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Abstract This work introduces a novel procedure to
fit the scattering features of XANES spectra. The
procedure was applied and validated on a chromium-
containing muscovite for which structural and crystal-
chemical characterization is available from literature.
The simulation, which involved clusters formed by up to
90 atoms, proved to be effective in representing the Cr
local environment, even if the system is characterized
by a very low metal content, as demonstrated by the
extremely good correspondence with experimental data.
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Introduction

Muscovite [ideally, [12]K[6]Al
½4�
2 (Si3Al) O10(OH)2], a

common rock-forming mineral, can host different
cations at tetrahedral and octahedral positions (Brigatti
and Guggenheim 2002). Conventional crystallographic
methods sometimes proved to be not fully effective in
representing the local metal environment in muscovite
samples despite its significance as petrogenetic indicator.
Information on site occupancy, cation ordering and

transition metal oxidation state can thus be difficult to
obtain from traditional X-ray diffraction experiments.

The aim of this work is thus to describe Cr local
environment (oxidation state, site occupancy and local
distortion) in a low Cr-containing system, starting from
a novel approach involving the simulation of the mul-
tiple-scattering features of XANES spectra deriving
from substitution patterns involving tetrahedral, octa-
hedral and interlayer sites.

Experimental

Sample

Brigatti et al. (2001) performed a crystal-chemical study on the Cr-
containing muscovite under investigation, starting from different
analytical techniques. This sample is from North Westland glacial
moraines (New Zealand) and shows the following composition
[12](K0.857Ba0.044Na0.103)

[6](Al1.858Ti0.003Fe2þ
0:039Cr3þ0:062Mg0.081)

[4](Si3.110Al0.89)O10.166(OH)1.829Cl0.005, thus being characterized by
moderate homovalent and heterovalent substitutions that involve
octahedral, tetrahedral and interlayer positions. Single-crystal
structure refinements give tetrahedral mean bond distances
[hT–Oi ¼ 1.646(1) Å for both T1 and T2 tetrahedra] very close
to the end-member muscovite [hT1–Oi ¼ 1.646(5) Å and
hT2–Oi ¼ 1.647(5) Å; Guggenheim et al. 1987]. The mean electron
counts for the cis-octahedral site (M2), greater than 13, indicate
that cations heavier than Al were located at the M2 site. Further-
more, the hM2–Oi mean bond distance is very close to muscovite
[hM2–Oi ¼ 1.931(1) Å in sample from Westland; hM2–
Oi ¼ 1.935(5) Å in muscovite; Guggenheim et al. 1987]. Unlike
muscovite, where the trans-octahedral cavity (M1) is completely
empty, this sample shows residual areas of positive electron den-
sities in the M1 position, suggesting an M1 partial occupancy.
These results suggest a Cr preference for the octahedral sites, but
cannot return definite evidence about Cr ordering at the two in-
dependent octahedral sites and about the local structural arrange-
ment that the metal imparts to the layer.

XANES spectra

XANES spectra of chromium-containing muscovite were obtained
at the GILDA (BM 8) beamline at the European Synchrotron
Radiation Facility at Grenoble. Muscovite powder samples were
prepared by fine grinding and deposition on a Millipore membrane.
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Experiments were performed, using a double-crystal monochro-
mator equipped with Si(311) crystals, at 0.5 eV resolution in fluo-
rescence mode using a 13-element Ge detector. Typical acquisition
time was 3 s, and energy calibration was carried out using a ref-
erence Cr foil. The experimental data spectra were background-
subtracted, normalized at high energy using a standard procedure
and averaged. Due to the low concentration, the signal-to-noise
ratio obtained at the Cr K edge is about 103.

Theoretical method

The XANES analysis was carried out by using a new program,
MXAN, which is able to perform a quantitative analysis of the
spectra (Benfatto and Della Longa 2001; Della Longa et al. 2001).
This method is based on the comparison between the experimental
data and several simulations performed by varying selected struc-
tural parameters starting from a given geometrical configuration
around the absorber atom. The photoabsorption cross-section is
calculated using the full multiple-scattering (MS) scheme in the
framework of the muffin-tin approximation for the shape of the
potential. Muffin-tin radii are calculated on the basis of the Nor-
man criterion with 2% overlapping. Details of the method can be
found in Hedin and Lundqvist (1969); Gelatt et al. (1983); Tyson
et al. (1992); Benfatto and Della Longa (2001) and Della Longa
et al. (2001). In this work the best-fit calculations are made by using
a cluster of 89 atoms.

Results and discussion

The bottom curve in Fig. 1 reports the Cr K-edge ab-
sorption spectrum obtained on the chromium-contain-

ing muscovite from Westland. The spectrum is similar to
the ones reported by Brigatti et al. (2001), obtained on
Cr-bearing muscovite samples, and exhibits a higher
signal-to-noise ratio. This resolution allows the identi-
fication of a clear double pre-edge structure (Fig. 1, in-
set) with relative maximum values at 5998.5 and
5990.5 eV. Two contributions (A and A¢) can be ob-
served at the rising edge. They are followed by a double
main structure (peaks B and C) with two maximum
values at 6008.5 and 6020.2 eV, respectively. The spec-
trum is characterized by broad features in the interme-
diate multiple-scattering (IMS) region and almost three
contributions can be here identified: D, E and F. Two
minor features (G and H) follow at around 6105 and
6135 eV and precede the first main EXAFS oscillation
(I) at 6168 eV.

XANES data, and particularly the presence of a pre-
edge structure, following a transition to d empty states in
a distorted octahedral entity, support the octahedral
coordination of Cr. A previous estimation (Brigatti et al.
2001) determined an upper limit for the presence of Cr in
tetrahedral coordination to less than 0.5% of the total
chromium content. This value was obtained from a fit
procedure of the pre-edge with Gaussian components
and from the comparison with the tetrahedrally coor-
dinated model compound SrCrO4. Given the Cr octa-
hedral coordination, a further development involves the
identification of the octahedral site at which Cr is pref-
erentially located. An attempt is here made to distin-
guish between the two possible octahedral sites that
could host Cr in muscovite. The trans-octahedral (M1)
and the cis-octahedral (M2) sites, as determined by
XRD, are different in topology. In particular, their dif-
ferent mean bond lengths, hM1–Oi and hM2–Oi, reflect
different electrostatic interactions on neighbouring ox-
ygen atoms [hM2–Oi ¼ 1.931(1) Å; hM1–Oi ¼ 2.244(1)
Å]. The M2 site is not only smaller, but also less dis-
torted than the M1 site (octahedral angle variance,
OAV ¼ 109:2�

2

and 58:7�
2

for M1 and M2 site, respec-
tively). Furthermore, in the 2 : 1 layer of dioctahedral
micas (space group C2/c), each cis-octahedral site (M2)
is surrounded by three other equivalent cis-octahedra
and by three empty M1 cavities, whereas the trans-oc-
tahedral cavity is confined by six cis-octahedra, thus
accounting for a different topology and different inter-
actions both inside and outside the octahedral sheet
(Ferraris and Ivaldi 2002). Following these structural
considerations, the Cr K-edge absorption-simulated
spectra are significantly different if chromium is set at
the M1 or at M2 position. Figure 1 reports the com-
parison between the simulated spectra assuming for Cr
an M1 (top spectra) or M2 (middle spectra) occupancy.
More consistent results with experimental data were
obtained under the hypothesis of M2 occupancy,
whereas when Cr is placed at M1, simulated spectra and
experimental data mostly differ in the distance between
the two main features (about 7 eV for M1) and for the
presence of a sharp contribution �40 eV above the
absorption edge. In this way, both the octahedral

Fig. 1 Comparison between the experimental (bottom) Cr K-edge
absorption spectrum of chromium-containing muscovite from West-
land (NZ) and the theoretical results of the two octahedral clusters:
M1 (top) and M2 (middle). The inset enlarges the pre-edge region of
the experimental spectrum. The energy values refer to the experimental
data
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coordination for Cr is confirmed, as supported also by
the pre-edge analysis, and the relative occupancy of Cr
at M1 site is below the detection limit in Westland
muscovite.

Figure 2 reports the effect of an increase in the
number of atoms around the absorber on the evolution
of the Cr spectral features. An 89-atom cluster, corre-
sponding to a distance of 6.4 Å from the absorber, can
be considered as optimal, following the convergence of
the total cross-section with respect to the number of
atoms. No significant difference in simulated spectra
was, in fact, observed moving from 70 to 89 atoms in the
cluster. Features E and F are present only in clusters
including the potassium cations nearest to the pho-
toabsorber. The interlayer cation is thus the nearest
neighbour of the octahedron and it is placed in the tet-
rahedral cavity at a distance of approximately 5.3 Å
from the centre of M2. More quantitative structural
information on the Cr local environment can be ob-
tained from the MXAN package, considering only some
possible structural deformations induced by Cr over an
unperturbed lattice. Figure 3 presents the effects of some
structural variations around Cr.

A set of MS simulations was thus performed as-
suming different displacement modes of the atomic
groups in different planes and along different directions.
The intensity and energy variations of the spectral fea-
tures were considered as indicators of the agreement
with experimental data and of the most sensitive struc-
tural parameters.

A rigid displacement of the upper and lower octahe-
dral surfaces characterizes the first set of spectra
(referred to as [1]). Each octahedral surface is formed by
groups of three oxygen atoms along the [001] direction.
The induced Cr–O distance variations are correlated to
the main oscillation maximum and the relative intensity
of the D–E–F features slightly modify together with the
B/C height ratio. The second set (referred to as [2]) re-
lates to the effect of the simultaneous radial displace-
ment in the (001) plane of three atom groups, each
composed by two near-octahedral O vertices rigidly
linked to the Al atom nearest to Cr in the M2 position.
Each of these groups is moved in the Cr–Al bond di-
rection. Like the first set, the second set of spectra
is characterized by the shift of the I feature, due to
the Cr–O distance variation, and by the modification of
the weight of the G and H structures. The F peak
becomes more evident when the Cr–Al distance
increases. The intensity and the position of the main

Fig. 2 Theoretical spectra at the Cr K edge for an octahedral M2
surrounding cluster of increasing size from 7 to 89 atoms. The energy
values refer to the threshold energy E

0

Fig. 3 Effect of several displacement modes of the entities surround-
ing Cr at M2 site over simulated Cr K-edge spectra. The top curve
reports the experimental spectrum. The three others are the simulated
spectra referring to displacement modes [1], [2] and [3], as defined in
the text. Schematic drawings of the cluster deformation are included.
The energy scale is the same as in Fig. 2
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B and C peaks are strongly influenced by these distor-
tions. The last set of spectra (referred to as [3]) is asso-
ciated with the movement of the nearest tetrahedra.

The basal oxygen atoms of the four tetrahedra
nearest to M2, two below and two above the octahedral
sheet, were connected to the Si atoms placed at their
centre, thus forming two atomic groups opposite with
respect to the octahedral sheet. These groups were
moved in the direction defined by the adsorber and by
the oxygen atoms shared between the tetrahedra.

This displacement induces only minor spectral
changes, mostly involving G and H features that become
more separated and stronger with an increase of the Cr–
T distance. However, the entire IMS region is weakly
affected by this latter distortion. Other structural mod-
ifications, like the substitution of Si for Al in the T sites,
induce even smaller effects on the spectral features.

The calculation so far presented thus allowed the
identification of the parameters to be used in the final
fitting procedure of the experimental data. A first fit of
the experimental spectrum was performed moving the
upper and lower octahedral surfaces in the [001] direc-
tion, as described in [1]. This movement is independent
of [2] and [3], because the MXAN program allows for
separate fitting simulations only when atomic displace-
ments are described in Cartesian or polar coordinates.
The minimization procedure converged on a vertical
displacement of 0.10 ± 0.01 Å. A new initial configu-
ration was thus derived from this best-fit result and the
process was iterated for the two remaining radial
movements ([2] and [3]). A MINUIT fit convergence

showing an almost diagonal (2 · 2) correlation matrix
between the parameters was obtained. The final fit result
is reported in Fig. 4 and compared with the reference
experimental spectrum. In the lower part of Fig. 4, the
absorption spectrum calculated using the initial atomic
configuration resulting from the diffraction data is re-
ported for comparison. The agreement between the ex-
perimental data and the result of the fitting procedure is
very good, in both intensity and position of all the
spectral features, confirming the occupancy of Cr at M2.
Furthermore, the atomic positions resulting from the
fitting procedure show a slight enlargement of the oc-
tahedron (DR ¼ þ0:011 	 0:001 Å) in (001) and a re-
duction of the radial distance of the near tetrahedra
(DR ¼ 
0:05 	 0:02 Å). The final radial displacement of
the first oxygen shell and of the second shell tetrahedra is
reported in Table 1. The relative variation of the dis-
tances from the absorber is +3.4 and )2.1%, respec-
tively. The displacement of Al atoms in (001) is
+1.2%.The octahedron enlargement is particularly
significant when compared to the diffraction data ob-
tained in a Cr-rich mica (Evsyunin et al. 1997), where Cr
substitutes for up to 80% of Al in the octahedra. The Cr
octahedral average size obtained in the simulation pro-
cess (1.99 ± 0.01 Å) matches very well the hM2–Oi
value reported for this Cr-rich mica [1.976(3) Å]. The
non-structural parameters fitted in the final atomic
configuration are all consistent. The Cc value (2.03 eV)
representing the energy-independent spectral broadening
is in agreement with the core-hole lifetime broadening
value, i.e., the natural width of the Cr K atomic level
(1.08 eV) (Krause and Oliver 1979), which needs to be
combined with the experimental energy resolution. The
fitted inelastic losses broadening presents energy
threshold and amplitude (respectively 16.58 and
6.66 eV), corresponding to the right plasmon excitation
energy and amplitude (Tyson et al. 1992; Benfatto and
Della Longa 2001).

Conclusions

Diffraction techniques are a powerful method to char-
acterize natural crystalline systems and, in particular, to

Table 1 Comparison between M2 site bond lengths obtained by X-
ray diffraction analysis and XANES fitting results. hCr–O(tetr)i
indicates the distance between Cr and oxygen atoms shared be-
tween two nearest tetrahedra considered in the calculation (see
Fig. 4 for details)

XRD Fit result Variation

Cr–O31 1.948(1) 2.01(1) 0.06(1)
Cr–O31¢ 1.924(1) 1.99(1) 0.06(1)
Cr–O32 1.925(1) 1.98(1) 0.06(1)
Cr–O32¢ 1.946(1) 2.02(1) 0.07(1)
Cr–O4 1.919(1) 1.99(1) 0.07(1)
Cr–O4¢ 1.921(1) 1.98(1) 0.06(1)
hCr–Ali 3.000(1) 3.013(1) 0.012(1)
hCr–O (tetr.)i 3.411(1) 3.36(2) )0.05(2)

Fig. 4 Comparison between experimental data and the best fit from
MXAN procedure. The schematic drawing of the displacement of
entities surrounding Cr, which is introduced in the fitting procedure, is
included with the distortion parameters obtained as a final result. The
energy scale is the same as in Fig. 2
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determine mean bond distances. However, the local
distortions are very difficult to investigate and this task
becomes very difficult when the concentration of the
atom under investigation is low. X-ray absorption
spectroscopy, on the contrary, is sensitive to the local
environment and is recognized as a specific method to
characterize local coordination and geometrical ar-
rangements, i.e., bond distances and bond angles
(Mottana et al. 2002). The improvements achieved in the
fitting procedure of the XANES spectra are clearly
demonstrated in this paper, where the local geometry
was correctly described even in the case of very low
substitution and additional potential capabilities never
before applied with this spectroscopy are opened for the
study of minerals.

The simulation reported in this paper demonstrates
that it is possible to improve any previous calculations in
terms of both local geometrical description and quanti-
tative determination of the distances. The analysis per-
formed on the spectra of Cr-muscovite under
investigation confirms the previous assignment (Brigatti
et al. 2001) concerning the octahedral occupancy, but
significantly reduces the value of the upper limit occu-
pancy of one of the two possible octahedral site (M1)
versus the other (M2). The accuracy of the simulation is
excellent and the different possible distortions of the
structure were modelled and discussed. In particular, the
best fit is obtained when the contribution of the inter-
layer cation, a basic ingredient of the mica structure is
included and distortions of the octahedra are taken into
account. In this case, distortions induced by atomic
displacements far over the second shell were demon-
strated to be substantially negligible.
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