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Natural and synthetic pyrope–almandine compositions from 38 to 100 mol% almandine (Alm38–

Alm100) were studied by synchrotron X-ray diffraction in the laser-heated diamond anvil cell to

177 GPa. Single-phase orthorhombic GdFeO3-type perovskites were synthesized across the entire

examined compositional range at deep lower mantle pressures, with higher Fe-contents requiring

80 GPa marks the first observation of a silicate perovskite in a Fe end-member. Fe-enrichment broadens

and lowers the pressure range of the post-perovskite transition for intermediate compositions such as

Alm54, but the more Fe-rich Alm100-composition perovskite remains stable to pressures as high as

149 GPa. Volume compression data for the Alm54 and Alm100 compositions were fit to the Birch–

Murnaghan equation of state. The compressibility of perovskites synthesized from compositions along

the pyrope–almandine join is not strongly sensitive to Fe-content. The compression curves were

smooth over the entire measured range, and no evidence for a volume anomaly associated with a spin

transition was observed.

& 2012 Elsevier B.V. All rights reserved.
In the Earth’s deep lower mantle, seismic imaging has identi-
fied regions of high density and low shear wave speed as possible
thermochemical piles (Garnero and McNamara, 2008). These
large low shear velocity provinces (LLSVPs) on the scale of
� 1000 km (Ishii and Tromp, 2004; Trampert et al., 2004) may
be sequestered primitive mantle (Lee et al., 2010) or stagnating
Fe,Al-rich subducted slabs (Williams and Garnero, 1996;
McNamara and Zhong, 2005). In order to evaluate which hypoth-
eses match geophysical constraints on the properties of the
LLSVPs, this study explores how variations in Fe and Al content
affect stability and observable physical properties of silicates
stable under deep mantle conditions.

Garnet is the major Al-bearing mineral of the upper mantle and
transition zone and a useful starting material for investigating the
incorporation of Fe and Al in lower mantle silicates (Kesson et al.,
1995). At 37–40 GPa, pyrope (Mg3Al2Si3O12) garnet transforms to
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the dominant phase of the lower mantle, orthorhombic (Mg, Al)(Al,
Si)O3 perovskite (GdFeO3-type, Pbnm, Z¼4) (Liu, 1974; Irifune
et al., 1996; Ito et al., 1998; Kubo and Akaogi, 2000). Almandine
(Fe3Al2Si3O12) garnet, however, has not been observed to form
perovskite; it breaks down to a mixture of stishovite, wüstite, and
corundum at 20–21 GPa and 1200–1600 1C (Conrad et al., 1996;
Akaogi et al., 1998). In a previous study of the pyrope–almandine
(Pyr–Alm) system, samples were heated at 55–70 GPa and exam-
ined ex situ at ambient pressure and temperature (Kesson et al.,
1995). Quench products for compositions up to 75 mol% alman-
dine, Alm75, consisted of rhombohedral perovskites. More Fe-rich
compositions including Alm100 were observed to break down to a
mixture of perovskite and oxides. This is similar to the reported
behavior of compositions in the (Mg, Fe)SiO3 system; although
perovskites with as much as 75% FeSiO3 are stable at deep lower
mantle pressures (Tateno et al., 2007; Dorfman et al., in press),
perovskite has not been synthesized from FeSiO3, which has
instead been observed to dissociate to FeO and SiO2 from 20 to
150 GPa and � 180022100 K (Ming and Bassett, 1975; Mao et al.,
2004; Fujino et al., 2009). While the limits of the solubility of
Fe and Al components into perovskite have been studied exten-
sively at pressures below 50 GPa (Fei et al., 1996; Mao et al., 1997;
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Akaogi et al., 1998; Kubo and Akaogi, 2000; Nishio-Hamane et al.,
2005) they are not well-known at deep lower mantle conditions.

Previous findings on the effects of Fe and Al cation substitutions
on physical properties of perovskite have been complex and/or
inconsistent (Knittle and Jeanloz, 1987; Mao et al., 1991; Andrault,
2001; Andrault et al., 2007; Walter et al., 2004; Lundin et al., 2008;
Nishio-Hamane et al., 2008; Catalli et al., 2010, 2011; Fujino et al.,
2012; Boffa Ballaran et al., 2012). The different effects of Fe2þ , Fe3þ ,
and Al in the perovskite A- and B-sites on the bulk modulus are each
controversial: incorporation of ferrous iron has been observed to
increase the bulk modulus (Mao et al., 2011; Boffa Ballaran et al.,
2012) or have no significant effect (Lundin et al., 2008; Dorfman et al.,
in press); ferric iron may decrease bulk modulus through a high-to-
low electronic spin transition (Catalli et al., 2010, 2011; Fujino et al.,
2012) or have no effect (Nishio-Hamane et al., 2008); aluminum may
decrease (Zhang and Weidner, 1999; Kubo and Akaogi, 2000; Daniel
et al., 2001; Walter et al., 2004; Catalli et al., 2011; Boffa Ballaran
et al., 2012), increase (Andrault et al., 2001, 2007) or have no effect
(Daniel et al., 2004; Walter et al., 2006) on the bulk modulus.
Aluminum may also modify the chemistry and effects of iron
incorporation (Fei, 1998; Frost and Langenhorst, 2002; Saikia et al.,
2009; Fujino et al., 2012; Boffa Ballaran et al., 2012). However, direct
comparison of these previous studies is hampered by differences
between experimental conditions including pressure calibrant, cali-
brant equation of state, and pressure medium. By measuring samples
with different compositions under consistent experimental condi-
tions, the effects of Fe and Al on the equation of state and the possible
effects of different oxidation states and spin states may become
resolvable.

The post-perovskite phase (CaIrO3-type, Cmcm, Z¼4) observed in
MgSiO3 above 125 GPa and 2500 K (Murakami et al., 2004; Oganov
and Ono, 2004) has been of much recent interest for its potential to
explain seismic observations near the base of the lower mantle. The
pressure range at which the post-perovskite transition occurs has
been found to be raised, lowered, and/or broadened by changes in
composition, depending on Fe and Al content and Fe oxidation state
(Shim, 2008). Diamond anvil cell experiments (Mao et al., 2004, 2005,
2006; Tateno et al., 2007) and density functional theory (DFT)
calculations (Caracas and Cohen, 2008) have found that ferrous iron
stabilizes post-perovskite relative to perovskite and the two-phase
mixture is stable over a wide pressure range. In Al-free, Fe2þ-rich
compositions, post-perovskite has been found to coexist with per-
ovskite at pressures as low as 82 GPa (Tateno et al., 2007; Dorfman
et al., in press). However, for the pyrope composition (Fe-free,
25 mol% Al2O3), post-perovskite has not been observed below
140 GPa (Tateno et al., 2005). DFT calculations have reported con-
flicting results for the effect of Al on the transition, some giving a
broad two-phase region at higher pressure (Akber-Knutson et al.,
2005) and others yield a slightly lower transition pressure and a
narrow two-phase interval (Tsuchiya and Tsuchiya, 2008). Paired
substitution of ferric iron and Al has been seen to increase the post-
perovskite transition pressure (Nishio-Hamane et al., 2007). The
combined effect of direct Mg-Fe2þ and paired MgþSi–AlþAl sub-
stitutions on the perovskite-post-perovskite transition is not well-
constrained.

In this work, we investigate the phase diagram of Pyr–Alm
compositions in situ to 177 GPa and temperatures as high as
3000 K with X-ray diffraction in the laser-heated diamond anvil
cell. We investigate the synthesis conditions for single-phase
perovskites and post-perovskites from these compositions. In
addition, we examine the breakdown of Fe2þ , Al-rich perovskites
at lower pressures and the perovskite-post-perovskite transition
at higher pressures. We measure the equations of state of
perovskites synthesized from Alm54 and Alm100 compositions
under consistent experimental conditions as those in our previous
work on Al-free compositions (Dorfman et al., in press).
1. Method

Fe-bearing samples with compositions close to the Pyr–Alm join
were selected for study. These are the same materials used in the
recent work by Shieh et al. (2011). Compositions were determined
by electron microprobe analysis and are listed in Shieh et al. (2011).
Microprobe analyses (Hofmeister, 2006) and energy-resolved
Mössbauer spectroscopy indicated no detectable ferric iron in the
starting materials. Samples with Fe# (Fe/(FeþMgþCaþMn) in
mol%) 38, 54, and 73 (Alm38, Alm54 and Alm73) are natural
samples containing minor amounts of Ca and Mn (Hofmeister
et al., 1998; Hofmeister, 2006) while Fe# 90 and 100 materials
(Alm90 and Alm100) are pure synthetic glasses. The Alm90 glass is
richer in Al2O3 content than an ideal almandine by � 5 mol%.

Samples were ground into powders and mixed with 15 wt% Au
powder as an internal pressure calibrant (Fei et al., 2007).
Compacted powder mixtures were either sandwiched between
NaCl or supported by NaCl and loaded in Ne as quasi-hydrostatic
pressure medium. NaCl was kept in an oven at 110 1C until
immediately prior to loading. Samples were loaded in holes
drilled through Re gaskets preindented to 20235 mm thickness.
Symmetric piston-cylinder diamond anvil cells with either flat
anvils of 200 mm diameter or beveled culets with inner diameters
of 100 or 75 mm were used to generate pressures up to 177 GPa.
Errors in pressure due to uncertainty in the calibrant lattice
parameter and effects of differential stress are estimated to be
1–2 GPa for annealed samples.

Angle-dispersive X-ray diffraction with in situ laser heating
was performed at beamlines 13-ID-D of the GSECARS sector and
16-ID-B of the HPCAT sector of the Advanced Photon Source
(APS). At both facilities the X-ray beam was focused with a
Kirkpatrick–Baez double mirror system to dimensions between
3–5�4210 mm. Diffraction patterns were collected using a
MarCCD detector. The position and orientation of the detector
were calibrated using a CeO2 standard. In various experimental
runs, X-ray wavelengths were 0.3100–0.4116 Å.

Samples were heated with a Nd:YLF or Nd:YAG double-sided
laser heating system (Meng et al., 2006; Prakapenka et al., 2008).
Temperatures were measured from both sides by spectroradio-
metry (Shen et al., 2001). Observed temperatures typically varied
by 100 K between upstream and downstream measurements and
exhibited 100–400 K variations over 30 min heating times. In a
typical synthesis experiment, in situ laser heating to 2000–3000 K
was carried out for durations of 30–60 min. In addition, we
heated to 1500–2000 K for 15–30 min at 5–10 GPa intervals for
annealing during equation of state measurements.

Diffraction images were integrated to produce 1-D diffraction
patterns using Fit2D software (Hammersley et al., 1996). To
obtain peak positions, widths, and intensities, patterns were fit
with background-subtracted Voigt lineshapes. Lattice parameters
were refined using Unitcell (Holland and Redfern, 1997). Full-
profile refinement of selected patterns was conducted using GSAS
and EXPGUI software (Larson and Von Dreele, 2000; Toby, 2001).
2. Results

2.1. Heating experiments below 50 GPa

We performed laser heating on Alm100, Alm90, and Alm38
compositions over the range 26–50 GPa. After heating Alm100
glass at 2000 K for 50 min at a starting pressure of 27 GPa, we
observed diffraction peaks of stishovite, wüstite, and corundum
consistent with the breakdown reaction observed in other studies
near 20 GPa (Conrad et al., 1996; Akaogi et al., 1998). No
perovskite diffraction peaks were observed. In addition, the



Fig. 1. Representative diffraction patterns ðl¼ 0:3344 ÅÞ for orthorhombic

GdFeO3-type perovskites synthesized from: (a) Alm100, (b) Alm73, (c) Alm54,

and (d) Alm38. All unlabeled peaks can be indexed to reference stick pattern for

GdFeO3-type perovskite. For Alm73 and Alm38 compositions, perovskite peaks are

accompanied by minor SiO2, Al2O3, and untransformed garnet.

Fig. 2. Representative diffraction patterns ðl¼ 0:3344 ÅÞ for Alm90 (aster-

isks¼perovskite peaks): (a) before heating at 71 GPa, (b) after heating, (c)

decompressed to 64 GPa, and (d) after heating at 56 GPa. Full width at half

maximum (FWHM) measured for Au (111) near 91 and perovskite triplet (020),

(112), (200) near 81 decreased � 40% from (a) to (b) and 25–60% from (c) to

(d) due to annealing of microstrain during heating and increased 50–100% from

(b) to (c) due to strain buildup during decompression.
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oxides coexist with at least one additional unknown phase up to
35–43 GPa (Supplementary Fig. 1).

An orthorhombic perovskite phase was observed in pyrope–
almandine compositions after heating at pressures of 38 GPa and
above. During heating of the Alm100 oxide mixture to 2200 K at
42 GPa, the intensities of the oxide peaks weakened as perovskite
diffraction peaks grew. A fresh Alm100 sample heated at 43 GPa
also formed a mixture of perovskite and oxides, as did Alm90
heated at 39 GPa. By 49 GPa, the dominant phase in the Alm100
sample is perovskite, but weak peaks of the oxide phases persist
to at least 58 GPa. These results are inconsistent with Kesson et al.
(1995) who reported that no perovskite could be synthesized
from Alm100 at 55–70 GPa. For the Alm38 composition, we
obtained a mixture of perovskite and oxides after heating at
38 GPa. As pressure increases, the perovskite/oxide ratio
increases, and perovskite is the dominant phase at 45 GPa. Even
with prolonged heating, it is difficult to completely transform the
oxide mixture to single-phase perovskite, likely as a result of slow
reaction/diffusion rates.

2.2. Synthesis experiments at 70–90 GPa

In a second set of experiments, the starting materials were
compressed directly to 70–90 GPa. Laser heating was carried out
to 1600–2530 K at 70–90 GPa for all samples. Prior to heating,
diffraction peaks from garnet samples were broad and weak.
However, garnet peaks never completely disappeared even upon
room-temperature compression to as high as 129 GPa. The
transformation from metastable crystalline garnet to perovskite
appears to be more sluggish than the transformation from low-
Al2O3 crystalline starting material such as (Mg, Fe)2Si2O6 ortho-
pyroxene. In some runs, broad garnet peaks remained in coex-
istence with perovskite after stable heating to � 2000 K for 30 or
more minutes. No garnet was synthesized in this pressure range
when using amorphous starting materials. These slow reaction
kinetics have contributed to previous observations of garnet and
perovskite coexistence at 50 GPa after laser heating (O’Neill and
Jeanloz, 1994).

In experiments on Alm54, Alm90, and Alm100 compositions
with stable heating, quenched diffraction patterns showed single-
phase orthorhombic GdFeO3-type perovskites (Figs. 1 and 2). We
find no evidence for the rhombohedral perovskites reported in the
previous work (Kesson et al., 1995). While an Alm90 sample
exhibited sharp diffraction peaks after 28 min of heating at 1600–
1820 K and 76 GPa, additional time, temperature, and pressure
were required to synthesize Alm100 perovskite: best results were
achieved with � 60 min heating at 2000–2530 K and above
89 GPa. The Alm100 orthorhombic perovskite structure was
indexed by full-profile Rietveld refinement (Fig. 3, Table 1).
All peaks were identified as orthorhombic GdFeO3-type perovs-
kite, Au, or NaCl (B2 phase). Lattice parameters, peak shape
parameters, and atomic positions were refined for all phases.
Atomic positions are similar to values previously obtained for
MgSiO3 perovskite (Ross and Hazen, 1990). Preferred orientation
was refined for Au and NaCl and was within error of random.
Structural parameters derived from full-profile refinement agree
with results from peak fitting to 0.1%.

In one experiment, single-phase Alm54 perovskite synthesized
at 74 GPa was decompressed directly to 23 GPa without heating.
The resulting diffraction pattern showed that broad perovskite
diffraction peaks were retained to this pressure (Supplementary
Fig. 2). After the sample was then heated to 1100 K for 10 min, the
Alm54 perovskite reverted to the garnet structure (Supplemen-
tary Fig. 2). Notably, there were no extra or unexplained peaks
such as those associated with stishovite. This reversibility of
the transformation supports the formation of a single-phase



Fig. 3. Rietveld refinement results for orthorhombic GdFeO3-type perovskite from

Alm100 composition heated at 126 GPa. Data: green dots; fit: black line; residual:

purple line; reference patterns for orthorhombic GdFeO3-type perovskite, NaCl B2

phase and Au: sticks. Lattice parameters for perovskite phase are a¼4.387(2) Å,

b¼4.605(2) Å, c¼6.353(2) Å, and V¼128.34(16) Å3. (For interpretation of the

references to color in this figure caption, the reader is referred to the web version

of this article.)

Table 1
Atomic positions of almandine-composition perovskite at 126 GPa. Lattice para-

meters at this pressure are a¼4.387(2) Å, b¼4.605(2) Å, c¼6.353(2) Å, and

V¼128.34(16) Å3.

Site Occupancy x y z

A 75% Fe, 25% Al 0.5461 (13) 0.5687 (11) 0.25

B 75% Si, 25% Al 0.5 0 0.5

O1 O 0.141 (4) 0.469 (5) 0.25

O2 O 0.1523 (35) 0.2122 (33) 0.5460 (25)
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perovskite in our experiment and also indicates that there are no
major compositional gradients induced by laser heating. The
recovery of garnet with no other detectable phases suggests that
the synthesis of perovskite was not accompanied by significant
oxidation of Fe2þ to ferric iron as this would make it more
difficult to resynthesize a single-phase garnet composition. We
also find no evidence in any of these compositions of Fe2O3 or
metallic Fe that would be a signature of a disproportionation
reaction during perovskite synthesis (Fialin et al., 2008; Frost
et al., 2004; Lauterbach et al., 2000; Miyajima et al., 1999).

A separate Alm54 sample was directly decompressed from
84 GPa to ambient pressure without heating. The diffraction
pattern of the recovered sample in this case contains several
new peaks and could not be indexed as orthorhombic perovskite
(Supplementary Fig. 3). Some of the observed d-spacings are
consistent with a transformation to a LiNbO3-type rhombohedral
perovskite as previously reported for Pyr–Alm compositions
(Funamori et al., 1997; Kesson et al., 1995), but not all observed
diffraction peaks can be indexed to this phase. An Alm100 sample
that was synthesized at 90 GPa and decompressed to 5 GPa
retained the orthorhombic perovskite structure to this pressure.
After the sample was removed from the diamond cell and
examined at ambient conditions, new peaks appeared and the
perovskite peaks were lost (Supplementary Fig. 3). This indicates
that almandine-composition perovskite is not quenchable to
ambient conditions.
All compositions were decompressed from the synthesis
pressure at 5–10 GPa steps with heating to 2000–2500 K to relax
differential stresses. At pressures between 59–71 GPa, CaCl2-type
SiO2 diffraction peaks appeared in all compositions. The appear-
ance of this phase was taken to indicate decomposition of
perovskite to perovskite plus oxides. Due to peak overlap, mag-
nesiowüstite peaks could not be identified. For single-phase
Alm90-perovskite, heating at 56–61 GPa and 2000 K resulted in
the appearance of the CaCl2-type SiO2 (110) diffraction peak
(Fig. 2). The Alm100 perovskite partially decomposed to perovs-
kite plus SiO2 at 71 GPa after decompression from a synthesis
pressure of 90 GPa. SiO2 peaks appeared at lower pressures for
low Fe contents. The pressure required to stabilize single-phase
perovskite in highly Fe-rich compositions (Alm90–100) is
� 30 GPa higher than that required to synthesize single-phase
perovskite from a pyrope (Alm0) composition (Kubo and Akaogi,
2000; Walter et al., 2004). The effect of Fe on the stability of
perovskite in the Pyr–Alm system thus appears to be analogous to
that in the En–Fs (Al-free) system (Mao et al., 1997; Dorfman
et al., in press).

Laser heating stability was dependent on the sample absorp-
tion properties. The perovskite transition in Fe-rich silicates is
known to induce a color change from transparent to black (O’Neill
and Jeanloz, 1994; Kesson et al., 1995). This color change
enhances coupling of the laser with the sample, resulting in a
rapid spike in laser coupling during transformation. In runs where
Alm38 and Alm73 were transformed at 76 and 77 GPa, respec-
tively, this increase in laser coupling was observed visually as a
flash, and peak temperatures may be well above the 2400–2800 K
measured a few seconds later after the heating stabilized. In both
of these samples, the diffraction pattern was textured and
included peaks from both orthorhombic perovskite and Al2O3

(Fig. 1). Dissociation was also observed in an Alm100 sample
heated to 3000 K at 91 GPa, to a highly textured mixture of
perovskite and oxides SiO2, FeO, and Al2O3. These observations
suggest that at temperatures above 3000 K, almandine-
composition perovskites may break down to a perovskite plus
oxide mixture, as has been reported from quench studies
(Miyajima et al., 1999; Kesson et al., 1995). The exsolution of
Al2O3 is surprising as high temperatures tend to stabilize higher
Al content in perovskite at lower pressures in less Fe-rich samples
(Miyajima et al., 1999; Kubo and Akaogi, 2000). Alternatively, the
phase mixture may have crystallized from brief melting during
the runaway heating at 3000–4000 K (Knittle and Jeanloz, 1989).
Heating was more stable in experiments on Alm54, Alm90, and
Alm100 compositions as we were more successful controlling
heating by immediately lowering the laser power at the phase
transition.

Calculations for almandine at 1800 K and 0–100 GPa using the
thermodynamic simulation software HeFESTo (Stixrude and Lithgow-
Bertelloni, 2005, 2011; Xu et al., 2008) produce a sequence of phase
transitions (Supplementary Fig. 4) in good agreement with our
experimental data (L. Stixrude, pers. communication). At 24 GPa
almandine garnet is predicted to break down to constituent oxides
Al2O3, SiO2, and FeO. At 40 GPa, Al2O3 and some SiO2 and FeO react to
form the perovskite phase. With increasing pressure, the oxides
increasingly dissolve into the perovskite phase. Single-phase alman-
dine-composition perovskite is predicted to be stable above 76 GPa.
At higher temperature, the perovskite again coexists with oxides. No
other phases are predicted that correspond to the unknown peaks we
observed near 27 GPa. With this exception, all of these predictions
match our observed phase assemblages and transition pressures for
the Alm100 sample.

The thermodynamic parameters used in HeFESTo are not
consistent with stability of single-phase perovskite in a pyrope
(Mg3Al2Si3O12) composition at lower mantle conditions. Instead,
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this composition is predicted to form a mixture of perovskite,
SiO2, and calcium-ferrite-type (cf) MgAl2O4 (Stixrude and
Lithgow-Bertelloni, 2011). We did not observe the cf phase in
diffraction patterns for any of the Pyr–Alm compositions we
studied, nor has it been seen in previous experiments on the
pyrope end-member up to 83 GPa (Kubo and Akaogi, 2000;
Tateno et al., 2005; Walter et al., 2004). For an Alm50 composi-
tion, the cf phase is predicted by HeFESTo to be stable above
88 GPa, but below this pressure a single-phase perovskite is seen
as in our Alm54 composition. Unlike almandine, the intermediate
composition is predicted by the simulation to transform from
garnet structure to a 4-phase mixture of perovskite, Al2O3, SiO2,
and (Mg,Fe)O at 29 GPa. The SiO2 and (Mg,Fe)O components are
predicted to fully dissolve into perovskite phase by 39 GPa, while
the Al2O3 phase persists to 53 GPa. Our experiments produced
SiO2 at higher pressures in the Alm54 composition. However, this
predicted lower solubility of the Al2O3 component could explain
our observation of Al2O3 at 76–77 GPa in Alm38 and Alm73.

Fig. 4 shows a schematic phase diagram for Pyr–Alm composi-
tions compiled from our experimental phase equilibrium data and
previous work (Akaogi et al., 1998; Tateno et al., 2005; Shieh et al.,
2011). Variation in transition pressures may be due in part to
temperature differences; the data here represent samples
quenched from laser heating to 1500–2600 K, and the synthesis
temperature may have a significant effect on the phase assemblage
and/or reaction kinetics. The solubility of Fe in perovskite increases
with pressure as in the En–Fs system (Dorfman et al., in press).
Above � 70 GPa it is possible to synthesize pure orthorhombic
Fig. 4. Phase diagram for the pyr–alm compositions up to 180 GPa and � 2000 K.

Phases observed in this (filled symbols) and previous studies (Irifune et al., 1996;

Akaogi et al., 1998; Tateno et al., 2005; Shieh et al., 2011) (open symbols) are

plotted as follows: post-perovskite, up-triangles; perovskite plus post-perovskite,

hexagons; perovskite, down-triangles; perovskite plus oxides, circles; oxides plus

unknown phase, stars; oxides, diamonds; garnet, squares. Starred perovskite

observations included oxide phases perhaps due to unstable heating. Possible

phase boundaries are shown as dashed curves. Curvature of perovskite plus oxides

to perovskite phase boundary is suggested based on the Al-free system (Dorfman

et al., in press).
perovskite from more Fe-rich compositions than had been pre-
viously suggested (Kesson et al., 1995).

2.3. Perovskite/post-perovskite phase transition

We also explored the perovskite-post-perovskite phase transi-
tion in the pyrope-almandine system. Alm73 and Alm100 were
compressed to above 100 GPa and heated. Conversion of Pyr–Alm
compositions to post-perovskites has been carried out for Alm0–
Alm90 compositions at pressures 117 GPa and above (Tateno
et al., 2005; Shieh et al., 2011), and our data provide additional
constraints on the pressure-temperature boundaries of the
perovskite-post-perovskite binary region.

As in previous work, heating Alm73 to 2000 K for 60 min at
163 GPa produced the post-perovskite phase with no evidence of
perovskite peaks (Fig. 5). However, single-phase post-perovskite
could not be synthesized for the Alm100 composition. Heating
Alm100-perovskite to 2500–3000 K for an hour at pressures up to
149 GPa produced only perovskite with no observable post-
perovskite peaks either during heating or after quench. This
pressure is slightly higher than the 144–146 GPa pressures at
which the coexistence of perovskite and post-perovskite was
observed for the pyrope end-member composition (Tateno
et al., 2005). At 177 GPa, heating Alm100-perovskite to 2300–
2600 K for 60 min produced a mixture of perovskite and post-
perovskite (Fig. 5). Further work is needed to determine whether
single-phase Alm100 post-perovskite can be synthesized at
higher pressures.

For intermediate Pyr–Alm compositions, Alm38 and Alm54,
perovskite–post-perovskite mixtures were previously observed at
134 and 117 GPa, respectively (Shieh et al., 2011). These data
suggest that Fe stabilizes post-perovskite relative to perovskite in
Al-rich compositions as in Al-free compositions (Dorfman et al., in
press). Limited observations have been made for compositions
above � Fe# 50, but the stability of Alm100 perovskite at
149 GPa indicates an increase in the post-perovskite transition
pressure. In Fig. 4, the post-perovskite transition in the Pyr–Alm
Fig. 5. Diffraction patterns ðl¼ 0:3344 ÅÞ for Alm73 and Alm100 compositions

after heating to 2000–2500 K for 60 min at 163 and 177 GPa, respectively. Alm73

can be indexed to CaIrO3-type post-perovskite reference pattern with a¼

2:449ð1Þ Å, b¼ 7:999ð2Þ Å, c¼ 6:077ð1Þ Å, and V ¼ 119:05ð11Þ Å
3
. Five minor uni-

dentified peaks (arrows) do not match hcp-Fe, a-PbO2-type or baddeleyite-type

SiO2, or GdFeO3-type perovskite. Alm100 composition shows a mixture of

perovskite (asterisks) and post-perovskite peaks (circles).
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system is shown as a binary minimum, unlike the post-perovskite
eutectoid or peritectoid predicted for the En–Fs system (Stixrude
and Lithgow-Bertelloni, 2011). A two post-perovskite mixture
was observed in some experiments by Shieh et al. (2011), and
could account for additional complexity in this system.
2.4. Equation of state

Perovskites synthesized at 70–90 GPa were both compressed
and decompressed at 5–10 GPa increments covering the range
from 42 to 149 GPa. As discussed above, the Alm100 sample was
further decompressed from 42 GPa directly to 5 GPa and the
perovskite structure was retained. Volume compression data at
300 K are shown in Fig. 6. Samples were annealed at each
pressure step by laser heating, typically at 1500–2000 K for
15 min. Anomalously high unit-cell volumes may indicate the
presence of deviatoric stress in the sample (e.g. Duffy et al., 1999).

Deviatoric stresses can be generated in powder samples in the
diamond anvil cell during cold compression (or decompression)
as a result of local heterogeneities in the stress state associated
with grain boundaries of differing orientations, elastic anisotropy,
and non-hydrostatic stresses supported by the sample or pressure
medium. Stress gradients and randomly distributed local devia-
toric stresses broaden diffraction peaks to a degree corresponding
to the distribution of longitudinal strain in the diffraction direc-
tion (Takemura, 2001; Weidner et al., 1994). Gold, due to its high
elastic anisotropy, is a sensitive indicator of deviatoric stress
(Duffy et al., 1999; Meng et al., 1993; Takemura and Dewaele,
2008). We evaluated the effectiveness of annealing in reducing
deviatoric stresses in the mixed silicate and gold powder foil by
comparing diffraction peak widths in gold to analogous measure-
ments obtained under known quasi-hydrostatic conditions.

Laser annealing reduced diffraction peak full width at half
maximum (FWHM) by as much as 25–60%. The resulting peak
widths are comparable to previous measurements obtained in a
He pressure medium (Takemura and Dewaele, 2008) (Supple-
mentary Fig. 5) which is known to support minimal differential
stress. We also observed that broader Au peaks correlated with
higher measured perovskite volumes. The volume change upon
annealing was due mostly to change in the a and b parameters.
The a parameter is evidently the most sensitive to differential
stress in Alm54 perovskite (Fig. 7). Alm100 samples loaded in Ne
Fig. 6. Compression (right-pointing triangles) and decompression (left-pointing

triangles) data for selected perovskite compositions. Data not used to fit equation

of state due to differential stress are shown in open symbols. Solid lines are fits to

the Birch–Murnaghan equation of state.
exhibited smaller volume and b lattice parameter above 100 GPa
than samples loaded in NaCl. Ne is a more effective quasi-
hydrostatic medium (Angel et al., 2007), and heating for 15 min
Fig. 7. Lattice parameters of perovskites up to 150 GPa. For Alm54, open symbols

show data collected without annealing.



Fig. 8. Variation of the octahedral tilting angle (f) of perovskite with pressure and

composition. Data from previous work: pyrope (Alm0) composition from Walter

et al. (2004), (Mg,Fe)SiO3 from Lundin et al. (2008), (Mg,Fe)(Fe,Si)O3 from Catalli

et al. (2010).
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may not be enough to completely eliminate differential stress for
samples in a NaCl medium. Volume data associated with anom-
alously high a or b parameters were not included in the equation
of state fits.

Unit cell volumes were fit to the Birch–Murnaghan equation of
state (Fig. 6). Fitting parameter results are given in Table 2. The
zero-pressure bulk moduli, K0, of Alm54- and Alm100-perovskites
are similar, in the range of 252–261 GPa. These values are also not
significantly different from observations for Al-free and low-Fe
(Mg, Fe)SiO3 perovskite (Lundin et al., 2008). The zero-pressure
volume, V0, obtained from Birch–Murnaghan fit of Alm100-
perovskite is 5% larger than V0 for MgSiO3 perovskite. This
corresponds to a 2% increase in zero-pressure density. As the
density of MgSiO3 perovskite is comparable to pyrope-
composition perovskite, the density difference is due almost
entirely to the FeO component.

The evolution of the lattice parameters of these perovskites
(Fig. 7) shows the differing effects of Fe and Al on the
perovskite structure. Previous studies have shown that the
effect of substituting up to 25% trivalent cations Al or Fe3þ is
to increase the b and c parameters but produce no significant
change in a, overall increasing the anisotropy of the perovskite
(Catalli et al., 2010; Walter et al., 2004). Substituting up to 15%
Fe2þ has the opposite effect; the greatest expansion is in a, c

may decrease slightly, and b is unchanged, resulting in
decreased anisotropy (Lundin et al., 2008).

In the Pyr–Alm system, we observe lattice parameter com-
pressibilities largely consistent with previously reported effects of
Fe2þ and Al (Fig. 7). Increasing Fe-content has the strongest effect
on the a parameter. The a cell parameter of the Alm100-
composition perovskite is about 2% larger than the a parameter
of Fe-free perovskites. The a parameter of Alm54-perovskite
showed an intermediate 1% increase relative to Fe-free perovskite.
These data are consistent with no effect of Al and a linear effect of
Fe2þ on a. However, the b and c parameters vary nonlinearly with
Fe-content. The b and c parameters for Alm54 perovskite are
similar to values observed for the pyrope end-member (Walter
et al., 2004), though c may be slightly smaller and b may be less
compressible. This similarity agrees with previous findings
(Walter et al., 2004; Lundin et al., 2008) that Al has a stronger
effect on the b and c axes than Fe2þ and that the presence of
Fe2þ results in a small contraction in c. Unlike less Fe-rich
perovskites, Alm100-perovskite has significantly larger b and c

parameters than MgSiO3 perovskite. At 80 GPa, the Al in
(Mg0.75Al0.25)(Al0.25Si0.75)O3 perovskite increases c by 0.6%
relative to MgSiO3. The Fe in (Fe0.75Al0.25)(Al0.25Si0.75)O3
Table 2
Birch–Murnaghan equation of state fit parameters for perovskites with varying Fe

and Al content. Uncertainties from fits with fixed K 00 from this work are obtained

by varying K 00 from 3.5 to 4.5.

Composition Pressure

scale
V0 (Å3) K0 (GPa) K 00 K80

(GPa)

Alm100 Au 170.4 (0.9) 256 (13) 3.96 (0.14) 545

Alm100 Au 170.6 (1.0) 252 (30) 4a 543

Alm54 Au 165.6 (2.1) 261 (40) 4a 553

MgSiO3
b Au 162.3 255–261 (1) 4a 544

(Mg0.85Fe0.15)SiO3
b Au 163.3 257–259 (1) 4a 549

MgSiO3
c KBr 162.47 267.3 (6.9) 4a 575

Alm0 (pyrope)c KBr 164.85 253.4 (6.2) 4a 545

K80: the bulk modulus evaluated at 80 GPa.
a Parameter fixed during fit.
b Lundin et al. (2008), pressure given by Dewaele et al. (2004), Tsuchiya

(2003).
c Walter et al. (2004).
perovskite doubles that to a 1.2% increase in c. This indicates
either that there is a critical concentration of Fe above which
increasing a alone cannot expand the unit cell enough to
accommodate the larger Fe ion, or that some of the Fe in
Alm100-composition perovskite is Fe3þ .

Perovskite lattice parameter ratios can also clarify the effects
of cation substitution on structure and anisotropy. Changes to the
perovskite unit cell can be approximated as rotation of the SiO6

octahedra (O’Keeffe et al., 1979). The octahedral tilting angle, f,
reflects the deviation from the ideal cubic perovskite structure
ðf¼ 0Þ. We compute f from the orthorhombic lattice parameters
using the following equation (O’Keeffe et al., 1979):

f¼ cos�1

ffiffiffi
2
p

a2

bc

 !
: ð1Þ

In silicate perovskites (Fig. 8), this parameter varies systematically
with pressure and cation substitution. According to previous observa-
tions (Walter et al., 2004; Lundin et al., 2008; Catalli et al., 2010),
pressure and substitution of trivalent cations Fe3þ and Al increase the
tilting of the silica octahedra, whereas substitution of divalent Fe2þ

decreases f. Our almandine composition data follow this trend as
well: f is lower than all other compositions shown in Fig. 8 due to its
high Fe2þ content, but not much lower due to the effect of Al. If the
effect of Fe2þ on f is linear, the difference in f between the pyrope
and almandine compositions is consistent with the replacement of
the 75% Mg in the A-site with 75% Fe2þ and not with Fe3þ . The
different mechanisms of divalent and trivalent cation substitution
have opposite effects on perovskite anisotropy despite no significant
effects on the bulk modulus.
4. Summary

Along the Pyr–Alm, (Mg, Fe)3Al2Si3O12, join from Alm38 to
Alm100, we find that single-phase perovskites can be synthesized
from garnet starting materials at 70–90 GPa and 2000–2500 K,
corresponding to deep lower mantle pressure/temperature con-
ditions. The end-member almandine-composition perovskite is
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stable to at least 149 GPa. At 40–71 GPa, garnet compositions
transformed to a mixture of perovskite and oxides, as evidenced
by peaks of stishovite/CaCl2-type SiO2. The pressure required to
form single-phase perovskite in this system increases with Fe-
content. Additional work is needed to further constrain the
compositional dependence of the P–T conditions of perovskite
stability. The garnet-perovskite transition is reversible with
heating, and orthorhombic perovskite cannot be quenched to
ambient conditions but a rhombohedral phase appears to be
formed upon quench to 1 bar.

Volume data for the Alm54 and Alm100 compositions were fit
to the Birch–Murnaghan equation of state. These compositions
represent the most Al-rich and Fe-rich perovskites measured to
date. Despite large compositional differences, there is no signifi-
cant difference between the compressibilities of these Fe- and Al-
enriched silicate perovskites and MgSiO3 perovskite. The calcu-
lated density of Alm100 perovskites is greater than that of MgSiO3

perovskite by 18% at 80 GPa due to the presence of Fe.
Although no discontinuities were observed in the equation of state

of these perovskites, a spin transition in Fe-bearing perovskite could
be gradual or could have too small an effect on unit cell volume to be
detectable by diffraction. Further analysis of these materials by
synchrotron Mössbauer spectroscopy or X-ray emission spectroscopy
could confirm the valence and spin state of Fe in these highly Fe-rich
compositions.
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