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Abstract We have investigated the equation of state of Fe-bearing bridgmanite, (Mg0.9Fe0.1)SiO3, using
synchrotron X-ray diffraction in diamond anvil cells up to 125 GPa and 300 K. Combined with previous
synchrotron Mössbauer spectroscopy results, we have found that the occurrence of the low-spin Fe3+ in
the octahedral sites (B site) of bridgmanite has produced a 0.5(±0.1)% reduction in the unit cell volume at
18–25 GPa and has increased the isothermal bulk modulus to 284(±4) GPa, consistent with recent theoretical
calculations. Together with literature results, we note that the addition of Fe can cause an increase in the
density, bulk modulus, and bulk sound velocity in both Al-free and Al-bearing bridgmanite at lower mantle
pressures. The presence of Fe3+ in the B site of bridgmanite can further enhance this increase. The observed
spin transition of B site Fe3+ in bridgmanite is thus important for understanding the density and velocity
structures of the lower mantle.

1. Introduction
Earth’s lower mantle is believed to mainly consist of bridgmanite [(Mg,Fe)(Al,Si)O3] and ferropericlase [(Mg,Fe)O]
with approximately 10% Fe in bridgmanite and 17% Fe in ferropericlase [Ringwood, 1975]. Of particular
importance is the electronic spin transition of Fe in ferropericlase and bridgmanite which has been reported
to affect a number of physical properties, including density, sound velocity, electronic conductivity, etc. [e.g.,
Badro et al., 2003; Crowhurst et al., 2008; Goncharov et al., 2006; Lin et al., 2013; Mao et al., 2010, 2011a, 2014].
Experimental and theoretical studies on the spin transition of Fe in ferropericlase and bridgmanite thus
provide new insights on the physical, chemical, and dynamic states of the lower mantle [e.g., Badro et al.,
2004; Cammarano and Romanowicz, 2007; Lin et al., 2005; Wentzcovitch et al., 2009].
A review of recent theoretical and experimental results shows that the spin and valence states of iron can
affect its stability in different crystallographic sites in bridgmanite [Lin et al., 2013]. For example, Fe2+ in
bridgmanite is reported to exist in the large dodecahedral sites (A site), while Fe3+ can occupy both
the A and octahedral sites (B site). Although previous Mössbauer spectroscopic studies have shown an
abnormal increase in the quadrupole splitting of Fe2+ in the A site of bridgmanite at high pressures, it is
still debated whether this change is associated with the high-spin (HS) to intermediate-spin transition of
Fe2+ in bridgmanite or the change is only a result of the enhanced lattice distortion that does not involve
the spin transition [Hsu et al., 2010; Lin et al., 2012, 2013; McCammon et al., 2008]. On the other hand, Fe3+
has been reported to occupy both the dodecahedral A site and the octahedral B site in bridgmanite. It has
been shown that only Fe3+ in the B site can undergo the HS to low-spin (LS) transition at lower mantle
pressures [Bengtson et al., 2009; Hsu et al., 2010; Lin et al., 2013]. It is worth noting that the B site Fe3+ is only
reported to be present in the polycrystalline bridgmanite samples, which have been observed to coexist
with stishovite (excess silica environment) but is absent in single-crystal bridgmanite [Ballaran et al.,
2012; Catalli et al., 2010, 2011; Glazyrin et al., 2014; Lin et al., 2012; Potapkin et al., 2013]. Fe3+ in the B site
of bridgmanite is theoretically predicted to be metastable and only occur at high pressures and high
temperatures [Hsu et al., 2012]. Future investigations are needed to clarify the effects of the synthesis
conditions (e.g., excess silica and oxygen fugacity) and substitution mechanisms on the presence of B site
Fe3+ in bridgmanite.
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Recent theoretical studies have shown that the HS to LS transition of Fe3+ in bridgmanite occurs at approximately
50 GPa, leading to a volume reduction, softening of the bulk modulus, and anomalous variation in the thermal
expansion coefﬁcient, heat capacity, and the Grüneisen parameter [Hsu et al., 2011; Tsuchiya and Wang, 2013].
Meanwhile, elevating the temperature will broaden the width of the Fe3+ spin transition [Tsuchiya and Wang,
2013]. The spin transition of Fe3+ in bridgmanite has also been identiﬁed in experimental studies [Catalli
et al., 2010, 2011; Lin et al., 2012], yet the effect of the Fe3+ spin transition on the volume and density of
bridgmanite is highly debated and unclear in recent experimental results probably due to the use
of inadequate starting samples and pressure medium as well as limited data points. Catalli et al. [2011]
have shown an anomalous collapse in the volume of an Al-bearing bridgmanite at ~70 GPa where the spin
transition of Fe3+ occurs, although the Al-bearing bridgmanite is expected to predominantly contain Fe3+ in
the A site, which is theoretically predicted to be stable in the HS state [Hsu et al., 2012].
In this study, we have conducted in situ synchrotron X-ray diffraction (XRD) experiments on bridgmanite with
10 mol.% Fe up to 125 GPa and 300 K. Compared to previous studies which did not constrain the spin and
valence states of Fe in bridgmanite [Andrault et al., 2001; Ballaran et al., 2012; Dorfman et al., 2013], our
XRD results obtained from well-characterized bridgmanite samples, together with previous synchrotron
Mössbauer spectroscopy (SMS) results, help to better constrain the effects of the Fe spin transition on
the equation of state (EoS) of bridgmanite at lower mantle pressures. Using the obtained results, we have
discussed the effect of the Fe spin transition and the variation of Fe and Al content on the density, bulk
modulus, and bulk sound velocity of the lower mantle, which aids in understanding the effect of compositional
variation on the density and sound velocity of the lower mantle.

2. Experiments
Bridgmanite with 10 mol.% Fe (Pv10) was synthesized from enstatite powder, (Mg0.9Fe0.1)SiO3, which was
synthesized by mixing powders of the oxides MgO, SiO2, and 57Fe2O3 according to the appropriate ratios
(see supporting information for details) [Lin et al., 2012]. The synthesized bridgmanite sample was examined
by X-ray diffraction, electron microscope, and Mössbauer spectroscopy (Figure S1 in the supporting information) [Lin et al., 2012]. Here we used the same batch of the bridgmanite sample as Lin et al. [2012] which
has been examined by the conventional Mössbauer spectroscopy at ambient conditions and synchrotron
Mössbauer spectroscopy measurements (SMS) at high pressures to determine the spin and valence states of
Fe. These measurements indicate approximately 20% of the total Fe as Fe3+ occupying the octahedral sites
and the remaining 80% as Fe2+ in the pseudododecahedral sites.
High-pressure XRD experiments of Pv10 were performed at GeoSoilEnviroConsortium for Advanced Radiation
Sources (GSECARS) sector of the Advanced Photon Source (APS), Argonne National Laboratory (ANL). The Pv10
samples were polished down to 10–15 μm thick disks which were then loaded into symmetric diamond anvil
cells (DACs) with a Re gasket and Ne pressure medium for high-pressure diffraction experiments. Pt powder
was placed next to the sample as the pressure calibrant [Fei et al., 2007a]. We have made three runs of
XRD measurements, each ranging from 1 bar to 125 GPa (Figure 1 and Table S1 in the supporting information).
In each run starting at approximately 30 GPa, both the sample and the Pt powder were annealed at ~1500 K by
laser heating at every 8–15 GPa pressure step up to 125 GPa in order to reduce the potential deviatoric stress in
the sample chamber. Compared to previous studies which synthesized bridgmanite in laser-heated DACs, using
well-characterized bridgmanite samples presynthesized from a multi-anvil apparatus helped to avoid potential
chemical inhomogeneities in the laser-annealed samples [Andrault et al., 2001; Catalli et al., 2010, 2011; Dorfman
et al., 2013; Mao et al., 2011b; Sinmyo et al., 2014]. The diffraction patterns were collected every 2–4 GPa with an
X-ray beam of 5 × 7 μm.

3. Results
High-pressure XRD experiments on bridgmanite with 10 mol.% Fe were performed at up to 125 GPa and 300 K
using DACs (Figures S1 and S2 in the supporting information). The obtained XRD patterns of Pv10 match
the diffraction lines of bridgmanite (Figure S1 in the supporting information). Several weak peaks are identiﬁed as diffraction lines of stishovite (Figure S1 in the supporting information). About 10–12 diffraction
lines were used to calculate the unit cell volume of bridgmanite at each pressure. Comparing the obtained
pressure-volume (P-V) data of Fe-bearing bridgmanite to that of pure MgSiO3-bridgmanite clearly shows
MAO ET AL.
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an abnormal reduction of 0.5(±0.1)%
in the unit cell volume between 18
and 25 GPa, which has been conﬁrmed
by three individual runs of experiments (Figure 1 and Table S1 in the
supporting information). The abnormal volume reduction is consistent
with previous theoretical predictions,
which could be associated with the HS
to LS transition of Fe3+ in the B site of
bridgmanite [Hsu et al., 2011; Tsuchiya
and Wang, 2013]. Meanwhile, comparing
the high-pressure XRD results in this
study with previous SMS results that
used the same bridgmanite sample indicates that the observed reduction in
Figure 1. Pressure-volume relations of silicate bridgmanite. Square, circle,
and diamonds: experimental data for the ﬁrst, second, and third runs,
volume can be mainly associated with
respectively; red lines: EoS of bridgmanite; red dashed lines: bridgmanite
the spin transition of the B site Fe3+ in
3+
with mixed HS and LS Fe . The vertical grey dashed lines indicate the
bridgmanite, although the effect of the
3+
region with mixed HS and LS Fe . The insert ﬁgure shows the variation of
local site distortion of the A site Fe2+ that
the unit cell volume of bridgmanite with pressure using end-member
concurs with the B site spin transition
MgSiO3 bridgmanite as the reference, (V-VMg-Pv)/VMg-Pv [Ballaran et al.,
2012]. Errors are smaller than symbols when not shown.
remains to be further understood [Lin
et al., 2012]. We compare the P-V relation
of Pv10 to pure MgSiO3-bridgmanite,
which helps to deﬁne the width of the spin transition. The LS fraction of bridgmanite with increasing pressure
is calculated as follows (Figure 2) [Wentzcovitch et al., 2009]:
nLS ¼

1
1 þ expðΔGðP; T Þ *=T Þ

(1)

where nLS is the LS fraction, ΔG(P,T)* is the normalized difference of the Gibbs free energy between the LS and
HS state (see supporting information for details) [Tsuchiya et al., 2006; Wentzcovitch et al., 2009]. These
analyses show that the spin transition starts at 18 GPa and completes at 25 GPa (Figure 2). Using the
derived width of the spin transition, the P-V data above 25 GPa ﬁtted to the third-order Birch-Murnaghan
EoS yield the isothermal bulk modulus, KT0 = 284 (±4) GPa, and unit cell volume, V0 = 162.6 (±0.3) Å3, with a
ﬁxed KT0′ = 4 for Pv10 with the LS B site Fe3+.

4. Discussion and Geophysical Implications
Our high-pressure XRD measurements have shown that a sudden collapse in the unit cell volume of Pv10 by
0.5(±0.1)% occurs between 18 and 25 GPa, which corresponds to a 0.6(±0.2)% increase in density. Combining
our XRD results with previous SMS results that used the same bridgmanite sample allows us to thoroughly
investigate the potential cause for this volume reduction. The high-pressure SMS measurements have shown
that the B site Fe3+ undergoes an electronic spin transition at approximately 13–25 GPa, while the A site
experiences strong lattice distortions [Lin et al., 2012]. The enhanced volume reduction observed in our
XRD measurements is more likely to be associated with the HS to LS transition of Fe3+, consistent with
previous theoretical studies, although the effect of the increase in the lattice distortion of the A site Fe2+
remains to be further understood [Hsu et al., 2011; Tsuchiya and Wang, 2013]. Moreover, our results support
recently predicted theoretical results in which bridgmanite having 6.25–12.5% Fe3+/(Fe2++Fe3+) in the B site
undergoes the Fe3+ spin transition with a 0.7–1.2% volume reduction at 40–50 GPa (Figure 2) [Hsu et al., 2011;
Tsuchiya and Wang, 2013]. Although two experimental studies have also documented the spin transition of Fe3+
in bridgmanite, the effect of the potential Fe3+ spin transition on the EoS of bridgmanite cannot be quantitatively evaluated because of the limited data points and the stiffer pressure medium used (Figure 2) [Catalli et al.,
2010, 2011]. It should be noted that all of the samples used in this study were well characterized and were
loaded with Ne, a softer pressure medium as compared to the previous experimental studies [Catalli
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Figure 2. (a) Pressure-volume relations and (b) low-spin fraction of silicate
bridgmanite (Pv10) compared with previous experimental and theoretical
calculations. (a) Black line: Pv10, this study; red lines: (Mg0.875,Fe0.125)(Si0.875,
Fe0.125)O3-bridgmanite [Hsu et al., 2011]; green and blue circles: experimental
results [Catalli et al., 2010; Catalli et al., 2011](Figure 2a). (b) Open square, circle,
3+
and diamonds: experimental LS fraction of Fe in bridgmanite in the ﬁrst,
second, and third runs, respectively (this study); black lines: ﬁtting results
3+
for the LS fraction of Fe in bridgmanite (this study); red line: theoretically
3+
calculated LS fraction of Fe in Pv25 [Hsu et al., 2011] (Figure 2b).

10.1002/2015GL064400

et al., 2010, 2011]. In order to better
understand the effects of the B site
Fe3+ spin transition on the EoS parameters of Fe-bearing bridgmanite, we
have used bridgmanite samples which
were presynthesized from enstatite powder using the large-volume pressure. The
spin and valence states of Fe as well as
chemical homogeneity of the bridgmanite sample have been characterized
using Mössbauer spectroscopy, X-ray
diffraction, and electron microprobe analyses at ambient conditions, while synchrotron Mössbauer spectroscopy results
of the sample at high pressures have
revealed the B site Fe3+ spin transition at
approximately 13–24 GPa that can be
directly combined with our EoS data.
We should note that although there have
been a number of previous in situ studies
on the spin and valence states of iron
and their effects on the EoS of bridgmanite, some of these previous studies had
used bridgmanite samples synthesized
using laser heating from polycrystalline
enstatite or glass starting samples
[Catalli et al., 2010, 2011], which could
develop rather complex chemistry and
iron valence states due to laser
heating conditions.

The onset pressure of the spin transition
could be much lower than that in literature reports because of much lower Fe3+
content in our bridgmanite (Figure 2)
[Catalli et al., 2010, 2011; Hsu et al., 2011;
Tsuchiya and Wang, 2013]. Although
Bengtson et al. [2008] predicted that the spin transition pressure of Fe3+ in bridgmanite is independent of the
Fe content up to 25%, previous XRD and SMS measurements have shown that the onset pressure of the Fe2+ spin
transition for ferropericlase and the Fe3+ spin transition for bridgmanite increases with the Fe content [Catalli
et al., 2010, 2011; Fei et al., 2007b; Jackson et al., 2005; Lin et al., 2012]. The onset pressure of the spin transition
could be much lower than that in literature reports because of much lower Fe3+ content in our bridgmanite
[Catalli et al., 2010, 2011; Hsu et al., 2011; Tsuchiya and Wang, 2013]. It is also worth noting that Fe3+ enters
the lower mantle bridgmanite either by the coupled substitution of Mg2+ and Si4+ by Al3+ and Fe3+ or the
self-disproportionation of Fe2+ to Fe3+ plus metallic iron [Frost et al., 2004; Hummer and Fei, 2012; Zhang
and Oganov, 2006]. Although the lower mantle Fe3+ in bridgmanite could be as high as 60% [Fe3+/(Fe3
+
+Fe2+)], most of the Fe3+ will be located in the A site, while only a small amount of Fe3+ could be in
the B site [Ballaran et al., 2012; Frost et al., 2004; Hummer and Fei, 2012; McCammon, 1997]. This will be particularly true when the dissolution of Al-bearing majorite into Al-bearing bridgmanite occurs at pressures
of 25–30 GPa of the top lower mantle [Irifune et al., 2010]. A previous study has shown that the amount of Al
will increase in bridgmanite at the pressure of the top lower mantle together with an increase in the Fe
content with the coupled substitution [Irifune et al., 2010]. Since Al will be located in the B site of bridgmanite, the addition of Fe3+ in bridgmanite at the top lower mantle will be mainly located in the A site. Fe3+ in
the B site of bridgmanite is thus signiﬁcantly limited by the addition of Al in bridgmanite. Since the amount
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of B site Fe3+ in the lower mantle
bridgmanite is low, the onset pressure
of the Fe3+ spin transition could also
be low in the lower mantle, similar to
that shown in our study [Catalli et al.,
2010, 2011; Hsu et al., 2011; Tsuchiya
and Wang, 2013].
We have noted that the spin transition of Fe3+ in the B site of bridgmanite has only been reported in a few
high-pressure studies which used powder bridgmanite samples synthesized
at high pressures using Fe3+-bearing
material or Fe-rich material as the
starting sample in laser-heated DACs
for XRD and/or SMS experiments, in
which the SMS results play a critical
role in identifying the LS Fe3+ in the
synthesized bridgmanite [Catalli et al.,
2010, 2011; Mao et al., 2011b]. In singlecrystal studies, Fe3+ tends to be located
in the large A site in bridgmanite
[Ballaran et al., 2012; Glazyrin et al., 2014;
Potapkin et al., 2013]. It is possible that
the substitution of Fe3+ in the octahedral
Figure 3. (a) Density, ρ0, and (b) bulk modulus, K0, of bridgmanite at ambient sites in bridgmanite powder samples is
conditions. Red open circles and line: Al-free bridgmanite in literature without related to the starting material, synthesis
an apparent abnormal change in the P-V data [Ballaran et al., 2012; Dorfman
conditions, and/or pressure-temperature
et al., 2013; Fiquet et al., 2000; Lundin et al., 2008]; red solid circles: Al-free
3+
environments of the experiments. Even
bridgmanite with LS Fe (this study) [Catalli et al., 2010; Mao et al., 2011b];
blue open circles and line: Al-bearing bridgmanite without an apparent
with an Fe2+-bearing starting material,
abnormal change in the P-V data [Andrault et al., 2001]; blue solid circles:
polycrystalline bridgmanite synthesized
3+
Al-bearing bridgmanite with LS Fe [Catalli et al., 2011]. Results for
at large-volume pressure which is in a
3+
bridgmanite with LS Fe are derived using experimental data at pressures
more O2 open environment may be
above the spin transition (this study) [Catalli et al., 2010, 2011; Mao et al.,
more likely to have LS Fe3+ than that
2011b]. Errors are smaller than symbols when not shown.
synthesized in DACs [Andrault et al.,
2001; Lundin et al., 2008]. On the other hand, the use of the Fe3+-containing starting material may also promote
the presence of LS B site Fe3+ [Catalli et al., 2010, 2011]. Mao et al. [2011b] reported the observation of LS B site
Fe3+ in the Fe-enriched bridgmanite. Although Dorfman et al. [2013] studied two Fe-rich bridgmanite, the spin
and valence states of Fe in their synthesized bridgmanite samples were unknown. The pressure-temperature
dependent substitution mechanism of Fe in the bridgmanite’s lattice, such as the charge-coupled substitution,
vacancies, and/or charge transfer, together with the starting material on the spin states of Fe in bridgmanite
remains to be further investigated in future studies.
We have further examined the effect of Fe content on the density (ρ0) and bulk modulus (K0) of bridgmanite at
ambient conditions (Figure 3 and supporting information Figure S4 and Table S2) [Andrault et al., 2001; Ballaran
et al., 2012; Catalli et al., 2010, 2011; Dorfman et al., 2013; Lundin et al., 2008; Mao et al., 2011b]. Although
Dorfman et al. [2013] reported the EoS of bridgmanite with up to 74% Fe, we focus on the Fe-dilute systems in
Figure 3 because of the coexistence of bridgmanite with other Fe-bearing phases in Dorfman et al. [2013], which
could lead to the depletion of Fe in their synthesized bridgmanite. Here the Fe content deﬁned as Fe/(Fe + Mg)
refers to the total molar percentage of Fe. It is worth noting that a long-standing problem in comparing the
equation of state parameters of mantle minerals to literature results is that different studies use different pressure
calibrants and scales. Although most previous studies for the EoS of bridgmanite used Au as the pressure calibrant,
which is different from the Pt calibrant used here, we have recalculated the pressure in literature using the Au
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pressure scale in Fei et al. [2007a], which reported an
internally consistent pressure scale for Pt and Au
(Table S2 in the supporting information) Catalli
et al., 2010, 2011; Dorfman et al., 2013; Lundin et al.,
2008; Mao et al., 2011b]. In addition, Andrault et al.
[2001] and Ballaran et al. [2012] used Ruby as the
pressure calibrant. Pressures in these two studies
were recalibrated using the pressure scales from
Dewaele et al. [2004], which is in a good agreement
with the metal pressure scales in Fei et al. [2007a].
Relevant literature P-V data were reanalyzed using a
third-order Birch-Murnaghan EoS with a ﬁxed
K0′ = 4 in order to have a more consistent, direct
comparison of ρ0 and K0 from different studies
(Table S2 in the supporting information and
Figure 3). The term ρ0 is directly measured by XRD
in most previous studies, although these studies did
not report the spin transition of Fe3+ in bridgmanite
[Andrault et al., 2001; Ballaran et al., 2012; Lundin
et al., 2008]. For bridgmanite with the LS B site Fe3
+
, ρ0 is derived by ﬁtting the experimental P-V data
using the third-order Birch-Murnaghan EoS, which
suffers from a well-known trade-off between the
derived K0 and K0′ values [Catalli et al., 2010, 2011;
Mao et al., 2011b]. The conﬁdence ellipses are constructed for bridgmanite with the LS B site Fe3+ to
better understand the trade-off between the derived
ρ0 (V0) and K0 values (Figure S5 in the
supporting information).
For Al-free bridgmanite without abnormal changes
in the P-V data, ρ0 linearly increases with the Fe
content, while K0 is independent of the Fe content
when taking the uncertainties into consideration
Figure 4. (a) Variation of density, (b) bulk modulus, and (Figure 3). The spin transition of the B site Fe3+ in
(c) bulk sound velocity of bridgmanite at lower mantle
bridgmanite is found to enhance ρ0 and K0 to
pressures using MgSiO3 bridgmanite as the reference. Solid
above the linear relation. The increase in ρ0 of
lines: Al-free bridgmanite; dashed lines: Al-bearing bridgour Pv10 is less than that in Catalli et al. [2010]
manite; orange line: Al-free bridgmanite with 4 mol % Fe
and Mao et al. [2011b], which could be due to
[Ballaran et al., 2012]; black line: Al-free bridgmanite with
3+
the LS Fe (Pv10), this study; red line: Al-free bridgmanite a lower LS Fe3+ content in our Pv10. Because of
3+
with the LS Fe [Catalli et al., 2010]; blue dashed line:
limited experimental studies available, ρ0 and K0
3+
(Mg0.9Fe0.1)(Al0.1Si0.9)O3 bridgmanite without the LS Fe ;
3+
of
Al-bearing bridgmanite are not as well congreen dashed line: Al-bearing bridgmanite with the LS Fe
strained as those in the Al-free counterparts
[Catalli et al., 2011].
[Andrault et al., 2001; Ballaran et al., 2012; Catalli
et al., 2011; Glazyrin et al., 2014]. In the Al-dilute
system, the density of Al-bearing bridgmanite is slightly lower than that of Al-free bridgmanite with the same
Fe content [Andrault et al., 2001]. The relationship between K0 and the Fe content is difﬁcult to be evaluated
quantitatively because only Andrault et al. [2001] studied the EoS of bridgmanite in the Al-dilute system. It is
interesting to note that Glazyrin et al. [2014] studied the EoS of Fe3+- and Al3+-enriched bridgmanite at lower
mantle pressure and temperature conditions. Addition of Fe3+ in the A site together with the presence of
Al3+ in the B site can result in a great reduction in K0, indicating the importance of exploring the effect of
oxidation state on the EoS of lower mantle bridgmanite in future studies [Glazyrin et al., 2014]. In contrast, the spin transition of the B site Fe3+ can cause an increase in both ρ0 and K0 in Al-bearing bridgmanite, which is similar to that shown in Al-free bridgmanite [Catalli et al., 2011].
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We have modeled the variation of ρ, K, and bulk sound velocity (VΦ ) of bridgmanite at lower mantle pressures
and 300 K using MgSiO3 bridgmanite as the reference (Figure 4) (see supporting information for details). For
Al-free bridgmanite without abnormal changes in the P-V data, the difference in density between Al free and
MgSiO3 bridgmanite is almost constant with pressure because K0 is independent of Fe content (Figure 4).
Since the spin transition of the B site Fe3+ increases the stiffness of bridgmanite, the difference in density
between bridgmanite with the LS Fe3+ and MgSiO3 end-member exhibits a decrease with increasing pressure.
At pressures corresponding to the lowermost mantle, ρ of our Pv10 with the LS Fe3+ is undistinguishable from
that of Pv4 within uncertainties of the EoS modeling [Ballaran et al., 2012]. Furthermore, raising the amount
of the LS Fe3+ in bridgmanite may increase the density difference between the Fe-bearing and MgSiO3
end-members (Figure 4) [Catalli et al., 2010]. On the other hand, K and VΦ of our Pv10 with the LS Fe3+
in the B site are 6–9(±3)% and 2–3.5(±1.5)% greater than those of MgSiO3 bridgmanite at lower mantle
pressures, respectively (Figure 4). These values are also much greater than that of Al-free bridgmanite in
literature which does not clearly exhibit an abnormal change in the unit cell volume at high pressures.
To better understand the effect of Fe and Al on the EoS of bridgmanite, we also compute the variation
of ρ, K, and VΦ of (Mg0.9Fe0.1)(Al0.1Si0.9)O3 bridgmanite. In the analyses, we assumed that all of the Fe was
in the HS state, the same K0 as the MgSiO3 end-member, and used the linear relation in Figure 3 to derive
the density. Comparing the variation of ρ, K, and VΦ of (Mg0.9Fe0.1)(Al0.1Si0.9)O3 bridgmanite without the
LS Fe3+ to results in Catalli et al. [2011] provides a ﬁrst-order estimation on the effect of LS Fe3+ in Al-bearing
bridgmanite. It is shown that Al-bearing bridgmanite with the LS Fe3+ in the B site also has a greater ρ, K, and
VΦ at lower mantle pressures than bridgmanite without the LS Fe3+ at lower mantle pressures (Figure 4).
Since the EoS of the Al-bearing bridgmanite is not as well constrained as the Fe-bearing ones, more reliable data
are needed in the future to provide a better understanding of the combined effects of Fe spin state as well as Fe
and Al content on the density proﬁles and velocity structures of the lower mantle.
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Our study here has shown that the spin transition of Fe3+ can cause a sudden reduction in the volume and an
increase in the bulk modulus of lower mantle bridgmanite, which is consistent with recent theoretical
predictions. Using a well-characterized bridgmanite sample by combining XRD, conventional Mössbauer
spectroscopy, and SMS allows us to better constrain the spin and valence states of Fe in bridgmanite and
understand the effect of spin transition on the density and bulk modulus of bridgmanite. Based on our
current understanding of the phase diagram of the (Al,Fe)-bearing MgSiO3-Mg2SiO4 system at mantle P-T
conditions, bridgmanite starts to contain a more signiﬁcant amount of Al at pressures above approximately
28 GPa where majoritic garnet, the major host of Al in the transition zone and very top of the lower mantle,
becomes unstable and forms solid solution with bridgmanite [Irifune et al., 2010]. Therefore, it is possible that
the B site Fe3+ can exist in the bridgmanite’s lattice at conditions of the topmost lower mantle but would
become much less abundant at higher pressures when Al extensively dissolves into the bridgmanite. The
effects of the spin transition of B site Fe3+ in bridgmanite observed here are thus most applicable to understand the properties of the topmost lower mantle, where the spin transition can lead to more enhanced
density and elevated bulk sound velocity in bridgmanite than previously thought for a high-spin
bridgmanite. However, if the amount of B site Fe3+ in the lower mantle bridgmanite is less than that in our
bridgmanite sample containing 20% B site Fe3+, the effect of Fe3+ spin transition on the density and bulk
sound velocity of bridgmanite could be greatly reduced or even become negligible geophysically. Future
studies are expected to explore how the Fe3+ content and temperature affects the onset pressure of the spin
transition and the thermoelastic properties of bridgmanite, which is of particular importance for understanding the density states, velocity structure, and dynamic behaviors of the lower mantle.
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