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Abstract

We have measured the partitioning of Fe2þ, Fe3þ and Mg2þ between magnesiowu«stite and magnesium silicate
perovskite in both Al2O3-bearing and Al2O3-free systems. Starting compositions with varying Fe/(Fe+Mg) molar
ratios were equilibrated in a multianvil apparatus between 24 and 25 GPa and 1650^1900‡C. A time study indicated
that run durations of at least 8 h were required for the partitioning to reach equilibrium at 1650‡C. Multi-chamber
rhenium metal capsules were employed that provided relatively oxidising conditions and allowed up to eight starting
materials to be equilibrated in a single experiment. In the Al2O3-free system Fe partitions preferentially into
magnesiowu«stite. In the Al2O3-bearing system, however, the proportion of Fe that partitions into perovskite increases
with the perovskite Al2O3 content. The Fe^Mg distribution between the phases has been parameterised as a function
of the perovskite Al2O3 concentration and we observe the Al2O3 dependence to be non-linear. The Fe3þ/4Fe ratios of
coexisting perovskite and magnesiowu«stite crystals were measured using electron energy-loss near-edge structure
(ELNES) spectroscopy. In the Al2O3-bearing system perovskite Fe3þ/4Fe ratios range between 60 and 80%, which is
over three times greater than that measured for Al2O3-free perovskite. The results imply that increasing the Al2O3

content of perovskite only increases the Fe3þ solubility and has no measurable effect on the Fe2þ partitioning between
magnesiowu«stite and perovskite. The variation in the Fe3þ solubility with the Al3þ content of perovskite is non-linear.
We propose that this results from substitution of Fe3þ onto the perovskite six-fold coordinated site for low Al3þ

concentrations but substitution of a FeAlO3 component at higher Al3þ contents, where Fe3þ is on the eight-fold site
charge balanced by Al on the six-fold coordinated site. A comparison with our experimental data suggests that the Fe
partitioning between some (Mg,Fe)SiO3 and (Mg,Fe)O inclusions found in diamonds is quite consistent with their
origin as perovskite and magnesiowu«stite in the lower mantle. The partitioning between some (Mg,Fe)O and
(Mg,Fe,Al)(Al,Si)O3 diamond inclusions, however, is inconsistent with our results. ß 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Magnesium silicate perovskite and magnesio-
wu«stite are believed to comprise the bulk of
Earth’s lower mantle, along with a smaller quan-
tity of calcium silicate perovskite. Changes in the
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distribution of major elements between these
phases as a function of either pressure, temper-
ature or oxygen fugacity have the potential to
signi¢cantly vary mineral compositions in the
lower mantle and consequently a¡ect physical
and chemical properties. In particular, the way
in which Fe, both ferrous and ferric, is partitioned
between the dominant phases may in£uence lower
mantle rheology and elasticity, in addition to
transport properties such as electrical conductivity
[1^3]. The 660 km seismic discontinuity, which
marks the top of the lower mantle, is widely be-
lieved to result from the reaction of (Mg,Fe)2SiO4

ringwoodite to produce (Mg,Fe)O and (Mg,Fe)-
SiO3 perovskite [4]. The discontinuity appears to
be very sharp requiring the reaction to take place
over a narrow pressure interval. The partitioning
of Fe between the phases involved will in£uence
this interval and processes that a¡ect the parti-
tioning may therefore in£uence the sharpness of
the discontinuity. Detailed information on the in-
£uence of pressure, temperature and composition
on element partitioning at these conditions, there-
fore, allows important constrains to be placed on
the nature of the mantle in this region. Recently it
has been proposed that some rare inclusions
found in diamonds may have formed in the lower
mantle [5^7]. Although crystal structures unique
to the lower mantle have not been preserved, the
chemical compositions of (Mg,Fe,Al)(Al,Si)O3,
(Mg,Fe)O and CaSiO3 inclusions appear to be
consistent with very high-pressure formation. A
comparison of partition coe⁄cients between plau-
sible coexisting pairs of inclusions with high-pres-
sure experimental data not only allows a further
test for ultra deep origin but may also provide
additional information on the chemical and phys-
ical state of the lower mantle.

Given these wide implications a number of ex-
perimental studies have been performed to deter-
mine Fe^Mg partitioning between silicate perov-
skite and magnesiowu«stite (see Fei [8] for review).
Several studies, for example, have examined the
e¡ect of pressure on the Fe^Mg partitioning [9,10]
and a dependence resulting from the perovskite
Al2O3 content has also been observed [11,12]. In
Al2O3-bearing systems there is a marked increase
in the degree to which Fe partitions into perov-

skite. This observation is supported by Mo«ssbauer
spectroscopy measurements that show Al2O3-
bearing perovskite to have a signi¢cantly greater
Fe3þ solubility than in the Al2O3-free system [13].
These observations are particularly relevant to the
top of the lower mantle where garnet breaks
down and the Al2O3 content of perovskite in-
creases with pressure. Previous studies have also
indicated that the high solubility of Fe3þ in alu-
minous perovskite may also be independent of
oxygen fugacity, requiring the lower mantle to
contain signi¢cantly more Fe3þ than the upper
mantle [12,14]. However, other than demonstrat-
ing that Al2O3 has an e¡ect, the quantitative de-
pendence of the Fe^Mg partitioning on Al2O3

content cannot be discerned from these previous
studies. Although the presence of Al2O3 apparent-
ly increases the maximum solubility of Fe3þ in
perovskite, it is unclear whether the e¡ect on the
Fe^Mg partitioning is solely a result of increased
perovskite Fe3þ content or if Al2O3 solubility also
in£uences the Fe2þ partitioning between the two
phases.

Here we report a series of multianvil experi-
ments performed in order to determine the precise
e¡ect of Al2O3 solubility in silicate perovskite on
the Fe^Mg partitioning between this phase and
magnesiowu«stite. We have also been able to mea-
sure the Fe3þ/4Fe ratio in coexisting perovskite
and magnesiowu«stite using electron energy-loss
near-edge structure (ELNES) spectroscopy. We
use these data to assess the likely mechanism for
Al3þ and Fe3þ solubility in perovskite and com-
pare our partitioning results with analyses of dia-
mond inclusions, which are believed to have
formed in the lower mantle.

2. Experimental methods

A suit of enstatite^ferrosilite compositions with
Fe/(Fe+Mg) ratios of 0.05, 0.1, 0.15 and 0.3
(where Fe here and after refers to combined
Fe2þ and Fe3þ) were prepared from reagent grade
oxides with Fe added as hematite. The oxides
were ground together under alcohol, cold pressed
into pellets and then ¢red in a CO^CO2 gas mix
furnace for 2 days at 1300‡C at an oxygen fugac-
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ity approximately 2 log units below the fayalite
magnetite quartz bu¡er. The rapidly quenched
samples were re-ground then re-¢red at identical
conditions for a further 3 days. X-ray di¡raction
of the recovered powders revealed no unreacted
starting material. Al2O3-bearing pyroxenes con-
taining approximately 10 wt% Al2O3 were pre-
pared in a similar manner as for Al2O3-free py-
roxene and were reduced in a gas mix furnace at
identical conditions for similar lengths of time.
These compositions were then placed in graphite
capsules and sintered at 2.5 GPa and 1400‡C for 3
days in a piston cylinder apparatus. Recovered
compositions were analysed with X-ray di¡raction
and electron microprobe. The samples contained
aluminous pyroxene with compositions given in
Table 1. Two samples with higher Fe contents
also contained minor amounts of garnet. Enstatite
and aluminous enstatite compositions were then
ground together with magnesiowu«stite powders
in the ratio one part magnesiowu«stite to two parts
enstatite, to give the starting compositions shown
in Table 2. Some compositions were also ground

together with 20 wt% metallic Fe to provide start-
ing mixtures for experiments at more reducing
conditions and in one experiment (H1717) start-
ing powders were mixed with 30 wt% of a 1:1 Re
and ReO2 mixture.

Experiments were performed using a multianvil
press and 10/4 and 7/3 octahedral pressure assem-
blies. The assemblies both use LaCrO3 furnaces.
Capsules of Re metal were spark eroded with four
sample chambers. In the 7/3 assembly two capsu-
les could be placed on either side of the thermo-
couple which was inserted axially through the wall
of the furnace. Experiments were run for between
1 h and 1 day at temperatures of 1650 and 1900‡C
and pressures between 24 and 25 GPa. The recov-
ered samples were mounted in epoxy resin and
polished for analysis with electron microprobe
and phase identi¢cation by Raman spectroscopy.

Two samples (H1495a and -b) were also made
into petrographic thin sections for analytical
transmission electron microscopy (TEM). These
sections were glued on 3 mm diameter copper
grids and then thinned to electron-transparency

Table 1
Aluminous orthopyroxene starting compositions

Comp SiO2 FeO MgO Al2O3 Si Fe Mg Al 4Cat Fe/(Fe+Mg)

A10A 53(1) 3.3(2) 33(1) 9(1) 0.91 0.05 0.86 0.18 2.00 0.05
A10B 51(2) 6.3(3) 31(1) 9(1) 0.89 0.09 0.82 0.20 2.00 0.1
A10C 53.8(7) 8.9(6) 31(2) 7(1) 0.93 0.13 0.81 0.14 2.01 0.14
A10D 52.6(4) 14.4(7) 27.5(9) 6.3(6) 0.93 0.21 0.73 0.13 2.00 0.23

Oxide analyses are reported in wt%. Numbers in brackets are 1 standard deviation on at least 20 microprobe analyses in terms
of least units cited. Cations are reported normalised to three oxygens.

Table 2
Fe/(Fe+Mg) ratios of starting materials

Alumina-free compositions Alumina-bearing compositions

orthopyroxene magnesiowu«stite orthopyroxene magnesiowu«stite

AB 0.05 0.1 A 0.05 (A10A) 0.1
A 0.05 0.2 B 0.05 (A10A) 0.4
B 0.05 0.4 D 0.1 (A10B) 0.2
C 0.1 0.2 E 0.14 (A10C) 0.2
D 0.1 0.6 F 0.23 (A10D) 0.4
E 0.15 0.4
F 0.15 0.8

Fe/(Fe+Mg) ratios are reported for each phase. The labels in brackets refer to the orthopyroxene analyses given in Table 1.
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by argon ion bombardment in a Gatan DUO-
MILL machine. To avoid amorphisation of sili-
cate perovskite, thinning was done under liquid
nitrogen cooling and at low-acceleration voltage
(3 kV) and beam current (0.5 mA). Textures and
defect microstructures of samples were observed
in a PHILIPS CM20 FEG (¢eld emission gun)
STEM operating at 200 kV. Compositions of co-
existing magnesiowu«stite and perovskite grains
were measured with a ThermoNoran Vantage en-
ergy-dispersive (EDX) system equipped with a
Norvar ultra-thin window and a germanium de-
tector. The quanti¢cation of EDX microanalyses
was performed according to the method of Van
Cappellen and Doukhan [15], and corrected for
X-ray absorption on the basis of the principle of
electro-neutrality.

The same grains were also analysed for Fe3þ/
4Fe using the attached Gatan PEELS 666 (paral-
lel electron energy-loss spectrometer). The deter-
mination of the Fe3þ/4Fe ratio is based on the
white line intensities at the Fe L23 edge; these
intensities have been calibrated for minerals in

the high-spin state [16]. Fe L23 ELNES spectra
were measured in di¡raction mode with conver-
gence and collection semi-angles of K= 8 mrad
and L= 2.7 mrad and an energy dispersion of
0.1 eV per channel. The energy resolution, mea-
sured as width of the zero-loss peak at half max-
imum, was ca. 0.8^0.9 eV. To improve the count-
ing statistics and to check for possible beam-
induced oxidation, six spectra were measured in
a time series with integration times of 10^20 s
each. Spectra were then corrected for dark current
and channel-to-channel gain variation. To extract
the pure single-scattering core-loss signal an in-
verse power-law background was subtracted and
multiple-scattering contributions were removed by
the Fourier-ratio technique [17]. Errors in the
Fe3þ/4Fe ratio are usually estimated to be 0.05
but for samples with low Fe contents (6 3 wt%)
uncertainties are larger (i.e. 0.08) due to the lim-
ited counting statistics.

3. Partitioning results and TEM observations

Results from partitioning experiments per-
formed in Re capsules in the Al2O3-free system
(Fig. 1) show that Fe partitions more favourably
into magnesiowu«stite than perovskite under these
conditions. The chemical compositions of the
phases from experiments where equilibrium was
considered to have been achieved are given in
Table 3. The intention was to approach equilibri-
um from both Fe-rich and Fe-poor starting com-
positions, however, perovskite starting mixtures
with Fe/(Fe+Mg)s 0.1 consistently broke down
to form magnesiowu«stite and stishovite such
that true reversals were only successful at low
Fe/(Fe+Mg) ratios. In order to demonstrate equi-
librium we performed a time study at 1650‡C, the
results of which are shown in Fig. 2. The apparent
Fe^Mg distribution coe⁄cient, or Kapp, which in-
cludes Fe3þ, is de¢ned in a similar way to Wood
[18]:

Kapp ¼
X Pv

Fe X Mw
Mg

X Pv
MgX Mw

Fe

ð1Þ

Fig. 1. The Fe/(Fe+Mg) molar ratios (where Fe = Fe2þ+Fe3þ)
of perovskite versus magnesiowu«stite from Al2O3-free experi-
ments performed in Re metal capsules. Error bars are 1 c

from at least 20 pairs of microprobe analyses.
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where

X Pv
Fe ¼

Fe2þ þ Fe3þ

Fe2þ þ Fe3þ þMg2þ ð2Þ

Kapp increases with time to a plateau at around
8 h. Therefore, we believe experiments performed
for 8 h or longer should be at or very close to
equilibrium for this temperature. TEM observa-
tions also support that equilibrium has been

Table 3
Phase compositions in the Al2O3-free system

Run number,
start comp.,
P, T, run
time

Chemical composition in atoms per formula unit

Si Mg 4Fe 4Cat 4Fe/(4Fe+Mg) Fe3þ/4Fe

H1472, 25GPa, 1650‡C, 8 h
A Pv 0.978(7) 0.974(15) 0.070(6) 2.022 0.067(6)

Mw 0.001(2) 0.818(3) 0.180(3) 0.999 0.181(3)
D Pv 0.97(2) 0.878(36) 0.182(7) 2.030 0.172(8)

Mw 0.001(1) 0.458(4) 0.542(4) 1.000 0.542(4)
C Pv 0.976(7) 0.963(16) 0.083(3) 2.023 0.079(4)

Mw 0.001(2) 0.791(3) 0.209(3) 1.000 0.209(3)
B Pv 0.970(8) 0.941(14) 0.118(4) 2.030 0.112(4)

Mw 0.001(1) 0.632(6) 0.367(6) 1.000 0.367(6)
V135a, 24 GPa, 1650‡C, 20 h
AB Pv 0.973(11) 1.008(22) 0.046(3) 2.027 0.043(3)

Mw 0.001(1) 0.891(3) 0.107(3) 0.999 0.107(3)
B Pv 0.974(12) 0.943(26) 0.109(6) 2.026 0.104(6)

Mw 0.002(1) 0.631(7) 0.365(7) 0.998 0.366(7)
C Pv 0.972(6) 0.974(14) 0.081(7) 2.028 0.076(7)

Mw 0.001(1) 0.791(6) 0.206(5) 0.999 0.207(5)
D Pv 0.957(10) 0.917(16) 0.168(6) 2.043 0.155(4)

Mw 0.004(2) 0.447(3) 0.545(3) 0.996 0.550(3)
H1495a, 25 GPa, 1650‡C, 9 h
AB Pv 0.981(20) 0.991(36) 0.046(5) 2.018 0.044(4) 0.084(50)

Mw 0.001(1) 0.888(3) 0.112(3) 1.000 0.112(3) 0.000(50)
B Pv 0.979(12) 0.934(23) 0.107(8) 2.020 0.103(7) 0.237(50)

Mw 0.001(1) 0.632(8) 0.366(8) 0.999 0.367(8) 0.114(50)
A Pv 0.973(22) 0.980(34) 0.074(13) 2.027 0.070(9) 0.085(50)

Mw 0.000(1) 0.805(8) 0.194(9) 1.000 0.195(9) 0.189(50)
D Pv 0.964(11) 0.904(18) 0.167(7) 2.036 0.156(5) 0.247(50)

Mw 0.003(5) 0.477(6) 0.517(7) 0.997 0.520(4) 0.071(50)
S2676, 24 GPa, 1900‡C, 1.5 h
D Pv 0.963(11) 0.885(21) 0.189(3) 2.037 0.176(4)

Mw 0.001(1) 0.463(3) 0.536(3) 0.999 0.537(3)
AB Pv 0.979(8) 0.995(17) 0.046(4) 2.021 0.045(4)

Mw 0.001(1) 0.892(1) 0.108(1) 1.000 0.108(1)
B Pv 0.98(1) 0.919(17) 0.121(3) 2.020 0.116(2)

Mw 0.000(1) 0.631(8) 0.368(8) 1.000 0.368(8)
C Pv 0.981(7) 0.953(16) 0.086(6) 2.019 0.083(6)

Mw 0.001(1) 0.794(8) 0.206(8) 1.000 0.206(8)

All runs were performed in Re capsules. Starting composition letters refer to those given Table 2. All Fe (4Fe) is treated as FeO.
Electron microprobe analyses were performed using a Cameca SX-50 operating at 15 kV and 5 nA. Standards were MgSiO3 glass
for Mg, andradite for Si, spinel for Al and Fe metal. The data were reduced using the PAP correction routine. The numbers in
brackets are 1 standard deviation on at least 20 microprobe analyses in terms of least units cited. Fe3þ/4Fe uncertainties are 1
standard deviation from two to three analyses or 5% where only one analysis was made.
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achieved. Both Al2O3-free and Al2O3-bearing
samples show equilibrium textures, with equant
grains meeting at angles close to the optimum
120‡ angle (Fig. 3a,b). Silicate perovskite is abso-
lutely defect-free, whereas the softer magnesio-
wu«stite grains contain very few dislocations.

Results from experiments performed in the
Al2O3-bearing system are shown in Fig. 4. In
these experiments a three-phase assemblage of
garnet, aluminous perovskite and magnesiowu«s-
tite was observed. The compositions of these
phases are reported in Table 4. With increasing
pressure the Al2O3 content of both perovskite and
garnet increased in line with previous observa-
tions in the MgSiO3^Mg3Al2Si3O12 system [19].
The perovskite Al2O3 contents vary between ap-
proximately 4 and 7 wt%, or 0.1^0.16 atoms per
MgSiO3 formula unit, over the pressure range. As
the Al2O3 content of perovskite increases with
pressure, the molar Fe/(Fe+Mg) ratio of perov-
skite increases relative to the magnesiowu«stite
Fe/(Fe+Mg) ratio. A clear correlation can be ob-
served in our results between the perovskite Al2O3

content and the Fe distribution. This is demon-
strated in Fig. 5 where the Al content, in formula
units, is shown above each data point with a pa-

rameterisation of these results contoured for the
perovskite Al content. The parameterisation was
performed by ¢rst ¢tting the Al2O3-free data to a
thermodynamic expression describing the free en-
ergy change of the ion exchange reaction. The ion
exchange reaction for the partitioning is :

FeSiO 3perovskite þ MgO
magnesiow€uustite

¼

MgSiO 3perovskite þ FeO
magnesiow€uustite

ð3Þ

Kapp for this reaction, as de¢ned in Eq. 1), can be
written in terms of two interaction parameters
and the standard state free energy change of Eq.
3:

RT ln Kapp ¼ 3vG0
ð3Þ þW Pv

FeMgð2 X Pv
Fe31Þþ

W Mw
FeMgð132 X Mw

Fe Þ ð4Þ

The full derivation of this equation can be found
in Matsuzaka et al. [20]. Least squares ¢tting of
Eq. 4 to the Al2O3-free data gives vG0 = 24500
J/mol, WPv

FeMg = 1650 J/mol, and WMg
FeMg = 12000

J/mol at 1650‡C. We treat here all Fe as FeO, so
the parameters are not strictly thermodynamically

Fig. 2. A time study performed in Re capsules at 24 GPa
and 1650‡C in the Al2O3-free system using starting composi-
tion B given in Table 2. Kapp is de¢ned as (Fe/Mg)Pv/(Fe/
Mg)Mw where Fe = Fe2þ+Fe3þ. Kapp increases with time but
reaches a plateau at around 8 h.

Fig. 3. Bright ¢eld TEM images of equilibrated samples
showing coexisting perovskite and magnesiowu«stite in Al2O3-
free (A) and Al2O3-bearing (B) systems. Amorphous rims
can be seen around the more beam-sensitive Al2O3-free pe-
rovskites in (A) but not in the Al2O3-bearing system. Note
120‡ triple junctions and the lack of metallic Fe that would
indicate disproportionation of Fe2þ. Light areas in (B) are
holes produced from ion thinning.
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valid. Then, at ¢xed values of XMw
Fe we de¢ne the

Al2O3-bearing perovskite Fe/(Fe+Mg) ratio
(XAlÿPv

Fe ) as a function of Al content, in MgSiO3

formula units, using the equation:

X AlÿPv
Fe ¼ X Pv

Fe þ KAl2 ð5Þ

where XPv
Fe is the Fe/(Fe+Mg) ratio for Al2O3-free

perovskite, which is calculated at a given XMw
Fe

from Eq. 4. The coe⁄cient was determined by a
weighted least squares regression to both Al2O3-
free and Al2O3-bearing data to give K= 3.67. A
non-linear dependence on the Al content was re-
quired to adequately ¢t the data. The treatment of
Al here is purely empirical so the values obtained
have no thermodynamic signi¢cance and are used
here only to describe the current results. It can be
seen in Fig. 5 that the results of experiment
H1717, where Re and ReO2 were added to the

starting compositions, are quite consistent with
the other experiments where ReO2 was not
present.

Several previous studies have shown that the
presence of Al2O3 in£uences the solubility of
Fe3þ in perovskite [13,14]. In our results described
so far no distinction has been made between Fe2þ

and Fe3þ, however, in Tables 3 and 4 Fe3þ/4Fe
ratios of coexisting magnesiowu«stite and perov-
skite crystals are reported from ELNES spectro-
scopic analyses. Perovskite is known to become
rapidly amorphous under the TEM electron
beam. This e¡ect was particularly obvious for
the Al2O3-free perovskite (Fig. 3a), whereas
Al2O3-bearing perovskite turned out to be dis-
tinctly less beam-sensitive. The amorphisation is
commonly accompanied by Fe oxidation and a
loss in sharpness of the white lines. A time series
of spectra were recorded that enabled oxidation
to be recognised and then minimised by adjusting
the illumination conditions. Typical ELNES spec-
tra for magnesiowu«stite and perovskite produced
in the Al2O3-free and -bearing systems are shown
in Fig. 6. While the presence of Al2O3 does not

Fig. 4. The Fe/(Fe+Mg) molar ratios of perovskite and mag-
nesiowu«stite from Al2O3-bearing experiments performed in
Re metal capsules with all Fe reported as FeO. The Al2O3-
content of perovskite increases with pressure from approxi-
mately 4 to 7 wt% between 24 and 25 GPa. All samples co-
existed with garnet. The arrows denote the starting composi-
tions and the direction of approach to equilibrium. The
results from Al2O3-free experiments are shown for compari-
son.

Fig. 5. The Al2O3-free and Al2O3-bearing results are shown
with the Al content of perovskite, in atoms per formula unit
normalised to two cations, above each data point. A parame-
terisation of the Fe^Mg partitioning data is shown with con-
tours for the Al content of perovskite.
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Table 4
Phase compositions in the Al2O3-bearing system

Run number,
start comp.

Chemical composition in atoms per formula unit

Si Mg 4Fe Al 4Cat 4Fe/(4Fe+Mg) Fe3þ/4Fe

V135b, 24GPa, 1650‡C, 20 h
A Gt 3.368(53) 3.150(46) 0.196(9) 1.28(73) 7.993 0.059(3)

Pv 0.926(11) 0.946(17) 0.066(6) 0.090(14) 2.029 0.065(7)
Mw 0.001(1) 0.891(3) 0.100(3) 0.0040(1) 0.997 0.101(3)

D Gt 3.531(40) 3.046(79) 0.359(11) 1.021(97) 7.958 0.105(5)
Pv 0.928(18) 0.881(24) 0.101(9) 0.107(28) 2.018 0.103(11)
Mw 0.004(13) 0.788(23) 0.198(6) 0.003(2) 0.994 0.201(10)

E Gt 3.08(9) 2.69(15) 0.386(42) 1.84(16) 8.001 0.125(19)
Pv 0.91(1) 0.871(19) 0.125(7) 0.122(20) 2.029 0.126(8)
Mw 0.001(1) 0.786(3) 0.207(3) 0.0030(3) 0.998 0.209(3)

B Gt 3.324(45) 2.906(59) 0.531(20) 1.275(77) 8.038 0.155(8)
Pv 0.877(5) 0.868(11) 0.191(6) 0.124(9) 2.061 0.181(6)
Mw 0.002(3) 0.646(5) 0.344(3) 0.003(1) 0.996 0.347(4)

H1495b, 25GPa, 1650‡C, 9 h
A Gt 3.249(72) 3.076(93) 0.174(6) 1.502(78) 8.001 0.054(2)

Pv 0.905(12) 0.919(11) 0.088(8) 0.122(17) 2.034 0.087(8) 0.76(11)
Mw 0.001(2) 0.900(3) 0.087(2) 0.007(1) 0.995 0.088(1) 0.001(8)

D Gt 3.310(46) 2.949(29) 0.323(14) 1.404(87) 7.987 0.099(3)
Pv 0.902(7) 0.881(9) 0.126(7) 0.127(15) 2.035 0.125(7) 0.82(8)
Mw 0.001(1) 0.810(3) 0.180(2) 0.006(1) 0.996 0.181(2) 0.09(8)

E Gt 3.01(2) 2.80(17) 0.365(49) 1.88(14) 8.052 0.116(16)
Pv 0.878(7) 0.856(12) 0.160(4) 0.152(5) 2.046 0.157(4) 0.67(5)
Mw 0.0010(2) 0.802(2) 0.187(2) 0.0060(3) 0.996 0.189(2) 0.07(5)

B Gt 3.227(27) 2.814(29) 0.48(3) 1.50(5) 8.023 0.146(8) 0.20(5)
Pv 0.870(6) 0.815(7) 0.208(7) 0.158(6) 2.051 0.204(6) 0.68(5)
Mw 0.001(1) 0.664(4) 0.324(3) 0.006(1) 0.996 0.328(3) 0.19(5)

S2705, 24 GPa, 1900‡C, 4 h
A Gt 3.44(11) 3.14(22) 0.193(23) 1.18(32) 7.963 0.058(3)

Pv 0.922(10) 0.919(9) 0.07(1) 0.110(18) 2.023 0.072(9)
Mw 0.002(2) 0.885(5) 0.098(2) 0.009(1) 0.994 0.100(3)

D Gt 3.369(55) 3.01(5) 0.314(9) 1.29(11) 7.985 0.094(2)
Pv 0.917(10) 0.888(16) 0.109(6) 0.110(17) 2.027 0.110(6)
Mw 0.003(6) 0.793(10) 0.188(4) 0.008(1) 0.993 0.192(3)

E Gt 3.19(12) 2.84(11) 0.352(14) 1.60(25) 8.000 0.110(4)
Pv 0.898(6) 0.866(7) 0.137(5) 0.134(7) 2.035 0.137(5)
Mw 0.004(9) 0.775(14) 0.206(5) 0.007(1) 0.992 0.210(2)

B Gt 3.296(30) 2.78(2) 0.522(9) 1.340(44) 8.003 0.158(3)
Pv 0.894(3) 0.826(5) 0.187(4) 0.133(3) 2.040 0.184(4)
Mw 0.003(2) 0.638(4) 0.345(3) 0.008(1) 0.994 0.351(2)

H1717, 25 GPa, 1900‡C, 4 h with added ReO2

D Gt 3.21(1) 3.09(1) 0.224(7) 1.510(5) 8.040 0.068(2)
Pv 0.890(6) 0.871(8) 0.136(6) 0.142(8) 2.039 0.135(6)
Mw 0.001(1) 0.822(5) 0.162(4) 0.008(1) 0.994 0.165(4)

B Gt 3.30(2) 2.92(6) 0.46(2) 1.34(2) 8.030 0.137(4)
Pv 0.864(6) 0.812(5) 0.209(7) 0.167(6) 2.053 0.205(6)
Mw 0.002(1) 0.661(3) 0.320(4) 0.010(1) 0.993 0.326(4)

A Gt 3.26(2) 3.15(4) 0.145(9) 1.45(4) 8.010 0.044(3)
Pv 0.916(6) 0.941(6) 0.079(4) 0.100(6) 2.035 0.077(4)
Mw 0.002(3) 0.897(6) 0.087(2) 0.008(1) 0.994 0.088(2)

E Pv 0.870(5) 0.853(6) 0.157(7) 0.166(4) 2.047 0.156(6)
Mw 0.001(1) 0.795(3) 0.192(3) 0.007(1) 0.995 0.194(3)

Legend as in Table 3.
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apparently a¡ect the spectra for magnesiowu«stite,
the white line intensities at the L3 edge are obvi-
ously in£uenced by the incorporation of Al2O3 in
perovskite. The peak intensity of the L3 edge
shows a chemical shift to higher energy in the
Al2O3-bearing perovskite re£ecting a much higher
Fe3þ/4Fe ratio [16]. Fig. 7 shows analyses of mag-
nesiowu«stite and perovskite Fe3þ/4Fe ratios from
experiment H1495 in both Al2O3-free and Al2O3-
bearing systems, plotted against the Fe/(Fe+Mg)
ratio of the particular phase. For magnesiowu«stite
in both systems the Fe3þ/4Fe ratios increase with
Fe/(Fe+Mg) but do not exceed 20%. These results

are in agreement with several previous studies on
magnesiowu«stite Fe3þ/4Fe ratios at high pressure
[21,22]. In the Al2O3-free system, the perovskite
Fe3þ/4Fe ratio also increases with Fe/(Fe+Mg)
ratio to reach a maximum of approximately
20%. Al2O3-bearing perovskite Fe3þ/4Fe ratios,
however, are over three times greater, falling be-
tween 60 and 80%. Although we are not able to
demonstrate equilibrium for the Fe3þ concentra-
tions, we note that in a previous study [14] oxida-
tion of Fe2þ in perovskite from initially reduced
starting compositions occurred very rapidly, re-
sulting in Fe3þ/4Fe ratios of 30% in 1 h and sim-
ilar ratios after 8 h.

4. Partitioning under more reducing conditions

Partitioning experiments attempted under re-
ducing conditions, in the presence of metallic
Fe, were hindered by several problems. Initially,
multi-chamber Fe capsules were employed to im-
pose reducing conditions but these were discarded
after it was found that the junction between the
Fe capsule and the outer MgO sleeve of the multi-

Fig. 6. Typical Fe L23 ELNES of magnesiowu«stite (Mw) and
perovskite (Pv) in Al2O3-free and -bearing (+Al) systems.
The spectra have been normalised to their maximum inten-
sity and shifted vertically for clarity. Note the variation in
the intensity of the peaks at 707.8 and 709.5 eV, re£ecting
the variation in the Fe2þ and Fe3þ contents, respectively.
Spectra have been gain-normalised, background-subtracted
and deconvoluted using the low-loss spectra and the Fe3þ/
4Fe ratio has been determined by the treatment described by
van Aken et al. [16].

Fig. 7. ELNES spectroscopic measurements of Fe3þ/4Fe ra-
tios for coexisting magnesiowu«stite and perovskite in Al2O3-
free (¢lled symbols) and Al2O3-bearing (open symbols) sys-
tems from experiment H1495.
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anvil assembly imposes a very low fo2 on the
samples. This results in metallic Fe precipitation
mainly from the magnesiowu«stite within the sam-
ples. The precipitation of Fe metal from magne-
siowu«stite is a relatively slow process and for
phases where Fe^Mg equilibrium is achieved rap-
idly, such as for ringwoodite and magnesiowu«stite
[22], this does not pose a signi¢cant problem.
Although some reduction may take place the
Fe^Mg equilibrium between the phases is still
maintained. For perovskite and magnesiowu«stite,
on the other hand, the attainment of Fe^Mg equi-
librium takes much longer in comparison to the
much faster reduction of FeO, such that almost
all the FeO is reduced out of magnesiowu«stite
before the perovskite Fe/(Fe+Mg) ratio has
shifted even slightly towards equilibrium.

A number of further experiments were then per-
formed using alumina capsules with 20 wt% me-
tallic Fe added to the starting mixtures. Experi-
ments in both Al2O3-free and Al2O3-bearing
systems performed for over 1 day at 1650‡C and
25 GPa, however, showed no noticeable shift in
composition from the starting Fe/(Fe+Mg) ratios.
The relatively low fo2 most likely reduces the
point defect concentration within perovskite and
signi¢cantly reduces the rate of cation di¡usion.
We estimate that to reach Fe^Mg equilibrium be-
tween perovskite and magnesiowu«stite requires at
least one order of magnitude more time at metal-
lic Fe saturation than under more oxidising con-
ditions in Re capsules, for grain sizes analysable
with the electron microprobe (v 5 Wm).

5. Discussion

The high Fe3þ/4Fe ratios measured for Al2O3-
bearing perovskite in this study seem to imply
that these samples were synthesised at relatively
oxidising conditions. The ¢rst question to address,
therefore, is from where does the additional oxy-
gen in these products originate? The starting ma-
terials were all synthesised under reducing condi-
tions and in only one experiment (H1717) was an
additional oxidant (ReO2) added to the sample. It
has been suggested that the high Fe3þ concentra-
tions measured in Al2O3-bearing perovskite might

result from disproportionation of Fe2þ to produce
metallic Fe and Fe3þ [14]. TEM investigation,
however, did not detect any metallic Fe within
our samples, as seen in Fig. 3a,b, so in this case
we can discount this mechanism. There are, how-
ever, a number of possible sources of oxidant in
such multianvil experiments. Pore space oxygen,
for example, may be relatively high in these sam-
ples because they are small and the powders are
di⁄cult to pack down to a high density. Similarly,
H2O in the assembly could also oxidise the sample
or connect relatively oxidised regions of the as-
sembly, such as the LaCrO3 furnace, with the
sample. The MgO sleeve adjacent to the furnace
contains up to 2 wt% Cr after the experiments. If
Cr is in the 2+ valence state in the MgO, as seems
plausible judging from a previous study [23], the
reduction of the Cr3þ from the furnace would
release a signi¢cant amount of oxygen. As the
additional oxygen did not arise from the starting
material itself, one of these aforementioned exter-
nal sources must be responsible for the oxidation.
The system must therefore be open with respect to
oxygen in this type of multianvil con¢guration.

In experiment H1717 30 wt% of a Re^ReO2

mix was added to the starting compositions. After
the experiment scanning electron microscopy and
electron microprobe analyses revealed Re and
ReO2 dispersed throughout the samples in the ap-
proximate proportions to which they were added.
The partitioning results from this experiment are
identical to the other Al-bearing experiments
where ReO2 was not added, within the experimen-
tal uncertainties. This implies that either all the
experiments run in Re capsules experienced an
oxygen fugacity indistinguishable from the Re^
ReO2 bu¡er, whether ReO2 was added or not,
or that the oxygen fugacity has little in£uence
on the observed partitioning. We ¢nd the former
scenario to be more likely. The fact that the quan-
tities of the bu¡ering assemblage were not per-
turbed signi¢cantly during the experiment is a
good indication that the ambient oxygen fugacity
of the multianvil assembly is close to Re^ReO2,
even in the absence of ReO2.

When we compare our Al2O3-free results with
previously published partitioning data collected at
similar conditions [8] we ¢nd that these studies
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mainly report lower values for the apparent dis-
tribution coe⁄cient, Kapp as de¢ned in Eq. 1, than
observed in our experiments. It is quite likely,
however, that equilibrium was not reached in
many previous studies because run times were
generally less than 1 h. The only previously pub-
lished Al2O3-free results to be in good agreement
with our data are those of Katsura and Ito [24],
who used a B2O3 £ux to aid the attainment of
equilibrium. For the Al2O3-bearing system we
also ¢nd a poor agreement between our parame-
terised results and those previously reported
[11,12,25]. Although clearly an e¡ect on the par-
titioning can be observed due to the presence of
Al2O3 in these studies, no quantitative trend with
the perovskite Al2O3 content is observed when
these data are considered, even allowing for the
fact that fo2 may also in£uence partitioning. We
can only conclude that equilibrium was not fully
achieved in many of these previous experiments as
run times were again comparatively short and in
the range 0.3^4 h.

In Fig. 8a the concentrations of Al and Fe3þ in
perovskite samples are plotted from this study
along with those of Lauterbach et al. [14]. In
the study of Lauterbach et al. the capsule material
used does not appear to have in£uenced the re-
ported Fe3þ contents. The similarity in Fe3þ con-
tents measured in both Fe and Re capsules could
mean that either the perovskite Fe3þ concentra-
tion is independent of oxygen fugacity or that the
use of Fe capsules alone was not e¡ective in buf-
fering the oxygen fugacity of the entire sample.
Either way, the results from both capsule types
used by Lauterbach et al. and our results form a
consistent trend with the Al content. Such a trend
would probably not be observed if Fe3þ were not
saturated in the perovskite structure for a given
Al concentration.

When our results and those of Lauterbach et al.
[14] are considered together in Fig. 8a the Fe3þ

concentration has an apparently non-linear de-
pendence on the Al content. For low Al contents
the Fe3þ dependence is relatively weak and might
be considered linear, but as the Al contents rise
above 0.1 formula units the gradient increases and
compositions containing equal Al and Fe3þ are
approached. While the solid curve in Fig. 8a is

Fig. 8. (A) The variation of Al and Fe3þ in silicate perov-
skite reported as atoms per formula unit (PFU) normalised
to two cations. Results are from this study and that of Lau-
terbach et al. [14]. The dotted line shows a 1:1 correspond-
ence. The solid curve is a least squares regression to both
data sets. The dashed curve shows the dependence of the
perovskite Fe/(Fe+Mg) ratio with Al2O3 concentration deter-
mined from Eq. 5 of the partitioning parameterisation. The
compositions of two (Mg,Fe,Al)(Al,Si)O3 diamond inclusions
from San Luiz are also shown [6]. (B) The variation of the
Si content of perovskite with combined 3+ atoms (i.e.
A3þ = Al3þ+Fe3þ). Two curves for likely substitution mecha-
nisms are indicated. For the component A2O3 substitution of
A3þ cations takes place onto both six-fold and eight-fold
sites, while for the MgAO2:5 component A3þ cations are only
on the six-fold site balanced by an oxygen vacancy.
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a least squares ¢t to the two data sets, the dashed
curve is taken from Eq. 5 of the Fe^Mg partition-
ing parameterisation. Eq. 5 gives the variation in
Fe/(Fe+Mg) ratio of Al2O3-bearing perovskite, as
a function of the Al content, at a ¢xed magnesio-
wu«stite Fe content. The intercept on the y-axis of
the dashed curve was adjusted to correspond to
the average Fe3þ content of Al-free perovskite. In
reality this intercept will vary as a function of the
perovskite Fe/(Fe+Mg) ratio as indicated in Fig. 7
but because this e¡ect is much smaller than the
in£uence of Al we have ignored it here. The two
curves shown in Fig. 8a are almost identical, dem-
onstrating that the additional Fe contents ob-
served to partition into Al2O3-bearing perovskite
are approximately equal to the Fe3þ concentra-
tions. Therefore, within the precision of our ex-
periments, the addition of Al2O3 to perovskite
seems to only in£uence the Fe3þ partitioning be-
tween perovskite and magnesiowu«stite and does
not a¡ect the Fe2þ concentration in each phase.

In Fig. 8b the Si content of perovskite is plotted
against the combined Fe3þ and Al concentrations.
The two solid lines show the trends expected for
substitution of A3þ atoms (where A3þ = Fe3þ+
Al3þ) via the A2O3 component, i.e. 3+ atoms in
both eight-fold (normally occupied by Mg2þ) and
six-fold (normally Si4þ) coordinated perovskite
sites, and also for the MgAO2:5 component, i.e.
a 3+ atom only on the six-fold site. For lower A3þ

cation concentrations the data fall between both
substitution mechanisms, although uncertainties
here are high due to the relatively low concentra-
tions, however, as A3þ cation concentrations in-
crease the data fall much closer to the A2O3 com-
ponent mechanism. Previous studies [26,27] have
indicated that Al may substitute onto both sites
(i.e. an A2O3 component), while for Al2O3-free
perovskite Fe3þ apparently substitutes onto the
six-fold coordinated site balanced by an oxygen
vacancy [28]. The non-linear Fe3þ versus Al trend
in Fig. 8a implies, however, that the substitution
mechanism is changing with A3þ cation concen-
tration, this is also inferred by Fig. 8b. This could
result from Fe3þ substitution onto the six-fold site
for low Al2O3 concentrations, as observed for
Al2O3-free perovskite [28], but onto both sites at
higher Al2O3 contents. A further possibility that

leads on from this is that at high Al2O3 contents
substitution of a FeAlO3 component occurs,
where Fe3þ preferentially substitutes onto the
eight-fold site and is charge balanced by Al on
the six-fold site. This is consistent with the obser-
vations in Fig. 8a where Fe3þ is initially weakly
correlated with Al, which would be expected if it
were only entering the six-fold site, but a much
stronger correlation occurs for higher Al contents,
as FeAlO3 substitution becomes the dominant
mechanism. FeAlO3 substitution makes crystallo-
graphic sense because the cation^site size mis-
match is almost the same for Fe3þ on the eight-
fold site as it is for Al on the six-fold site [29],
which is not the case for the opposite AlFeO3

scenario where Al is on the eight-fold site. Atom-
istic computer simulations have also shown the
FeAlO3-coupled substitution mechanism to be
the most energetically favourable for the incorpo-
ration of Al and Fe3þ into perovskite [30].

The 660 km seismic discontinuity is widely be-
lieved to result from the breakdown of ringwoo-
dite to produce magnesiowu«stite and perovskite
via the reaction:

ðMg;FeÞ2SiO 4ringwoodite ¼ ðMg;FeÞSiO 3perovskiteþ

ðMg;FeÞO
magnesiow€uustite

ð6Þ

This discontinuity is apparently sharp, i.e. it oc-
curs over a narrow pressure interval, and this is
consistent with partitioning experiments in the
Al2O3-free system that show the Fe/(Fe+Mg) ra-
tio of ringwoodite to be close to the combined Fe/
(Fe+Mg) ratio of coexisting magnesiowu«stite and
perovskite. A sharp almost univariant transfor-
mation occurs because Fe is partitioned almost
equally between both sides of Eq. 6. With the
addition of Al2O3 to the system, however, Fe par-
titions more favourably into perovskite, which in-
creases the Fe partitioning onto the right hand
side of Eq. 6 and the pressure interval of the re-
action would be broadened. As perovskite would
contain Al2O3 at the ‘660’, this may be inconsis-
tent with a sharp discontinuity. Wood [12] pro-
posed, however, that because the solubility of
Al2O3 in perovskite is relatively low at pressures
corresponding to the ‘660’, the phase relations at
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these conditions would not be signi¢cantly di¡er-
ent to those in the Al2O3-free system, thus pre-
serving a sharp discontinuity. These observations
are supported and strengthened by our ¢ndings.
Due to the non-linear dependence of Fe3þ on Al,
the e¡ect on the Fe^Mg partitioning would be
relatively small for the perovskite Al2O3 contents
expected at the ‘660’ (6 2 wt%). Further, as
Al2O3 only seems to in£uence the Fe3þ partition-
ing, and not Fe2þ, then any e¡ect on the ‘660’ is
also likely to be small because the average mantle
probably has a relatively low Fe3þ/4Fe ratio [3].

6. Implications for deep mantle diamond inclusions

Analyses of mantle xenoliths suggest that the
upper mantle has quite a low Fe3þ/4Fe ratio, per-
haps as low as 2% [3]. If the lower mantle pos-
sesses a similar Fe3þ/4Fe ratio then lower mantle
perovskite should be relatively poor in Fe3þ. One
might, therefore, conclude that our partitioning
results, being probably at conditions of Fe3þ sat-

uration in the perovskite structure, have little ap-
plication to the Earth’s mantle. The only samples
currently available that may originate from the
lower mantle are inclusions found in diamonds.
Several diamonds have been identi¢ed which con-
tain assemblages of (Mg,Fe,Al)(Al,Si)O3 pyroxene
and Al2O3-free pyroxene that it has been argued
originally crystallised as silicate perovskite in the
lower mantle [5^7]. Magnesiowu«stite inclusions
are also present in many of these diamonds.
Mo«ssbauer spectroscopy on some pyroxene inclu-
sions has revealed remarkably high Fe3þ/4Fe ra-
tios of over 70% in one aluminous sample and a
trend between the Fe3þ/4Fe ratio and the Al2O3

content has also been observed [31]. The Fe3þ/4Fe
ratios of several inclusions are, therefore, similar
to those measured in our experiments. In Fig. 9
we compare compositions of (Fe,Mg)O and
(Mg,Fe,Al)(Al,Si)O3 inclusions found in the
same diamonds from Sao Luiz and Kankan with
our parameterised results, in order to test if the
Fe^Mg partitioning between these inclusions is
consistent with an origin in the lower mantle. It
should be stressed that no inclusions have been
found that possess the structure of silicate perov-
skite and they are reported as being pyroxenes,
however, perovskite would be expected to back
transform to a lower pressure structure as it is
very unstable outside of its stability ¢eld. Many
of the inclusions with low Al2O3 contents are in
excellent agreement with our experimental data
but inclusions with intermediate and high Al2O3

contents show quite poor agreement with our re-
sults. The Fe/(Fe+Mg) ratios for (Mg,Fe,Al)
(Al,Si)O3 inclusions containing 0.2 formula units
of Al should be signi¢cantly higher than observed
according to our results. In Fig. 9 we have also
plotted the Fe3þ and Al contents in formula units
for inclusions BZ251B and BZ210B [6]. Both in-
clusions plot below the substitution trend dis-
played by the experimental data. Although the
Fe3þ/4Fe ratio of inclusion BZ210B is relatively
high (70%), the Fe/(Fe+Mg) ratio is lower than
expected for a perovskite containing this much
Al2O3, if it formed at similar conditions encoun-
tered in our experiments. We cannot of course
exclude the possibility that the inclusions equili-
brated in the lower mantle at conditions that were

Fig. 9. A comparison of Fe^Mg partitioning between coexist-
ing (Mg,Fe)O, (Mg,Fe)SiO3 and (Mg,Fe,Al)(Al,Si)O3 inclu-
sions in diamonds proposed to come from the lower mantle,
with the parameterisation from our study. The Al contents
of the proposed perovskite inclusions are shown above/below
each data point in atoms per formula unit.
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not covered in our study. At higher pressure, for
example, the apparent coupled substitution of Al
and Fe3þ inferred by our study may not occur.
Computer simulations, however, suggest that this
does remain the most favourable mechanism for
Al and Fe3þ substitution into perovskite to pres-
sures of at least 100 GPa [30].

7. Summary

Fe^Mg partitioning experiments were per-
formed between perovskite and magnesiowu«stite
in the 24^25 GPa pressure range in Al2O3-bearing
and Al2O3-free systems. Re capsules were used to
provide a relatively oxidising environment for the
experiments.

Reversal and time study experiments indicate
that run times of at least 8 h at 1650‡C are re-
quired for Fe^Mg equilibrium to be achieved
under relatively oxidising conditions. Preliminary
experiments performed at lower fo2 in the pres-
ence of metallic Fe, however, reveal equilibration
times that are at least an order of magnitude
slower than this. Reducing the fo2 most likely
lowers point defect concentrations in perovskite,
resulting in very slow cation di¡usion.

For Al2O3-free compositions Fe is preferen-
tially partitioned into magnesiowu«stite, in the ra-
tio of approximately 3:1. As the maximum Al2O3

content of perovskite increases with pressure, we
observe Fe to partition more equally between pe-
rovskite and magnesiowu«stite.

The increase in the Fe/(Fe+Mg) ratio of perov-
skite for a given magnesiowu«stite composition is a
non-linear function of the perovskite Al2O3 con-
centration.

ELNES spectroscopy measurements of Fe3þ/
4Fe ratios show that the additional Fe that par-
titions into perovskite with increasing Al2O3 con-
tent is Fe3þ and no e¡ect on the Fe2þ partitioning
can be detected. Fe3þ/4Fe ratios of s 80% were
observed for some Al2O3-rich perovskites. The
dependence of the perovskite Fe3þ solubility on
the Al2O3 content is non-linear such that low
Al2O3 concentrations have only a small e¡ect on
the Fe3þ content.

The non-linear perovskite Fe3þ^Al dependence

may result from Fe3þ substitution switching from
the six-fold site for low Al2O3 concentrations to a
coupled FeAlO3 component substitution at higher
Al2O3 contents, where Fe3þ is entirely on the
eight-fold site charge balanced by Al3þ on the
six-fold site.

The Fe partitioning between some (Mg,Fe)SiO3

and (Mg,Fe)O diamond inclusions is quite consis-
tent with an origin in the lower mantle. However,
the (Mg,Fe,Al)(Al,Si)O3 inclusions examined do
not show the same partitioning relations as ob-
served in our experiments and do not follow the
same Al^Fe3þ substitution mechanism.
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