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The combined effects of Fe and Al on the electronic spin and valence states as well as the equation of 
state (EoS) of post-perovskite have been investigated using synchrotron X-ray diffraction and Mössbauer 
spectroscopy in high-pressure diamond anvil cells. Two post-perovskite samples (Mg0.6Fe0.15Al0.5Si0.75O3
and Mg0.66Fe0.13Al0.28Si0.86O3) were synthesized at approximately 165 GPa and 2200–2500 K, and were 
subsequently investigated for these properties at 114–170 GPa and 300 K. Analyses of the high-pressure 
Mössbauer spectra show that Fe2+ and Fe3+ occupy the large bipolar prismatic sites in both of our 
samples and remain in the high-spin state at ∼165–168 GPa and 300 K. Combining the Mössbauer results 
with the obtained pressure–volume relationship from X-ray diffraction, we have found that the unit cell 
volume of post-perovskite can be significantly affected by the spin and valence states of Fe and the Al 
substitution. Mg0.6Fe0.15Al0.5Si0.75O3–PPv with the predominantly high-spin Fe2+ (∼95%) and a greater 
amount of Al has a unit cell volume similar to that of Mg0.66Fe0.13Al0.28Si0.86O3–PPv in which ∼65% of 
Fe is in the high-spin Fe3+ state. Our results are used together with previous results regarding the EoS 
parameters in Fe-bearing perovskite and post-perovskite to model the density and bulk sound velocity 
variation between perovskite and post-perovskite in the D′′ layer, in which the enrichment of Fe and Al 
can produce an increase in density but substantially reduce the bulk sound velocity across the phase 
transition. That is, the combined effect of Fe and Al leads to an anti-correlation between the enhanced 
density and the reduced bulk sound velocity at the pressure condition of the lowermost mantle. Our 
results indicate that (Fe, Al)-rich silicate post-perovskite existing in the D′′ region would be shown as a 
relatively high-density and low-velocity region in deep-mantle seismic observations.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The bottom 200–300 km of the lower mantle above the core–
mantle boundary (CMB), which is typically referred as the D′′
layer and characterized by a discontinuous increase in velocity, 
is one of the most seismically complex regions in the Earth (e.g. 
Garnero, 2000; Lay and Helmberger, 1983; van der Hilst et al., 
2007). Various velocity anomalies, such as the ultra-low velocity 
zones (Garnero and Helmberger, 1995; Wen and Helmberger, 1998;
Williams and Garnero, 1996), anomalous velocity gradient (e.g. He 
et al., 2006; Lay et al., 1998), velocity discontinuity (e.g. Sidorin 
et al., 1999; van der Hilst et al., 2007), and strong seismic veloc-
ity anisotropies (e.g. Lay et al., 1998; Panning and Romanowicz, 
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2004), have been identified in the region. In 2004, the discovery of 
the Mg-silicate perovskite (Pv) to post-perovskite (PPv) phase tran-
sition increased our understanding of the unusual characteristics of 
the D′′ layer (Murakami et al., 2004; Oganov and Ono, 2004). In the 
last decade since its discovery, both experimental and theoretical 
studies have reported a wealth of exciting results pertaining to the 
physical properties of PPv, greatly contributing to our understand-
ing of the structure, composition, and dynamic behavior of the 
lowermost mantle (e.g. Cobden et al., 2012; Dobson et al., 2013;
Hirose, 2006; Lay et al., 2006; Mao et al., 2006; Shieh et al., 2006;
Shim, 2008; van der Hilst et al., 2007; Zhang et al., 2013).

Of particular importance is the equation of state (EoS) of 
(Fe, Al)–PPv at relevant pressure–temperature-composition condi-
tions of the D′′ layer, which can provide crucial constraints on 
the density (ρ), elasticity, and bulk sound velocity (V�) of the 
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lowermost mantle. However, experimental studies on the composi-
tional effect, including the addition of Fe and Al, on the EoS of Mg-
silicate PPv have so far been limited due to the challenging exper-
imental pressure and temperature conditions along with the tech-
nical capability to reliably determine the spin and valence states 
of iron (Catalli et al., 2010a; Guignot et al., 2007; Lin et al., 2008;
Mao et al., 2006; Nishio-Hamane and Yagi, 2009; Shieh et al., 
2006). In Al-free PPv, previous studies have focused on the EoS of 
PPv with Fe content [Fe/(Fe + Mg)] up to 40% (Catalli et al., 2010a;
Guignot et al., 2007; Mao et al., 2006; Shieh et al., 2006). Addition 
of Fe has been found to greatly increase the density of PPv, yet 
has a negligible effect on the isothermal bulk modulus (KT) and 
V� when the amount of Fe is less than 10% (Catalli et al., 2010a;
Guignot et al., 2007; Shieh et al., 2006) (for a recent review, please 
see Lin et al., 2013). Mao et al. (2006), on the other hand, has 
shown that the presence of 40% Fe can significantly increase the 
KT by 39% at a pressure of 125 GPa and 300 K. Since there are 
no compression data for PPv with an Fe content between 10% and 
40%, the question on how the substitution of Fe in PPv starts to 
affect its KT remains open.

Studies on the net effect of Fe and Al on the EoS of PPv are 
even more scarce (Nishio-Hamane and Yagi, 2009; Shieh et al., 
2011). Shieh et al. (2011) worked on the pressure–volume (P -V ) 
relationship of (Fe, Al)-bearing PPv in the pyrope–almandine com-
position system, showing a linear increase in density with Fe 
content; however, the combined effect of Fe and Al on the KT
and V� was not addressed in Shieh et al. (2011) because they 
focused on the stability of Al-bearing PPv with a great amount 
of Fe. Studies by Nishio-Hamane and Yagi (2009) on the EoS of 
Mg0.85Fe0.15Al0.15Si0.85O3–PPv showed a great decrease in the KT
and V� because of the presence of the FeSiO3 and FeAlO3 compo-
nents.

More interestingly, the D′′ layer has been proposed to be chem-
ically heterogeneous in previous studies (e.g. Buffett et al., 2000;
Dobson and Brodholt, 2005; Mao et al., 2006; Williams and Gar-
nero, 1996). Enrichment of Fe in the D′′ layer may be caused 
by interaction between the lowermost mantle and the outer core 
or the subduction of slabs with mid-ocean ridge basalt (MORB) 
(e.g. Dobson and Brodholt, 2005; Knittle and Jeanloz, 1989, 1991; 
Mao et al., 2006; McNamara and Zhong, 2005; Otsuka and Karato, 
2012). In addition, sinking slabs can deliver a great amount of 
Al to the lower mantle through the aluminous phase with the 
Ca-ferrite structure (Funamori et al., 2000; Hirose et al., 1999;
Kesson et al., 1994). Therefore, experimental constraints on the 
combined effect for the enrichment of Fe and Al on the EoS of 
PPv would significantly enhance our understanding of the chemi-
cal heterogeneity and velocity anomalies in the Earth’s D′′ layer.

Previous studies on the spin and valence states of Fe in PPv 
have shown that Fe3+ in the bipolar prismatic sites (Mg) stays 
in the high spin (HS) state at lower mantle pressures, whereas 
it transforms into the low spin (LS) state in the octahedral 
sites (Catalli et al., 2010a). In Al-free PPv, theoretical calculations 
showed that Fe3+ enters PPv through the Fe3+–Fe3+ coupled sub-
stitution (Zhang and Oganov, 2006). The spin transition of Fe has 
been known to significantly affect the EoS of candidate lower-
mantle minerals (e.g. Catalli et al., 2011; Chang et al., 2013;
Fei et al., 2007b; Komabayashi et al., 2010; Li et al., 2004; Lin 
et al., 2005, 2013; Mao et al., 2011a, 2011b). The HS to LS tran-
sition of Fe2+ in ferropericlase and Fe3+ in perovskite have been 
observed to abruptly decrease the unit cell volume associated with 
an increase in density (Komabayashi et al., 2010; Lin et al., 2013;
Mao et al., submitted for publication). Spin transition of Fe has also 
been shown to cause an anomalous softening in the elasticity and 
sound velocities (Crowhurst et al., 2008; Marquardt et al., 2009;
Wentzcovitch et al., 2009; Wu et al., 2013).
The effect of Fe spin transition on the EoS of PPv has been 
explored recently (Catalli et al., 2010a). It has been shown that 
the presence of Fe2+ increases the volume of PPv while the 
presence of the LS Fe3+ does not produce an observable effect 
on the volume of PPv and thus effectively increases the density 
of PPv (Catalli et al., 2010a). Theoretical calculations further in-
dicate that the addition of Al can enhance the substitution of 
Fe3+ into PPv through the Fe3+–Al3+ coupled substitution (Yu et 
al., 2012). Metastable LS Fe3+ could be present in the octahe-
dral sites at high pressure–temperature conditions (Caracas, 2010;
Hsu et al., 2012). However, thus far, there is only one experimen-
tal study on the spin and valence states of Fe in (Fe, Al)-bearing 
PPv using X-ray emission spectroscopy (XES) which suggested the 
presence of LS Fe3+ in the octahedral sites (Fujino et al., 2013). 
We note that X-ray emission spectroscopic data alone cannot be 
used to distinguish different valence states of Fe2+ and Fe3+, and 
that the disappearance of the Kβ ′ satellite peak in XES spectra 
can also be a result of pressure-induced spectral broadening ef-
fect (Mao et al., 2014). As such, the spin and valence states of Fe 
in (Fe, Al)-bearing PPv and their potential effects on the EoS of PPv 
remain unclear.

Here we have conducted high-pressure synchrotron Mössbauer 
spectroscopy (SMS) and X-ray diffraction (XRD) experiments on 
PPv in two distinct compositions (Mg0.60Fe0.15Al0.5Si0.75O3 and 
Mg0.66Fe0.13Al0.28Si0.86O3) at pressures up to 170 GPa. We used 
SMS results to provide crucial constrains on the spin and valence 
states of Fe in PPv, while using our XRD to decipher the combined 
effects of Al and Fe on the EoS of PPv at lowermost-mantle pres-
sures. These results are modeled using the Birch–Murnaghan (BM) 
EoS to understand the combined effect of Al and Fe, and then to 
understand the seismic profiles and potential chemical heterogene-
ity in the D′′ region.

2. Experimental details

57Fe-enriched glass, Mg0.66Fe0.13Al0.28Si0.86O3 (labeled as
0.28Al–PPv13 hereafter), and single-crystal 57Fe-enriched pyrope, 
Mg0.60Fe0.15Al0.5Si0.75O3 (labeled as 0.5Al–PPv15 hereafter), were 
used as the starting samples for the syntheses of PPv, respec-
tively. The glass sample was synthesized from the powders of MgO, 
57Fe2O3, Al2O3 and SiO2 mixed in the appropriate ratios, where 
the enrichment of 57Fe in the samples was greater than 95%. The 
chemical composition of the starting glass has been determined 
using the electron microprobe analyses, and the starting pyrope 
crystal was examined using XRD and electron microprobe analyses 
to determine the crystal structure and chemical composition (Mao 
et al., 2014). The same batch of pyrope crystals was also studied 
using SMS to investigate the spin and valence states of Fe from 
ambient conditions to high pressures and temperatures (Mao et 
al., 2014).

The starting samples were polished down to approximately 
10 μm in thickness and subsequently cut into pieces of 25 μm
in diameter. The sample disk was sandwiched between two dried 
NaCl layers of approximately 5 μm in thickness which was used 
as the pressure medium, pressure calibrant and thermal insulator 
(Fei et al., 2007a). Each sample assemblage was loaded into a sym-
metric diamond cell equipped with a pair of beveled diamonds 
of 75/300 μm in culet size and a pre-indented Re gasket with 
a hole of 40 μm diameter and 25 μm thickness. Each loaded sam-
ple was directly compressed to ∼160 GPa at 300 K, and then laser 
heated at 2200–2500 K for approximately 14 h to fully transform 
the starting material to PPv at GSECARS of the Advanced Photon 
Source (APS), Argonne National Laboratory (ANL). The synthesized 
PPv samples were confirmed by XRD.

SMS measurements for the PPv samples were performed at HP-
CAT of the APS, ANL using an X-ray beam with a 2 meV energy 
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Fig. 1. Rietveld refinements of the representative X-ray diffraction patterns of the 
(Al, Fe)-bearing silicate PPv at high pressures. (a) 0.5Al–PPv15 with the chemical 
composition of Mg0.6Fe0.15Al0.5Si0.75O3 at 165 GPa and 300 K; (b) 0.28Al–PPv13 
with the chemical composition of Mg0.66Fe0.13Si0.86Al0.28O3 at 168 GPa and 300 K. 
The full refinement results show that the synthesized samples were dominated by 
PPv (∼96%) while a small amount of stishovite (St) (∼4%) was also detected in 
each of the samples. In general, the X-ray diffraction patterns for both of the sam-
ples are consistent with each other. Refining the peaks above the 14◦ are much 
more difficult because they are relatively weaker. Since the PPv samples had to be 
synthesized at extreme pressure–temperature conditions for an extended period of 
time, these samples typically contained PPv grains of various sizes that contributed 
to the powder diffraction patterns, making it more difficult to refine the XRD pat-
terns. Nevertheless, the X-ray diffraction patterns from both of the samples are in 
general consistent with each other.

resolution. We collected the SMS spectra for both of the samples 
with or without a ∼10 μm thick stainless steel foil with a natural 
57Fe abundance. The SMS spectrum of 0.5Al–PPv15 was collected 
at 165 GPa and 300 K, while the spectrum of 0.28Al–PPv13 was 
collected at 168 GPa and 300 K. The collection time for each spec-
trum was about 12 h.

After the SMS measurements, we also performed the XRD mea-
surements for 0.5Al–PPv15 and 0.28Al–PPv13 in decompression at 
GSECARS of the APS, ANL, respectively. For 0.5Al–PPv15, the PPv 
structure was preserved to 127 GPa. Upon further decompression, 
the pressure suddenly dropped such that the 0.5Al–PPv15 sample 
lost the PPv structure and became amorphous. Similar to 0.5Al–
PPv15, we only obtained the XRD pattern for 0.28Al–PPv13 down 
to 114 GPa. Further decompression also caused a sudden drop in 
pressure and a loss in the PPv structure.

3. Results

3.1. Rietveld refinements

Based on the full-profile Rietveld refinement results on the 
synthesized PPv at 165 GPa for 0.5Al–PPv15 and at 168 GPa for 
0.28Al–PPv13, ∼94 vol% of the synthesized phases were in the 
CaIrO3-type PPv structure (Fig. 1). The refinement cell parameters 
are: a = 2.429(±0.001), b = 7.886(±0.003), c = 6.018(±0.002) Å 
for 0.5Al–PPv15; a = 2.426(±0.001), b = 7.942(±0.003), c =
6.021(±0.002) Å for 0.28Al–PPv13. The refinements also show that 
the synthesized sample contained approximately 6 vol% stishovite 
coexisting with PPv. Since the Fe content in stishovite is likely 
negligible (Liu et al., 2007), the coexistence of stishovite with PPv 
should not affect the SMS results. The diffraction patterns for both 
of our (Fe, Al)-bearing PPv do not show the occurrence of the 
kinked structure, 2 × 1 type PPv (P 21/m) (Fig. 1) that has been 
previously reported to occur in Al-free PPv samples (Jackson et al., 
2009; Mao et al., 2010). Comparing the composition of our sam-
ples with previous ones, it is possible that the presence of Al may 
limit the occurrence of the kinked structure. Detailed information 
on the Al substitution effect remains to be further investigated.

3.2. SMS analysis

The measured SMS spectra were analyzed using the CONUSS 
program (Sturhahn, 2000). For 0.5Al–PPv15, the spectrum can be 
suitably interpreted using a three-doublet model (Fig. 2 and Ta-
ble 1). Doublet 1 with 48% abundance has an extremely high QS 
of 3.79(±0.25) mm/s (Fig. 2 and Table 1). Compared to the QS of 
PPv and perovskite from literature results, doublet 1 is most likely 
to be the HS Fe2+ occupying the bipolar prismatic site (Lin et al., 
2013; Yu et al., 2012) (Fig. 3). As shown in Lin et al. (2012), in-
creasing pressure can greatly intensify the lattice distortion of Fe2+
in the bipolar prismatic sites, leading to a significant increase in 
the QS above 3.5 mm/s from 35 GPa (Lin et al., 2012) (Fig. 3). Since 
perovskite and PPv are structurally related, the extremely high QS 
in our PPv sample may also indicate a strong distortion of the Fe2+
sites. Doublet 2 with 47% abundance and QS of 2.40(±0.25) mm/s
has also been assigned to be the HS Fe2+ in the bipolar prismatic 
site (Lin et al., 2013; Yu et al., 2012) (Fig. 3). Considering the low 
QS value of 0.53(±0.25) mm/s, the remaining 5% Fe in 0.5Al–
PPv15 is assigned as the HS Fe3+ in the bipolar prismatic site, 
because the LS Fe3+ in the octahedral site would exhibit a higher 
QS of ∼2 mm/s (Fig. 3) (Catalli et al., 2010a; Hsu et al., 2011;
Lin et al., 2012; Mao et al., 2010; Yu et al., 2012).

For 0.28Al–PPv13, the doublet 1 also exhibits an extremely 
high QS of 4.03(±0.25) mm/s. Based on the aforementioned dis-
cussion and comparison with the literature data for perovskite 
and PPv, we assign the doublet 1 as the HS Fe2+ in the bipolar 
prismatic site with strong lattice distortions (Fig. 3) (Lin et al., 
2013; Yu et al., 2012). The doublet 2 with 13% occupancy has 
a QS of 1.62(±0.25) mm/s, and the doublet 3 with 49% occu-
pancy has a QS of 1.37(±0.25) mm/s. Both of them are assigned 
as the HS Fe3+ in the bipolar prismatic site (Catalli et al., 2010a;
Dyar et al., 2006; Lin et al., 2013; Yu et al., 2012) (Fig. 3). Based on 
the discussion above, we conclude that all of the Fe in 0.5Al–PPv15 
and 0.28Al–PPv13 is in the HS state in the bipolar prismatic sites. 
Fe in 0.5Al–PPv15 is predominantly HS Fe2+ with a minor amount 
of HS Fe3+, whereas more than 60% of the Fe in 0.28Al–PPv13 is 
the HS Fe3+ together with ∼40% of Fe being the HS Fe2+.

3.3. XRD analyses

XRD patterns of the PPv samples have been measured in de-
compression for each composition. For 0.5Al–PPv15, we have ob-
tained the P -V relation between 125 and 168 GPa (Fig. 4). Because 
PPv is not pressure quenchable to ambient conditions, its volume 
at ambient conditions (V 0) is unknown. Considering the narrow 
pressure range in our experiments, we have used the modified 
third-order BM-EoS to model the P -V data in order to reduce the 
uncertainty for the derived EoS parameters (Sata et al., 2002):

P =
{
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where P02, K02, and V 02 are the pressure, bulk modulus, and unit 
cell volume at a reference pressure, respectively. The subscript 2 
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Fig. 2. Synchrotron Mössbauer spectra and modeled energy spectra of the (Al, Fe)-bearing silicate PPv at high pressures. Top panels: 0.5Al–PPv15 with the chemical compo-
sition of (Mg0.8Fe0.2)3Si2Al3O12 at 165 GPa and 300 K; bottom panels: 0.28Al–PPv13 with the chemical composition of Mg0.66Fe0.13Si0.86Al0.28O3 at 168 GPa and 300 K. Red 
circles: experimentally measured spectra; black lines: modeled results using CONUSS program (Sturhahn, 2000). Based on evaluation of the measured SMS spectra, the mod-
eled energy spectra with assigned doublets for each PPv sample are shown on the right column. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)
Table 1
Hyperfine parameters of PPv from SMS measurements.

Composition Doublet QS 
(mm/s)

IS 
(mm/s)

Abundance 
(%)

Mg0.66Fe0.13Al0.28Si0.86O3

at 168 GPa
1 4.03 1.08 38
2 1.37 0.29 49
3 1.62 1 13

Mg0.6Fe0.15Al0.5Si0.75O3

at 165 GPa
1 3.79 1 48
2 2.40 1.35 47
3 0.53 0.28 5

The uncertainties of QS and IS are ±0.25 mm/s.

means that the reference is at high pressures. V is the measured 
unit cell volume, and K ′

02 is the pressure derivative of the bulk 
modulus. K ′

02 can be fixed as:

K ′
02 = 4 − 35P02

9K02
(2)

In this model, Eq. (1) has been reduced to be the second order 
BM-EoS. Using the second order BM-EoS above, we have obtained 
K02 = 726(±30) GPa with V 02 = 115.3(±0.3) Å

3
at 165 GPa for 

0.5Al–PPv15. The XRD patterns of 0.28Al–PPv13 were collected 
between 114 and 170 GPa during decompression (Fig. 4). Com-
paring to Al-free PPv, 0.28Al–PPv13 in this study exhibits greater 
compressibility (Fig. 4). The K02 of 0.28Al–PPv13 at 168 GPa is 
760(±30) GPa, together with V 02 = 115.8(±0.3) Å

3
at 168 GPa.

4. Discussion

4.1. Effect of Fe and Al on the volume of PPv

The SMS results from this study have provided valuable in-
formation on the spin and valence states of (Fe, Al)-bearing PPv, 
enabling us to better understand the compositional effect on the 
EoS of PPv. Based on the SMS results of 0.28Al–PPv13, Fe3+
and Al3+ enter the PPv structure through coupled-substitution, 
consistent with theoretical calculations (Zhang and Oganov, 2006). 
The smaller Al3+ prefers to occupy the octahedral sites, which 
leads to the substitution of Fe3+ in the bipolar prismatic sites in 
the HS state. This is in contrast to the spin and valence states of 
Fe in Al-bearing perovskite in which the LS Fe3+ is also present 
in the octahedral sites at ∼60 GPa together with Al (Catalli et al., 
2011), indicating that the spin and valence states of Fe could be 
different in perovskite than PPv. According to the SMS results, the 
Fe3+ content is extremely low in 0.5Al–PPv15. About 95% of Fe in 
0.5Al–PPv15 is HS Fe2+, similar to that in the starting material. 
Although the self-oxidation of Fe2+ to form a certain amount of 
Fe3+ has been proposed to occur in PPv, the enrichment of Al in 
PPv may restrict this process and minimize the presence of Fe3+
(Jackson et al., 2009; Zhang and Oganov, 2006).

We also note that the volume of PPv is greatly affected by 
the different valence states of Fe and the amount of Al substitu-
tion. As mentioned above, Fe in 0.5Al–PPv15 is predominantly HS 
Fe2+ in the bipolar prismatic sites. The unit cell volume of 0.5Al–
PPv15 should be greater than PPv with the same amount of Al and 
HS Fe3+ in the bipolar prismatic sites. However, due to the enrich-
ment of Al, half of Al in 0.5Al–PPv15 will occupy the bipolar pris-
matic sites. The amount of Al present in the bipolar prismatic sites 
in 0.5Al–PPv15 is much greater than that in 0.28Al–PPv13, which 
can compensate for the volume difference between the HS Fe2+
and HS Fe3+. As a result, 0.5Al–PPv15 with higher Al and HS Fe2+
contents has a unit cell volume similar to 0.28Al–PPv13 with lower 
Al and greater HS Fe3+ contents at the investigated pressure range 
(Fig. 4). We thus conclude that the unit cell volume of PPv is not 
only affected by the composition, but also by the valence and spin 
state of Fe.

4.2. Effect of Fe and Al on the density, KT, and V� of PPv

We have compared our EoS parameters of PPv results to lit-
erature data in the pyrope–almandine (py–alm) composition sys-
tem in order to understand the effect of Fe on the density, KT, 
and V� of Al-enriched PPv at lowermost-mantle pressures and 
300 K (Figs. 5 and 6). Addition of Fe causes a linear increase in 
the unit cell volume of PPv. The unit cell volume of Alm38–PPv 



Z. Mao et al. / Earth and Planetary Science Letters 403 (2014) 157–165 161
Fig. 3. Quadrupole splitting (QS) values of silicate PPv and perovskite at high pres-
sures. (a) QS of PPv from literature and this study; (b) QS of perovskite from litera-
ture. In panel (a), red and blue circles: QS of Fe2+ occupying two different bipolar 
prismatic sites in PPv; green circles: QS of Fe3+ in PPv; black circles: QS of metallic 
iron (Jackson et al., 2009); grey circle: QS of unassigned site in PPv (Lin et al., 2008). 
Data for the QS of PPv are from literatures (Catalli et al., 2010a; Jackson et al., 2009;
Lin et al., 2008; Mao et al., 2010) and this study. Due to the narrow stability pres-
sure range of PPv in the lower mantle, the effect of pressure on the QS of PPv is 
not clear, which requires future Mössbauer studies over an extended pressure range. 
In panel (b), red and blue lines and circles: QS of Fe2+ occupying the large bipo-
lar prismatic M1 and M2 sites in perovskite; green lines and circles: QS of Fe3+ in 
perovskite. Data for the QS of perovskite are from literatures (Catalli et al., 2010b;
Jackson et al., 2005; Li et al., 2006; Lin et al., 2008, 2012; Mao et al., 2011b;
McCammon et al., 2008; Narygina et al., 2010). The left dashed-vertical bar shows 
the range of QS for the HS Fe2+, and the green-vertical bar shows the range of 
QS for the HS and LS Fe3+. Uncertainties are not shown when they are smaller 
than symbols. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

in Shieh et al. (2011) is questionable and not used in the anal-
yses here (Fig. 5). Alm38–PPv exhibits a much lower unit cell 
volume than our 0.5Al–PPv15 with 20% of Fe, but similar to that 
of MgSiO3–PPv and Mg3Al2Si3O12–PPv at a given pressure (Fig. 5) 
(Guignot et al., 2007; Tateno et al., 2005). The problematic volume 
of Alm38–PPv in Shieh et al. (2011) could be caused by the pres-
ence of an Al-rich PPv phase during synthesis, leading to a change 
in composition. The effect of Fe content on the density, KT, and 
V� of PPv in the py–alm system has been investigated at 130, 
140 and 150 GPa, respectively (Fig. 6). In general, the density, KT, 
and V� of PPv exhibit a positive dependence on the Fe content. 
Specifically, addition of Fe in PPv produces a linear increase in the 
density. The effect of Fe content on the KT and V� of PPv is rel-
atively weak when it is less than 54%. Above 54%, the KT and V�

of PPv are dramatically increased by Fe in the py–alm system.
To gain a more comprehensive understanding on the combined 

effect of Fe and Al, we have compared the density, KT, and V�
Fig. 4. Pressure–volume relations of (Fe, Al)-bearing PPv. (a) EoS of 0.5Al–PPv15 (red 
circles and lines). Black line: MgSiO3–PPv from Guignot et al. (2007); green, blue, 
orange and magenta lines are for PPv in Alm38, Alm54, Alm73 and Alm90 composi-
tions from Shieh et al. (2011), respectively; (b) EoS of 0.28Al–PPv13 (red circles and 
lines). Black line: MgSiO3–PPv (Guignot et al., 2007); magenta line: PPv synthesized 
from MgSiO3 + 8.5 mol% Fe2O3 (Catalli et al., 2010a); blue line: (Mg0.91Fe0.09)SiO3–
PPv (Shieh et al., 2006); green line: (Mg0.6Fe0.4)SiO3–PPv (Mao et al., 2006). Errors 
are not shown when they are smaller than symbols. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 5. Unit cell volumes of Al-bearing silicate PPv at high pressures. The results 
were derived from samples having chemical compositions in the pyrope–almandine 
series [(MgxFe1−x)3Si2Al3O12]. Solid circles: 0.5Al–PPv15 (this study); open sym-
bols: PPv in various compositions from Shieh et al. (2011); lines: linear relationship 
between the volume of PPv and Fe content in PPv at each given pressures. The data 
for Alm38–PPv from Shieh et al. (2011) were not used for the comparison because 
they obviously deviated from the linear relation between volume and Fe content.
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Fig. 6. Modeled density (ρ), bulk modulus (KT), and bulk sound velocity (V�) of 
silicate PPv in pyrope–almandine composition at high pressures. Solid circles: cal-
culated values based on the reported EoS from Shieh et al. (2011) and this study; 
red, blue and green colors are results at 130 GPa, 140 GPa and 150 GPa, respec-
tively. The standard deviations of the volume and density are shown as ±1σ at the 
bottom right corner of the figure. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

of our 0.5Al–PPv15 and 0.28Al–PPv13 to literature results in both 
of Al-free and Al-bearing PPv using MgSiO3–PPv as a reference 
at lowermost-mantle pressures and 300 K (Fig. 7) (Guignot et al., 
2007; Mao et al., 2006; Nishio-Hamane and Yagi, 2009; Shieh et al., 
2011). When Al is absent in PPv, the density of (Mg, Fe)SiO3–PPv 
increases with Fe content, similar to that shown in the py-alm 
composition system. (Fe, Al)-bearing PPv also exhibits a greater 
density than MgSiO3–PPv. The presence of Al and HS Fe3+ in 
0.28Al–PPv13 results in a ∼1(±0.3)% greater density than MgSiO3–
PPv at the CMB pressures; similar to the addition of 9% Fe in 
(Mg0.91, Fe0.09)SiO3–PPv. On the other hand, although the unit 
cell volumes of 0.5Al–PPv15 and 0.28Al–PPv13 are similar at 
Fig. 7. Density (ρ), bulk modulus (KT), and bulk sound velocity (V�) variation of 
(Al, Fe)-bearing PPv using MgSiO3–PPv as the reference at pressures in the bottom 
lower mantle. �ρ/ρ (a), �KT/KT (b), and �V�/V� (c) represents the density, bulk 
modulus, and bulk sound velocity difference, respectively, between (Fe, Al)-bearing 
PPv and MgSiO3–PPv. The blue area shows the effect of Fe content [0 (PPv0) to 
40 mol% (PPv40)] on the density, bulk modulus, and bulk sound velocity of Al-free 
PPv (Mao et al., 2006; Shieh et al., 2006; Guignot et al., 2007). The red and green 
lines show the calculation results for 0.28Al–PPv13 and 0.5Al–PPv15, respectively, 
using results in this study. The orange short-dashed line is for 0.15Al–PPv15 from 
Nishio-Hamane and Yagi (2009). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

lowermost-mantle pressures, the enrichment of Al effectively in-
creases the mass of 0.5Al–PPv15, leading to a greater density 
in 0.5Al–PPv15 than in 0.28Al–PPv13. At CMB pressures, 0.5Al–
PPv15 has a density ∼3(±0.4)% greater than that of MgSiO3–PPv. 
Nishio-Hamane and Yagi (2009) had reported the EoS parame-
ters of (Mg0.85Fe0.15)(Al0.15Si0.85)O3–PPv (0.15Al–PPv15), showing 
a density 2.8(±0.3)% greater than that of MgSiO3–PPv at CMB 
pressures (Fig. 7). This is consistent with our results that the 
density of PPv exhibits a positive dependence on the Al and Fe 
content. However, it is difficult to directly compare our results to 
Nishio-Hamane and Yagi (2009) because of the different pressure 
calibrant used. More importantly, the spin and valance states of Fe 
are unknown in Nishio-Hamane and Yagi (2009), which have been 
shown to greatly influence the density of PPv at lowermost-mantle 
pressures.

The KT and V� in Al-free PPv have been found to exhibit a 
negative dependence on the Fe content at up to 10% (Fig. 8), al-
though Mao et al. (2006) has shown a great increase in the KT
and V� when the Fe content reaches 40%. The (Fe, Al)-bearing PPv 
has a lower KT and V� than MgSiO3–PPv, indicating a negative 
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Table 2
Unit cell parameters for PPv at high pressures.

Composition P (GPa) a(Å) b(Å) c(Å) V (Å
3
)

Mg0.66Fe0.13Al0.28Si0.86O3 170(4) 2.423(2) 7.929(4) 5.999(4) 115.26(14)
168(4) 2.426(2) 7.939(4) 6.015(4) 115.83(14)
167(4) 2.426(2) 7.942(4) 6.021(4) 116.03(14)
158(4) 2.432(2) 7.962(4) 6.034(4) 116.83(14)
143(4) 2.447(2) 8.002(4) 6.056(4) 118.58(14)
141(4) 2.451(2) 8.024(4) 6.061(4) 119.20(14)
125(3) 2.466(4) 8.074(5) 6.166(6) 122.76(24)
123(3) 2.476(1) 8.080(5) 6.156(4) 123.15(12)
114(3) 2.487(2) 8.121(4) 6.183(3) 124.89(13)

Mg0.6Fe0.15Al0.5Si0.75O3 167(4) 2.426(1) 7.877(2) 6.018 114.97(06)
166(4) 2.426(1) 7.878(2) 6.017 114.99(07)
165(4) 2.429(1) 7.886(4) 6.018(3) 115.26(09)
162(4) 2.433(1) 7.901(4) 6.029(3) 115.90(10)
162(4) 2.431(1) 7.895(4) 6.025(3) 115.63(09)
160(4) 2.434(1) 7.901(4) 6.031(2) 115.96(08)
160(4) 2.433(1) 7.898(4) 6.030(3) 115.87(10)
159(4) 2.436(1) 7.918(3) 6.034(2) 116.36(08)
156(4) 2.438(1) 7.947(3) 6.039(3) 116.99(08)
154(4) 2.440(1) 7.949(3) 6.048(2) 117.29(08)
150(4) 2.444(2) 7.970(4) 6.056(2) 117.97(12)
147(4) 2.449(2) 7.959(4) 6.078(2) 118.48(12)
144(4) 2.453(2) 7.980(4) 6.076(2) 118.94(12)
140(4) 2.456(2) 7.989(5) 6.088(3) 119.43(14)
139(4) 2.458(2) 7.989(4) 6.091(3) 119.61(13)
134(4) 2.467(2) 8.026(5) 6.111(4) 121.00(15)
132(3) 2.468(2) 8.035(5) 6.113(3) 121.23(14)
127(3) 2.473(2) 8.059(5) 6.127(3) 122.12(14)

Numbers in parentheses are one-standard deviation uncertainties in the last digit(s).
dependence on KT and V� on the net content of Fe and Al. The 
KT and V� of 0.28Al–PPv13 are 2.6(±4.3)% and 1.6(±1.5)% lower 
than those of MgSiO3–PPv at CMB pressures, respectively. Addition 
of Al can enhance this reduction, leading to a 14.6(±4.9)% and 
9.1(±2.0)% lower KT and V� in 0.5Al–PPv15 than MgSiO3–PPv at 
CMB pressures, respectively. The combined effect of Fe and Al on 
the KT and V� of PPv is thus inverse to that on the density.

5. Geophysical implications

The density and velocity of candidate lower-mantle minerals 
at relevant pressure–temperature conditions are of two fundamen-
tal importance in constraining the composition, structure, and dy-
namic process of the region. Previous studies have pointed out that 
the perovskite to PPv phase transition can cause an increase in 
density yet a decrease in V� (Hirose, 2006; Nishio-Hamane and 
Yagi, 2009; Oganov and Ono, 2004; Wentzcovitch et al., 2006).

Using the EoS of 0.28Al–PPv13 and 0.5Al–PPv15 from this study 
together with previous results for (Fe, Al)-bearing perovskite, we 
have calculated the density and V� variation across the per-
ovskite to PPv phase transition at the lowermost-mantle pressures 
and 300 K (Fig. 8) (Ballaran et al., 2012; Guignot et al., 2007;
Lundin et al., 2008; Mao et al., 2006, 2011b, submitted for pub-
lication; Shieh et al., 2006). To reconcile different pressure cali-
brants used in the perovskite and PPv experiments (Mao et al., 
submitted for publication), we have used an internally consistent 
pressure scale from Fei et al. (2007a) to recalculate all pressures 
in our modeling. In this modeling, the volume percentage of per-
ovskite (PPv) in the lower mantle is assumed to be fixed at ∼75%
(Ringwood, 1975). Lower-mantle perovskite has been reported to 
undergo the HS to LS transition in Fe3+ (Hsu et al., 2011; Lin et 
al., 2012). The effect of Al and the Fe3+ spin transition on the den-
sity and V� of perovskite has been included in our modeling (Hsu 
et al., 2011; Lin et al., 2013; Mao et al., submitted for publication;
Walter et al., 2006). Previous experimental studies have reported 
conflicting results on the partition of Fe between perovskite/PPv 
and ferropericlase (Auzende et al., 2008; Kobayashi et al., 2005;
Fig. 8. Density (ρ) and bulk sound velocity variation (V�) for the perovskite to PPv 
phase transition. Black line: �ρ/ρ and �V�/V� between perovskite and PPv with 
10% Fe; red line: �ρ/ρ and �V�/V� between perovskite and PPv with a 0.28Al–
PPv13 composition; green line: �ρ/ρ and �V�/V� perovskite and PPv with a 
0.5Al–PPv15 composition. (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)

Murakami et al., 2005; Sinmyo et al., 2008). Although previous ex-
perimental studies have shown that the spin transition of Fe may 
affect the partitioning of Fe between lower-mantle phases, all of 
the Fe in our PPv samples likely stays in the HS state because of 
the presence of Al, which should not affect the partitioning of Fe. 
To simplify the modeling, we have assumed that perovskite and 
PPv have the same Fe and Al content.

In the Al-free system, the presence of 10% Fe can produce 
a 2.9(±0.4)% increase in density and 4.8(±1.7)% decrease in V�

at the CMB pressures due to the perovskite to PPv phase transi-
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tion. For perovskite and PPv with the same composition as 0.28Al–
PPv13, the phase transition will lead to a 2.5(±0.4)% increase 
in density and 5.0(±1.7)% decrease in V� , similar to the effect 
of 10% Fe. If the Fe and Al content in perovskite and PPv is as 
much as that shown in 0.5Al–PPv15, the density will be increased 
by 3.5(±0.4)%, whereas the V� will decrease by ∼10(±1.8)%
across the perovskite to PPv phase transition. The density and V�

of the perovskite to PPv phase transition thus exhibit a strong de-
pendence on the composition.

Previous experimental and theoretical studies have shown that 
the perovskite to PPv phase transition can cause an increase in 
the shear-wave velocity (Murakami et al., 2007a, 2007b). Together 
with the reduction in V� shown in our modeling, the shear-wave 
velocity and V� are anti-correlated, consistent with seismic obser-
vations (e.g. Masters et al., 2000; Su and Dziewonski, 1997). Most 
importantly, if some regions in the D′′ layer have a MORB ori-
gin that is enriched in Fe and Al, the anomalies in V� across the 
phase transition will be enhanced (e.g. Dobson and Brodholt, 2005; 
Knittle and Jeanloz, 1989, 1991; McNamara and Zhong, 2005;
Otsuka and Karato, 2012). Laterally, the enrichment of Fe and Al 
in PPv will also exhibit a seismic signature of a higher density 
but lower V� in the D′′ layer. Such a compositional effect on V�

will help us identify the chemical heterogeneity in the D′′ layer. 
Since most studies used here were performed at high pressures 
and 300 K, future high pressure–temperature studies at relevant 
conditions of the D′′ region are needed to provide a more com-
prehensive understanding of the compositional effect on the EoS 
parameters in the lowermost mantle region.
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