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1. Introduction

Iron is the most abundant transition metal in the mantle and
enters the crystal structures of the dominant mantle phases, silicate
perovskite (Pv) and ferropericlase (Fp) (e.g., Kesson et al., 1998). The
effect of Fe on the equation of state (EOS) of these mantle phases
is fundamental for constraining the chemical composition of the
lower mantle combined with seismic models (Stixrude et al., 1992).

It has been predicted that Fe in the mantle phases undergoes a
magnetic collapse at pressure relevant for the lower mantle (Cohen
et al., 1997). Recent spectroscopic measurements have found that
the spin state of Fe in Pv and Fp changes at mantle pressures (Badro
et al., 2003, 2004; Li et al., 2004; Speziale et al., 2005; Jackson et
al., 2005). Moreover, the spin transition in Fp affects the pressure
(P)–volume (V) relations (Lin et al., 2005; Speziale et al., 2005; Fei
et al., 2007), which has been further supported by first-principles
calculations (Tsuchiya et al., 2006; Persson et al., 2006).

However, no systematic EOS measurements have been per-
formed for Pv, which is the dominant phase in the lower mantle,
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ct of Fe on the equation of state (EOS), the volume of the perovskite (Pv)
ifferent Fe contents (x = 0, 0.09, 0.15), has been measured at high pres-
NaCl medium. A bulk modulus (K0) ranging between 255 and 261 GPa is
nsistent with the Pt scale are used and the data are fit to the second order
n. When the third order BM equation is used, we obtain K0 = 250–264 GPa

stent with previous low-pressure X-ray diffraction and Brillouin measure-
certainties (0.5% in volume and 6% in bulk modulus), we do not resolve
Fe-bearing (up to 15%) and Fe-free Pv to 1 Mbar (2600-km depth in the

the much larger effect of the Fe spin transition for the EOS of ferropericlase
rhaps due to much more diverse states of Fe (e.g., oxidation, coordination,
.

© 2008 Elsevier B.V. All rights reserved.

by varying the content of Fe at mantle pressures. An earlier study
(Mao et al., 1991) investigated the effect of Fe and concluded that
Fe does not change the EOS of Pv. Yet the data were collected only
up to 29 GPa which is much lower than the reported spin transi-
tion pressure in Pv, 70–120 GPa (Badro et al., 2004; Li et al., 2004).

Although the EOS of Pv with different Fe contents have been mea-
sured to higher pressures by some investigators (e.g., Knittle and
Jeanloz, 1987), it is difficult to reliably extract the effect of Fe by
combining these data, because of the use of different pressure scales
and pressure transmitting media in these measurements. Further-
more, even for the Pv phase in MgSiO3, the most studied system,
P–V relations have been measured without pressure medium above
50 GPa. Therefore, it is necessary to investigate the effect of Fe on
Pv at mantle pressures under improved stress conditions using the
same pressure scale in order to facilitate comparison among the Pv
phases with different Fe contents.

First-principles studies (Zhang and Oganov, 2006; Stackhouse
et al., 2007) and experimental measurements (Badro et al., 2004;
Li et al., 2004; Jackson et al., 2005) are in agreement in that the
spin transition occurs over a wide pressure range in Pv. Also the
computational studies have suggested that the transition occurs
gradually in Pv. In other words, if the spin transition indeed affects
density of Pv, it likely happens gradually over a wide pressure range.
Therefore, the effect of the spin transition may be recognized from
differences in compressibility between Fe-bearing and Fe-free Pv,
rather than by a discrete change (or a change over a narrow P range)
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in density as found in Fp (Lin et al., 2005; Speziale et al., 2005; Fei
et al., 2007).

We report the P–V relations of (Mg1−xFex)SiO3-Pv (x = 0, 0.09,
0.15) over 1 Mbar. In order to resolve differences in the EOS among
different composition systems, we use the same pressure scale (Au)
throughout the measurements and the same pressure medium (Ar)
for most of the data up to 1 Mbar.

2. Experimental methods

Natural pyroxene samples [(Mg1−xFex)SiO3] with x = 0.00, 0.09,
and 0.15 are used as starting materials. The chemical compositions
of the samples were examined using electron microprobe at MIT.
No significant amounts of other minor elements are detected for the
starting materials. The starting materials were ground to powders
and mixed with 10 wt% Au which serves as an internal pressure
standard and laser coupler. The mixtures were pressed to 5-�m
thick foils. Each foil was loaded in a hole in a preindented Re gas-
ket and then the assemblage was sandwiched between diamond
anvils in a symmetric type diamond-anvil cell. For most of our mea-
surements, we cryogenically loaded Ar as a pressure transmitting
and insulation medium in the sample chamber. A few grains of the
sample materials were placed below and above the sample foil in
order to allow liquid Ar to flow in between the foil and diamond
anvils. The diffraction lines of Ar are well resolved up to our maxi-
mum pressure, confirming that a significant amount of the pressure
medium surrounds our samples (Fig. 1). In some measurements
for the sample with xFe = 9 mol%, a sample foil was sandwiched
between two foils of NaCl which serves as an insulation and pres-
sure medium.

We used a culet size of 200 �m for measurements up to 80 GPa.
Beveled anvils with 150 �m culets were used for measurements
at pressures above 80 GPa. In order to examine reproducibility, we
conducted at least 3 different runs for each compositional system
with pressure ranges overlapping at least 10 GPa.

X-ray diffraction (XRD) measurements were conducted at the
GSECARS sector and the HPCAT beamline of Advanced Photon
Source (APS) and the 12.2.2 beamline of Advanced Light Source
(ALS). A monochromatic X-ray beam with an energy of 30 keV was
focused to a size smaller than 10 �m × 20 �m. Two-dimensional
diffraction images were collected using a Mar345 imaging plate or
a MarCCD detector. Diffracted beams were measured through X-ray
semi-transparent (40–60% transmittance for a 30-keV X-ray beam)

cBN backing plates, which extends measurable d-spacings to 1.1 Å.
This is particularly helpful for accurate determination of volume for
Pv and Au. A total of 9–25 diffraction lines are used to constrain the
volume of Pv. For Au, we use 3–5 diffraction lines.

In order to synthesize the Pv phases, the sample in the diamond-
anvil cell was heated with an Nd:YLF laser beam to 1500–2000 K at
pressures higher than 35 GPa for at least 20 min. Laser heating was
conducted at MIT, APS, and ALS. The samples were also scanned
with the laser before each diffraction measurement in order to
anneal the deviatoric stresses.

One of the key requirements for the determination of EOS is
the accuracy of the pressure scale. Recent studies have shown that
the popular X-ray pressure scales, such as Pt, Au, and MgO, are not
consistent with each other (Irifune et al., 1998; Shim et al., 2001a;
Fei et al., 2004; Dewaele et al., 2004; Hirose et al., 2006). Although
less discrepancy exists among the different Pt scales (Jamieson et
al., 1982; Holmes et al., 1989), the existing Pt scales are constrained
only by shock-wave measurements in which the temperature effect
is difficult to separate. The EOS of Au has been much more exten-
sively studied (e.g., Takemura, 2001; Shim et al., 2002; Dewaele et
al., 2004; Tsuchiya, 2003; Akahama et al., 2002; Fei et al., 2004).
anetary Interiors 168 (2008) 97–102

However, the existing Au scales predict pressures that differ by as
much as 20 GPa at 1.2 Mbar. Yet, as pointed out by Jamieson et al.
(1982), Au is preferred to Pt as a pressure scale due to its higher com-
pressibility. In addition, Au can couple with infrared laser beams for
heating like Pt. In this study, we use the Au scales (Tsuchiya, 2003;
Dewaele et al., 2004) which are known to be more consistent with
the Pt scales (Jamieson et al., 1982; Holmes et al., 1989) in order to
facilitate the comparison of our data with previous X-ray studies as
most of them used the Pt scales.

3. Result

In order to synthesize the Pv phase at the stable P–T conditions,
we compressed the starting materials directly to 35–50 GPa. Syn-
thesis of the Pv phase was confirmed during or after heating at
2000 K (Fig. 1). The diffraction lines from the Pv phase are fit well
to an orthorhombic unit cell (space group: Pbnm). The Pv phase was
observed up to 108 GPa, confirming its stability in the lower mantle
(Knittle and Jeanloz, 1987; Serghiou et al., 1998; Shim et al., 2001b).

The postperovskite (PPv) transition has been reported at
100–120 GPa in (Mg,Fe)SiO3(Murakami et al., 2004; Mao et al.,
2005; Shieh et al., 2006; Hirose et al., 2006; Shim et al., 2008). Fur-
thermore, it has been shown that Fe does not partition into Pv and
PPv with equal amounts (Murakami et al., 2005; Kobayashi et al.,
2005). Therefore, we exclude data points with any sign of the PPv
transition. It is notable that in our measurements on xFe = 15 mol%
the PPv transition was detected above 110 GPa after heating. If
thermal pressure is included, the transition pressure would be
approximately 120 GPa, which is more consistent with a small effect
of Fe on the PPv transition as reported by Hirose et al. (2006).

For some samples, we observed a weak diffraction line at
2.6–2.8 Å which has been also documented in previous measure-
ments (e.g., O’Neill and Jeanloz, 1994). In diffraction images, the
line consists of only a few dots indicating that the diffraction line is
from a highly preferred oriented phase. This line can be assigned to
the most intense line of stishovite (or CaCl2-type SiO2), although it
is the only line that can be uniquely assigned to SiO2. If the appear-
ance of SiO2 would be a result of (Mg,Fe)SiO3→ (Mg,Fe)O + SiO2,
we should have seen lines from Fp. However, we did not observe
any lines that can be exclusively assigned to Fp.

This line was more frequently observed in the Fe-bearing sam-
ples. McCammon (1997) reported that significant amount of Fe is
Fe3+ in (Mg,Fe)SiO3-Pv synthesized from Fe3+-free starting mate-

rials. Frost et al. (2004) proposed that Fe3+ in (Mg,Fe)SiO3-Pv is
due to a charge disproportionation (3Fe2+→ 2Fe3+ + Fe0). Therefore,
some amount of SiO2 could form through this reaction. However,
we could not detect any line which can be assigned to metallic Fe.

This line was also observed in one of the two different samples
of Mg endmember, although the intensity is very low (Fig. 1b). The
Pv phase in Fig. 1b was synthesized at 42 GPa. When it was syn-
thesized, we found the 2.8 Å peak. Therefore, the peak observed at
89 GPa can be from a small amount of SiO2 formed during synthesis
at low pressure. However, in the run where Pv was first synthesized
at 78 GPa, we did not observe the 2.8 Å peak.

In a separate run, we first synthesized pure Pv without the
2.8 Å line at 54 GPa (Fig. 1a) and then heated while the sample
was decompressed. The 2.8 Å peak appeared when the sample was
heated at 25 GPa. This observation may indicate that SiO2 may form
below 42 GPa in MgSiO3. If this is the case, MgSiO3-Pv synthesized
at low pressure may have some amount of defects in the structure.
Interestingly, the P–V relation measured during the decompression
is distinct from that at higher pressures. This could also be due to
the fact that we did not anneal the sample during decompression
in order to prevent back transformation to low-pressure phases.
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oom temperature. The backgrounds are subtracted from the patterns. Identifications for
re standard, Ar: argon pressure medium, Ar-h: the hcp phase of Ar, N: nitrogen, and ∗:

Haeri, 1994; Sinogeikin et al., 2004). The fact that our results with
the Au scales by Dewaele et al. (2004) and Tsuchiya (2003) agree
well with the previous results (Fiquet et al., 2000) with the Pt scale
by Holmes et al. (1989) confirms the previous reports (Akahama
et al., 2002; Dewaele et al., 2004) that these two Au scales are
in agreement with the Pt scale. However, these Pt scales are con-
strained only by shock-wave measurements. The consistency does
not necessarily mean the accuracy of the pressure scales. More work
is warranted to enhance the accuracy of the important pressure
scales.

Table 1
The volumes of (Mg,Fe)SiO3 perovskites at high pressure and 300 K used for equation
Fig. 1. X-ray diffraction patterns of (Mg,Fe)SiO3 perovskites at high pressure and r
the main diffraction lines are provided with labels (Pv: perovskite, Au: gold pressu
unknown).

Therefore, we do not include the decompression data for EOS fit.
However, at pressures higher than 40 GPa, the volume of MgSiO3-
Pv in the sample with the 2.8 Å peak agrees well with that in the
sample without the 2.8 Å peak. Therefore, this might indicate that
the defects are removed from the structure when the Pv phase is
further heated at higher pressures. Also it should not be ruled out
that small amount of SiO2 (possibly as inclusions) may exist in our
natural starting materials.

In some samples, we found a few diffraction lines which can be
assigned to the hexagonal closed-packed (hcp) phase of Ar which
was loaded as a pressure medium. Ar is stable in a face-centered
cubic (fcc) structure up to 50 GPa and then gradually transforms
to an hcp phase (Errandonea et al., 2006). In most of the diffrac-
tion patterns where we find hcp-Ar, we also observe a weak line

which can be assigned to a high-pressure polymorph of nitrogen
(Gregoryanz et al., 2007). The existence of nitrogen is further con-
firmed by Raman spectroscopy. The small amount of nitrogen is
perhaps captured during cryogenic loading of Ar. It is known that
the existence of small amounts of nitrogen can stabilize the hcp
phase of Ar (Wittlinger et al., 1997).

We fit the measured P–V relations of different compositional
systems to the second and third order Birch–Murnaghan (BM)
equations with weights calculated from the uncertainties in P and
V (Table 1 and Fig. 2). Because a severe correlation exists between
bulk modulus, K0, and its pressure derivative, K ′

0 = (dK/dP)P=0, in
the fitting (Bell et al., 1987), fixing K ′

0 = 4 during the fitting (i.e., sec-
ond order BM equation) provides a simpler comparison. Using the
Au scales by Dewaele et al. (2004) and Tsuchiya (2003), we obtained
K0 = 255–257 and 259–261 GPa, respectively (Fig. 2). However, no
clear effect of Fe on the compressibility of Pv is resolved within the
experimental uncertainty.

Our K0 values obtained with these Au scales are consistent
with previous XRD measurements (253–266 GPa) (e.g., Knittle and
Jeanloz, 1987; Mao et al., 1991; Fiquet et al., 2000; Vanpeteghem
et al., 2006) and Brillouin spectroscopy (253–264 GPa) (Yeganeh-

4
4

6

of state fits

xFe = 0 mol% xFe = 9 mol% xFe = 15 mol%

P (GPa) V (Å3) P (GPa) V (Å3) P (GPa) V (Å3)

28.8(6) 147.96(3) 1 bar 163.18(3) 1 bar 163.30(7)
30.3(6) 147.06(4) 36.2(7) 145.81(3) 30.3(4) 148.48(5)
36.0(8) 144.95(3) 36.9(5) 145.80(6) 39.4(6) 144.41(8)
37.1(8) 144.83(3) 39.0(5) 145.11(6)∗ 42.2(8) 143.93(13)
42.0(9) 142.90(3) 45.0(6) 142.72(3) 44.7(7) 143.16(9)
42.1(9) 143.19(3) 46.5(9) 142.26(3) 48.2(10) 141.61(5)
46.1(10) 141.24(3) 49.3(7) 141.42(6) 52.9(8) 140.66(4)

8.5(11) 140.93(3) 51.5(7) 140.63(4) 56.2(9) 139.56(7)
9.5(11) 140.46(3) 54.4(11) 140.02(5)∗ 58.0(9) 139.13(2)

54.2(13) 139.36(3) 55.2(9) 139.85(5) 59.1(10) 138.28(9)
56.7(14) 138.74(3) 56.0(9) 139.26(3) 64.6(11) 136.88(9)

8.5(17) 135.75(3) 56.2(9) 139.32(5) 71.0(12) 135.19(14)
73.3(25) 134.12(4) 60.4(10) 137.94(4) 79.3(14) 132.89(14)
80.2(21) 133.05(3) 64.6(7) 137.06(4)∗ 84.7(15) 131.75(13)
88.5(24) 131.07(3) 64.7(11) 136.91(6) 92.9(20) 130.47(13)
93.0(5) 129.61(3) 80.6(9) 132.63(5)∗ 95.9(18) 129.66(19)

86.1(20) 131.01(7)∗ 107.9(21) 127.49(15)

Pressure is calculated using the Au scale by Tsuchiya (2003). The numbers in the
parentheses are 1� uncertainties. The data points with ∗ were obtained in a NaCl
pressure medium. All other data points were obtained in an Ar pressure medium.
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Some interesting trends can be found in the third order fit results
(Fig. 2): K ′

0 is lower in Fe-bearing than Fe-free Pv, regardless of the
pressure scale used. For xFe = 9 mol% in particular, the low K ′

0 is

strongly influenced by the data points existing between 80 and
90 GPa (Fig. 2b). Indeed, these two data points lie on the compres-
sional curve of Mg-endmember.

For more investigation, we calculate the volume difference,
�V/V = (VFePv − VPv)/VPv, between Fe-bearing (VFePv) and Fe-free
(VPv) Pv for each data point using the third order BM equation fit
results for Fe-free Pv (Fig. 3 a). It can be seen that the �V/V of Pv
in xFe = 9 mol% decreases with P and its volume becomes indistin-
guishable from that of Mg-endmember at 80 GPa. For xFe = 15 mol%,
a similar gradual decrease in �V/V with pressure can be seen to
80 GPa. Then the �V/V above 80 GPa appears to increase to a value
similar to that at 1 bar. Interestingly, the subtle changes in volume
behaviors are observed at the pressure range where partial spin
pairing has been reported in spectroscopy measurements (Badro
et al., 2004).

We also calculated density differences (��/�) between Fe-
bearing and Fe-free Pv in the same fashion (Fig. 3b). A decrease
in �V/V would result in an increase in the density of Fe-bearing
Pv over the pressure range, as it can be seen at 80–90 GPa in both
xFe = 9 mol% and xFe = 15 mol%.

Fig. 2. P–V equations of state of (Mg,Fe)SiO3 perovskites over 1 Mbar. Results for
the fitting to the second and third order Birch–Murnaghan equation are shown for
the different Au pressure scales. The Au scale by Tsuchiya (2003) is used for presen-
tation of the data points. The dotted line is the fitting results for MgSiO3-Pv data
to the third order BM equation. The solid lines in (b) and (c) represent the fitting
results for (Mg0.91Fe0.09)SiO3- and (Mg0.85Fe0.15)SiO3-Pv, respectively. The V0 of Mg-
endmember is obtained from Fiquet et al. (2000). The numbers in the parentheses
and the error bars are 1�uncertainties. The fixed parameters are noted with ∗.
Fig. 3. (a) Volume difference (�V/V) and (b) density difference (��/�) between
the Fe-bearing and Fe-free perovskites at high pressure. The effect of compression is
removed by subtracting the expected volume from the third order Birch–Murnaghan
EOS fit for Mg-endmember. The error bars are the 1� uncertainties which include
uncertainties in volume and the EOS of Mg endmember. The dotted horizontal lines
in (b) represent density differences at 0 GPa.

In order to investigate the effect of Fe on the crystal structure
of Pv we plot the normalized pseudo-cubic unit-cell axes and their
ratios as a function of pressure and composition (Fig. 4). We observe
a decrease in anisotropy of the unit cell with an increase of Fe: the
b/a and c/a ratios decrease with Fe by 0.2% and 0.3%, respectively
(Fig. 4b). As shown in Fig. 4 a, Fe expands the a-axis by 0.2% whereas
it shrinks the c-axis by 0.1%. However, no significant effect of Fe can
be found for the b-axis.
4. Discussion and summary

The EOS of (Mg,Fe)SiO3 perovskite (Pv) measured over 1 Mbar
using the Au scales (Tsuchiya, 2003; Dewaele et al., 2004) under
improved stress conditions confirms the results from previous XRD
(Knittle and Jeanloz, 1987; Mao et al., 1991; Fiquet et al., 2000)
and Brillouin spectroscopy (Sinogeikin et al., 2004; Yeganeh-Haeri,
1994) measurements. Our measurements also show that the EOS of
Pv does not change with Fe up to xFe = 15 mol% within estimated
experimental uncertainties.

In the EOS fit residue we found a subtle yet systematic trend in
Fe-bearing Pv: the volume of Fe-bearing Pv approaches that of Fe-
free Pv at 80–90 GPa where the spin transition has been reported
(Badro et al., 2004). However, the magnitudes of the changes are
close to the uncertainties of the data points. For the data points
which show the closest volumes to Mg-endmember, it is the smaller
a-axis that makes the volume small in xFe = 9 mol% whereas it is
the smaller c-axis in xFe = 15 mol%. If the volume of Fe-bearing Pv
approaching that of Fe-free Pv indeed results from the spin transi-
tion, both systems should show similar behaviors for the unit-cell
parameters. Therefore, we conclude that the trend in the fit residue
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Fig. 4. (a) Normalized pseudo-cubic axes of (Mg,Fe)SiO3 perovskites (a∗ = a/
√

2 ×
(V/4)−1/3, b∗ = b/

√
2 × (V/4)−1/3, and c∗ = c/2 × (V/4)−1/3) (Andrault et al., 2007),

and (b) ratios between pseudo-cubic axes. The open, grey, and solid circles represent
the perovskite phases in xFe = 0 mol%, xFe = 9 mol%, and xFe = 15 mol%, respectively.
The data are plotted with respect to the Au scale by Tsuchiya (2003).

of the volume is unlikely significant. In other words, our measure-
ments indicate that the effect of the spin transition on the volume
of Pv should not exceed 0.5% in volume or density and 6% in bulk
modulus which is the resolution limits of our datasets (Fig. 3).

A much larger effect from the spin transition has been reported
for Fp with a mantle-related composition, which is at least a factor
of two higher than that expected for Pv, although whether density
or compressibility is more sensitive to the electronic transition is
under debate: 35% in bulk modulus (Lin et al., 2005) or 4–5% in
volume without a significant change in bulk modulus (Speziale et

al., 2005; Fei et al., 2007). Also seismic velocity changes (Lin et al.,
2006) and elastic anomalies (Crowhurst et al., 2008) have been sug-
gested at the spin transition. This large effect is in sharp contrast
with our observations on (Mg,Fe)SiO3-Pv.

Although it is still unclear whether the electronic transition in Pv
occurs stepwise (Badro et al., 2004) or gradually (Li et al., 2004), pre-
vious X-ray spectroscopy measurements are in agreement in that
the transition occurs over a wide pressure range (∼ 50 GPa) in Pv. In
contrast, the transition appears to occur over a much more narrow
pressure range (∼ 15 GPa) in Fp at 300 K (Badro et al., 2003; Lin et al.,
2005; Fei et al., 2007), although it is also still under similar debate
(Kantor et al., 2006). As pointed out by previous studies (Badro et
al., 2004; Li et al., 2004; Jackson et al., 2005), the wider transition
pressure range in Pv is perhaps related to the fact that diverse states
are available for Fe in Pv: both Fe2+and Fe3+exist (McCammon,
1997), two crystallographic sites with different coordination are
available for Fe (Horiuchi et al., 1987), and Fe in different oxidation
and/or coordination states can have different spin states (Badro et
al., 2004).

First-principles studies have shown that Fe2+remains in a high-
spin state throughout the mantle (Zhang and Oganov, 2006;
anetary Interiors 168 (2008) 97–102 101

Stackhouse et al., 2007). They suggested that Fe3+in the dodeca-
hedral site of Pv would undergo a high- to low-spin transition at
60–80 GPa whereas Fe3+in the octahedral site remains in a low-
spin state at all mantle pressures. In addition, Stackhouse et al.
(2007) suggested that different Fe–Fe clustering would result in
the spin transition occurring at different pressures. Therefore, if a
large range of configurations coexist in Pv, which is possible because
of small energy differences among the different configurations, the
spin transition would appear to occur over a wide range of pressure
(Stackhouse et al., 2007).

From these results, we can conclude that the observed subtle
effect from the spin transition for the EOS of Pv would be due to
the diverse states of Fe. Furthermore, as pointed out by Stackhouse
et al. (2007), a relatively low concentration of Fe in Pv compared
to that in Fp in the mantle would also be an important factor for
the small effect. In fact, Stackhouse et al. (2007) and Bengtson et
al. (2007) predicted that the spin transition has only a minor effect
on the elastic properties of Pv with a mantle-related composition,
consistent with our findings.

Sturhahn et al. (2005) and Tsuchiya et al. (2006) pointed out that
high temperature would broaden the pressure range over which the
spin transition occurs, which has been experimentally confirmed in
Fp (Lin et al., 2007). Therefore, combined with our study, it is likely
that the spin transition of Fe in Pv would not result in a significant
discontinuity in density or compressibility in the mantle. Further-
more, mantle Pv contains Al and other cations and this would even
more diversify the state and configuration of Fe in Pv (Zhang and
Oganov, 2006). However, more studies are warranted to explore
the effect of the spin transition for other important properties of
Pv, such as electrical and optical properties.

Our data also provide some insights on how Fe affects the
anisotropy of the Pv structure. Assuming that the SiO6 octahedra
are rigid and regular shaped, the tilting angles of the octahedra
can be calculated from the axial ratios of the Pbnm Pv (O’Keeffe
and Hyde, 1977): � = cos−1(a/b) and � = cos−1(

√
2a/c). There-

fore, the observed smaller axial ratios of Fe-bearing Pv indicate
smaller tilting angles of the octahedra. It has been argued that the
smaller Mg atom compared with the available size of the dodec-
ahedral site in MgSiO3-Pv may be a cause of the orthorhombic
distortion of Pv (Horiuchi et al., 1987). Therefore, the larger size of
high-spin (or intermediate spin) Fe (Fei et al., 2007) in the dodec-
ahedral sites would decrease the tilting of the octahedra around
them. In addition, the spectroscopy measurements (Badro et al.,
2004) have suggested the spin pairing of Fe is not completed until

120 GPa.
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