
Physics of the Earth and Planetary Interiors 155 (2006) 96–103

Al, Fe substitution in the MgSiO3 perovskite structure:
A single-crystal X-ray diffraction study

C.B. Vanpeteghem a,∗, R.J. Angel a, N.L. Ross a, S.D. Jacobsen b,
D.P Dobson c, K.D. Litasov d, E. Ohtani d

a Crystallography Laboratory, Department of Geosciences, Virginia Polytechnic Institute and State University,
Derring Hall, Blacksburg, VA 24061, USA

b Geophysical Laboratory, Carnegie Institute of Washington, 5251 Broad Branch Road, NW, Washington DC 20015, USA
c Department of Earth Sciences, University College London, Gower Street, London WC1E 6BT, UK

d Institute of Mineralogy, Petrology and Economic Geology, Tohoku University, Sendai 981-8578, Japan

Received 22 April 2005; received in revised form 22 August 2005; accepted 12 October 2005

Abstract

We have determined by single-crystal X-ray diffraction the crystal structure of three Fe–Al–MgSiO3 perovksite samples containing
up to 9.5 wt% of Al2O3 and 19 wt% of FeO. We find that there is no evidence for Fe (Fe3+ or Fe2+) on the octahedral site. Therefore,
we deduce that the two dominant substitution mechanisms for the combined substitution of Al and Fe into the perovskite structure
are: (i) MgA

2+ + SiB
4+ ⇔ FeA

3+ + AlB
3+, where the excess of Fe is accommodated by (ii) MgA

2+ ⇔ FeA
2+. This is in agreement with

all past theoretical and experimental work and solves the long-debated issue of Fe3+ occupancy in the perovskite structure.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Magnesium silicate perovskite (MgSiO3) is believed
to be the dominant phase in Earth’s lower mantle, co-
existing with magnesiowüstite (Mg,Fe)O and CaSiO3
perovskite (e.g. Kesson et al., 1998; Serghiou et al., 1998;
Shim et al., 2004). The physical and chemical properties
of perovskite and magnesiowüstite, and the distribution
of major elements between these phases should there-
fore account for the bulk seismic properties of the lower
mantle. In particular, partitioning of iron (Fe2+ and Fe3+)
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and aluminum between the various phases is expected to
influence the elasticity and rheology of the lower mantle
(e.g. Jackson, 1998; Kung et al., 2002; Yamazaki and
Karato, 2002), its bulk transport properties (e.g. Xu et
al., 1998) as well as possible compositional layering (e.g.
Kellogg et al., 1999; Badro et al., 2003). Since cation par-
titioning is ultimately controlled by structure, a detailed
picture of silicate perovskite crystal chemistry with vary-
ing Fe and Al substitution is necessary to further our
understanding of the lower mantle assemblage.

Over the past 10 years, much effort has been made
to determine the effect of Al substitution on the phys-
iochemical properties of Fe–MgSiO3 perovskite (e.g.
McCammon, 1997; Richmond and Brodholt, 1998;
Wood, 2000; Brodholt, 2000; Lauterbach et al., 2000;
Andrault et al., 2001). Previous work by Wood and
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Rubie (1996) and Frost and Langenhorst (2002) indi-
cated that the presence of Al causes a significant increase
in the partioning of Fe into Fe–MgSiO3 perovskite co-
existing with magnesiowütstite. It is, therefore, of critical
importance to determine site occupancies of all possible
cations that could be hosted by magnesium silicate per-
ovskite.

The perovskite structure, generally ABO3, is com-
posed of a corner-linked octahedral framework (B cation
site) with the octahedra sharing triangular faces with a
larger dodecahedral A cation site formed by the spaces
within the three-dimensional octahedral network. The
structure of Al–Fe–MgSiO3 perovskite (space group
Pbnm) is an orthorhombic distortion from the ideal cubic
perovskite structure with space group Pm3m (Horiuchi
et al., 1987).

Previous studies (Horiuchi et al., 1987; Kudoh et
al., 1990; McCammon et al., 1992; Fei et al., 1994;
McCammon, 1998; Jackson et al., 2005) determined that
Fe on its own substitutes into MgSiO3 by the following
exchange mechanisms:

MgA
2+ + SiB

4+ ⇔ FeA
3+ + FeB

3+ (1)

MgA
2+ ⇔ FeA

2+ (2)

where the subscripts A and B refer to the dodecahedral
A-site and octahedral B-site, respectively. McCammon
(1998) reported that in the presence of oxygen vacan-
cies, Fe3+ is located on the octahedral site but as the
concentration of Fe3+ increases in phases synthesized
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Richmond and Brodholt, 1998; Wood, 2000; Brodholt,
2000; Lauterbach et al., 2000; Andrault et al., 2001; Frost
and Langenhorst, 2002) have shown that (i) the Fe3+ con-
tent of MgSiO3 perovskite increases with Al content and
is independent of oxygen fugacity, (ii) Fe2+ partitioning
is independent of Al2O3 content and (iii) the substitu-
tion of 3+ cations is coupled with Al substitution, where
the highest level of cations are for X = Fe, Sc, Ga and Y
(Andrault et al., 2001; Andrault, 2003).

In summary, previous studies indicate that Fe2+ occu-
pies the dodecahedral A-site, whereas the location of
Fe3+ within the silicate perovskite structure remains
unclear. Therefore, we have carried out a single-crystal
X-ray diffraction study on several well-characterized
Fe–Al–MgSiO3 crystals to determine the site occupan-
cies of Al and Fe, and hence deduce the possible sub-
stitution mechanisms. Our results, based on the three
samples studied here, are in agreement with all previous
experimental and theoretical work and solve the ques-
tion of Fe3+ occupancy in the lower mantle perovskite
structure.

2. Experimental methods

Five different synthetic samples of Mg-perovskites
have been used in this study and their compositions are
summarized in Table 1. The Mg-perovskites were syn-
thesized at 24–25 GPa and 1750–2000 ◦C in a multi-anvil
press apparatus available at the Bayerisches Geoinstitut
by Bolfan-Casanova (2000) and Dobson and Jacobsen
t higher oxygen fugacity, Fe3+ occupies both sites.

auterbach et al. (2000) showed that an additional sub-
titution mechanism can operate along with mechanisms
1) and (2) through creation of oxygen vacancies when
e3+ replaces Si4+ as follows: 1

2 O2
− + SiB4+ ⇔ 1

2 Vo +
eB

3+. This mechanism is analogous to that described
or Fe substitution in CaTiO3 (Becerro et al., 1999).

In Fe-free MgSiO3, Al substitution is accommodated
y two mechanisms analogous to those found for Fe
ubstitution (Kesson et al., 1995; Andrault et al., 1998;
tebbins et al., 2001, 2003; Yamamoto et al., 2003;
avrotsky et al., 2003; Akber-Knutson and Bukowinski,
004):

gA
2+ + SiB

4+ ⇔ AlA
3+ + AlB

3+ (3)
1
2 O2

− + SiB4+ ⇔ 1
2 Vo + AlB3+ (4)

The vacancy substitution mechanism (4) is sup-
ressed by increasing pressure and is only significant in
he uppermost part of the lower mantle (Brodholt, 2000).

In addition, numerous previous synthesis and phase-
quilibrium studies of Al incorporation into Fe–MgSiO3
e.g. Wood and Rubie, 1996; McCammon, 1997;
(2004). Al and Fe-bearing samples were synthesized by
Dobson and Jacobsen (2004) at the Bayerisches Geoin-
stitut and by Litasov and Ohtani (2002) in a Kawai-type
(MA8) multi-anvil press at Tohoku University (Litasov
and Ohtani, 2002). Bolfan-Casanova (2000) used oxide
mixtures of MgO, SiO2 and Mg(OH)2 as a starting mate-
rial. The temperature was held at ∼1750 ◦C for up to 10 h
before rapid quenching and slow decompression last-
ing 12–30 h. Chemical analyses were performed with a
Cameca SX50 electron microprobe at 15 nA and 15 kV.

Dobson and Jacobsen (2004) synthesized large pure-
Mg and Al–Fe–Mg-perovskite crystals up to 300 �m in
size by fluxing the system in molten NaCl at 24 GPa.
Temperature cycling between 1850 and 2050 ◦C was
used to enhance grain growth, before rapid quenching
and ∼15 h decompression. The chemical compositions
of the samples were determined using a JEOL 733 elec-
tron microscope on as-grown (not polished) crystals at
2 nA and 15 kV.

Two additional samples of Al–Fe–Mg-perovskite,
one corresponding to peridotite and the other having
closer to MORB composition, were synthesized from
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Table 1
Chemical composition of the silicate perovskite samples

Sample # 1 2 3 4 5
MgSiO3

a MgSiO3
b MgAlFeSiO3

b MgAlFeSiO3
c MgAlFeSiO3

c

NaO2 – 0.24(2) 0.53(3) – –
MgO ∼37d 40.3(8) 37.1(7) 34.4(2) 25.5(8)
Al2O3 – – 1.00(4) 5.6(4) 9.5(7)
SiO2 ∼60d 59.4(7) 58.6(4) 53.2(3) 44(1)
FeO – – 2.8(3) 6.1(4) 19(1)
TiO2 – – – – 2.2(3)
Na – 0.008 0.017 – –
Mg 0.958 1.002 0.934 0.883 0.686
Al – – 0.020 0.113 0.202
Fe – – 0.040 0.088 0.287
Si 1.042 0.990 0.989 0.916 0.795
Ti – – – – 0.030

a Bolfan-Casanova (2000).
b Dobson and Jacobsen (2004).
c This work.
d The sample contains a small amount of Cr.

mixed oxide starting materials (plus variable amounts
of water added as brucite) by Litasov et al. (2003). For
the peridotite-type Mg-perovskite, an oxide mixture was
used as a starting material. 10 wt% H2O as Mg(OH)2 was
added to the sample, with an appropriate adjustment of
the proportion of MgO to maintain the perovskite sto-
ichiometry. The sample was synthesized at 25 GPa and
1800 ◦C for up to 6 h before rapid quenching. FTiR mea-
surements on the recovered sample show no evidence
for water. In the MORB sample, minor stishovite and
quenched melt were observed in recovered samples. The
sample was synthesized at 25 GPa and 1250 ◦C for 6 h.
Once again, no water was detected in the synthesized
sample. In the peridotite sample, the perovskite co-
existed with majorite-garnet, because the synthesis tem-
perature was below that of perovskite-magnesiowüstite
stability. The chemical composition of the Al–Fe–Mg-
perovskites was determined by electron microprobe
(JEOL Superbrobe, JXA-8800) under the operating con-
ditions of 15 kV and 10 nA specimen current.

All perovskite samples showed broadened diffrac-
tion peak profiles when examined by a point detector,
which we attribute mostly to cracking and development
of sub-grain boundaries, probably on decompression in
the multi-anvil press. Subsequent analysis also indicates
the presence of minor twinning on {1 1 0} in some sam-
ples. We therefore used an Xcalibur-2 diffractometer
equipped with a Sapphire-III CCD detector for inten-
sity data collection, which allows the entire peak profile
at each peak to be integrated directly on to the detec-

ing the symmetrically equivalent reflections, the remain-
ing independent reflections with (F > 4σ (F)) were used
to refine structures with RFINE99, an updated version
of RFINE4 (Finger and Price, 1974).

The potential for several different cations to occupy
both the A and B cation sites of these perovskites,
together with the possibility of vacancies on the anion
positions, means that refinement models have to be con-
structed and interpreted with care so as to not bias the
results. First, we note that the X-ray scattering factors of
Al, Si and Mg atoms are very similar so they cannot be
distinguished by direct refinement of site occupancies.
We therefore used the scattering factor for Si to represent
the total occupancy of Mg + Al + Si on the B-site, and the
scattering factor of Mg to represent the total occupancy
of Mg + Al + Si on the A-site. However Fe, with approx-
imately twice the scattering power than Al, Si and Mg,
can be readily distinguished by X-ray diffraction mea-
surements. Since the ionic scattering factors of Fe2+ and
Fe3+ are very similar, we used the scattering factors of
neutral atoms in all refinements. The cation site occu-
pancies were then refined as Mg + Fe for the A-site, and
Si + Fe for the B-site, with the assumption that both sites
are 100% occupied. When the refined Fe content of a site
fell to zero it was fixed at zero in the final refinements
reported here.

Given the nature of X-ray diffraction measurements,
it is not possible to simultaneously refine the occupancies
of all of the atomic sites within a crystal structure. It is
therefore not possible to simultaneously refine the cation
tor. Absorption corrections were performed by numerical
integration in ABSORB 6.0 (Angel, 2004). After averag-
site occupancies and the vacancy content of the oxygen
sites in these perovskites. Therefore, for each refinement
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Table 2
Unit cell parameters, refinement parameters, refined fractional occupancies, refined atomic coordinates and equivalent isotopic temperature factor
(Beq) of MgSiO3 and (Mg,Fe)(Al,Si)O3

Sample # 1 2 3 4 5
MgSiO3

a MgSiO3
b MgFeAlSiO3

b MgFeAlSiO3
c MgFeAlSiO3

c

Cell parameters
a (Å) 4.7803(9) 4.7780(2) 4.809(1) 4.7820(1) 4.8078(3)
b (Å) 4.9265(8) 4.9298(3) 4.924(1) 4.9422(2) 5.0066(2)
c (Å) 6.8974(1) 6.8990(3) 6.918(1) 6.9207(3) 7.0358(1)
V (Å3) 162.43(3) 162.502(1) 163.814(1) 163.561(1) 169.357(1)
Nb. reflections 3145 1511 2366 1242 2753
Density 4.138 4.106 4.106 4.188 4.301
Rint 0.030 0.06 0.025 0.021 0.031

Refinement
Nb. reflections 422 372 219 211 179
Ru 0.028 0.024 0.035 0.021 0.018
Rw 0.035 0.064 0.036 0.020 0.015

Mg, Fe, Al (A-site)
XMg 1.00 1.00 0.927(2) 0.931(1) 0.719(5)
XFe – – 0.028 0.069 0.281
x 0.5139(2) 0.5138(1) 0.5128(4) 0.5136(2) 0.5164(2)
y 0.5558(2) 0.5559(1) 0.5550(3) 0.5564(2) 0.5608(1)
z 0.25 0.25 0.25 0.25 0.25
Beq 0.46(1) 0.83(2) 0.83(4) 0.59(2) 0.60(2)

Si, Al (B-site)
XSi or XAl+Si 1.00 1.00 1.00 1.00 1.00
x 0.50 0.50 0.50 0.50 0.50
y 0.00 0.00 0.00 0.00 0.00
z 0.50 0.50 0.50 0.50 0.50
Beq 0.25(1) 0.58(1) 0.65(3) 0.48(2) 0.59(2)

O1

x 0.1032(4) 0.1019(3) 0.1019(8) 0.1063(5) 0.1155(5)
y 0.4664(4) 0.4664(2) 0.4650(6) 0.4635(4) 0.4551(4)
z 0.25 0.25 0.25 0.25 0.25
Beq 0.33(2) 0.73(2) 0.82(6) 0.63(4) 1.01(5)

O2

x 0.1968(3) 0.1963(2) 0.1959(4) 0.1951(2) 0.1922(3)
y 0.2013(3) 0.2013(2) 0.2007(4) 0.1993(3) 0.1965(3)
z 0.5524(2) 0.5526(1) 0.5529(4) 0.5524(2) 0.5592(2)
Beq 0.33(2) 0.75(2) 0.83(4) 0.61(3) 1.11(4)

a Bolfan-Casanova (2000).
b Dobson and Jacobsen (2004).
c This work.

we fixed the oxygen vacancy content at a chosen value
and then refined the cation site occupancies. As expected,
the refined Fe content changes with the chosen oxygen
vacancy level, and comparison with the compositions
determined by microprobe analysis provides a test of the
validity of each vacancy model. A further test is provided
by the resulting quality of fit to the measured intensity
data, which changes significantly with oxygen vacancy
content.

Our refinement models also take into account the
presence of a minor twin component in two of our sam-

ples, by refining the data with the appropriate twin law.
Finally, all refinements include anisotropic displacement
parameters. Details of the refinement results are given in
Table 2.

3. Results

By using the two pure-Mg perovskite samples as a
reference, it is possible to determine how the perovskite
structure responds to increasing Al and Fe content. There
is a positive volume change with increasing Al and Fe
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Table 3
Refined A O bond lengths (Å) in silicate perovskite

Sample # 1 2 3 4 5
MgSiO3

a MgSiO3
b MgFeAlSiO3

b MgFeAlSiO3
c MgFeAlSiO3

c

A O1 2.012(3) 2.017(1) 2.024(4) 1.999(2) 1.998(2)
A O2 (×2) 2.056(1) 2.055(1) 2.054(2) 2.046(1) 2.043(2)
A O1 2.099(2) 2.098(1) 2.093(3) 2.092(2) 2.074(2)
A O2 (×2) 2.281(1) 2.282(1) 2.296(3) 2.286(1) 2.289(1)
A O2 (×2) 2.424(1) 2.425(1) 2.431(3) 2.436(1) 2.490(2)

〈A O〉 8 2.204(2) 2.205(1) 2.209(3) 2.204(2) 2.212(2)

A O1 2.851(2) 2.844(1) 2.869(4) 2.873(2) 2.929(2)
A O1 2.957(2) 2.957(1) 2.957(3) 2.986(2) 3.098(2)
A O2 (×2) 3.115(1) 3.117(1) 3.123(2) 3.142(1) 3.237(1)

〈A O〉 12 2.472(2) 2.473(1) 2.479(3) 2.481(2) 2.516(2)

a Bolfan-Casanova (2000).
b Dobson and Jacobsen (2004).
c This work.

content. As the amount of Al increases from 0 to 2%, 11.3
and 20.7% along with Fe from 0 to 4%, 8.8 and 28.5%,
the volume increases, respectively, by 0.8, 0.7 and 4.2%
resulting in density increases of 1.5 and 4.5% for the
most Fe-rich samples. The unit cell volume increase due
to Al and Fe has been observed in previous work (e.g.
Andrault et al., 2001).

In all of the structure refinements the Fe content of
the B-site refined to zero. Test refinements with 1 mol%
of Fe (2 mol% for sample #3) allocated to the B-site
result in a significant decrease in the quality of fit to the
measured intensity data as indicated by an increase in the
R-values. Therefore, the possibility of more than 2 mol%
of Fe occupying the B-site can be excluded, and all sub-
sequent refinements were performed with the Fe content
of the B-site fixed at zero. Consequently, all the Fe atoms
occupy the A-site of the perovskite structure. For the
three perovskite samples containing 4, 8.8 and 28.5%
of Fe as determined by EPMA analysis, we found that
the Fe fractional occupancies on the A-site are, respec-
tively, 2.8, 6.9 and 28.1%, the slight discrepancies in the
numbers lying within the combined experimental uncer-
tainties of the refinement and the chemical analysis.

Since X-ray diffraction allows only the measurement
of the relative scattering power of each site, we observe,
as expected, a decrease in the refined Fe content when
the fixed oxygen vacancy content is increased. Adding
oxygen vacancies therefore leads to a mismatch between
the iron content and the chemical composition. For sam-
ple #3, starting with 2.8% of Fe, adding 1–5% of oxygen

#4 and #5, respectively, starting with 6.9 and 28%, the
addition of 1–5% of oxygen vacancies gives 6.5–5.2%
of Fe and 26.9–22% of Fe. In addition, if we fix the
fractional occupancy of Fe as measured by the chemical
composition and as given by our best refinement, the final
R-value significantly increases with the amount of oxy-
gen vacancies. It is therefore clear from our results that
the best description of the perovskite structures is the one
without oxygen vacancies, as presented in Tables 1–5.
This is in agreement with computer simulations, which
show that at the high pressure and temperature conditions
under which the samples were synthesized, the amount
of energy required to create oxygen vacancies would be
very high (Richmond and Brodholt, 1998).

Examination of the structural parameters in
Tables 3–5 shows that the addition of Fe + Al into the
perovskite structure results in (i) an increase of the
average 〈A O〉 bond distances, (ii) a shortening of the
three shortest A O bonds and (iii) an expansion of the
nine longer A O distances (Fig. 1 and Table 3). This is
a consequence of the increased tilting of the BO6 octa-
hedra that is also clearly indicated by the decrease of the
B O B angles (Fig. 2 and Table 5). Consequently, the
structure gets more distorted as Al and Fe are added into
the structure. Internally to the octahedra, the O B O
angles do not change significantly with composition
but the average bond lengths 〈B O〉 increase with Al
and Fe content (Table 4). Since the refinements indicate
that no significant amount of Fe occupies the B-site,
we deduce that the B-site expansion must be due to an
vacancies in the structure reduced the refined Fe content
from 2.6 to 2% (in this case, 1% of oxygen vacancies
is not excluded but not favored). Similarly, for samples
increase of Al occupancy on the B-site; pure aluminate
perovskites have average 〈B O〉 bond lengths in the
range of 1.899–1.910 Å.
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Table 4
Refined B O bond lengths (Å) in silicate perovskite

Sample # 1 2 3 4 5
MgSiO3

a MgSiO3
b MgFeAlSiO3

b MgFeAlSiO3
c MgFeAlSiO3

c

B O1 (×2) 1.8011(6) 1.7829(8) 1.806(1) 1.8126(7) 1.858(1)
B O2 (×2) 1.793(1) 1.7998(4) 1.803(2) 1.799(1) 1.826(2)
B O2 (×2) 1.784(1) 1.7952(8) 1.787(2) 1.794(1) 1.825(1)

〈B O〉 1.793(3) 1.793(7) 1.799(2) 1.802(3) 1.836(1)

a Bolfan-Casanova (2000).
b Dobson and Jacobsen (2004).
c This work.

Table 5
Interatomic angles within the B-site and B O B angles (degrees)

Sample # 1 2 3 4 5
MgSiO3

a MgSiO3
b MgFeAlSiO3

b MgFeAlSiO3
c MgFeAlSiO3

c

O1 B O2 88.72(7) 88.48(3) 88.5(1) 88.48(8) 88.1(1)
O1 B O2 91.49(7) 91.20(6) 91.5(1) 91.61(8) 91.9(1)
O2 B O2 89.37(2) 89.30(6) 89.02(4) 89.32(3) 89.07(4)
O2 B O2 90.63(2) 90.71(5) 90.98(4) 90.68(3) 90.93(4)
B O1 B 146.4(1) 146.4(3) 146.5(2) 145.3(1) 142.0(2)
B O2 B 147.32(8) 147.3(2) 147.0(1) 146.17(9) 143.3(1)

a Bolfan-Casanova (2000).
b Dobson and Jacobsen (2004).
c This work.

4. Discussion

The refinement results indicate that there are little or
no oxygen vacancies in these perosvkites, and 1 mol%
or less of Fe on the B cation sites within the structures.
In combination with the measured chemical composi-
tions, these results indicate that not only does effectively
all of the Fe reside on the A cation site, but that all of
the Al resides on the B cation site, as indicated by the
measured increase in B O bond lengths. These site occu-
pancies are consistent with the results of Mössbauer and
ELNES spectroscopy measurements of similar samples
(Lauterbach et al., 2000). A consequence of our obser-
vations is that the following substitution mechanisms
dominate in Al–Fe–MgSiO3 perovskites in which the
Fe content exceeds the Al content:

MgA
2+ + SiB

4+ ⇔ FeA
3+ + AlB

3+ (5)

MgA
2+ ⇔ FeA

2+ (6)

These substitution mechanisms correspond to a solid
solution between MgSiO3 and the end-member compo-
nents Fe3+Al3+O3 and FeSiO3. They can be easily under-
stood in terms of the known substitution mechanisms of
Fe into MgSiO3 and Al into MgSiO3 as described in Sec-

tion 1 and by considering the effect of Al substitution into
Fe–MgSiO3.

The coupled substitution represented by Eq. (5) is a
combination of those given in Eqs. (1) and (3), with Fe
substituting for Mg on the A-site and Al3+ for the Si4+ on
the B-site (though some amount of Al on the A-site can-
not be excluded on the basis of X-ray diffraction alone)
and the excess of Fe is accounted by Eq. (2). This agrees
with density functional theory calculations (Brodholt,
2000), which show that the substitution of Fe onto the
A-site and Al3+ onto the B-site is enegetically favored
over the opposite situation in which Fe3+ would occupy
the B-site and Al3+ the A-site. This coupled substitu-
tion of Fe and Al Eq. (5) also explains the observation
that the substitution of other trivalent cations is strongly
coupled to Al content (Andrault, 2003). In our samples,
the excess of Fe over Al is accommodated by mecha-
nism (6), which is also found in Al-free MgSiO3 (e.g.
Kudoh et al., 1990; Kesson et al., 1995; McCammon,
1998; Jackson et al., 2005). Further, our structure deter-
mination shows that there is no significant substitution
involving oxygen vacancies, in agreement with previous
theoretical calculations (Brodholt, 2000).

In summary, our results demonstrate that the incor-
poration of Al and Fe into the end-member MgSiO3
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Fig. 1. Variation of the A O bond lengths with Fe-content for silicate
perovskite. The dotted line is used as a guideline to the eye. The shortest
bond lengths get shorter while the longest bonds get longer as the Fe
content increases.

perovskite occurs via mechanism represented by Eqs.
(5) and (6). We can rule out the formation of oxy-
gen vacancies and the incorporation of any Fe on the
B-site. This is true for all three samples studied here,
and especially for the sample in which the Fe con-
tent exceeded by far that of samples characterized in
numerous earlier studies. We conclude from our results
that the effect of Al is to drive all Fe onto the A-site.
The question remains as to how the incorporation of
Fe and Al changes the structure of Al–Fe–MgSiO3 at
the pressure and temperature conditions of the lower

Fig. 2. Variation of the distortion angle B O B with Fe content in
silicate perovskite. As the Fe content increases, the angle decreases
making the structure more distorted. The estimated uncertainties are
the size of the symbols.

mantle and influences the chemistry of the deep Earth’s
mantle.
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