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Abstract This paper reports on the new application of
polarized extended X-ray absorption fine structure (P-
EXAFS) spectroscopy to fine-grained layer silicates tak-
ing the Garfield nontronite as a case study. Up to now ap-
plication of P-EXAFS to structural studies of layer sili-
cates has been restricted to single phyllosilicate crystals
(Manceau et al. 1988; Manceau et al. 1990), but we show
here that P-EXAFS can rigorously be applied to self-sup-
porting clay films without loss of spatial resolution. The
quantitative analysis of P-EXAFS requires however the
preparation of highly oriented clay films, the orientation
distribution of which can be assessed by texture goniome-
try. The Fe K-edge linear dichroism measurements were
simulated by ab initio EXAFS modeling performed on a
nontronite cluster whose structure was refined by dis-
tance-valence least-squares calculations. It is shown that
ab initio modeling quantitatively accounts for the angular
dependence of experimental EXAFS spectra. These calcu-
lations allowed for the identification of the fundamental
character of single- and multiple-scattering paths of the
photoelectron, and the structural interpretation of all spec-
tral features observed up to 6.5 � for the in-plane and out-
of-plane radial structure functions of nontronite. In prac-
tice, P-EXAFS measurements allow the determination
of the flattening angle of Fe(O,OH)6 octahedra, cations
distribution in the octahedral sheet with an enhanced sen-
sitivity, and differentiation between dioctahedral and trio-
ctahedral structures.

Introduction

Smectites have a wide occurrence in soils, weathering for-
mations and sediments (Stucki 1988; Güven 1991), and
dominate many physical, chemical and biological charac-
teristics of systems in which they are present (Borchardt
1995). The structure of smectites consists of an octahedral
sheet attached to two tetrahedral sheets (Fig. 1a). In di-
octahedral structures, only two of the three symmetrically
independent octahedral positions are occupied (Fig. 1b).
Most smectites contain iron within the octahedral sheet
(Stucki 1988), and the presence of Fe in ferric smectites
provides an opportunity to probe spectroscopically the
complex structure of these 2:1 dioctahedral layer silicates.

Ferric smectites are the iron-rich members of the di-
octahedral bedeillite ± nontronite series, and have the general
structural formula �Si8ÿxÿyAlxFe3�

y ��Fe3�
4ÿzAlz� Ex�x�yO20

�OH�4�nH2O; where Ex represents the interlayer cation (Gü-
ven 1991). It has been shown by X-ray and electron diffrac-
tion that ferric smectites have a C2/m layer symmetry, which
indicates that octahedral cations fill cis sites (M2) (Besson et
al. 1983; Tsipursky and Drits 1984) (Fig. 1b). The nontronite
from Garfield has been much studied because it, together
with the very rare Pfafenreuth sample (MØring and Oberlin
1967), is the only presently known representative of the ferric
end-member. Its structural characteristics have been analyzed
with a variety of diffraction and spectroscopic techniques, in-
cluding electron and X-ray diffraction, and Mössbauer, opti-
cal, XANES, EXAFS and NMR spectroscopy (Besson et al.
1983; Bonnin et al. 1985; Tsipursky and Drits 1984). Ac-
cording to the currently held view, Garfield nontronite is de-
void of 4-fold coordinated Fe3+, and its structural formula,
calculated based on the above spectroscopic and chemical
analyses, is (Si6.93Al1.07) (Fe3.97Mg0.01Ti0.02) O20(OH)4
Na0.97 nH2O. Due to the large amount of data available,
Garfield nontronite is a standard ferric smectite and, con-
sequently, a material of choice for the evaluation of new
structural approaches.

The main goal of this paper is to report on the new pos-
sibility offered by the application of polarized EXAFS (P-
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EXAFS) to the structural study of fine-grained layered sil-
icates, using Garfield nontronite as a case study. Applica-
tion of EXAFS to mineralogy is often limited by the
strong overlap of scattering contributions from neighbor-
ing atomic shells surrounding the X-ray absorber, which
restrict the spectral analysis to the 2±3 nearest shells lo-
cated below »3±4 �. Because of the highly polarized na-
ture of the synchrotron radiation, this difficulty can be

overcome for noncubic materials by analyzing the angular
dependence of X-ray absorption spectra. Neighboring at-
oms aligned along the polarization direction are preferen-
tially probed, while atoms located in a plane perpendicu-
lar to this direction are not observed. Using P-EXAFS to
study the structure of layer silicate has the advantage of
minimizing the contributions from the out-of-plane Si
and Al atoms residing in the tetrahedral sheet (Fig. 1a)
when the X-ray polarization vector is in the ab plane of
the layer. Conversely, when the polarization vector is
aligned along the c* axis (normal to the layer plane),
the contribution from octahedral layer cations vanishes.

Application of P-EXAFS to fine-grained layer silicates
requires strongly textured samples, i.e., with a high degree
of preferred orientation of constitutive crystallites, in or-
der to localize accurately scattering atoms relative to
the polarization direction. In the case of smectites, this
can be achieved by preparing self-supporting films. In
polycrystalline films, ab crystallographic planes of indi-
vidual platelets are preferentially aligned parallel to the
film surface, but important dispersion from this orienta-
tion may occur. Obviously, the greater the in-plane align-
ment, the greater the resulting angular anisotropy of
EXAFS spectra. Self-supporting films also differ from
single crystals by the orientation of crystallites within
the film. Crystallites are a priori randomly dispersed
within that plane about the normal, and the film is expect-
ed to possess a C¥ axis perpendicular to the film plane. It
comes from these considerations that accurate determina-
tion of the orientation distribution (OD) of the polycrys-
talline film is necessary to interpret quantitatively P-
EXAFS spectra. Generally, the OD of a film can be quan-
tified by X-ray diffraction employing a four-circle dif-
fractometer (Schulz 1949).

In the present study, P-EXAFS spectra were interpret-
ed by performing full multiple-scattering calculations.
The relative importance of single-scattering (SS) and mul-
tiple-scattering (MS) EXAFS contributions in the in-plane
and out-of-plane directions were discerned by ab initio
curved wave calculations by using the FEFF code (Rehr
et al. 1991). In particular, we have utilized the ability of
the latest version (FEFF7.02) to calculate EXAFS spectra
with polarized X-rays. Ab initio computations were deter-
mined from a structural nontronite model first calculated
by a combined distance-least-squares (DLS) and valence-
rule (VR) approach (Kroll et al. 1992). It will be shown
that combination of these two theoretical approaches, ab
initio P-EXAFS calculations and DLS-VR simulations,
in association with experimental P-EXAFS measurements
is complementary, and allows for interpretation beyond
the 3.3 � limit generally accepted for meaningful inter-
pretation of EXAFS spectra of phyllosilicates. We believe
this combination of techniques opens up new possibilities
for medium-range structural analysis of these minerals.
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Fig. 1 a Idealized structure of nontronite. b Projection down c* of
trioctahedral and dioctahedral layer silicates. Dark triangles are
(Si,Al)O4 tetrahedra. One tetrahedral sheet is not shown. M1 denotes
trans sites, and M2 cis sites. In dioctahedral structures the vacant
M1 site is larger than M2
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Theory

Polarized EXAFS

The amplitude of EXAFS spectra, and thus of peaks in ra-
dial structure functions (RSFs), depends on the angle
made between the electric-field vector (e) of the incident
radiation and the vector describing the join between ab-
sorbing and backscattering atom. In the plane-wave ap-
proximation, and for single-scattering processes, the an-
gular dependence of EXAFS spectra can be written (Stern
and Heald 1983):

c�k;q� �
X

j

3< cos2qj > cj
iso�k� �

X
j

XNj

i�1

3cos2 qj
i

ÿ �
cj

iso�k�
�1�

where j denotes the number of the neighboring atomic
shell, i runs over all the Nj atoms of the jth shell, qj

i is
the angle between e and the vector Rij that connects
the absorbing atom to the ith atom of the jth shell, and ciso
is the isotropic (i.e. for a non-oriented powder) contribu-
tion of the jth shell. For a perfectly random powder, there
is no angular variation, and c(k, q) becomes:
c�k� � c�k;q� � Pj c

j
iso�k�: In the curved-wave descrip-

tion of the photoelectron scattering, Eq. 1 possesses a
second order term in sin2q (Benfatto et al. 1989), which
is neglibible in the EXAFS regime of the absorption pro-
cess.

It follows from Eq. 1 that P-EXAFS measurements
provide directional, or orientational structure information,
and can be used to probe the structure of layer silicates
between two different directional limits, parallel and per-
pendicular to the (001) plane, by varying the angle be-
tween the self-supporting film and e. Because of the com-
plete random distribution of individual crystallites around
the normal to the film plane, qj

i varies from one crystallite
to another. Thus, this formula cannot easily be handled,
and requires transformation through the introduction of
angles independent of the orientation of layers in the film
plane. However, if one assumes that crystallites are per-
fectly axisymmetrically oriented around the film plane's
normal (this will be demonstrated by texture analysis),
then cos2q is independent of the projection of e onto the
film plane, and can be averaged around the film normal
(Bonnin et al. 1986). Figure 2a shows the coordinate sys-
tem defining the atomic pair geometry relative to the film
plane (X, Y) and e, for a given rotation a of the film
around X. The atomic pair position is determined by the
polar angle f, relative to the film normal Z, and the azi-
muthal angle W, relative to the X axis. The X-rays are in-
cident on the (Y, Z) plane and e makes an angle a with Y.
Thus, cos q can be readily expressed as a function of the
orientation of e relative to the film plane, a, and the ori-
entation of the atomic pair vector relative to the film nor-
mal, f:

cosq� �e :Rij�=�e x Rij� �2�

cosq� sinfcosa sinW� cosfsina �3�

< cos2q>� 1
2p

Z2p
0

cos2 qdW �4�

replacing cos2q by its expression in (3) and integrating,
the angle of Rij describing the atomic pair relative to e be-
comes:

< cos2q>� cos2fsin2a��sin2fcos2a�=2 �5�
and the relation between the crystallographic (Ncryst) and
the effective (Neff) number of neighbours can be written
(Manceau et al. 1990):

Neff � 3Ncryst�cos2fsin2a��sin2fcos2a�=2� �6�
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Fig. 2 a Coordinate system applicable to angular measurements on
self-supporting films. (X, Y) is the film plane, and X-rays are incident
on the (Y, Z) plane. a is the incidence angle between e and X, f is the
polar angle and W the azimuthal angle of the atomic pair i j. q is the
angle between e and the atomic pair. b Plot of the effective number
of atomic neighbours (Neff) as a function of a and f angles
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This two-variable Neff/Ncryst function is plotted in Fig. 2b.
Observe that from knowledge of f it is possible to calcu-
late Neff for every experimental a angle. For a=35.3� Neff
is independent of f and, conversely, for f=54.7ë it is inde-
pendent of a because for both angles ácos2qñ=1/3 and
c�k� � c�k;q� �Pj c

j
iso�k�: Consequently, the powder

EXAFS spectrum of an axisymmetrically textured solid
may readily be recorded from a self-supported film orient-
ed at a=35.3ë (Manceau et al. 1990). Likewise, if an
atomic pair makes an angle f=54.7ë from the sample nor-
mal, then Neff=Ncrys:f=54.7ë is a ªmagic angleº and the P-
EXAFS amplitude of the considered pair is independent
of the orientation a of the sample relative to the X-ray
beam. For f<54.7ë, c(k, a) increases with a, whereas
for f>54.7ë, c(k, a) decreases with increasing a.

Quantitative texture analysis

The quantitative determination of the texture is based on
the concept of orientation distribution (OD) (Bunge
1981), which represents the distribution of all possible
orientations of constitutive crystallites in a polycrystalline
aggregate. To assess the OD function, one generally con-
ducts X-ray, neutron or electron diffraction experiments
(Wenk 1985). Such experiments consist of measuring
the so-called {hkl} pole figures, relative to the specific
{hkl} equivalent crystallographic planes of the material.
With X-rays, this is in practice performed on a diffracto-
meter, as schematically shown in Fig. 3. Figure 3a repre-
sents the three rotation movements qhkl, j and r, respec-
tively Bragg angle, azimuthal and colatitude rotations.
Note that, after having fixed qhkl for the sample (and 2 qhkl
for the detector) suitable to obtain diffraction on the {hkl}
planes, the two other rotations conserve qhkl. It is then
possible to rotate the sample in every position around j
and r to bring successively all crystallites into a diffract-
ing position. At each position the diffracted intensity,
Ihkl(r j), is proportional to the number of {hkl} planes
which are in the (�r, �j) orientation in the sample. Fig-
ure 3b illustrates how crystallite planes oriented (�r, 0)
within the film are brought to diffraction position by a
r rotation. In this figure, the darker {hkl} planes diffract
if a suitable X-ray beam is provided.

Once diffracted intensities have been measured for all
possible (r, j) positions, they are projected onto the sam-
ple plane using an equal-area projection for qualitative vi-
sual representation and subsequent quantitative analysis of
the textural order of the sample. Let us first imagine the
extreme case of a sample composed of a single crystal
aligned with its main crystallographic axes [100], [010]
and [001] aligned parallel to the macroscopic XYZ refer-
ence frame (Fig. 4a, left). The corresponding theoretical
{001/100/010} pole figures consist of point-like high in-
tensity regions corresponding to the [001]*, [100]* and
[010]* directions (Fig. 4a, right). As an example, we show
the experimental multipole figure for the (131/1Å31), (004)
and (2Å02) reflections for a single crystal slab of biotite in
Fig. 4b. The slab normal corresponds to the [001]* direc-

tion of biotite, localised in the center of the pole figure
(parallel to the Z axis), which indicates that the ab plane
of biotite is parallel to the XY slab plane. The [131/
1Å31]* and [2Å02]* directions are localised at r»65ë from
Z and at j»120ë from one another, their respective posi-
tions within the single crystal. Such pole figures could
have been obtained on a polycrystalline sample with all
crystallites perfectly aligned as in the case of biotite. Fig-
ure 4c shows how macroscopic sample and microscopic
crystal reference frames are correlated. For this purpose
we calculated (100), (010) and (001) theoretical pole fig-
ures of an hypothetical polycrystal having a Gaussian dis-
tribution of crystallites of 10ë of half width, with ortho-
rhombic axes preferentially aligned on X, Y and Z. The op-
posite extreme of Fig. 4a could be obtained on a sample
without any preferred orientation (randomly distributed
or powder sample) where a constant diffracted intensity
is measured at any (r, j) position of the sample, yielding
a homogeneous pole figure. The orientation distribution
concerning our samples is between these extremes, corre-
sponding to axially symmetric preferred orientations, for
which the [001]* direction is aligned parallel to Z.

Normalization of diffracted intensities into pole densi-
ties Phkl(r, j) is necessary to compare samples regardless
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Fig. 3a, b X-ray diffraction reflection geometry used for texture
analysis. a A {hkl} pole figure is measured for a fixed qhkl, while
the sample is rotated by r and j (both conserving qhkl). b Side view
of a showing how crystallographic planes are brought to a diffrac-
tion position by a rotation of r
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of their porosity, presence of several phases, etc., and is
achieved by integrating the intensities over j and r, as-
suming that the averaged intensity of every pole figure
is constant whatever the true texture is. Pole densities
are expressed in mrd, or multiple of a random distribu-
tion, and equal 1 mrd for a random sample whatever hkl
and (r, j), while pole figures of textured samples will ex-
hibit values above and below 1 mrd. For a single crystal
(biotite of Fig. 4b) the orientation density tends to infinity
for all {hkl}, limited only by experimental resolution
(mainly beam divergence) and the crystal mosaic.

In smectites only a few reflections are accessible as a
result of their high d-spacings (qhkl is too low to ensure
constant irradiation of the sample) and systematic extinc-
tions. This prevented us from measuring a large enough

sample of pole figures to ensure that all texture compo-
nents were revealed, even if information for all compo-
nents were fortuitously present in all pole figures. The
hkl reflections were also strongly overlapping because
of poor 3 dimensional periodicity, i.e., turbostratic layer
stacking (Eggleton 1977). Consequently, the measurable
peaks consisted of several overlapped reflections, which
resulted in multipole figures of complex direct interpreta-
tion. It was then absolutely necessary to calculate the
complete OD from these multipole figures to obtain a
quantitative description of the texture. Once the OD has
been determined, every desired single pole figure can be
recalculated. We used an iterative method, called WIMV,
to quantify the OD (Matthies et al. 1987), which is based
on the numerical refinement of the pole figure data by
minimizing the reliability factors:

RP� 1
I

X
hkl

X
j

Pcalc
hkl �j�ÿPobs

hkl �j�
Pobs

hkl �j�
�7�

where Pobs and Pcal refer to the observed and recalculated
intensities (I) of pole figures, and j is for all j P values.
The RP factors depend on the texture strength and, conse-
quently, make comparison of the quality of the refinement
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Fig. 4 a Definition of the projection plane for a pole figure, with re-
spect to sample coordinates (left) and schematic {001} pole figure in
the case of a single crystal with cubic symmetry with main axes ori-
ented parallel to the sample frame (right). b
{004=�131=131=�202}multipole figure of a single crystal slab of
monoclinic biotite showing very narrow poles. c Theoretical
{100}, {010} and {001} pole figures for a Gaussian distributed tex-
ture of 10ë half-width (orthorhombic symmetry) with the same ori-
entation as a
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between samples somewhat ambiguous. This drawback
can be eliminated by introducing weights (w) in (7),
which incorporate the regular statistical distribution of
the measured (obs) and recalculated (calc) diffracted in-
tensities Ihkl(r j) (Chateigner et al., to be published).

Rw� 1
I

X
hkl

X
j

�wobs
hkl I

obs
hkl �j�ÿwcalc

hkl Icalc
hkl �j��2

wcalc2

hkl Icalc2

hkl �j�
�8�

The overall texture strength is quantified with the texture
index F (Bunge 1981):

F � 1
8p2

X
g

� f �g��2Dg �9�

where f(g) is the orientation distribution function, which
represents the orientation distribution of the constitutive
crystallites, and Dg is the OD cell volume.

DVLS

The distance-least-squares (DLS) structural modeling, in-
troduced by Meier and Villiger (1969) is based on the fact
that the number of crystallographically independent inter-
atomic distances in most structures exceeds the number of
atomic coordinates and unit cell parameters, so that the
latter may be determined by prescribing a sufficient num-
ber of the former. Recently, DLS minimizations have
been applied to model the structure of the phyllosilicates,
stilpnomelane and parsettensite (Bish and Von Dreele
1989; Guggenheim and Eggleton 1994). Since DLS only
adjusts distances between atoms without considering local
electrical neutrality, the DLS method tends to produce
regular coordination polyhedra, and irregular distances
must be prescribed to prevent this tendency. This limita-
tion can be overcome by incorporating bond-valence
(VR) rules into the DLS method.

The VR approach was developed by Brown and co-au-
thors (Brown 1981, 1992; Brown and Shannon 1973), and
is based on the concept of bond valence first introduced
by Pauling (1929). An important VR rule states that the
sum of individual bond valences formed by an ion equals
the formal valence of this ion. The distance-valence least-
squares (DVLS) program developed by Kroll et al. (1992)
minimizes the sum of three functions F1, F2 and F3. The
distance-least-squares function, F1, is simply the sum
over all inequivalent distances in the structure:

F1�
X

pq

�wpq�R1
pqÿRpq�2� �10�

where R1
pq is the prescribed interatomic distance for the

p q atomic pair, Rpq the refined distance, and wpq an em-
pirical weight. Similarily, F2, the angle-least-squares
function, sums all angular deviations for a given three-at-
om group:

F2�
X
pqr

�wpqr�j1
pqrÿjpqr�2� �11�

Here, the angle j at atom p is defined by the three atomic
relative positions of p, q, and r, and j1

pqr is the prescribed

angle, jpqr the refined angle, and wpqr is an empirical
weight. The valence-least-squared function, F3, sums
over all deviations from the formal valence of a particular
atom of pre-defined coordination within the given struc-
ture:

F3�
X

p

�wp�V1
p ÿVp�2� �12�

where V1
p is the formal valence of atom p, and Vp the cal-

culated valence. The total valence Vp of an atom is ob-
tained by summing its individual bond valences:
Vp �

P
q npq � npq values were calculated by the classical

empirical expression relating vpq to bond lengths Rpq
(Brown and Altermatt 1985):

npq � exp��R0
pqÿRpq�=0:37� �13�

where R0
pq is a bond length normalized to bond valence 1.

The R0
pq were determined from a systematic analysis of

several thousand inorganic structures (Brese and O'Keefe
1991; Brown and Altermatt 1985; Brown and Shannon
1973).

Experimental

Sample preparation

The presence of intimately mixed Fe oxide impurities in nontronites
has been noted (Güven 1991; Murad 1987), and their removal was
accomplished by carefully performing successive sedimentations
in deionized water. The Na-saturated <2 mm size fraction of the pu-
rified Garfield nontronite was then used. Thus, the chemical formula
for Garfield in this study is considered to be close to that given by
Bonnin et al. (1985). Additionally, biotite B-13 served as a trio-
ctahedral Fe(II) reference and has been extensively studied (Manc-
eau et al. 1988; Manceau et al. 1990).

Highly oriented self-supporting films were prepared by vacuum
(�0.8 MPa) filtration of dispersed nontronite suspensions onto
47 mm diameter filters (Millipore) with 0.05 �m pore size. The mass
of clay necessary to yield films of suitable thickness for EXAFS
measurements was based on the diameter of the filter support and
the total Fe content of the clay. After filtration, the filter with clay
film was cut in half, and a 1 cm wide strip was cut from each half,
yielding two »1�4 cm films for X-ray measurements (pole figures
and EXAFS).

Texture analysis

The X-ray diffraction texture analysis experiments were performed
using a Huber texture goniometer in the reflection mode mounted
on a classical X-ray generator. We used a point-focused incident
beam of 1 mm diameter and monochromatized iron radiation. An os-
cillating sample holder diminished sample inhomogeneities at the
beam scale. Three multipole figures, {004/113

�
}, {020/110} and

{200/130} were measured. The intensity of individual components
was not discerned due to overlap of reflections. We consequently
considered the amount of overlap as unknown and resolved overlap-
ping reflections during the OD refinement procedure. Pole figures
were measured using angle increments in tilt (r) and azimuth (j)
of 5ë, and angular ranges of 0£r£85ë and 0£j£360ë for all pole fig-
ures. Data were corrected for background and defocusing, and cali-
brated by measurements on a standard randomly oriented sample. In
order to minimize defocusing as much as possible, relatively open
(4 mm) detecting slits were used, which ensured a constant signal
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on the random standard up to r=70ë, without significant background.
The pole figures were normalized into multiple of random distribu-
tion (mrd), and the orientation distribution (OD) calculated using the
WIMV algorithm of BEARTEX (Wenk et al. in press). The OD was
iteratively refined up to a velocity of convergence of 0.3%, and was
then used to recalculate multiple and single pole figures. The com-
parison between experimental and recalculated pole figures permit-
ted visual evaluation, while RP and Rw values quantified the quality
of the OD refinement.

P-EXAFS

Care was taken to ensure high quality EXAFS measurements. To
avoid sample thickness effects, the absorption jump across the edge
Dm x, where m is the absorption coefficient and x is the sample thick-
ness, typically must be lower than 1, and the sample must be homo-
geneous in thickness (Manceau and Gates 1997; Stern and Kim
1981). The mass of sample sedimented in the filter was such that
Dm x=1 at the experimental angle of a=60ë. The second condition
is easily realized with self-supporting films. The comparison of
EXAFS spectra recorded on a film and on a powder sample showed
that for identical recording conditions the signal to noise ratio is
much improved when working with films. It is also important that
the size of the particles be smaller than one absorption length in
the material (Lu and Stern 1983), Dm d<1, where d is the particle
size. Thus, d should be smaller than m�1. At the Fe K-edge of non-
tronite d should be lower than 40 �m, a condition which is amply
satisfied since the clay fraction of a material is operationally defined
as <2 �m.

The Fe K-edge EXAFS measurements were performed on the
XAFS I spectrometer at LURE (Orsay, France) using a Si (331)
channel-cut monochromator. The X-ray absorption data were re-
corded over the 6900±8000 eV energy range (E) corresponding to
a Bragg angle variation from 46ë to 38.5ë. Over this angular range
more than 99.9% of the synchrotron radiation is linearly polarized
in the (Y, Z) plane, being precisely 100% at the monochromator
Bragg angle of 45ë (Hazemann et al. 1992). The sample was rotated
around the X axis (Fig. 2) with a equal to 0, 20, 35, 50 and 60ë. Mea-
surements were performed in transmission mode with gas ionisation
chambers filled with an air/helium mixture dosed to attenuate the

beam intensity by »20% before and »50% after the samples. The
counting time was 5 s per point.

Data analysis was carried out following standard procedures
(Lengeler and Eisenberger 1980): the background contribution prior
to the edge jump, m xb(E), was fitted with a linear function and sub-
tracted from the experimental spectrum m x(E). The post-edge ab-
sorption was fitted with a smooth spline formed by three cubic poly-
nomials to simulate the atomic-like term m x0(E). The EXAFS signal
was then determined as c(k)=[m x(E)�m xb(E)�m x0(E)]/m x0(E).
The photoelectron wave vector k is defined by

k� �������������������������������������8mp2=h��EÿE0�
p

; with m the effective mass of the electron,

h the Planck constant, and E0 the energy origin defined to be at Dm x/
2. The intensity of c(a=90ë) was calculated via linear regression as a
function of cos2a and extrapolation to 90ë by using the formula
c(a)=[c(0ë)�c(90ë)]cos2a+c(90ë) (Brouder 1990; Heald and Stern
1977; Manceau et al. 1988). Fourier transformation of c(k) to real
space was performed using a Kaiser function window to minimize
the intensity of side lobes resulting from truncation effects (Manc-
eau and Combes 1988).

Experimental results

Quantitative texture analysis

Experimental-normalized and OD-recalculated multipole
figures are presented in Fig. 5. The OD-recalculated pat-

020/110                                                       020/110                                               200/130

36.3

1mrd

0

200/130                                                       004/11 3                                           004/11 3
±                                                                          ±

Fig. 5 Experimental normalized and OD-recalculated pole figures
(upper left to lower right in successive order) for Garfield nontroni-
te. Experimental pole figures are satisfactorily reproduced by the
computation. The dashed circle on the {004/113

�
} pole figure repre-

sents the {113
�

} trace. Due to the turbostratic structure of smectites
this reflection has a very low intensity on the powder XRD pattern
of nontronite, and appears as a scattering background in the prolon-
gation of the 020 reflection. In {020/110} and {200/130} pole fig-
ures, zones of iso densities form regular rings, which indicates that
the film possesses a <001>* fiber texture. Logarithmic density
scale. The intensity of {113

�
} in the {004/113

�
} pole figure is 15%
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terns look very similar to the experimental patterns, which
assesses the reliability of the quantitative analysis. The
{113

�
} reflection of the {004/113

�
} overlap appears as a

ring at r=42ë and is visualized by a dashed circle in
Fig. 5. The presence of these spots indicates that disper-
sion of crystallites within the sample is low. The relative
averaged deviations RP1 and Rw1 (for density values
above 1 mrd) are equal to 10.1% and 5.6%, and RP0
and Rw0 (for all densities) to 16.9% and 6.8%. These val-
ues are fairly low, and compare favorably with recent re-
sults on strongly textured compounds having orthorhom-
bic crystal symmetry (Chateigner et al. 1997; Wenk et
al. 1996). The large difference between RP and Rw values
arises from the fact that the former factor increases with
the texture strength F, which is as high as 86 mrd2 in
our sample. The low value of these reliability factors al-
lows us to place confidence in the correctness of our
OD calculation. In fact, the difficulty in measuring pole
figures for this clay film (disordered monoclinic com-
pound) was only successfully overcome by using a count-
ing time of 30 seconds per measured point.

In {020/110} and {200/130} pole figures, zones of iso
intensities form regular rings, which is an indication of a
random distribution of the crystallite a and b axes in the
sample plane. The distribution of crystallites is thus axi-
symmetrical with the symmetry axis parallel to the film
normal, the so called <001>* fiber texture (compare with
Fig. 4b). The OD values indicated that this self-supported
film contains only one orientation component.

The {004/113
�

} multipole figure does not reveal the
overall maximum density of the OD since it corresponds
to an overlap of reflections. Nor does it allow for a clear
visualization of crystallite dispersion since individual re-
flections of the overlap are not localized exactly at the
same r angle. The {001} pole figure was thus calculated
from the OD (Fig. 6a). Comparison of Figs. 5 and 6a
shows that the central spot is smaller in the {001} than
in the {004/113

�
} pole figure as a result of the elimination

of (113
�

) reflections. The maximum orientation density
reaches 39 mrd. To our knowledge, this is the first report
of such high orientation for monoclinic self-supported
films. Since the film has a fiber-like texture, the full density
distribution can simply be represented by a radial section of
the pole figure (Fig. 6b). The r scan of Fig. 6b has been
obtained by averaging over all j angles the normalized in-
tensities of the {001} pole figure for each r value. Exam-
ination of this figure shows that the maximum dispersion of
c* axis is �30ë as beyond this value the orientation density
vanishes. The full width at half maximum of the crystallite
dispersion is equal to 19.8ë, and r at the 1 mrd density level
is 23ë. Unfortunately, it is not possible at present to corre-
late quantitatively r and Neff. However, the out-of-plane
distribution of c* for individual crystallites is very low,
and the difference between Neff estimated from the crys-
tallographic structure assuming an idealized fabric
(Eq. 6), and the real value measured by P-EXAFS should
be negligible to a first approximation. For instance, Neff
for an Fe�Fe pair belonging to a layer disoriented by
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Fig. 6 a Nonoverlapped {001} recalculated pole figure. b Integrated
r scan of the previous pole figure showing the angular dispersion of
c* for the individual crystallites. The 1 mrd density level is repre-
sented by an horizontal dashed line

19.8ë/2=9.9ë is as low as 0.09 in the out-of-plane orienta-
tion as compared to zero for a perfectly oriented layer.
The Neff for most dispersed layers (r=30ë) is 0.75.

P-EXAFS

c(a=90ë) calculation

Figure 7 shows the k3-weighted P-EXAFS spectra ob-
tained under the different polarization configurations
0ë<a<60ë. The quality of data is very high, up to nearly
14.7 ��1. A large dependence upon polarization is seen,
consistent with a successful preparation of a highly orient-
ed clay film. Polarization effects will be interpreted struc-
turally in the following sections by examining Fourier
transforms (FTs) of the EXAFS spectra. In the present
section, the accuracy of the extrapolation method for cal-
culating c(a=90ë) will be considered in some detail as it is
the first time that this approach has been applied to the
study of clays.

The k3c(k, a) spectra display isosbestic points at values
of k for which c(k) is independent of a. Thus, there exist a
number of k values where all spectra should have precise-
ly the same c value. Isosbestic points are very sensitive to
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both experimental artifacts and normalization errors dur-
ing the extraction of c, and thus represent a stringent test
to assess the reliability of P-EXAFS measurements. Iso-
sbestic points are observed over the entire k span
(Fig. 7), despite the lower signal amplitude and signal to
noise ratio at the higher k range.

The accuracy of P-EXAFS in detecting the anisotropy
of bond vectors in clay films can be quantified by calcu-
lating r2 linear regression coefficients for each k value.
The goodness of the extrapolation procedure may then
be evaluated by plotting either k3c(a) for specific k val-
ues or r2(k) function (Figs. 8 and 9). Selected plots of
k3c(a) in Fig. 8 correspond to k values where the angular
variation of the signal was maximum. Note that five mea-
surements are sufficient to calculate c(k, a=90ë) with a
high accuracy: r2 is generally greater than 0.99, with a
noticeable exception for c(k=9.05,a =35ë) where
r2=0.969. For this point the maximum deviation between
measured and calculated c is 2.5%. Except in this partic-
ular situation, the error was generally below 1%, and
2.5% is clearly an extreme case, which we assume to be
due to experimental error in the measurement of � at this
particular energy. Examination of r2(k) traces represented
in Fig. 9 leads to the following observations. First, r2 val-
ues are generally greater than 0.9 for most of k values.

Second, r2 are more dispersed above 10 ��1 as a result
of the progressive signal dumping and concomitant in-
creased noise. Third, Fig. 9 exhibits a series of points
where r2 values are low. Explanation of this behavior is
provided by comparison of r2 with c(k, a) (Fig. 9): these
sharp lines precisely coincide with the position of isosbes-
tic points. Then, it becomes obvious that the calculation
of c(k, a=90ë) has no statistical significance wherever c
is independent of a.

Another assessment of precision for the linearization
and extrapolation method is to compare experimental
and recalculated spectra at particular angles. Figure 10a
shows that k3c(k, a=35ë)exp and k3c(k, a=35ë)recalc are
hardly distinguishable over most of the k range. As ex-
pected from the anomalous c(k=9.05, a=35ë) measure-
ment noted previously, some spectral differences are no-
ticeable at k=9.05 ��1, but also for k>12 ��1 owing to
the dumping of the signal. The quality of the extrapolation
may lastly be evaluated from comparison of
k3c(k, a=35ë)exp with the sum 2/3k3c(k, a=0ë)exp+1/
3k3c(k, a=90ë)calc as m�(a=35.3ë)=2/3 �k+1/3 �^ (Manceau
et al. 1990) (Fig. 10b). This analysis demonstrates that
c(a=90ë) can be calculated with a very high degree of pre-
cision from the measurement of a series of c(a<90ë)
spectra.

Qualitative interpretation

Radial structure functions (RSFs) obtained by Fourier
transform of the P-EXAFS spectra are shown in Fig. 11.
The FTs were executed on k- and k3-weighted c spectra.
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Fig. 7 The k3-weighted Fe K-edge polarized EXAFS spectra for
Garfield nontronite at a angles of 0, 20, 35, 50 and 60ë. The 90ë
spectrum has been obtained by regression of the experimental ampli-
tude (see text). The amplitude of c decreases with increasing a at
8.5 ��1, and increases with a at 4 ��1. Note the presence of isosbes-
tic points where c(k, a) is independent of k
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These different k-weights present the opportunity to rein-
force alternatively the relative contribution of either the
low k or the high k region in the FT. As the low k region
is dominated by the contribution of ªlightº elements (i.e.,
O, Si) and by multiple scattering (MS) paths of the pho-
toelectron, and as the high k region is dominated by the
contribution of ªheavyº elements (i.e., Fe), these two sep-
arate treatments may reveal weak atomic contributions
that otherwise would be overlooked.

Five peaks labeled A, B, C, D and E are observed on
FT(k c(k)) at distances, uncorrected for phase shifts, of
R+DR»1.6±1.7, 2.7±2.9, 3.1±3.6, 4.1±4.2, and 4.8±4.9 �
(Fig. 11). Peak A corresponds to the ligation O,OH shell
at the averaged crystallographic R distance of 2.01 �,
and peak B results from nearest in-plane Fe (Fe1) and
out-of-plane Si,Al (Si1) atoms at R=3.05 � and 3.26 �, re-
spectively (Fig. 12) (Manceau et al. 1988; Manceau et al.
1990). Owing to the importance of MS paths above
R»3.3 � (Chaboy and Garcia 1996; O'Day et al. 1994),
more distant peaks cannot unequivocally be assigned

without theoretical computations. A good example of
the need for theoretical calculations at higher values of
R is provided by peak C, which is resolved on FT(k c(k))
but is convoluted with peak B on FT(k3c(k)) plots. This
difference may originate from next-nearest Fe�(O,OH)
pairs, or from MS paths as both types of scattering events
have a maximum amplitude in the low k region.

Three kinds of angular dependence are observed on
Fig. 11: (1) a decrease of the intensity of RSF peaks with
increasing a (peaks A and C); (2) the opposite trend of in-
creasing intensity with a (peak D); (3) a decrease associ-
ated with a shift in distance of the peak (peaks B and E).
The first situation happens when the atomic pair makes a
f angle larger than 54.7ë, and, conversely, the second
when f<54.7ë (Eq. 6). The third situation occurs when
a RSF peak contains two overlapped contributions, one
with f<54.7ë and the second with f>54.7ë. This is the
case for phyllosilicates in the Fe1 shell (f=90ë) at
3.05 � and the Si1 shell (f=32ë) at 3.26 �: short distance
Fe�Fe pairs are maximized for the ek and minimized for
the e^ orientation, whereas the opposite trend is observed
for the longer distance Fe�(Si,Al) pairs. Manceau et al.
(1990) showed that the strong anisotropy of polarization
dependent FT(k c(k)) functions could be used to single
out the contributions coming from the octahedral (Fe�Fe)
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and from the tetrahedral [Fe�(Si,Al)] sheet of biotite crys-
tals. Thus, the anisotropy of these two contributions to
peak B allows us to probe separately, and with high sen-
sitivity, the in-plane and out-of-plane structure of clays.

First atomic shell analysis

In edge-sharing octahedral structures, octahedra are gen-
erally flattened and the distortion is quantified by the
flattening angle y (Fig. 13a). This angle is defined as
the angle between two diagonally opposite oxygens and
the vertical (c* direction) (Bailey 1991). Apart from very

distorted polyhedra, this angle is identical to the average
f� angle for the six Fe�(O,OH) pairs of octahedra. For in-
stance, in the DVLS nontronite model, f�=56.7ë and
y=56.6ë. Consequently, y can be determined from the
angular dependence of the first atomic shell contribution
in P-EXAFS experiments. For a perfect octahedron,
y=54.4ë (Fig. 13a) and the Fe�(O,OH) contribution will
be invariant with a. Figure 11 shows that the amplitude
of first RSF peaks decreases with increasing a, which in-
dicates that y>54.7ë (Fig. 13a). For ideally textured self-
supporting films, this angular variation is connected to a
and y by (Stöhr 1992):

Ia
I0
� 1� 1

2 �3sin2aÿ 1��3cos2yÿ 1�
1ÿ 1

2 �3cos2yÿ 1�
where Ia/I0 are the peak intensities normalized to a=0ë.
The value of y can be obtained by fitting the experimental
angular dependence to theoretical curves. Results are re-
ported in Fig. 13b together with theoretical Ia/I0 curves
for y=54.7, 56.5, 57, 58, and 70ë. The second angle was
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chosen because it corresponds to the DVLS-derived val-
ue, and the others to illustrate the high sensitivity of the
method. The precision on y is about 1ë (Fig. 13b), provid-
ed there is good crystallite orientation. Otherwise,
yexp<ycryst, and the method simply yields a minimum y
value. In the present study, given the very high orientation
of the film, one can assume that yexp=ycryst. The simula-
tion of experimental data yielded y=57±57.5ë, which is
close to 56.5ë determined from the DVLS model.

Theoretical results

DVLS

The Na-exchanged Garfield nontronite was assumed to
have an ideal three-dimensional structure along c* and,
consequently, DVLS modeling was done in space group
C2/m with unit cell parameters a=5.277 �, b=9.14 �,
c=9.78 �, and b=101ë (Besson et al. 1983; Tsipursky
and Drits 1984). Parameter c is equal to 10.19 � in K-
nontronite and was taken to 9.78 � to account for the dif-

ference of size between sodium and potassium. Cell pa-
rameters were held constant while atomic coordinates
were adjusted. Starting coordinates were taken from the
structural model of montmorillonite (Tsipursky and Drits
1984). The atomic coordinates of Fe, Na, yO2 and yO4

were held invariant by special crystallographic positions.
The R0

pq values were taken from Brown and Altermatt
(1985). Since tetrahedra are filled by Si and Al atoms,
and these nuclei are indiscernible by Fe K-edge EXAFS,
R0
�Si;Al�O value was chosen as a weighted average of R0

SiO

and R0
AlO. The Fe�Si interatomic distance was defined

as the EXAFS value of 3.26 �. No attempt was made to
model the position of H bonded to O4, and the O4-H bond
valence was fixed to 1.

The DVLS-derived atomic coordinates, interatomic
distances and bond valences are given in Tables 1 to 3.
Examination of Table 3 shows that calculated valences
are very close to formal values, allowing us to place con-
fidence in the derived interatomic distances. The consis-
tency of this model for the layer structure of Garfield
nontronite will be assessed later by comparing DVLS-de-
rived theoretical to experimental P-EXAFS spectra.

In most phyllosilicates, the ideal lateral dimensions of
the tetrahedral sheet are larger than those of the octa-
hedral sheet causing a misfit in the structure. This misfit
is mainly relieved by an in-plane rotation of adjacent tet-
rahedra in opposite directions around an axis normal to
the layer, destroying the ideal hexagonal-sheet configura-
tion and forming pseudoditrigonal distortion in the ring of
tetrahedra (Bailey 1984). As shown in Fig. 12a, the direc-
tion of tetrahedral rotation is governed by the attraction of
basal O3 oxygens to the nearest Fe at 3.42 �. This causes
the O2 oxygens located on the mirror plane to move in to-
ward or out from the center of a given 6-fold cavity, in the
direction of the nearest octahedral vacant site. The rota-
tion angle j is a measure of the misfit, and is generally
greater for dioctahedral than trioctahedral species as the
former contain trivalent (Fe3+/Al3+) and the latter divalent
(Mg2+) cations (Fig. 1b). The DVLS-derived j angle is
7.7ë, which is a normal value for dioctahedral layer sili-
cates (Bailey 1984; Güven 1991). Rotation around c* pre-
serves the f angle, and thus does not modify the pleochro-
icity of O32 and O21 shells.

The difference of size between the tetrahedral and oc-
tahedral sheet is also partly compensated in dioctahedral
structures by a tilt of basal oxygens out of the (001) plane
creating a corrugation of the layer in surface (Lee and
Guggenheim 1981) (Fig. 12c). Oxygens approximately
above a vacant octahedral site (O2) move down by
Dz=0.1 to 0.2 � (Bailey 1984). As illustrated in Fig. 12b,
this displacement lengthens to 3.42 � the O1�O1 distance
between adjacent apical oxygens linked to two edge-shar-
ing Fe octahedra, and reduces to 2.88 � the distance be-
tween apical oxygens linked to the same octahedral edge
along [130] and [1�30]. The splitting of the O1�O1 dis-
tances allows the tetrahedral sheet to adapt to the vacant
site (M1) along b. The corrugation effect modifies the f
angle of the O21 shell, and splits the Fe�O21 and
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Fe�O32 distances, thus influencing the pleochroism of
this shell. In our DVLS structural model, the O21 and
O32 subshells were found to be at 4.03 and 4.21 �
(Dz=0.22 �) from the nearest Fe atom, which is consistent
with values reported for dioctahedral structures (Bailey
1984).

Ab-initio EXAFS modeling

FEFF simulations

The FEFF 7.02 simulations were carried out on the
DVLS-derived structural model for nontronite with the
following flags enabled: S2

0 (amplitude reduction fac-
tor)=0.85 O'Day et al. 1994), Rmax=8 �, NLEG=5 (up
to five successive scattering paths with total distances
£8 � were evaluated). Parameter S2

0 is independent of
the angle of X-ray incidence (Bauer et al. 1996; Lederer

et al. 1993) and was kept constant for all spectra. The total
number of paths is very large but only a small subset
proved to be needed to reproduce EXAFS features
(O'Day et al. 1994). Paths falling below a cut-off in mag-
nitude of 6% of the mean amplitude of the first
Fe�(O,OH) shell were excluded with no significant effect
on the quality of fit. Debye-Waller factors (s), accounting
for atomic disorder, were set to zero for the FEFF simu-
lations, and were subsequently adjusted to fit theory to
the experimental a=35ë. A minimum number of five sj
values proved necessary to yield a good spectral match:
sSS

1 � sSS
2 � 0:069 � for O1 and Fe1 shells, sSS

3 � 0:074
� for Si1, sSS

n � 0:10 � for single-scattering (SS) paths
of more distant shells, and sMS

n � 0:11 � for all MS paths.
The disorder term for SS paths was found logically to in-
crease with distance from the central atom, and sMS>sSS,
as expected from theory (Rehr et al. 1992). Disorder
terms, s, are intrinsic values characteristic of the solid
and, consequently, do not vary with a.

The FT(k3 c(k)) functions obtained by the simulations
are compared in Fig. 14a, and contrasted to experimental
data in Fig. 14b±e. The oscillating curve is the imaginary
part of the FT, and the envelope of this curve is the am-
plitude, RSF=[Im(FT)2+Re(FT)2]1/2. Examination of
Fig. 14 shows that the polarization dependence of individ-
ual FT(k3 c(k)) features is well reproduced by these calcu-

Si1

Si1

Si2

Si2

Si3

O12

O14

O13

O14

O11

O22

O31

Fe3

Fe3

Fe3

Fe2

Fe2

Fe2

Fe2

Fe2

Fe1
Fe

Fe1

Fe1

O33

O32

O34

O35

30° -ϕ

a

a

b-c*

b

O1 O1

O1O1

O1 O1

3.42 Å

2.88
Å

[1
30

]

2.
88

Å

a

b+c*

O2

O2

[130]

c

b

c

O42

O42

O43

O43

O43

O43

O21

O41

O41Si3

Si3

Si3

O23

Fe2

Si2

O11 O12

O35

O35

Fig. 12 a Representation down c* of the successive atomic shells
around Fe in the structure of nontronite. b Splitting of O1�O1 dis-
tances in dioctahedral structures in response to the presence of a
large M1 site. One tetrahedral sheet is not shown. c Representation
of the biotite and nontronite structure down [100]. Dioctahedral
structures have a flat and trioctahedral structures a corrugated basal
plane



360

lations. The position, amplitude and phase (Im part) of all
contributions are quantitatively reproduced to a high de-
gree of accuracy for all the a angles. Extinction of the
Fe�Fe1 contribution at a=90ë is validated by the phase
and amplitude match of second FT(k3 c(k)) peaks in the
experiment and theory (Fig. 14e). As indicated by
Fig. 14a, a residual contribution of the in-plane Fe1 shell
at a=90ë for FT(k3 c(k))exp would have enhanced and
shifted to shorter distances peak B relative to
FT(k3 c(k))th. The extinction of this shell at a=90ë is an
indication of the high orientation of platelets in the film
plane, and is fully consistent with results from texture go-
niometry. This analysis shows that the quality of the film
preparation in terms of texture can also be checked from
P-EXAFS measurements by comparing experimental and
theoretical FT(k3 c(k, a)) functions calculated for a per-
fect orientation of clay layers.

It is important to emphasize that successful spectral
agreement between ab initio simulations and experimen-
tal data was obtained with virtually no fitting. Only a few
Debye-Waller parameters were adjusted by trial and er-
ror, and these s values are in agreement with those pre-
viously reported for clays (Manceau et al. 1988, 1990;
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Table 1 DVLS-derived atomic coordinates for Na-exchanged Gar-
field nontronite assuming a perfect, defect-free, layer stacking.
Space group: C2/m. a=5.277 �, b=9.14 �, c=9.78 �, b=101ë

Atom x y z

Fe 0.0 0.667 0.0
(Si,Al) 0.431 0.328 0.288
O1 0.364 0.313 0.115
O2 0.489 0.5 0.330
O3 0.186 0.731 0.353
O4 0.396 0.0 0.115
Na 0.5 0.0 0.5

Table 2 Successive atomic
shells and interatomic distances
from Fe

Shell Distance (A) Shell Distance (A) Shell Distance (A)

O11 (x4) 1.97±2.04 O32 (x2) 4.21 O14 (x4) 4.94±4.97
O41 (x2) 2.03 O22 (x2) 4.44 O34 (x2) 4.98
Fe1 (x3) 3.05 (Si,Al)2 (x4) 4.49 Na1 (x2) 5.12
(Si,Al)1 (x4) 3.26 O33 (x2) 4.60 Fe2 (x6) 5.28
O31 (x2) 3.45 O13 (x4) 4.62±4.68 (Si,Al)3 (x8) 5.38±5.45
O42 (x2) 3.74 O43 (x2) 4.70 O35 (x6) 5.72±6.02
O12 (x4) 3.74±3.82 O23 (x2) 4.83 Na2 (x2) 5.93
O21 (x2) 4.03 O43 (x2) 4.89 Fe3 (x3) 6.10

Table 3 Bond-valence values for Garfield nontronite; wi j=1.0 for
all pairs except wNaO=0.0

Bond-
-valence vp q

Calculated
valence Vp

Formal
valence

(Si,Al)�O1 (x1) 0.90 3.83 3.87
(Si,Al)�O3 (x2) 0.97
(Si,Al)�O2 (x1) 0.98
Fe�O4 (x2) 0.48 3.02 3
Fe�O1 (x2) 0.46
Fe�O1 (x2) 0.57
O1�Si 0.90 1.93 2
O1�Fe 0.46
O1�Fe 0.57
O2�Si (x2) 0.98 2.03 2
O2�Na 0.02
O2�Na 0.05
O3�Si (x2) 0.97 2.03 2
O3�Na 0.06
O3�Na 0.03
O4�H 1.00 1.96 2
O4�Fe (x2) 0.48
Na�O3 (x4) 0.06 0.5 1
Na�O3 (x4) 0.03
Na�O2 (x2) 0.05
Na�O2 (x2) 0.02
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Manceau and Calas 1986; O'Day et al. 1994). The gener-
al correspondence between experimental and theoretical
FTs indicates that the DVLS-derived structural model
for nontronite is correct, and demonstrates the capacity
of FEFF to simulate Fe K-edge P-EXAFS spectra of layer
silicates.

Higher shells analysis

Up to now most of EXAFS studies on phyllosilicates were
restricted to the analysis of the three nearest atomic shells
below R»3.3 �, and represented by the ligand and nearest

octahedral (Fe1) and tetrahedral (Si1) cations. Examina-
tion of longer distance EXAFS contributions is difficult
for several reasons. First, the structural analysis of more
distant shells requires high quality spectra otherwise
structural peaks are affected in real space by nonstructural
features coming from the Fourier transform of high fre-
quency noise. Second, the 3.3±6 � region contains pre-
dominantly oxygen atoms. Their scattering contribution
partly overlaps, and masks the signal from next-nearest
tetrahedral and octahedral cations. This is typically a sit-
uation where polarized experiments are warranted as they
may reinforce the signal coming from a specific direction
permitting separation of the interfering atomic shell con-
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Fig. 14 a FEFF Fourier transforms for a=0, 35.3, and 90ë. The en-
velope curves are the magnitude of the transforms (RSFs) and the
fast oscillatory curves are the imaginary parts of the transforms.
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tributions. Third, this region is affected by multiple-scat-
tering (MS) paths of the photoelectron. The FEFF allows
us now to calculate with reasonable accuracy the contri-
bution of single- and multiple-scattering paths in complex
compounds. In the following sections, we reveal how the
complement of three conditions, high quality spectra, an-
gular measurements, and ab initio calculations, permits
quantitative analysis of long-distance EXAFS contribu-
tions in highly oriented films of layer silicates for the first
time.

Results of the full multiple-scattering path analysis ob-
tained from FEFF calculations are shown in Fig. 15. To
appreciate better the relative importance of SS and MS
contributions to FT(k3c(k)) functions, we have added all
the computed MS signals and compared their Fourier
transform to that of SS paths and to experimental spectra.
In Fig. 15 MS have a fairly low intensity throughout the R
range, and peaks C, D, and E result predominantly from
SS paths. Examination of individual SS paths revealed
that peak C corresponds to (O1, O4)2 atoms at R=3.74±
3.82 �, coordinated to neighboring edge-sharing Fe atoms
(Table 2, Fig. 12). This shell makes a f angle of 73ë ex-
plaining its magnification at a=0ë. Peak E in Fig. 11 is
predominantly due to the 6 next-nearest Fe atoms (Fe2)
at 5.28 � along [110], [1Å10], and [100] (Fig. 12). The lo-
cation of Fe atoms in the octahedral sheet obviously ac-
counts for the large anisotropy observed between the in-
plane and out-of-plane peak amplitude. However, one
may note that this peak is not completely extinguished
at a=90ë, and a residual contribution is observed at
R+DR=4.8±5.0 �. This weak feature results from MS
paths (Fig. 15c), and from the contribution of interlayer
Na and of the (Si,Al)3 shell (Table 2). Lastly, the compar-
ison of theoretical and experimental results showed that
peak D corresponds to the (Si,Al)2 shell at R=4.49 � (Ta-
ble 2, Fig. 12). This peak has a weak angular dependence
as f=52ë. Despite the fact that this angle is only 2.7ë lower
than the magic angle, the dichroic effect is well detected.
This observation is made possible owing to the high qual-
ity of spectral records, which allowed an accurate angular
regression analysis. Additionally, this result confirms the
high sensitivity of the method for measuring f as it was
shown previously for the flattening y angle.

Differentiation of dioctahedral and trioctahedral
structures

In trioctahedral phyllosilicates, all octahedral positions
are occupied, whereas only 2/3 of all available sites are
in dioctahedral phyllosilicates (Fig. 1b). These two
groups of minerals can be a priori differentiated by EXA-
FS by quantitative analysis of the nearest cation shell, as
the octahedral cation (Me) is surrounded by 6 Me in the
former, and 3 Me in the latter. But when the octahedral
sheet contains simultaneously Fe2+/Fe3+ and Mg/Al cat-
ions, spectral fitting can lead to inaccurate structural inter-
pretation (Manceau 1990). Indeed, because electronic
waves backscattered by Fe and Al/Mg are out of phase,
and Fe atoms contain approximately twice as many elec-
trons as Al/Mg, a dioctahedral local environment consist-
ing of 3 Fe3+, and a trioctahedral environment consisting
of 4 Fe2++2 Mg/Al result in approximately the same
EXAFS signal. Thus, Manceau (1990) recommended that
di- trioctahedral nature of layer silicates be accomplished
by an alternative method in combination with EXAFS for
studying the distribution of cations in octahedral sheets. It
will be shown below that this question can be addressed

Fig. 15 Fourier transform deconvolution of the relative contribu-
tions of single-scattering (c2, dotted line) and multiple-scattering
(c3±4, half-dotted line) paths calculated by FEFF for a=0ë (a),
35.3ë (b), and 90ë (c). Full line=SS+MS
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sensibly by examining atomic pair correlations in the 3.5±
6.5 � distance range.

In Fig. 16 are contrasted the RSF for a trioctahedral bi-
otite (#B13 in Manceau et al. 1990) and for the Garfield
nontronite. Comparison of the amplitude obviously shows
lower A and B peaks in biotite compared to nontronite,
despite the presence of six nearest Me cations in the for-
mer mineral. This effect partly results from a difference of
static disorder between the two phyllosilicates. The com-
position of this biotite sample is �Si5:6Al2:4�
�Fe3�

0:4Fe2�
2:5Al1:0Mg1:1Ti0:3Mn0:2Li0:2� K�2O�20�OH;F��4

(Sanz et al. 1984). The complex chemical composition

of the octahedral sheet, as well as Fe3+ for Fe2+ substitu-
tions, produces octahedral distortions. As a result, M1 and
M2 sites are not regular and do not have similar dimen-
sions as in other crystals. This distortion extends to near-
est Fe�Me distances which were found to vary from 2.97
to 3.13 � in the 1 M biotite from Ruiz Peak, New Mexico
(Takeda and Ross 1975). In nontronite, the Fe�Fe1 dis-
tances are all equal to 3.05 �, and the difference in coher-
ency of the metal�metal distances between nontronite and
biotite partly accounts for the different amplitudes ob-
served for peak B. As explained in the previous section,
the mixing of Mg and Fe atoms in the nearest cation shell
also contributes to drop the amplitude of peak B in biotite
owing to the phase contrast between Fe and Mg.

Inspection of Fig. 16a shows that the RSF for biotite
exhibits three additional peaks, labeled F, G, and H, not
observed for nontronite. These three peaks exhibit a very
strong dichroic dependence: peaks G and H are observed
at only one orientation, and peak F is strongly diminished
at a=0ë. Peak G was identified as arising from the (Si,Al)3
shell at 5.4±5.5 �, and from interlayer K at 5.30 �
(f=19ë, Takeda and Ross 1975). This peak is shifted to
lower distance (peak E, Fig. 16b) in Na-nontronite as a re-
sult of the shorter Fe�Na distance (5.12 �). It has also a
lower intensity for at least three reasons: (1) Me�(Si,Al)3
distances are more incoherent in dioctahedral structures;
(2) Na is a weaker scatterer; (3) Fe�Na and Fe�(Si,Al)3
waves are nearly out of phase (DR�0.3 �). Unlike peak
G, peaks F and H originate from atoms located within
the layer framework, and are much more sensitive to
the di-trioctahedral character of the octahedral sheet.

Peak F corresponds to the contributions of nearest O2
(O21) and next-nearest O3 (O32) of the tetrahedral basal
plane (Fig. 12a). As discussed in the DVLS section, basal
oxygens are at the same z position in trioctahedral struc-
tures (Fig. 12c), and thus form an identical f angle of 37ë
in biotite (Takeda and Ross 1975). In addition, Fe�O21
and Fe�O32 distances are coherent (»4.15�4.20 �), and
these two factors enhance the contribution of basal oxy-
gens in the out-of-plane orientation. In dioctahedral struc-
tures, O21 and O32 atoms undergo a vertical displacement
to relieve the misfit between the octahedral sheet and the
attached tetrahedral sheet. This corrugation of the oxygen
basal plane (Fig. 12c) modifies the f angle, and splits the
Fe�O distances causing the disappearance of peak F in the
experimental RSFs of nontronite (Fig. 16b). This analysis
infers that vacant octahedral sites can indirectly be detect-
ed by analyzing the out-of-plane structure of phyllosili-
cates. In our opinion, dioctahedral and trioctahedral layer
silicates can more reliably be differentiated on the basis of
this intrinsic structural criterion rather than by a curve fit-
ting determination of the number of nearest layer Me�Me
pairs.

In the biotite RSF (Fig. 16), peak H is located at twice
the distance of peak B (R+DR=5.8 �), and thus corre-
sponds to the third Fe shell (Fe3) at R»6.2 �. It is interest-
ing to note that the more distant Fe3 shell has a similar
amplitude as that of the Fe2 shell at R=5.3 � (peak E).
Since the amplitude of the EXAFS signal decreases as

Fig. 16 a The k3-weighted RSF for biotite at a=0ë (full line) and 90�
(dotted line). b±c Comparison of RSFs for Garfield nontronite (full
line) and biotite (dotted line)
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1/R2, the Fe3 shell contribution would be expected to be
diminished by 25%. In addition, interatomic distance cal-
culations for biotite (Takeda and Ross 1975) show that
Fe�Fe3 distances are much more incoherent
(6.10 �<R<6.26 �) than Fe�Fe2 distances (R=5.33 �).
Thus, the greater disorder of the third Fe shell also lessens
the intensity of Fe3 relative to Fe2. In fact, peak H has
been shown to be amplified by a shadowing (focusing)
MS effect between collinear octahedral cations (O'Day
et al. 1994). The MS effect between outgoing and back-
scattered photoelectron waves, when pairs are aligned, in-
creases the peak amplitude above that expected for a sin-
gle outgoing and backscattering event.

Ab initio calculations showed that the two most intense
scattering pathways arise from Me®Me1®Me3®Me or
inverse Me®Me3®Me1®Me third order (c3) paths, and
from the Me®Me1®Me3®Me1®Me or inverse fourth
order (c4) path (Fig. 17). Atom Me is the central atom,
Me1 belongs to the nearest Me shell at 3.0±3.1 �, and
Me3 to the 3rd shell at 6.0±6.2 �. The Me1«Me«Me1
c3 and c4-paths, in which the central Me also actuates
as a scatterer in the focusing geometry, are comparatively
less intense. Figure 17 shows that none of these paths ex-
ists in dioctahedral structures as a result of the vacancy of
one of the three octahedral sites involved in the focusing
effect. The three Me3 atoms at twice the Me�Me1 distance
are separated from the central Me by a vacancy site, and
their contribution is expected to be weak. This is precisely
what is observed in Fig. 14c where the intensity of peak H
for Garfield nontronite is »0. As for the tilt of the basal
O2�O3 shell, this second criterion for differentiating di-

octahedral from trioctahedral structures can be applied
to powder EXAFS spectra. However, the comparison of
FT(c(a=0ë) and FT(c(a=35ë) in Fig. 11 clearly demon-
strates that the sensitivity of this method is much im-
proved in polarized experiments. Increasing this sensitiv-
ity may be important for the study of clays with an inter-
mediate di- trioctahedral structure, i.e., for detecting the
presence of small trioctahedral clusters within a di-
octahedral framework.
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