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INTRODUCTION

Nontronite is a hydrous Fe3+-bearing dioctahedral
phyllosilicate that occurs widely in soils, weathering forma-
tions, and sediments. Its structure and chemical reactivity are
reviewed by Güven (1991) and Stucki (1988). The general struc-
tural formula for nontronite is (Si8–x–yAl xFey

3+)Tet(Fe3+
4–zAl z)Oct

Ex+
x+yO20(OH)4·nH2O, where Tet, Oct, and Ex represent tetra-
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ABSTRACT

The crystal chemistry of Fe in four nontronites (Garfield, Panamint Valley, SWa-1, and NG-1)
was investigated by chemical analysis, X-ray goniometry, X-ray absorption pre-edge spectroscopy,
powder and polarized extended X-ray absorption fine structure (EXAFS, P-EXAFS) spectroscopy,
and X-ray diffraction. The four reference nontronites have Fe/(Fe + Al + Mg) ratios ranging from
0.58 to 0.78, and are therefore representative of the different chemical compositions of dioctahedral
ferruginous smectites. Pre-edge and powder EXAFS spectroscopy indicate that NG-1 contains 14 to
20% of tetrahedrally coordinated Fe3+, whereas the other three samples have no detectable IVFe3+.
The partitioning of VIFe3+ between cis (M2) and trans (M1) sites within the octahedral sheet was
determined from the simulation of X-ray diffraction patterns for turbostratic nontronite crystallites
by varying the site occupancy of Fe. Based on this analysis, the four nontronite samples are shown to
be trans-vacant within the detection limit of 5% of total iron. The in-plane and out-of-plane local
structure around Fe atoms was probed by angular P-EXAFS measurements performed on highly
oriented, self-supporting films of each nontronite. The degree of parallel orientation of the clay
layers in these films was determined by texture goniometry, in which the half width at half maxi-
mum of the deviation of the c*  axis of individual crystallites from the film plane normal, was found
to be 9.9° for Garfield and 19° for SWa-1. These narrow distributions of orientation allowed us to
treat the self-supporting films as single crystals during the quantitative analysis of polarized EXAFS
spectra. The results from P-EXAFS, and from infrared spectroscopy (Madejova et al. 1994), were
used to build a two-dimensional model for the distribution of Fe, and (Al,Mg) in sample SWa-l. In
this nontronite, Fe, Al, and Mg atoms are statistically distributed within the octahedral sheet, but
they exhibit some tendency toward local ordering. Fe-Fe and (Al, Mg)-(Al,Mg) pairs are preferen-
tially aligned along the [010] direction and Fe-(Al,Mg) pairs along the [31

–
0], and [3

–
1
–
0] directions.

This distribution is compatible with the existence of small Fe domains separated by (Al,Mg), and
empty octahedra, which segregation may account for the lack of magnetic ordering observed for this
sample at low temperature (5 K) (Lear and Stucki 1990).

hedral, octahedral, and interlayer cations. Nontronite is a 2:1
clay mineral, and thus contains two tetrahedral sheets per octa-
hedral sheet (Fig. 1a). Tetrahedral sites are predominantly filled
by Si ions but substitutions of Al, and occasionally of Fe3+, can
occur. Octahedral sites contain predominantly Fe3+, with Al and
a minor amount of Mg. The octahedral sheet has two different
sites denoted M1 and M2. M1 is the trans octahedron with OH
groups located at opposing corners whereas M2 is the cis octa-
hedron with the two OH groups located on the same edge (Fig.
1a). Only two of the three octahedral positions per half unit
cell (2 M2 + M1) are occupied, which can be either the two M2
sites (denoted herein as trans-vacant, tv), or the M1 and one of
the two symmetrically independent M2 sites (denoted herein
as cis-vacant, cv).
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Structure determination of dioctahedral smectites are diffi-
cult because of the high density of physical defects (stacking
faults, mixed-layering) and crystal chemical variability (iso-
morphous substitutions, site partitioning, different layer
charges), requiring as many different methods as possible to
reduce ambiguity. This study applies X-ray absorption pre-edge
spectroscopy, X-ray diffraction, X-ray texture goniometry and
polarized extended X-ray absorption fine structure (EXAFS)

to four nontronites. The aim is to quantity the partitioning of
Fe3+ among tetrahedral and octahedral sites, cis- and trans-oc-
tahedral sites, and the relative distribution of all octahedral cat-
ions (Fe3+, Mg, Al) among octahedral sites.

PREVIOUS WORK

Ferric iron is the dominant cation in the octahedral sheet of
nontronite, but the substitution of IVFe3+ for IVSi or IVAl is pos-
sible, and is often arbitrarily assumed to balance structural for-
mulae when the chemical analysis reveals an excess of Fe and
a concomitant deficit of Al. This assumption is likely invalid in
many natural samples unless great care is taken to remove Fe
oxide impurities that are generally intimately associated as sur-
face coatings or separate grains (Güven 1991; Murad 1987).
Mössbauer spectroscopy has been used to help identify tetra-
hedral Fe, with amounts of IVFe3+ as great as 12–32% of total
Fe being reported for some nontronite samples (Goodman et
al. 1976). The results are equivocal because Mössbauer dou-
blets are often poorly resolved. For instance, Besson et al.
(1983) and Murad et al. (1990) reported 6 to 9% of IVFe3+ in
Garfield nontronite, whereas Bonnin et al. (1985) concluded
that IVFe3+ amounts to less than 1% of total Fe.

Oblique texture electron diffraction and X-ray diffraction
showed that in Fe3+-rich dioctahedral smectites Fe fills cis sites
(Tsipursky et al. 1978, 1985; Besson et al. 1983; Tsipursky
and Drits 1984; Sakharov et al. 1990). The octahedral site oc-
cupancy of Fe3+ in nontronites has been indirectly inferred from
magnetism measurements, from which up to 13% of VIFe3+ were
allowed in trans sites (Lear and Stucki 1990). This interpreta-
tion is reasonably compatible with the crystallographic obser-
vations by Besson et al. (1983) and Tsipursky and Drits (1984)
because the accuracy in the determination of the Fe site occu-
pancy by electron and X-ray diffraction was about 10% of total
octahedral Fe3+. However, the presence of trans Fe3+, in addi-
tion to cis Fe3+, is generally unfavorable from a crystal chemi-
cal point of view as it violates the principe of local charge
balance. Indirect evidence for the absence of coexisting cis-
and trans-occupied sites within the same octahedral sheet is
found in recent results on the distribution of octahedral cations
in illites and illite-smectites (McCarthy and Reynolds 1995;
Drits and McCarty 1996; Drits et al. 1996), where exclusively
cis and trans sites belong to different layers.

The order-disorder of isomorphous octahedral cations in
dioctahedral smectites has also been investigated by a number
of methods. Whereas X-ray diffraction is sensitive to average
site occupancies, spectroscopic methods reveal information re-
garding the local distribution of cations. The nature and number
of cationic pairs bonded to OH groups have been determined in
dioctahedral phyllosilicates and smectites by infrared (IR) spec-
troscopy (Besson and Drits 1997a, 1997b; Besson et al. 1987;
Madejova et al. 1994; Slonimskaya et al. 1986). These studies
showed that the distribution of Al, Fe2+, Fe3+, and Mg is not com-
pletely disordered, and that, in general, Fe3+-Al pairs have a lower
probability of occurrence than predicted by statistical distribu-
tion. By combining XRD, EXAFS, IR, Mössbauer, and com-
puter simulations, Drits et al. (1997) found that in celadonites,
glauconites, and Fe-illites octahedral cations are distributed in
domains of variable size, chemical composition, and cation or-
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FIGURE 1. (a) Idealized structure of nontronite. T: tetrahedral sheet,
O: octahedral sheet. M1 denotes trans sites, M2, cis sites. One of the
three octahedral sites are unoccupied. (b) Projection down c* of a
dioctahedral layer silicate (one tetrahedral sheet is not shown), and
representation of the successive atomic shells around a central Fe atom.
Blank triangles are (Si,Al)O4 tetrahedra, black atoms are basal O atoms,
blank atoms are O atoms from the octahedral sheet, and greyed atoms
are OH groups. Si labels stand indifferently for Si and Al atoms, Me is
an octahedral cation (Fe, Al, or Mg).
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dering. Muller et al. (1997) showed from XRD, EXAFS, and IR
that Fe and Mg are segregated in small clusters in the aluminous
octahedral sheet of the Camp-Bertaux montmorillonite.

THEORETICAL  BACKGROUND

Polarized EXAFS (P-EXAFS) is a new technique (Manceau
et al. 1998, 1999), and its principles and application to clay
mineral structures is described briefly. The angular dependence
of the EXAFS contribution for a given atomic pair (ij ), and at
the K-edge of the X-ray absorber i, is written in the plane wave
approximation:

χij (k,θ) = 3 <cos2θij> χiso
ij (k) = ( cos )3 2

1

θij
j

N

=
∑
cryst

 χiso
ij (k) (1)

where θij is the angle between the electric field vector ε and the
vector Rij that connects the absorbing i atom to the backscatter-
ing j atom, and χiso

ij is the isotropic contribution of the j shell.
The summation is made over all the Ncryst atoms of the j shell
because, for some orientations of ε, atoms may not have the
same spatial position, and thus θ angle. For a true powder (i.e.,
perfectly random crystallites), there is no angular variation, and
3 <cos2θij> = 1.

From Equation 1, neighboring j atoms located along the
polarization direction (θ  = 0°) are preferentially probed,
whereas atoms located in a plane perpendicular to ε (θ = 90°)
are not observed. Thus P-EXAFS measurements provide ori-
entational information, and can be used to probe the local struc-
ture of layer silicates between two different directional limits,
parallel and perpendicular to the (001) plane, by varying the
angle between ε and the layer plane of a single crystal or the
surface of a self-supporting clay film. For a film, individual
clay platelets have their a and b axes randomly distributed
around the normal to the film plane and, consequently, θij  var-
ies from one crystallite to another. Thus, this formula must be
transformed through the introduction of angles that are inde-
pendent of the orientation of layers in the film plane. Utilizing
the axisymmetrical symmetry of self-supporting clay films, and
assuming that individual platelets have their (001) basal sur-
face perfectly aligned parallel to the film plane, one can write
(Manceau et al. 1998):

<cos2θ> = cos2β sin2α + (sin2β cos2α)/2 (2)

where α is the angle between ε and the film plane (i.e., the
experimental angle), and β is the angle between Rij and the film
normal. This polarization term is independent of the relative
position of crystallites in the film plane, and of the variation of
θij from one atom to another in the j shell. The amplitude of χ ij

iso

(k) is obviously proportional to Ncryst, and in a polarized experi-
ment one detects an apparent number of neighbors, which is
the effective number (Neff) of atoms really seen at the α angle.
Then:

χij (k,α) = N

N
kij

eff

cryst

iso ( )χ (3)

with

Neff = 3 Ncryst [ cos2 β sin2 α + (sin2 β cos2 α)/2 ] (4)

For normal (α = 90°) and parallel (α = 0°) orientations,
(4) reduces to:

N Neff cryst=  
3

2
ll sin2 β (5)

N Neff cryst
2= 3 cos⊥ β (6)

From knowledge of the crystallographic β angle of a j shell,
calculation of the effective number of neighbors seen in a P-
EXAFS experiment for the two independent orientations is
possible. Conversely, β in an unknown structure can be deduced
from Neff determined from the simulation of P-EXAFS spectra.
For the magic angle of β  = 54.7°, N ⊥

eff = N ||
eff  = Ncryst, the atomic

pair has no polarization dependence in the X-ray beam, and
the absorption amplitude is constant and equal to that of pow-
ders [χij (k,α) = χij

iso(k)]. For β < 54.7°, χij(k,α) increases with
α, whereas for β > 54.7°, χij (k,α) decreases with increasing α.

Equations 2 to 6 presume that individual platelets have their
(001) basal surface perfectly aligned parallel to the film plane;
otherwise, if dispersion from this orientation occurs, N deter-
mined from experimental EXAFS spectra (Nexafs) would be in-
termediate between Neff and Ncryst. With smectitic clays,
self-supporting films can be prepared in which the crystallite
dispersion has a half width at half maximum (HWHM) of ~10°
(Manceau et al. 1998). In this case, dispersion of the c* axis
around the film normal can be neglected and Nexafs ≈ Neff

(Manceau et al. 1999).
We now apply these theoretical considerations to nontronite.

Interatomic distances (R), β angles, Ncryst, N ||
eff , and N ⊥

eff for the
successive atomic shells located at increasing distance from Fe
atoms in Garfield nontronite (Fig. 1b) are listed in Table 1. In
phyllosilicates, the nearest octahedral (Oct1) and tetrahedral
(Tet1) cationic shells are located about the same distance from
Fe atoms (~3.04–3.10 Å vs. ~3.25–3.30 Å), and their EXAFS
contributions strongly overlap, which reduces the precision of
the quantitative analysis of EXAFS spectra (Manceau 1990).
Inspection of Figure 1b and Table 1 reveals that using P-EXAFS
in the context of phyllosilicates has the advantage of canceling
Fe-Oct1 pairs (N ⊥

eff[Fe-(Fe,Al,Mg)1] = 0) and selecting Fe-Tet1
pairs [(N ⊥

eff(Fe-(Si,Al)] = 8.6) in the normal orientation. Con-
versely, when the polarization vector is in the film plane, the
Fe-Oct1 contribution is reinforced (N ||

eff = 4.5), and the Fe-Tet1
is small (N ||

eff = 1.7). Thus, the residual Fe-Tet1 contribution at
α = 0° equals 1.7/8.6 = 20% of its amplitude at α = 90° and,
therefore, the Fe-Oct1 contribution can be singled out from the
in-plane EXAFS spectrum by subtracting the residual Fe-Tet1
component. The filtering of the Fe-Oct1 and Fe-Tet1 contribu-
tions in P-EXAFS experiments enhances the precision on NOct1

(Oct = Fe, Al, Mg…) by supressing the three adjustable struc-

TABLE 1.  Angular dependence of atomic shell contributions for
Garfield nontronite in polarized EXAFS

Atom Label R  (Å) <β> Ncyst N||
eff N⊥

eff

O1 1.97-2.04 57° 6 6.3 5.3
Fe1 Oct1 3.05 90° 3 4.5 0
(Si,Al)1 Tet1 3.26 32° 4 1.7 8.6
O2 3.45 11° 2 0.1 5.8
O3 3.74 73° 6 8.2 1.5
O4 4.03-4.21 37° 4 2.2 7.6
(Si,Al)2 Tet2 4.49 52° 4 3.7 4.5
Fe2 Oct2 5.28 90° 6 9 0
Fe3 Oct3 6.10 90° 3 4.5 0
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tural parameters of the tetrahedral contribution in the spectral
fit (NTet1, R Tet1, and the Debye-Waller factor σ Tet1). Also, in par-
allel orientation the total wave amplitude of χFe-Oct1(k) is en-
hanced by 50% as compared to χiso

Fe-Oct1 because Neff = 1.5 Ncryst

(Eq. 5). This magnification of the electronic wave amplitude,
and the filtering of the Fe-Tet1 pair contribution, greatly con-
tributes to increasing the sensitivity of EXAFS for studying
the distribution of Fe-Fe and Fe-(Al,Mg) pairs in the octahe-
dral sheet of layer silicates.

EXPERIMENTAL  METHODS

Materials

Nontronite samples used in this study were from Garfield,
Washington (Rachel Glaeser); Panamint Valley, California (PV,
J.L. Post); Grant County, Washington (SWa-l, Source Clays
Repository of The Clay Minerals Society, Columbia, Missouri);
and Höhen Hagen, Germany (NG-1, Source Clays Repository
of The Clay Minerals Society, Columbia, Missouri). Impuri-
ties were removed by performing successive sedimentations
on the Na-saturated form in deionized water. NG-1 was also
subjected to magnetic fractionation to remove finely divided
maghemite and associated Fe-poor smectites (Lear et al. 1988).
Chemical analyses were performed on all samples: (1) for Fe2+

and Fe3+ using the quantitative 1,10-phenanthroline method of
Komadel and Stucki (1988); (2) for total Si using NaOH fu-
sion, followed by silicomolybdous blue spectrometry at 820
nm (Hallmark et al. 1982); (3) for Al by the Aluminon (ammo-
nium salt of aurinitricarboxylic acid) spectrophotometric
method at 530 nm, after H2SO4+HF digestion (Barnhisel and
Bertsch 1982); and (4) for total K, Na, Ca, and Mg by atomic
absorption spectrophotometry using the same diluted digestate
solutions prepared for Fe analysis. Structural formulae calcu-
lated on a O20(OH)4 basis are reported in Table 2. Highly ori-
ented self-supporting films of uniform thickness were prepared
by vacuum filtration and sedimentation (Manceau et al. 1998).

Powder X-ray diffraction

Powder X-ray diffraction (XRD) patterns of nontronite
samples were obtained using CuKα radiation with a Siemens
D5000 powder diffractometer equipped with a Kevex Si(Li) solid-
state detector. Intensities were measured at an interval of 2θ  0.04°
and 40–50 s counting times per step. The absolute precision of
Bragg angles was better than 2θ  0.01° over the whole angular
range. XRD patterns were recorded on air dried Na-saturated
samples and dehydrated in a vacuum chamber (P = 10–5 to 10–6

atm). The 02-11 and 20-13 two-dimensional diffraction bands
of XRD patterns for dehydrated samples were simulated using

the mathematical formalism described by Plançon (1981),
Sakharov et al. (1982a, 1982b), and Drits and Tchoubar (1990).
Random stacking in individual crystallites was assumed to be
100%, as in pure turbostratic layer compounds (Brindley and
Brown 1980). Coherent scattering domains (CSDs) in the layer
plane are disk shaped, with a mean radius determined for each
sample by fitting the profile of the 02-11 band. For each sample,
the fraction of the different octahedral species (Fe, Al, Mg)
was taken from the chemical composition (Table 2). Values of
d(001), b = 6d(060), and a = b/√3 were determined from ex-
perimental XRD patterns.

Texture goniometry

The quantitative determination of texture is based on the
concept of orientation distribution (Bunge 1981), and repre-
sents the distribution of all possible orientations of all crystals
(crystallites) constituting a polycrystalline aggregate (Matthies
et al. 1987). Garfield measurements were reported in Manceau
et al. (1998). The (004) pole figures for the three other
nontronites were obtained by using a high resolution Seifert
(PTS) four circle texture goniometer mounted on a Rigaku ro-
tating anode, and with CuKα monochromatized radiation. A 1
× 1 mm beam was collimated on the sample, and a 1 mm hori-
zontal aperture was used for detection, giving no defocusing
up to ρ = 50°. Possible sample inhomogeneity effects were re-
duced by continuously rotating the sample around its normal
during the measurements. The (004) pole figures were mea-
sured using angle increments in tilt (ρ) and azimuth (ϕ) of 5°
and for angular ranges of 0 ≤ ρ ≤ 85° and 0 ≤ ϕ ≤ 360°. The full
θhkl -2θhkl pattern was measured in the 1 ≤ θhkl ≤  35° interval.
The scattering background under the diffracted 004 reflection
was estimated by a 2nd order polynomial interpolation from an
interval of 1° in 2θ on the right and left sides of the peak, and
was subsequently subtracted from the experimental pattern to
obtain the net diffracted intensity. This intensity was corrected
for defocusing in the 50 ≤ ρ ≤ 75° range since I = 0 for ρ  > 75°.
The distribution of densities, P(ρ), was then obtained by nor-
malizing the previous intensities, I(ρ), according to:

P
I

Nhkl

( )
( )ρ ρ= (7)

where Nhkl is the normalization factor calculated over all ex-
perimental points by

N Ihkl =
= °

°

= °

°

∑ ∑( ) /ρ ρ ρ
ρ ρ

sin sin
0

90

0

90
(8)

The sinρ factor takes into account the variations of the volume
of the measured cells with the inclination of the sample (ρ).

Pre-edge

Fe K-edge measurements were performed on the D42 spec-
trometer at LURE (Orsay, France) in transmission mode with
gas ionization chambers filled with an air/helium mixture dosed
to attenuate the beam intensity by ~20% before and ~50% af-
ter sample entry. The DCI electron storage ring is a first gen-
eration synchrotron source, and the divergence of the incident
beam is as high as 10–4 radians. The spectral resolution was
improved by using a high hkl reflection [Si(331)] as the mono-

TABLE  2. Unit-cell formulae for nontronites calculated from
 chemical analysis

 Sample Cation composition per O20(OH)4 Tet net Oct net
charge  charge

Garfield Na0.81(Si7.22Al0.78)(Fe3+
3.64Fe2+

0.01Al0.32Mg0.04) –0.78 –0.02
PV Na0.89(Si7.57Al0.43)(Fe3+

2.87Fe2+
0.01Al0.65Mg0.47) –0.43 –0.48

SWa-1 Na0.87(Si7.38Al0.62)(Fe3+
2.67Fe2+

0.01Al1.08Mg0.23) –0.62 –0.27
NG-1* Na0.70(Si7.29Fe3+

0.63Al0.08)(Fe3+
3.08Fe2+

0.01Al0.88Mg0.06) –0.71 +0.02

* Contains 17% of IVFe3+ in agreement with EXAFS.
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chromator. With this reflection the energy resolution was 1.5
eV, which is comparable to the Fe core level width of 1.1 to 1.2
eV (Muller et al. 1982). Pre-edge spectra were recorded at the
magic angle to eliminate texture effects (Manceau et al. 1990a),
then normalized to the main absorption jump according to the
procedure described by Manceau et al. (1997).

P-EXAFS

Data acquisition. Measurements on self-supporting films
produce high quality EXAFS spectra (Manceau et al. 1998,
1999). This is due mainly to the small size of clay particles
(<2 µm), which is smaller than one absorption length at the Fe
K-edge (<40 µm), and to the homogenous and relative thin-
ness ( ∆µ ≈ 0.8 at α = 60° for all samples) of clay films that
ensured a precise measurement of the absorption coefficient
(Lu and Stern 1983; Manceau and Gates 1997; Stern and Kim
1981). Angular measurements were performed by rotating the
film layers around an axis normal to both the beam direction
and ε at α angles equal to 0°, 20°, 35°, 50° and 60°. The out-of-
plane χ(k,α = 90°) function was calculated for each k value via
linear regression as a function of cos2α and extrapolation to
90° (Manceau et al. 1988, 1999). P-EXAFS spectra were re-
corded over the 6900–7950 eV energy (E) range, which corre-
sponds to kmax = 14.5 Å–1 and a Bragg angle variation from 46°
to 38.5° with the Si(331) reflection. Over this angular range
more than 99.9% of the synchrotron radiation is linearly polar-
ized, being precisely 100% at the monochromator Bragg angle
of 45° (Hazemann et al. 1992). Powder EXAFS spectra [χ(α =
35°), Manceau et al. 1990a] for Garfield, SWa-1, and NG-1 were
recorded up to 8200 eV (kmax = 16.5 Å–1) to increase the distance
resolution limit of the method, and with a counting time of 20 s.

Data reduction. EXAFS spectra were analyzed according
to standard procedures (Lengeler and Eisenberger 1980). A Kai-
ser function window (Manceau and Combes 1988) was used in
the Fourier transform to minimize the intensity of side lobes (i.e.,
harmonic peaks) resulting from truncation effects (Teo 1986).
With this function, secondary peak intensities are on the order of
5% of the intensity of main structural peaks (Manceau 1995).
The resulting low intensity increases the sensitivity to less pro-
nounced structural features in the radial structure function (RSF),
and provides strong evidence that peak intensities above this value
should be interpreted as being of structural origin. Fourier trans-
forms were performed on k- or k3-weighted EXAFS spectra to
emphasize contributions from the lower or higher k region, re-
spectively. The combination of these two k-space weighting treat-
ments was particularly helpful in the analysis of contributions
from overlapping atomic shells. The arguments presented in the
results section are rather technical in some places, so for the
sake of clarity, how these two k-space weightings preferentially
modify the relative contributions of the various atomic shells in
RSFs is explained below.

The EXAFS contribution of an ij  atomic pair is written in
the reciprocal k space by the wave function (Teo 1986):

χij (k,θ) = ( cos )3 2

1
θij

j

N

=
∑
cryst

(S0
2
 Ncryst/Rij

2) Fj(k) exp (–2σij
2k2)

                  exp [–2Rij/λ(k)] sin [2kRij + φij(k)] (9)

where S0
2
 is a many body term (S0

2 ~1), Fj is the scattering am-
plitude function of the backscattering j atom, σij is the Debye-
Waller term, λ is the electron mean-free path, and φij is the
phase shift function for the ij  pair. The contribution of this pair
in real (R) space (i.e., in the RSF) is obtained by integrating
kχij (k-weighting) or k3χij (k3-weighting) over k during the Fou-
rier transform (FT).
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FIGURE 2. (a) k- and k3-weighted amplitude envelope for the
EXAFS contribution of Fe-Fe, Fe-Si, and Fe-O pairs. Solid lines
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(dotted line) RSF for Garfield nontronite.
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FT [knχ] = k k kn
ij
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k

k
χ θ( , ) de-2i

min

max∫ (10)

Equation 9 indicates that the amplitude of the sine wave is de-
termined by two types of parameters, namely, those which de-
pend on k [F, λ, and exp (–2σ2k2)], and those which are
independent of k (N, R, θ). Consequently, the k-weighting solely
affects the relative importance of the first three terms. Figure
2a compares the k- and the k3-weighted Aij(k) = Fj(k) exp
(–2σij

2k2) exp (–2Rij/λ(k)) functions for the Fe-Fe, Fe-Si, and
Fe-O pairs. These functions represent the amplitude envelop
of the sine function (i.e., the EXAFS contribution) for the three
atomic shells, Fe, Si, and O. They were calculated for R = 3 Å
and σ = 0.09 Å, and Fj(k) and λ(k) were generated by the FEFF
7.02 code (Rehr et al. 1991) for a nontronite cluster (Manceau
et al. 1998). From Figure 2a we deduce that: (1) The wave
amplitude increases with the atomic number of the backscat-
tering atom, that is, with its number of electrons. Heavy ele-
ments are thus more easily detected than light elements, which
is especially true for distant atomic shells as the wave ampli-
tude decreases with 1/R2 (Eq. 9). For this reason, second- and
third-nearest oxygen shells are hardly detected by powder
EXAFS spectra. They may be detected, however, using polar-
ized techniques by orienting the electric field vector in their
direction (Manceau et al. 1998). (2) The shape of knAj(k) func-
tions varies with j and n. For 3d atoms, these functions always
have a maximum near k = 7–9 Å–1 regardless of n, and the
amplitude drops rapidly outside of this k value range. In con-
trast, O and Si functions have a smoother k variation. To em-
phasize this difference of k variation of Aj(k) as a function of j,
but also to eliminate the influence of the kn-weighting on the
wave envelope, one can compare the ratios AFe/ASi and AFe/AO.
The relative variations of the Fe/Si and Fe/O contributions are
plotted in Figure 2b. These plots show that the contribution of
Fe shells to the EXAFS spectrum, relative to O and Si, pro-
gressively increases from 3 Å–1 to ~8–9 Å–1 before reaching a
plateau. Stated another way, the amplitude of EXAFS oscilla-
tions beyond ~8 Å–1 is dominated by the contribution of Fe
atoms over that of O and Si. (3) The kn weighting modifies the
shape of knAj(k) functions but, as this shape varies with the
nature of the atomic pair (see previous point), this kn weighting
allows reinforcement of the contrast of amplitudes among the
various atomic pairs. This effect can be quantified by calculat-
ing the integral intensity of knAj(k) over k, as is done in the
Fourier transform (Eq. 10). I[knAj(k)] values for Fe, Si, and O
were calculated in the 3 Å–1 ≤ k ≤ 14 Å–1 interval. Relative
I[kAj(k)] values for Fe, Si, and O are equal to 49, 33, and 18%,
and I[k3Aj(k)] values to 56, 30, and 14%, respectively. These
results show that by performing the Fourier transform on k3,
the Fe-Fe EXAFS contributions are amplified in the RSF rela-
tive to Fe-O, whereas Fe-O contributions are enhanced by the
k weighting. The relative gain in intensity of the Fe contribu-
tion over that of the O contribution from the k- to k3-weighting
is given by the ratio I(k3AFe) × I(kAO)/I(kAFe) × I(k3AO), which
equals 1.5. This leads us to the important conclusion that con-
tributions of Fe shells to the RSF are magnified by 50% rela-
tive to those of O shells when the Fourier transform is performed
on k3χ instead of kχ. Conversely, the contributions of O shells

are amplified by 50% by using a k-weighting scheme.
These theoretical considerations are verified experimentally

in Figure 2c, which compares FT[kχ] and FT[k3χ] functions
for Garfield nontronite. The first peak corresponds to the near-
est Fe-O1 contribution at R = 2.01 Å, and the second derives
predominantly from octahedral edge-sharing Fe-Fe pairs (Oct1)
at R = 3.05 Å. Note that RSF peaks are shifted by ∆R ~–0.3 Å
with respect to crystallographic values (R) because Fourier trans-
forms are generally uncorrected from phase shift functions φij(k)
(Eq. 9), which depend on the ij  pair and thus vary from one peak
to another. After normalization of the y axis to the intensity of
the first oxygen peaks, one notes in Figure 2c that the relative
intensities of the two nearest Fe-Fe peaks are different:in FT[k3χ]
it is amplified by ~50% as predicted by theory. Two other peaks
at R + ∆R = 5.0 Å and 8.8 Å, corresponding to distant Fe shells,
are also amplified by the k3 weighting.

Values for R and Ncryst in the nontronite samples were deter-
mined by fitting Fourier back-transformed (FT–1) RSF peaks.
FO and φFe–O functions were calculated experimentally from
Garfield nontronite (NO = 6, R = 2.01 Å) (Manceau et al. 1998).
Functions for Fe-Fe, Fe-Si, and Fe-Al pairs were calculated ab
initio by the FEFF 7.02 code (Rehr et al. 1991), and their va-
lidity was tested on Garfield nontronite. The absolute accuracy
of Ncryst, as shown below, is better than 20%. Based on the com-
parison between X-ray diffraction and EXAFS data, the abso-
lute accuracy on R is typically 0.02 Å.

RESULTS AND INTERPRETATION

Pre-edge spectroscopy

Pre-edge spectra are derived predominantly from 1s to 3d
dipolar transitions. At the Fe K-edge this spectroscopy probes
the density of 3d electronic states of Fe. Point group selection
rules indicate that 3d transitions are not allowed in Oh symme-
try, whereas in Td symmetry the 1s(a1)→ t2 transition is allowed.
Accordingly, no pre-edge should be observed for octahedrally
coordinated Fe. In fact, the intensity of the pre-edge depends
on both the local symmetry and the electronic properties of the
cation. It is low for common octahedral sites, but substantial
for tetrahedral sites. Figure 3a shows that the oscillator strength
for IVFe3+ in FePO4 is typically 10 times greater than that for
VIFe3+ in Garfield nontronite. This amplitude contrast is high
and has been used to evaluate cation site occupancy in miner-
als (see e.g., Farges et al. 1997; Manceau et al. 1990b; Manceau
and Gates 1997). Figure 3a also shows that the pre-peak of
sixfold coordinated Fe is split into t2g- and eg-like components
with a separation of ~2 eV, whereas in tetrahedral coordination
the e- and t2-like levels are close in energy (Douglas et al. 1994),
and therefore appear as a single peak.

The intensity of pre-edge spectra is about 1.5 to 3% of the
main absorption edge, which indicates that Fe atoms are pre-
dominantly sixfold coordinated (Fig. 3b). The pre-edge inten-
sity gradually increases from the Garfield to the NG-1 sample.
This last sample displays a single maximum as for the IVFe3+

reference compound. Two explanations can be proposed for
this spectral evolution. The first interpretation is that some of
the Fe in the clay is tetrahedral, i.e., IVFe3+ species are present.
The possible amount of tetrahedral Fe in the various samples
was evaluated by linear combinations of VIFe3+ and IVFe3+ refer-
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ence spectra (Fig 3c). Using this simulation as a calibration for
the experimental spectra of the clays, the maximum amount of
IVFe3+ in nontronites PV, SWa-l, and NG-1 would be 3, 8, and
12%, respectively.

The second interpretation considers that the pre-peak in-
tensity is not uniquely related to coordination number but also
depends on the geometry of the Fe site (Manceau and Gates
1997). If a trigonal (C3v) distortion is introduced at the octahe-
dral Fe site, a portion of the formerly forbidden transitions be-
come allowed, and the intensity of the pre-edge increases. In
Garfield nontronite, the site symmetry presumably is high be-

cause the Fe atoms occupy only cis sites (M2) (Besson et al.
1983) and the octahedral sheets are almost devoid of Al
(FeOct:ΣOct = 0.91, Table 2), which accounts for the low pre-
edge intensity. The increase in pre-edge intensity from Garfield
to NG-1 cannot be attributed to the presence of Fe in some
trans (M1) sites (Lear and Stucki 1990), which possess a dif-
ferent geometry from cis (M2) sites, because this explanation
is inconsistent with X-ray diffraction results (see below). In-
stead, the increase in intensity in the series Garfield < PV <
SWa-1 correlates with the increase in octahedral Al as Fe:ΣOct

cation ratios are 0.91, 0.72, and 0.67, respectively. This expla-
nation is plausible for these three nontronites, but not for sample
NG-1 because its Fe:ΣOct ratio equals 0.92, a value virtually
identical to that of Garfield, but the intensity of its pre-edge
peak is the greatest and Garfield’s is the weakest in the series.
As shown below, P-EXAFS results offer strong evidence for
~17 ± 3% IVFe3+ in NG-1 and that PV and SWa-l are devoid of
IVFe3+. Consequently, the higher intensity of NG-1 pre-edge is
interpreted by the presence of IVFe3+, and the intermediate in-
tensity of PV and SWa-1 is interpreted by a lowering of the
Fe3+ site symmetry due to the mixing of Fe and Al/Mg atoms in
octahedral sheets, and not to the presence of tetrahedral Fe.

Powder XRD

XRD patterns (Fig. 4) display only basal reflections (001,
002, and 003) and two-dimensional hk bands (02-11, 20-13, 04-
22, 15-24-31, and 06-33) as a consequence of the turbostratic
stacking of layers (Brindley and Brown 1980). The most signifi-
cant differences observed were in the 06-33 reflection, the posi-
tion of which increases from 1.509 Å in SWa-l, to 1.514 Å for
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FIGURE 3. Fe K pre-edge spectra for Garfield nontronite (VIFe3+)
and FePO4 (IVFe3+) reference material (a), for nontronite samples (b),
and for linear combinations of VIFe3+ and IVFe3+ references materials (c).

FIGURE 4. Experimental powder X-ray diffraction patterns of the
four nontronite samples recorded in vacuum [d(003) ~3.25 Å]. hl
indicates halite impurity in SWa-1 sample. Diffraction maxima are
indexed, and d(060) is indicated for each sample.
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PV, and to 1.521–1.522 Å for both NG-1 and Garfield. Except
for NG-1, this follows the FeOct:ΣOct ratio (Radoslovich 1962),
which increases in the order SWa-1 (0.67) < PV (0.72) < Garfield
(0.91). This ratio equals 0.77 in NG-1 when 17% of Fe3+ are
placed in tetrahedral sites (Table 2) and its relatively high b value
(Table 3) can be explained by the larger lateral size of the tetra-
hedral sheet as a result of the IVFe3+ for Si substitution.

As mentioned above, oblique texture electron diffraction
showed that dioctahedral Fe3+-rich clay minerals are trans-va-

cant, but this technique is not sensitive enough to exclude com-
pletely the presence of some Fe3+ in trans sites. For this pur-
pose, the intensity of the 02-11 and 20-13 bands were calculated
for different site occupancies and compared to experimental
patterns. Indeed, Drits et al. (1984) showed from the calcula-
tion of 02l, 11l, 13l, and 20l lines that the intensity of the 02-11
band for dioctahedral Al-rich clays is constant if their layers
are either tv or cv, or if tv and cv layers are interstratified, es-
pecially for pure turbostratic layer stacking. If octahedral cat-
ions are randomly distributed over cis and trans sites the
intensity of the 02-11 band is instead strongly reduced. Fur-
ther, the intensity of the 20-13 band is independent of the dis-
tribution of octahedral cations, and its intensity can be used as
an internal standard for normalizing the intensity of the calcu-

TABLE  3. Unit-cell parameters derived from XRD for dehydrated
samples (P = 10–6 atm)

c* = 3 d(003) b = 6 d(060) a = b/√3
(Å) (Å) (Å)

Garfield 9.73 9.13 5.28
PV 9.69 9.08 5.24
SWa-1 9.67 9.06 5.23
NG-1 9.72 9.13 5.27

FIGURE 5. Comparison between experimental and calculated XRD
patterns. (a) Optimum fit obtained for Garfield nontronite obtained by
assuming 100% of trans-vacant sites. (b) XRD pattern for Garfield
nontronite using a 1:4 ratio, instead of a 5:6 ratio in the optimum case,
between CSDs having 200 Å and 100 Å radii, respectively. (c) XRD
pattern calculated for Garfield nontronite with 10% of octahedral
cations occupying trans sites. Calculations used Tables 2–4. In Figures
5a and 5c the ratio between CSDs having 200 Å and 100 Å radii is 5:6.

FIGURE 6. Comparison between experimental and calculated XRD
patterns. (a) Optimum fit for SWa-1 nontronite obtained by assuming
100% of trans-vacant sites. (b) XRD pattern for SWa-1 with 10% of
octahedral cations occupying trans sites. (c) Optimum fit for NG-1
nontronite obtained by assuming 100% of trans-vacant sites. (d) XRD
pattern calculated for NG-1 with all IVFe replaced by IVAl. (e) Optimum
fit for PV obtained by assuming 100% of trans-vacant sites. Calculations
used Table 2 (except d), 3 and 4. The ratios between CSDs having 200
Å and 100 Å radii were 1:8, 1:6, and 1:10 for SWa-1, NG-1, and PV,
respectively. hl, gt, qz indicate halite, goethite, and quartz impurities,
respectively, in the SWa-1 sample.
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lated XRD pattern. Consequently, the intensity ratio of the  02-
11 and the 20-13 bands is sensitive to the distribution of octa-
hedral cations between trans and cis sites within the same
octahedral sheet, and were used to detetect small amounts of
M1 cations in predominantly tv layers.

Simulations of the 02-11 and 20-13 bands and 003 reflection
are shown in Figures 5 and 6. Structure factors were calculated
from structural formulae (Table 2), and atomic coordinates ob-
tained from Smoliar-Zvyagina (1993, Table 4). Simulations
showed that small variations of atomic coordinates do not sig-
nificantly influence intensities of the 02-11 and 20-13 bands and,
accordingly, the same atomic coordinates were used for all
samples (Table 4). To obtain realistic distances of 2.40–2.50 Å
between interlayer Na and O atoms defining the hexagonal cav-
ity, interlayer Na was shifted by 1.05 Å from the middle of the
interlayer space in direction of the layer, and this displacement
proved to be critical for proper fitting of the 20-13 band. Coher-
ent scattering domains (CSDs) were assumed to have a disk-like
shape of 100 Å and 200 Å radii. Their relative proportions were
adjusted by fitting the profile of the 02-11 band, taking into ac-
count the contribution from the 003 diffraction line as a
Lorentzian-shaped curve.

Optimal fits were obtained by assuming 100% trans-vacant
octahedral sites in the four nontronite samples (Figs. 5a, 6a,
6c, and 6e). The sensitivity of the method for determining the
distribution of cations over cis and trans sites within the same
octahedral sheet was evaluated by increasing progressively the
trans site occupancy in a layer initially trans-vacant. Figures
5c and 6b compare the experimental XRD patterns for Garfield
and SWa-1 to that obtained when 10% of total octahedral cat-
ions are present in trans sites. Here, 45% of octahedral cations
are present in each of the two symmetrically independent cis
sites, each having a 90% occupancy probability. Assumption
of this small amount of Fe in trans sites dramatically decreased
the intensity of the 02-11 band in the calculation, leading to the
conclusion that the octahedral occupancy of trans sites, if
present, is certainly less than 5% of total octahedral cations in
the four nontronite samples studied.

The small discrepancy observed in Figure 6a between ex-
perimental and calculated 02-11 profiles for SWa-1 in the 21
°2θ CuKα region is due to the presence of a small amount of
fine-grained goethite. A similar effect may exist also in the NG-
1 sample. For this sample, the sensitivity of the 02-11 to 20-13
intensity ratio to the presence of IVFe3+ was also tested. XRD
patterns calculated for a tv NG-1 model with 17% IVFe3+ (Fig.
6c) and with only Al for Si tetrahedral substitution (Fig. 6d)
are almost identical, indicating that this ratio has very low sen-
sitivity to the presence of fourfold Fe. Therefore, it can only be
used to determine the site occupancy of octahedral cations in
turbostratic layer silicates.

Quantitative texture analysis

The typical evolution of the X-ray diffraction pattern for
PV as a function of the tilt angle ρ up to ρ = 70° (Fig. 7) indi-
cates that a high degree of crystallite alignment exists (strong
texture), with the <001>* direction perpendicular to the film
plane. Qualitatively, the FWHM of the dispersion appears to
be 30–35° and, even without normalization at this stage of
analysis, it is greater than for Garfield (19.8°, Manceau et al.
1998). The 001 reflection is the most intense, but was not re-
tained for the normalization because at this low Bragg angle of
irradiation the surface varies substantially with ρ. The experi-
mental (004) pole figures and radial distribution of c* in (Fig.
8) show that the Garfield nontronite has the greatest parallel
orientation, with a pole density calculated in multiples of a ran-
dom distribution, (mrd), of 37.1 at maximum and a FWHM of
19.6°. SWa-1 has the least parallel orientation, with 14.3 mrd
of distribution density at maximum and a FWHM of 38.5°.
Also for this sample ρ1 = 38.2°, which means that densities
higher than for a random powder (1 mrd) are present at angles
larger than the EXAFS’s magic angle of 35.3°. PV and NG-1
samples have intermediate texture strengths, with maximum

TABLE 4.  Atomic coordinates in the asymmetric layer unit cell

x y Z
O positions 0.630 0.688 0.613

0.640 0.500 0.822
0.375 0.736 0.845
0.003 0.313 0.387

–0.030 0.500 0.179
0.260 0.740 0.156
0.683 0.000 0.611

–0.056 0.000 0.389
Tet. Cations 0.630 0.329 0.780

0.000 0.329 0.220
Cis site 0.316 0.333 0.500
Trans site 0.316 0.000 0.500
Interlayer Na 0.646 0.000 0.892

0.000 0.000 0.108
Notes: Atomic coordinates were calculated from the regression analysis
of dioctahedral micas (Smoliar-Zviagina 1993). Coordinates are given in
fraction of unit cell parameters (Table 3), for a c2/m layer symmetry and
an orthogonal lattice since β is undefined due to the turbostratic layer
stack.  These were used to calculate the distribution of intensity of the
02-11 and 20-13 reflections for all nontronite samples.

FIGURE 7. Variation of diffraction pattern as a function of the tilt
angle, ρ, for a self-supporting film (PV). The severe decrease of 001
and 004 lines with ρ indicates a strong texture. Net intensities were
used for texture calculations. Patterns were recorded in air [d(004) =
3.1 Å].
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FIGURE 8. Pole figures for the 004 reflection (left) and corresponding radial distribution densities of the dispersion of clay platelets off the
film plane for the four samples (right ). The strong maximum of intensity at the center of the (004) figure quantifies the <001>* fiber texture
(ρ = 0°). The 1 mrd density (perfectly random powder) is represented by a horizontal dashed line. Linear density scale and equal area projection
are used for the pole figures.
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densities close to 14.6 mrd (FWHM = 35.2°) and 28.6 mrd
(FWHM = 25.1°), respectively.

Textural analysis shows that dispersion of the individual
crystallite c* axes is relatively low. The highest dispersion from
perfect alignment observed for SWa-1 should diminish slightly
the angular dependence of its P-EXAFS spectra. The differ-
ence between Neff estimated from the crystallographic struc-
ture assuming an idealized texture (Eq. 6), and the real value
experienced by P-EXAFS (Nexafs), was calculated by Manceau
et al. (1999) for the case of a continuous inclination of the c*
axis symmetrically around the film normal. These calculations
showed that for a distribution of ∆ρ = ± 20°, (Neff–Nexafs)/Neff is
equal to 11% at α = 90° for the Oct-Tet1 pair, and to 4% at α =
0° for the Oct-Oct1 pair. Consequently, the dispersion of crys-
tallites in our nontronite films should have little effect on Neff

and is neglected in a first approximation.

P-EXAFS

k3-weighted EXAFS spectra. The signal to noise ratio of
the spectra is high over the whole k range, allowing visualiza-
tion of their angular dependence (Fig. 9). Well-defined isosbestic
points are present at values of k for which k3χ(k) is independent

of α. The large dependence on polarization is consistent with
the successful preparation of highly oriented clay films. The
k3χ(k,α  = 90°) spectrum was calculated by the linearization and
extrapolation procedure described above.  Regression coefficients
as a function of k (Fig. 10) show that r2 is generally greater than
0.9 for k < 10 Å–1. In this wavevector range, points with lower
r2 values correspond precisely to isosbestic points (Manceau et
al. 1998), and the regression procedure obviously has no sta-
tistical significance wherever k3χ is independent of α. Values
for r2 are more dispersed above 11–12 Å–1 as a result of the
progressive signal damping, and concomitant increase of noise.
However, except for the isosbestic points, r2 remains generally
greater than ~0.8 over the entire k span for Garfield nontronite,
PV, and NG-1. The situation is worse for SWa-l, for which the
correlation diminishes beyond k = 9–10 Å–1. All nontronite spec-
tra have similar signal/noise ratios (Fig. 9) and, consequently,
the degradation of r2 observed for SWa-l cannot be explained
by increased noise at higher k. Instead, SWa-l has a markedly
lower angular variation of k3χ above 8.5 Å–1 than the other three
nontronite samples (Fig. 9). This is particularly noticeable in
the two oscillations peaking at 10.2 and 10.6 Å–1, which have a
very weak polarization dependence. As for isosbestic points,
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FIGURE 9. k3-weighted Fe K-edge P-EXAFS spectra for nontronites at α angles of 0°, 20°, 35°, 50°, 60°, and 90°. The 90° spectrum was
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this lower angular dependence of k3χ causes a decrease of r2.
This spectral feature is unlikely to result from the lower paral-
lel orientation of platelets in the film plane because sample PV,
which has a similar texture strength (FWHM = 38.5° for SWa-
1 but 35.2° for PV), exhibits a large angular variation at high k,
and also because the reduction of the polarization dependence
should be observed over the whole k span. Thus the reduction
of the spectral anisotropy in this particular wavevector range is
probably of structural origin.

The accuracy of the extrapolations was also assessed visu-
ally by comparing experimental EXAFS spectra to those recal-
culated (k3χcal) from linear regression lines at given α angles.
Manceau et al. (1998) showed that experimental and recalcu-
lated k3χ(k,α  = 35°) for Garfield nontronite deviate by only a
few percent. This difference has been quantified in Table 5 by
calculating the profile reliability factor (Rp) between k3χexp and
k3χcal for each α value. < Rp >, averaged over the 5 experimental
angles, equals 0.8 × 10–3 (Garfield), 1.5 × 10–3 (PV), 1.8 × 10–3

(SWa-l), and 1.3 × 10–3 (NG-1). In conclusion, this analysis
engenders confidence in the calculation of k3χ(k,α  = 90°).

Radial structure functions. RSFs obtained by Fourier
transforming k3-weighted P-EXAFS spectra are shown in Fig-
ure 11. The structural nature of the RSF peaks was determined
by Manceau et al. (1998) in the case of Garfield nontronite.
This assignment can be extended to the three other nontronite
samples because they have very similar RSF shapes. Peak A
corresponds to the O,OH ligand shell (O1, Fig. 1b, Table 1),
and its angular dependence has been shown to be directly con-
nected to the symmetry of the coordination polyhedron, and
specifically to the flattening angle in the case of octahedral
coordination (Manceau et al. 1998). Peak B results from the
contributions of the nearest Fe,Al,Mg shell (Oct1) located in
the octahedral sheet, and of the nearest tetrahedral Si,Al shell
(Tet1) located apart from the octahedral sheet (Fig. 1). In the
in-plane orientation, the contribution from Oct1 atoms at the
crystallographic R distance of ~3.05 Å is enhanced (βoct1 = 90°),
and peak B points to the apparent distance of R + ∆R = 2.8 Å.
In the out-of-plane orientation, the contribution from the octa-
hedral layer is canceled as βOct1 = 90°, and that of the Tet1 shell
at R ~3.28 Å maximized (βTet1 ~32°, see theoretical section).
Accordingly, peak B gradually shifts from R + ∆R = 2.8 Å to
2.9 Å with increasing α. Peaks D and E predominantly origi-
nate from the next-nearest tetrahedral (Tet2) and octahedral
(Oct2) shells (Fig. 1b, Table 1). Another peak, (B1 in Fig. 12a),
is observed for α = 0° when the Fourier transform is performed
on kχ(k) instead of k3χ(k). This peak corresponds to the next-
nearest O,OH shell (O2) (Manceau et al. 1998), and its contri-
bution is logically reinforced by the k weighting as explained
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FIGURE 10. r2 (regression coefficient of determination) as a function
of k.

TABLE  5. Profile reliability factor (Rp) between experimental and
recalculated P-EXAFS spectra

α = 0° α = 20° α = 35° α = 50° α = 60° <Rp>
Garfield 0.8 10–3 0.9 10–3 0.9 10–3 0.6 10–3 0.6 10–3 0.8 10–3

PV 0.8 10–3 1.5 10–3 2.6 10–3 1.3 10–3 1.3 10–3 1.5 10–3

SWa-1 0.9 10–3 1.8 10–3 2.7 10–3 1.9 10–3 1.6 10–3 1.8 10–3

NG-1 0.5 10–3 1.3 10–3 1.8 10–3 1.9 10–3 1.2 10–3 1.3 10–3

Notes: Rp is the figure of merit for the spectral fitting, Rp = Σ (k3χexp- k3χth)2/
Σ (k3χexp)2.
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above. Hence, peak B is the sum of three contributions (Oct1,
Tet1, O2) that are unresolved in powder EXAFS spectra. These
three contributions can be quite completely filtered by polar-
ized experiments, see below.

The four RSFs have different amplitudes (Figs. 11, 12b, and
12c). The magnitude of peak A decreases from Garfield
nontronite to PV, SWa-l, and NG-1 regardless of α, which in-
dicates a decrease of coherence of Fe-(O,OH) distances along
this sample series. This result is consistent with pre-edge spec-
troscopy (Fig. 3) which indicated that the average symmetry
of Fe sites decreases in the same order. The amplitude of peak
B for PV, SWa-l, and NG-1 at α = 90° is lower than that of
Garfield nontronite. The difference observed for NG-1 at α =
90° comes from tetrahedral Fe3+ atoms which have no (Si,Al)Tet1

neighbors but FeOct1 neighbors (IVFe3+-VIFe3+ pairs) whose
EXAFS contribution subtracts to the predominant VIFe3+-
(Si,Al)Tet1 signal due to the π phase shift between Fe and Si,Al
backscatterer (Manceau 1990). The lowering of the Fe-(Si,Al)Tet1

contribution in PV and SWa-1 partly results from the lower
textural order of individual particles in these two film samples.
The decrease in amplitude of their second RSF peaks equals
7% and 19%, which is in reasonably good agreement with the
reduction factor estimated from the texture analysis [(Neff–
Nexafs)/Neff = 11%].

At α = 0°, PV and SWa-l have also a less intense peak B

than Garfield nontronite, but the drop in amplitude amounts to
18% and 41% and is much too high to be accounted for by
texture effects. As discussed above and by Manceau et al.
(1998), Oct1 contributions are appreciably less sensitive to dis-
orientation than Tet1 contributions and, consequently, this fac-
tor fails to explain the observed reduction of amplitude in the
parallel orientation. Instead, this reduction results from a modi-
fication in the cationic environment of Fe in the octahedral
sheet. Given that the concentration of (Al,Mg)Oct increases from
Garfield (0.36) to PV (1.12) and to SWa-l (1.31; Table 2), and
that electronic waves backscattered by Fe and Al,Mg are out-
of-phase (Manceau 1990), this spectral evolution suggests an
increase in the number of Fe-(Al,Mg)Oct pairs along this sample
series. The RSF peak B for NG-1 is difficult to interpret unam-
biguously because it contains several individual contributions
from IVFe3+ and VIFe3+ centers, i.e., IVFe3+-Si, VIFe3+- VIFe3+, VIFe3+-
Al. In the following two sections the different atomic shell con-
tributions will be analyzed successively to explain more
quantitatively the reasons for the spectral differences among
the various samples observed on the modulus of the Fourier
transforms (RSFs).

First oxygen shell analysis. The contributions from the first
O shells were analyzed quantitatively by Fourier
backtransforming first RSF peaks of powder (Garfield, SWa-1,
NG-1) or polarized (PV) EXAFS spectra in the [1.2–2.2 Å] R+
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∆R range. Two different situations were observed, and are dis-
played in Figures 13a to 13c. Figures 13a, and b show that Fe-
O1 contributions for Garfield, PV, and SWa-l are precisely in
phase from k = 3 Å–1 to 16.5 Å–1. This indicates that the three
samples have the same <RFe-O1> distance of 2.01 Å, which is
characteristic of sixfold coordinated Fe3+. A good spectral fit (Rp

= 1–2 × 10–3) was obtained by assuming 5.8 (PV) and 5.6 (SWa-
l) O atoms at 2.01 Å (Table 6). The decrease of NO from 6.0 in
Garfield to 5.6 in SWa-l explains the differences in wave ampli-
tudes observed experimentally in Figure 13b. This diminution
does not reflect a real loss of O neighbors, but means that indi-
vidual Fe-O distances are significantly more dispersed in the
aluminous nontronite, which is consistent with pre-edge results.

The second situation observed involved only sample NG-1,
which possesses a singular wave frequency (Fig. 13c). Com-
pared to Garfield, its wave is slightly shifted to the right at k = 4
Å–1, and clearly shifted to the left for k > 13 Å–1. This phase
mismatch indicates the presence of at least two discrete Fe-O
shells, and the assumption of a single structural distance (one-
shell fit) provided only an approximate fit to this spectrum, with
a figure of merit (Rp) as poor as 1.1 × 10–2 (Table 6). The pecu-
liar wave frequency of NG-1 could be accounted for by assum-
ing the presence of tetrahedrally coordinated Fe3+. Figure 13d
compares the theoretical k3χFe-O1 EXAFS contributions obtained
for an octahedral coordination (6 O at 2.01 Å) and a tetrahedral
coordination (4 O at 1.85 Å, Arnod 1986). One can observe that
the two waves are precisely out-of-phase for 8.5 Å–1 < k < 10.5
Å–1, and shifted in opposite directions outside of this interval.
Evidently, the admixture of a small fraction of IVFe3+ with the
predominant VIFe3+ species results in the wave frequency behav-
ior observed experimentally for NG-1 (Fig. 13c). The best spec-
tral fit for NG-1 was obtained by assuming 5.0 O at 2.01 Å and
0.7 O at 1.85 Å (Rp = 2 × 10–3), which corresponds to ~17% of
tetrahedrally coordinated Fe (Fig. 14a). The accuracy of this per-
centage was evaluated by following the variation of Rp as a func-
tion of the amount of  IVFe3+. The quality of the fits for IVFe3+ = 9
and 25% (Figs. 14b and 14c) are particularly poor (Rp = 1.1 ×
10–2), and the interval of possible IVFe3+ values should be nar-
rower. The range of possible IVFe3+ values was estimated as 2Rp

(4 × 10–3), which corresponds to a minimum of 14% and a maxi-
mum of 20%.

Analysis of the first coordination shell of Fe in NG-1 and
SWa-l explains the variations of peak intensities observed in
pre-edge spectroscopy (Fig. 3b) and on RSFs (Fig. 12b), and
which reflected a loss of structural order in these two samples
as compared to Garfield. In NG-1 the main source of disorder
is clearly the mixing of IVFe3+ and VIFe3+ species. The lack of an
inversion center in FeO4 tetrahedra is responsible for the in-
crease of the pre-edge intensity, whereas the difference of phase
between the VIFe-O and IVFe-O contributions (Fig. 13d) lowers
the amplitude of the EXAFS signal and, therefore, of the first
RSF peak (Figs. 12b and 12c). In SWa-l Fe atoms are uniquely
sixfold coordinated, but Fe-O distances are more dispersed than
in the two Fe-rich nontronites (PV and Garfield), as attested by
the reduction in amplitude of k3χFe-O1 for SWa-l (Fig. 13b). The
distribution of the VIFe-O distances in SWa-l may be attributed
to the presence of two types of Fe-coordinated O atoms, those
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TABLE  6. EXAFS parameters for Fe-O pairs

Sample Shell R  (Å) NO ∆σ (Å) Rp

PV 1 2.01 5.8 0.00 0.002
SWa-1 1 2.01 5.6 0.00 0.001
NG-1 1 2.00 5.4 0.01 0.011

2 2.01 5.0 0.00 0.002
1.85 0.7 0.00

Notes: Fits of EXAFS spectra recorded at α = 35° using experimental
amplitude and phase shift functions derived from Garfield nontronite. ∆σ
is the difference in the Debye-Waller factor between the sample and the
Garfield nontronite reference. Shell: number of fitting shells. For all fits
the variation of threshold energy for the photoelectron (∆E ) was fixed to
0.0 eV as for the reference. Rp: Figure of merit for the spectral fitting.
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shared by two nearest Fe (Fe-O-Fe bond) and those shared by
one Fe and one Al (Fe-O-Al bond) (Fig. 1b). This larger spread
of the Fe-O distances in SWa-l is believed to be responsible for
the increase in the pre-edge intensity (Fig. 3b).

First cation shell analysis. The second RSF peaks of
phyllosilicates contain information on the distribution of cat-
ions in the octahedral sheet of layer silicates (Manceau 1990).
This information is difficult to extract precisely from powder
EXAFS spectra because the χFe-Oct1, χFe-Tet1, and χFe-O2 functions
interfere (see “Theory”). In polarized experiments, χFe-Tet1 is
obtained from the perpendicular measurement [χ(α  = 90°)],
and its in-plane contribution can be subtracted from χ(α = 0°).
At α = 0°, the amplitude of the Fe-Tet1 shell is reduced to 20%
of its amplitude at α = 90° (see, “Theory”), and this reduction
factor was used to subtract the contribution of the tetrahedral
sheet in the parallel orientation prior to the least-squares spec-
tral fitting. In contrast to Tet1, the contribution of the O2 shell
cannot be eliminated, so it was minimized by using k-weight-
ing during the Fourier transform. The result in Figure 15a com-
pares FT[kχ(α  = 0°)] for Garfield nontronite to that obtained
after subtracting the Tet1 contribution. Elimination of the tet-
rahedral contribution associated with the k weighting (Fig. 15b)
results in a better separation of the Fe-Oct1 and Fe-O2 compo-

nents simply because the Tet1 shell lies at a distance interme-
diate to the other two (Table 1, Fig. 12a). The Fe-Oct1 and Fe-
O2 components are now fairly well separated for all samples,
the best peak separation being observed for SWa-l. This analy-
sis demonstrates the improved discrimination between contri-
butions of overlapping atomic shells that is procured by angular
measurements, and the resulting increase in EXAFS sensitiv-
ity for the analysis of the in-plane structure of clays.

Fourier-filtered k3χFe-Oct1 functions in Fig 16a are in phase
for k < 12 Å–1, but differ by their amplitude. A similar spectral
evolution was observed in biotite samples containing variable
amounts of Fe and Mg (Manceau et al. 1990a). This behavior
is typical of a mixing of Fe-Fe and Fe-(Al,Mg) pairs. The wave
amplitude is maximum in Garfield, where each Fe atom is sur-
rounded on average by 2.7 Fe + 0.3 (Al,Mg), and decreases
when Al,Mg substitutes for Fe as a result of the π phase differ-
ence between the waves backscattered by Al,Mg and Fe atoms
(Teo 1986). As shown below, this optimum phase contrast as-
sociated with the filtering of the Tet1 contribution by angular
measurements greatly increases the sensitivity of EXAFS to
the determination of the number of nearest octahedral cations.
A representative two-shell fit is given in Figure 16b for sample
SWa-l, and best-fit values for NFe, NAl, and interatomic distances
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are given in Table 7. For all samples, the wave envelope was
poorly reproduced for k < 5 Å–1, suggesting that the contribu-
tion of a third atomic shell has its wave amplitude maximum at
low k. This additional contribution is suggestive of the O2 shell,
which was incompletely filtered by the FT–1 because of the in-
complete separation of Oct1 and O2 peaks in the RSFs (Fig.
15b). Two strategies can be adopted for this quantitative analy-
sis. The first consists of performing a Fourier backtransform
of the Fe-Oct1 and Fe-O2 contributions (R + ∆R window =
2.2–3.7 Å), followed by a three-shell spectral fit (Fe-Fe1 + Fe-
(Al,Mg)  1 + Fe-O2) over the extended wavevector range 3.0
Å–1 ≤ k ≤ 14 Å–1. The second strategy is to single out the Oct1
RSF peak (R + ∆R window = 2.2 to 3.0 Å–1 ), then to perform a
two-shell fit [Fe-Fe + Fe-(Al,Mg)] in a reduced k range, typi-
cally 4.5 Å–1 ≤ k ≤ 14 Å–1. These two procedures were com-
pared and yielded the same structural results. The uncertainty
of NFe and NAl was evaluated for SWa-l by varying their values
keeping the NFe+ NAl sum equals to 3. Figures 16c and 16d show
that a 10% variation of NFe and 20% of NAl results in an ap-
proximate fit to the experimental spectrum, with the wave am-
plitude and envelope being poorly reproduced. The precision
on the number of nearest cations is, by all evidence, better than
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TABLE  7. EXAFS parameters for nearest cation shells

Sample Fe-Fe Fe-(Al,Mg)
R (Å) N σ (Å) R (Å) N σ (Å) Rp

PV 3.05 2.5 0.06 3.03 0.5 0.06 0.020
SWa-1 3.05 2.0 0.06 3.03 1.0 0.06 0.040
Notes: Fit performed using theoretical amplitude and phase shift func-
tions calculated with FEFF7.02 and calibrated on the Garfield reference.
∆E = –1.5 eV. Fits were performed on spectra recorded at α = 0° after
subtraction of the residual Tet1 contribution. N are crystallographic val-
ues corrected for the angular dependence term.
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20% and possibly slightly better than 10%. In the discussion
section this precision will be shown to be sufficient to build a
two-dimensional map of the distribution of Fe, Al, and Mg in
the octahedral sheet of SWa-l.

DISCUSSION

Structural formulae

Structural formulae calculations show that the layer charge
of the four nontronites increases in the order NG-1 < Garfield
< SWa-1 < PV, and ranges from 0.69 to 0.91 atoms per unit cell
(Table 2). This layer charge is fully balanced by interlayer Na.
The distribution and origin of the layer charge between the
octahedral and tetrahedral sheets varies significantly from one
sample to the next. The source of layer charge is almost uniquely
from IVAl 3+ in Garfield, predominantly from IVFe3+ in NG-1, and
from IVAl 3+ and VIMg2+ in PV and SWa-1. Garfield, SWa-1, and
NG-1 are typical nontronites because the source of layer charge
is uniquely or predominantly localized in the tetrahedral sheet
like in bedeillite. In PV the octahedral charge (0.48) is slightly
higher than the tetrahedral charge (0.43).

The customary method of calculating structrual formulae
for clay minerals is to first use Al to complete the charge in the
tetrahedral sheet, and then to place the balance of the Al in the
octahedral sheet. Fe normally is allocated to the tetrahedral sheet
only if insufficient Al is present. This approach may not be
correct in detail. Chemical analysis of sample NG-1 permits,
but does not require, the assignment of Fe3+ to the tetrahedral
sheet (Table 2). From the above X-ray absorption pre-edge and
EXAFS results as much as 14 to 20% of the structural Fe3+ fills
tetrahedral sites in sample NG-1. This placement can be ac-
commodated in the structural formula calculation by allowing
tetrahedral Al to be replaced by Fe3+. The maximum possible
substitution of tetrahedral Fe3+ for tetrahedral Al in the struc-
tural formula of NG-1 coincides with the maximum amount of
IVFe3+ allowed by EXAFS (20%). This deviation from the stan-
dard convention of assigning the tetrahedral charge primarily
to Al3+ is not uncommon (Cicel and Komadel 1994), and has
been reported in glauconites by IR spectroscopy (Besson and
Drits 1997b; Slonimskaya et al. 1986) and smectites by
Mossbauer spectroscopy (Cardile 1989).

The formulae reported by Goodman et al. (1976) based on
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electron microprobe analysis for Garfield [(Si6.84Al 1.05Fe0.11)
(Fe3+

3.96Mg0.04)O20(OH)4], SWa-1 [(Si7.30Al 0.70)(Fe3+
2.73Al 1.06Mg0.26)

O20(OH)4], and sample CAL [(Si6.21Al 0.14Fe3+
1.65)(Fe3+

4.04)O20(OH)4],
which is assumed to be similar to PV (both originated in
Panamint Valley, California, and were supplied by J.L. Post),
deviate from those determined in Table 2. The previous studies
reported more total Fe in the clay structure than was found in
the current study. This difference is attributed to the presence
of Fe oxides (Murad 1987) which can only be removed by care-
ful and repeated washing and fractionation of the sample.
Goodman et al. (1976) also attributed more Fe to the tetrahe-
dral sheet in samples Garfield and PV than appears justified in
the present study. Bonnin et al. (1985) also reported no tetra-
hedral Fe in this Garfield sample.

The structural formula of sample NG-1 calculated by
Peterson et al. (1987) [M+0.72(Si7.30Al 0.48Fe3+

0.22)(Fe3+
3.94Fe2+

0.02Mg0.04)
O20(OH)4] contains 12% more total Fe than in Table 2, which
led them to assign some of the Fe to tetrahedral positions. The
greater amount of Fe reported by Peterson et al. (1987) is prob-
ably due to maghemite remaining after separation (Lear et al.
1988).

Distribution of Fe and (Al,Mg) in the octahedral sheet of
SWa-l

The simulation of the XRD powder pattern for SWa-l showed
that octahedral cations fill only M2 sites. The actual distribution
of (Al,Mg) and Fe in the M2 sites can be modeled by combining
results from EXAFS and IR spectroscopy. In self-supporting
films, ab crystallographic planes of individual platelets are dis-
tributed at random in the film plane (Manceau et al. 1998). The
EXAFS signal is, therefore, isotropic in the parallel orienta-
tion, which means that differentiation of the individual contri-
butions of the three Fe-Oct1 pairs oriented along [010], [31

–
0],

and [3
–
1
–
0] is impossible (Fig. 1b). Therefore NFe and NAl,Mg re-

fer to the mean number of nearest Fe and (Al,Mg) cations, av-
eraged over all Fe positions and crystallographic directions.
The statistical distribution of Fe and (Al,Mg) may, however, be
evaluated comparing NFe and NAl,Mg EXAFS values to those cal-
culated from the chemical composition assuming a random dis-
tribution of cations. This approach has been used previously to
study the distribution of Ni in Ni-Mg (Manceau and Calas 1986)
and Fe in Fe-Mg (Manceau et al. 1990a) phyllosilicates. Al
and Mg have a similar backscattering amplitude (F) and phase
shift (φ), which precludes them from being distinguished at the
Fe K-edge. Consequently, the only information recoverable
from Fe-EXAFS is the average distribution of Fe relative to
light  atoms like Al and Mg. The fractions of Fe and (Al+Mg)Oct

are 0.67 and 0.33 in SWa-l. Thus, if Fe atoms are randomly
distributed, NFe and NAl,Mg should be equal to 2.0 and 1.0. These
values are identical to those derived from the EXAFS analysis
(Table 7). In conclusion, based on a precision of 10% for NFe

and 20% for NAl,Mg, Fe atoms are statistically distributed in the
octahedral sheets of SWa-l.

Occurrence probabilities of cation pairs can also be retrieved
by IR through the quantitative analysis of the frequency and
intensity of OH stretching modes (Besson et al. 1987; Drits et
al. 1997; Slonimskaya et al. 1986). But in contrast to EXAFS,
IR is only sensitive to one-dimensional cation distribution in
trans-vacant clays. This is apparent in Figure 1b, which shows
that cation pairs located in adjacent octahedra in the proximity
of OH groups are oriented along b. Another important differ-
ence from EXAFS is that IR has no atomic selectivity and,
therefore, detects all existing pairs, whereas Fe-EXAFS is only
sensitive to Fe-Fe and Fe(Al,Mg) pairs, without distinction
between Fe-Al and Fe-Mg, and is blind to Al-Mg pairs. Thus,
IR and P-EXAFS are clearly two complementary and extremely
useful techniques for the investigation of the actual distribu-
tion of cations in the octahedral sheets of clays, as recently
illustrated by Muller et al. (1997) on montmorillonite and Drits
et al. (1997) on celadonites, glauconites, and Fe-illites. This
dual approach can be applied to SWa-l by using the IR data
published by Madejova et al. (1994), in spite of the fact that
the SWa-1 samples studied by IR and EXAFS were prepared
with different degrees of purification. The sample used by
Madejova et al. (1994) had a slight amount of Fe oxide impu-
rity, which would translate into a Fe fraction of 0.706 com-
pared to 0.67 in the present sample, corresponding respectively
to NFe values of 2.1 and 2.0 for a statistical distribution. We
have no reason to suspect that Fe would be distributed differ-
ently in the phyllosilicate layers of these two samples and, con-
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sequently, the following logically assumes that NFe = 2.1 and
NAl,Mg = 0.9 in the sample of Madejova et al. (1994). Note also
that the difference between NFe = 2.1 and 2.0 is typically within
the uncertainty on N which means that EXAFS is insensitive to
this slight difference in chemical composition.

Madejova et al. (1994) showed that the distribution of cat-
ions along b is not random, Fe-Fe, Al-Al, and Al-Mg pairs hav-
ing a greater, and Fe-(Al,Mg) a lesser, probability than predicted
from statistics. In contrast, EXAFS data indicate that, when
averaged along the three layer directions, the number of Fe-Fe
and Fe-(Al,Mg) pairs follows statistics. These two contrasting
results simply indicate that Fe-Fe and (Al,Mg)-(Al,Mg) pairs
are preferentially aligned along b and Fe-(Al,Mg) along [3

–
1
–
0]

and [31
–
0]. A two-dimensional model for the distribution of

cations in the octahedral sheet of SWa-l is illustrated in Figure
17a. The rectangle is comprised of 16 unit cells and contains
45 Fe, 15 Al, and 4 Mg, in agreement with the structural for-
mula of Madejova et al. (1994), and 19 Fe-Fe, 5 Fe-Al, 4 Al-
Al, 2 Fe-Mg, and 2 Al-Mg pairs in accordance with IR. To
satisfy both the IR and EXAFS data, one is forced to place all
(Al,Mg)-(Al,Mg) pairs in the [010] direction and to surround
them with Fe atoms, thereby creating Fe-(Al,Mg) pairs in the
other two directions. For the model represented in Figure 17a,
NFe and NAl,Mg are equal to 2.05 and 0.95, and are thus almost
identical to the theoretical values, 2.1 and 0.9.

One may notice that this pattern contains (Al,Mg) pairs and
one (Al,Mg) triplet, but is devoid of larger clusters of light at-
oms. Values for NFe and NAl,Mg are particularly sensitive to the
distribution of (Al,Mg) atoms in the layer. Two limiting cases
can be envisaged: a complete dilution of (Al,Mg) atoms within
a Fe3+ network with no (Al,Mg)-(Al,Mg) pairs; or a complete
segregation of (Al,Mg) atoms. The former situation corresponds
to the minimum value of NFe and to the maximum of NAl,Mg, and
the reverse is true for the latter situation. Calculations for the
first case reveal that NFe(min) = 1.8 and NAl,Mg(max) = 1.2, and
for the second, NFe(max) = 2.7 and NAl,Mg(min) = 0.3. The pre-
sumed N values (NFe = 2.1 and NAl,Mg = 0.9) are closer to the
first situation, which indicates that (Al,Mg)-(Al,Mg) pairs are
merely isolated, and if (Al,Mg) clusters exist they are few. Thus,
the combination of IR and EXAFS results leads to the conclu-
sion that, in SWa-l, (Al,Mg) pairs are predominantly, if not
uniquely, oriented along b and that these pairs are surrounded
by Fe atoms in the [3

–
1
–
0] and [31

–
0] directions. This two-di-

mensional pattern accounts for the departure from the one-di-
mensional random distribution along the b axis observed by
IR, and specifically for the lower probability of Fe-Al pairs in
this crystallographic direction.

The pattern of Figure 17a was established by distributing
the (Al,Mg)-(Al,Mg) pairs at random within the Fe3+ frame-
work. Figure 17b shows that placement of pairs of light atoms
delimiting small ferruginous domains is also possible (NFe =
2.05 and NAl,Mg = 0.95 as in the previous model). This alterna-
tive model would provide an explanation for the lack of long
range magnetic ordering in SWa-1 at 1.3 K (Lear and Stucki
1990), as magnetic Fe3+ domains are separated from each other
by diamagnetic cations and vacant M1 sites. Using the predic-
tions of percolation theory (Stauffer 1979), Lear and Stucki
(1990) contemplated this structural interpretation for explain-

ing the non-ideal antiferromagnetic behavior of SWa-l at low
temperature, but in the absence of experimental data concern-
ing the distribution of octahedral cations in this mineral, a model
with a partial occupation of trans sites, in which anti-ferro-
magnetic frustration occurred, was their preferred explanation.
Based on XRD results presented here, however, which showed
that SWa-l nontronite consists of tv 2:1 layers, the existence of
small magnetic domains separated by diamagnetic cations is
the more probable reason for the observed magnetic properties
of SWa-l nontronite.
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