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Interpretation of the nontronite-dehydroxylate Mossbauer spectrum
using EFG calculations
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Abstract: Dehydroxylated Garfield nontronite has been studied using Mdssbauer spectroscopy. According to literature, in
dehydroxylated Fe**-rich dioctahedral 2:1 phyllosilicates (celadonites, glauconites and nontronites), the octahedral cations migrate
from cis- into trans-sites with the formation of five-fold coordination of the former cis- and trans-octahedra. Therefore, the two main
fitted doublets with quadrupole splittings, A, of 0.906 and 1.392 mm/s are supposed to be related to Fe* in the former cis- and trans-
octahedra. To assign these doublets to this or that positions, analysis of Pauling’s bond strength (PBS), structural modeling and EFG
calculations were performed. The calculated quadrupole splittings for Fe** located in the former cis- and trans-octahedra in the
nontronite-dehydroxylate structure are equal to 1.295 and 1.026 mm/s, respectively. On the basis of the calculation results, the
quadrupole doublet with smaller A should be assigned to the former frans-octahedra whereas the doublet with larger A should be
assigned to the former cis-octahedra.

The calculated EFG parameters proved to be independent of the mode in the layer stacking, which confirms the major role of the
Fe’* nearest environment in the formation of the different EFGs at Fe nuclei.

Possible disruptions of two-dimensional continuity of dehydroxylated octahedral sheets that may be a reason for
superparamagnetic effects in nontronite-dehydroxylates at low temperatures are discussed in terms of the structural model of

dehydroxylated Fe-rich dioctahedral 2:1 phyllosilicates.
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1. Introduction

Nontronite is a dioctahedral layer silicate having an idealized
crystal-chemical formula A, [Si, Al JFe,**O,,(OH), - n H,0,
where A represents the interlayer cation. Its structure consists
of 2:1 layers separated by water molecules and exchangeable
cations. Each 2:1 layer is formed by edge sharing octahedra
sandwiched between sheets of corner sharing (Si, Al) tetrahe-
dra. A 2:1 layer unit cell contains three symmetrically inde-
pendent octahedra, one trans- and two cis-octahedra, which
differ in the arrangement of hydroxyl groups. Adjacent cis-oc-
tahedra share an edge formed by two OH groups whereas in
trans-octahedra hydroxyls are located opposite each other.
The trans-octahedral site is denoted as M1 and two cis-sites as
M2 and M2’. X-ray and electron diffraction studies showed
that in nontronite frans-octahedra are vacant and octahedral
cations are located only in M2 and M2’ sites (Besson et al.,
1982, 1983; Bonnin et al., 1985; Tsipursky & Drits, 1984; Tsi-
pursky et al., 1978, 1985a; Manceau et al., 2000).

Structural refinements of thermally transformed diocta-
hedral phyllosilicates were first made for Al-rich trans-va-
cant (fv) varieties, such as pyrophyllite-1Tc (Wardle &
Brindley, 1972) and muscovite (Udagava et al., 1974). In a
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tv Al-rich dehydroxylated octahedral sheet, the two adjacent
hydroxyls are replaced by a residual oxygen, O,, having the
same z coordinate as the octahedral cation, and Al cations
have a five-fold coordination. Drits et al. (1995) noted that
disposition of O, in the octahedral cation plane of octahedral
Al cations leads to appropriate Al-O, bond lengths provid-
ing stability of a tv dehydroxylated structure. That is, Al cat-
ions have no reason to migrate in course of thermally in-
duced transformations of octahedral 2:1 sheets.

Tsipursky et al. (1985b) using oblique texture electron
diffraction showed that in dehydroxylated Fe**-rich diocta-
hedral 2:1 phyllosilicates (celadonites, glauconites and non-
tronites) the octahedral cations migrate from cis- into trans-
octahedra. Later, Muller et al. (1998, 2000) determined the
actual structure of two dehydroxylated Fe-rich dioctahedral
2:1 layer silicates by comparison of the experimental XRD
patterns with those calculated for structural models accept-
able from crystal-chemical point of view. In Fe-rich dehyd-
roxylated dioctahedral phyllosilicates, unlike Al-rich varie-
ties, the residual oxygens are located not in the plane of oc-
tahedral cations but in one of the two adjacent former OH
positions providing five fold coordination of each cation in
the dehydroxylated octahedral sheet. Migration of Fe** cat-
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ions into former trans-octahedra and location of O, in the
former OH sites ensure appropriate Fe-O, bond lengths and
stabilize the dehydroxylated structure.

Dehydroxylated 2:1 dioctahedral phyllosilicates (mont-
morillonites, nontronite, celadonites, muscovites) were
studied using Mossbauer spectroscopy by Heller-Kallai &
Rozenson (1980). These authors erroneously supposed that
in nontronite Fe** cations occupy M1 and M2 positions,
that is, that nontronite is cis-vacant. In addition, by analogy
with dehydroxylated Al-rich dioctahedral 2:1 phyllosili-
cates (Wardle & Brindley, 1972), they speculated that there
was no migration of Fe3* in course of dehydroxylation pro-
cess. This resulted in a rather confused interpretation of the
two quadrupole doublets fitted to the nontronite SWa-1 de-
hydroxylate spectrum. The inner doublet was assigned to
Fe* in 5-coordinated M2 position whereas the outer one
was assigned to Fe** in a very distorted 6-coordinated M1
position.

Karakassides et al. (2000) investigated Mssbauer spec-
tra of dehydroxylated nontronite SWa-1 measured in the
temperature interval of 1.95-80K and revealed superpara-
magnetic behavior with a blocking temperature of ~5K. The
paramagnetic component of the spectrum is fitted with two
quadrupole doublets. The isomer shifts and quadrupole
splittings agree well with those reported by Heller-Kallai &
Rozenson (1980). Basing on X-ray and electron diffraction
data, according to which the trans-positions of the nontroni-
te structure are vacant (Méring & Oberlin, 1967; Besson et
al., 1982; Sakharov et al., 1990; Tsipursky & Drits, 1984;
Tsipursky et al., 1985a), and Fe** cations migrate into trans-
positions in the course of dehydroxylation (Tsipursky et al.,
1985b), these authors infer that heat-treated nontronites
may show two Fe3*-doublets, one related to Fe** in the for-
mer cis- and the other in the former trans-octahedra, both of
them being five coordinated. However, inner and outer dou-
blets were not assigned to this or that position.

Natural SWa-1 nontronite, like six other nontronites in-
vestigated by Lear & Stuki (1990), exhibits non-ideal anti-
ferromagnetic exchange interactions at low temperature.
There was no uniform model to explain this phenomenon.
Lear & Stuki (1990) considered several reasons, such as
magnetic dilution due to isomorphous substitutions by dia-
magnetic cations (Al, Mg) or antiferromagnetic frustration
due to clustering of Fe3* cations into triads, either within the
octahedral sheet (implying no less than 13% occupancy of
trans-sites) or between octahedral and tetrahedral sheets.
Based on high-precision data of EXAFS, P-EXAFS spec-
troscopy and X-ray diffraction (Manceau et al., 2000), four
reference nontronite samples including SWa-1 were shown
to be trans-vacant within the detection limit of 5% of total
iron. For SWa-1 nontronite, no detectable IYFe3* was found,
and a structural model for the two-dimensional distribution
of cations in the octahedral sheets was proposed. This model
includes magnetic domains separated by diamagnetic cat-
ions, which is considered to be the most probable reason for
the observed magnetic properties of SWa-1 nontronite.

To explain superparamagnetic effects in dehydroxilated
SWa-1 nontronite, Karakassides et al. (2000) suggested the
presence of small magnetic domains resulting from Fe-O-Fe
bonds partially broken upon heat treatment. This explana-

tion seems to be rather general and does not contain any
crystal chemical or structural considerations.

The aim of the present study is to assign the Fe3* doublets
fitted to nontronite-dehydroxylate Mdssbauer spectrum to
five-fold former cis- and trans-octahedra using the analysis
of Pauling’s bond strength (PBS), structural modeling and
EFG calculations. Possible disruptions of two-dimensional
continuity of dehydroxylated octahedral sheets of nontroni-
tes are also discussed.

2. Experiment

The nontronite sample used in this study was from Garfield,
Washington. The crystal-chemical formula Na*,[Si;¢
Al 30](Fe**| 5,Al) 16Mg( 02)0,4(OH), obtained by microprobe
analysis coincides with the data of Manceau et al. (2000).

The natural nontronite powder was heated at 700°C for
6 h. The treatment conditions corresponded to those of Tsi-
pursky et al. (1985b) and Muller et al. (1998) and the mono-
mineral nontronite-dehydroxylate was identified by X-ray
diffraction.

The room temperature Mossbauer spectrum was mea-
sured on a constant acceleration spectrometer using a Co>’
(Rh) source (source half-width I' = 0.107 mm/s) and cali-
brated with reference to a-Fe. The absorber was prepared in
a hollow cone form with approximately 55° half-cone angle
to eliminate orientation effects (Popov et al., 1988). The
amount of the sample was regulated to produce the Moss-
bauer effect value (MEV) that would belong to the region of
a linear dependence of MEV on the absorber thickness.
Thus the Mossbauer effect value of ~6% corresponds to the
thin absorber condition. The statistics ensures the good
quality of the spectrum with k= 210, where k is the maxi-
mum absorption divided by standard deviation (square root
of number of counts per channel) (Rusakov, 2005). The
spectrum measured within greater Doppler velocities inter-
val confirmed the absence of a magnetic phase which could
be formed during the heat-treatment of Garfield nontronite.

2.1 Refinement of the nontronite dehydroxylate
spectrum

The spectrum was refined with the help of the program
SPECTR from the complex MSTools (Rusakov, 2000; Ru-
sakov & Chistyakova, 1992). At first, two doublets expect-
ed to correspond to former cis- and former trans-octahedra
were fitted (variant 1) using a Lorentzian line shape. The
equality of the amplitudes (A_, = A,,) and the half-widths
T, =T,,) of the components belonging to each individual
doublet was imposed as a restriction. Unacceptable > =
24.14, great systematic deviations (SD) between the enve-
lope curve and the experimental spectrum, which is shown
below each fitted spectrum in Fig. 1, and the big difference
(35%) between the I'; and I, values (Table 1) suggested that
one more doublet should be added. The corresponding fit-
ting (variant 2) did not lead to a radical improvement in the
results. The fitting, as before, is characterized by very large
%2 and SD values (Fig. 1, variant 2) and by even greater dif-
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ference (up to 43%, Table 1) between I" values. The com-
parable areas S under the doublet components disagree with
the clear structural model that involves former cis- and
trans-octahedra. The introduction of the additional Lorent-
zian line shape doublet(s) would improve the statistical
characteristics of the fitting. However, it would also com-
plicate the application of this model even to a greater ex-
tent.

The failure of the Lorentzian line shape fitting may imply
the presence of a partial local inhomogeneity in the nontro-
nite dehydroxylate structure. Under the assumption of the
independent Gaussian distribution of isomer shifts, 0, and
quadrupole splittings, A, resulting from the local inhomoge-
neity, a pseudo-Voigt line shape fitting is the most appropri-
ate (Evans & Black, 1970; David, 1986; Martin & Puerta,
1981; Rancourt & Ping, 1991; Rusakov, 1999; Presniakov et
al., 2006). Several variants were analyzed. Variants 3 and 4
(Fig. 1) use the same constraints, suchas A ,=A , andI"_, =
I',,, and include two and three doublets, respectively. The >
and SD values decrease in comparison with Lorentzian line
shape variants but still do not satisfy the statistical criteria of
a spectrum refinement. Besides, the big difference between
I values remains, up to 38% and 56% for variants 3 and 4,
respectively (Table 1).

The next step accounts for a possible linear correlation
between the changing O and A values. In this case, the
equality of the doublet areas, S_, = S, , is imposed as the
constraint whereas the half-widths of the doublet compo-
nents, I, and T, , are released during the fitting process.
Variants 5 and 6 conform to these conditions and include
two and three doublets, respectively. In variant 5, despite the
acceptable % and SD values (Fig. 1), significant differences
between I'; and I', values (up to 33%) and between I, and
I',, values (up to 16%) are observed (Table 1). The introduc-
tion of the third doublet into the fitting procedure (variant 6)
not only leads to the good statistical characteristics of the
spectrum refinement but also decreases the difference be-
tween I values (down to a maximum of 19%) and I' , and
I',, values (down to a maximum of 10%) (Table 1). Variant
6 is accepted as a reliable refinement of the nontronite de-
hydroxylate spectrum.

Note that the intermediate (1-5, Table 1) and the final fit-
ting variants (6, Table 1) display similar relationships be-
tween subspectra S values (S, < S,) and arelative invariabil-
ity for the isomer shifts, .

3. Results

The fitted Mossbauer spectrum of the nontronite dehydro-
xylate is shown at Fig.1, variant 6. Table 1 gives the 5’Fe
Maossbauer parameters. The doublets with quadrupole split-
tings, A, of 0.906 and 1.392 mm/s are supposed to be related
to Fe** in the former cis- and frans-octahedra. These A val-
ues agree with the data of Heller-Kallai & Rozenson (1980)
and Karakassides et al. (2000). The increase in A values in
comparison with those for natural nontronite spectrum
(A,=0.25 mm/s, A,=0.65 mm/s (Bonnin et al, 1985),
A,=0.24 mm/s, A,=0.66 mm/s (Sherman & Vergo, 1988))
reflects substantial deformation of Fe3* polyhedra when co-

ordination changes from six-fold to five-fold one. The A
values of 2.212 mm/s for the outer doublet is abnormally
high for Fe3* and should be associated with unusual coordi-
nation.

The behavior of the isomer shift, §, is rather surprising.
One should expect the d values to decrease with decreasing
Fe3*-coordination. However, the  values for the basic dou-
blets of the dehydroxylate spectrum (0.371 mm/s and 0.366
mm/s) are the same as the those for the spectrum of untreat-
ed Garfield nontronite (8,=0,=0.37 mm/s (Bonnin et al.,
1985) and §,=0,=0.37 mm/s (Sherman &Vergo, 1988)).
Similar results for SWa-1 nontronite-dehydroxylate were
reported by Heller-Kallai & Rozenson (1980) and Karakas-
sides et al. (2000). The & value for the third doublet of the
dehydroxylate spectrum (0.384 mm/s, Table 1) also corre-
sponds to six-fold coordination of Fe3*.

As mentioned in the previous section, the difference of
about 10% between half-widths I', and I, implies the pres-
ence of the partial local inhomogeneity in the nontronite de-
hydroxylate structure. The nature of this inhomogeneity
will be analyzed in detail in Sections 3.1 and 3.2.

3.1 Factors affecting the electric field gradient (EFG)
at Fe** nuclei in the nontronite-dehydroxylate.

Crystal-chemical and structural peculiarities of 2:1 diocta-
hedral frans-vacant Fe-rich phyllosilicates make it possi-
ble to analyze the local structural inhomogeneity in terms
of the local cation arrangements. In the case of >’Fe Mos-
sbauer spectroscopy, it is appropriate to place the Fe cation
into the centre of such arrangements. The variety in the lo-
cal cation environments in a mineral structure depends on
its cation composition and cation distribution. In celadoni-
tes, glauconites, ferriillites and leucophyllites character-
ized by extensive isomorphism in the octahedral sheet
(Fe**, Fe**, Al, Mg) the individual quadrupole doublets
Fe** and Fe?* are mainly determined by the nature of three
octahedral cations nearest to Fe?* and Fe?* (Drits et al.,
1997; Dainyak et al., 2004). The model refinements of
Maossbauer spectra of these minerals confirmed that the
composition of the local cationic arrangements is the prin-
cipal factor affecting the EFG on Fe nuclei in micaceous
dioctahedral minerals.

In the natural Garfield nontronite, because of the predom-
inance of Fe3* in octahedra, the local cation arrangements
include the nearest tetrahedral cations. Goodman (1978)
suggested that trivalent tetrahedral cations could cause a
non-equivalent EFG at the cis-sites, and consequently more
than one quadrupole doublet in the Mossbauer spectrum of
untreated nontronite. Based on point-charge calculations,
Dainyak & Drits (1987) confirmed this supposition and
found that A for the arrangement 3Fe3* around Fe3* adjacent
to four tetrahedral Si ([4Si](3Fe?*)) is about half of A for the
arrangement [3SiAl](3Fe*"). The statistical amount of the
[3SiAl](3Fe’*) arrangements in Garfield nontronite is about
30% with expected Sy35an3 e+ /Spasijares ratio of about 0.8.
The areas under the fitted doublets satisfy this ratio (Good-
man et al., 1976; Dainyak & Drits, 1987). Thus the main
factor affecting the EFG in untreated Garfield nontro-
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Table 1. Mossbauer parameters for the Garfield nontronite dehydroxylate spectrum corresponding to the different refinement variants. Vari-

ant 6 with %> = 1.07 is accepted as the final one.

Fitting conditions

Variant Fe’*doublet & (mm/s) A (mm/s) I, (mm/s) T',, (mm/s) S (%) Line shape Constraints

1 1 0.379+0.005  0.960+0.010  0.375+0.020  0.375+0.020 37.8+0.3 Lorentzian A=A,
2 0.370+0.015  1.488+0.029  0.576+0.020  0.576+0.020 62.2+0.4 r.=r,,

2 1 0.373+0.010  0.812+0.019  0.308+0.025  0.308+0.025 22.9+0.6 Lorentzian A=A,
2 0.379+0.010  1.230+0.019  0.390+0.044  0.390+0.044 43.5+1.2 r,=r,,
3 0.356+0.020  1.748+0.038  0.544+0.022  0.544+0.022 33.6+0.7

3 1 0.383+0.004  1.034+0.007 0.514+0.011  0.514+0.011 41.3+0.7  Pseudo-Voigt A=A,
2 0.363+0.013  1.492+0.026  0.835+0.013  0.835+0.013 58.7+0.8 r.=r,,

4 1 0.382+0.008  1.024+0.016  0.534+0.026  0.534+0.026 47.5+2.7  Pseudo-Voigt A=A,
2 0.365+0.045  1.514+0.090  0.765+0.068  0.765+0.068 50.8+2.9 r,=r,,
3 0.455+0.024  2.426+0.048  0.334+0.097  0.334+0.097 1.7+x1.4

5 1 0.393+0.004  1.050+0.008  0.535+0.009  0.574+0.011 57.9+1.4  Pseudo-Voigt S.,=S,,
2 0.336+0.028  1.656+0.057  0.724+0.026  0.861+0.034 42.1£1.5 T, =T,

6 1 0.371£0.008  0.906+0.016  0.467+0.012  0.519+0.016 39.1£2.5  Pseudo-Voigt S,=S,,
2 0.366+0.012  1.392+0.024  0.576+0.033  0.537+0.033 49.7+2.8 r,=T,,
3 0.384+0.022  2.212+0.044  0.483+0.021  0.531%0.025 11.2+1.0

nite is the Al for Si substitution in the tetrahedral sheets
whereas the local variations in octahedral cation arrange-
ments around Fe3* (2Fe’*Al, 2A1Fe3*, 3Al), which, statisti-
cally, do not exceed 25%, are supposed to broaden the dou-
blet components.

The situation radically changes in Garfield nontronite-
dehydroxylate. During thermally induced migration of Fe3*
cations from cis- into trans-octahedra, the unit cell trans-
forms from the C-centered into a primitive one (Muller et
al., 1998). Figure 2 shows the structural model of the dehyd-
roxylated octahedral sheet of the 2:1 layer with symmetri-
cally independent former cis- (M21, M22) and former
trans-octahedra (M11, M12) and residual oxygens in the
former OH group positions. The detailed description of this
model is given in Muller et al. (1998, 2000). The residual
oxygen in the former cis- or trans-octahedron, along with
the other four oxygens, belong to the first coordination
sphere of Fe3*. Therefore, the presence of the former cis-
and trans-octahedra should be supposed to be one of the
main factors determining the EFG at Fe** nuclei. The local
arrangements including the next neighbors, like in the un-
treated nontronite, also consist of three cations. However, as
it follows from Fig. 2, now every Fe3* cation in the former
cis-octahedra (M21, M22) has three nearest neighboring
cations in the former trans-octahedra whereas every Fe3*
cation in the former frans-octahedra (M11, M12) is sur-
rounded by three adjacent cations in the former cis-octahe-
dra. The local arrangements comprising Al cations both in
tetrahedral and octahedral sheets should create their own
EFG on Fe nuclei. Bearing in mind the above evaluations
for their statistical amounts, the areas under the correspond-
ing doublet components are expected to be minor with re-
spect to those corresponding to M21, M22 and M11, M12
doublets. A qualitative relationship between the EFG affect-
ing Fe nuclei in the different local arrangements can be de-
rived from the Pauling’s bond strengths analysis.

3.2 Pauling’s bond strengths analysis

Pauling’s bond strength (PBS) is calculated as the cation
formal charge divided by the cation coordination number
and is expressed in valency units (v.u.). In general, the sum
of bond strengths received by an anion may differ from its
formal charge. The corresponding values will be referred to
as USPBS (uncompensated sum of Pauling’s bond
strengths).

Figure 3 shows schematically (upper row, a, from left to
right) the Fe**-bearing polyhedra in the local arrangements
[4Si](3Fe**) for the six-fold cis-position in the untreated
nontronite structure and for the former cis- and trans-octa-
hedra with five-fold coordination in the nontronite-dehyd-
roxylate structure. The lower row (b) corresponds to the ar-
rangements [3SiAl](3Fe*). As an example, only one of the
four possible positions of an Al tetrahedron is shown. The
USPBS values for O*, OH- and O%, are indicated near the
corresponding positions.

The arrangement [4Si](3Fe**) in untreated nontronite is
totally balanced as all individual USPBS values are equal to
zero. Note that the arrangements of the [4Si](2A1Fe*") type
should be also balanced because Al and Fe** cations have
the same charge. The transformation of six-fold into five-
fold coordination in the course of dehydroxylation creates
dramatic anisotropy in the individual USPBS distribution
(Fig. 3). Four of the five apices in the polyhedra in the centre
of the arrangement [4Si](3Fe3*) are oversaturated while that
corresponding to residual O, is strongly undersaturated
with respect to the positive charge (Fig. 3, row a). The Mos-
sbauer spectrum of the nontronite-dehydroxylate reflects
this anisotropy as increasing quadrupole splittings. The for-
mer trans-octahedron whose residual O, is at the pinnacle
of the pyramid, looks more symmetrical in comparison with
the former cis-octahedron, where the residual O, is located
at the pyramid base. Accordingly, the EFG at Fe** nuclei lo-
cated in the former cis-octahedra may be expected to be
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greater than the one at Fe’* nuclei located in the former
trans-octahedra.

The Al-substituted tetrahedron adjacent to Fe3* in the ar-
rangement [3SiAl](3Fe*) adds to the asymmetry in the dis-
tribution of the USPBS values. However, these changes are
of a second rank with respect to the changes associated with
the formation of the former cis- and trans-octahedra during
dehydroxylation (Fig. 3, row a). For the arrangement [3Si-
Al](3Fe*"), one may expect a slightly smoothed asymmetry
of former cis-octahedra and slightly increased asymmetry of
former trans-octahedra in comparison with that for the ar-
rangements [4Si](3Fe**). Here again, the arrangements
comprising the octahedral Al bring nothing new into the dis-
tribution of the USPBS values.

The above considerations imply the Fe®* nearest sur-
roundings differing in the positions of the residual oxygens
to be the main factor affecting the EFG on Fe nuclei in the
nontronite dehydroxylate structure. To confirm this suppo-
sition, the modeling of its structure and EFG calculations
were performed.
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3.3 Modeling of Garfield nontronite-dehydroxylate
structure

The structures of both initial untreated Garfield nontronite
and its dehydroxylate have a very low degree of structural
ordering. However, the previous studies on the cation distri-
bution in trans-vacant dioctahedral micaceous minerals
based on the assignment of the individual quadrupole dou-
blets Fe** and Fe?* to the local cationic arrangements (Drits
etal., 1997; Dainyak et al., 2004), showed that it is the near-
est environment of the Fe nuclei that is the main factor af-
fecting the EFG. Therefore the mode in the layer stacking
should have little or no effect on the results of EFG calcula-
tions. On the other hand the algorithm for the EFG calcula-
tions can be used only for periodic crystal structures. There-
fore the EFG calculations for Garfield nontronite dehydro-
xylate are made in terms of a strictly periodic structural
model. To confirm the weak influence of the mode in the
layer stacking, the EFG parameters were calculated for two
models of the nontronite dehydroxylate having the same
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Fig. 1. Variants for the refinement of the Mossbauer spectrum (RT) of Garfield nontronite dehydroxylate.
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--O-- _————

O- Fe cations; O - Upper residual oxygen; ‘ - Lower residual

oxygen
Fig. 2. Dehydroxylated primitive unit-cell (dashed line) in a structur-
al model of the octahedral sheet with the former cis- (M21, M22) and
trans-octahedra (M11, M12). Residual oxygens, O*, , alternate be-
tween positions above and below the plane of octahedral cations (by
Muller et al., 2000).

structure of the layer: one with monoclinic layer stacking
and the other with orthogonal layer stacking.

Besson et al. (1983) and Tsipursky & Drits (1984)
showed, using oblique-texture electron diffraction, that K-
saturation and subjection to numerous wetting-and-drying
cycles according to the technique of Mamy & Gaultier
(1976) improves the structural ordering of Garfield nontro-
nite, so that it can be described in terms of a one-layer mono-
clinic unit cell. Based on the data of Besson ez al. (1983) and
Tsipursky & Drits (1984), Manceau et al. (1998) provided
the following unit-cell parameters for the Na-exchanged

Individual USPBS  Total USPBS

Table 2a. The simulated Cartesian atc:mic coordinaotes of the tv Gar-
field nontronite structure (a = 5.277 A, b =9.140 A, csin = 9.600
A) and octahedral and tetrahedral cation-oxygen distances (A).

X y z
M 0.5 0.1667 0
T 0.3101  0.3291  0.2841
(0]} 0.3094 03122 0.1148
02 0.3094 0.5 0.3293
03 0.0593  0.75 0.348
OH 03741 O 0.1075
M -01 1.999 T-O1 1.632
M-0r’ 1.979 T-02 1.623
M - OH 1.956 T-03 1.623
mean 1.978 T-03’ 1.628
mean 1.626

Garfield nontronite: @ = 5.277 A, b= 9.140 A, ¢ = 9.780 A,
B =101.0° (space group C2/m). This unit cell and the crys-
tal chemical formula are used to determine the nontronite-
dehydroxylate structural models according to the following
procedure. At the first stage, the atomic coordinates in the
layer unit cell for a v nontronite structure for all symmetri-
cally independent atoms except interlayer Na were calculat-
ed using the algorithm of Smoliar-Zviagina (1993), which is
based on regression equations relating structural parameters
and chemical composition of micaceous minerals that were
obtained from the analysis of structural refinements of mi-
cas of various compositions published in the literature. The
same algorithm was used to calculate the atomic coordinates
of tv and cv 2:1 dioctahedral clay mineral structures (Man-
ceau et al., 2000; Muller et al., 1998, 2000; Gates et al.,
2002; Drits et al., 2006).

Individual USPBS Total USPBS Individual USPBS Total USPBS
0.2 -0.8
0.2 0.2 0.2
a)
0.0 0.0 0.0
0.2 0.8 0.2 0.2
0.2
0.2 -0
-0.05 -0.05 .2
b)
0.25 -0.25 -0.25
0.2 -0.8 0.2 2
0.2

cis — octahedron

former cis —octahedron

former frans - octahedron

O- 0%, shared by Si-tetrahedra; M- O, shared by Al-tetrahedra; @ - OH ; O - residual O*

Fig. 3. Schemes of Fe**-bearing polyhedra in the local arrangement [4Si ](3Fe) (a) and [3SiAl](3Fe**) (b) for the six-fold cis-position and
for the five-fold former cis- and trans-positions (from left to right). The USPBS values for O>, OH- and O, are indicated near corresponding
positions. Pauling’s bond strengths: 3/4 and 4/4=1 for Al'Y and Si, respectively; 3/6 = 1/2 and 3/5 for Fe**, Alin six-fold and five-fold coordi-

nation, respectively.
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Table 2b. The simulated Cartesian atomic coordinates of the Gar-
field nontronite dehydroxylate structure and selected cation-oxygen
distances (A). (Model 1: a =5277A,b=9.140A,c=9.750 A, a.=

90°, f = 100.07 °,y =90°. space group P1; model 2: a = 5.277 A,
b=9.140A,c=9.60 A, 0 =90°, B = 90°,y=90°, space group P1).
X y z
Mil 0 0667 0 MI11-012  1.943
MI12 0.5 0.167 0 M11-022  1.918
M21 0 0333 0 M11-032  1.943
M22 0.5 0833 0 M11-042 1918
ol11 0.380 -0.001  0.105 MI11-OR1  1.923
012 0.880 0499  0.105 mean 1.929
021 0317 0311  0.105
022 0.817 0811  0.105 MI2-011  1.943
031 0.620 —-0.001  -0.105 MI12-021  1.918
032 0.120  0.499 -0.105 MI2-031  1.943
041 0.683 0311 -0.105 MI12-041 1918
042 0.183 0811 -0.105 MI2-OR2  1.923
ORI* 03165 0.687  0.0975 mean 1.929
OR2*  0.183  0.187 -0.0975
Til 0351 -0.009  0.284 M21-012  1.928
TI2 0.851 0491 0284 M21-021  1.964
T21 0338 032 0.284 M21-032 1928
T22 0.838  0.82 0.284 M21-041  1.964
T31 0.649 —0.009 -0.284 M21-OR2  1.896
T32 0.149 0491 -0.284 mean 1.936
T41 0662 032  —0.284
T42 0.162  0.82  —0.284 M22-011 1928
051 0.096 0905  0.329 M22-022  1.964
052 0.596 0405  0.329 M22-031 1928
061 0.846  0.655  0.348 M22-042  1.964
062 0346  0.155  0.348 M22-OR1  1.896
071 0595  0.905  0.348 mean 1.936
072 0.095 0405  0.348
081 0.904 0905 —0.329
082 0.404 0405 —0.329 Na-052  2.668
091 0.154  0.655 —0.348 Na-061 2.646
092 0.654  0.155 —0.348 Na-071 2.645
0101 0.405 0905 —0.348 Na-051 2.667
0102 0.905 0405 —0.348 Na-061"  2.647
Nal**  0.845  0.155 037 Na-072  2.649
Na2 0345  0.655  0.37 mean 2.655
Na3 0.155  0.155 -0.37
Nad 0.655  0.655  0.63

* residual oxygens in the former OH sites
** the occupancy of each Na site is 0.41/2

The atomic coordinates of the untreated Garfield nontro-
nite as well as the cation-oxygen bond lengths in the octahe-
dral and tetrahedral sheets are given in Table 2a. The struc-
tural details such as cation-oxygen distances, tetrahedral tilt,
octahedral flattening and counter-rotation of octahedral
bases are in agreement with those published in the literature
for Fe-bearing dioctahedral phyllosilicates (Bailey, 1984).
Specifically, the (M-O),,.,, (1.978 A) and M-OH (1.956 A)
distances appear more correct than the corresponding values
of Manceau et al. (1998), who used the DVLS procedure to
simulate the Garfield nontronite structure: (M-O),c,n =
2.014 A, which is too large, and M-OH = 2.03 A, which
should be shorter than M-O, according to numerous pub-
lished structural data. In their further work, Manceau et al.

(2000) used the algorithm of Smoliar-Zviagina (1993). The
T-O distances (Table 2a) are in agreement with the pub-
lished structural data on dioctahedral 2:1 phyllosilicates
having similar composition of tetrahedral cations.

At the second stage, to obtain a cv structure, the fractional
orthogonal coordinates of the upper half of the tv-layer (Ta-
ble 2a) are rotated around c¢* through —120° with respect to
the original system of axes (Tsipursky & Drits, 1984). The
atomic coordinates of the lower half-layer were then ob-
tained with the help of a two-fold rotation axis parallel to b.
As aresult, the Cartesian fractional atomic coordinates for
the cv-layer unit cell are obtained. Two of the four OH
groups present in the unit cell were removed and the residual
oxygens were placed in the other two former OH sites, as
described by Muller ez al. (2000), to produce an asymmetric
unit cell. As the resulting average Fe-O distances of 1.98 A
seemed unrealistically large for a 5-coordination polyhe-
dron, the former octahedral sheet was flattened by an addi-
tional 0.192 A (i.e. 0.02 fractional units along z*) to produce
mean Fe-O bond lengths of about 1.93 A, which is interme-
diate between Fe-O in tetrahedral and octahedral coordina-
tion (1.85-1.91 A and 1.98 A, respectively (Semenova et
al., 1977; Smoliar-Zviagina, 1993; Brigatti & Guggenheim,
2002; Gates et al., 2002). As shown by Manceau et al.
(2000), in order to provide good fit between the experimen-
tal and simulated XRD patterns of Garfield nontronite, the
interlayer Na cation in the structural model should be shifted
from the interlayer mid-plane by about 1A to the surface of
the basal oxygens of the tetrahedral sheet, so that realistic
Na-O distances are obtained. To ensure Na-O distances of
about 2.65 A (Lin & Bailey, 1984) the sites of Na were
placed at z = 0.37 and —0.37 (above and below the tetrahe-
dral sheets), so that the interlayer cations project onto the
centers of the hexagonal rings of basal tetrahedral oxygens,
the occupancy of each of the four interlayer sites being 0.41/
2 atoms per O,,(OH),.

The resulting Cartesian atomic coordinates of the unit
cell of the dehydroxylated cv layer as well as selected inter-
atomic distances, are given in Table 2b. In the first structural
model the successive layers are shifted with respect to each
other along the a axis by —0.323a so that in the projection on
the ab plane centers of ditrigonal rings of the upper tetrahe-
dral sheet of the lower layer and of the lower sheet of the up-
per layer coincide. As a result a periodic structure with the
cell parameters a = 5.277 A, b =9.140 A, ¢ = 9.750 A, o =
90°, B = 100.07 °,vy=90° (space group P1) is obtained. In
the second structural model the layers are stacked without
displacement, so that in the projection on the ab plane cen-
ters of ditrigonal rings of the upper tetrahedral sheet of the
lower layer are shifted with respect to those of the lower
sheet of the upper layer along the a axis by 0.323a. The unit
cell parameters for this periodic structure are a = 5.277 Ab
=9.140 A, c=9.60 A, 0.=90°, =90 °, y=90°.

3.4 EFG calculations

In a point charge model, the EFG tensor at the position of the
Fe** nuclei is expressed as (Ingalls, 1964) V = (1 —v4)- Vi,
where v is the antishielding factor (Sternheimer, 1963) and
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SFe: M11, M12

SFe: M21, M22

V. e/A’ V. /A’

0.4 0,

MI1+M12+M21+M22
0O,
Oaé A

-0.84

0 100 20 30 40 50 0 10 20 30 40 50
A r, A

Fig. 4. The greatest component of the EFG tensor (before its diago-

nalization) at the Fe?* nuclei in cis- (M21+M22) and trans-octahedra

(M114M12) resulting from all ions () and ions in distinct positions

(0,,0,,0, T, A,M11+M12+M21+M22) of the nontronite dehydro-

xylate structure within the sphere with radius r.

V. 18 the EFG tensor resulting from the lattice point
charges. For our nontronite-dehydroxilate structure, pro-
gram LATTICE from complex MSTools (Rusakov, 2000;
Rusakov & Chistyakova, 1992) calculates tensor Vy, as:

V=2 VO =VWMID+VMI2)+V(M21)+ V(M22) +
V(T)+V(0,) +V(O,) +V(0,) + V(A).

Here V(¢) = e, D(¢) is a EFG tensor for atoms with the
charge e, in positions ¢, D(#) is a matrix of the lattice sums for
positions ¢. Each of the cation point charges e,,;;, €;,,,, and
ey, ey at the former trans- and cis-positions, respective-
ly, were assumed equal to +3 v.u.; the averaged charge of a
tetrahedral cation, e, is equal to 3.61/4 - 4 +0.39/4 - 3=3.90
v.u.; the charges of basal (e,,), apical (e, ) and residual (e, )
oxygen anions are all equal to —2 v.u.; and the charge of the
interlayer cation, e, , is equal to 0.205 v.u. The component
D(1) (Cartesian axis system is used for calculations)
. 3%k Xy — 04 17
may be written as D, (1) = kE Mo~k G ko

1,
equalsto 1 fori=jand 0 for( l) #j,and )é(,(:,)l is the component

(i = x,y,z) of the radius vector 7, from the point of obser-
vation to the ion k having charge e, Calculation of the
D,(t) values was performed using the atomic coordinates
of the nontronite-dehydroxylate given in Table 2b (model
1). The V,(#) values are then calculated for each 7 atom and
summed. The resulting tensor is then diagonalized to give
the principal values of the EFG tensor.

The program takes account of 5-103 of each 7-type atoms
inside the sphere with the radius of over 36 A (see Fig.4).
Fig. 4 shows the greatest component of the EFG tensor
(before its diagonalization) at the Fe** nuclei in cis-
(M21+M22) and trans- (M114+M12) positions resulting
from all ions () and ions in distinct positions (O,, Oy, O, T,
A, M11+M12+M21+M22) of the nontronite-dehydroxylate
structure within the sphere with the radius 7 It follows from
Fig. 4 that the number of all the atoms (~ 45-103) included in
the computation is sufficient to calculate V,,, within the ac-
curacy of a few percent.

For each Fe3* position, competitive contributions from
different types of atoms are observed. The contribution of

, where 617

Table 3. Quadrupole splittings, A, for symmetrically independent
positions of Fe* in the nontronite dehydroxylate structure with the
corresponding asymmetry parameters, 1), and quadrupole coupling
constants, e2qQ. The last row shows the experimental A values.

Position

Ml1 Mi2 M21 M22
Calculated parameters
A (mm/s) 1.026 1.026 1.295 1.295
n 0.815 0.815 0.726  0.726
e’qQ 1.857 1.857  2.388 2.388
Experimental A (mm/s) 0.906 1.392

the interlayer cations (position A) is very small. Interesting-
ly, the contributions from atoms of the same type except O,,
as well as the total contribution () have reverse signs for
the former cis- and trans-sites.
When the EFG tensor is diagonalized, quadrupole split-
ting, A = leQV 1+ n l/Z:ez—qQ 1+ n l/zamd asym-
’ 2T 3 2 3

metry parameter, 1) = (V,, — V,,)/V_, are calculated using the
value of —9.1 for g, and of 0.14 b(arn) for the nuclear quad-
rupole moment, Q (Rusakov & Khramov, 1992).

Table 3 shows the calculated quadrupole splittings, A, for
symmetrically independent positions M11, M12, and M21,
M?22 in the nontronite-dehydroxylate structure with the cor-
responding asymmetry parameters, 1, and quadrupole cou-
pling constants, e2qQ. Both former trans-octahedra (M11,
M12) yield identical sets of the calculated parameters, and
so do both former cis-octahedra (M21, M22). This is an ad-
ditional confirmation of the correctness of the EFG calcula-
tion program. The EFG calculations made for the structural
model with orthogonal layer stacking (model 2, Table 2b)
reproduce the calculated parameters of Table 3 with the ac-
curacy of 0.05% or better.

The calculated A values agree well with the experimental
ones for two main doublets fitted to the Mdssbauer spectrum
of the nontronite-dehydroxylate (Table 3, last row). Based
on the calculated results one may infer that the partial quad-
rupole doublet with smaller A should be assigned to the for-
mer trans-octahedra whereas the partial doublet with larger
A should be assigned to the former cis-octahedra.

4. Discussion

Good agreement between calculated and experimental A
values, which has ensured the assignment of the two main
doublets fitted to the nontronite dehydroxylate spectrum,
implies that at least two of the constituents involved in EFG
calculations have contributed equally well. First, the simple
point charge model turned out to be adequate. Bearing in
mind that the bonding in 2:1 layer silicates is not purely ion-
ic, it would seem appropriate to use effective charges instead
of ionic charges. If, however, the effective charges are pro-
portional to ionic charges with about the same or similar co-
efficients for all kinds of atoms, the calculations may be car-
ried out in terms of the ionic point-charge model. The agree-
ment between the calculated and experimental A values
obtained using the nuclear quadrupole moment Q = 0.14b
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Fig. 5. A portion of the octahedral sheet
composed of the two fragments, in
which either M21 or M22 sites are va-
cant. The boundary Fe3*-sites alternate,
along the a direction, with “holes”
formed by two vacant sites merged to-
gether.

(Rusakov & Khramov, 1992) shows that nontronite dehyd-
roxylate structure can still be described as a structure having
mostly ionic bonds. Second, the atomic coordinates, which
were simulated for the 2:1 layer of nontronite-dehydroxyla-
te, proved to be relevant. The validity of the procedure used
for structural modeling has thus been confirmed.

The invariability of the EFG parameters calculation with
respect to the layer stacking confirms the dominant role of
the Fe* nearest environment in the formation of the EFG at
Fe nuclei (Drits et al., 1997; Dainyak et al., 2004). This re-
sult justifies the use of atomic coordinates for a periodic
crystal structure in the EFG calculations although the actual
nontronite dehydroxylate structure may be turbostratic or
partially ordered. In addition, this invariability increases the
validity of the Fe3*, Fe?* quadrupole doublet assignments to
the local cationic arrangements in the octahedral sheets of
trans-vacant dioctahedral phyllosilicates suggested in the
quoted papers.

Nontronite-dehydroxylate may be referred to as a model
object, because its structural and compositional peculiari-
ties make it possible to analyze electric field gradients at
Fe** nuclei in five-fold coordination of former cis- and
trans-octahedra using the most straightforward and simple
way. The prevalence of the local cationic arrangement
[4Si](3Fe*) over [3SiAl](3Fe**) and those including near-
est octahedral Al around Fe** both in former cis- and trans-
octahedra allowed us to use the atomic coordinates for the
average structure in the EFG calculations without simulat-
ing the atomic coordinates for the above local cationic ar-
rangements.

The presence of the Al cations in octahedral and tetrahe-
dral sheets leads to local inhomogeneity in the dehydroxyla-
te structure displayed in the broadened doublet components
I', which are approximately three times greater than the ap-
paratus halfwidths equal to 0.21 mm/s (for inner peaks of
the a-Fe spectrum), and in the inequality of I' , and I, val-
ues inside the partial doublets (Table 1, variant 6). Note that
such widening may also result from strains and stresses in
the dehydroxylated structure.

The obtained assignment adds to our knowledge of the
EFG at Fe** and Fe?* nuclei in cis-positions in various local

cationic arrangements inherent to ¢trans-vacant dioctahedral
sheets of micaceous minerals of inhomogeneous composi-
tion (Drits et al., 1997; Dainyak et al., 2004). It would be in-
teresting to calculate the EFG at Fe** nuclei occupying true
cis- and trans- octahdera of their untreated varieties. How-
ever, most of such Fe-bearing minerals are trans-vacant
(Méring & Oberlin, 1967; Besson et al., 1982, 1983; Bonnin
et al., 1985; Tsipursky & Drits, 1984; Tsipursky et al., 1978,
1985a; Sakharov et al., 1990; Manceau et al., 2000).

4.1 Defects violating two-dimensional continuity of
dehydroxylated octahedral sheets

A structural model for dehydroxylated Fe**-rich dioctahed-
ral micas determined by Muller ef al. (1998, 2000) corre-
sponds to an average unit cell in which both symmetrically
independent cis-sites are partially occupied. These authors
emphasized, however, that in the actual structure each dehy-
droxylated layer consists of structural fragments, in which
either M21 or M22 sites are vacant. Figure 5 shows a possi-
ble model of the dehydroxylated octahedral sheet composed
of two such fragments. These two structural domains are
linked through Fe** in boundary former trans-octahedra
sharing two edges with nearest former cis-octahedra. These
boundary Fe* sites alternate, along the a direction, with
“holes” formed by two vacant sites merged together. Such
structural peculiarities correspond to partial disruption of
Fe-O-Fe bonds. Several inferences may follow from this
simplified scheme.

1. The boundary former trans-octahedra sharing two
edges with the nearest former cis-octahedra are character-
ized by extremely high anisotropy in the distribution of
USPBS values. The residual O*, bonded with one Fe* cat-
ion is approximately twice as undersaturated, with respect
to positive charge, as a residual O%, coordinated by two Fe**
cations (Fig. 5). These strongly undersaturated anions may
be partially neutralized with interlayer charge. In addition,
to improve charge compensation in these unusual polyhe-
dra, the non-shared anion positions may be represented by
OH groups, which may have remained in the course of heat-
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treatment in order to minimize strongly undersaturated local
sources of a negative charge. However, strong deformation
of the central Fe3*-polyhedron in these unusual local cation-
ic arrangements should be expected resulting in anomalous
A values of 2.2 mm/s fitted to the nontronite dehydroxylate
spectrum (Table 1).

2. The experimental S,,,,/S ratio is equal to 0.8 (Ta-
ble 1, variant 6), whereas the expected ratio for the idealized
dehydroxylated structure with random cation distribution
sheets should be equal to 1. The disruption of the two-di-
mensional continuity of the dehydroxylated octahedral
sheets may be considered as a one of the possible reasons for
the observed deviation of the S,,,/S; ratio from the theo-
retical value. As a matter of fact, unusual boundary posi-
tions of Fe**, adjacent to only two polyhedra (Fig. 5), are
former trans-octahedra. Therefore the number of former
trans-octahedra assigned to the doublet with the smaller A
decreases, leading to a smaller S,,,,/S.;, ratio. This explana-
tion seems to be harmonious from the point of view of the
structural model integrity. It should be noted, however, that
the QSD and ISD of the minor spectrum components ac-
counting for the local structural inhomogeneity may also af-
fect the S,;,n¢/S.is 1atio.

3. The holes shown in Fig. 5 extend along the a axis and
separate the domains with left-hand and right-hand patterns
in the distribution of vacant sites and unbroken Fe-O-Fe
bonds. Some of these domains may be small enough (< 3-5
nm) to display superparamagnetic properties. From this
point of view, the structural model for the dehydroxylated
octahedral sheets (Muller et al., 1998, 2000) seems to be
self-sufficient. However, the formation of superparamag-
netic domains, most likely, becomes more prominent in de-
hydroxylated SWa-1 nontronite (Karakassides et al., 2000),
which is originally characterized by a specific distribution
of diamagnetic cations substituting for Fe** in octahedral
sheets (Manceau et al., 2000). Bearing in mind the apprecia-
ble amount of Al cations in octahedral sheets of Garfield
nontronite and the lack of Fe3* cations in tetrahedra (Mance-
au et al., 2000), similar superparamagnetic properties may
be also expected for Garfield nontronite dehydroxylate un-
der low temperature.

Thus the structural model of dehydroxylated Fe-rich di-
octahedral 2:1 phyllosilicates of Muller et al. (1998, 2000)
accounts for such parameters of the fitted spectrum as the
anomalous A value of 2.21 mm/s and the S, /S, ratio. In
addition, superparamagnetic effects expected in low tem-
perature spectra may be explained in terms of this model.

4.2 Isomer shift

One would expect decreasing isomer shifts for the Fe3*-dou-
blets when six-fold coordination transforms into five-fold
one. However, these values do not change, which is con-
firmed by the series of the spectrum refinements (Table 1).
This fact deserves a special investigation. As a possible rea-
son, one may speculate, first, that the five-fold polyhedra in-
herit the shape of the octahedra of the untreated nontronite
structure because the residual oxygens are located, with
equal probability, in one of the two adjacent former OH po-

sitions (Muller et al., 1998, 2000). Second, as it follows
from Table 2b, the mean Fe**-oxygen bond lengths in five-
fold polyhedra do not differ dramatically from the mean in-
teratomic distance in the cis-octahedra of untreated nontro-
nite (Table 2a). These two points may be a possible reason
for the invariable effective density of S electrons and isomer
shifts for Fe3* during the dehydroxylation process.

5. Conclusions

EFG calculations in point charge approximation using the
modelled atomic coordinates for Garfield nontronite-de-
hydroxylate provide a reliable interpretation of its Mossbau-
er spectrum. The doublet with the smallest quadrupole split-
ting, A, is assigned to the former trans-octahedra whereas
the doublet with the larger A value is assigned to the former
cis-octahedra.

Good agreement between calculated and experimental
quadrupole splittings implies that the nontronite-dehydro-
xylate structure can be described as a structure having most-
ly ionic bonds.

The invariability of the EFG parameters calculation with
respect to the mode in the layer stacking confirms the domi-
nant role of the Fe3* nearest environment in the formation of
the EFG at Fe nuclei (Drits et al., 1997; Dainyak et al., 2004).

The structural model of dehydroxylated Fe-rich diocta-
hedral 2:1 phyllosilicates of Muller et al. (1998, 2000) al-
lows disruptions of two-dimensional continuity of dehydro-
xylated octahedral sheets. This peculiarity accounts for the
anomalous A value of 2.21 mm/s for Fe** and the S,,,,,/S..;;
ratio in the room temperature nontronite dehydroxylate
spectrum as well as possible superparamagnetic effects in
its low temperature spectra.
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