American Mineralogist, Volume 85, pages 133-152, 2000

Oxidation-reduction mechanism of iron in dioctahedral smectites:
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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 t0 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*Fewhereas the other three samples have no deteétebie
The partitioning of''Fe** 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 thet axis of individual crystallites from the film plane normal, was found
to be 9.9 for Garfield and 19for 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-I. 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 th@][3nd [30] 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).

INTRODUCTION hedral, octahedral, and interlayer cations. Nontronite is a 2:1

Nontronite is a hydrous Febearing dioctahedral clay mineral, and thus contains two tetrahedral sheets per octa-

phyllosilicate that occurs widely in soils, weathering formaedral sheet (Fig. 1a). Tetrahedral sites are predominantly filled
tions, and sediments. Its structure and chemical reactivity &%Si ions but substitutions of Al, and occasionally of Fean
reviewed by Giiven (1991) and Stucki (1988). The general str@cur- Octahedral sites contain predominantfy, kéth Al and

tural formula for nontronite is (Sj_Al,F&*)r(FeiAl,)Oct & minor amount of Mg. The octahedral sheet has two different

Ex.,Os(OH),-nH,0, where Tet, Oct, and Ex represent tetrzsites 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.
&g). Only two of the three octahedral positions per half unit

*E-mail: Alain.Manceau@obs.ujf-grenoble.fr
TAnd Geological Institute of the Russian Academy of Scienc

7 Pyzhevsky Street, 109017 Moscow, Russia. cell (2 M2 + M1) are occupied, which can be either the two M2
+And Environmental Geochemistry Group, Grenoble. sites (denoted herein as trans-vacant, tv), or the M1 and one of
§Present address: CSIRO Land and Water, Private Mail B&g two symmetrically independent M2 sites (denoted herein
No. 2, Glen Osmond, SA 5064, Australia as cis-vacant, cv).
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Structure determination of dioctahedral smectites are diffe four nontronites. The aim is to quantity the partitioning of
cult because of the high density of physical defects (stackiRg’* among tetrahedral and octahedral sites, cis- and trans-oc-
faults, mixed-layering) and crystal chemical variability (isotahedral sites, and the relative distribution of all octahedral cat-
morphous substitutions, site partitioning, different layepns (Fé&*, Mg, Al) among octahedral sites.
charges), requiring as many different methods as possible to
reduce ambiguity. This study applies X-ray absorption pre-edge PREVIOUS WORK
spectroscopy, X-ray diffraction, X-ray texture goniometry and Ferric iron is the dominant cation in the octahedral sheet of
polarized extended X-ray absorption fine structure (EXAF$jontronite, but the substitution $Fe** for 'VSi or'VAl 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 (Given 1991; Murad 1987).
Moéssbauer spectroscopy has been used to help identify tetra-
hedral Fe, with amounts §fF€* as great as 12—-32% of total
Fe being reported for some nontronite samples (Goodman et
al. 1976). The results are equivocal because Mdssbauer dou-
blets are often poorly resolved. For instance, Besson et al.
(1983) and Murad et al. (1990) reported 6 to W BE" in
Garfield nontronite, whereas Bonnin et al. (1985) concluded
that"VFe** amounts to less than 1% of total Fe.

Oblique texture electron diffraction and X-ray diffraction
showed that in Fé&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 F& in nontronites has been indirectly inferred from
magnetism measurements, from which up to 13%-ef* 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 Fe. However, the presence of trans*fe addi-
tion to cis Fé&, 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 sitegithin the same octahedral shast
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;

FIGURE 1.(a) Idealized structure of nontronite. T: tetrahedral SheeMadejova et al. 1994; Slonimskaya et al. 1986). These studies
O: octahedral shee_t. M1 denotes tra_ns site;, M_2, cis sites. One ofdhBwed that the distribution of Al, EeFe*, and Mg is not com-
three octahedral sites are unoccupidg). Rrojection dowrnc* of a ﬁetely disordered, and that, in generat:#¢ pairs have a lower

Ditrigonal cavity

dioctahedral layer silicate (one tetrahedral sheet is not shown), %bability of occurrence than predicted by statistical distribu-
representation of the successive atomic shells around a central Fe afom.

Blank triangles are (Si,Al)O4 tetrahedra, black atoms are basal O ato %n' By combining XRD, EXAFS, IR, Mossbauer, and com-

blank atoms are O atoms from the octahedral sheet, and greyed atBH#?r Simmaﬁons' Drlit.s etal. (1997) fouqd that in c.ela.donites.,
are OH groups. Si labels stand indifferently for Si and Al atoms, Me@auconites, and Fe-illites octahedral cations are distributed in

an octahedral cation (Fe, Al, or Mg). domains of variable size, chemical composition, and cation or-
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I 3 in2
dering. Muller et al. (1997) showed from XRD, EXAFS, and IR Net = ENc,ygsm B (5)
that Fe and Mg are segregated in small clusters in the aluminous 5
octahedral sheet of the Camp-Bertaux montmorillonite. Ngy =3Nq,4COSB (6)

From knowledge of the crystallograptcangle of g shell,
THEORETICAL BACKGROUND calculation of the effective number of neighbors seen in a P-
Polarized EXAFS (P-EXAFS) is a new technique (MancegIXAFS experiment for the two independent orientations is
et al. 1998, 1999), and its principles and application to clgpssible. Converself,in an unknown structure can be deduced
mineral structures is described briefly. The angular dependeifigan N.; determined from the simulation of P-EXAFS spectra.
of the EXAFS contribution for a given atomic pdj),(and at For the magic angle @ =54.7, N =Nlx = Neryss the atomic
the K-edge of the X-ray absorkieis written in the plane wave pair has no polarization dependence in the X-ray beam, and
approximation: N the absorption amplitude is constant and equal to that of pow-
_ A - o ders [; (k,a) = xi°(k)]. For B < 54.7, X;(k,0) increases with
Xi (k8) = 3 <cosB;> X1k = ,zl (300578, X7°(K) @) a, whereas fop > 54.7, x; (ko) decreases with increasing
whereg; is the angle between the electric field veetand the Equations 2 to 6 presume that individual platelets have their
vectorR; that connects the absorbingtom to the backscatter- (001) basal surface perfectly aligned parallel to the film plane;
ing j atom, andy°is the isotropic contribution of theshell. otherwise, if dispersion from this orientation occiNgleter-
The summation is made over all tNg,; atoms of thg shell mined from experimental EXAFS spectid,(«) would be in-
because, for some orientationsspfaitoms may not have thetermediate betweeNs and Ny With smectitic clays,
same spatial position, and thiangle. For a true powder (i.e.,self-supporting films can be prepared in which the crystallite
perfectly random crystallites), there is no angular variation, adispersion has a half width at half maximum (HWHM) of =10
3 <codf;>=1. (Manceau et al. 1998). In this case, dispersion otthaexis
From Equation 1, neighboringgtoms located along thearound the film normal can be neglected aigh. = Neg
polarization directionq = 0°) are preferentially probed, (Manceau et al. 1999).
whereas atoms located in a plane perpendicula(fic= 90°) We now apply these theoretical considerations to nontronite.
are not observed. Thus P-EXAFS measurements provide dnteratomic distancess], B anglesNcys, Ny, andN g for the
entational information, and can be used to probe the local stragccessive atomic shells located at increasing distance from Fe
ture of layer silicates between two different directional limitgitoms in Garfield nontronite (Fig. 1b) are listed in Table 1. In
parallel and perpendicular to the (001) plane, by varying ti@yllosilicates, the nearest octahedral (Octl) and tetrahedral
angle betwees and the layer plane of a single crystal or théTetl) cationic shells are located about the same distance from
surface of a self-supporting clay film. For a film, individuaFe atoms (~3.04-3.10 A vs. ~3.25-3.30 A), and their EXAFS
clay platelets have thea and b axes randomly distributed contributions strongly overlap, which reduces the precision of
around the normal to the film plane and, consequedjtiyar- the quantitative analysis of EXAFS spectra (Manceau 1990).
ies from one crystallite to another. Thus, this formula must bespection of Figure 1b and Table 1 reveals that using P-EXAFS
transformed through the introduction of angles that are inde-the context of phyllosilicates has the advantage of canceling
pendent of the orientation of layers in the film plane. Utilizinfre-Octl pairsN ¢[Fe-(Fe,Al,Mg)] = 0) and selecting Fe-Tetl
the axisymmetrical symmetry of self-supporting clay films, ang@irs [(Ner(Fe-(Si,Al)] = 8.6) in the normal orientation. Con-
assuming that individual platelets have their (001) basal suersely, when the polarization vector is in the film plane, the
face perfectly aligned parallel to the film plane, one can writee-Octl contribution is reinforcetll{s = 4.5), and the Fe-Tetl

(Manceau et al. 1998): is small NIz = 1.7). Thus, the residual Fe-Tetl contribution at
_ ) a = equals 1.7/8.6 = 20% of its amplitudecat 90° and,
<cos6> = cosp sirfa + (sirfP cosa)/2 2 therefore, the Fe-Oct1 contribution can be singled out from the

. ) . in-plane EXAFS spectrum by subtracting the residual Fe-Tetl
wherea is the angle between and the film plane (i.e., the L .
. tal | is th le bet d the fil component. The filtering of the Fe-Octl and Fe-Tetl contribu-

mormal. This polarzaton tem f indopendent o the rorghs M P-EXAFS experiments enhances the precisidikgn

o L ) L ct = Fe, Al, Mg...) by supressing the three adjustable struc-
position of crystallites in the film plane, and of the variation o(g) g...) by sup g 1u .
6; from one atom to another in thehell. The amplitude gff°
(K) is obviously proportional tdl,s, and in a polarized experi-
ment one detects an apparent number of neighbors, which is

. TABLE 1. Angular dependence of atomic shell contributions for
the effective numbeilN,;) of atoms really seen at tkieangle. Garfield nontronite in polarized EXAFS

Then:
N Atom Label R (A) B> Ny Nl N
Xi(ko) = —dyim (i) (3) o1 1.97-2.04 57° 6 6.3 5.3
e Fel Octl 3.05 90° 3 4.5 0
ith y (Si,A),  Tetl 3.26 32° 4 17 8.6
Wi 02 3.45 11° 2 0.1 5.8
. . 03 3.74 73° 6 8.2 15
Neir= 3 Neyst [ COSB sirPa + (sirf3 cosa)/2 | 4) 04 4.03-4.21 37° 4 2.2 7.6
. , (SiAl),  Tet2 4.49 52° 4 3.7 4.5
For normal ¢ = 9C°) and parallel ¢ = 0°) orientations, Fe2 Oct2 5.28 90° 6 9 0
3 45 0

(4) reduces to: Fe3 Oct3 6.10 90°
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tural parameters of the tetrahedral contribution in the spectiiaé mathematical formalism described by Plancon (1981),
fit (Nrew, Rres @nd the Debye-Waller factor..). Also, in par- Sakharov et al. (1982a, 1982b), and Drits and Tchoubar (1990).
allel orientation the total wave amplitude f.o.{K) is en- Random stacking in individual crystallites was assumed to be
hanced by 50% as comparedki#.o.. becauséNes = 1.5N.  100%, as in pure turbostratic layer compounds (Brindley and
(Eqg. 5). This magnification of the electronic wave amplitud&rown 1980). Coherent scattering domains (CSDs) in the layer
and the filtering of the Fe-Tetl pair contribution, greatly corplane are disk shaped, with a mean radius determined for each
tributes to increasing the sensitivity of EXAFS for studyingample by fitting the profile of the 02-11 band. For each sample,
the distribution of Fe-Fe and Fe-(Al,Mg) pairs in the octahé¢he fraction of the different octahedral species (Fe, Al, Mg)

dral sheet of layer silicates. was taken from the chemical composition (Table 2). Values of
d(001),b = 6d(060), anda = b//3 were determined from ex-
EXPERIMENTAL METHODS perimental XRD patterns.
Materials

. S . Texture goniometr
Nontronite samples used in this study were from Garfield, 9 y

Washington (Rachel Glaeser); Panamint Valley, California (P, The quantitative determination of texture is based on the
J.L. Post); Grant County, Washington (SWa-I, Source Cla§8ncept of orientation distribution (Bunge 1981), and repre-
Repository of The Clay Minerals Society, Columbia, Missourif'ems the distribution of all possible orientations of all crystals
and Héhen Hagen, Germany (NG-1, Source Clays Reposit&g{,ystallites) cons_tituting a polycrystalline aggregate_ (Matthies
of The Clay Minerals Society, Columbia, Missouri). Impuri-et al. 1987). Garfield measurements were reported in Manceau
ties were removed by performing successive sedimentatidtis@l- (1998). The (004) pole figures for the three other
on the Na-saturated form in deionized water. NG-1 was aldgnironites were obtained by using a high resolution Seifert
subjected to magnetic fractionation to remove finely divided® TS) four circle texture goniometer mounted on a Rigaku ro-
maghemite and associated Fe-poor smectites (Lear et al. 19jng anode, and with G monochromatized radiation. A1
Chemical analyses were performed on all samples: (1) for F&¢ 1 mm beam was collimated on the _Samp_le_, andalmm hpr|-
and Fé&" using the quantitative 1,10-phenanthroline method gPntal aperture was used for detection, giving no defocusing
Komadel and Stucki (1988); (2) for total Si using NaOH fulP top = 50°. Possible sample inhomogeneity effects were re-
sion, followed by silicomolybdous blue spectrometry at 82@1ced by continuously rotating the sample around its normal
nm (Hallmark et al. 1982); (3) for Al by the Aluminon (ammoduring the measurements. The (004) pole figures were mea-
nium salt of aurinitricarboxylic acid) spectrophotometri§ured using angle increments in tjt) @nd azimuth§) of 5
method at 530 nm, after,BO,+HF digestion (Barnhisel and @nd for angular ranges of(p < 85° and 0< ¢ < 360°. The full
Bertsch 1982); and (4) for total K, Na, Ca, and Mg by atomfw ~28n pattern was measured in thes 8, < 35 interval.
absorption spectrophotometry using the same diluted digesthfi® Scattering background under the diffracted 004 reflection
solutions prepared for Fe analysis. Structural formulae calct@s estimated by @2rder polynomial interpolation from an
lated on a Q(OH), basis are reported in Table 2. Highly oridnterval of T in 26 on the right and left sides qf the peak, and
ented self-supporting films of uniform thickness were prepar¥@s subsequently subtracted from the experimental pattern to

by vacuum filtration and sedimentation (Manceau et al. 1998>)qtain the Qet (_jiffracted intensity. This_intensity was corrected
for defocusing in the 58 p < 75° range sincé= 0 forp > 75.

Powder X-ray diffraction The distribution of densitie®(p), was then obtained by nor-
Powder X-ray diffraction(XRD) patterns of nontronite Malizing the previous intensitiep), according to:

samples were obtained usingk2uradiation with a Siemens P(p) _lp 7

D5000 powder diffractometer equipped with a Kevex Si(Li) solid- [\

state detector. Intensities were measured at an inten@i02

and 40-50 s counting times per step. The absolute precisioWvBereNuq is the normalization factor calculated over all ex-

Bragg angles was better tha B.01° over the whole angular Perimental points by

range. XRD patterns were recorded on air dried Na-saturated 90° 90°

samples and dehydrated in a vacuum chaniber}0® to 10° Ny = Zy I(p)sinp/ Z sinp (8)

atm). The 02-11 and 20-13 two-dimensional diffraction bands P p=0°

of XRD patterns for dehydrated samples were simulated usihlge sirp factor takes into account the variations of the volume
of the measured cells with the inclination of the sampje (

. . Pre-edge
TABLE 2. Unit-cell formulae for nontronites calculated from
chemical analysis Fe K-edge measurements were performed on the D42 spec-

trometer at LURE (Orsay, France) in transmission mode with

Sample Cation composition per O,,(OH), Tet net Oct net

charge charge gas ionization chambers filled with an air/helium mixture dosed
Garfield Nag g1(Siz.20Al76) (Fe¥ssFe301Al0 3:MJo.04) -0.78 -0.02 to attenuate the beam intensity by ~20% before and ~50% af-
PV Nag g9(Siz 5770 43) (Fea7FeF01Alo 6sMGo.47) -0.43 -0.48 ter sample entry. The DCI electron storage ring is a first gen-
SWa-1  Naog(Siz.seAlos2) (FesrFedionAlLosMYo.zs) -0.62  -0.27  eration synchrotron source, and the divergence of the incident

NG-1*  Naoo(Siz.2sFedissAloos)(FeXiosFedinAlossMoss) -0.71  +0.02  phegm is as high as *Gadians. The spectral resolution was
* Contains 17% of "Fe® in agreement with EXAFS. improved by using a highkl reflection [Si(331)] as the mono-
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chromator. With this reflection the energy resolution was 1vshereSis a many body term 5~1),F; is the scattering am-
eV, which is comparable to the Fe core level width of 1.1 to 1p#itude function of the backscatteringtom,o; is the Debye-
eV (Muller et al. 1982). Pre-edge spectra were recorded at Waller term,A is the electron mean-free path, apdis the
magic angle to eliminate texture effects (Manceau et al. 1990ahase shift function for thig pair. The contribution of this pair
then normalized to the main absorption jump according to threreal (R space (i.e., in the RSF) is obtained by integrating
procedure described by Manceau et al. (1997). kx;; (k-weighting) orkx; (k*-weighting) ovek during the Fou-
rier transform (FT).

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
(<2pum), which is smaller than one absorption length at the Fe
K-edge (<40um), and to the homogenous and relative thin-
ness (Ap = 0.8 ata = 60 for all samples) of clay films that 1
ensured a precise measurement of the absorption coefficient
(Lu and Stern 1983; Manceau and Gates 1997; Stern and @0.8
1981). Angular measurements were performed by rotating th:e
film layers around an axis normal to both the beam direction %-6[°
ande ata angles equal to°02C, 35°, 50° and 60. The out-of-
planex(k,a = 9C°) function was calculated for eaklvalue via .
linear regression as a function of &woand extrapolation to  ,
90° (Manceau et al. 1988, 1999). P-EXAFS spectra were re-
corded over the 6900-7950 eV energyange, which corre-
sponds to = 14.5 A*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(-3
ized, being precisely 100% at the monochromator Bragg andfe
of 45° (Hazemann et al. 1992). Powder EXAFS spegita f &
35°), Manceau et al. 1990a] for Garfield, SWa-1, and NG-1 werg
recorded up to 8200 e\ (.= 16.5 A?) to increase the distance _ﬁ; 3l
resolution limit of the method, and with a counting time of 20 sC

Data reduction. EXAFS spectra were analyzed according\eg 2
to standard procedures (Lengeler and Eisenberger 1980). A K3i- -
ser function window (Manceau and Combes 1988) was used in 1[ ..
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). 10 730
The resulting low intensity increases the sensitivity to less pro- 4 300
nounced structural features in the radial structure function (RSF), sk
and provides strong evidence that peak intensities above this value - 250
should be interpreted as being of structural origin. Fourier trars- ul
forms were performed ok or k’-weighted EXAFS spectra to g 6 - 200 ,;'
emphasize contributions from the lower or higkeegion, re- |7 ﬁ“
spectively. The combination of these tvspace weighting treat- 4 12°=
ments was particularly helpful in the analysis of contributions 1 100
from overlapping atomic shells. The arguments presented in the
results section are rather technical in some places, so for the 2 l 450
sake of clarity, how these twespace weightings preferentially
modify the relative contributions of the various atomic shellsin 7 2 7 5 “’"‘é‘mm
RSFs is explained below. R+AR(A)
The EXAFS contribution of aij atomic pair is written in
the reciprocak space by the wave function (Teo 1986): FIGURE 2. (a) k- and k*-weighted amplitude envelope for the
Noys EXAFS contribution of Ee-Fe, Fe-Si, and_ Fe-O pairs. Sglid lines
Xi (k.8) = Z (3cos? eil)(gbz N/ R Fi(K) exp (—25,2k2) correspo_nd to%j(k) functions, and dotte(_:i ||n¢s @j(k) functions.
& (b) Relative amplitude of the Fe-Fe/Fe-Si (solid line) and Fe-Fe/Fe-O

. (dotted line) contributions. (&f-weighted (solid line) ank-weighted
exp [&/A(K)] sin [2kR; + @;(K)] ©) (dotted line) RSF for Garfield nontronite.
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— Kmax i lified by 50% by usingkaweighting scheme.
ET [k"x] = ny 2ikR 10 are ampli Yy Yy g g g
fkex] Ikm.n iy (k OE Tk (10) These theoretical considerations are verified experimentally

in Figure 2c, which compares FRlkand FTE3x] functions

Equation 9 indicates that the amplitude of the sine wave is (yé . ; )
. . or Garfield nontronite. The first peak corresponds to the near-
termined by two types of parameters, namely, those which de-

pend onk [F, A, and exp (~2&A)], and those which are est Fe-O1 contribution & = 2.01 A, and the second derives

independent d (N, R, 8). Consequently, theweighting solely predominantly from octahedral edge-sharing Fe-Fe pairs (Octl)

affects the relative importance of the first three terms. FiguarléR =3.05 A, Note that RSF peaks are shifted\y——0.3 A

. B with respect to crystallographic valu€ because Fourier trans-
23 compares the-land thek’-weightedA; (k) = Fi(k) exp ¢ o ro generally uncorrected from phase shift functg(is
(-20§l¢’) exp (~R/A(k)) functions for the Fe-Fe, Fe-Si, and Eg. 9), which depend on tijgair and thus vary from one peak
Fe-O pairs. These functions represent the amplitude enVei8panother. After normalization of theaxis to the intensity of
i , e first oxygen peaks, one notes in Figure 2c that the relative
atomic shells, Fe, Si, and O. They were calculate®fB A ;10 cities of the two nearest Fe-Fe peaks are differenti@gT[

ando = 0.09 A, andFi(k) and(k) were generated by the FEFF; ;¢ amplified by ~50% as predicted by theory. Two other peaks

7.02 code (Rehr et al. 1991) for a nontronite cluster (Mancegik + AR= 5.0 A and 8.8 A, corresponding to distant Fe shells,
et al. 1998). From Figure 2a we deduce that: (1) The waygs giso amplified by thé weighting.

amplitude increases with the atomic number of the backscat-ys4es forR andN,in the nontronite samples were deter-

tering atom, that is, with its number of electrons. Heavy elgsined by fitting Fourier back-transformed (BTRSF peaks.
ments are thus more easily detected than light elements, whichynq . o functions were calculated experimentally from
is especially true for distant atomic shells as the wave amplixfield nontroniteNlo= 6,R=2.01 A) (Manceau et al. 1998).
tude decreases withRE/(Eq. 9). For this reason, second- angtynctions for Fe-Fe, Fe-Si, and Fe-Al pairs were calcutzted
third-nearest oxygen shells are hardly detected by powqgfio by the FEFF 7.02 code (Rehr et al. 1991), and their va-
EXAFS spectra. They may be detected, however, using polgdity was tested on Garfield nontronite. The absolute accuracy
ized techniques by orienting the electric field vector in thegt Neys» @S shown below, is better than 20%. Based on the com-

direction (Manceau et al. 1998). (2) The shap@Atk) func-  parison between X-ray diffraction and EXAFS data, the abso-
tions varies withj andn. For 3d atoms, these functions alwaysute accuracy oR is typically 0.02 A.

have a maximum nedr= 7-9 At regardless oh, and the
amplitude drops rapidly outside of thissalue range. In con- RESULTS AND INTERPRETATION
trast, O and Si functions have a smootheariation. To em- Pre-edge spectroscopy

phasize this difference @fvariation of A(k) as a function of, Pre-edge spectra are derived predominantly from 1s to 3d
but also to eliminate the influence of tkeweighting on the  ginq|ar transitions. At the Fe K-edge this spectroscopy probes
wave env_elope,.or)e can compare_the ratggsAAandApele. the density of 3d electronic states of Fe. Point group selection
The relative variations of the Fe/Si and Fe/O contributions gi€as indicate that 3d transitions are not allowed jsy@nme-
plotted in Figure 2b. These plots show that the contribut.ion 9{,‘ whereas in Jsymmetry the 1s(a t, transition is allowed.

Fe shells to the EXAFS spectrum, relative to O and Si, PrRzcordingly, no pre-edge should be observed for octahedrally
gressively increases from 3*ko ~8-9 A* before reaching a ¢qordinated Fe. In fact, the intensity of the pre-edge depends
plateau. Stated another way, the amplitude of EXAFS oscillgs poth the local symmetry and the electronic properties of the
tions beyond ~8 A is dominated by the contribution of Fecagion_ |t is low for common octahedral sites, but substantial
atoms over that of O and Si. (3) THenleighting modifies the ¢ tetrahedral sites. Figure 3a shows that the oscillator strength
shape ofk"A(k) functions but, as this shape varies with thg). veeg- in FePQ s typically 10 times greater than that for
nature of the atomic pair (see previous point).khweeighting  vige+ in Garfield nontronite. This amplitude contrast is high
allows reinforcement of the contrast of amplitudes among thag has been used to evaluate cation site occupancy in miner-
various atomic pairs. This effect can be quantified by calculgjy (see e.g., Farges et al. 1997; Manceau et al. 1990b; Manceau
ing the integral intensity dk"A(k) overk, as is done in the ang Gates 1997). Figure 3a also shows that the pre-peak of
Fourier transform (Eq. 10).K[A(K)] values for Fe, Si, and O sjxfold coordinated Fe is split intg;tand g-like components
were calculated in the 3-A< k < 14 A™ interval. Relative yjth a separation of ~2 eV, whereas in tetrahedral coordination
I[kA(K)] values for Fe, Si, and O are equal to 49, 33, and 18fe e- andtlike levels are close in energy (Douglas et al. 1994),
and 1A (K)] values to 56, 30, and 14%, respectively. Thesghd therefore appear as a single peak.

results show that by performing the Fourier transfornk®on  The intensity of pre-edge spectra is about 1.5 to 3% of the
the Fe-Fe EXAFS contributions are amplified in the RSF relgyain absorption edge, which indicates that Fe atoms are pre-
tive to Fe-O, whereas Fe-O contributions are enhanced by #gninantly sixfold coordinated (Fig. 3b). The pre-edge inten-
k weighting. The relative gain in intensity of the Fe contribusity gradually increases from the Garfield to the NG-1 sample.
tion over that of the O contribution from tketo k’-weighting  This last sample displays a single maximum as forVire*

is given by the ratio KA:) x I(KA)/I(KA:) % I(K*Ao), which  reference compound. Two explanations can be proposed for
equals 1.5. This leads us to the important conclusion that ceiiis spectral evolution. The first interpretation is that some of
tributions of Fe shells to the RSF are magnified by 50% reldre Fe in the clay is tetrahedral, i'éE€* species are present.
tive to those of O shells when the Fourier transform is perform@tle possible amount of tetrahedral Fe in the various samples
on k¥ instead okyx. Conversely, the contributions of O shellsvas evaluated by linear combinations'&&** and" Fe** refer-
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ence spectra (Fig 3c). Using this simulation as a calibration frause the Fe atoms occupy only cis sites (M2) (Besson et al.
the experimental spectra of the clays, the maximum amountl®83) and the octahedral sheets are almost devoid of Al
VFE€* in nontronites PV, SWa-I, and NG-1 would be 3, 8, andFe,.:Zo« = 0.91, Table 2), which accounts for the low pre-
12%, respectively. edge intensity. The increase in pre-edge intensity from Garfield
The second interpretation considers that the pre-peak io-NG-1 cannot be attributed to the presence of Fe in some
tensity is not uniquely related to coordination number but als@ns (M1) sites (Lear and Stucki 1990), which possess a dif-
depends on the geometry of the Fe site (Manceau and Gdgeent geometry from cis (M2) sites, because this explanation
1997). If a trigonal (&) distortion is introduced at the octahe-s inconsistent with X-ray diffraction results (see below). In-
dral Fe site, a portion of the formerly forbidden transitions betead, the increase in intensity in the series Garfield < PV <
come allowed, and the intensity of the pre-edge increasesSWa-1 correlates with the increase in octahedral Al a&ke:
Garfield nontronite, the site symmetry presumably is high beation 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; ratio equals 0.92, a value virtually

0.16
F a FePO identical to that of Garfield, but the intensity of its pre-edge
0.14F Garfie|4d peak is the greatest and Garfield's is the weakest in the series.
0_125 As shown below, P-EXAFS results offer strong evidence for
> F ~17+ 3%"VFe** in NG-1 and that PV and SWa-| are devoid of
‘s 0.10¢ VEe*, Consequently, the higher intensity of NG-1 pre-edge is
< -
ﬁ 0.08F interpreted by the presence"dfe, and the intermediate in-
£ - tensity of PV and SWa-1 is interpreted by a lowering of the
5 0-06p Fe** site symmetry due to the mixing of Fe and Al/Mg atoms in
0.0aF octahedral sheets, and not to the presence of tetrahedral Fe.
0.02F Powder XRD
a : e I TS XRD patterns (Fig. 4) display only basal reflections (001,
7090 7092 7094 7096 7098 002, and 003) and two-dimensionalddnds (02-11, 20-13, 04-
Energy (eV) 22, 15-24-31, and 06-33) as a consequence of the turbostratic
0.03 E stacking of layers (Brindley and Brown 1980). The most signifi-
E cant differences observed were in the 06-33 reflection, the posi-
tion of which increases from 1.509 A in SWa-l, to 1.514 A for
2> "
‘2 0.02F
8 "
£
£
o
Z 0.01F
7090 7092 7094 7096 7098
Energy (eV) o
003f € 120h ———> p¥% T Garfield
: 8% —= L./\‘
2 "
'z 0.02F 3% ——
I3 b u
£
E
o L
Z 0.01F U
A T TSP G B3R
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Position (°20 CuKa)
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Energy (eV)

7096 7098

FIGURE 4. Experimental powder X-ray diffraction patterns of the

FIGURE 3. Fe K pre-edge spectra for Garfield nontrontté&e+)
and FePQ(VFe*) reference materiahj, for nontronite samplesy,
and for linear combinations ¥fe** andVFe* references materials)(

four nontronite samples recorded in vacuuit0p3) ~3.25 A]. hl
indicates halite impurity in SWa-1 sample. Diffraction maxima are
indexed, andl(060) is indicated for each sample.
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PV, and to 1.521-1.522 A for both NG-1 and Garfield. Excepant, but this technique is not sensitive enough to exclude com-
for NG-1, this follows the Rg:Zo4 ratio (Radoslovich 1962), pletely the presence of some*Fim transsites. For this pur-
which increases in the order SWa-1 (0.67) < PV (0.72) < Garfigddse, the intensity of the 02-11 and 20-13 bands were calculated
(0.92). This ratio equals 0.77 in NG-1 when 17% of leee for different site occupancies and compared to experimental
placed in tetrahedral sites (Table 2) and its relativelylmigliue  patterns. Indeed, Drits et al. (1984) showed from the calcula-
(Table 3) can be explained by the larger lateral size of the tettian of 02, 111, 13, and 20lines that the intensity of the 02-11
hedral sheet as a result of thee** for Si substitution. band for dioctahedral Al-rich clays is constant if their layers
As mentioned above, oblique texture electron diffractioare either tv or cv, or if tv and cv layers are interstratified, es-
showed that dioctahedral ¥eich clay minerals are trans- pecially for pure turbostratic layer stacking. If octahedral cat-
ions are randomly distributed over cis and trans sites the
TaBLE 3. Unit-cell parameters derived from XRD for dehydrated  intensity of the 02-11 band is instead strongly reduced. Fur-

samples (P = 10"° atm) ther, the intensity of the 20-13 band is independent of the dis-
c* = 3 d(003) b =6 d(060) a=bi3 tribution of octahedral cations, and its intensity can be used as
(A) (A) (A) an internal standard for normalizing the intensity of the calcu-
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

16 18 20 22 24 26 28 30 32 34 36 38
Position (°26 CuKa)

6 18 20 22 24 26 28 30 32 34 36 3/ 40 FIGURE 6.Comparison between experimental and calculated XRD
patterns. ) Optimum fit for SWa-1 nontronite obtained by assuming
100% of trans-vacant site)(XRD pattern for SWa-1 with 10% of

FIGURE 5.Comparison between experimental and calculated XRéctahedral cations occupying trans site$.@ptimum fit for NG-1
patterns.&) Optimum fit obtained for Garfield nontronite obtained bynontronite obtained by assuming 100% of trans-vacant site¥XRD
assuming 100% of trans-vacant sitds). XRD pattern for Garfield pattern calculated for NG-1 with &Fe replaced bYAl. (e) Optimum
nontronite using a 1:4 ratio, instead of a 5:6 ratio in the optimum cafiefor PV obtained by assuming 100% of trarecant sites. Calculations
between CSDs having 200 A and 100 A radii, respectively. (c) XRilsed Table 2 (except d), 3 and 4. The ratios between CSDs having 200
pattern calculated for Garfield nontronite with 10% of octahedrdl and 100 A radii were 1:8, 1:6, and 1:10 for SWa-1, NG-1, and PV,
cations occupying trans sites. Calculations used Tables 2—4. In Figutespectively. hl, gt, gz indicate halite, goethite, and quartz impurities,
5a and 5c the ratio between CSDs having 200 A and 100 A radii is Séspectively, in the SWa-1 sample.

Position (°26 CuKa)
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TABLE 4. Atomic coordinates in the asymmetric layer unit cell The small discrepancy observed in Figure 6a between ex-
X y z perimental and calculated 02-11 profiles for SWa-1 in the 21
O positions 0.630 0.688 0.613 °28 CuKa region is due to the presence of a small amount of
8 g‘;g 8'%2 8 gig fine-grained goethite. A similar effect may exist also in the NG-
0.003 0.313 0.387 1 sample. For this sample, the sensitivity of the 02-11 to 20-13
—00-296300 8-?28 8-%2 intensity ratio to the presence "vFe* was also tested. XRD
0.683 0.000 0611 patterns calculated for a tv NG-1 model with 17%e* (Fig.
_ —0.056 0.000 0.389 6¢) and with only Al for Si tetrahedral substitution (Fig. 6d)
Tet. Cations 8-338 8-253 8-;28 are almost identical, indicating that this ratio has very low sen-
Cis site 0.316 0.333 0.500 sitivity to the presence of fourfold Fe. Therefore, it can only be
Trans site 0.316 0.000 0.500 used to determine the site occupancy of octahedral cations in
Interlayer Na 0.646 0.000 0.892 ; i
0.000 0.000 0.108 turbostratic layer silicates.

Notes: Atomic coordinates were calculated from the regression analysis titative text lvsi
of dioctahedral micas (Smoliar-Zviagina 1993). Coordinates are given in Quantitative texture analysis

fraction of unit cell parameters (Table 3), for a c2/m layer symmetry and The typical evolution of the X-ray diffraction pattern for
an orthogonal lattice since B is undefined due to the turbostratic layer

stack. These were used to calculate the distribution of intensity of the PV as a function of the tilt angpeup top = 70° (Fig. 7) indi-
02-11 and 20-13 reflections for all nontronite samples. 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 30-38 and, even without normalization at this stage of

lated XRD pattern. Consequently, the intensity ratio of the ogoalysis, it is greater than for Garfield (19.Blanceau et al.
11 and the 20-13 bands is sensitive to the distribution of oc#£98). The 001 reflection is the most intense, but was not re-
hedral cations between trans and cis sites within the safa#ed for the normalization because at this low Bragg angle of
octahedral sheet, and were used to detetect small amountéragliation the surface varies substantially vithirhe experi-
M1 cations in predominantly tv layers. mental (004) pole figures and radial distributiorcoin (Fig.
Simulations of the 02-11 and 20-13 bands and 003 reflecti®hshow that the Garfield nontronite has the greatest parallel
are shown in Figures 5 and 6. Structure factors were calcula@tgntation, with a pole density calculatedrinltiples of a ran-
from structural formulae (Table 2), and atomic coordinates o#iom distribution (mrd), of 37.1 at maximum and a FWHM of
tained from Smoliar-Zvyagina (1993, Table 4). Simulations9.6’. SWa-1 has the least parallel orientation, with 14.3 mrd
showed that small variations of atomic coordinates do not sgf-distribution density at maximum and a FWHM of 38.5
nificantly influence intensities of the 02-11 and 20-13 bands arfiis0 for this samplep, = 38.2, which means that densities
accordingly, the same atomic coordinates were used for Righer than for a random powder (1 mrd) are present at angles
samples (Table 4). To obtain realistic distances of 2.40—2.503kger than the EXAFS’s magic angle of 35.BV and NG-1
between interlayer Na and O atoms defining the hexagonal c&@mples have intermediate texture strengths, with maximum
ity, interlayer Na was shifted by 1.05 A 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 A and 200 A 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 g
Lorentzian-shaped curve. "
Optimal fits were obtained by assuming 100% trans-vacant:
octahedral sites in the four nontronite samples (Figs. 5a,
6¢c, and 6e). The sensitivity of the method for determining th
distribution of cations over cis and trans sites within the sarg

5c and 6b compare the experimental XRD patterns for Garfieild.-5
and SWa-1 to that obtained when 10% of total octahedral c§ w-""""""""""
ions are present in trans sites. Here, 45% of octahedral catib 7 ; T ; - =70
are present in each of the two symmetrically independent cis 5 10 15 20

sites, each having a 90% occupancy probability. Assumption Tetha (j)

of this small amount of Fe in trans sites dramatically decreasedFlGURE 7. Variation of diffraction pattern as a function of the tilt
the intensity of the 02-11 band in the calculation, leading to thggle p, for a self-supporting film (PV). The severe decrease of 001
conclusion that the octahedral occupancy of trans sitesaifd 004 lines witlp indicates a strong texture. Net intensities were
present, is certainly less than 5% of total octahedral cationsubed for texture calculations. Patterns were recorded id(8i04) =

the four nontronite samples studied. 3.1A].
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FIGURE 8. Pole figures for the 004 reflectioleft) and corresponding radial distribution densities of the dispersion of clay platelets off the
film plane for the four samplesight). The strong maximum of intensity at the center of the (004) figure quantifies the <001>* fiber texture

(p = 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 = 39.2nd 28.6 mrd of a. The large dependence on polarization is consistent with
(FWHM = 25.T), respectively. the successful preparation of highly oriented clay films. The
Textural analysis shows that dispersion of the individu&fy(k,a = 9C°) spectrum was calculated by the linearization and
crystallitec* axes is relatively low. The highest dispersion fronextrapolation procedure described above. Regression coefficients
perfect alignment observed for SWa-1 should diminish slights a function ok (Fig. 10) show that’ is generally greater than
the angular dependence of its P-EXAFS spectra. The diffé9 fork < 10 AL In this wavevector range, points with lower
ence betweelN; estimated from the crystallographic struc¥?values correspond precisely to isosbhestic points (Manceau et
ture assuming an idealized texture (Eq. 6), and the real vahle1998), and the regression procedure obviously has no sta-
experienced by P-EXAFN(..«), was calculated by Manceautistical significance wherevéeéy is independent odi. Values
et al. (1999) for the case of a continuous inclination oftthe for r2 are more dispersed above 11-12 ds a result of the
axis symmetrically around the film normal. These calculationsogressive signal damping, and concomitant increase of noise.
showed that for a distribution ap =+ 20°, (NerNexard/Nerr i However, except for the isosbestic poimtgemains generally
equal to 11% adt = 9 for the Oct-Tetl pair, and to 4%a@t  greater than ~0.8 over the entfirgpan for Garfield nontronite,
0° for the Oct-Octl pair. Consequently, the dispersion of cryBY, and NG-1. The situation is worse for SWa-I, for which the
tallites in our nontronite films should have little effectip  correlation diminishes beyotka 9-10 AL All nontronite spec-

and is neglected in a first approximation. tra have similar signal/noise ratios (Fig. 9) and, consequently,
the degradation af observed for SWa-I cannot be explained
P-EXAFS by increased noise at highlerinstead, SWa-I has a markedly

ke-weighted EXAFS spectra The signal to noise ratio of lower angular variation dfx above 8.5 AL than the other three
the spectra is high over the wh&eange, allowing visualiza- nontronite samples (Fig. 9). This is particularly noticeable in
tion of their angular dependence (Fig. 9). Well-defined isosbestie two oscillations peaking at 10.2 and 10§ fhich have a
points are present at valueskdbr whichk®x(K) is independent very weak polarization dependence. As for isosbestic points,

a b
10 Garfield
5 -
< 1\
°Z’<< 0
5k
-10
C
5 -
=, 1\
;>)'<’ 0
g
5k
1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 2 8 10 12 14
k (A-1) k (A-1)

FIGURE 9. k*-weighted Fe K-edge P-EXAFS spectra for nontronites angles of 0°20°, 35, 5¢°, 60°, and 90. The 90 spectrum was
obtained by regression of the experimental amplitude (see text). The amplitddeofeases with increasingat 8.5 A%, and increases with
a at 4 A Note the presence of isosbestic points wiéyék,a) is independent ad.
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this lower angular dependenceldf causes a decreaseréf

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 = 3&d&r SWa-

1 but 35.2 for PV), exhibits a large angular variation at hiigh

and also because the reduction of the polarization dependence
should be observed over the whklspan. 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 k3x..) from linear regression lines at givanangles.
Manceau et al. (1998) showed that experimental and recalcu-
latedk®x (k,a = 35°) for Garfield nontronite deviate by only a
few percent. This difference has been quantified in Table 5 by
calculating the profile reliability factoR() betweerk®).,, and
k3. for eachn value. <R, >, averaged over the 5 experimental
angles, equals 0.820° (Garfield), 1.5x 102 (PV), 1.8x 10
(SWa-l), and 1.3x 10 (NG-1). In conclusion, this analysis
engenders confidence in the calculatiokdg{k,a = 90°).

Radial structure functions. RSFs obtained by Fourier
transformingé-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 (Octl) located in
the octahedral sheet, and of the nearest tetrahedral Si,Al shell
(Tetl) located apart from the octahedral sheet (Fig. 1). In the
in-plane orientation, the contribution from Octl atoms at the
crystallographid distance of ~3.05 A is enhancd.( = 9¢°),
and peak B points to the apparent distande AR = 2.8 A.

In the out-of-plane orientation, the contribution from the octa-
hedral layer is canceled Bs., = 90°, and that of the Tet1 shell
atR ~3.28 A maximized .. ~32°, see theoretical section).
Accordingly, peak B gradually shifts froR+ AR= 2.8 A to

2.9 A with increasingi. 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 foa = 0° when the Fourier transform is performed
onkx(k) instead ok (k). This peak corresponds to the next-
nearest O,OH shell (O2) (Manceau et al. 1998), and its contri-
bution is logically reinforced by theweighting as explained

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

a=0° a=35° a=50°

a=60" <R>

8 10
k (A

Garfield 0.810° 0.910° 0.910° 0.610°
PV 0.810° 1510° 2610° 1.310°
SWa-1 0.910° 1.810° 2.710° 1.910°
NG-1 0.510° 1.310° 1.810° 1.910°

0.6 10° 0.810°3
1.310°% 1510°
1.610° 1.810°
1.210° 1.310°

FIGURE 10.r2 (regression coefficient of determination) as a functioniotes: R, is the figure of merit for the spectral fitting, R, = Z (k*Xexp~ k*X)?/

of k.

Z (KXex)*-
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350 Garfield

100

350

SWa-1

300

R+ AR (A) R+ AR (A)

FIGURE 11.k3-weighted Fe K-edge polarized RSFs for nontronitesaaigles of 0, 20°, 35°, 5¢°, 60°, and 90. The amplitude of peaks A,
B, and E decreases with increasingrhus solid lines correspond, in decreasing amplitude #®°, 35°, and 60, and dotted lines ta = 20,
50° and 90.

above. Hence, peak B is the sum of three contributions (Odtian Garfield nontronite, but the drop in amplitude amounts to
Tetl, O2) that are unresolved in powder EXAFS spectra. Thel®% and 41% and is much too high to be accounted for by
three contributions can be quite completely filtered by polatexture effects. As discussed above and by Manceau et al.
ized experiments, see below. (1998), Octl contributions are appreciably less sensitive to dis-
The four RSFs have different amplitudes (Figs. 11, 12b, andentation than Tet1 contributions and, consequently, this fac-
12c¢). The magnitude of peak A decreases from Garfietadr fails to explain the observed reduction of amplitude in the
nontronite to PV, SWa-I, and NG-1 regardlessipfvhich in- parallel orientation. Instead, this reduction results from a modi-
dicates a decrease of coherence of Fe-(O,0OH) distances alficagion in the cationic environment of Fe in the octahedral
this sample series. This result is consistent with pre-edge spgteet. Given that the concentration of (Al,Mighcreases from
troscopy (Fig. 3) which indicated that the average symmet@arfield (0.36) to PV (1.12) and to SWa-I (1.31; Table 2), and
of Fe sites decreases in the same order. The amplitude of pibak electronic waves backscattered by Fe and Al,Mg are out-
B for PV, SWa-l, and NG-1 at = 9C is lower than that of of-phase (Manceau 1990), this spectral evolution suggests an
Garfield nontronite. The difference observed for NG-ft & increase in the number of Fe-(Al,Mg)pairs along this sample
90° comes from tetrahedral Fatoms which have no (Si,Al)  series. The RSF peak B for NG-1 is difficult to interpret unam-
neighbors but g, neighbors {Fe**-V'Fe** pairs) whose biguously because it contains several individual contributions
EXAFS contribution subtracts to the predominadie’*- from'VFe* and”'Fe* centers, i.e!YFe*-Si,V'Fe*-VFe, VIFe-
(Si,Al); sSignal due to the phase shift between Fe and Si,AIAl. In the following two sections the different atomic shell con-
backscatterer (Manceau 1990). The lowering of the Fe-(§i;Al)tributions will be analyzed successively to explain more
contribution in PV and SWa-1 partly results from the loweguantitatively the reasons for the spectral differences among
textural order of individual particles in these two film sampleshe various samples observed on the modulus of the Fourier
The decrease in amplitude of their second RSF peaks equidasforms (RSFs).
7% and 19%, which is in reasonably good agreement with the First oxygen shell analysisThe contributions from the first
reduction factor estimated from the texture analydigqs{f O shells were analyzed quantitatively by Fourier
Neyaid/Nest = 11%0]. backtransforming first RSF peaks of powder (Garfield, SWa-1,
At a = 0°, PV and SWa-| have also a less intense peakNB3-1) or polarized (PV) EXAFS spectra in the [1.2-2.2 A] R+
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AR range. Two different situations were observed, and are dis-The second situation observed involved only sample NG-1,
played in Figures 13a to 13c. Figures 13a, and b show that Wwich possesses a singular wave frequency (Fig. 13c). Com-
01 contributions for Garfield, PV, and SWa-| gmecisely in pared to Garfield, its wave is slightly shifted to the right=at
phase fromk = 3 A2 to 16.5 A% This indicates that the threeA-%, and clearly shifted to the left fdr> 13 AL This phase
samples have the sam&:so> distance of 2.01 A, which is mismatch indicates the presence of at least two discrete Fe-O
characteristic of sixfold coordinated®F.é\ good spectral fitR,  shells, and the assumption of a single structural distance (one-
= 1-2x 10 was obtained by assuming 5.8 (PV) and 5.6 (SWakell fit) provided only an approximate fit to this spectrum, with
[) O atoms at 2.01 A (Table 6). The decreasBofrom 6.0 in  a figure of meritR,) as poor as 1.2 107 (Table 6). The pecu-
Garfield to 5.6 in SWa-l explains the differences in wave ampliar wave frequency of NG-1 could be accounted for by assum-
tudes observed experimentally in Figure 13b. This diminutiong the presence of tetrahedrally coordinatetf. Féegure 13d
does not reflect a real loss of O neighbors, but means that irimpares the theoretiddr..o; EXAFS contributions obtained
vidual Fe-O distances are significantly more dispersed in tfa an octahedral coordination (6 O at 2.01 A) and a tetrahedral
aluminous nontronite, which is consistent with pre-edge resulteordination (4 O at 1.85 A, Arnod 1986). One can observe that

the two waves are precisely out-of-phase for 85<k < 10.5

A-%, and shifted in opposite directions outside of this interval.

10l a Evidently, the admixture of a small fraction"t#e** with the
[ _ Garfield predominant'Fe** species results in the wave frequency behav-
s i 0° o 90° 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 A and
0.7 O at 1.85 AR, = 2x 109), which corresponds to ~17% of
tetrahedrally coordinated Fe (Fig. 14a). The accuracy of this per-
centage was evaluated by following the variatioR,afs a func-

tion of the amount of'F€**. The quality of the fits foF Fe** = 9

and 25% (Figs. 14b and 14c) are particularly p&yr=1.1x

10, and the interval of possibléFe** values should be nar-
rower. The range of possiblé-€* values was estimated aR,2

(4 x 10%), 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-| 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 Fe* and"'Fe** species. The lack of an
inversion center in Feetrahedra is responsible for the in-
crease of the pre-edge intensity, whereas the difference of phase
between th&'Fe-O and'Fe-O contributions (Fig. 13d) lowers
the amplitude of the EXAFS signal and, therefore, of the first
RSF peak (Figs. 12b and 12c). In SWa-| 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 &fx..o.for SWa-I (Fig. 13b). The
distribution of the”'Fe-O distances in SWa-I may be attributed
to the presence of two types of Fe-coordinated O atoms, those

TABLE 6. EXAFS parameters for Fe-O pairs

Sample  Shell R (A) No Ao (A) R,
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
R+ AR (A) Notes: Fits of EXAFS spectra recorded at a = 35° using experimental

amplitude and phase shift functions derived from Garfield nontronite. Ao

. . . Is the difference in the Debye-Waller factor between the sample and the
FIGURE 12.(a) k-weighted Fe K-edge polarized RSFs for Garfieldarfield nontronite reference. Shell: number of fitting shells. For all fits

nontronite. ) comparison of RSFs for nontronitescat= 0°, (C) the variation of threshold energy for the photoelectron (AE ) was fixed to
comparison of RSFs for nontronitesoat 9C°. 0.0 eV as for the reference. R,: Figure of merit for the spectral fitting.
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FIGURE 13.Fourier filtered Fe-O contributions to EXAF®),((b), (c) Comparison of experimentai.k, spectra for the various nontronite
samples.d) kik.o; for V'Fe* andVFe* species.

shared by two nearest Fe (Fe-O-Fe bond) and those shareddmts simply because the Tetl shell lies at a distance interme-
one Fe and one Al (Fe-O-Al bond) (Fig. 1b). This larger spredihte to the other two (Table 1, Fig. 12a). The Fe-Octl and Fe-
of the Fe-O distances in SWa-l is believed to be responsible @2 components are now fairly well separated for all samples,
the increase in the pre-edge intensity (Fig. 3b). the best peak separation being observed for SWa-I. This analy-
First cation shell analysis.The second RSF peaks ofsis demonstrates the improved discrimination between contri-
phyllosilicates contain information on the distribution of catbutions of overlapping atomic shells that is procured by angular
ions in the octahedral sheet of layer silicates (Manceau 199®easurements, and the resulting increase in EXAFS sensitiv-
This information is difficult to extract precisely from powdeiity for the analysis of the in-plane structure of clays.
EXAFS spectra because th&.ocs Xre-ters @aNdXre.02 fUnctions Fourier-filteredk®xre.oc functions in Fig 16a are in phase
interfere (see “Theory”). In polarized experimemnts,wwis for k< 12 A2 but differ by their amplitude. A similar spectral
obtained from the perpendicular measuremg(da [= 90°)], evolution was observed in biotite samples containing variable
and its in-plane contribution can be subtracted fggon=0°). amounts of Fe and Mg (Manceau et al. 1990a). This behavior
At a = 0°, the amplitude of the Fe-Tetl shell is reduced to 20%typical of a mixing of Fe-Fe and Fe-(Al,Mg) pairs. The wave
of its amplitude atx = 9C° (see, “Theory”), and this reductionamplitude is maximum in Garfield, where each Fe atom is sur-
factor was used to subtract the contribution of the tetrahedralinded on average by 2.7 Fe + 0.3 (Al,Mg), and decreases
sheet in the parallel orientation prior to the least-squares spetien Al,Mg substitutes for Fe as a result ofthghase differ-
tral fitting. In contrast to Tetl, the contribution of the O2 shedince between the waves backscattered by Al,Mg and Fe atoms
cannot be eliminated, so it was minimized by usivgeight- (Teo 1986). As shown below, this optimum phase contrast as-
ing during the Fourier transform. The result in Figure 15a corseciated with the filtering of the Tetontribution by angular
pares FTkx(a = 0°)] for Garfield nontronite to that obtained measurements greatly increases the sensitivity of EXAFS to
after subtracting the Tetl contribution. Elimination of the tethe determination of the number of nearest octahedral cations.
rahedral contribution associated with kheeighting (Fig. 15b) A representative two-shell fit is given in Figure 16b for sample
results in a better separation of the Fe-Octl and Fe-O2 com@@Va-l, and best-fit values fdl:, N4, and interatomic distances
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TABLE 7. EXAFS parameters for nearest cation shells

Sample Fe-Fe Fe-(Al,Mg)

R (R) N o (A) R (R) N o (A) R,
PV 305 25  0.06 303 05 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.
AE = -1.5 eV. Fits were performed on spectra recorded at a = 0° after
subtraction of the residual Tetl contribution. N are crystallographic val-
ues corrected for the angular dependence term.
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are given in Table 7. For all samples, the wave envelope was
poorly reproduced fok < 5 A%, 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 Fbecause of the in-
complete separation of Octl 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-Octl and Fe-O2 contributio® € AR window =
2.2-3.7 A), followed by a three-shell spectral fit (F&-Fd e-
(AILMg) 1 + Fe-O2) over the extended wavevector range 3.0
A-1< k< 14 A The second strategy is to single out the Octl
RSF peakR + ARwindow = 2.2 to 3.0 &), then to perform a
two-shell fit [Fe-Fe + Fe-(Al,Mg)] in a reducédrange, typi-
cally 4.5 A* < k< 14 A These two procedures were com-
pared and yielded the same structural results. The uncertainty
of N.candN, was evaluated for SWa-I by varying their values
keeping théNe+ N, sum equals to 3. Figures 16¢ and 16d show
that a 10% variation of and 20% ofN, 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

Garfield

8 a=0°
Lo
= [
L L
a4l
oL

[ N PP B B BN R

1 2 3 4 5 6

R+ AR (R)

R+AR(A)

FIGURE 15.(a) Comparison of RSF for Garfield nontronitenat 0°
(solid line) to the same RSF obtained after subtraction of the Fe-Tetl

FIGURE 14.(a) Best two-shell fit ok® .o, for NG-1 obtained by contribution (dotted line).i) Comparison of RSFs for the various
assuming 17% ofFe*. (b), (c) Spectral simulations assuming 9%nontronite samples at = 0° after subtraction of the Fe-Tetl

and 25% of'Fée**, respectively.

contributions.



MANCEAU ET AL.: CRYSTAL CHEMISTRY OF NONTRONITES 149

b ) SWa-1
<
&
x
a=0°
k3XFe-Oct1
1 1 1 1
6 8 10 12 14
k(AL
c Swa-1 d O S Swa-1
| I ,
2 -
< of <
¥’ z°
x X
i \ 2F v
2 a=0° SR | Y a=0°
k3XFe-Oct1 I S k3XFe-Oct1
1 1 1 1 1 1
6 8 10 12 14 6 8 10 12 14
Kk (AD) k(AY)

FIGURE 16. (a) Fourier filtered Fe-Octl contributions to EXAFS for the various nontronite sampleBeét two-shell fit for Swa-1
assumindNe. = 2.0 and\, = 1.0. €) Two-shell fit assumindNe. = 1.8 and\, = 1.2. @) Two-shell fit assumingNe. = 2.2 and\, = 0.8. For the
three spectral simulation&s. = 3.05 A 0, = 0.06 ARy =3.03 A0, =0.06 A AE = -1.5eV. Inb tod solid lines are experimental spectra and
dotted lines are calculated spectra. The ARtwindow for the inverse Fourier transform in Figure 15b is [2.2-3.0] A.

20% and possibly slightly better than 10%. In the discussion The customary method of calculating structrual formulae
section this precision will be shown to be sufficient to build for clay minerals is to first use Al to complete the charge in the
two-dimensional map of the distribution of Fe, Al, and Mg itetrahedral sheet, and then to place the balance of the Al in the

the octahedral sheet of SWa-I. octahedral sheet. Fe normally is allocated to the tetrahedral sheet
only if insufficient Al is present. This approach may not be
DiscussioN correct in detail. Chemical analysis of sample NG-1 permits,

but does not require, the assignment ¢&f Eethe tetrahedral
sheet (Table 2). From the above X-ray absorption pre-edge and
Structural formulae calculations show that the layer charg&ars results as much as 14 to 20% of the structupafifis
of the four nontronites increases in the order NG-1 < Garfiglgiranedral sites in sample NG-1. This placement can be ac-
<SWa-1 <PV, and ranges from 0.69 to 0.91 atoms per unit c@mmodated in the structural formula calculation by allowing
(Table 2). This layer charge is fully balanced by interlayer Ngstrahedral Al to be replaced by*EeThe maximum possible
The distribution and origin of the layer charge between thgpstitution of tetrahedral Eefor tetrahedral Al in the struc-
octahedral and tetrahedral sheets varies significantly from aQeal formula of NG-1 coincides with the maximum amount of
sample to the next. The source of layer charge is almost uniquege+ allowed by EXAFS (20%). This deviation from the stan-
fromVAI* in Garfield, predominantly frotiFe** in NG-1, and  dard convention of assigning the tetrahedral charge primarily
fromVAlI** and"Mg?* in PV and SWa-1. Garfield, SWa-1, ando Al** is not uncommon (Cicel and Komadel 1994), and has
NG-1 are typical nontronites because the source of layer chalbgen reported in glauconites by IR spectroscopy (Besson and
is uniquely or predominantly localized in the tetrahedral sheletits 1997b; Slonimskaya et al. 1986) and smectites by
like in bedeillite. In PV the octahedral charge (0.48) is slightlylossbauer spectroscopy (Cardile 1989).
higher than the tetrahedral charge (0.43). The formulae reported by Goodman et al. (1976) based on

Structural formulae
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a Distribution of Fe and (Al,Mg) in the octahedral sheet of
SWa-|

The simulation of the XRD powder pattern for SWa-I 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, abcrystallographic 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-Octl pairs oriented along [010D][31
and [310] is impossible (Fig. 1b). TherefoMd, andNy g 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 comparingsNandN, v, 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 amplitugleand phase
shift (), 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)
are 0.67 and 0.33 in SWa-I. Thus, if Fe atoms are randomly
distributed Ng. andN, vg 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 N

) ) _ . and 20% foMNa v, Fe atoms are statistically distributed in the
FiGURE 17.Structural model for the two-dimensional distribution ~tahedral sheets of SWa-l.

of cations in the octahedral sheet of SWaal (Al,Mg)-(Al,Mg) pairs o . . .
are dispersed in the Féramework. b) Existence of Fe-rich domains Occurrence probabilities of cation pairs can also be retrieved

delimited by (Al,Mg)-(AlMg) pairs and empty octahedra. In botrPy IR .through the qua.ntltatlve analysis of the frequency. and
models N, = 2.05 andNuy, = 0.95. Iintensity 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

transvacant clays. This is apparent in Figure 1b, which shows
electron microprobe analysis for Garfield fSAl10F€11) that cation pairs located in adjacent octahedra in the proximity
(FE¥odMJo.0dO2(OH),], SWa-1 [(ShaoAlo70(Fe7Al 10MPo29  of OH groups are oriented alobgAnother important differ-
O,(OH),], and sample CAL [(SbAl 0.1 €s9) (FES0)O0(OH),  ence from EXAFS is that IR has no atomic selectivity and,
which is assumed to be similar to PV (both originated iherefore, detects all existing pairs, whereas Fe-EXAFS is only
Panamint Valley, California, and were supplied by J.L. PosBensitive to Fe-Fe and Fe(Al,Mg) pairs, without distinction
deviate from those determined in Table 2. The previous studigween Fe-Al and Fe-Mg, and is blind to Al-Mg pairs. Thus,
reported more total Fe in the clay structure than was foundiRand P-EXAFS are clearly two complementary and extremely
the current study. This difference is attributed to the presengseful techniques for the investigation of the actual distribu-
of Fe oxides (Murad 1987) which can only be removed by catgon of cations in the octahedral sheets of clays, as recently
ful and repeated washing and fractionation of the sampl|gustrated by Muller et al. (1997) on montmorillonite and Drits
Goodman et al. (1976) also attributed more Fe to the tetralag-al. (1997) on celadonites, glauconites, and Fe-illites. This
dral sheet in samples Garfield and PV than appears justifiediinal approach can be applied to SWa-I by using the IR data
the present study. Bonnin et al. (1985) also reported no tetpamlished by Madejova et al. (1994), in spite of the fact that
hedral Fe in this Garfield sample. the SWa-1 samples studied by IR and EXAFS were prepared

The structural formula of sample NG-1 calculated byith different degrees of purification. The sample used by

Peterson et al. (1987) [iyhASi s0Al 0.4 €32 (FE'sF&E'0dMoo))  Madejova et al. (1994) had a slight amount of Fe oxide impu-
O,¢(OH),] contains 12% more total Fe than in Table 2, whictity, which would translate into a Fe fraction of 0.706 com-
led them to assign some of the Fe to tetrahedral positions. Paged to 0.67 in the present sample, corresponding respectively
greater amount of Fe reported by Peterson et al. (1987) is prabNc, values of 2.1 and 2.0 for a statistical distribution. We
ably due to maghemite remaining after separation (Lear etlave no reason to suspect that Fe would be distributed differ-
1988). ently in the phyllosilicate layers of these two samples and, con-
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sequently, the following logically assumes thiat = 2.1 and ing the non-ideal antiferromagnetic behavior of SWa-| at low
Namg = 0.9 in the sample of Madejova et al. (1994). Note alsemperature, but in the absence of experimental data concern-
that the difference betwedh.= 2.1 and 2.0 is typically within ing the distribution of octahedral cations in this mineral, a model
the uncertainty ofl which means that EXAFS is insensitive tavith a partial occupation of trans sites, in which anti-ferro-
this slight difference in chemical composition. magnetic frustration occurred, was their preferred explanation.
Madejova et al. (1994) showed that the distribution of caBased on XRD results presented here, however, which showed
ions alongbis not random, Fe-Fe, Al-Al, and Al-Mg pairs havthat SWa-I nontronite consists of tv 2:1 layers, the existence of
ing a greater, and Fe-(Al,Mg) a lesser, probability than predictsthall magnetic domains separated by diamagnetic cations is
from statistics. In contrast, EXAFS data indicate that, whéhe more probable reason for the observed magnetic properties
averaged along the three layer directions, the number of Fegf&Wa-I nontronite.
and Fe-(Al,Mg) pairs follows statistics. These two contrasting
results simply indicate that Fe-Fe and (Al,Mg)-(Al,Mg) pairs ACKNOWLEDGMENTS
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