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ABSTRACT

The crystallochemical structure of reduced Garfield nontronite was studied by X-ray absorption
pre-edge and infrared (IR) spectroscopy, powder X-ray diffraction, polarized extended X-ray ab-
sorption fine structure (P-EXAFS) spectroscopy, and texture goniometry. Untreated and highly re-
duced (>99% of total Fe as Fe2+) nontronite samples were analyzed to determine the coordination
number and the crystallographic site occupation of Fe2+, changes in in-plane and out-of-plane layer
structure and mid-range order between Fe centers, and to monitor the changes in structural and
adsorbed OH/H2O groups in the structure of reduced nontronite. Contrary to earlier models predict-
ing the formation of fivefold coordinated Fe in the structure of nontronites upon reduction, these
new results revealed that Fe maintains sixfold coordination after complete reduction. In-plane P-
EXAFS evidence indicates that some of the Fe atoms occupy trans-sites in the reduced state, form-
ing small trioctahedral domains within the structure of reduced nontronite. Migration of Fe from cis-
to trans sites during the reduction process was corroborated by simulations of X-ray diffraction
patterns which revealed that about 28% of Fe2+ cations exist in trans sites of the reduced nontronite,
rather than fully cis occupied, as in oxidized nontronite. Out-of-plane P-EXAFS results indicated
that the reduction of Fe suppressed basal oxygen corrugation typical of dioctahedral smectites, and
resulted in a flat basal surface which is characteristic of trioctahedral layer silicates. IR spectra of
reduced nontronite revealed that the dioctahedral nature of the nontronite was lost and a band near
3623 cm–1 formed, which is thought to be associated with trioctahedral [Fe2+]3OH stretching vibra-
tions. On the basis of these results, a structural model for the reduction mechanism of Fe3+ to Fe2+ in
Garfield nontronite is proposed that satisfies all structural data currently available. The migration of
reduced Fe ions from cis-octahedra to adjacent trans-octahedra is accompanied by a dehydroxylation
reaction due to the protonation of OH groups initially coordinated to Fe. This structural modification
results in the formation of trioctahedral Fe2+ clusters separated by clusters of vacancies in which the
oxygen ligands residing at the boundary between trioctahedral and vacancy domains are greatly
coordination undersaturated. The charge of these O atoms is compensated by the incorporation of
protons, and by the displacement of Fe2+ atoms from their ideal octahedral position toward the edges
of trioctahedral clusters, thus accounting for the incoherency of the Fe-Fe1 and Fe-Fe2 distances.
From these results, the ideal structural formula of reduced Garfield nontronite is Na1.30[Si7.22Al 0.78]
[Fe2+

3.65Al 0.32Mg0.04]O17.93(OH)5 in which the increased layer charge due to reduction of Fe3+ to Fe2+ is
satisfied by the incorporation of protons and interlayer Na.
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INTRODUCTION

Reduction-oxidation reactions of layer silicates in soils and
sediments influence environmental processes such as weather-
ing, microbial activity, and diagenetic transformations (Egashira

and Ohtsubo 1983; Ernstsen 1998; Stucki et al. 1987). Both
physical and chemical properties of smectites are modified by
the reduction of structural Fe3+, including cation exchange ca-
pacity (Stucki et al. 1984), specific surface area (Lear and Stucki
1985), swelling behavior (Gates et al. 1993; Lear and Stucki
1989), and texture (Gates et al. 1998; Stucki and Tessier 1991).
Although we can predict to some extent the effect of Fe oxida-
tion state on smectite chemical and physical properties, we do
not know how the surface properties of reduced smectite are
controlled due to the lack of molecular level understanding of
the reduction mechanism of Fe3+. The present study examines
the chemical and structural environment of octahedral Fe in
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partially with silica gel desiccant. Powdered mounts of the ref-
erences were prepared so as to prevent thickness effects on X-
ray absorption measurements (∆µ < 1, Manceau and Gates
1997; Stern and Kim 1981), and spectra were recorded with
the sample rotated at 35° with respect to the electric field vec-
tor to eliminate texture effects (Manceau et al. 1990).

X-ray diffraction

Powder X-ray diffraction patterns for GR and GO were re-
corded on a Siemens D5000 diffractometer equipped with a
Si(Li) solid-state detector. CuKα radiation was used with a
counting time of 40–50s per 0.04° 2θ step. The GR sample
was mounted in a vacuum chamber (P = 10–5–10–6 atm) to pre-
vent reoxidation.

The intensity distribution and profiles of hk bands were cal-
culated using the mathematical formalism of Plançon (1981),
Sakharov et al. (1982a, 1982b), and Drits and Tchoubar (1990).
Structure factors for GR were calculated from the derived struc-
tural formula Na1.30[Si7.22Al 0.78][Fe2+

3.65Al 0.32Mg0.04]O17.93(OH)5

(see “Discussion”). As small variations in the atomic coordi-
nates have no significant influence on the intensity of both the
20–13 and the 13–20 bands (Manceau et al. 2000), the same
atomic coordinates were used for both GO and GR samples.
Interlayer Na was shifted by 1.05 Å from the middle of the
interlayer space toward the nontronite siloxane surface in or-
der to obtain typical distances between interlayer Na and the O
atoms defining the hexagonal cavity [d(Na–O) = 2.40–2.50 Å,
Bailey 1984]. Unit-cell parameters a and b = 6d(060) and d(001)
were determined from XRD. Turbostratic layer stacking was
simulated by introducing a 100% probability of random stack-
ing faults, and the size and proportion of coherent scattering
domains (CSDs) were determined by fitting the 02-11 band
profile and assuming that the 003 diffraction line was Lorentzian
shaped.

Infrared spectroscopy

Infrared spectra of the structural OH stretching and defor-
mation regions for oxidized (GO) and reduced (GR) Garfield
nontronite samples were obtained on self-supporting films ori-
ented perpendicularly to the beam direction. The window ma-
terial (ZnSe) of the vacuum cell becomes opaque to IR radiation
at about 650 cm–1, which overlaps part of the O-H deformation
region for the clay samples and therefore defines the lower fre-
quency limit for the analysis. Infrared spectra were collected
at a resolution of 0.5 cm–1 using a Midac 2000 laser interfer-
ometer equipped with a KBr beamsplitter and DTGS (deuter-
ated triglyceride sulfate) detector. Data collection and analysis
were performed using the Grams/386 program. The spectrom-
eter was constantly purged by vaporized liquid N2 to avoid H2O
and CO2 contamination. To make comparisons among the spec-
tra, holders with a hole of 15 mm diameter were used to mask
each film, the peak intensities were normalized to 10 mg/film,
and the offset was adjusted for some spectra. No baseline ad-
justment and curve smoothing were done.

Texture analysis

Quantitative texture analysis (goniometry) was applied to
the films following EXAFS measurements using a Huber tex-

reduced Garfield nontronite through polarized extended X-ray
absorption fine structure (P-EXAFS) spectroscopy, X-ray ab-
sorption pre-edge and infrared (IR) spectroscopy, X-ray dif-
fraction (XRD), and texture goniometry, and develops a
structural model which accounts quantitatively for the changes
of physico-chemical properties described in the literature.

EXPERIMENTAL  METHODS

Reduction

The Na-exchanged Garfield nontronite (R. Glaeser), has a
structural formula of [Na0.81(Si7.22Al 0.78)(Fe3+

3.64Fe2+
0.01Al 0.32

Mg0.04)O20(OH)4 (Table 2 in Manceau et al. 2000). Samples were
reduced with Na dithionite following modifications of the
method of Komadel and Stucki (1988). Samples (65 mg) were
suspended in 10 ml deionized Milli-Q water, to which 30 mL
of a citrate-bicarbonate (CB) buffer (1 part 1 M NaHCO3:8 parts
0.3 M Na3C6H5O7 2H2O) were then added. Then 200 mg solid
powder Na-dithionite (Na2S2O4) was added to the clay suspen-
sion and the reaction was allowed to proceed at 70 °C under
inert atmosphere purge for 4 hours (sample GR). Part of this
batch was then fully oxidized by bubbling pure oxygen gas
through the suspension for 24 hours, washed free of excess
salts using high purity water, and reduced again as described
above (sample GROR). The level of reduction was measured
by digesting a portion of each sample in HF-H2SO4 and ana-
lyzing the digestate for Fe2+ by the method of Komadel and
Stucki (1988). Chemical analysis indicated that more than 99%
of the octahedral Fe3+ was reduced to Fe2+. The total content of
Na in GR determined by atomic absorption spectrometry is 3.54
± 0.20 wt%.

Preparation of films

Highly textured self supporting films of reduced samples
were prepared under dry inert atmosphere (N2 or Ar gas) by
filtering the suspensions onto a 0.025 mm pore-size Millipore
membrane filter. The resulting oriented clay film was then
quickly transferred to a glove box having a H2O and O2 partial
pressure of about 10–6 atm. Vibrational modes due to structural
O-H stretching and deformation bands were measured in self-
supporting clay films containing approximately 2.0 mg of
sample per cm2. Within the glove box, the reduced, dry self-
supporting films destined for IR spectroscopy were placed in-
side a sealed vacuum cell fitted with ZnSe windows (Angell
and Schaffer 1965) and pumped to 10–6 atm. For P-EXAFS
measurements, the mass of clay sedimented onto the Millipore
filter was calculated to obtain an absorption jump across the
edge (∆µ ) of typically 0.8 at the experimental α angle of 60°
(Stern and Kim 1981). Films were mounted in a vacuum cham-
ber (P = 10–2 atm) for polarized X-ray absorption measurements.

Preparation of reference materials

Reference samples for pre-edge spectroscopy include
nontronite dehydroxylate, biotite, and FePO4, which were used
as standards for VFe3+ (Drits et al. 1995), VIFe2+, and IVFe3+, re-
spectively. The untreated Garfield nontronite film (GO,
Manceau et al. 2000) served as a VIFe3+ reference. Nontronite
powder was heated to 500 °C for 3 hours to produce the
nontronite dehydroxylate, and then stored in sealed tubes filled
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ture goniometer in reflectance mode with monochromatized
FeKα radiation point focused to 1 mm. Pole (004) figures were
measured in increments of 5° for tilt (ρ) and azimuth (ϕ) with
angular ranges between 0° ≤ ρ ≤ 85° and 0° ≤ ϕ ≤ 360°. Pos-
sible sample inhomogeneities were suppressed with an oscil-
lating sample holder. The method used to normalize the (004)
pole figures and express them in distribution densities was de-
tailed in the companion paper (Manceau et al. 2000).

XAS spectroscopy

Polarized (P-EXAFS) and pre-edge spectra were recorded in
LURE at Orsay, France, on the D42 station. Data acquisition
and reduction were as reported by Manceau et al. (2000). Radial
structure functions (RSFs) uncorrected for phase shifts were
obtained from the Fourier transform (FT) of k- or k3-weighted
EXAFS spectra (kχ or k3χ) to emphasize the contribution from
the lower or higher k region, respectively. Interatomic distances
(R) and numbers of atomic neighbors (N) for the first three
shells (O1, Fe1, Tet1) were determined using experimental
phase shift and amplitude functions derived from polarized
EXAFS spectra of GO (Manceau et al. 1998). In this mineral
Fe is surrounded by six nearest O atoms at an average distance
of 2.01 Å, three nearest Fe atoms at b/3 = 3.05 Å, and four
nearest (Si,Al) atoms at 3.26–3.27 Å. From this reference, un-
certainties for R and N of approximately 0.02 Å and 10% for
the O1, Fe1, and Tet1 shells can be expected, but the relative
accuracy is better. Because of the large reciprocal range ex-
plored in this study (3 ≤ k ≤ 14.5 Å–1), and the very high quality
of P-EXAFS spectra, the sensitivity to variations in interatomic
distances is as little as 0.01 Å for these three shells. Functions
for the long distance (~5 Å) Fe2 shell were calculated ab initio
by the FEFF7.02 code (Rehr et al. 1991), and their validity was
tested on Garfield nontronite. All reported N values refer to crys-
tallographic values obtained by correcting effective numbers (Neff)
from the angular dependence term <3 cos2θ > (Manceau et al.
1998). The static disorder in reduced samples is expressed as
∆σ, the difference of root-mean-square standard deviations of
distances between the reduced samples and the oxidized Garfield
reference.

RESULTS

Pre-edge spectroscopy

The observed shift in energy (Fig. 1) between the biotite
(VIFe2+) and the GO (VIFe3+) references relates to differences in
binding energies of the 1s electrons, and to destabilization of
antibonding molecular orbitals as the formal valency of the
metal ion increases (Manceau and Gates 1997). Additionally,
the differences in the spectral intensity between biotite and GO
reflects the different degree of filling of the 3d electronic orbit-
als for Fe3+ (d5) and Fe2+ (d6) ions, because pre-edge spectros-
copy directly probes the density of states of 3d-like electronic
orbitals.

For a given oxidation state, the pre-edge intensity depends
on the symmetry of 3d molecular orbitals, and on the atomic
coordination and geometry (Manceau and Gates 1997). It in-
creases from six- to five- to fourfold coordination (Farges et al.
1997). This evolution is apparent in Figure 1 in order of un-
heated GO (VIFe3+), heated (VFe3+) Garfield and FePO4 (IVFe3+).
During heating, phyllosilicates are dehydroxylated (Brindley
and LeMaitre 1987; Drits et al. 1995), and the VIFe sites of
nontronites are transformed to fivefold sites at 500° following
the reaction 2OHstructural → H2Ovapor+ O–

structural. The presence of
VFe in the nontronite structure decreases the crystal field split-
ting of the eg- and t2g-like components of the 3d electronic or-
bitals (Douglas et al. 1994), which explains the broader shape
of heated vs. non-heated samples. Both the GROR and GR pre-
edge spectra are similar to that of biotite and are consistent
with the presence of structural VIFe2+ (Fig. 1).

Without a suitable reference, we cannot definitively reject
the presence of VFe2+ species in the reduced samples. However,
one may anticipate from theory, and from results obtained on
heated ferric nontronites, that the presence of fivefold Fe2+ spe-
cies would have resulted in a significant increase in the pre-
edge Fe2+ intensity compared to biotite, and to a decrease of
the splitting of 3d orbitals. As will be shown below, the ab-
sence of VFe2+ is also supported by the Fe2+-O EXAFS distance.

The strong similarity of the spectra for biotite and the re-
duced nontronites suggests that essentially all Fe in the struc-
ture of GR and GROR is in the reduced state. The maximum
amount of unreduced iron was estimated from linear combina-
tions between oxidized Garfield and biotite spectra to be 15%
as compared to >99% with the wet-chemical analysis.

X-ray diffraction

Powder XRD patterns of GR and GO (Fig. 2) display only
00l and two-dimensional hk bands typical of a pure turbostratic
layered structure (Brindley and Brown 1980). Thus, reduction
of Fe3+ to Fe2+ does not increase noticeably the three-dimensional
ordering of nontronite. As expected from the larger size of Fe2+

ions, the b unit-cell parameter of GR (9.21 Å) was larger than
that of the oxidized sample (9.13 Å). The d(001) distance of the
reduced sample (9.732 Å) equals that of GO indicating that all
interlayers were collapsed in the dehydrated state. The I02-11/I20-13

ratio of GR remarkably decreases compared to GO (Fig. 2). The
intensity ratio of these two bands depends on the distribution of
octahedral cations between M1 and M2 sites within the same
octahedral sheet (Drits et al. 1984; Manceau et al. 2000). An
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FIGURE 1. Fe K pre-edge spectra for oxidized (GO), reduced (GR)
and re-oxidized/re-reduced (GROR) Garfield nontronite, as compared
to standards including IVFe3+ (FePO4), 100% VFe3+ (GO-500°), and
VIFe2+ (biotite).
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optimum fit was obtained with 28% of total iron ions in M1 sites
(Fig. 3a). The M1 site occupancy was varied to estimate the sen-
sitivity of the method for determining the cation distribution
over M1 and M2 sites within the same octahdral sheet. Even a
small increase of the M1 site occupancy from 28% to 33% of
total Fe in M1 sites (Figs. 3a and 3b, respectively) significantly
modified the intensity ratio between the 02-11 and the 20-13
bands. All octahedral Al cations are assumed to remain in M2
sites in the GR sample. Fitting of the 20-13 band profile indi-
cated that GR layers have an orthogonal symmetry, with a b/a
ratio equal to √3.13. The assumption of hexagonal layer symme-
try (b/a = √3) yielded a poorer fit with the simulated 02-13 band
being shifted to higher d values (lower 2θ angle) relative to the
experimental band (Fig. 3c).

Three disk-shaped CSDs were necessary to reproduce the
profile of the 02-11 band. They had radii of 200 Å, 100 Å, and
60 Å and their relative abundance was 1:5:6, respectively. In
GO, two CSDs of 200 Å and 100 Å radii and relative abun-
dance of 1:1.2 were sufficient to fit the profile (Manceau et al.
2000). Consequently, the reduction of nontronite results in a
significant decrease of CSD diameters. This decrease of the
structural order within the layer plane can be observed in Fig-
ure 3d which compares the experimental pattern for GR to the
optimal simulation obtained for GO: the 02-11 band is clearly
broadened in the reduced state. Finally, XRD results indicate
that 28% ± 5% of octahedral Fe cations, initially entirely present
only in M2 sites of the untreated GO nontronite, are present in
M1 sites. The presence of occupied M1 (trans) sites implies
that Fe ions migrated from M2 to M1 sites in the nontronite
structure due to the reduction of Fe3+ to Fe2+.

IR spectroscopy

O-H stretching region. For the oxidized mineral, the struc-
tural O-H absorption band was relatively sharp and centered
near 3570 cm–1 (Fig. 4a). This position is typical for OH coor-
dinated predominantly with two Fe atoms ([Fe3+]2) in the
octahederal sheet of dioctahedral smectites (Russell et al. 1979)
and is rather symmetrical, indicating a high Fe3+ content. No-
tice the very low absorbance of H2O stretching bands between
3000 and 3500 cm–1, confirming that the method for minimiz-
ing interference due to adsorbed water was successful.

FIGURE 2. Experimental powder X-ray diffraction patterns for the
oxidized (GO, above) and reduced (GR, below) Garfield nontronite
samples. Diffraction maxima are indexed, and d(060) is indicated for
each sample.

FIGURE 3. Comparison between experimental and calculated XRD
patterns. (a) Optimum fit obtained for reduced Garfield nontronite (GR)
assuming 28% of total iron in trans sites and 72% in cis sites. All
aluminum cations are supposed to remain in cis sites. (b) XRD pattern
calculated for GR with 33% of total iron occupying trans sites. (c)
XRD pattern calculated for GR assuming an hexagonal layer symmetry
with a = b√3 = 5.317 Å instead of 5.21 Å in the optimum case. (d)
XRD pattern calculated for GR sample by using a 5:6:0 ratio, as for
GO sample, between CSDs having 200 Å, 100 Å, and 60 Å radii,
respectively. Experimental profiles are shown as crosses, and the
calculated patterns are plotted as solid lines. All calculations were
perfomed by using the chemical composition derived from the proposed
model, and atomic coordinates from Manceau et al. (2000). For all
calculations a = 5.21 Å, b = 9.21 Å, and d(001) = 9.732 Å. Except for
Figure 3d, a 1:5:6 ratio between CSDs having 200 Å, 100 Å, and 60 Å
radii, respectively, was used.
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Reduction of structural Fe changed the entire absorption en-
velope (Fig. 4a). The OH signature is now a broad located at
about 3530 cm–1 on a more prominent band centered near 3370
cm–1. We tentatively attribute the latter band to strongly absorbed
or bound H2O that survived dehydration. The change in position
and intensity of the primary structural OH cationic band sug-
gests a major rearrangement in the OH environment after reduc-
tion. Further evidence confirming this is the appearance of a sharp
peak at 3623 cm–1 (spectrum B), because this position is unchar-
acteristic for OH surrounded by ferric Fe in dioctahedral
phyllosilicates (Besson and Drits 1997; Slonimskaya et al. 1986).
Burns and Strens (1966) reported the existence of fundamental
O-H stretching vibrations of [Fe2+]3OH at 3625 cm–1 and 3615
cm–1 in two amphibole series (tremolite-ferroactinolite and
cummingtonite-grunerite). In biotite the center of the complex
OH stretching band appears near 3620 cm–1 (Barshad and Kishk
1968). Based on the XRD evidence for 28% trans-site occupancy
in the reduced nontronite, we propose that the absorption band
at 3623 cm–1 is attributed to [Fe2+]3OH domains of trioctahedral

character. The band near 3623 cm–1 reveals that reprotonation
occurred after formation of the trioctahedral character.

M-O-H deformation region. The oxidized Garfield (spec-
trum A, Figure 4b) has the classic peak at 823 cm–1, assigned to
[Fe3+]2OH deformation. Less certain is the interpretation of the
peak at 843 cm–1. Goodman et al. (1976) assigned it to either
AlFe3+OH or OH librations associated with trans Fe. Stucki
and Roth (1976) found that the shift in this peak upon deutera-
tion corresponds closely to that expected if the oscillators had
the masses of reduced Fe and OH/OD, but the same effect would
be observed if the bending vibration is highly constrained.
However, in spite of the uncertain assignment of these bands,
they together are typical for, and even diagnostic of, nontronites
(Russell et al. 1979; Farmer, 1974).

Upon Fe reduction the 950–700 cm–1 region became virtu-
ally featureless, with both [Fe3+]2OH librations disappearing,
and thus presenting further strong evidence for the absence of
dioctahedral character in the reduced smectite. Huo (1997) re-
ported that the disappearance of the [Fe3+]2OH bands in reduced
nontronites was accompanied by the growth of a new peak at
656 cm–1, which is near the region where [Fe2+]3OH deforma-
tion modes are expected (Wilkins and Ito 1967), thus further
supporting the formation of trioctahedral Fe2+ domains as dem-
onstrated by XRD.

Film characterization by texture analysis

From pole figures, the maximum density of orientation
equals 10.6 mrd for GR and 13.6 mrd for GROR (Fig. 5). These
are less than the value of 37.1 mrd obtained for the oxidized
sample (GO) but similar to that of 14.3 mrd for the Washing-
ton nontronite SWa-1 (Manceau et al. 2000). The two reduced
samples have a FWHM of 44.9° (GR) and 38.8° (GROR) as
compared to 19.6° for GO and 38.2° for SWa-1. Thus, the dis-
persion from perfect alignment of particles in the film plane of
the reduced samples is almost identical to that obtained for SWa-
1. Manceau et al. (1998, 1999) showed that the difference be-
tween Neff, estimated from the crystallographic structure
assuming an idealized texture, and the value measured by P-
EXAFS (Nexafs) is equal to 11% at α = 90° for the Oct-Tet1 pair,
and to 4% at α = 0° for the Oct-Oct1 pair assuming a continu-
ous inclination of ±20° of the c* axis symmetrically around
the film normal. Consequently, the dispersion of crystallites in
GR and GROR (∆ρ ≈ ±20°) remains fairly acceptable and should
only marginally affect Neff values.

P-EXAFS spectroscopy

Angular dependence of EXAFS spectra and RSFs. The
variation of the EXAFS spectra (Fig. 6) as a function of ex-
perimental angle (α) is pronounced in the 2.5–10 Å–1 range,
confirming the successful preparation of highly oriented films
in the reduced state, just as was obtained for the oxidized
samples (Manceau et al. 2000). However, a marked difference
from the EXAFS spectra of oxidized Garfield (see Fig. 7 in
Manceau et al. 2000) is the loss in amplitude of k3χ(k) above
10 Å–1, reflecting a decreased short-range order in reduced
nontronites. Due to this loss in spectral amplitude, the angular
variation of the amplitude is diminished and becomes progres-
sively smeared out in the noise.
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FIGURE 4. Infrared spectra of oxidized (A) and reduced (B, 4 h at
70° with dithionite) Garfield nontronite. (a) structural hydroxyl
stretching region; (b) structural M-O-H deformation region.
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The out-of-plane (α = 90°) spectra (Fig. 6) were calculated
using a linear regression method described elsewhere (Manceau
et al. 1988, 1998). The quality of this linearization can be as-
sessed visually by overplotting experimental and recalculated
EXAFS spectra at any particular experimental angle (0° ≤ α ≤
60°), and statistically by calculating profile reliability factors
(Rp, Table 1) between experimental and recalculated spectra. This
analysis (Figs. 7a and 7b; Table 1), shows that the experimental
k3χ(α = 0°) spectrum for GR is indistinguishable from that re-
calculated from regression. The mean value of Rp (<Rp >) aver-
aged over the 5 experimental angles was 1.9 × 10–3 (GR) and 1.3
× 10–3 (GROR). These fairly low values are similar to that ob-
tained for the oxidized sample (0.8 × 10–3), and provide confi-
dence for the calculation of k3χ(α = 90°) theoretical spectra. Rp

values (Table 1) also give an estimate of the precision for the
measurement of EXAFS spectra.

The experimental k3χ(α = 0°) and recalculated k3χ(α = 90°)
spectra GR and GROR (Figs. 7c and 7d) bear strong resem-
blance at both α = 0° and α = 90°, which indicates that the two
reduced samples possess essentially the same in-plane and out-

of-plane structures. Several oscillations of GROR have a
slightly higher amplitude than GR, suggesting that the two
samples have a slightly different structural order. Note that this
difference of spectral amplitude between GR and GROR can
not be interpreted by a difference of texture strength because
GROR, which has the highest texture, would have a larger an-
gular dependence and, consequently, a higher spectral ampli-
tude at α = 0° and a lower amplitude at α = 90° than GR. The
oscillations peaking at k = 6 and 6.5 Å–1 (Figs. 7c and 7d) show
that GROR has instead a higher spectral amplitude for the two
angles. Apart from this small difference, interpreted below, the
two samples obviously have a similar structure, and for this
reason we focus on GR.

The comparison of oxidized (GO) and reduced (GR/GROR)
P-EXAFS spectra is also insightful. EXAFS spectra have a
higher frequency in the reduced than in the oxidized state re-
gardless of the orientation angle. This phase shift reflects a
difference in Fe-O and Fe-Fe distances caused by the larger
size of Fe2+ compared to Fe3+. If one excludes this difference of
wave phase, the k3χ(α = 90°) spectra (Fig. 7d) of the oxidized

FIGURE 5. Pole figures for the 004 reflection (left) and corresponding radial distribution densities (right ) for GR (a) and GROR (b). The
distribution maxima are for the centre of the pole figures (ρ = 0°). The 1 mrd level (perfectly random powder) is indicated by a dashed line.
Linear density scales and equal area projections are used for the pole figures.
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and reduced nontronite have a similar shape, whereas k3χ(α =
0°) spectra (Fig. 7c) do not. The only substantial difference in
the k3χ(α = 90°) spectra is the appearance of a shoulder at 3.4
Å–1 (arrow in Fig. 7d), indicating that less severe structural modi-
fications may be expected in the tetrahedral than in the octahe-
dral sheets of reduced nontronite. In k3χ(α = 0°) for GR and
GROR the wave maximum at 4.4 Å–1 is lost whereas the maxi-
mum at 5.10 Å–1 is amplified (see arrows), and the relative inten-
sity of the two maxima at 7.4 Å–1 and 8.4 Å–1 is reversed in the
two oxidation states. Lastly, the loss in amplitude of k3χ(k) with
increasing k noted previously in Figure 6 is more marked in the
in-plane than in the out-of-plane orientation when we compare
oxidized and reduced samples. This observation suggests that
the source of disorder originates from distant Fe-Fe pairs be-
cause the high k range is dominated by the contribution of Fe
atoms (see Fig. 2 in Manceau et al. 2000). All spectral modifica-
tions noted in the parallel orientation indicate that the reduction
of Fe impacts the structure of the octahedral sheet of nontronite
and, specifically, the coherency of Fe-Fe interactions.

Six peaks are seen in the RSFs corresponding to k- and k3-
EXAFS spectra for GR (Fig. 8) (also referred to as FT[kχ] and
FT[k3χ]). Peak A can be assigned to the nearest oxygen shell
(O1) ; peak B results from the combined effect of the nearest
Fe, the nearest (Si,Al = Tet1) and the next-nearest oxygen shells
(Fe1 + Tet1 + O2); peak D is assigned to the next-nearest (Si,Al)
shell (Tet2); and peak E to the next-nearest Fe shell (Fe2)
(Manceau et al. 1998; see Fig. 11 in Manceau et al. 2000). The
polarization dependence of each peak is similar to that found
in GO (Manceau et al. 1998), and conforms to the structure of
a phyllosilicate. Two additional peaks, C and F, are not ob-
served in oxidized Garfield. The former has a maximum inten-
sity at α = 90°, and the second at α = 0°. These two peaks
deserve special consideration and they will be analyzed below,
following the analysis of the O1 shell.

First oxygen shell analysis. The first oxygen shell contri-
bution of GR (Peak A) is much lower in amplitude than that of
GO (see Fig. 11a in Manceau et al. 2000). In the oxidized state
the amplitude of peak A is 340 (arbitrary unit) compared to
200 in the reduced state. This amplitude reduction is not asso-
ciated with a loss of oxygen nearest neighbors because pre-
edge spectroscopy indicates that Fe2+ is located in sites
coordinated by six O atoms. Instead, the decrease in amplitude
suggests that average Fe2+-O distances in reduced nontronite
are more incoherent than average Fe3+-O distances in oxidized
nontronite.

To estimate the changes in the Fe-O distances with reduc-
tion, peak A for GR was Fourier back-transformed in the [1.2–
2.2] Å range and, by least-squares procedures, the average
Fe2+-O distance and the number of O atoms coordinated to Fe2+

were determined. The precision of N and R was estimated by
altering the spectral adjustment by 2 Rp. The best spectral fit
(Rp = 4 × 10-3) was obtained by assuming 5.3 ± 0.8 O atoms at
2.10 ± 0.01 Å (∆σ = 0.02 Å) (Fig. 9a). A Fe-O bond length of
2.10 Å is characteristic of VIFe2+ species. Both the 0.02 Å in-
crease in the differential disorder term (∆σ), and the decrease
of NO from 6.0 to 5.3, relative to GO, are significant and origi-
nate from the greater spread in the average Fe-O bond distance
in the reduced state. Because N and σ are interdependent (Teo
1986), the incoherency of Fe-O distances and the apparent loss
of O neighbors can both be accounted for by a simultaneous
increase in ∆σ and a decrease in NO. The maximum amount of
unreduced VIFe3+ in GR was estimated by performing two-shell
fits with differing NO values for the sub-shells at 2.01 Å (Fe3+-
O) and 2.10 Å (Fe2+-O) , while fixing the other parameters to
their value in the reference (∆E = ∆σ = 0.0). The addition of
7% VIFe3+ (NO = 0.4) resulted in a doubling of Rp (Fig. 9b), and
indicates that introducing a small amount of Fe3+ alters the match
between the two phases in the 9 Å–1 < k < 13 Å–1 interval, as
well as affects the amplitude envelopes. We can conclude from

TABLE  1. Profile reliability factor (Rp) between experimental and
recalculated P-EXAFS spectra

α = 0° α = 20° α = 35° α = 50° α = 60° < Rp >
GO 8 10–4 9 10–4 9 10–4 6 10–4 6 10–4 8 10–4

GR 1.3 10–3 2.4 10–3 2.7 10–3 1.9 10–3 1.0 10–3 1.9 10–3

GROR 1.1 10–3 1.8 10–3 2.0 10–3 1.0 10–3 8 10–4 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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this analysis that Fe2+ represents at least 93% of the total Fe in
the reduced Garfield sample, which is in agreement with pre-
edge and chemical analysis results.

Analysis of out-of-plane contributions. Application of P-
EXAFS to layer silicates is a powerful technique which allows
the isolation and subtraction of the minor tetrahedral sheet con-
tribution from the predominant octahedral sheet contribution
(Manceau et al. 1998; 1999). Certain spectral features origi-
nating from the tetrahedral sheet provide structural informa-
tion. Comparison of FT[k3χ(α = 90°)] and FT[kχ(α = 90°)]
functions shows that the Fe-Tet1 contribution (peak B) has a
lower amplitude in the reduced sample (Figs. 10a and 10b).
The loss in amplitude may originate either from a decrease in
the number of Fe-Tet1 pairs (for example, as a consequence of
migration of Fe2+ out of the clay structure) or from a wider dis-
tribution of the Fe-(Si,Al) distances. Determination of which
factor is responsible can be achieved by comparing calculated
and experimental envelopes of the Fourier filtered EXAFS con-
tributions [χTet1(α=90°)]. As a result of structural loss of Si,Al
nearest neighbors (first possibility), the wave amplitude will
decrease, but its shape will be preserved [ASi(k) function]. On

the contrary, a wider distribution of the Fe-Tet1 distances (sec-
ond possibility) increases the wave damping, or signal loss, in k
space (i.e., increase of σ). Figure 11a shows that the second
interpretation is the more appropriate explanation for the loss
in amplitude of the Fe-Tet1 contribution (peak B, Fig. 10) be-
cause the k3χTet1(α = 90°) spectra for GO and GR have similar
amplitudes near 4 Å–1 but not at greater k and the relative dif-
ference in amplitude increases progressively from ~5 Å–1 to
~11 Å–1. Also, GR has a slightly higher wave frequency, indi-
cating that the Fe-Tet1 distances are larger in the reduced state.
Assuming a single Fe-Tet1 distance provided an approximate
fit to this spectrum (Rp = 0.027, Fig. 11b). However, the phase
mismatch at higher k values suggested the presence of at least
two discreet Fe-Tet1 distances. Thus, a two-shell fit to k3χTet1(α
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= 90°), assuming RTet1 = 3.28 Å, NTet1 = 3.1 ± 0.5 (∆σ = 0.00 Å)
and RTet1 = 3.44 Å, NTet1 = 0.9 ± 0.4 (∆σ = 0.00 Å) yielded better
agreement over the entire k range (Rp = 0.002, Fig. 11c). The
precision on N was estimated from a 2 Rp variation of the fit
quality.

Peak C is absent in GO (Fig. 10), but is present in the re-
duced samples. Comparison of the FT[k3χ(α = 90°)] (Fig. 10a)
and FT[kχ (α = 90°)] (Fig. 10b) RSFs functions shows that the
amplitude of peak C is increased by k-weighting relative to
peaks B (Fe-Tet1) and D (Fe-Tet2), which indicates that it is

associated with out-of-plane oxygen atoms (Manceau et al.
2000). Manceau et al. (1998) showed by ab initio FEFF calcu-
lations that this O3 atomic shell is located on the basal planes
of clay layers (see Fig. 1b in Manceau et al. 2000). Peak C is
absent in dioctahedral clay structures, because of corrugation
of the basal oxygen plane (Lee and Guggenheim 1981), which
increases the average spread in the four Fe-O3 distances.
Trioctahedral structures generally have a less corrugated oxy-
gen basal plane and, consequently, less difference is found in
the distances of the four third-nearest O3 atoms from the cen-
tral Fe atom. In the trioctahedral phyllosilicate biotite, this O3
shell is inclined by ~37° off c* (Takeda and Ross 1975), thus
its contribution is greatly enhanced in the perpendicular orien-
tation. This effect is displayed in Figure 10c, a comparison of
the RSFs for GR and biotite (no. B13 in Manceau et al. 1990).
The similarity of the two FT[kχ (α = 90°] functions in the 3.4
Å < R + ∆R < 4.5 Å interval is remarkable, and constitutes a
strong argument in favor of the formation of trioctahedral Fe2+

clusters in the octahedral sheet of reduced Garfield as implied
by XRD and IR analyses.

Analysis of in-plane contributions

Assignment of RSFs peaks. The in-plane orientation (Fig.
12) amplified the contributions from successive Fe shells. In
addition to the prominent Fe-Fe contributions, O3 (peak C),
and Tet2 (peak D) shells from the tetrahedral sheet are still
detected, because these pairs are not orthogonal to the ab plane
(Fig. 1b in Manceau et al. 2000). The O2 shell (B1) is detected
to the right of the Fe-Fe1 (B) contribution in GO when the
Fourier transform is performed on kc (Fig. 12b), but not in GR.
In the reduced state Fe2+-Fe2+1 (B) and Fe2+-O2 (B1) contribu-
tions overlap for steric reasons, and are too close to separate
by Fourier transform.

Up to three Fe-Fe contributions (B, E, and F in Fig. 12) can
be identified in the RSF for GR. Successive Fe shells are rep-
resented in Figure 13 by circles of radius R. Peak B, at an ap-
parent (uncorrected for phase shift) distance of RFe1 + ∆R = 2.8
Å, and peak E, at RFe2 + ∆R = 5 Å, correspond to the nearest
Fe1 shell at RFe1 ≈ b/3 = 3.07 Å, and to the next-nearest Fe2
shell at RFe2 ≈ a = b/√3 = 5.32 Å, respectively, as for GO
(Manceau et al. 1998). In GR peak F is at R + ∆R = 5.9 Å, so
that R ~2RFe1. This simple analysis indicates that peak F corre-
sponds to a third Fe shell at R ≈ 6.14 Å.

The Fe3 shell contribution is more intense in trioctahedral
layer structures (Fig. 12c) owing to the increased alignment
along [010], [310] and [3

–
10] of Fe, Fe1, and Fe3 atoms, which

amplifies multiple scattering (MS) paths of the photoelectron
(Fig. 13a) (Manceau et al. 1998). This focusing effect is com-
monly observed in layered metal oxides and hydroxides (O’Day
et al. 1994), and occurs when atoms are aligned with little varia-
tion in the cation-cation distances. In trioctahedral clay struc-
tures all the odd shells (Fe1, Fe3, Fe5…) are aligned along
[010], [310], and [3

–
10] with a periodicity of b/3 = 3.05–3.10

Å, and, as such, their contribution is systematically reinforced.
This contrast with even shells, which are aligned along [100],
[110], and [11

–
0], and are separated by much longer distances,

approximately a = 5.32 Å. The Fe6 shell is thus too far (~10.6
Å) to be detected. The Fe4 shell is at shorter distance  (~8.12
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Å) than Fe6, and might be detected, but does not occupy a fo-
cussing position as there is no Fe atom located between Fe4 and
the central Fe scatterer. Consequently, Fe2 is the only even shell
detected in the RSF of phyllosilicates (peak E, Fig. 12). In
dioctahedral structures such as GO, the Fe3 shell (peak F) is not
detected because at the Fe1 radial position along the Fe-Fe1-Fe3
MS path no atom is present (Fig. 13b) (Manceau et al. 1998).

The assignment of peak F to a Fe shell is confirmed by in-
verse Fourier transform analysis (see below). The appearance
of this Fe3 contribution, and the persistence of the Fe2 contri-
bution after reduction of structural Fe3+ provides evidence for
the formation of trioctahedral Fe2+ domains within the octahe-

dral layers of reduced nontronite. This result is consistent with
the analysis of the out-of-plane structure (cf. previous section),
from which this structural transformation was inferred from
the loss of corrugation of the oxygen basal plane through the
appearance of the basal plane Fe-O3 contribution (Fig. 10).
The analysis of Fe-Fe contributions at the in-plane orientation
also offers a clue for understanding the structural mechanism
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of the reduction process in nontronite.
Given the structural importance of the modification observed

in the in-plane RSF, whether or not the Fe3 shell can be de-
tected on raw EXAFS spectra would be of interest to assess its
reliability. This analysis was performed by comparing the full
experimental EXAFS spectrum for GR to an inverse Fourier
transformation of the partial RSF over a R + ∆R range of [0–
5.4 Å] by excluding peak F. Figure 14a shows that exclusion of
the Fe-Fe3 contribution substantially modifies the spectral
shape. This modification is statistically significant because the
Rp value between the two spectra is equal to 1.36 × 10–4,  which
is approximately an order of magnitude greater than the esti-
mated precision for the spectral measurement (Rp = 11 ×  10–4,
Table 1). The most spectacular modification is observed at k =
7.9 Å–1, where the appearance of Fe-Fe3 pairs at R ~6.2 Å yields
a marked node pattern that reduces the amplitude of the wave
oscillation. Given the high quality of EXAFS spectra, this spec-
tral feature has undoubtedly a structural origin. A similar analy-
sis was conducted for the perpendicular orientation. This
treatment revealed that the Fe-O3 contribution is responsible for
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the shoulder at k = 3.4 Å–1 observed in Figure 7d. The location
of the spectral signature for the O3 shell at lower k (3.4 Å–1)
than the Fe3 contribution (7.9 Å–1) results from the difference
in shape of AO(k) and AFe(k) functions as shown in Figure 2 of
Manceau et al. (2000).

Another important difference in the in-plane FT[knχ(α =
0°] functions for GR and GO was identified above 6 Å. Within
this more distant range (Fig. 15a) a peak at R + ∆R = 8.6 Å (G)
is observed for GO, which is approximately twice as intense as
the surrounding background signal. Note that this peak is ab-
sent in GR. The structural reality of this peak was further as-
sessed by comparing the full experimental k3χ(α = 0°) function
with that recalculated from the RSF by back-transforming the
[0–8.3 Å] range. The two EXAFS spectra differ only by the
intensity of several oscillations (data not shown). The lack of a
distinct spectral feature in k space attributed to peak G, in con-
trast to that observed previously for peak F (Fig. 14a), may be
explained by the overall low contribution that this atomic shell
makes to the whole EXAFS spectrum. Experimental and recal-
culated spectra differed, however, by Rp = 22 × 10–4, which
is 2.5 times higher than the estimated experimental precision
(8 × 10–4, Table 1). This difference is due to RSFs peaks, which
were not included in the back FT window, and that are located
in the [8.3–∑ Å] range. In this domain, RSFs peaks arise from
the Fourier transformation of the medium to high frequency
signal in the EXAFS spectrum. This signal originates partly
from the statistical high frequency counting noise of the mea-
surement, but still includes some structural contributions from
distant Fe shells. Thus, for the sake of completeness in our
assessment of the structural origin of peak G, the entire EXAFS
spectrum of GO was recalculated over the whole [0–10 Å] R +
∆R window, and compared to the experimental spectrum (Fig.
14b). The amplitudes of oscillations are similar, the only dif-
ference being that the recalculated spectrum has no high fre-
quency noise. The two spectra in Figure 14b differ by Rp = 15
×  10–4, which should be a priori identical to that determined
from the linearization procedure (8 × 10–4, Table 1). One rea-
son for the difference observed is that the [10, ∞ Å] range con-
tains minor Fe-Fe contributions that are progressively lost in
background noise, and which are not taken into account when
the Fourier transform is performed in the [0–10 Å] range. From
these considerations, peak G is likely structural and can be at-
tributed to the Fe5 shell at R = b = 9.15 Å (Fig. 13). The pres-
ence of this peak in the oxidized nontronite, despite the long
distance, is explained by the existence of high order MS paths
along the Fe-Fe1-Fe5, and Fe-Fe3-Fe5 chains. Consequently,
the disappearance of peak G in GR indicates that the reduced
sample has no, or very few, Fe atoms in the 5th Fe shell. Thus,
that the formation of trioctahedral Fe2+ clusters is globally re-
alized by occupancy of formerly vacant octahedra in the Fe1
shell, and by a concomitant departure of Fe atoms from the
Fe5 shell. The Fe2+ domains therefore have a limited lateral
extension, and the migration of Fe2+ atoms should be restricted
to short distance, for instance from cis-occupied to adjacent
trans-vacant sites.

Structural parameters of reduced nontronite. Three Fe
shells were identified in the RSF of reduced nontronite at α =
0°: Fe1 (B), Fe2 (E), and Fe3 (F) (Fig. 12). Equation 9 in Manceau

FIGURE 14. (a) Experimental k3-weighted EXAFS spectrum for
GR at α = 0° (solid line), and Fourier filtered k3χ(α = 0°) function for
GR in the [0, 5.4 Å] R + ∆R interval (dotted line). (b) Experimental k3-
weighted EXAFS spectrum for GO at α = 0° (solid line), and Fourier
filtered k3χ(α = 0°) function for GO in the [0–10 Å] R + ∆R interval
(dotted line).
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et al. (2000) shows that for a given atomic pair ij  (i.e., given φij

function), the wave frequency of χij is determined by the dis-
tance (R) separating atoms i and j. Thus, the comparison of wave
frequencies for Fe-Fe1 and Fe-Fe2 pairs in oxidized and reduced
samples provides insight on the modification of distances to dif-
ferent Fe shells during the redox reaction. This analysis is gen-
erally achieved by superimposing patrial EXAFS spectra
obtained by Fourier back-trasnsforming specific RSF peaks.
Alternatively, comparison of the imaginary parts of the for-
ward (k → R) Fourier transform may be used (Teo 1986). The
imaginary parts for GO and GR closely overlap at R + ∆R = 2.7

Å (arrow 1 in Figs. 15b and 15c) and 4.7 Å (arrow 3), but the
phase of GR progressively shifts to the right when R increases
(arrows 2 and 4). In oxidized Garfield, Fe atoms in the Fe1 and
Fe2 shells are located at the coherent distances of 3.05 Å (b/3)
and 5.28 Å (a), respectively, from the central Fe. Consequently,
the imaginary part below peaks B and E in GO possess a unique
frequency. Thus, the progressive shift in phase observed in GR
indicates that Fe-Fe distances are incoherent within the Fe1 and
Fe2 shells. Peak E in GR is a doublet (Fig. 15a), which suggests
a bimodal distribution of the Fe-Fe2 distances. The incoherence
of the Fe-Fe1,2 distances is a source of structural disorder, and
explains the weakening of peaks B and E (Fig. 15b) in the re-
duced state relative to the oxidized state. However, the ampli-
tude loss is more pronounced on FT[k3χ(α = 0°] than on FT[kχ
(α = 0°] functions (Figs. 15b and 15c). To understand this differ-
ence, we compare k3χFe1 and k3χFe2 functions in the two redox
states (Figs. 16a and 17a).

The wave envelopes of these two functions differ substan-
tially. For GO, the k3χFe1 and k3χFe2 spectra have the character-
istics of a single Fe shell contribution with an amplitude
maximum at 8 Å–1 as predicted from theory (see Fig. 1 in
Manceau et al. 2000). The assumption of unique structural dis-
tances of 3.05 Å (b/3) and 5.28 Å (a) in Fe1 and Fe2 shells
yielded good fits to these spectra with Rp values of 0.021
(Manceau et al. 2000) and 0.022 (Fig. 16b). However, the two
k3χFe contributions of GR exhibit a different spectral shape with
a maximum at low k (4–6 Å–1) followed by a rapid damping of
the amplitude at increasing k (Figs. 16a and17a). A similar ob-
servation was made for k3χTet1 in GR (Fig. 11a) as a result of
the incoherence of the Fe-(Si,Al)1 distances. Thus, the disper-
sion of interatomic distances observed at α = 90° clearly is not
limited to the Tet1 shell, but extends also to the Fe1 and Fe2
shells. This in-plane and out-of-plane structural disorder de-
tected on k3χTet1 and k3χFe1,2 functions accounts for the severe
damping in amplitude of the whole EXAFS spectra (Figs. 7c
and 7d) for reduced samples relative to GO. For instance, the
amplitude of k3χFe1 for GO equals 2.8 (arbitrary unit) at 11.8 Å–1

(arrow in Fig. 16a), and the amplitude of the whole EXAFS
spectrum at the same k value is 4.8 (Fig. 7c). This comparison
indicates that the Fe1 shell alone contributes as much as 56%
of the entire EXAFS signal in the high k region at α = 0°. There-
fore, the high wave-vector range of the raw EXAFS spectra
must be dominated by Fe-Fe interactions at α = 0° (i.e., in-
plane), and by the Fe-Tet1 at α = 90° (i.e., out-of-plane). This
analysis indicates, therefore, that the large damping of the
EXAFS signal in the reduced state results from the variation of
interatomic Fe-Tet and Fe-Fe distances in GR.

The damping of the Fe-Fe signal is more apparent on k3-
weighted than k-weighted Fourier transforms (Fig. 15). The rea-
son for this behavior is now evident when we compare k3χFe1,2
spectra for GO and GR (Figs. 16a and 17a). FT[knχ] functions
are obtained by integrating knχ spectra over k (Eq. 10 in Manceau
et al. 2000) and, consequently, the structural Fe-Fe disorder, ap-
parent at k > ~6 Å–1, is emphasized when FTs are performed on
k3χ . In contrast, multiplication of χ by k decreases the weight of
the high k region relative to the low k region. In this case, GR
has a slightly higher χFe1,2 amplitude than GO. Thus, less empha-
sis is given to in-plane structural disorder in the k-weighting.
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Obviously, the Fe1 and Fe2 shells in GR include several
Fe-Fe distances. The assumption of a single Fe1 shell of 4.9 Fe
at <R> = 3.12 Å (∆σ = 0.03 Å) provided a reasonable fit to χFe1

(Rp = 0.004, Fig. 16c). In this simulation, the distribution of
distance was modelled by assuming a Gaussian distribution of
distances (∆σ), and the Fe1 shell was fitted by 4.9 Fe located
at an average distance of 3.12 Å with a continuous distribution
of 0.03 Å half-width. The distribution of the Fe-Fe1 distances

is too small to be resolved, and the fit would be insignificantly
improved by assuming two discrete Fe-Fe distances. The pre-
cision of NFe1 was estimated by varying σ:∆σ = 0.02 Å yielded
NFe1 = 3.9 and Rp = 0.012, and ∆σ = 0.04 Å yielded N Fe1 = 6.0
and Rp = 0.010. When Rp was 2.5 to 3.0 times greater than its
optimal value, the spectral fit was visually degraded, leading to
the conclusion that the 3.9–6.0 interval represents the maximum
range for the variation of NFe1 (±20%), NFe1 likely being between
4.5 and 5.4 (±10%). Individual Fe-Fe distances are less overlap-
ping in the Fe2 than in the Fe1 shell, as attested by the splitting
of peak E (Fig. 15a), and the node pattern at ~9 Å–1 (Fig. 17a).
This wave node was satisfactorily reproduced by assuming two
discrete sub-shells composed of ~1.7 Fe at 4.86 Å (∆σ = 0.03 Å)
and ~3.4 Fe at 5.38 Å (∆σ = 0.03 Å) (Fig. 17b). In general, the
precision of N decreases with distance from the central atom,
and in the present case has been estimated to be ±1 Fe. The
relative precision is better, and we may estimate that the long
distance sub-shell at 5.38 Å contains 2 to 3 times more Fe than
the closer shell at 4.86 Å.

The wave envelope of the third Fe shell (k3χFe3) for GR (cor-
responding to peak F in Fig. 15a) shown in Figure 17c differs
unexpectedly from GR k3χFe2, but resembles GO k3χFe2 (Fig.
17a), indicating that the Fe-Fe3 distances are coherent. This
finding was confirmed by overlaying GO k3χFe2 and GR k3χFe3

(Fig. 17d), and by calculating the theoretical amplitude func-
tion k3AFe2(k) = k3FFe(k) exp (–2σ2k2) exp [–2R/λ(k)] for a single
Fe shell contribution with the FEFF 7.02 code (details are in
Manceau et al. 2000). The experimental k3χFe2,3 curve enve-
lopes and k3AFe2(k) have the same line shape (Fig. 17d), which
proves that the Fe3 shell in sample GR cannot be split into two
sub-shells, as was the case for the Fe2 shell. Therefore, the
structural disorder observed in the Fe1 shell, and predominantly
in the Fe2 shell of GR, is less important in the Fe3 shell. Be-
cause the Fe1 and Fe3 shells are aligned along the [010], [310],
[3
–
10] directions, whereas the Fe2 shell is oriented along the

[100], [110], [11
–
0] directions, the disorder induced by reduc-

tion of structural Fe is anisotropic and is more pronounced in
directions of the Fe2 shell (Fig. 13a).

Structural differences between GR and GROR samples
GR and GROR have similar in-plane and out-of-plane EXAFS
spectra (Figs. 7c and 7d), differing only by a slight increase in
amplitude of the twice reduced sample. To interpret these spec-
tral differences we compare (Fig. 18) the two RSF functions at
α = 0° and 90°. The two RSFs have, for each orientation, the
same peaks at the same distances, which means that the two
reduced samples have the same overall structure. But, as was
predicted from amplitude differences of k3χ (Fig. 7), GROR
has generally more intense RSF peaks, and thus a higher short-
to mid-range structural order than GR. The fact that peaks A
and B are more intense in GROR than in GR both at α = 0° and
90° implies that this must be also the case at α = 35° and, con-
sequently, that these RSFs differences have a structural rather
than textural, origin. The increase in peak amplitude does not
uniformly affect the various atomic pair contributions and is
predominantly observed for the O1, Fe1, Fe2, Fe3, and to some
extent the Si1, shells, which suggests that Fe atoms are parti-
tioned differently in the two samples. Proper structural inter-
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pretation of the spectra requires us to know whether the in-
creased amplitude results from a reduction of the incoherency
of interatomic distances, or from an increase in the number of
nearest atomic neighbors in the successive atomic shells. In
the former case, the Fe2+ domains would have the same size
but a greater structural order, whereas in the latter they would
be larger. Evidence is given below that GROR has, in all like-
lihood, larger and more highly ordered trioctahedral Fe2+ clus-
ters than GR.

Higher order for Fe2+ domains is deduced from considering
the O1 and Fe2 shells. Because Fe2+ is sixfold coordinated in the
reduced samples, the enhancement of first RSF peaks in GROR
at α = 0° and 90° attests that the distribution of bond lengths of
the coordination polyhedra of Fe2+ become more symmetrical
after two reductions. Also, peak E is no longer split after the
second reduction (Fig. 15a). The best fit to this contribution
yielded ~1.7 Fe at 4.86 Å (∆σ = 0.03 Å) and ~4.5 Fe at 5.38 Å
(∆σ = 0.03 Å) as compared to ~1.7 Fe at 4.86 Å (∆σ = 0.03 Å)
and ~3.4 Fe at 5.38 Å (∆σ = 0.03 Å) for GR (Fig. 17b). Thus,
GROR contains more Fe atoms in its second shell than GR and a
lower proportion of short distance Fe-Fe2 pairs.

Arguments in favor of a larger size of Fe2+ clusters in GROR
are based on the analysis of peaks F (Fe3) and G (Fe5). The
Fe3 shell was shown above to be more coherent than the Fe2,
consequently the greater amplitude observed for peak F (Figs.
15a and 18a) is almost certainly due to an increase in NFe3 and,

accordingly, in the size of trioctahedral clusters. The RSF for
GROR (Fig. 15a) contains a weak bump where peak G is ex-
pected, which may be interpreted as pertaining to Fe5 in-plane
shell. The low intensity of this feature, however, weakens this
argument.

Indirect considerations support the presence of Fe atoms in
the 5th in-plane shell. The structural disorder recurrently ob-
served during the spectral analysis of sample GR most likely
originates from a limited size of Fe2+ clusters, which implies
that a large number of Fe atoms occur at the border of the
trioctahedral domains. As shown below, these surface Fe at-
oms have different coordination and local structure compared
to the inner Fe atoms. Consequently, the general enhancement
of the O1, Fe1, Fe2, and Si1 shell signals observed after the
second reduction (Fig. 18) very likely results from an increase
in the size of the Fe2+ clusters. Under these conditions, the Fe5
in-plane shell should necessarily contain a minimum number
of Fe atoms.

DISCUSSION

Structural model for reduced nontronite

Three results are crucial to understanding structural changes
which occur during the reduction of Fe3+ to Fe2+ in nontronites.
(1) Fe3+ cations preserve their sixfold coordination. Earlier
works suggested that structural Fe3+ undergoes a sixfold to five-
fold transformation (Roth and Tullock 1973; Stucki and roth
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1976, 1977). (2) In the reduced state, Garfield nontronite con-
tains at least three adjacent edge-sharing Fe octahedra along
the [010], [310], and [3

–
10] directions, whereas the original

oxidized sample contained only two. This result provides evi-
dence that some Fe atoms migrated from cis- to trans-sites to
form the short—Fe-Fe-Fe—chains typical of trioctahedral clay
structures. The structural modification of the octahedral sheet
due to reduction suppresses the corrugation of basal oxygen
planes, typical of dioctahedral smectites, resulting in a flat basal
surface, as in trioctahedral layer silicates (Lee and Guggenheim
1981). The migration of Fe during the reduction process is sup-
ported by P-EXAFS, infrared spectroscopy, and by X-ray dif-
fraction as the simulation of the XRD pattern for GR showed
that 28% ± 5% of Fe2+ cations are in trans sites, whereas in
oxidized nontronite trans sites are entirely vacant (Manceau et
al. 2000). (3) The incoherency of the Fe-Fe1 and Fe-Fe2 dis-
tances is greater in the reduced nontronite than in trioctahedral
structures. These structural modifications are accompanied by
a loss of structural OH groups (Lear and Stucki 1985; Rozenson
and Heller-Kallai 1978; Stucki 1988).

We now construct a structural model, which is compatible
with all available structural data. The lattice fragment shown
in Figure 19a corresponds to a tv octahedral sheet in which a
pair of Fe3+ cations in adjacent cis octahedra is reduced, and
the pair of OH groups coordinated to the reduced Fe atoms is
protonated by solution H+ according to 2(OH)–

layer + 2H+
sol →

2H2O. Because Fe atoms remain sixfold coordinated, the re-
duction of Fe3+ and protonation of OH groups should be ac-
companied by the following two phenomena: (1) a migration
of reduced Fe2+ from its original cis site to the nearest vacant
trans site along [010], and (2) a dehydroxylation of the initial
octahedral sheet due to the protonation of OH groups. This struc-
tural transformation results in the formation of a hole consist-
ing of four empty “octahedra” (Figs. 19b and 19c) and cation
migration resulting in the nucleation of trioctahedral clusters.
One of the most important consequence of this cation migra-
tion is the formation around the hole of octahedral edge-shar-
ing Fe chains aligned along the [010], [310], and [3

–
10]

directions.
Iron octahedra nearest to the hole should be deformed be-

cause the local charge balance is disturbed by the new distribu-
tion of Fe atoms. The intensity of this perturbation can be
estimated by using Pauling’s (1929) rule that the sum of bond
valences received by an ion from its coordinating atoms should
be nearly equal to its formal charge. The bond strength in va-
lence unit (v.u.) between an ion and its ligands is obtained by
dividing the formal valence by the coordination number. If the
number of coordinating ions decreases, the increase in partial
charge must be compensated by a shortening of bond lengths
because the strength of a bond increases exponentially when
the bond distance diminishes. This change of the cation-anion
distance is actually achieved by a displacement of atoms from
their ideal crystallographic position (Brown 1981; Brown and
Shannon 1973).

Consider now the distribution of bond valences received by
bridging surface O atoms (Oext) located at the interface between
Fe2+ clusters and holes (Fig. 19c). Among the 14 border anions
of a given hole, four of them, labelled 3, 6, 10, and 13, are
coordinated to one octahedral (Fe) and one tetrahedral (Si,Al)
cation. The sum of bond strengths received by each of them,
assuming non-distorted polyhedra, varies from 1.33 v.u. (1.00
+ 0.33) to 1.08 v.u. (0.75 + 0.33), depending on the nature (Si
vs. Al) of the tetrahedral cation. Another group of border an-
ions, labelled 2, 4, 5, 7, 9, 11, 12, and 14, is coordinated to two
Fe2+ edge-sharing octahedra and one tetrahedra. Their bond
strength lies between 1.66 and 1.41 v.u. The third group of an-
ions corresponds to O atoms bonded to two Fe2+ and one pro-
ton (Oext ), labelled 1 and 8, and are located at the termination
of holes. Their bond strength varies between 1.66 v.u. (0.66 +
1.00) and 1.46 v.u. (0.66 + 0.80), depending on the strength of
the O-H bond (Brown 1976). All these surface O atoms are
undersaturated to variable degrees with respect to fully satisified
oxygen (2.0 v.u.). The charge compensation of Oext is probably
realized by the sorption of protons from solution and by a short-
ening of the Fe-Oext distances. The directions of displacement
of Fe atoms towards the undersaturated surface O atoms are
indicated in Figure 19c by arrows. These displacements lower
the coherency of the Fe-Fe distances; specifically Fe-Fe2 pairs
oriented along the a axis are shortened in comparison to the
non relaxed bulk structure.

This mechanism of charge compensation accounts for the
short Fe-Fe2 distance of 4.86 Å determined by EXAFS in GR
and GROR. However, the maximum gain in charge expected
from the displacement of border Fe atoms is of a few tenths of
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v.u. (Manceau and Gates 1997), which is insufficient to fully
balance the charge deficit residing at the first group of greatly
undersaturated (0.67–0.92 v.u.) O atoms (3, 6, 10, 13). The bond
valence sum of these O atoms might be increased through by the
incorporation of H+ from solution, because the O-H bond strength
varies between 0.7 and 1.0 v.u. depending on the presence and
strength of H bonds (Brown 1976). The proposed model for the
migration of Fe2+ from cis to trans sites during the reduction re-
action appears to account for three important experimental find-
ings: (1) the formation of trioctahedral clusters, (2) the high
structural disorder of the octahedral sheet created by the

incoherency of the Fe-Fe distances, and (3) the protonation of
the structure following the initial dehydroxylation (Lear and
Stucki 1995).

We examine now how the local structural transformation
develops at a medium scale. Imagine that the sequence of reac-
tions described in Figure 19a to 19c is replicated along [010]
to form empty channels delimiting trioctahedral Fe2+ ribbons
(Fig. 19d). Of course, the size and composition of Fe2+ clusters
depend on the mutual arrangement and length of empty holes.
Possible structural models are comprised between two extreme
cases. In the first case, holes are elongated along a and form
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infinite channels (Fig. 19d), whereas in the second case, holes
have a four-octahedra size and are based-centered with maxi-
mum density (Fig. 19f). Intermediate models may be con-
structed by varying the spacing between channels or the length
of holes along [100]. Figures 19d and 19e represent two mod-
els of infinite channels separated by L = 3b/2 and 2b. In the
former, one third of Fe2+ octahedra are located in the middle of
clusters, and share 6 edges with nearest octahedra; the other
two thirds are on the border and share 3 or 5 edges. For this
distribution pattern <NFe1> = 4.7, which agrees well with the
EXAFS value of 4.9 for GR. When L > 3b/2, Fe2+ clusters con-
tain tv octahedra, and <NFe1> is always lower than 4.7. For in-
stance, the pattern of Figure 19e has <NFe1> = 4.25. Variations
with larger L and lower <NFe1> can exist, until L = ∞, then <NFe1>
= 3 as in a dioctahedral layer like GO (Fig. 19a). Thus, if infi-
nite channels exist, they should be separated by 3b/2, so that
Fe2+ clusters contain no tv positions.

Despite the agreement between calculated NFe1 in the 3b/2
model (4.7) and experimental data (4.9), this solution must be
rejected because it fails to explain the structural disorder ob-
served in the Fe2 shell. The direction of arrows in Figure 19d
indicates that the average Fe-Fe2 distances must be equal to at
least a = 5.32 Å, which is inconsistent with the bimodal distri-
bution of EXAFS values: d(Fe-Fe2) = 4.86 Å and 5.38 Å. A
significant portion of shorter Fe-Fe2 distances in GR is indi-
cated by the splitting of peak E in Figure 15a, which exhibits
one maximum at a shorter R + ∆R value than GO. This implies
that a proportion of Fe atoms has moved in convergent direc-
tions (see Fig. 19c and compare with Fig. 19d where all dis-
placements are parallel). The only way to satisfy the constrains
of experimental data is to reduce the length of channels. If the
size of empty channels is limited to four-octahedra holes, as in
Figure 19f, and if these holes are distributed according to a
based-centered superstructure with A = 2a and B = 2b, then
40% of the Fe-Fe2 distances in reduced structural fragments
are shorter than a = 5.32 Å, in agreement with the relative num-
ber of Fe2 atoms within each sub-shell (1.7 vs. 3.4, Fig. 17b).
In this model, however, the Fe1 shell contains 4.25 Fe-Fe1 pairs
instead of 4.9 observed in GR.

The various possible models, based on the existence of infi-
nite channels as well as of four-octahedra holes, showed that
NFe1 is maximized with infinite channels separated by L = 3b/2,
whereas the octahedral sheet distortion is optimal with four-
octahedra holes distributed according to a based-centered su-
perstructure. Consequently, a compromise structure between
these two extremes should be made. Figures 20a and 20b rep-
resent two such structures, one of which contains holes of seven
vacant octahedra of 11a/4 length, and the other holes of ten
vacant octahedra with length = 15a/4 . The holes were distrib-
uted with the superstructure A = (3a+b)/2 and B = (a+3b)/2 in
the former model, and A = (7a+b)/2 and B = (a+3b)/2 in the
latter, to avoid the occurrence of isolated vacant octahedra. The
Fe1 shells contain 4.4 and 4.5 Fe-Fe1 pairs, respectively, both
of which are within the 10% precision of the EXAFS value of
4.9. These new models also contain average Fe-Fe2 distances
shorter than a = 5.32 Å, but their proportions are now 30%
(Fig. 20a) and 15% (Fig. 20b) as compared to 40% in the pre-
vious model (Fig. 19f). The first proportion is compatible with

the relative amount of Fe atoms within each Fe2 sub-shell de-
termined by EXAFS for GR [(1.7/(1.7 + 3.4) = 33%)] and
GROR [(1.7/(1.7 + 4.5) = 27%)]. The occupancy of the M1
site is 25% in the model represented in Figure 19f, 28% in the
model in Figure 20a, and 30% in the model in Figure 20b. In
pure trioctahedral octahedral sheets the M1 occupancy is 1/3
because the unit cell contains two M2 sites and one M1 site.
Thus, the larger the size of the Fe2+ domains, the closer Fe2+

cations will be partitioned as in a pure trioctahedral framework.
In comparison to GR, the re-reduced sample, GROR, has

larger and less disordered Fe2+ clusters. Figure 20a shows that
nearest holes are separated by only one or two octahedra. Thus,
for energetics reasons (i.e., decrease of the layer distortion),
holes conceivably will tend to coalesce during the cyclic GR
→ GRO → GROR transformation, while Fe2+ octahedra of the
hole walls will contribute Fe2+ clusters which will progressively
increase in size along with the number of reduction-oxidation
cycles. Finally, our models depicted in Figures 19f and 20 show
that in average Fe-Fe distances are longer in the b than in the a
direction due to the displacement of Fe atoms towards empty
slits. This anisotropic distortion accounts for the departure from
the hexagonal to orthogonal symmetry of the octahedral sheet
as determined by XRD because b/a >√3.

Structural formula for reduced nontronite

Despite the fact that the complete chemical composition of
reduced Garfield nontronite is lacking, a tentative structural for-
mula, based on the model presented in Figure 20a, can be deter-
mined using the layer charge considerations and the known Na
content. As a consequence of reducing Fe3+ to Fe2+, the layers
accumulate negative charge, which is compensated by the sorp-
tion of Na+ and H+ ions from solution. Na+ occupies interlayer
sites, whereas H+ lowers the negative layer charge by transform-
ing structural OH– into water molecules. This reaction accompa-
nies the migration of Fe2+ ions, and results in the formation of
holes. But even this reaction is insufficient to attain full
electroneutrality of the layer, and an excess of negative charge
remains in an amount that depends on the size and distribution
of empty holes or channels. To illustrate this point, let us com-
pare the anionic composition of the framework for the various
strutural models represented in Figure 19 and 20. It is equal to
O20(OH)3.0 per unit cell in Figure 19f; O20(OH)2.86 in Figure 20a;
O20(OH)2.80 in Figure 20b; and O20(OH)2.70 in Figure 19d, as com-
pared to O20(OH)4 in oxidized nontronite. Thus, after
dehydroxylation the 2:1 layers have a total negative charge of
43 v.u., 42.86 v.u., 42.80 v.u., and 42.70 v.u. per unit cell, re-
spectively. All structural models have instead the same cation
composition Na [Si Al ]1.30 7.22 0.78  [Fe Al Mg ]3.65

2+
0.32 0.04 , and hence

the same total positive charge of 40.86 v.u.. Therefore, to achieve
full compensation of the negative layer charge, 1.84 to 2.14 H+

should be incorporated from solution depending on the model
used, in addition to the initial protons needed for the
dehydroxylation. Thus, if this mechanism of charge compensa-
tion is valid, then the structural formulae for the idealized struc-
tural models of Figure 19f and 20a can be written respectively:

H2.14Na1.30[Si7.22Al 0.78][Fe2+
3.65Al 0.32Mg0.04]O20(OH)3.0

H2.0Na1.30[Si7.22Al 0.78][Fe2+
3.65Al 0.32Mg0.04]O20(OH)2.86
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FIGURE 20. Two possibilities for the structure of the octahedral sheet of reduced Garfield nontronite.
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Obviously an important question to consider is how, and where,
are these excess protons incorporated in the structure. As dis-
cussed previously, they are likely located within the layer holes
where they compensate the excess of negative charge borne by
bordering O atoms (Oext). If each of the most undersaturated
Oext groups take up one proton, then 8 H+ will be present in
each supercell in Figures 19f and 20a, which corresponds to
2.0 and 2.3 H+ per unit cell, respectively. To achieve the de-
sired amount of 2.14 and 2.0 H+ per unit cell, to agree with
structural formulae, every supercell should contain 8.56 H+ in
the four-octahedra hole model and 7 H+ in the seven-octahedra
hole model. Thus, in the first model (Fig. 19f) the amount of
H+ predicted by the structural formula is higher than the ex-
pected amount, whereas the reverse is true for the second model.
The actual structure of GR is likely more complex than that
idealized in these two models, and it can be conceptually de-
scribed by the co-existence of four- and seven-octahedra holes.
As an example, nontronite layer containing an equal propor-
tion of each structural unit would have the following structural
formula:

H2.07Na1.30[Si7.22Al 0.78][Fe2+
3.65Al 0.32Mg0.04]O20(OH)2.93

and its supercells should contain 7.8 H+ which is very close to
8. As sorbed protons migrate from the interlayer space to the
octahedral sheet to compensate undersaturated bordering O

atoms, the structural formula can be finally written:

Na1.30[Si7.22Al 0.78][Fe2+
3.65Al 0.32Mg0.04]O17.93(OH)5

For this model, NFe1 = 4.3–4.4, the proportion of short Fe-Fe2
distances amounts to 35% and the occupancy of M1 sites is
26%. All these values are within the precision of P-EXAFS
and diffraction results, and one may consider that this model
accounts reasonably well for the whole set of structural data
obtained for GR, and provides a reasonable description of the
idealized structure of the octahedral sheet for totally reduced
Garfield nontronite. The general consistency of this structural
model must be emphasized as it strengthens our considerations
of the general mechanism of the reduction of Fe3+ to Fe2+ as
well as to the compensation of the layer charge proposed in the
present study. It is shown in Drits and Manceau (2000), that
this structural model provides a rationale to explain quantita-
tively the change of the physico-chemical properties of
smectites as a function of the reduction rate.
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