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ABSTRACT

In order to assess the extent of X-ray anisotropy in biaxial minerals, Fe XANES spectra were acquired on single crystals of
pyroxenes, amphiboles, and micas with the X-ray beam polarized along the X, Y, and Z optical orientations. Specifically, single
crystals of enstatite (En), augite (Aug), aegirine (Ae), kaersutite (Krs; three different compositions), dioctahedral (Ms and Ill),
and trioctahedral (Ann and Phl) micas were selected. Each crystal was oriented morphologically and with the aid of EXCALIBR
using a spindle stage equipped polarized light microscope, and their XANES spectra were acquired at beamline X26a, NSLS,
using a special geometry of the beam to accommodate the goniometer head and a 20 � 30 �m X-ray beam. As would be expected
from visible and IR spectra of these minerals, the intensity of both pre-edge and main edge peaks is variable as a function of
orientation. Structural similarities among these mineral groups result in similarities among their XANES spectra. Spectra acquired
along the length of the chains (c for pyroxene, c for amphibole, and a for sheet silicates) are similar, with corresponding changes
in the optical directions, such that Ydioct ≈ Ztrioct ≈ ZKrs ≈ ZEn ≈ XAe (clinopyroxene is intermediate). Spectra taken along the b
crystallographic axes (along the layer of octahedra, across the I-beam) are similar for all groups (Zdioct ≈ Ytrioct ≈ YKrs ≈ XEn ≈
YAug), and more similar for the amphiboles and micas. Lastly, spectra acquired along the stacking direction, which is the a
crystallographic direction for pyroxene and amphiboles and the c crystallographic direction in sheet silicates, are analogous.
From these relationships, assignment of specific transitions to individual features in XANES spectra are facilitated. Furthermore,
errors on use of pre-edge positions for determination of Fe3+/�Fe in minerals can be better constrained.

Keywords: XANES, XAS, single crystal, enstatite, augite, aegirine, kaersutite, annite, phlogopite, illite, muscovite, estimate of
ferric iron.

SOMMAIRE

Afin d’évaluer le degré d’anisotropie aux rayons X dans les minéraux biaxiaux, nous avons acquis des spectres XANES à
partir de cristaux uniques de pyroxènes, amphiboles, et micas en utilisant un faisceau de rayons X polarisé le long des directions
optiques X, Y, et Z. Plus spécifiquement, des cristaux uniques d’enstatite (En), d’augite (Aug), d’aegyrine (Ae), de kaersutite
(Krs; trois compositions différentes), mica dioctaédrique (Ms et Ill), et mica trioctaédrique (Ann et Phl) ont été choisis. Chaque
cristal a été orienté selon sa morphologie et à l’aide du logiciel EXCALIBR en utilisant une platine à aiguille avec un microscope
polarisant, et leurs spectres XANES ont été enregistrés au site NSLS avec le faisceau désigné X26a, avec un montage
géométriquement spécialisé afin d’accommoder la tête du goniomètre dans le faisceau de rayons X de 20 � 30 �m. Comme on
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pourrait s’y attendre d’après les spectres de ces minéraux en lumière visible et infra-rouge, l’intensité des pics pré-seuil et seuil
principal est variable selon l’orientation. Les ressemblances structurales parmi ces groupes de minéraux résultent de ressemblances
dans les spectres XANES. Les spectres acquis le long des chaînes (c dans le cas de pyroxènes et des amphiboles, et a dans le cas
de silicates en feuillets) sont semblables, compte tenu des changements des directions optiques, de sorte que Ydioct ≈ Ztrioct ≈ ZKrs
≈ ZEn ≈ XAe (le clinopyroxène est intermédiaire). Les spectres prélevés le long de l’axe b (le long de la couche d’octaèdres,
transversalement aux modules en I) sont semblables pour tous les groupes (Zdioct ≈ Ytrioct ≈ YKrs ≈ XEn ≈ YAug), et le sont
davantage pour les amphiboles et les micas. Enfin, les spectres acquis le long de la direction d’empilement, le long de l’axe a dans
le cas des pyroxènes et des amphiboles et le long de l’axe c dans le cas des silicates en feuillets, sont analogues. A partir de ces
relations, l’attribution de transitions spécifiques à des aspects particuliers des spectres XANES s’en trouve facilitée. De plus, les
erreurs dans l’application des positions pré-seuil pour déterminer le rapport Fe3+/�Fe dans les minéraux sont mieux controllées.

(Traduit par la Rédaction)

Mots-clés: spectre XANES, spectre, XAS, cristal unique, enstatite, augite, aegyrine, kaersutite, annite, phlogopite, illite,
muscovite, estimation du fer ferrique.

of these spectra for determination of Fe3+/�Fe in
minerals.

BACKGROUND

As succinctly explained by Brown et al. (1988), the
XANES region of an X-ray absorption spectrum con-
sists of two parts defined by the relationship between
the values of the incident photon energy, E, and the
binding energy of a core-level electron, Eb, in the ab-
sorber. In the pre-edge region, E is less than Eb, so the
electronic transitions are limited to low-probability lo-
calized transitions of the K-level (1s) electrons to the
lowest-energy unoccupied or partially occupied levels.
In the main-edge region, E is approximately equal to
Eb, such that electronic transitions occur with a high
probability from a core level (Eb) to unoccupied bound
states or continuum states (Brown et al. 1988). In this
paper, the dependence of both sets of transitions on ori-
entation will be considered.

XANES main-edge spectra

Until very recently, XANES spectra in this region,
which begins 2–3 eV above the pre-edge and continues
to about 50 eV above it, were impossible to interpret
quantitatively. Features in this region represent super-
imposed contributions from multiple scattering interac-
tions of the photoelectron and reflect both long-range
and short-range order. Thus, the features are difficult to
discriminate and assess quantitatively. Some progress
in recognition of key features has been made through
careful studies of micas with contrasting compositions;
these are reviewed in detail in Mottana et al. (2002).
For example, work by Mottana et al. (1997) on Al K
edges showed that features corresponding to octahe-
drally and tetrahedrally coordinated Al could be distin-
guished in the XANES spectra of synthetic micas with
compositions ranging from fluorine-substituted phlogo-
pite to polylithionite. Next-nearest-neighbor effects also
were characterized. Other valuable qualitative studies
of the XANES region in mica spectra have been made

INTRODUCTION

It is well known that biaxial minerals belonging to
the orthorhombic, monoclinic, and triclinic systems dis-
play optical anisotropism, which is exhibited by differ-
ent indices of refraction dependent on crystallographic
directions. This phenomenon is related to optical pleo-
chroism, which is the ability of minerals to transmit or
absorb light of different wavelengths in different direc-
tions. This definition may be broadened to include not
only visible light, but also waves with energies greater
or less than those of visible light. For example, the indi-
ces of refraction of a mineral are controlled by absorp-
tion bands in the UV. More broadly, anisotropy in
biaxial materials should be possible and expected at all
wavelengths.

For the case of Fe K-XANES (X-Ray Absorption
Near-Edge Structure) spectroscopy (ca. 7100 eV),
anisotropy has rarely been characterized because of the
time-consuming nature and difficulty in orienting small,
single-crystal samples, as well as the rarity of micro-
beam synchrotron facilities. These problems can be
overcome with an intense focused X-ray beam and the
use of a spindle stage and methods developed by Bloss
and coworkers (Bloss 1981, Gunter & Twamley 2001)
to orient single-crystal samples optically or by X-ray
diffraction.

In this study, we examine the X-ray pleochroism of
minerals in the structurally related pyroxene, amphibole,
and mica groups. This paper is part of a larger program
of study in which we examine X-ray pleochroism in a
series of Fe-containing rock-forming minerals and re-
late it to the optical spectra of Co-bearing analogs. In
the course of this work, systematics and inter-relation-
ships of the XANES spectra among the pyroxenes, am-
phiboles, and sheet silicates became obvious. Thus, the
goal of this study is to compare and contrast the struc-
tural similarities among these mineral groups and to
relate them to their XANES spectra and optical orienta-
tions. From these relationships, a better understanding
of the transitions represented by these spectra may ulti-
mately be achieved, along with an improvement in use
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by Manceau et al. (1998), Brigatti et al. (2001), Giuli et
al. (2001), and Benfatto et al. (2001), and Tombolini et
al. (2002), among others.

Although spectra of precisely oriented samples have
not yet been published, orientation has been shown to
have a strong effect on peak intensity in micas (Manceau
et al. 1998, Dyar et al. 2001, Mottana et al. 2002). Un-
published data reported in the latter paper show that the
best agreement between Fe XANES spectra for single
crystal (at various angles) and homogeneous powder
(grain size of ca. 5 �m) is obtained when the beam is
polarized in a direction equal or very close to the “magic
angle” value, 54.7° (Pettifer et al. 1990, Stöhr 1992).
The angle actually reflects the relatively high rotational
symmetry (>3) of the mica lattice in the basal plane,
and provides a fundamental starting point for the deter-
mination of the magnitude of angle-dependent intensity
for oriented slices such as those in a thin section. In other
minerals, where rotational effects also are present, this
angle may need to be modified to reflect the lower sym-
metry of the lattice.

For the beamline geometry used at the National Syn-
chrotron Light Source X26a, the polarization of the in-
cident X-ray beam is assumed to be almost perfectly
linear in the plane of the ring. However, if the
Kirkpatrick–Baez mirrors used to focus the X-ray beam
alter the polarization characteristics of the beam so that
it becomes elliptically polarized, then the dependence
of the resonant signals measured from the sample on
orientation may also change. The determination of the
appropriate magic angle for making orientation-inde-
pendent measurements will need to reflect that fact. In
the work by Mottana and Manceau and coworkers, mea-
surements in the transmission mode are used because
they all employ powders and are geometrically simpler;
this of course prevents the use of a microbeam for analy-
sis of small single crystals.

XANES pre-edge spectra

The quantum mechanical rules of selection that con-
trol the transition probabilities in the pre-edge region
are the same as those for optical phenomena (Brown et
al. 1988), for which a theoretical and observational
framework is already in place. Several different factors
contribute to the intensity and peak energy of pre-edge
features, including spin state, oxidation state, site ge-
ometry, and site symmetry. The 1s → nd transitions in
the pre-edge region are formally spin-forbidden, but
they have non-zero transition probabilities owing to
extremely weak electric quadrupole coupling (Hahn et
al. 1982, Bair & Goddard 1980, Brouder 1990). In cases
where the cation occupies a noncentrosymmetric site,
most of the intensity of the pre-edge features results
from fundamentally intense electric dipole coupling
between the 3d and 4p states (Randall et al. 1995, Roe
et al. 1984, Westre et al. 1997). The amount of 4p
mixing into Fe 3d orbitals is consistently larger for Fe3+

than for Fe2+ pre-edges. Westre et al. (1997) attributed
this difference to the fact that bond lengths are shorter
around Fe3+, and thus deviations from centrosymmetry
are accentuated. The relatively symmetrical octahedral
sites display little electric dipole coupling, but as site
asymmetry increases, so does the 4p mixing into Fe 3d
orbitals. Distortions from ideal symmetries of the octa-
hedral to tetrahedral and square pyramidal geometries
(as are found in most minerals) would tend to increase
this mixing. So the pre-edge signal that is measured in
most minerals probably represents the effect of asym-
metry in the site and the dipolar effects associated with
it. The transition probability (and thus the relative in-
tensity of the peak) is increased if the number of “holes”
in the d orbitals is large. In general, pre-edge intensities
are greater in Fe3+-bearing minerals because of the ad-
ditional hole that is present in their ground state.

The position, or energy of the peaks, also is impor-
tant, because it has a first-order relationship to oxida-
tion state. As first explained by Shulman et al. (1976),
XANES pre-edge transitions differ from their analogous
optical transitions because the number of transitions
present must be modeled for the d(n + 1) excited state.
So, the final state of any ion is best approximated by
that of a different nucleus with atomic number Z + 1
(Calas & Petiau 1983, Shulman et al. 1976). XANES
spectra will show the relative levels of energy that are
predicted by the optical spectra for these Z + 1 states.

For minerals in simple systems, theoretical pre-edge
spectra can therefore be modeled on the basis of mo-
lecular orbital calculations that predict both intensity and
energy of the component peaks. These calculations have
been successfully done for numerous chemical com-
pounds. For example, Randall et al. (1995) quantified
the coordination number and symmetry of Fe2+ atoms
in synthetic high-spin Fe2+ complexes, and Westre et
al. (1997) used ligand-field theory to describe system-
atic relationships among spin state, oxidation state, and
site geometry and the energy (i.e., position), splitting,
and intensity distribution in a large variety of ferrous
and ferric model compounds.

Because most rock-forming minerals are anisotro-
pic, the effects of X-ray pleochroism that are introduced
when studying mineral grains in thin section must also
be considered. Dräger et al. (1988) were among the first
to address the issue of the multipole character of the pre-
edge in minerals. They used thin plates cut from ori-
ented single crystals. They confirmed that isotropic
samples show identical spectra when the polarization
direction is either parallel or perpendicular to an oriented
crystal. They also demonstrated that a conspicuous an-
gular dependence of pre-edge absorption was found in
the anisotropic (rhombohedral) minerals hematite and
siderite. In hematite, for example, the intensity of a pre-
edge peak at 7114 eV is twice as intense with the beam
parallel to (001) as it is with the beam perpendicular to
(001).
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DETERMINATION OF Fe3+/�Fe

One of the most promising aspects of XANES spec-
troscopy is its potential for measuring Fe3+/�Fe at mi-
crometer scales, an advance that would provide an
attractive alternative to wet-chemical methods and
Mössbauer spectroscopy. Because multiple scattering in
the XANES main-edge region is so complex, efforts to
measure Fe3+/�Fe have focused instead on the pre-edge
region. One of the first major advances in this field was
made by Bajt et al. (1994), who used a calibration
method based on Gaussian line-shape fits to single peaks
for each pre-edge. The resultant pre-edge peak energies
from synthetic fayalite (Fe2SiO4, 0% Fe3+), natural mag-
netite (Fe3O4, 66.7% Fe3+), and hematite (Fe2O3, 100%
Fe3+) are used to derive a calibration line for the deter-
mination of Fe3+ content from pre-edge energy. This
method has permitted reasonably successful measure-
ments of Fe3+/�Fe in garnets, olivines, pyroxenes, am-
phiboles, micas, tourmalines, feldspars, and other
minerals and glasses in an array of terrestrial materials
(Delaney et al. 1998). However, it yields results with
large errors (±5–15% based on replicate analyses) for at
least three main reasons: 1) The geometry of the Fe sites
in fayalite, magnetite, and hematite is commonly dis-
similar to that of the unknowns, and therefore peak en-
ergies and intensities in the unknowns differ from those
in the standards. 2) Use of the pre-edge centroid is an
oversimplification because the pre-edges themselves are
composed of several different peaks, the multiplicity of
which is predicted by crystal-field theory. 3) The mea-
surements are commonly made on minerals in thin sec-
tions, for which the poorly known crystallographic
orientation of the grain is problematic.

The first two issues have largely been addressed in
recent work by Galoisy et al. (2001) and Wilke et al.
(2001). In the former study, single mineral species were
chosen to represent each type of Fe valence and coordi-
nation. Reference spectra of andradite are used for
[6]Fe3+, glass of augite composition for [4,5]Fe2+, berlinite
for [4]Fe3+, staurolite for [4]Fe2+, and siderite for [6]Fe2+.
Multiple pseudo-Voigt line shapes (in most cases) were
used to deconvolute the pre-edge spectra into two to four
peaks each, and then spectra of unknowns were fit to
linear combinations of the pure reference spectra. Er-
rors on resultant Fe3+/�Fe were reported to be ±10%,
and discrepancies were attributed to the method for nu-
merically extracting the pre-edge from the main edge,
and to differences in site geometry between their refer-
ences and the unknown minerals.

Wilke et al. (2001) and Petit et al. (2001) expanded
upon this approach; they characterized and fit 35 min-
erals and synthetic compounds in order to correlate char-
acteristics of pre-edge features with oxidation state and
local coordination environments. Their results also
showed that Fe3+ contents of minerals can be determined
with an accuracy of ±10 mol.%, provided that the site
geometry for each Fe atom in the structure is known.

However, Galoisy et al. (2001), Wilke et al. (2001), and
Petit et al. (2001) used powdered samples. Although
their work is important because it demonstrates the util-
ity of interpreting XANES pre-edges for Fe3+/�Fe, it
only adds to the existing methods for analysis of Fe3+/
�Fe in powdered samples.

From a geologist’s perspective, the more tantalizing
prospect is to advance the use of this method for analy-
sis of minerals in thin section or as small single crys-
tals. In order to completely understand the orientation
effects that will hinder the analysis in thin section of
Fe3+/�Fe, it will be necessary to examine (and fit with
pseudo-Voigt components) pre-edge spectra acquired at
each of the optical orientations in each of the end-mem-
ber model compounds using spherical samples, low Fe-
compositions, and high-resolution monochromators.

In the present paper, we consider only the effects of
orientation on the centroid of the pre-edge features, as
these are currently used in (admittedly simplistic) de-
termination of Fe3+/�Fe of minerals in thin sections
(Dyar et al. 2002). We recognize that in the long term,
use of Fe2+ and Fe3+ end-member model compounds
coupled with knowledge of crystal orientation (both in
the standards and the unknowns) will be necessary to
achieve the most accurate estimates of Fe3+/�Fe of min-
erals in thin section.

METHODS

Samples studied

Samples used in this study were obtained from the
collections of the authors (MDD and JSD) and locali-
ties are listed in Table 1; chemical compositions for all
samples are reported in Table 2. With the exception of
the Serra de Magé enstatite of meteoritic origin, for
which insufficient sample was available, the samples
have been previously studied by MDD using Mössbauer
spectroscopy; they were chosen to represent a range of
mineral structures and Fe3+/�Fe contents. In many
cases, sample selection was further constrained by the
need for inclusion-free, untwinned single crystals with
sizes exceeding 30 �m (at least in one dimension).

Single crystals were oriented morphologically and
with the aid of EXCALIBR (Gunter & Twamley 2001)
by MEG using a spindle-stage-equipped polarized light
microscope. The optical orientations of all the samples
were either checked morphologically or determined on
the basis of methods discussed in Gunter & Twamley
(2001). Once oriented, the twelve samples listed in
Table 1 were first photographed (for example, Fig. 1),
and then the twelve goniometer heads were carefully
packed and hand-carried to NSLS by MEG.

In this paper, we refer to X, Y, and Z optical direc-
tions, which are the three mutually perpendicular vec-
tors that describe the biaxial indicatrix. X and Z always
correspond to the directions that exhibit indices of re-
fraction � and �, respectively. Then � corresponds not
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only to the Y direction, which is perpendicular to X and
Z, but also to an infinite number of vectors of the same
length located in the two circular sections of the biaxial

indicatrix (cf. Fig. 3.8, Bloss 1981). Thus �, though of-
ten used to define the Y direction, defines an infinite
number of directions in a biaxial indicatrix. In the analo-
gous literature on optical spectroscopy, �, �, and � are
often used to refer to X, Y, and Z.

Samples were oriented along optical (X, Y, Z) rather
than crystallographic (a, b, c) directions because we
wished to compare these XANES spectra to other opti-
cal spectra that are traditionally collected along optical
orientations. This choice may seem to lead to compli-
cated relationships based on changing optical orienta-
tions among these mineral groups (see Discussion).
However, collecting the data along a, b, and c would
have presented a similar set of problems because the
crystallographic axes in the monoclinic crystal systems
are not orthogonal, and in turn would make compari-
sons difficult between, say, orthopyroxenes and
clinopyroxenes.

XANES measurements

XANES measurements were made at the synchro-
tron X-ray microprobe (beamline X26a at the National
Synchrotron Light Source, Brookhaven National Labo-
ratory, Upton, N.Y.). A special geometry of the beam
was used (Fig. 2; see also Dyar et al. 2002). On the
beamline, a spindle stage was mounted with one plane
of rotation perpendicular to the path of the beam. This
geometry is similar to that used in normal spindle-stage
measurements when the spindle stage is mounted onto
a microscope stage (Bloss 1981, Gunter & Twamley
2001). This geometry allowed spectra to be acquired
with the beam polarized directly parallel to the X, Y,
and Z optical directions, or any other direction of choice.

The structure of the Fe K absorption edge was
scanned in the near-edge region. Incident beam ener-

FIG. 1. Photomicrographs of single crystals mounted on the end of glass fibers with clear fingernail polish and immersed in
index of refraction liquid. Approximate diameter of fibers is 50 �m. (A) Enstatite from the Serra de Magé meteorite. (B)
Augite from Dish Hill, California.
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gies from 50 eV below the main energy of the absorp-
tion edge (7111 eV for Fe) to about 60 eV above the
main edge were used. The beam was positioned to strike
an oriented edge of a razor blade so that the beam posi-
tion could be constrained to within <5–15 �m. Using
mutually orthogonal Kirkpatrick–Baez mirrors, the
beam was focused to a ca. 20 � 30 �m size for the
single crystals. The X-ray sampling depth is large, but
>90% of the signal comes from the top 10 �m of the
sample. The energy of the incident beam was controlled

by a Si(111) channel-cut monochromator. The energy
of the incident X-ray beam was incremented by 0.3 eV
intervals over the most critical range in energy, –10 to
+20 eV, relative to the energy of the main absorption.
This strategy provides detailed mapping of the relation-
ship between the pre-edge peak and the main absorp-
tion edge for comparison with the magnetite standard
(see below), for which the pre-edge position is arbi-
trarily defined as 0.0 eV. Between –50 and –10 eV and
above +20 eV, the X-ray energy was incremented by
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FIG. 2. Experimental set-up at beamline X26a, National Synchrotron Light Source,
Brookhaven National Laboratory. (A) Photograph looking along the direction of the
incident beam, showing spindle stage with a fixed goniometer head mounted on a
rotating vertical stage. Camera for focusing is at upper right, and detector is at right,
with the beam source in the background. (B) Bird’s-eye view looking down on the same
set-up as in A, showing the location of the sample. The path of the X-ray beam is given
by the white arrow, and its polarization direction is parallel to the bread board.
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larger intervals to increase the efficiency of data collec-
tion. Each energy interval was counted between 5 and
20 live seconds (depending on the intensity of the main-
edge signal) for a total acquisition time of about 20–30
minutes (including dead time) for each XANES spec-
trum. Counting times were adjusted to obtain at least
104 counts per energy step at energies greater than the
absorption edge. For additional details, see Delaney et
al. (1996).

The measured intensities of the FeK� fluorescence
line were normalized to the ion-chamber current and
corrected for dead-time. Further normalization (e.g., to
the edge step on the main edge) would be desirable but
is impossible for this geometry because we are using
single crystals of irregular shapes. The differential angle
between the incident (and fluorescent) beam(s) and the
surface of the grain changes the intensity of the entire
spectrum, and we cannot quantitatively correct for this
effect. Thus, we have chosen here to report our spectra
with the standard procedure of normalizing to the raw
counts in the ion chamber (I0), which corrects only for
variations in the beam flux.

A computer program was used to extract the pre-
edge from the background and determine the centroid
of the pre-edge. The program needs two points to be
inserted; one point must be at the low side of the peak
of interest, and the other at the high side of the peak.
This chosen part of the spectrum is fitted to a second-
order polynomial (background) plus a Gaussian func-
tion (peak). The centroid of the peak is reproducible to
within 1% if the peak of interest is the highest peak in
the chosen part of the spectrum. A fit of a Lorentzian
function did not give as good a result as that of the
Gaussian function. Further details of the iterative fitting
process and its effect on peak centroid positions are
given in Bajt et al. (1994). At least five independent fits
to each spectrum were made, and the results were aver-
aged to result in the final position of the peak. Typical
standard deviations on these fits were <0.1 eV, so the
baseline-subtraction approach and fitting method do not
appear to greatly affect the fitted value of the peak cen-
troid. Peak energies, given in absolute eV, were deter-
mined by adding the energy of the magnetite pre-edge
(7113.25 eV; cf. Petit et al. 2001, Wilke et al. 2001) to
the relative eV.

It would be mathematically possible to curve-fit the
data presented here into individual peaks (four for octa-
hedrally coordinated Fe2+ and two for tetrahedrally co-
ordinated Fe) after the methods of Wilke et al. (2001)
and Petit et al. (2001). However, curve-fitting is not
appropriate for the data collected here for three impor-
tant reasons: 1) Our crystals have irregular shapes, such
that the beam-to-sample geometry was variable at dif-
ferent orientations. Thus different amounts of self-ab-
sorption and excitation are evident in the spectra
acquired at various orientations, and this will affect the
peak intensities in a poorly understood fashion.

2) Samples for this study were purposely selected to
have high Fe contents to assure sufficient signal-to-noise
ratios in the resultant spectra. The disadvantage of this
choice is that self-absorption effects due to the high Fe
contents (that tend to damp out individual features) are
apparent in all our spectra, particularly in the main-edge
regions (where the edge step commonly used for nor-
malization is located). Because the number of counts in
the pre-edge is calculated relative to this edge step, pre-
edge intensities can be affected by the high Fe contents.
In short, both these factors render any interpretations of
site geometry based on pre-edge intensity impossible,
so they are not attempted here. The optimal way to make
these measurements would be to use low-Fe composi-
tions and oriented crystals ground to spheres. 3) Our
measurements were made with a Si(111) monochroma-
tor (with roughly 1.5 eV resolution) to ensure high
beam-flux on our small samples. On the basis of the
work presented here, it is now apparent that there will
be sufficient signal to allow use of a higher-resolution
monochromator.

In order to obtain Fe3+/�Fe values, it was necessary
to run a set of standards, so the fayalite, magnetite, and
hematite standards used by Bajt et al. (1994) (and rou-
tinely used at beamline X26a) were chosen for this pur-
pose. A crystal of 100% Fe3+ aegirine from the type
locality (a different crystal of the oriented sample used
in this study) was added to this suite because its Fe prob-
ably more closely resembles the Fe3+ in the pyroxenes,
amphiboles, and micas. The unusual geometry of the
beam employed in this experiment prevented use of the
conventional standard mount (which is a 2.5-cm round
polished mount), so we created a special mount (Fig. 3).
It consists of the four randomly oriented standards, each
mounted on the thinned edge of a glass slide, arranged
in a parallel geometry. This arrangement made it pos-
sible to place the standards in a plane perpendicular to
the beam, which made it easier to locate the standards
for analysis.

Once the peak positions of the standards were deter-
mined, then calibration lines relating peak-centroid en-
ergies to Fe3+/�Fe values were calculated in two ways.
First, a calibration line based upon a regression of all
the centroid energies for fayalite, magnetite, hematite,
and aegirine versus their known Fe3+/�Fe was calcu-
lated. Given the dissimilarity between the hematite
structure and the structures of the minerals studied
herein, a second calibration line was determined using
only fayalite, magnetite, and aegirine. These equations
took the following form:

%Fe3+ = 54.53 � Positionunknown + 57.54
with r2 = 0.85 for all four reference minerals, and

%Fe3+ = 71.79 � Positionunknown + 62.75
with r2 = 0.92 for the three reference minerals.
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RESULTS: XANES MAIN-EDGE SPECTRA

XANES spectra of each of the 12 samples, acquired
at the three different optical orientations (X, Y, and Z),
are shown in Figures 4 and 5 grouped according to min-
eral group; extracted pre-edge spectra are shown in Fig-
ures 6 and 7. The most straightforward conclusion to be
drawn from these data is that the intensity of both pre-
edge and main-edge peaks is variable as a function of
orientation.

Nearly all the main-edge spectra collected in this
study include peaks at energies of roughly 7121, 7125,
and 7130 eV (Table 3). Variations in the intensity of
these three main peaks give rise to the dramatically dif-
ferent profiles observed for the different mineral groups.
However, the similarity in their energies is not surpris-
ing, given the similarities in next-nearest neighbors in
all these samples, which share Fe- and Mg-bearing
parageneses. Additional peaks are present in spectra
from individual mineral groups, as discussed below.

Pyroxenes

The pyroxene samples studied here represent two
extremes of Fe3+ content (100% Fe2+ Serra de Magé
enstatite and 100% Fe3+ aegirine), as well as an inter-
mediate composition (augite from Dish Hill, California).
The optical orientations for these minerals vary with
composition, so it is necessary to consider these differ-
ences in order to compare the structural directions in
each spectrum to those in other spectra of samples with
different compositions.

FIG. 3. Photomicrograph of the standard mount used in this
experiment, showing (top to bottom) aegirine, hematite,
fayalite, and magnetite.



1384 THE CANADIAN MINERALOGIST

The three different orientations of Serra de Magé
enstatite are among the most anisotropic of any of the
samples measured in this study. The Y direction in
enstatite is most similar to the X spectra for kaersutite

(Fig. 4), with two prominent peaks of similar intensity
at 7121 and 7125 eV. The Z direction in enstatite re-
sembles the Z direction in kaersutite, though more de-
fined structures are visible in the enstatite spectra
(Fig. 4).

FIG. 4. XANES spectra of pyroxenes and amphiboles used in this study: Serra de Magé enstatite, Dish Hill 209 augite, aegirine
from Aegir, Norway, and kaersutite samples AK–M2, FR–12, and Tm. Different orientations are offset in these plots because
their spectra all have roughly the same intensity. Solid lines are spectra acquired with the beam parallel or nearly parallel to
the length of the chains, large dashes are spectra polarized parallel or nearly parallel to the direction across the chains (on the
layer of octahedra), and small dashes indicate spectra acquired parallel or nearly parallel to the stacking direction of each
mineral.
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In the DH–209 augite, the optical orientations are at
a large angle to the stacking or chain directions, so its Z
spectrum cannot be compared to any of the others. Its X
spectrum is similar to the X spectrum in each of the
kaersutite samples, and the Y spectrum of augite is
somewhat similar to the Y spectrum of the kaersutite
samples FR and Tm (Fig. 4). This sample also has a
shoulder at 7117.9 eV that is visible only in the Y orien-
tation.

The same shoulder is also apparent in the Y spec-
trum of the aegirine sample, at an energy of 7118.6 eV.
Its occurrence in both clinopyroxene samples, which
both contain Fe3+, might support its assignment to Fe3+.
The overall profiles (i.e., the relative intensities of the
peaks) of all the optical orientations of the aegirine ap-
pear to be dissimilar to all the other spectra collected
here. The three directions are also nearly identical. Simi-
lar populations of neighbors in all directions are thus
giving rise to similar multiple scattering interactions.

Amphiboles

The main-edge features of the three samples of
kaersutite studied here are similar, as would be expected
from their similar compositions; unlike the case for py-
roxenes, the optical orientations of these amphiboles all
have the same relationships to the crystallographic di-

rections (Fig. 4). There are three significant features in
the lower-energy portion of the main edge: a shoulder
at roughly 7121 eV, and two prominent peaks at ~7126
and ~7132 eV.

Micas

All the mica spectra consist of roughly the same three
peaks seen in the pyroxenes and amphiboles, with ener-
gies at 7121, 7124–1725, and 7129 eV; the latter peak
is systematically lower in energy than in pyroxenes and
amphiboles (Fig. 5). The largest difference in X, Y, and
Z directions within a single mineral group occurs in the
micas, for which the X direction is distinctive. Particu-
larly in dioctahedral micas (and even in the pre-edge
spectra), the spectra acquired in the X direction are far
more intense than the Y and Z directions. Perhaps there
is an increase in constructive interference of scattering
events in this direction.

RESULTS: Fe3+/�Fe RESULTS BASED

ON PRE-EDGE SPECTRA

It is apparent from inspection of Figures 6 and 7 that
the centroids of pre-edge features in all the samples vary
as a function of orientation. The orientation effect is the
least pronounced in the spectra of trioctahedral micas,
and the most obvious in the spectra of dioctahedral mi-
cas. Peak-centroid positions and Fe3+/�Fe values for all
twelve samples at the three optical orientations are given
in Table 4.

DISCUSSION

A proper interpretation of the 36 spectra collected for
this study requires consideration of the inter-relation-
ships among the optical orientations of the various
mineral groups (Table 5, Fig. 8). Thus, the following
discussion is organized according to optical orientations
to facilitate comparisons among these different struc-
tures.
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X orientation in sheet silicates

The X direction in the sheet silicates is nearly paral-
lel to the c crystallographic axis, which in turn is nearly
perpendicular to the perfect (001) cleavage (Fig. 8). As

for their optical properties, the direction perpendicular
to the cleavage plane (X) is very different from the di-
rections within the a–b plane (Y and Z). This is exactly
what is observed (Fig. 5), especially for the trioctahedral
micas.

FIG. 5. XANES spectra of trioctahedral micas from western Maine (phlogopite O–H–49’), Pikes Peak, Colorado (annite), and
a synthetic phlogopite from R. Hazen, along with dioctahedral micas ATL–34, ATL–35 (both from Norway), and SBG–83
(western Maine). Solid lines are spectra acquired with the beam parallel or nearly parallel to the length of the chains, large
dashes are spectra polarized parallel or nearly parallel to the direction across the chains (on the layer of octahedra), and small
dashes indicate spectra acquired parallel or nearly parallel to the stacking direction of each mineral.
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FIG. 6. Extracted pre-edge spectra of pyroxenes and amphiboles: Serra de Magé enstatite, Dish Hill 209 augite, aegirine from
Aegir, and kaersutite samples AK–M2, FR–12, and Tm. Solid lines are spectra acquired with the beam parallel or nearly
parallel to the length of the chains, large dashes are spectra polarized parallel or nearly parallel to the direction across the
chains (on the layer of octahedra), and small dashes indicate spectra acquired parallel or nearly parallel to the stacking
direction of each mineral.
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Y and Z orientations in micas

The Y and the Z orientations for micas are very simi-
lar because the structure is very similar throughout the
a–b plane (Fig. 8). Thus, all the Y and Z spectra of mi-
cas should look basically the same for each of the six
compositions (Fig. 5). Where compositional differences
exist, b corresponds to Z for dioctahedral micas and to
Y in trioctahedral micas, so that the Z of dioctahedral
micas must be compared to the Y of trioctahedral micas
and vice versa. This well-known switch of Z and Y op-
tical directions possibly occurs because the orientation
of the OH vector in a trioctahedral mica is perpendicu-
lar to the a–b plane, whereas the OH vector in a
dioctahedral mica rotates toward the a–b plane, prefer-
entially along the b crystallographic axis, creating
greater polarization of the OH vector in that direction,
thus slowing the light and causing an increase in index
of refraction (and the optical orientation). This phenom-
enon would also be expected to occur with X-rays.

Mica spectra related to amphibole spectra

The Z direction in dioctahedral micas is consistently
similar to the Y direction in trioctahedral micas and
kaersutite (Figs. 4, 5). ZKrs is roughly equal to Ztrioct,
which is also similar to Ydioct (cf. Fig. 8), because all
these orientations lie along the chain directions (i.e.,
along the 5.2 Å repeat direction). A sheet in a sheet sili-
cate is nothing more than a set of polymerized silicate
chains joined to each other. From this perspective, these
two crystallographic directions can be considered the
same. Unfortunately, for the understanding of system-
atic relationships, the a and the c crystallographic axes
are switched between the chain and sheet silicates. This
switch is apparent from the identical 5.2 Å repeat along
the chains of polymerized tetrahedra in both mineral
groups.

Y and X orientations within
amphibole-group minerals

For the three samples of kaersutite examined in this
study (and most other clinoamphiboles), the b crystal-
lographic axis corresponds to the Y vibration direction,

which in turn is oriented along the strips of octahedra
(Fig. 8B). This is analogous to the b = Y orientation in
the trioctahedral sheet silicates. The X direction in
kaersutite corresponds approximately to the a crystallo-
graphic axis, which in turn relates to the stacking vector
for the well-known double I-beams in the structure
(Fig. 8B). This direction relates to the “T–O–T” stack-
ing in the sheet silicates, and the c axis.

As with the trioctahedral micas, the kaersutite spec-
tra acquired in the X direction are different from those
in the Y and Z directions (Fig. 4). Unlike the micas, the
spectra in the Y and Z directions are not identical
(though they are similar), because the structure parallel
to the “I-beams” differs from the structure across them.

X and Z orientations for pyroxenes

The Z direction in the Serra de Magé enstatite corre-
sponds to the c direction, whereas in aegirine, the X
direction is within 6° of c. Therefore, there should be a
similarity between XAe and ZEn, but this is not exactly
observed (Fig. 4); although the peak positions are simi-
lar, the intensities are different. In the Dish Hill augite,
there is a 42° angle between c and Z; its Z spectrum
thus should be a composite of the XAe and ZAe, and the
ZEn and YEn. Accordingly, comparisons of ZAug to any
other orientations cannot be made directly.

Y orientation for chain silicates

The Y direction in the enstatite corresponds to the
stacking direction of the I-beams in the pyroxene struc-
ture, which in turn corresponds to the X direction in the
kaersutite structure (Figs. 8B, C). Thus, YEn should re-
semble XKrs, and it does (Fig. 4). For five out of six of
the chain silicates studied here, Y corresponds to b.
Thus, all those Y spectra should be similar (they are),
with the Y for the kaersutite slightly different owing to
its double-chain nature. The exception is the Serra de
Magé enstatite, for which b is equal to X. Therefore, its
X spectrum should be similar to the Y spectra of the
other five (and it is).

Inter-relationships among spectra of pyroxenes,
amphiboles, and micas

We speculate that directions along the length of the
chains (c for pyroxenes, c for amphiboles, and a for
micas) should have similar XANES spectra, with corre-
sponding changes in the optical directions. Thus, Ydioct
≈ Ztrioct ≈ ZKrs ≈ ZEn ≈ XAe (Dish Hill augite is interme-
diate) (Fig. 8). However, the similarities should be the
strongest between spectra taken along the c crystallo-
graphic axes in pyroxenes and those in amphiboles. In a
similar manner, the spectra taken along the b crystallo-
graphic axes (along the layer of octahedra, across the I-
beam; cf. Fig. 8B) should be similar for all groups (Zdioct
≈ Ytrioct ≈ YKrs ≈ XEn ≈ YAug), and more similar for the

FIG. 7. Extracted pre-edge spectra of trioctahedral micas from
western Maine (phlogopite O–H–49’), Pikes Peak,
Colorado (annite), and the synthetic phlogopite, along with
dioctahedral micas ATL–34, ATL–35 (both from Norway),
and SBG–83 (western Maine). Solid lines are spectra
acquired with the beam parallel or nearly parallel to the
length of the chains, large dashes are spectra polarized
parallel or nearly parallel to the direction across the chains
(on the layer of octahedra), and small dashes indicate
spectra acquired parallel or nearly parallel to the stacking
direction of each mineral.
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amphiboles and micas. Lastly, spectra acquired along
the stacking direction, which is the a crystallographic
direction for pyroxene and amphiboles, and the c crys-
tallographic direction in sheet silicates, should also be
similar.

USE OF XANES PRE-EDGES

TO DETERMINE Fe3+/�Fe

One of the original motivations for this work was to
characterize the variation in pre-edge centroid position
as a function of orientation because anisotropy in pre-
edge position was believed to be the major source of
error in Fe3+/�Fe determinations by XANES. To do a
correct assessment of the errors associated with these
measurements, we need to evaluate a minimum of four
different phenomena: A) the formal statistics of X-ray
generation, B) the effect of sample geometry as seen by
the X-ray microbeam, C) crystallographic orientation,
and D) secondary fluorescence from potential contami-
nants in the excitation volume (e.g., inclusions).

Past studies (beginning with that of Bajt et al. 1994)
using the peak centroid approach have consistently
quoted errors of 10–15% absolute on Fe3+/�Fe results
based on comparison with Mössbauer and wet-chemi-
cal measurements on the same samples. These errors
represent the sum of factors A, B, and D only, because
sample geometry (C) remains constant for grains stud-
ied on polished surfaces. In the current study, all four of
these factors contribute to error, so the resultant errors
on Fe3+/�Fe would be expected to be higher.

Table 4 gives the measured pre-edge centroids, along
with the resultant Fe3+/�Fe percentages inferred from
each spectrum. Values of Fe3+/�Fe in the table were
calculated in two different ways: 1) using fayalite, mag-
netite, hematite, and aegirine as the standards for the
calibration line, and 2) using only fayalite, magnetite,
and aegirine. The two methods give results that are
slightly different, but the end result is the same: there is
a significant variation in the calculated Fe3+/�Fe values
as a result of orientation. Note that the spectra of the
standards were acquired from randomly oriented crys-

FIG. 8. Schematic representation of the optical orientations and their relationships to the main structural units in the pyroxenes,
amphiboles, and micas. A. Representative optical orientations of the minerals studied in this paper. The three pyroxenes all
have different optical orientations, the three amphiboles have the same optical orientation (to within 1°), and the micas are
divided into the trioctahedral and dioctahedral subgroups with similar optical orientations, except for the switching of Y and
Z. Note that the a and c crystallographic axes switch between the chains silicates and sheet silicates. Equal signs are used for
cases where we actually determined the optical orientation, and approximation signs are used for cases where we took the
values for the optical orientation from the literature. Solids lines represent crystallographic axes (a, b, c), and dashed lines, the
optical directions (X, Y, Z). B. Schematic representation of the “I-beam” structures of pyroxenes, amphiboles, and micas
projected down the c axis for chain silicates and a axis for the sheet silicates. Note how the b axis is invariably oriented across
the strips of octahedra. C. Two-dimensional projections down c for chain silicates and down a for the sheet silicates. Again
note that b corresponds to the strip of octahedra in every case, and in four of the six sketches, b equals Y, whereas b equals X
for enstatite and b equals Z for dioctahedral mica.

tals, albeit with the same exact orientation used in each
of the replicated spectra.

These data suggest that the error in Fe3+/�Fe is
roughly ±20% for pyroxenes and amphiboles and prob-
ably ±10–15% for micas if peak centroid fits are used.
These results were expected, given the previous work
by Galoisy et al. (2001) and Wilke et al. (2001), and
they strongly support the need to fit pre-edges to com-
ponent peaks corresponding to individual transitions
rather than to simplified centroids.

In future studies of thin sections, it may be possible
to reduce the contributing factors to the errors to only
those arising from X-ray statistics (A) and secondary
fluorescence (D). On the basis of the dependence of the
sheet silicate spectra on orientation, there is a large
anisotropy between the XANES spectra between (par-
allel to) the sheets versus those perpendicular to the
sheets. Thus, these biaxial minerals behave like uniaxial
minerals because all vibrations in the (001) planes are
very similar. Accordingly, the orientational dependence
of the XANES spectra can be minimized for thin-sec-
tion work on micas by rotating traces of the (001) cleav-
age parallel to the polarization direction of the
synchrotron source. The standard would have to ori-
ented in the same way as the unknowns. In the amphi-
bole-group minerals, the spectra acquired parallel to the
c axis are most dissimilar to those acquired at the two
mutually perpendicular directions to c. Thus, orienta-
tional effects would be minimized by rotating the long
axis of the amphibole parallel to the beam, and by using
similarly oriented standards. In the pyroxenes, the three
spectra (X, Y, and Z) are all very different. Thus, deter-
minations of the Fe3+ contents in pyroxene using pre-
edge position will have to be done using oriented
samples and standards if superior data are to be acquired.

Will it be worth it to employ precisely oriented un-
knowns and standards, along with careful peak fits to
extracted pre-edges (guided by predictions from crys-
tal-field theory), to obtain highly accurate Fe3+/�Fe
values from the study of minerals in thin section? The
answer is a resounding YES. The last 30 years of elec-
tron-microprobe study of mineral compositions in thin
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sections have shown us that many critically important
petrological and mineralogical processes are manifest
only at microscales. At the present time, microXANES
methods present the most promising technology for
nondestructive study of minerals and glasses in situ in
thin sections. The exciting prospect of achieving Fe3+/
�Fe results with errors of <2–3% absolute is within
reach, and it offers tremendous potential for the future
study of tiny samples from extraterrestrial as well as
terrestrial parageneses.
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