the same
layer, and Mg®" and AI’" to segregate, creating diocta-
hedral and trioctahedral layers. Schroeder (1993) studied
shale illite-smectite (I-S) samples using *’Al NMR and
found that Fe mixes with Al in samples with low Fe
content, but Fe segregates from Al in Fe-rich specimens.
Drits et al. (1997) studied the isomorphous cation distri-
bution in celadonites, glauconites and Fe-illites by IR,
Mosbauer and EXAFS spectroscopies, together with
simulations by probabilistic methods, finding certain short-
range ordering. Muller et al. (1997) studied octahedral
cation distribution of the Camp-Bertaux montmorillonite
using XRD, EXAFS and FT-IR, and observed that Mg
and Fe form clusters that segregate from Al.

However, it is very difficult to obtain an accurate
description of the cation distribution by experimental
methods alone, and it is in this respect that computer
simulations can play a useful role in this type of studies.
Monte Carlo (MC) simulations have been shown to be a
powerful tool for the study of cation distribution and

ordering in minerals. These methods have been used in
aluminosilicates (Herrero and Ramirez 1992; Herrero
1993; Dove 1997; Dove and Heine 1996; Dove et al.
1996). In micas, the studies of Al and Si distribution in
the tetrahedral sheet showed that no Al-Al pairs are
found (Lowenstein rule) and that the number of Al-Si—
Al groups is the smallest possible, but no long-range
ordering was found (Herrero and Sanz 1991; Herrero
et al. 1987; Vinograd 1995). However, cation distribu-
tion in the octahedral sheet of 2:1 layer silicates has been
much less studied theoretically because of its higher
complexity, arising from a wider variety of possible
isomorphous substitutions.

In most of the ordering studies with MC simulations
only two cations were considered. In this work, we stud-
ied the cation distribution by means of MC simulations
for three species (Al, Fe and Mg) simultaneously. A
previous study (Cuadros et al. 1999) of octahedral cation
(Al, Fe and Mg) distribution in a series of I-S mixed-layer
samples using FT-IR data and inverse Monte Carlo
calculations, contrasted with Al MAS NMR data,
showed Fe segregation by short-range Fe ordering. Cal-
culations for the most illitic specimens, however, sug-
gested medium- or long-range Fe ordering. In this work,
we extend the previous study to additional I-S samples,
we further analyse the resulting distributions, and we
present a method to determine cation distribution by
fitting simultaneously FT-IR and *’Al MAS NMR data.

Materials and experimental methods

The studied samples are bentonite I-S from several locations in
North America and Europe with a wide range of illite composition
(Table 1). A detailed description of the samples and their various
analyses is published elsewhere (Cuadros and Altaner 1998a, b).
Some samples of this series have been studied previously (Cuadros
et al. 1999). In this work we complete the study of these samples
and extend it to other samples of the series. Table 1 shows the
octahedral composition of the studied samples determined by
chemical analysis. The amount of Fe ranges from low (0.08 per unit
cell) to fairly high (0.95). Based on the good match of structural
formulae, all Fe was considered to be Fe(11l).

For a detailed description of the experimental FT-IR study, see
Cuadros and Altaner (1998a) and Cuadros et al. (1999), and for the
NMR analysis see Cuadros et al. (1999). FT-IR data were obtained
from the OH-bending bands in the region 917-780 cm™". The differ-
ent bands correspond to OH linked to different cation pairs (M—OH—
M). The relative intensities of these bands were transformed into
metal abundances in the octahedral sheet assuming the same molar
absorptivity for all M—-OH-M bands (Table 1). This assumption is
validated by previous work (Slonimskaya et al. 1986; Madejova et al.
1994; Besson and Drits 1997) and the good agreement between the
chemical and IR-calculated metal abundances in the samples
(Table 1). The RMS of the differences between chemical and FT-IR
atom abundances is 0.074, which corresponds to 1.9% of total octa-
hedral occupancy. Comparison of chemical and spectroscopical val-
ues by the Student’s ¢ statistic test showed that they are not
significantly different. The illite and smectite components have a
different charge in the tetrahedral sheet, which could affect the octa-
hedral OH vibration frequencies. However, Sainz-Diaz et al. (2000)
found recently that this effect is important in OH-stretching bands but
negligible in OH-bending bands. The relative intensities of M—OH-M
bands indicate the proportion of the different cation pairs in the
octahedral sheet.



Table 1 Bentonite illite-smectite samples: composition of the
octahedral sheet per unit cell [O,o(OH)4] determined by chemical
analysis and FT-IR, and octahedral 2’Al NMR intensity

Sample  Tllite Chemical analysis FT-IR NMRP
(%)*
Al Fe Mg Al Fe Mg
1-87 3 272 0.84 033 274 0.79 0.36 0.12
2-86 10 2.55 095 036 253 1.02 0.31 0.10
S-2 16 2.58 045 1.03 272 047 0.87 0.28
82-19¢g 30 334 029 0.51 333 032 045 0.51
R-80 45 3.05 027 0.68 3.03 0.32 0.65 041
83-1le 56 3.17 022 071 3.17 0.15 0.78 n.d.
82-2s 57 3.17 024 0.64 3.06 0.20 0.79 0.68
11b 60 3.17 022 0.58 3.08 0.21 0.69 0.51
14b 64 3.13 020 0.67 3.06 0.17 0.77 0.68
I1a 68 327 0.19 0.54 3.11 0.21 0.69 0.69
26-171 71 330 0.13 0.59 322 031 049 n.d.
3-1 72 341 0.08 0.55 335 0.18 0.51 0.88
26-59 82 3.02 031 0.73 3.04 0.31 0.71 0.68
SWE-79 86 340 0.11 0.52 335 0.16 0.53 n.d.
82-36b 87 3.18 0.38 048 3.18 0.38 045 0.81
82-38 87 3.12 026 0.68 3.15 0.30 0.62 0.87
82-37c 90 3.10 0.08 0.82 3.12 0.14 0.75 0.88
82-32u 93 322 028 0.50 3.09 036 0.55 n.d.
WDH-25 93 334 023 047 339 0.18 048 n.d.
82-29 97 321 040 048 3.12 042 0.58 1.00

Error <5%
®27A1 MAS NMR intensity normalised to the highest value; n.d. not
determined

The 2’Al MAS NMR intensities were measured, corrected for
the octahedral Al content in the sample and normalised with
respect to the highest value (Cuadros et al. 1999). The intensity
values increase with illite content (Table 1; Fig. 3 in Cuadros et al.
1999). These intensities are relative values and are normalised to
one of the highest values of the series.

Computational methods

The MC simulation was used to obtain octahedral cation distribu-
tions compatible with the proportion of cation pairs determined by
FT-IR and with NMR experimental data. A computer program was
specifically written for this study using standard FORTRAN 77 to
runina Digital Alpha workstation under Unix. The simulations were
based on the MC technique using the Metropolis algorithm
(Metropoliset al. 1953; Allen and Tildesley 1987), in the same way as
Kirkpatrick et al. (1983) in their simulated annealing. Also, the
simulations are similar to those performed in the reverse MC method
used for determining the local structure of a disordered solid that best
reproduces X-ray scattering (Uhlig et al. 1996), neutron scattering
(Zotov and Keppler 1998) or *°Si NMR spectra (Dove 1997).

Two types of experimental observables are considered: (1) the
proportions of cation pairs (APTAPY, APYFe*", AP TMg?",
Fe’"Fe’*, Fe’*Mg?" and Mg?"Mg?*), obtained from the rela-
tive intensities of the FT-IR M—-OH-M bands; and (2) the pro-
portion of octahedral Al cations that are out of the inhibition
radius of Fe cations and, hence, contribute to the NMR signal.

Our approach is to use a lattice model where the octahedral
cations are in fixed positions forming a planar network with an
intercationic distance of 3.04 A (Lee and Guggenheim 1981). Ow-
ing to the dioctahedral nature of the samples, which implies that
one out of three octahedral sites is vacant, the cations are arranged
in the vertices of edge-sharing hexagons. A simulation cell of 5000
cations was used (corresponding to a supercell of 50 x 25 x 1 unit
cells of the mineral). To avoid artefacts at the boundaries of the
simulation cell, periodical boundary conditions were applied to the
system. The relative proportion of the Al, Fe and Mg cations is that
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given by the chemical analysis of each sample (Table 1). The
starting configuration for the MC process was completely random,
and was created by choosing randomly among Al, Fe and Mg and
placing the atom at random in one of the 5000 sites of the simu-
lation cell, which is originally empty. The random selection of ca-
tions takes into account the relative abundance of the three types of
cations and those chosen in previous selections. This procedure is
repeated until all sites are filled.

To analyse the cation distribution, the radial distribution function
of each kind of cation was used. This is calculated as the summation,
for all cations of one type, of the number of cations of the same type
at different distances from one cation. This value is normalised with
respect to the maximal values of cation concentration for each dis-
tance in our lattice and the proportion of each cation type.

IR-based MC simulation method

In order to know how closely the distribution of cations in the
simulations resembles the experimental distribution, we define the
quantity:

3

3
ur = > fre[ppr(0bs) — ppra(calc)]’ (1)

K K<L

ER = \/% (2)

where oy indicates the differences between experimental (FT-IR)
and calculated values of proportions of cation pairs; obs and calc
denote the experimental and calculated values, respectively; K and
L indicate the cation (KL = AlAl, AlFe, AlMg, FeFe, FeMg and
MgMg); ppkr represents the proportion of each KL cation pair; fx;
is a weight factor for each kind of cation pair (fx; = I, except in
some special case mentioned below); n is the number of all possible
kinds of cation pairs (in our case, n = 6). The best distribution of
the octahedral cations is that with the smallest value of ¢. When all

fxr =1, ¢ coincides with the root mean square (RMS) of the

differences between observed and calculated distributions.

The MC method to approach a cation distribution compatible
with the FT-IR data was as follows. In the original random dis-
tribution, two cations are selected randomly and their positions are
exchanged if this action lowers the value of &. If the value of ¢
increases, the atom positions are exchanged with a probability
exp(—¢/t), where 7 is a parameter chosen by the user. The link with
the standard MC method is clear: ¢ plays the role of energy and ¢
plays the role of temperature. Each MC step is completed when all
cations of the simulation cell have been exchanged. Steps are re-
peated until ¢ oscillates about a minimum mean value. Although all
samples reached the equilibrium state before 1000 MC steps, 5000
MC steps were used in all samples to obtain good statistical results.
Higher numbers of MC steps were tested in some samples (up to
5% 10® MC steps), obtaining similar results. This method maxi-
mises the entropy in the octahedral cation distribution. When the
simulation reaches equilibrium, the ¢ value of the calculated con-
figurations oscillates slightly around the minimum value. At this
point, the average value of the cation pair proportions from the last
100 configurations is calculated and this value is used in Eq. (1).
This method is called inverse or reverse MC, but we will refer to it
as MC for simplicity. The process is repeated at different values of t
as a simulated annealing method (Kirkpatrick et al. 1983). A slow
reduction of 7 is applied from an initial high value to the minimum
one (six values from 1 to 107> in our case). This procedure reduces
the probability that the minimisation leads the calculation to a false
minimum of the function (local minimum) instead of the absolute
minimum.

Charge dispersion constraint

Our MC simulation program can also calculate the IR-based
configurations applying simultaneously a charge-dispersion con-
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straint. The octahedral charge is produced by the Mg?™" substitu-
tion in our systems. A localised concentration of negative charge in
the octahedral sheet would locally destabilise the structure and is
most likely avoided in the mineral. Thus, charge dispersion was
included in our simulations by dispersing the Mg ™ cations in the
sheet. The simulations start from random distributions and fit
simultaneously the FT-IR data with the constraint imposed. In a
first step, we imposed the constraint that no MgMg pair exist
(minimum Mg-Mg distance 5.25 A). This was done by increasing
the value of fpemg [fkz, Where KL=MgMg in Eq. (1)]. The reason
for this is that increasing fygme places more weight in the number
of MgMg pairs for the calculation of ¢g. Since no MgMg pairs
were found experimentally (see below), this procedure decreased
the probability of finding such pairs from the calculated distribu-
tions. The fygm, values need to be finely tuned by increasing them
slowly in successive calculations. In this process, RMS values (all
xr = 1) were calculated for the same distributions and compared
with the corresponding &g (fmeme > 1) values to control that they
were similar. In the new distribution, however, Mg cations can still
alternate as second neighbours and three Mg?* can exist in the
same hexagon of cations, which also represents a high concentra-
tion of negative charge. Thus, we introduced the additional con-
straint that the number of Mg-M-Mg groups must be minimal or,
if possible, zero (minimum Mg—Mg distance of 6 A). An additional
hypothetical observable must be considered for this: the proportion
of Mg cations as second neighbours (we call them Mg in meta
position in the hexagon of cations by similarity with the relative
positions in the hexagonal ring of benzene). Then, a new equation
is used to fit the MC configurations to the FT-IR data and this new
observable simultaneously:

UMgmeta = fMgmera|Mgmeta(obs) — Mgmeta(calc)]2 (3)

[our + AIMemeta
EIR-Mg = R Meme n_'_Mlg : ) “4)

where aygr, obs, calc and n have been defined above in Egs. (1) and
(2); Mgmeta represents the proportion of Mg atoms as second
neighbours; Mgmeta(obs) is always zero; fygmerq 1S @ weight factor
that needs to be tuned in each case (similarly as described for fygmg
above). In this case, the MC simulations are controlled by &ig_mg,
which needs to be minimised.

MC simulation method based on FT-IR and NMR data

The following procedure was used to calculate MC configurations
based on FT-IR and NMR data simultaneously. The simulations
start from random distributions and fit the FT-IR and NMR data
simultaneously. Our program calculates the intensity of the octa-
hedral 2’Al NMR signal of each cation distribution, taking into
account the intensity loss due to Fe. The >’Al NMR signal intensity
depends on the effective Fe wipeout-sphere radius. We used the
minimal value of 7.5 A for this radius determined by Cuadros et al.
(1999). This Fe effect is constant for all ranges of illite composition
of the I-S minerals. The intensity was calculated as a sum of all
NMR-active Al atoms, by assigning a 0 value to Al atoms within
the wipeout sphere of Fe cations and the intensity value of 1 to the
contributing Al atoms. The signal intensity, for each sample, was
averaged from the intensities of the last 100 MC configurations
calculated after reaching the equilibrium. Therefore, we introduced
a new observable and a new equation:

onmr = famr [NMR (obs) — NMR (cale)]® (%)

OR + o
EIR-NMR = \/% (6)

where obs, calc and g were defined for Egs. (1) and (2); onmr
controls the differences between experimental and calculated values
of 2’A1 MAS NMR data; and NMR is the relative intensity of the
octahedral Al signal. NMR(obs) and NMR(calc) values need to be
normalised to be compared because they are relative values. A

rigorous normalisation implies dividing the observed and calcu-
lated intensities by those from a sample with no Fe, and hence, with
a maximum intensity (intensities are previously normalised to oc-
tahedral Al content as indicated above). We did not have any Fe-
free sample and we chose sample 82-37c, which has the lowest Fe
and the second highest NMR intensity (together with 3-1; Table 1).
This approximation can set some uncertainty in our onyr calcu-
lations because the intensity from sample 82-37¢ is affected by Fe
distribution in it and, hence, this Fe distribution is affecting the
calculated onmr. We can see this fact in Eqgs. (5) and (6), where
onmr WIll be zero for 82-37c. However, the magnitude of this
possible uncertainty is small because the Fe content in 82-37c is
very small (2% of octahedral occupancies). In fact, in previous
work the IR-based MC configurations of 82-37¢ yielded an NMR
intensity similar to the experimental value (Cuadros et al. 1999).
Hence, this approximation is acceptable for our samples for com-
parative purposes. The nature and magnitudes of ayr and anwvg are
different and we need to introduce a weight factor fymr to make
them comparable. In this case, the MC simulations will be con-
trolled by gr.nmr and the best distribution will be that with the
minimum &r.nmr Value.

We can also include the charge dispersion constraint in this MC
simulation based simultaneously on FT-IR and NMR data. Thus,
the calculation is controlled by &jr.me.nmr defined by:

. R + OMgmeta T INMR
EIR-Mg-NMR = ) . (7)

Results
IR-based configurations

Initially, the proportion of cation pairs was obtained
from the MC simulations by fitting only the FT-IR
observables (considering only ¢r, Eq. 2) for each sam-
ple. Table 2 shows the proportions of cation pairs in the
random configurations used as starting point and in the
final MC distributions. Also in Table 2 the corre-
sponding RMS values for the final configurations are
included. The RMS values are within the range 0.3 to
3.6%, which is similar to the experimental error range.
The main feature is that MC FeFe proportions are sig-
nificantly higher than those from random distributions,
indicating an important Fe segregation. The proportion
of AlAl pairs in the MC configurations is close (in
general, slightly lower) to those in the random distri-
butions. AlFe and FeMg proportions are, in most cases,
lower in the MC distributions. On the contrary, AIMg
proportions are higher in the MC configurations.
Finally, the MC MgMg proportions are lower than
those from random distributions. All these results mean
that the segregation of Fe produces an increase in AIMg
pairs rather than a segregation of Al and Mg. Figure 1
shows some of the calculated configurations. Fe clus-
tering is apparent in sample 82-2s by comparing the
original random configuration (Fig. 1a) with the corre-
sponding IR-based MC configuration (Fig. 1b). This
effect is similar for samples with high content of Mg
(sample S-2, Fig. 1c) and samples with high proportion
of illite (sample 82-29, Fig. 1d).

One approach to determine quantitatively the distri-
bution of cations is the radial distribution of each kind
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Table 2 Relative proportion of octahedral cation pairs in the illite-smectite samples in the original random distribution and in the
IR-based MC distribution. RMS values correspond to IR-based distributions

Sample AlAl AlFe AlMg FeFe FeMg MgMg RMS
Random MC Random MC Random MC Random MC Random MC Random MC

1-87 0.489 0.516 0.302 0.213 0.118 0.153 0.047 0.101 0.036 0.017 0.007 0.000 0.0079
2-86 0.436 0.469 0.325 0.266 0.123 0.117 0.061 0.090 0.046 0.047 0.009 0.011 0.0087
S-2 0.404 0.401 0.141 0.084 0.323 0.384 0.012 0.039 0.056 0.060 0.065 0.032 0.0195
82-19 g 0.651 0.649 0.113 0.101 0.199 0.214 0.005 0.013 0.017 0.012 0.015 0.010 0.0055
R-80 0.581 0.574 0.103 0.063 0.259 0.314 0.005 0.028 0.023 0.016 0.029 0.005 0.0051
83-1e 0.598 0.577 0.083 0.043 0.268 0.347 0.003 0.032 0.009 0.001 0.030 0.000 0.0137
82-2s 0.613 0.595 0.092 0.060 0.248 0.316 0.003 0.029 0.018 0.000 0.025 0.000 0.0292
11b 0.638 0.627 0.088 0.051 0.233 0.292 0.003 0.030 0.016 0.000 0.021 0.000 0.0214
14b 0.612 0.591 0.078 0.047 0.262 0.335 0.002 0.027 0.017 0.000 0.028 0.000 0.0200
Ila 0.668 0.652 0.078 0.061 0.221 0.270 0.002 0.017 0.013 0.000 0.018 0.000 0.0359
26-171 0.674 0.659 0.053 0.065 0.241 0.257 0.001 0.000 0.009 0.000 0.022 0.019 0.0204
3-1 0.713 0.709 0.033 0.024 0.230 0.245 0.0004 0.0017 0.003 0.013 0.019 0.007 0.0109
26-59 0.554 0.531 0.114 0.088 0.268 0.336 0.006 0.025 0.028 0.015 0.032 0.004 0.0029
SWE-79 0.712 0.696 0.046 0.038 0.218 0.258 0.001 0.008 0.007 0.000 0.017 0.000 0.0075
82-36b 0.629 0.628 0.138 0.103 0.190 0.226 0.008 0.035 0.021 0.002 0.014 0.006 0.0038
82-38 0.591 0.581 0.098 0.081 0.257 0.293 0.004 0.015 0.021 0.017 0.028 0.013 0.0071
82-37¢c 0.601 0.571 0.031 0.036 0.318 0.372 0.0004  0.000 0.008 0.004 0.042 0.017 0.0103
82-32u 0.648 0.631 0.113 0.098 0.201 0.250 0.005 0.021 0.018 0.000 0.016 0.000 0.0196
WDH-25 0.683 0.688 0.094 0.048 0.192 0.228 0.003 0.031 0.013 0.005 0.014 0.000 0.0060
82-29 0.616 0.601 0.154 0.133 0.184 0.234 0.010 0.032 0.022 0.000 0.014 0.000 0.0240

of cation. Al, Mg and Fe radial distributions were cal-
culated from one Al, Mg and Fe atom, respectively. For
random configurations, the radial distributions of Al, Fe
and Mg were uniform with only slight deviations from
the mean value. The results are similar for all samples,
with the only difference that the actual cation densities
vary with the sample owing to the different cation con-
tents. For IR-based MC configurations, the radial dis-
tribution of Al was similar to the random configuration
(Fig. 2a). The Mg distribution is random only at dis-
tances higher than 5 A, since no MgMg pair was found.
Fe distribution shows a marked increase of cation den-
sity for short distances with respect to the random
configuration, while the difference disappears at long
distance. This indicates short-range ordering of Fe. This
short-range ordering is more significant in samples with
high illite content than in those with low illite content
(Fig. 2b). The profiles of Fe radial distribution are
similar for both groups, but illite-poor samples present
ratios of 1.5-2.2 between the cation densities at short
distance (3.04 A) and long distance (>10 A), whereas for
illite-rich samples this ratio is 3.2-5. Also, illite-rich
samples have Fe density values at long distance that are
somewhat below those for the random configuration.

Charge dispersion

No MgMg pairs were detected in the FT-IR experi-
mental results, which is consistent with previous data
(Madejova et al. 1994). In half of the samples, the MC
IR-based configurations did not show any such pairs
either (Table 2) and the Mg radial distribution shows a
negligible density at 3.04 A (Fig. 2a). However, the other

samples showed a small number of them that increases
with Mg content, although the relative proportion of
these MgMg pairs is lower than 3% in all the cases
(Table 2). We corrected this small difference by means of
our MC simulation method. Increasing slowly the value
of the fpmeme factor [fx,, where KL =MgMg in Eq. (1)],
the MC simulations can obtain configurations fitted to
the IR data with a negligible proportion of MgMg pairs
maintaining a low value of RMS similar to the previous
configurations. However, the Mg radial distribution of
these new configurations shows that the proportion of
Mg at 5.25 A is still high (Fig. 3a). We do not have ex-
perimental evidence about the existence of such groups,
but they are likely to cause instability in the structure
owing to local charge imbalance. We then used Egs. (1),
(3) and (4) where Mg meta(obs) was made zero in order
to minimise the number of Mg-M-Mg groups in our
calculated distributions. The fyveme (KL = MgMg in
Eq. 1) and fygmera (Eq. 3) factors were tuned up carefully
in order to produce a maximal dispersion of Mg main-
taining a minimal RMS with respect to the IR data. The
introduction of this charge dispersion did not produce a
significant effect on the Al and Fe distribution (Figs. 3b,
4a, b), and it generates a more stable and hence more
realistic distribution. Figure 4a and b depicts the charge
dispersion effect in the IR-based MC distributions for
14b, a sample with intermediate illite and Mg contents. A
certain partial ordering can be observed for Mg distri-
bution (Fig. 4b), in which Mg tends to form some su-
perstructures (hexagons of Mg with a radius of 6.08 A)

The Mg radial distribution of these configurations shows
no Mg at distances shorter than 6 A and a high con-
centration of Mg at 6.08 A (Fig. 3a). This concentration
at 6.08 A will depend on the Mg content in the sample.
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MC simulations based simultaneously on FT-IR
and NMR data

The inclusion of experimental NMR intensities as an
observable in the MC simulations introduces spatial
information of larger range because Fe atoms have a
minimum wipeout (of NMR signal) sphere radius of
7.5 A, as indicated above. The faymr factor in Eq. (5) was
tuned carefully in order to obtain configurations fitted to
the NMR data maintaining similar RMS values to those
of the MC IR-based configurations. In Fig. 4a and c, the
IR-based and the IR/NMR-based MC configurations of
sample 14b are shown. Their comparison shows what can
be observed for all samples: the size of Fe clusters is
smaller in the IR/NMR-based configurations than in the
IR-based ones. This is also shown by the diagrams of Fe
radial distribution. Fe density decreases more rapidly
with distance in IR/NMR-based configurations (Fig. Sa,
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b). This difference between IR- and IR/NMR-MC dis-
tributions becomes larger with increasing illite propor-
tion in the I-S specimens (Fig. 5a, b). Nevertheless, Al
and Mg radial distributions are similar for both kinds of
calculations. No IR/NMR-based configuration with a
low RMS value could be found for illite-rich samples
whose Fe content is not low (82-29, 82-38, 82-36b and 26-
59). These samples were found by Cuadros et al. (1999)
to plot away from the general trend of Fe segregation in
the same set of samples. Similar discrepancies were found
by using a wipeout radius of 6 A for the Fe effect, and
these differences were higher with a radius of 8.5 A. This
different behaviour in these illitic samples indicates that
Fe segregation follows patterns that are not detected by
FT-IR and NMR analyses.

We also performed MC simulations using simulta-
neously FT-IR data, Mg dispersion, and NMR data
(Eq. 7). We found configurations that fit all these vari-
ables maintaining RMS values similar to those of the
MC IR-based configurations (Table 2) except for the
samples mentioned above. In all cases, Fe distribution
was similar to that without including a Mg dispersion
factor (Fig. 5b).
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Discussion

Our FT-IR and ’Al MAS NMR data indicate that Fe
segregates from Al and Mg in the analysed I-S series.
27A1 MAS NMR data also indicate that Fe segregation
increases with illite content. Analysis of the IR-based
MC configurations shows that Fe segregates by means
of a short-range ordering because Fe clusters up to 9—
15 A (depending on the sample) from a given Fe atom.
Further away, Fe concentration is approximately that in
a random distribution. Of course, FT-IR data do not
contain information on long-range ordering, and any
model based only on this technique will very likely fail to
recognise long-range ordering although it is present.
This is what happens with samples 82-29, 82-38, 82-36b
and 26-59. MC calculations generate configurations that
are consistent with the IR data. Nevertheless, when
NMR results are included in the calculation, the distri-
butions cannot be correctly reproduced.

The Fe distribution in IR- and IR/NMR-based MC
calculations is different in that Fe clusters are smaller in
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the latter. In Cuadros et al. (1999) only IR-based con-
figurations were used and the calculated NMR intensi-
ties from these models were compared with those
experimentally measured. The correlation was good with
the exception of the above-mentioned samples, and the
following equation was obtained:

INMR(calc) =0.13+ 0.963]NMR(€Xp) y (8)

where Inmr is the relative 2’Al MAS NMR intensity
with respect to 82-37c; calc and exp represent the cal-
culated values for the IR-based MC configurations and
the experimental values, respectively. The intercept
shows that in most samples the calculated NMR value is
a little higher than the experimental one. This means
that the size of the Fe clusters is overestimated in the IR-
based MC configurations. This fact can be possible since
the FT-IR data cannot control the medium and long-
range ordering of cations. If the IR-based configurations
tend to create Fe clusters larger than the actual ones, this
difference is proportional to the size of clusters because
the calculated-experimental ?Al NMR intensity corre-
lation is maintained. However, this difference can be
reduced by means of MC simulations based on FT-IR
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and NMR data simultaneously. In the NMR/IR-based
MC configurations, the Fe clusters are smaller than in
the IR-based configurations. Nevertheless, we cannot
conclude that the NMR/IR-based MC configurations
exactly represent the actual cation distributions because
of the approximations that had to be included: (1) our
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Fig. 5a, b Radial distribution of Fe in IR-based (open symbols) and
IR/NMR-based (filled symbols) MC configurations for a sample 1-87
(3% illite) and b sample 14b (64% illite). Filled circles and dashed line
in b correspond to a distribution with Mg dispersion constraints.
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observables give only short- and medium-range ordering
information; (2) NMR is an indirect observable in our
study and the intensities have been normalised with
respect to a non-free Fe sample. However, the NMR/
IR-based MC configurations are closer to the actual
ones than the IR-based MC distributions. Further
studies have to be performed in order to obtain more
conclusive information of the long-range ordering of Fe
in the I-S samples.

The illite-rich samples with a significant Fe content
cannot be appropriately calculated because Fe segrega-
tion is produced by long-range ordering, which is not
detected by FT-IR or NMR. To find the configurations
resulting from this long-range ordering, we can create
models with different patterns and see how they match
with the different experimental data. Here is an example
showing that different patterns produce different Fe ra-
dial distributions and that analysis of these distributions
can be used to determine the type and proportion of
configurations present. Figure 6 shows a chain-like and a
globular Fe distribution. In the former, Fe density at
3.04 A is high but that at 6.08, 9.12 and 10.9 A is negli-
gible. In the globular distribution, the concentration at
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Fig. 6a, b Fe radial distribution of hypothetical models of ordered
cation configurations (dotted lines represent mean values for random
distributions). a Linear segregation in AlygsFe; o b Globular
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3.04 Aois also high and no Fe is found at 8.1, 9.12 and
12.16 A. The high values observed in both cases at
13.25 A are artefacts caused by the selected distance
between chains and hexagons in these models. Distribu-
tions of intermediate type between the two yield radial Fe
densities that have also intermediate characteristics.
Thus, Fe radial distribution can be related to ordering
patterns. Fe contents in the given models (Al, gsFeq 1>
and Al, ggFeq 3, per formula unit in chain-like and glob-
ular models, respectively) are higher than those in our
samples and they cannot represent exactly the Fe distri-
bution in them. Further development of this strategy can
be used to analyse long-range ordering in these systems.

The minimisation of Mg—-M—-Mg groups is well “ac-
cepted” by the calculations. The configurations obtained
with this constraint maintain the low RMS values and
do not alter Fe distribution. Hence, although we do not
have experimental data indicating such dispersion, we
conclude that it occurs in the samples because unbal-
anced charge in the octahedral sheet is thus more
disperse.

The overall picture shown by our I-S samples is that
smectite illitisation causes an increasing Fe segregation in
the octahedral sheet. This segregation is achieved by
short-range ordering in specimens from low to interme-
diate illite content and by long-range ordering in illite-
rich samples. According to this trend, cation ordering in
the octahedral sheet changes gradually with illitisation.
Cuadros and Altaner (1998b) found that these bentonite
samples transformed from smectite to illite by means of a
solid-state mechanism (i.e. there was no dissolution of
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the original smectite and precipitation of I-S). This poses
the interesting question of how such a mechanism can
provide for the observed structural changes. It seems that
the solid-state transformation mechanism allows for
atom reorganisation at a scale large enough to create
long-range ordering. Further investigation to find clues
to the way in which reaction fronts are created and
propagated in this mechanism is desirable.

Conclusions

The combination of FT-IR, Al MAS NMR and in-
verse MC simulations is a powerful and sensitive method
to provide detailed information about the short-range
distribution of cations in the octahedral sheet of phyl-
losilicates. IR-based MC simulations are able to gener-
ate configurations that reproduce the experimental IR
data within experimental error. No MgMg pairs were
observed by FT-IR in our I-S series. MC calculations
using Mg dispersion constraints (minimum Mg-Mg
distance of 6 A) reproduced well the FT-IR data for all
I-S samples and did not alter Fe distribution. Mg seems
to order partially with the trend to form some super-
structures. All I-S samples present Fe segregation,
which is accompanied by an increase (with respect to a
random distribution) of the proportion of AIMg pairs.
Fe segregation increases with illite proportion. Analysis
of Fe radial distribution showed that Fe segregation is
caused by short-range ordering. MC calculations using
simultaneously IR and NMR data showed configura-
tions in which Fe clusters are smaller than those found
in IR-based configurations. MC calculations failed to
reproduce simultaneously IR and NMR data for illite-
rich samples with significant Fe content. This suggests
Fe segregation by long-range ordering, which cannot be
detected by FT-IR and NMR data. Thus, smectite
illitisation causes progressive Fe segregation in the
octahedral sheet, first by short-range ordering and
finally (>80% illite) by long-range ordering.
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