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ABSTRACT

Synchrotron micro-XANES spectroscopy (SmX) is used to examine the amount and distribution
of Fe2+ and Fe3+ in five samples of fayalite previously studied by Mössbauer spectroscopy. Rockport
fayalite is homogeneous and the Fe in it is completely reduced. Olivine from Qianan is almost
completely oxidized, and probably contains finely intergrown silica, laihunite, and hematite with
hematite predominating. Pantelleria olivine has an oxidized rim around a reduced core, suggesting
either a post-crystallization reaction with fayalite and oxygen going to laihunite and hematite or a
change in prevailing oxidation during growth. The texture of olivine from the Mourne Mountains
suggests exsolution from a fayalite-laihunite solid solution, based on the substitution of three Fe3+

atoms for two Fe2+ and one vacancy, that was stable at high temperature. Laihunite from the type
locality (Lai-He village) shows 1–3 µm mottling between light and dark areas in backscatter im-
ages, but these areas cannot correspond to pure fayalite and laihunite exsolution because the bulk
Fe3+/ΣFe of such a combination would not correspond to the SmX value of 67% Fe3+. Rather, the
texture observed in backscatter is interpreted to represent alternating areas of magnetite-rich and
laihunite-rich compositions with a similar (i.e., 67% Fe3+/ΣFe) extent of oxidation.

INTRODUCTION

In 1934, Nikitin first reported the existence of a Fe3+-rich
olivine, which he called talasskite and later workers (Ginsburg
et al. 1962) christened ferrifayalite; however these workers be-
lieved that ferrifayalite was a mixture of fayalite, hematite, and
quartz. Subsequent discovery of the end-member Fe3+ olivine
laihunite (Lai), or Fe2+Fe3

2
+(SiO4)2, (Ferrifayalite Research Group

1986; Zhang et al. 1981) was also called ferrifayalite in defer-
ence to Ginsburg et al. (1962), but a later single-crystal refine-
ment showed this is a single phase. Recently, the name laihunite
was approved by the CNMMN to describe a distorted olivine
structure consisting of M2 sites filled by Fe3+, and M1 sites
filled by Fe2+ and vacancies in alternate rows parallel to (001).
The term “ferrifayalite” is now loosely used to describe samples
with compositions representing solid solutions between laihunite
and fayalite (although the physical scale of the solid solution is
extremely variable), whereas the term “oxidized olivine” usu-
ally applies to Fe3+-bearing olivine with other octahedral cat-
ions.

Numerous workers have synthesized (e.g., Iishi et al. 1989a,
1989b; Kondoh et al. 1985; Khisina et al. 1996) and character-
ized (e.g., Tamada et al. 1983; Shen et al. 1986; Banfield et al.
1990) olivine containing Fe3+. Fe3+/ΣFe was not directly mea-
sured, but it was inferred from vacancy distributions determined
by TEM or related techniques. Yet, significant Fe3+ concentra-
tions may occur in olivine but are not revealed by TEM be-
cause they are masked by Mg-Fe disorder (Janney and Banfield
1998).

Some oxidized olivine (Ol) has a significantly different struc-

ture than laihunite and is actually composed of multiple phases
(Banfield et al. 1990; Janney and Banfield 1998). For example,
Kitamura et al. (1984) reported interstratifications of OH- mono-
layers with olivine (resulting in humite-like layers) in oxidized
olivine from mantle kimberlite. TEM on defects in partially oxi-
dized (up to 6% Fe3+/ΣFe) metasomatized mantle peridotitic oli-
vine (Banfield et al. 1992) shows intergrowths of olivine and a
laihunite-like material. Oxidation of Fa11 olivine results in for-
mation of “ferriolivine” planes plus magnesioferrite and mag-
netite (Mgt) (Khisina et al. 1995), whereas olivine oxidized in
alkaline environments results in intergrowths of hematite (Hem)
and amorphous silica, and oxidation in an acidic environment
produces Ol + Hem + Lai (Iishi et al. 1997). These studies con-
firm the microscale interrelationships between oxides, silica,
humite, vacancy-rich zones (laihunite), and vacancy-free zones
(fayalite) but do not assess their macroscopic distribution or
abundance. Nor have previous studies directly measured the
actual Fe3+/ΣFe content of the phases involved.

To date, the best constraints on these issues come from indi-
rect evidence. Schaefer (1983, 1985) presented results of
Mössbauer studies of fayalite with a range of Fe3+ contents from
four different localities with variable Fe3+/Fe2+. Mössbauer spec-
tra and XRD patterns showed the presence of only a single phase
with the olivine structure, so the presence of humite, hematite,
or magnetite could be ruled out. Schaefer (1983, 1985) also
noted that the XRD patterns became increasingly diffuse as the
Fe3+ content of the Fa samples increased. Two sets of Mössbauer
peaks exist at low temperatures: one octet corresponding to Fe2+

in “normal” olivine and two poorly resolved octets correspond-
ing to Fe3+-rich olivine. Because the spectra show no evidence
of magnetic coupling that would be expected if Fe3+ and Fe2+

shared adjacent octahedra, she concluded that her samples con-
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sisted of domains of fayalite and laihunite, intimately mixed on a
very fine scale. SEM images suggested the presence of a two do-
main structure with domain sizes of at least 5 µm or more, and
Schaefer hypothesized that these domains were intergrowths of
the two end-member compositions. Estimates based on electron
microprobe data are not reliable, and until now, there has been no
analytical method capable of directly measuring Fe3+/Fe2+ ratios
at such a fine scale.

This study presents the first microscale analyses of Fe3+/Fe2+

in Fe3+-rich olivine using synchrotron micro-XANES, as described
in Delaney et al. (1998). Because this technique provides accu-
rate measurements of Fe3+/Fe2+ at a scale of roughly 10 × 15 µm, it
can be used to characterize the distribution of laihunite and fayalite
at a scale comparable to that of the electron microprobe.

M ETHODS

Specimens are from Rockport, MA (0% Fe3+/ΣFe), Pantelleria,
Italy (16%), Mourne Mountains, Ireland (32%), Qianan County,
China (58%), and Lai-He Village (in northeastern China, the type
locality for laihunite, 67%). Samples of the first four localities
were taken from the same vials of powders used in the original
work by Schaefer (1983, 1985) to allow direct comparison of re-
sults. Polished grain mounts were prepared and were used for both
the SmX study and electron microprobe characterization. The lat-
ter technique was used to create backscatter images of the grains
to help guide locations for SmX spots (Fig. 1), and to identify
(and allow subsequent avoidance of) oxide inclusions that might
affect SmX results.

Synchrotron micro-XANES (SmX) spectra were obtained us-
ing beam line x26a at the X-ray fluorescence microprobe facility,
National Synchrotron Light Source (NSLS), Brookhaven National
Laboratory. The structure of the Fe K absorption edge was scanned
in the near edge region. Incident beam energies from 50 eV below
the main absorption edge energy (7111 eV for Fe) to about 60 eV
above the main edge were used. The beam was located by use of
an oriented razor blade edge, so beam position could be constrained
to within <5–15 µm. Using mutually orthogonal Kirkpatrick-Baez
mirrors, the beam was focused to a 10 × 15 µm size. The X-ray
sampling depth is probably large but >90% of the signal comes
from the top 10 µm of the sample. Polished grains of the samples
were mounted in epoxy on 25 mm lucite disks (standard electron
microprobe mounts). The incident beam energy was controlled
by a Si(III) channel cut monochromator. The incident X-ray en-
ergy was incremented by 0.3 eV intervals over the most critical
energy range of -10 to +20 eV relative to the main absorption
energy. This provides detailed mapping of the relationship between
the pre-edge peak and the main absorption edge for comparison
with the magnetite standard (see below) for which the pre-edge
position is arbitrarily defined as 0.0 eV. Between -50 and -30 eV
and above +30 eV, the X-ray energy was incremented by larger
intervals to reduce data collection times. Each energy interval was
counted between 5 and 20 live s (depending on the intensity of the
main edge signal) for a total XANES spectrum acquisition time
of about 20–30 min. Counting times were adjusted to obtain at
least 105 counts per energy step at energies above the absorption
edge. For additional details, see Delaney et al. (1996) and Bajt et
al. (1994).

The SmX technique uses systematic shifts in the Fe K-absorp-

tion edge (the energy of a pre-edge peak is measured) that vary
with oxidation state and coordination (bond strength of Fe-O).
Calibration is made using the method of Bajt et al. (1994), which
uses the pre-edge peak energies from synthetic fayalite (Fe2SiO4),
natural magnetite (Fe3O4) obtained from the National Museum of
Natural History (NMNH), and hematite (Fe2O3) to derive a cali-
bration line for determining Fe3+ content from pre-edge energy.
Pre-edge peak position for the spectrum of each unknown min-
eral is referenced to the pre-edge peak position of the magnetite
spectra run before and after it:

Positionunknown = Positionmeasured - Positionmeasured.    (1)

The regression (calibration) line is fit to the Fe3+ contents vs.
pre-edge peak positions of fayalite, magnetite, and hematite in
each session (and is therefore variable). For the most recent ses-
sion at which olivine measurements were made, for example, the
equation was of the form:

unknown magnetite

FIGURE 1. Composite of electron microprobe backscatter images of
grains analyzed from (top) Lai-He village, (middle) Mourne Mountains,
and (bottom) Pantelleria. Boxes indicate the areas analyzed. Darker areas
generally reflect lower Fe contents. Larger spots were from preliminary
spectra analyzed in 1996. More recent spectra (1997–1998) with better
focusing capabilities are from the smaller ∼10 × 15 µm spots.
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%Fe3+ = 66.45 + 38.48 Positionunknown.         (2)

This method has permitted successful measurements of Fe3+/ΣFe
in garnet, olivine, pyroxene, amphibole, micas, tourmaline, feldspar,
and other minerals and glasses in an array of terrestrial materials
(Delaney et al. 1998). Accuracy is believed to be ±5–10%.

RESULTS

Rockport

Of the five samples studied, only the Rockport fayalite proved
to have homogeneous distribution of Fe3+. These spectra (Fig. 1)
differ little from those of the synthetic fayalite standard (not
shown). Rockport fayalite is essentially completely reduced, with
a measured Fe3+/ΣFe of 3.1%.

Pantelleria

The Pantelleria sample is far more complex (Fig. 1c). At the
center of the grain, the spectra (Fig. 2 and points I, J, K, and H in
Fig. 1c) closely resembled that of the synthetic fayalite standard.
Application of the regression line for that session gave a range
for the core of Fe3+/ΣFe from 3% to 12%. The lower Fe rim (clearly
evident as a darker, laminated area in the backscatter image) is
inferred to have Fe3+/ΣFe of 35% on the inner portions (point M,
Fig. 1) and 76% at the outermost edge (point L, Fig. 1). In the
oxidized rim Fe is present as the laihunite component (possibly
with a little hematite to account for the slightly high Fe3+) and
becomes all fayalite component over a distance of 5–100 µm.
The shape of the main edge spectra for oxidized and unoxidized
spots is the same; in Figure 2 both spectra have a pronounced
sharp peak around 17 eV, which markedly differs from the
rounded main edge peak shape of the magnetite spectrum
shown at the bottom of Figure 2. Thus, there is no evidence to
suggest a contribution from magnetite or an iron oxide phase
to these spectra, so the rim is interpreted to be composed of
gradational mixtures of a 0% Fe3+ (olivine) phase and a 67%
Fe3+ (laihunite) phase. The value of 35% Fe3+ represents an
area of laihunite mixed with olivine at a very fine scale, esti-
mated to be <1 µm based on the size of the laminations visible
in the backscatter images. Because the core is volumetrically
large (~60% of the volume) relative to the rim, the overall bulk
value of 16% Fe3+ obtained by Schaefer (1983, 1985) is very con-
sistent with our results.

The oxidized rim of the Pantelleria sample suggests two pos-
sibilities for formation of the observed features, either of which
is equally viable: (1) changing conditions during crystallization,
or (2) post-crystallization reequilibration with an oxidizing fluid
or magma. In the former case, a change in oxidizing conditions
might have been brought on by changes in P, T, or fO2 that oc-
curred during mineral growth. In the latter scenario, some type of
interaction with a fluid would have formed a diffusion front around
the rim of the grains as the formerly reduced olivine re-equili-
brated with a more oxidizing fluid or magma. This diffusion front
is similar to what has been observed at HRTEM scales along grain
boundaries and dislocations in metasomatized olivine (Banfield
et al. 1990). Hematite decorations present along cracks in the
sample (we did not analyze these areas with the XANES probe)
further support the hypothesis that fayalite and O2 react to form
laihunite plus hematite:

2 Fe2
2
+SiO4 + 3/4O2 → Fe2+❐Fe3

2
+(SiO4)2 + 1/2Fe2O3.   (3)

Iishi et al. (1997) suggest that such a breakdown reaction might
occur via oxidation in an alkaline aqueous environment.

MOURNE MOUNTAINS

The Mourne Mountains sample is composed of fairly uniform,
fine scale (~1–2 µm wide) intergrowths of bright and dark areas
on the backscatter image (Fig. 1b), which produced different SmX
spectra. We measured spectra of a few wider bands (20–30 µm) of

FIGURE 2. SmX spectra showing both the main edge (the dominant
peak lying in the region above 10 eV) and pre-edge (peak at ~1.5 eV) of
the XANES spectra of olivine from the Mourne Mountains (M1 is from
point D in Fig. 1, M2 is point G), Pantelleria (Pr is point L in Fig. 1., PC
is point J), the Lai-He village type locality for laihunite (Lai), Qianan
(Q), and Rockport (R) with a magnetite (Mag and mgt) spectrum of the
NMNH standard shown for comparison. All spectra are intensity
normalized to a point 40 eV above the magnetite pre-edge and are displaced
vertically for clarity. The overall increase in amplitude of pre-edge from
top to bottom in the olivine samples (and their increasing similarity to the
magnetite spectrum) may reflect an increasing contribution from an oxide
phase. The main edge shape becomes less olivine-like in sequence from
top to bottom.
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mostly dark (spectra taken at points F and G, Fig. 1, correspond-
ing to 16% and 24% Fe3+) or mostly bright material (points D and
E, Fig. 1, corresponding to 29 and 34% Fe3+). The difference in
backscatter brightness between ~20% Fe3+ olivine and ~30% Fe3+

olivine is dramatic; these may represent subtle differences in popu-
lations of laihunite-rich and olivine-rich layers. Average values
are again consistent within our error bars with the bulk Fe3+/ΣFe
value of 32% obtained by Schaefer (1983, 1985). The SmX spec-
tra show no evidence for the presence of any phase other than
olivine (Fig. 2). Based on our experience in other silicates, the
presence of even tiny inclusions of hematite (100% Fe3+) or mag-
netite (67% Fe3+) can markedly alter both the pre-edge position
and the main edge shape and there is no sign of any such contami-
nation in the Mourne Mountains spectra.

The distribution of intergrowths in the Mourne Mountains
sample is fundamentally different than in the Pantelleria sample.
The observed texture is compatible with two possible mechanisms:
(1) the formation of a two-phase aggregate via exsolution from a
single homogeneous phase, and/or (2) high-temperature oxida-
tion of olivine into oxidized olivine (e.g., Khisina et al. 1995). In
the latter case, this texture may record the first stage oxidation
measured by Khisina et al. (1995) at high temperatures. In either
scenario, at the time of crystallization this grain may have had a
composition representing a partial solid solution between laihunite
and fayalite:

Fe2+(Fe3-3x❐xFe2x)(SiO4)4 → Fe2+❐Fe2 (SiO4)2 + Fe2  (SiO4)2. (4)

One implication is the existence of a stable high-temperature
olivine with a composition representing fayalite-laihunite solid
solution.

Qianan

The sample from Qianan is anomalous; its spectrum suggests
an Fe3+/ΣFe content of 90%, which is higher than even laihunite
can be oxidized. The data are consistent with the presence of a
very fine-scale intergrowth of hematite, silica, and laihunite. This
grain may be showing the complete breakdown of laihunite to
hematite + amorphous silica, as was observed by Iishi et al. (1997)
for alteration of laihunite in an acidic aqueous environment. If the
reaction

2Fe2+❐Fe2 (SiO4)2 + 1/2O2 → 3Fe2O3 + 4SiO2       (5)

is taking place, then the abundance of hematite would have to be
greater than the abundance of laihunite to generate the 90% Fe3+

in the area analyzed. However, if reaction 3 is occurring here,
then fayalite would be a minor constituent relative to hematite.
These two hypotheses could probably be distinguished by TEM.
The sharpness of the main edge in the XANES spectrum of the
grain we analyzed (Fig. 2) is distinct from the rounded magnetite
main edge, and the Qianan pre-edge position is markedly differ-
ent from the magnetite pre-edge (which is more intense because
of the contribution of Fe3+ in a less symmetrical tetrahedral site).
This suggests the presence of only octahedral Fe3+, so it does not
discriminate between reactions 3 and 5, and may suggest the pres-
ence of either hematite only or a mixture of hematite + olivine.
Note that Schaefer (1983) did not observe any contribution from

hematite in her Mössbauer spectra (though the particle size may
have been too small to see it).

Lai-He Village

Two grains of a sample from the laihunite type locality were
analyzed, one of which is shown in Figure 1c. Similar to the
Mourne Mountains sample, this grain displays uniformly distrib-
uted 1–3 µm light and dark regions in backscatter. The scale of
Fe3+ variation is smaller than our SmX beam. The mottling that is
evident in the backscatter image strongly suggests that this is a
two-phase system, although it is probably exsolved from a single
phase. Therefore the Fe3+ contents measured by our 10 × 15 µm
beam are an average of light and dark regions, which may repre-
sent only subtle variations in Fe3+ contents and not the two end-
member phases. If the light and dark regions are interpreted to
represent fayalite (0% Fe3+ ) and laihunite (67% Fe3+), respectively,
then the total %Fe3+ would be 33% if the areas are equal volu-
metrically. Such an interpretation would be inconsistent with the
bulk Fe3+/ΣFe for this sample, which is 67% (based on Mössbauer
spectra) and with the SmX results (two spots with 69 and 71% Fe3+).

However, AEM work by Kitamura et al. (1984) on samples
from the same locality found that laihunite intergrowths into
fayalite that appear to be chemically homogeneous at a 2 µm scale
are actually mixtures of laihunite and magnetite. They hypoth-
esized the following reaction:

6Fe2  SiO4 + 2O2 → 3 Fe2+❐Fe2 (SiO4)2 + Fe3O4.    (6)

But they also noted that they could induce breakdown to fayalite
+ hematite by prolonged exposure to the electron beam:

 Fe2+❐Fe2 (SiO4)2 + Fe3O4 → 2Fe2 SiO4 + Fe2O3 + 1/2O2. (7)

 Schaefer (1983) did not see any contribution from magnetite
or hematite in her Mössbauer spectra, but these phases would have
to be either superparamagnetic (i.e., of a very small grain size,
such that magnetic splitting is not present in the Mössbauer spec-
tra) and/or be present in amounts greater than 1 mol% to be de-
tected. In our XANES spectra of the sample from Lai-He, the pre-
edge intensity is increased relative to a spectrum of clean fayalite
(as would be the case if Fe3+ is present in tetrahedral coordination,
as it is in magnetite; see Fig. 2), and the overall shape of the main
edge in our laihunite spectra is similar to that of magnetite. There-
fore, the XANES data favor reaction 4, consistent with the AEM
results. In fact, the light and dark areas of the grains may well
correspond to magnetite-rich areas alternating with laihunite. Both
would have the same Fe3+/ΣFe, but they would appear different in
a backscatter image due to their different total Fe contents.

DISCUSSION

SmX measurements of these samples were performed on a 10
µm × 15 µm scale that is significantly larger than TEM but much
smaller than that of bulk measurements. As such, we can place
spatial constraints on the oxidation present in the samples studied
here. Our results show that the effects of oxidation in olivine can
be either macroscopic or submicroscopic. Pantelleria olivine con-
tains a reduced core roughly 700 µm in size, with an oxidized rim
~100 µm in size that is 100% laihunite on the outermost rim. Oli-
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vine from the Mourne Mountains shows fine (1–3 µm) and coarse
(20–30 µm) banding of light and dark areas in backscatter images
with distinct Fe3+/ΣFe contents of 20 and 30%, respectively.
Laihunite from the type locality is also two phase (and possibly
three phase if magnetite is present), again at a scale of less than
1–3 µm. Because our work was done on single grains, we can
only hypothesize the mechanisms that generate these distributions.
Clearly, there is a need for further SmX studies of these samples
based on analyses of thin sections so that textural observations
can be placed into better petrologic context.
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