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Abstract Fifteen samples of (Mg,Fe)SiO3 majorite with
varying Fe/Mg composition and one sample of
(Mg,Fe)(Si,Al)O3 majorite were synthesized at high
pressure and temperature under different conditions of
oxygen fugacity using a multianvil press, and examined
ex situ using X-ray diffraction and Mössbauer and op-
tical absorption spectroscopy. The relative concentra-
tion of Fe3+ increases both with total iron content and
increasing oxygen fugacity, but not with Al concentra-
tion. Optical absorption spectra indicate the presence of
Fe2+–Fe3+ charge transfer, where band intensity in-
creases with increasing Fe3+ concentration. Mössbauer
data were used in conjunction with electron microprobe
analyses to determine the site distribution of all cations.
Both Al and Fe3+ substitute on the octahedral site, and
charge balance occurs through the removal of Si. The
degree of Mg/Si ordering on the octahedral sites in
(Mg,Fe)SiO3 majorite, which affects both the c/a ratio
and the unit cell volume, is influenced by the thermal
history of the sample. The Fe3+ concentration of
(Mg,Fe)(Si,Al)O3 majorite in the mantle will reflect
prevailing redox conditions, which are believed to be
relatively reducing in the transition zone. Exchange of
material across the transition boundary to (Mg,Fe)
(Si,Al)O3 perovskite would then require a mechanism to
oxidize sufficient iron to satisfy crystal-chemical
requirements of the lower-mantle perovskite phase.

Keywords Mössbauer spectroscopy Æ Optical absorption
spectroscopy Æ Crystal structure, Garnet

Introduction

Mineral phases in the Earth’s transition zone and lower
mantle are dominated by components in the system
MgO–SiO2, which account for more than 80% of the
chemical composition of these regions. Iron is the next
most abundant element, but due to its nature as a
transition element with the ability to exist in multiple
valence states, its effect on physical and chemical prop-
erties can be greater than its abundance would suggest.
The presence of even small amounts of Fe3+ can have
significant effects on the physical and chemical proper-
ties, since Fe3+ affects the electrostatic charge balance
and equilibrium defect concentration. Properties highly
sensitive to such effects include sub- and supersolidus
phase relations, trace-element partitioning, electrical
conductivity, diffusivity, the nature of volatile species
and mechanical behaviour. The effect of Fe3+ on these
properties depends on both its concentration and its
distribution over crystallographic sites in the crystal
structure, and possibly on collateral effects such as va-
cancy concentration and distribution. An ongoing pro-
ject at the Bayerisches Geoinstitut has been to
characterize the nature of iron in transition-zone and
lower-mantle phases, particularly with regard to the ef-
fect on physical and chemical properties. This paper
focuses on (Mg,Fe)(Si,Al)O3 majorite, which is believed
to be a significant component in the transition zone and
shallow lower-mantle regions (e.g., Irifune and Ring-
wood 1987; Ito and Takahashi 1987).

Garnet occurs in the upper mantle predominantly
with composition (Mg,Fe,Ca)3Al2Si3O12, where silicon
is exclusively in tetrahedral coordination. With increas-
ing pressure, however, (Mg,Ca,Fe)SiO3 pyroxenes be-
come increasingly soluble in the garnet phase,
introducing the component (Mg,Fe)3(Mg,Fe,Si)2Si3O12.
In this majorite component, named after the mineral
with (Mg,Fe)SiO3 composition and the cubic garnet
structure (Smith and Mason 1970), the octahedral sites
are filled by Mg, Fe and Si. The end–member MgSiO3
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majorite is tetragonal, with a slight distortion from cubic
symmetry that has been attributed to ordering of Mg
and Si on the octahedral sites (Angel et al. 1989). The
addition of Al to MgSiO3 tetragonal majorite stabilizes
cubic symmetry, presumably due to increased disorder
of cations on the octahedral site (Hatch and Ghose
1989). Although the end member FeSiO3 majorite is not
stable, the solid-solution Fe3Al2Si3O12–Fe4Si4O12 has
been shown to extend to at least 40 mol% FeSiO3

(Akaogi and Akimoto 1977). There have been several
studies in the system MgSiO3–FeSiO3 majorite, focusing
primarily on phase stability and crystal structure (Kato
1986; Matsubara et al. 1990; Ohtani et al. 1991; Tomi-
oka et al. 2002). O’Neill et al. (1993a) have shown that
even at its minimum fO2

stability limit, (Mg,Fe)SiO3

majorite contains measurable Fe3+, which raises the
question as to how it affects its physical and chemical
behaviour.

Recent studies have shown that addition of Al to
(Mg,Fe)SiO3 perovskite stabilizes Fe3+ due to the fa-
vourable energetics of coupled substitution (McCam-
mon 1997; Lauterbach et al. 2000). The garnet structure
has many similarities with the perovskite structure,
raising the possibility that similar behaviour might occur
in majorite. This would have important implications for
the transition zone, where the majority of Al is con-
centrated in majorite.

In this study we have synthesized a series of
(Mg,Fe)SiO3 and (Mg,Fe)(Si,Al)O3 majorite samples
under varying conditions of oxygen fugacity, and stud-
ied them using Mössbauer spectroscopy, optical ab-
sorption spectroscopy, X-ray diffraction and the
electron microprobe. The results provide insight into the
crystal chemistry of majorite in the transition zone.

Experimental

Orthopyroxene starting materials for (Mg,Fe)(Si,Al)O3 majorite
were synthesized from powder mixtures of MgO, SiO2, Al2O3,
Fe2O3 and Fe, where the latter two were partly enriched in 57Fe.
Experiments were run in the piston-cylinder apparatus using Ag
capsules at 2 GPa and 1000 �C for approximately 20 h. Möss-
bauer spectroscopy showed that the orthopyroxene-rich starting
materials contained no Fe3+. Excess SiO2 (approximately 2% by
weight) was mixed with all starting materials to inhibit the
formation of (Mg,Fe)2SiO4 phases during the multianvil
experiments.

The (Mg,Fe)(Si,Al)O3 majorite samples were synthesized us-
ing a multianvil press with a LaCrO3 heater assembly and
W75Re25/W97Re97 thermocouple at Bayerisches Geoinstitut. Run
conditions are listed in Table 1. Different oxygen fugacity envi-
ronments were imposed on the sample through the use of dif-
ferent capsule materials (Rubie 1999): (1) Fe metal capsule with a
thin layer of unenriched Fe powder added at the bottom of the
capsule; (2) Mo capsule; (3) Re capsule; (4) Re capsule with a
thin layer of ReO2 powder added at the bottom of the capsule.
Part of the pellets from the run products were crushed in an
agate mortar and the resulting powder was mounted on a cel-
lophane foil that was used for both Mössbauer and X-ray
experiments. The remaining chips were made into polished thin
sections for the electron microprobe, and doubly polished plates
for optical absorption spectroscopy. Further details of the sam-
ples are given in Table 1. T
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The (Mg, Fe)(Si, Al)O3 majorite synthesis experiments were
carried out in two series of high-pressure experiments. Runs U203
through U1038 were carried out in the period 1990–1994 while the
multianvil press was located in the ‘‘farmhouse’’ barracks at the
Bayerisches Geoinstitut, while runs U1089–U1220 and run U2144
were carried out on the same press after moving the equipment to
the new building. Some preliminary results from runs U203
through U526 have already been presented (O’Neill et al. 1993a, b),
and the sample from run U1038 was studied using optical
absorption spectroscopy by Keppler and McCammon (1996).

X-ray powder diffraction data were obtained using monochro-
mated Co Ka1 radiation in transmission mode. Data were collected
from 30� to 125� over 2h angles, and showed the dominant presence
of majorite, with minor amounts in various samples of stishovite,
Fe, ReO2, (Mg,Fe)2SiO4 ringwoodite and (Mg,Fe)2SiO4 wadsleyite.
We used the lines corresponding to stishovite as an internal cali-
bration standard (a ¼ 4.1790 Å, c ¼ 2.6649 Å). The X-ray dif-
fraction data of all (Mg,Fe) SiO3 majorite samples were fit to a
tetragonal unit cell, while the (Mg,Fe)(Si,Al)O3 majorite data were
fit to a cubic cell (Table 1).

Mössbauer spectra were recorded at 293 and 80 K in trans-
mission mode on a constant-acceleration Mössbauer spectrometer
using a nominal 1.85 GBq 57Co source in a 6-mm Rh matrix. The
velocity scale was calibrated relative to metallic iron using the
positions certified for National Bureau of Standards standard ref-
erence material no. 1541; line widths of 0.28 mms)1 for the outer
lines of a-Fe were obtained at room temperature. Mössbauer
spectra were collected with the absorber at 80 K (source at 293 K)
using a cold-finger cryostat capable of controlling to ± 0.5 K. The
commercially available fitting program NORMOS 90 written by
R.A. Brand was used to fit the spectra.

Optical and near-infrared absorption measurements were car-
ried out on doubly polished grain aggregates of majorite up to 70
lm thickness. The spectra with low iron concentration (U1127–
U1147) were too weak to measure, so spectra could only be col-
lected from samples with xFe > 0.15 (U1217, U1219 and U1220).
Sample U2144 could not be measured due to the presence of
wadsleyite on a fine scale. All measurements were carried out with a
beam diameter of 100 lm using a Bruker infrared microscope
coupled with a Bruker IFS 120 HR high-resolution FTIR spec-
trometer. Several hundred scans with 4-cm)l resolution were ac-
cumulated in the spectral ranges from 1000 to 10 000 cm)1 (CaF2

beam splitter, tungsten source, MCT detector), 9000 to 15 000 cm)l

(quartz beam splitter, tungsten source, Si diode detector) and
12 500 to 25 000 cm)l (quartz beam splitter, xenon arc source, Si
diode detector) and merged to produce the final spectrum.

Results

Mössbauer spectroscopy

Mössbauer spectra of (Mg,Fe)(Si,Al)O3 majorite are
similar to those already reported in the literature
(O’Neill et al. 1993a, b), and consist of a dominant
quadrupole doublet superimposed with several less in-
tense peaks (Fig. 1). The use of enriched 57Fe enabled
high signal-to-noise ratios to be obtained despite the
small amounts of sample available, but also introduced
thickness effects. We therefore fitted spectra using the
full transmission integral to account for these effects.
The dimensionless effective thickness of each sample was
calculated from sample geometry and chemical compo-
sition. We fitted three doublets to each spectrum, two
corresponding to Fe2+ and one to Fe3+. In certain
spectra we also fitted a doublet corresponding to
(Mg,Fe)2SiO4 ringwoodite or wadsleyite, and a sextet
corresponding to Fe metal. The component areas and

widths of the doublet corresponding to dodecahedral
Fe2+ were allowed to vary, since there is minimal
overlap of the dodecahedral Fe2+ doublet with other
components in the spectrum, and large residuals were
obtained when they were constrained to be equal. The
unequal widths and areas most likely reflect a small
degree of next-nearest-neighbour effects (e.g., Angel et al.
1998) and anisotropic recoil-free fraction (Geiger et al.
1992). All other doublets were constrained to have equal
component areas and widths, and the sextet was con-
strained to have equal component widths and areas in
the ratio 3:2:1:1:2:3. In a few spectra, some hyperfine
parameters had to be constrained due to weak peak
intensity. Hyperfine parameters are listed in Table 2.

Relative areas were corrected for effects due to dif-
ferent site recoil-free fractions using the Debye model
(e.g., McCammon 1998). We used Mössbauer Debye
temperatures of 340 K for Fe2+ and 400 K for Fe3+

(Amthauer et al. 1976; DeGrave and van Alboom 1991).
The agreement between the corrected relative areas
calculated for spectra recorded at 293 K compared to
those at 80 K (where differing recoil-free fraction effects
are smaller) is within experimental error (Table 2).

The hyperfine parameters for (Mg,Fe)(Si,Al)O3 maj-
orite fall into three distinct ranges, and there is no sig-
nificant variation between samples with and without Al
(Fig. 2). Based on data in the literature (e.g., Amthauer
et al. 1976), the two Fe2+ doublets can be unambigu-
ously assigned to the dodecahedral and octahedral sites
in the structure. The values of centre shift and quadru-
pole splitting for the Fe2+ doublets do not vary signif-
icantly over the sample set that we studied. In contrast,
the centre shift of the Fe3+ doublet shows a systematic
increase as Fe3+/

P
Fe becomes larger (Fig. 3). The most

likely site assignment for Fe3+ is the octahedral site.

Fig 1 Room-temperature Mössbauer spectrum of 57Fe0.1Mg0.9SiO3

majorite (Run U203). The spectrum was fitted using the full
transmission integral, and shows doublets corresponding to dodeca-
hedral Fe2+ (unshaded), octahedral Fe2+ (striped) and Fe3+ (grey)
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Values of the centre shift are consistent with cation–
oxygen distances up to approximately 2.0 Å (McCam-
mon 1996), and the increase in centre shift is consistent
with an inferred increase in mean Fe–O distance with
increasing substitution of Fe3+, based on the larger
ionic radius of Fe3+ compared to Si. The other site
possibility for Fe3+ is the tetrahedral site, but this would
appear unlikely based on the high centre shifts and the
fact that tetrahedral Fe3+ occurs in garnet only in rare
circumstances where a cation such as Sn, Zr or Ti has

preferentially filled the octahedral sites (Amthauer et al.
1976).

The relative concentration of Fe3+ in (Mg,Fe)
(Si,Al)O3 majorite increases both with total iron content
and oxygen fugacity (Fig. 4). Similar behaviour has been
observed for other iron-containing minerals, for example
(Mg,Fe)O (Speidel 1967), and reflects the driving force of
the reaction 2FeO + 1/2 O2 fi Fe2O3 over crystal-
chemical considerations in determining the relative Fe3+

concentration inmajorite. The value of Fe3+/
P

Fe for the
(Mg,Fe)(Si,Al)O3 majorite sample is not significantly
different from results obtained from Al-free samples un-
der the same redox conditions (Re capsule with ReO2

added), indicating that there is no enhancement of Fe3+

concentration in majorite with Al concentration compa-
rable to behaviour in (Mg,Fe)(Si,Al)O3 perovskite.

Two approximately linear trends for (Mg,Fe)SiO3

majorite are defined, one for samples synthesized in Fe
capsules with excess Fe added, and one for samples
synthesized in Re capsules with excess ReO2 added
(Fig. 4). During these runs oxygen fugacity was con-
strained by the ‘‘buffering’’ phase within limits that were
usually maintained for the duration of the run. Redox
equilibrium was most likely reached in these runs based
on the consistency of Fe3+/

P
Fe values. Samples run

with no ‘‘buffering’’ phase present, however, were sub-
ject to conditions of oxygen fugacity that probably
varied during the experiment, since the sample capsule
material alone was most likely not able to influence local
redox conditions sufficiently. Results from these runs,
therefore, cannot be used to infer a relation between
Fe3+ and oxygen fugacity.

Fig. 2 Variation of quadrupole splitting with centre shift (relative to
a-Fe) for all doublets fitted to (Mg,Fe)(Si,Al)O3 majorite spectra.

Data for (Mg,Fe)SiO3 majorite is indicated by solid circles ([8]Fe2+),

open circles ([6]Fe2+) and triangles (Fe3+), while corresponding data
for the (Mg,Fe)(Si,Al)O3 majorite sample are indicated by stars

Fig. 3 Variation of centre shift (relative to a-Fe) with Fe3+/
P

Fe for
the Fe3+ doublet in (Mg,Fe)SiO3 majorite (solid circles) and
(Mg,Fe)(Si,Al)O3 majorite (star) spectra. The increase most likely
reflects increasing Fe–O distance in the octahedral site

Fig. 4 Effect of oxygen fugacity on Fe3+/
P

Fe for (Mg,Fe)(Si,Al)O3

majorite. The grey area indicates the range of experimental data,
where the minima and maxima (solid lines) are defined by equilibrium
with metallic Fe and with Re/ReO2, respectively. Symbols are as
follows for (Mg,Fe)SiO3 majorite: solid triangles Fe cap-
sules + powder Fe; open circles Mo capsules; open triangles Re
capsules; solid inverted triangles Re capsules with powder ReO2; for
(Mg,Fe)(Si,Al)O3 majorite: star Re capsule with powder ReO2
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Optical absorption spectroscopy

The optical and near infrared spectra of (Mg0.85Fe0.15)
SiO3 majorites synthesized with Fe, Re and Re+ReO2

display the same features as the spectrum obtained by
Keppler and McCammon (1996) for (Mg0.86Fe0.14)SiO3

majorite that was synthesized at 19 GPa and 1900 �C in
a Re capsule with a trace of ReO2. A merged, unpo-
larized optical and near-infrared absorption spectrum is
shown in Fig. 5 before and after subtraction of an
almost linear background. Similarly to the study of
Keppler and McCammon (1996), we deconvoluted each
spectrum into seven Gaussian components, which was
the minimum required to achieve a satisfactory fit of the
spectrum (Fig. 6). Spectra were merged and fit several
times to test the reproducibility of the peak-fitting
algorithms. In all cases, seven Gaussian components
were required to reproduce the spectrum, and individual
peak positions varied within 100–200 cm)1 of the peak
positions shown in Table 3.

The positions of the peaks show generally reasonable
agreement with those determined by Keppler and
McCammon (1996); hence the same band assignments
have been used in this study. Three bands located at ap-
proximately 5550, 6200 and 8400 cm)1 are assigned to the
transitions of Fe2+ in the distorted dodecahedral site
(Table 3), although we note that these bands occur at
wavenumbers higher than those reported by Keppler and
McCammon (1996). A weak band near 9400 cm)l is as-
signed to Fe2+ in the octahedral site and is similar to the
value reported by Keppler and McCammon (1996). The
dominant feature of all spectra is a very broad and intense

absorption system between 12 000 and 22 000 cm)l. The
overall shape of this feature suggests that at least two
Gaussian components must be present. Deconvolution of
this broad absorption feature yielded two components
centred near 16 300 and 20 000 cm)l with widths of 5000
cm)1, consistent with Fe2+ fi Fe3+ intervalence charge
transfer bands (Mattson andRossman 1987; Burns 1993).
Lastly, a weak band is observed near 23 000 cm)1 which is
assigned to the Fe3+ transition, 6A1g fi 4A1g,

4Eg.
Figure 7 illustrates a crystal-field diagram for do-

decahedral Fe2+ in (Mg0.85Fe0.15)SiO3 majorite indi-
cating the interpretation of the observed absorption
bands. The crystal-field splitting, D, of Fe2+ in the do-
decahedral site of majorite can be calculated from the
three absorption bands, m1, m2 and m3, by the relationship:
D ¼ 1/3 (m1 + m2 + m3) -1/2 d, where d is the splitting of
the ground state (White and Moore 1972). Since d can-
not be obtained from optical absorption spectra, we
used the approximation of Keppler and McCammon
(1996) of d ¼ 1000 cm)1.

The crystal field stabilization energy (CFSE) is given
by (3/5D + 1/2d). The CFSEs calculated on the basis of
the data given in Table 3 are 4286 cm)1 (U1217), 4249
cm)1 (U1219) and 4211 cm)1 (U1220), which are all
greater than the value of 3930 cm)1 reported by Keppler
and McCammon (1996). The difference is due to the
position of m1, which is approximately 1000 cm)1 higher
than that reported by Keppler and McCammon (1996).
The difference in frequencies, m3–m1, of the 5T2g levels
provides a measure of the dodecahedral site distortion,
and is approximately 3000 cm)1 for all of the
(Mg0.85Fe0.15)SiO3 majorites in the present study. This
value is significantly lower than the frequency difference
of 3539 cm)1 reported by Keppler and McCammon
(1996), which suggests that the site distortion and oc-
cupancies of the dodecahedral sites differ between the
majorites synthesized in the two studies. One possibility
to account for the differences is effects due to different
run conditions, particularly the quench rate.

The CFSE of octahedral Fe2+ is estimated from the
single peak observed around 9400 cm)1 (Table 3).

Fig. 5 Unpolarized optical and near-infrared absorption spectrum of
(Mg0.85Fe0.15)SiO3 majorite from run U1220 (a) before and (b) after
subtraction of an almost linear baseline

Fig. 6 Unpolarized optical and near-infrared absorption spectrum of
(Mg0.85Fe0.15)SiO3 majorite from run U1220 illustrating the decon-
volution into seven Gaussian components
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Normally, two bands due to Jahn–Teller distortion
would be expected (e.g., Burns 1993), but due to the
regularity of the octahedral sites in the tetragonal garnet
structure (Angel et al. 1989), the Jahn–Teller splitting
must be small and the crystal-field splitting will be close
to the observed band frequency (Keppler and McCam-
mon 1996). The CFSEs of octahedral Fe2+ in majorite
determined in this study are 3724 cm)1, 3749 cm)1 and
3834 cm)1 for runs U1217, U1219 and U1220, respec-
tively, and are in good agreement with the value of 3736
cm)1 determined by Keppler and McCammon (1996).

Discussion

Site distribution, structure and charge balance

The site distribution of all cations can be determined
based on the Mössbauer data and the chemical com-
position. The corrected relative areas give the relative

distribution of Fe2+ between the dodecahedral and
octahedral site, and of Fe3+ on the octahedral site, and
combined with the total iron from the microprobe data
(Table 1), were used to determine the number of iron
atoms on each site. Next, the remaining dodecahedral
sites were filled with magnesium atoms, and the re-
mainder of magnesium was assigned to octahedral sites.
The amount of silicon on octahedral sites was calculated
based on charge balance and assuming full occupation
of tetrahedral sites with silicon. The resulting site dis-
tributions (based on 12 oxygen anions) show all
(Mg,Fe)(Si,Al)O3 majorite samples to be stoichiometric
within experimental uncertainty (Table 4).

The addition of Al to (Mg,Fe)SiO3 majorite does not
stabilize Fe3+ in the garnet structure, in contrast to the
behaviour of (Mg,Fe)(Si,Al)O3 perovskite. This can be
understood on the basis of cation substitution. The
strong preference of (Mg,Fe)(Si,Al)O3 perovskite for
Fe3+ in the presence of Al is based on the energetically
favourable coupled substitutions (1) [8–12]Mg2+ +
[6]Si4+ « [8–12]Fe3+ + [6]Al3+; and (2) [6]Si4+ « [6]-

Fe3+ + [6]Al3+ + VO
2+ (Richmond and Brodholt

1998). The first requires Fe3+ and Al3+ to occupy dif-
ferent sites, and the second requires the creation of an
oxygen vacancy. In the garnet structure, neither of these
possibilities is energetically favoured, since Al and Fe3+

occupy only octahedral sites, and significant numbers of
oxygen vacancies have not been observed (Table 4). In
(Mg,Fe)(Si,Al)O3 majorite, both Al and Fe3+ compete
for the same site, which most likely inhibits the oxidation
of Fe2+ to Fe3+. Indeed, Fig. 4 demonstrates that
(Mg,Fe)(Si,Al)O3 majorite contains less Fe3+ than
(Mg,Fe)SiO3 majorite at the same iron concentration
and under redox conditions. Thus, the concentration of
Fe3+ in (Mg,Fe)(Si,Al)O3 majorite is strongly dependent
on the oxygen fugacity and not the crystal chemistry
of the garnet structure, while the concentration of Fe3+

in (Mg,Fe)(Si,Al)O3 perovskite is independent of oxygen
fugacity, and is related to the favourable energetics of
Fe3+ substitution in the presence of Al in the perovskite
structure (Lauterbach et al. 2000).

The tetragonal MgSiO3 majorite structure has two
distinct dodecahedral sites (D1 and D2) as well as
octahedral sites (Oc1 and Oc2), where Mg and Si are
strongly ordered on the octahedral sites (Angel et al.

Table 3 Optical and near-infrared bands of (Mg0.85Fe0.15)SiO3 majorite assuming Gaussian lineshapes

Run 1217 Run U1219 Run U1220 Peak assignment

Position (cm)1) Widtha (cm)1) Position (cm)1) Widtha (cm)1) Position (cm)1) Widtha (cm)1)

5560 1224 5534 990 5532 980 [8]Fe2+ (5Eg!5T2g)
6463 962 6238 970 5947 1481 [8]Fe2+ (5Eg!5T2g)
8405 1028 8475 1300 8577 1398 [8]Fe2+ (5Eg!5T2g)
9311 1810 9372 1234 9585 1394 [6]Fe2+ (5T2g!5Eg)
16293 5019 16210 4999 16471 4731 [8]Fe2+ ! [6]Fe3+ CTb

19932 5057 19964 4842 19986 4562 [8]Fe2+ ! [6]Fe3+ CTb

22931 1658 22786 1856 22780 1526 [6]Fe3+(6A1g!4A1g,
4Eg)

aFull width at half height
bCharge transfer

Fig. 7 Energy-level diagram for Fe2+ in a dodecahedral site in
majorite
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1989). Mössbauer data for Fe2+ on the dodecahedral
site show little variation across the entire sample set, and
linewidths are close to the theoretical minimum
(Table 2), which would argue for preferential ordering
of Fe2+ onto one of the dodecahedral sites. Optical
absorption data from the present study suggest that the
ordering may take place on the least distorted dodeca-
hedral site, D2, in contrast to the previous study of
Keppler and McCammon (1996). Mössbauer data for
Fe2+ on the octahedral site also show little variation
across the sample set, although linewidths are slightly
larger, but nevertheless the data are still consistent with
occupation of primarily one octahedral site. From bond
length considerations, this would appear to be the Oc1
site, also favoured by magnesium (Angel et al. 1989). In
contrast, hyperfine parameters for Fe3+ vary with Fe3+

concentration and linewidths are relatively large, sug-
gesting that Fe3+ may occupy both the Oc1 and Oc2
sites. The large variation in centre shift with increasing
Fe3+ concentration may indicate a shift in the relative
proportions of Fe3+ on each type of octahedral site.

The c/a ratio of MgSiO3 tetragonal majorite is
related to the degree of Mg/Si ordering on the octa-
hedral sites (Angel et al. 1989). The highest correlation
in our dataset is shown by the variation of c/a with
the number of iron atoms (both Fe2+ and Fe3+) on
octahedral sites, where two nearly linear trends are
formed, indicating that the effect of increasing iron
concentration is to reduce the deviation of the unit cell
from cubic symmetry (Fig. 8). The primary difference
between the data forming each trend appears to be that
those with smaller slope are comprised primarily of
runs from the first series (U203 to U1038), while those
with larger slope mostly comprise runs from the second
series (U1127 to U1220). The c/a ratio varies even for
end-member MgSiO3 majorite for runs from different
laboratories (the value of 0.998 from Angel et al. 1989
is off-scale in Fig. 8), and has been attributed to
different run conditions causing a variation in Mg/Si
ordering (Angel et al. 1989). This is supported by a
recent study showing differences in microtexture

between samples quenched below and above 1950 �C,
which is attributed to a cubic-tetragonal phase transi-
tion during quenching (Tomioka et al. 2002). Synthesis
temperatures in the present study are close to 1950 �C;
hence, relocation of the multianvil press between the
two series of runs could have caused small variations
that affected cation ordering. It is clear from these
results that c/a ratios must be used with caution in
comparing (Mg,Fe)SiO3 majorite samples with different
thermal histories.

The volume of the unit cell of (Mg,Fe)SiO3 majorite
has been reported to increase with increasing iron
concentration (Matsubara et al. 1990; Ohtani et al.

Table 4 Cation site distribution
based on 12 oxygen atoms and
fully occupied dodecahedral
and tetrahedral cation sites in
(Mg,Fe)(Si,Al)O3 majorite

Run no. [8]Mg [8]Fe [6]Mg [6]Fe2+ Fe3+ [6]Si [6]Al [6]P

U203 2.677(81) 0.323(81) 0.923(114) 0.030(8) 0.047(11) 0.988(57) – 1.988(128)
U307 2.337(82) 0.663(82) 0.863(115) 0.074(15) 0.063(10) 0.984(57) – 1.984(129)
U319 2.670(81) 0.330(81) 0.930(114) 0.042(11) 0.028(7) 0.993(57) – 1.993(128)
U526 2.508(81) 0.492(81) 0.892(114) 0.055(11) 0.053(10) 0.987(57) – 1.987(129)
U1038 2.546(28) 0.454(28) 0.873(59) 0.022(9) 0.131(13) 0.955(31) – 1.980(68)
U1089 2.517(81) 0.483(81) 0.883(114) 0.058(11) 0.059(10) 0.985(57) – 1.985(128)
U1127 2.788(26) 0.212(26) 0.955(100) 0.015(5) 0.008(4) 1.009(50) – 1.987(111)
U1146 2.814(18) 0.186(18) 0.991(42) 0.015(5) 0.019(3) 0.983(21) – 2.008(47)
U1161 2.840(13) 0.160(13) 1.010(25) 0.011(2) 0.023(2) 0.972(13) – 2.016(28)
U1120 2.595(49) 0.405(49) 0.854(92) 0.034(11) 0.021(5) 1.040(46) – 1.949(103)
U1116 2.595(24) 0.405(24) 0.933(53) 0.027(10) 0.025(13) 1.001(28) – 1.986(62)
U1147 2.679(17) 0.321(17) 0.883(40) 0.017(9) 0.060(9) 1.005(20) – 1.965(46)
U1217 2.429(21) 0.571(21) 0.912(29) 0.055(11) 0.037(8) 0.989(15) – 1.992(35)
U1219 2.389(24) 0.611(24) 0.887(58) 0.042(14) 0.059(16) 0.992(31) – 1.979(69)
U1220 2.448(29) 0.552(29) 0.907(38) 0.032(12) 0.080(20) 0.970(24) – 1.990(50)
U2144 2.547(43) 0.453(43) 0.761(59) 0.000(13) 0.075(9) 0.757(30) 0.408(40) 2.001(79)

Fig. 8 Variation of c/a with the total number of iron atoms on
octahedral sites in (Mg,Fe)SiO3 majorite. Symbols indicate data from
the present work (solid circles), Kato and Kumazawa (1985) (open
diamond), Matsubara et al. (1990) (open triangle), and Ohtani et al.
(1991) (open circle) (the latter three are on the y-axis). The value from
Angel et al. (1989) of 0.998 is off-scale. Dotted lines indicate the two
approximately linear trends defined by the two different sets of high-
pressure experiments
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1991). Our data show a similar trend, but the Fe3+

concentration must also be taken into account. We fit
our cell volume data to the linear correlation

V ¼ AnFe þ BðnFe3þ=nFeÞ; ð1Þ
where nFe is the number of iron atoms per three oxygen
anions and nFe3þ/nFe is the relative number of Fe3+ at-
oms (Fe3+/

P
Fe). The highest correlation coefficient

was found when data from the nine runs in the second
series were used (r2 ¼ 0.93), while the correlation coef-
ficient decreased dramatically when the data from the
first series of runs were added (r2 ¼ 0.63). The data are
plotted in Fig. 9, where values of A and B determined
from the regression of the second series of run data
[A ¼ 31(4) Å3 and B ¼ 1516(1) Å3] were used to gener-
ate lines of constant Fe3+/

P
Fe. The comparison of

literature datasets with the present data shows that while
there is a general trend that cell volumes increase with
both total iron and relative Fe3+ concentration, the
variation is obscured by additional factors similar to the
case of the c/a ratios, perhaps relating to differences in
Mg/Si ordering. It is clear, therefore, that cell volumes
should not generally be used to determine either Fe
content or relative Fe3+ concentration in (Mg,Fe)SiO3

majorite.
The cell volume of (Mg,Fe)(Si,Al)O3 majorite is

smaller than the corresponding composition of
(Mg,Fe)SiO3 majorite with the same total iron and Fe3+

concentration (Fig. 9). This most likely reflects the

competition of two different effects: the substitution of
Al (0.535 Å) for Si (0.400 Å) on the octahedral site to
increase the volume, and the substitution of Al for Fe2+

(0.78 Å) and Mg2+ (0.72 Å) on the octahedral site to
decrease the volume, where ionic radii from Shannon
(1976) are given in parentheses.

Charge balance in (Mg,Fe)(Si,Al)O3 majorite most
likely occurs through the removal of Si on the octahedral
site to accommodate the additional positive charge, as
seen by a decrease in Si occupancy with increasing Fe3+

concentration (Table 4). The excess Si would then be
incorporated into a coexisting phase, for example sti-
shovite. Such a substitution requires no cation or anion
vacancies, and is consistent with the electron microprobe
data combined with the Mössbauer results, which show
the crystals to be stoichiometric within experimental
error (Table 4).

Fe2+–Fe3+ electron transfer

The most notable feature of the optical absorption
spectra of (Mg,Fe)SiO3 majorite is the presence of
Fe2+–Fe3+ charge transfer bands (Fig. 6). The inte-
grated intensity, which reflects the number of cation
pairs participating in electron transfer, increases with
increasing Fe3+ concentration (Fig. 10). Extrapolation
of the linear relation passes through the origin, sug-
gesting that the proportion of Fe3+ atoms participating
in electron transfer out of the total number of Fe3+

atoms remains constant.
Fe2+–Fe3+ electron transfer most likely takes place

over the shared edge between dodecahedral sites
(occupied by Fe2+) and octahedral sites (occupied by

Fig. 9 Variation of unit-cell volume with total iron concentration in
(Mg,Fe)(Si,Al)O3 majorite. Solid circles indicate the present dataset
for (Mg,Fe)SiO3 majorite, where Fe3+/

P
Fe values are indicated next

to each data point. Literature data are indicated by open circles
(Ohtani et al. 1991); open triangles (Matsubara et al. 1990); and the
open cross (Angel et al. 1989). The value from Kato and Kumazawa
(1985) of 1506 Å3 is off scale. Dotted lines indicate trends for constant
Fe3+/

P
Fe, where slopes and intercepts were calculated from multiple

regression of Eq. (1) to the second series of runs dataset (U1127–
U1220). The star indicates the datum for (Mg,Fe)(Si,Al)O3 majorite,
which has an Fe3+/

P
Fe value of 0.14

Fig. 10 Variation of integrated intensity of Fe2+–Fe3+ charge
transfer bands with relative Fe3+ concentration from optical
absorption spectra of Mg0.85Fe0.15SiO3 majorite. The solid line
represents a linear regression of the data, where the extrapolated line
(dotted) passes very close to the origin
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Fe3+). The shortest Fe2+–Fe3+ distance in
Mg0.85Fe0.15SiO3 majorite between D1 and Oc1 is 3.07
Å, while the minimum distance between D1 and Oc2 is
3.30 Å, as calculated from the cell parameters. Both
interatomic distances are within the range observed for
Fe2+–Fe3+ electron transfer, although 3.30 Å is at the
upper end (Burns 1993). Keppler and McCammon
(1996) suggested that the large linewidth of the Fe2+–
Fe3+ electron transfer band might indicate that Fe3+

substitutes on both octahedral sites, and that electron
transfer takes place over both D1–Oc1 and D1–Oc2
shared edges. The large linewidths of the Fe3+ doublets
in the Mössbauer data from the present work support
this suggestion. Although no optical absorption data
were collected for (Mg,Fe)(Si,Al)O3 majorite, it is likely
that electron transfer between Fe2+ and Fe3+ also takes
place, since site distribution of Fe2+ and Fe3+ is similar
to that for (Mg,Fe)SiO3 majorite.

Centre shifts derived from the Mössbauer data indi-
cate that Fe2+ and Fe3+ occur as discrete oxidation
states, i.e., that there is no evidence for iron atoms with
intermediate valence. This indicates either that electron
transfer between Fe2+ and Fe3+ involves a negligible
number of Fe2+–Fe3+ pairs, or that it occurs faster than
the mean lifetime of the 57Fe excited state (� 10)7 s).
The latter is more likely, based on comparison with
other mixed valence minerals (Burns 1993; Amthauer
and Rossman 1984).

Implications for the transition zone

Results from the present work have shown that the
relative Fe3+ concentration in (Mg,Fe)SiO3 majorite
increases with increasing oxygen fugacity, and that the
presence of Al does not increase Fe3+ concentration as
in the perovskite structure, but may even decrease it
slightly. Current studies suggest that the oxygen fugacity
in the bulk transition zone is relatively low, based on
arguments of reduced volume of ferric iron in garnet
(Wood et al. 1990) and the ability of all transition zone
phases to accommodate ferric iron (O’Neill et al. 1993a).
The results of this work, therefore, would imply a rela-
tively low concentration of Fe3+ in (Mg,Fe)(Si,Al)O3

majorite, which, combined with studies that show simi-
lar concentrations of Fe3+ in wadsleyite and ringwoo-
dite (O’Neill et al. 1993a), would indicate that the bulk
Fe3+ concentration in the transition zone is small. Since
the value of Fe3+/

P
Fe determined for the upper mantle

is also low (2.3%: O’Neill et al. 1993b), an isochemical
bulk upper mantle and transition zone with respect to
iron oxidation state would be consistent with the present
results.

There is a significant increase in the concentration of
Fe3+ below the transition zone–lower mantle boundary.
Even in the absence of Al, (Mg,Fe)SiO3 perovskite
contains approximately twice the concentration of Fe3+

than (Mg,Fe)SiO3 majorite under comparable
conditions (McCammon 1998; Lauterbach et al. 2000).

When (Mg,Fe)(Si,Al)O3 majorite transforms to
(Mg,Fe)(Si,Al)O3 perovskite, thereby increasing the Al
concentration in the perovskite phase (e.g., Wood 2000),
Fe3+/

P
Fe is predicted to reach approximately 50%,

based on a pyrolite bulk composition (Lauterbach et al.
2000). This high concentration of Fe3+ is independent of
oxygen fugacity, and has been observed even for samples
synthesized in equilibrium with metallic Fe.

The increase in Fe3+ concentration within the lower
mantle can occur without a discontinuity in oxygen
fugacity between the transition zone and lower mantle.
If the lower mantle were also relatively reduced, oxida-
tion of Fe2+ to Fe3+ could occur through dispropor-
tionation (Fe2+ fi Fe3+ + Fe0), as observed in
experiments (e.g., Lauterbach et al. 2000) or through
interaction with volatiles. Another possibility is through
subducted material, where oxygen fugacity may be
higher (e.g., Wood et al. 1990). Based on the results of
the present study, majorite within an oxidized subducted
slab would incorporate more Fe3+ than the surrounding
bulk mantle, and provide a mechanism for the transport
of oxygen into the deep mantle.
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spectrum of 57Fe in silicate garnets. Z Kristologe 143: 14–55

Angel RJ, Finger LW, Hazen RM, Kanzaki M, Weidner DJ,
Liebermann RC, Veblen DR (1989) Structure and twinning of
single-crystal MgSiO3 garnet synthesized at 17 GPa and
1800 �C. Am Mineral 74: 509–512

Angel RJ, McCammon CA, Woodland AB (1998) Structure,
ordering and cation interactions in Ca-free P21/c clinopyrox-
enes. Phys Chem Miner 25: 249–258

Burns RG (1993) Mineralogical applications of crystal-field theory,
2nd ed. Cambridge University Press, Cambridge, UK

De Grave E, Van Alboom A (1991) Evaluation of ferrous and
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