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Determination of the chemical composition of the Earth’s mantle is
of prime importance to understand the evolution, dynamics, and
origin of the Earth. However, there is a lack of experimental data
on sound velocity of iron-bearing Bridgmanite (Brd) under rele-
vant high-pressure conditions of the whole mantle, which pre-
vents constraints on the mineralogical model of the lower mantle.
To uncover these issues, we have conducted sound-velocity mea-
surement of iron-bearing Brd in a diamond-anvil cell (DAC) up to 124
GPa using Brillouin scattering spectroscopy. Here we show that the
sound velocities of iron-bearing Brd throughout the whole pres-
sure range of lower mantle exhibit an apparent linear reduction
with the iron content. Our data fit remarkably with the seismic
structure throughout the lower mantle with Fe2+-enriched Brd,
indicating that the greater part of the lower mantle could be oc-
cupied by Fe2+-enriched Brd. Our lower-mantle model shows a dis-
tinctive Si-enriched composition with Mg/Si of 1.14 relative to the
upper mantle (Mg/Si = 1.25), which implies that the mantle con-
vection has been inefficient enough to chemically homogenize the
Earth’s whole mantle.

sound velocity | high pressure | mineralogical model of the lower mantle |
iron spin-state change of bridgmanite

Identification of the chemical compositions of the Earth’s upper
and lower mantle provides critical implications for the geo-

chemical, geophysical, seismological, and cosmochemical models
of the Earth. However, this issue has yet to be resolved. While
the Mg/Si ratio of the upper mantle has been believed to be
approximately ∼1.25 based on geochemical and petrological
observations (1–3), the Mg/Si ratio of the lower mantle still re-
mains unknown because of a lack of direct observations and
conclusive experimental results.
The dominant minerals in the lower mantle are thought to be

Fe-bearing MgSiO3 bridgmanite (Brd) and (Mg, Fe)O ferro-
periclase (Fp). This mineralogical model can be primarily con-
strained by measuring experimentally the sound velocities of
those minerals together with the mantle geotherm and by com-
paring with the seismological data. Although the sound-velocity
measurements of those mineral phases have recently been
achieved under high-pressure and -temperature conditions rel-
evant to the deep lower mantle (4, 5), the effect of iron in Brd on
the sound velocities under such conditions has not experimen-
tally been explored for the whole mantle. Previous studies
showed that the spin transition of iron in Fp notably affects its
elastic properties (5–12). Previous computational studies showed
that the spin transition of iron in Fp leads to anticorrelation
between Vφ and VS in the mid-lower mantle, although the spin
transition in Fp might not generate an obvious signature in one-
dimension velocity profiles (11, 12). In contrast, the presence
and effect of the spin transition in Fe-Brd still remains unclear
compared to that of Fp. Under the assumption that the lower
mantle has a pyrolitic bulk chemical composition, Fe-Brd is
widely thought to occupy around 80 vol % of the lower mantle;
therefore, its properties should have a significant effect on the
mineralogical model of the lower mantle. It is suggested that the

spin change in Fe-Brd might occur up to ∼60 GPa based on
previous extensive spectroscopic works and computational
studies (13–17). However, the existence and effect of the spin
change have not been clarified because of its complicating fac-
tors such as the valence states of iron (Fe2+, Fe3+) and their site
occupancies. Recently, Fu et al. (18) conducted the sound-
velocity measurements on Brd up to 70 GPa to explore the
exact pressure range of spin transition of Fe3+ in Brd, and sug-
gested that spin transition of Fe3+ occurs from 42.6 to 58 GPa by
the trend change of the velocity. In contrast to phases in the
upper mantle, the Fe3+/ΣFe ratio in the lower mantle has been
believed to be relatively high because the amount of ferric iron in
Fe-Brd possibly ranges from ∼20% to more than ∼60% with
increasing Al content (19–21). A recent study suggested that the
shallow lower mantle has a high Fe3+/ΣFe ratio with a decreasing
Fe3+/ΣFe ratio from 0.66 to 0.33 with increasing pressure while
the Fe2+/ΣFe ratio increases within the investigated pressure
range up to ∼40 GPa (22). However, their results have been
criticized that careful sensitivity test between measured velocities
and elastic constants and a covariance matrix analysis showed
that their derived elastic constants and velocities have large
uncertainties at lower-mantle pressures, which might invalidate
their assertions related to the lower-mantle mineralogy (23).
Furthermore, their results are only based on the limited exper-
imental pressures up to ∼40 GPa, out of the pressure range
where the spin transition of iron in Brd is considered to occur
(22, 24), and most of the lower part of the lower mantle has yet
to be explored.

Significance

Iron-bearing bridgmanite is the most abundant mineral in the
Earth’s interior. We overcome the experimental challenge of
measuring iron-bearing materials by using Brillouin scattering
techniques optimized for extreme pressure conditions in com-
bination of diamond-anvil cell. By using such techniques, re-
sults of acoustic wave velocities in the pressure range of the
entire mantle are reported here. Based on our results, we show
that the greater part of the lower mantle is Fe2+-rich because
the gradient of our model gives excellent fit to that of Pre-
liminary Reference Earth Model for almost all the pressure
range of the lower mantle with an Fe3+/ΣFe of 0.2. Our lower-
mantle model also shows a distinctive Si-enriched composition
with Mg/Si of 1.14 relative to the upper mantle.
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The shear modulus is likely to be more sensitive to such
changes in the structure than the bulk modulus according to
previous X-ray diffraction (XRD) measurements (16, 25),
therefore, it is important to measure the VS of the Fe-bearing
Brd under lower-mantle pressures to determine the effect of the
spin state.
Here, we present the results of acoustic wave velocity measure-

ments on Fe-Brd by Brillouin spectroscopy in the diamond-anvil
cell (DAC) up to 124 GPa, which covers the whole lower-mantle
pressure regime, to clarify the potential effect of the spin-state
change of Fe2+ in Brd on the lower mantle.

Results
We conducted two separate series of in situ high-pressure
Brillouin scattering measurements using DACs and obtained
the acoustic velocities for two different Fe-Brd composi-
tions with (Mg0.93Fe

2+
0.07)(Fe

3+
0.02Si0.98)O3 (Brd01&03) and

(Mg0.86Fe
2+

0.15)(Fe
3+

0.03Si0.97)O3 (Brd02&04) from 25.9 to
124.4 GPa at ambient temperature condition. As shown in
Fig. 1 A and B, we obtained sharp peaks from the shear acoustic
mode (VS) of Fe-Brd over the entire pressure range explored
(see also SI Appendix, Table S1). We have also paid special at-
tention to the characterization of recovered samples to carefully
check if there are any changes in crystallinity and chemistry of
the samples since they might significantly affect the elasticity
data (see also Materials & Methods, and SI Appendix, Supple-
mentary Materials in detail). Fig. 1 C–F show the typical selected
area electron diffraction (SAED) patterns and bright-field
transmission electron microscopy (TEM) images of the sam-
ples recovered from the high-pressure acoustic velocity mea-
surements. From the bright-field TEM images (Fig. 1 C and D),
we can easily recognize the well-sintered Fe-Brd grains having an
∼100–500-nm grain size with distinctive grain boundaries. The
clear diffraction spots can be indexed to the crystal structure of
Brd with an orthorhombic cell, indicating that the recovered Fe-
Brd samples, synthesized under high pressures, have preserved
high crystallinity. To characterize the valence state of the iron in
Fe-Brd, we also determined the Fe3+/ΣFe ratios of these samples
by using electron energy-loss spectroscopy (EELS) and found
values 0.17(±0.05) and 0.21(±0.05) for Brd01 and Brd02, re-
spectively (Fig. 1G). The TEM analysis of the chemical com-
position mapping of the recovered samples using the high-angle
annular dark-field (HAADF) and energy-dispersive X-ray
(EDX) method did not show any significant spatial distribution
in iron content across the sample (SI Appendix, Fig. S1 and
Materials and Methods). The aggregate shear velocities as a
function of pressure (Fig. 2) were fitted to third-order Eulerian
finite-strain equations (26) to obtain the adiabatic shear modu-
lus, G, and its pressure derivative, G′. For this regression, we
adopted the zero-pressure volumes, isothermal bulk modulus,
and pressure derivative of the bulk modulus (K′ = 4.0) from
recent high-pressure experiments (27, 28). We obtained best-fit
values of G0 = 165.8 (13) GPa and G0′ = 1.76(4) for Brd01&03
andG0 = 167.5 (17) GPa with aG0′ = 1.78(6) GPa for Brd02&04
(SI Appendix, Table S2).

Discussion
The shear-wave velocity profiles of Brd as a function of Fe
content are shown in SI Appendix, Fig. S2. The shear-wave ve-
locities of Brd decrease with Fe content and can be reasonably
fitted by a linear relationship. This relationship is consistent with
previous predictions based on computational studies (30, 31).
Our results cover the entire pressure range of the lower mantle

and allow us to put stronger constraints on the mineralogical model
of the lower mantle taking the effect of iron content in Brd into
account. In the modeling, we assume a simplified lower-mantle li-
thology with a two-phase mixture of (Mg0.93Fe

2+
0.07)(Fe

3+
0.02Si0.98)O3

Brd measured in this study and (Mg0.79Fe0.21)O3 Fp from previous

experimental study (5). We adopted the representative iron par-
titioning relationship between Brd and Fp based on previous study
(32). Since the effect of Al has also been reported to be negligibly
small in previous studies (5, 33), the effect of Al content in Brd on
the velocity was ignored. The trade-offs between Mg/Fe or Mg/Si
and thermal parameters were discussed in previous studies (34,
35). We use thermal parameters of MgSiO3 Brd obtained by
previous studies (SI Appendix, Table S3). In general, the main
uncertainties in the mineralogical modeling reflect the errors in
the thermodynamic and thermoelastic parameters have been used.
The effect of temperature on the shear modulus is most sensitive
to ηS0, the shear-strain derivative of the Grüneisen parameter
(34). In addition to ηS0, we consider the bulk modulus K0, shear
modulus G0, and its pressure derivative G0′. The calculation of
propagating uncertainties for all parameters simultaneously is
difficult (36), so we consider the uncertainties of the model for
each parameter individually. A variation of K0, G0, G0′, and ηS0,
which covers nearly the entire range of reported values, changes
the volumetric percentage of Brd in the lower mantle (XBrd) by
less than 3%. A variation of K0′, θ0, γ0, q0, which covers nearly the
entire range of reported values, changes the XBrd by less than
∼0.1%. Although the temperature effect of spin-state change on
the elastic properties of Brd is not completely understood yet,
previous studies suggested that the spin-transition zone widens
and shifts toward higher pressure (∼20 GPa) with increasing
temperature (7, 9, 15). In order to evaluate the effect of tem-
perature on the uncertainties of the mineralogical model of the
lower mantle, we calculated the XBrd when the spin-state change
shifts to 20 GPa higher in pressure. The shift to higher pressure of
20 GPa changes the XBrd by less than 1%, thus, the temperature-
induced shift of spin transition does not change our final conclu-
sion. Kupenko et al. (15), conducted in situ high-pressure and
-temperature Mössbauer spectroscopic measurements up to 80
GPa and ∼2,000 K. They show that the ΣFe2+/Fe ratio in Fe-Brd
itself does not change at high temperature. This means that we can
assume that the ΣFe2+/Fe ratio in Fe-Brd under the mantle
geotherm condition is the same as that of ambient temperature.
For our calculation, we used the lower-mantle geotherm for a
whole-mantle convection model proposed by Katsura et al. (T-K)
(37) because the 410-km discontinuity used as a fixed point is
more appropriate and also it includes the latest experimental
results for the thermal parameters of minerals. The tempera-
ture profile of the lower mantle does not display any thermal
boundary layer between upper and lower mantle. In parallel, we
also modeled the geotherm assuming the thermal boundary
layer between upper and lower mantle by Anderson (O-A) (38)
for a layered mantle convection model. The aggregate VS values
of the two-phase assemblage were obtained by the Voigt–
Reuss–Hill averaging method (36). We compared the calcu-
lated VS profiles with one-dimensional global seismic model of
the Preliminary Reference Earth Model (PREM) (39). The
latter is best fitted by a mixture of 88% Brd and 12% Fp by
volume for the T-K geotherm (Fig. 3B), and 92% Brd and 8%
Fp by volume for the O-A geotherm (Fig. 3C). Furthermore, we
also found that the present VS profile gave much better fitting
with PREM than without considering the effect of possible
spin-state change of iron in Brd. In Fe-Brd, some conflicting
interpretations of the spin states of Fe2+ have so far been
proposed including high-spin (HS) to intermediate-spin (IS)
transition proposed by experimental studies (14, 15, 40), or low-
to high-QS (iron Mössbauer quadrupole splitting) transition
proposed by theoretical studies (16, 17). Although it has been
suggested that IS state of Fe-Brd could be experimentally
measurable (14), it is still unclear whether the spin transition
really plays a dominant/detectable role on the elasticity. So far,
it has been suggested that Fe3+ in the A site remains in the HS
state and Fe3+ in the B site becomes the LS state up to 36 GPa,
and the effect of spin transition on physical properties is small
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D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
27

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917096117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917096117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917096117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917096117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917096117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917096117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1917096117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1917096117


www.manaraa.com

due to the limited amount of Fe3+ in the LS state (41–43).
Recent experimental study suggested that the spin transition of
Fe3+ also occurs to 60 GPa (18). Previous studies also suggested

that the boundary of the transition of Fe2+ from HS to IS not
sharp. Kupenko et al. (44) shows that the HS/IS ratio gradually
decreases with increasing presssure from 30 to 50 GPa. Although
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Fig. 1. Representative Brillouin spectra, SAED patterns, bright-field TEM images, and TEM-EELS spectra of Fe-Brd. (A and B) Brillouin spectra of Fe-Brd at 31.8
GPa (A) and 105.1 GPa (B). Fe-Brd, (Mg,Fe)SiO3 bridgmanite; SM, starting material; TA, transverse acoustic modes of the Brillouin shift. (C–F) SAED patterns
and bright-field TEM images of recovered samples. (E and F) The [110] and [100] zone axis diffraction patterns of Brd crystals pointed at by blue arrows on the
bright-field TEM images of c and d, respectively. (G) TEM-EELS spectra of Fe-Brd. The quantitative determination of the Fe3+/ΣFe ratio was based on the black
dotted lines intensities at the Fe L2,3-edge.
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our purpose is not to determine the exact pressure range of the
spin transition, we compare the lower-mantle model using the
data only below 50 GPa and using all of the data we took because
most of the spin-state changes of Fe generally occur around 50
GPa. As shown in Fig. 4, the VS profile without considering the
effect of the possible spin-state change (using the data only below
50 GPa) exhibited the systematic deviation from PREM at the
base point around 50 GPa, and its deviation becomes up to ∼2%
at the bottom of the lower mantle. The inclination of the VS
profile has been changed by the spin-state change as shown in
Fig. 4. Therefore, the VS and G′ are strongly affected by the spin-
state change in Fe-Brd. While the effect of the iron spin-state
change on the density has been thought to be a negligible effect
on the XBrd relative to the possible uncertainty of the seismic
model (45), our results show that its effect with more than ∼2%
change in seismic velocity could be detectable by seismic obser-
vations. Although any possibility of hyperfine structure of Fe in
Brd cannot be ruled out because we did not conduct direct
measurements of spin state of iron, our experimental results thus
strongly indicate that the spin-state change of iron in Brd is es-
sentially required to reasonably explain the one-dimensional
seismic velocity model. We also calculated the VP profile using
the bulk modulus (K) and density (ρ) [VP = √((K + 4G=3)=ρ),  
VS = √(G=ρ)] determined from recent XRD data (46, 47) al-
though VS has higher sensitivity to composition (48, 49). We
compared the calculated VP profile with one-dimensional global
seismic model of PREM. The latter is best fitted by a mixture of
93% Brd and 8% Fp by volume for the O-A shown in SI Ap-
pendix, Fig. S3. The XBrds in the VS (XBrd = 0.92) and VP (XBrd =
0.93) show good agreement with each other. This result also
strengthens the robustness of our lower-mantle model obtained
from VS data.

As shown in Fig. 3, the gradient of P-VS profile of our min-
eralogical model is also in good agreement with PREM. The
Fe3+/ΣFe ratio in Brd has been under debate so far, which is
known as the paradox of the mantle redox (19, 21, 50). Very

Fig. 2. Shear-wave velocity profiles of Brd as a function of pressure at
300 K. Blue and purple squares show the shear-wave velocities of
(Mg0.86Fe

2+
0.15)(Fe

3+
0.03Si0.97)O3 and (Mg0.93Fe

2+
0.07)(Fe

3+
0.02Si0.98)O3 Brd, re-

spectively. Third-order Eulerian finite strain fits are shown by solid lines.
Black dotted lines show the shear-wave velocity profiles of MgSiO3 from
M07 (29) by Brillouin measurements. Orange upward- and downward-
pointing triangles show the shear-wave velocity profiles of MgSiO3 and
Mg0.95Fe

2+
0.04Fe

3+
0.01SiO3 Brd from C12 (24) by ultrasonic measurements,

green diamonds shows that of (Mg0.9Fe0.1Si0.9Al0.1)O3 Brd from K17 (22) by
Brillouin scattering measurements, and gray circles shows that of
Mg0.96Fe

2+
0.036Fe

3+
0.014Si0.99O3 Brd from F18 (18) by Brillouin scattering

measurements, respectively.

A

B
T-K geotherm

C
O-A geotherm

Fig. 3. Lower-mantle geotherms and calculated shear-wave velocity pro-
files. (A) Representative lower-mantle geotherms for T-K (37) and O-A (38).
(B and C) Calculated shear-wave velocity profiles for T-K (37) (B) and O-A (38)
(C). Calculated shear-wave velocity profiles of Fe-Brd (blue lines), Fp (green
lines), and PREM (dashed black lines). The best-fit models to PREM are shown
as red curves. The uncertainties fall in the line thicknesses, which derived
from the uncertainties of the shear-strain derivative of the Grüneisen
parameter ηS0.
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recently, Kurnosov et al. (22) showed that Brd in the uppermost
lower mantle has a high Fe3+/ΣFe ratio, whereas the Fe3+/ΣFe
ratio in Brd should decrease to ∼0.33 for pressure above 50 GPa
(1,200 km); however, the mineralogical model invoked cannot
explain PREM below 1,200-km depth. This is because the gra-
dient of P-VS profile of Fe3+-Brd is much steeper than those of
PREM and Mg-Brd (Fig. 2). The gradient of our model gives
excellent fit to that of PREM for almost all of the pressure range
of the lower mantle, while its gradient and velocity are gentler
and ∼0.4% faster than those of PREM under ∼40 GPa. Kur-
nosov et al. showed that their best-fitted model using the Fe3+-
Brd with an Fe3+/ΣFe ratio of 0.66 at 30 GPa is 0.4% lower than
PREM. The velocity difference between our model and PREM
also corresponds reasonably well with the difference between
the Kurnosov model and PREM. Thus, Brd in the shallow part
of the lower mantle has a high Fe3+ content, while Brd in the
middle and lower parts of the lower mantle becomes Fe2+-rich,
with an Fe3+/ΣFe of 0.2 as proposed in our model. Our model is
also compatible with the hypotheses for Fe2+-enriched LLSVPs

(large low-shear-velocity provinces) (51). Therefore, our results
also support that the greater part of the lower mantle is Fe2+-
rich. Such a high Fe2+ content in Brd would affect the mantle
convection and also would be a key to understand the evolution
of the Earth.
Furthermore, the Mg/Si ratio of the lower mantle can be

calculated based on the amount of Fe-Brd and Fp in our
mineralogical model of the lower mantle, 88% Brd and 12% Fp
by volume for the T-K geotherm as well as 92% Brd and 8% Fp
by volume for the O-A geotherm. Many previous studies have
so far considered that the mantle would be chemically homo-
geneous with a pyrolitic composition (22, 24, 52). Our miner-
alogical modeling shows that the lower mantle is expected to be
∼20% richer in silicon on an atomic basis (Mg/Si = ∼1.1) than
the upper mantle (Mg/Si = ∼1.25) as shown in SI Appendix, Fig.
S4. One of the major reasons that supports a pyrolitic lower
mantle is that previous seismic tomography studies provided us
the seismic views that some of the subducting slabs are pene-
trating through the boundary between the upper and lower
mantle, which should enhance the chemical homogenization of
the mantle (53, 54). However, seismic tomography images have
also put into evidence that the stagnation of the slabs in the
mantle transition zone or at ∼1,000-km depth (55) is possible.
Such diversities in the subduction style of slabs thus do not
necessarily imply that the whole-mantle convection model is
predominant in the present day Earth. In fact, recent geo-
dynamical simulation study reported that the mantle should be
partially layered with a silica-enriched lower mantle (Mg/Si =
1.18) in order to explain seismic tomography images of stagnant
slabs at ∼1,000 km (56), which is compatible with our miner-
alogical modeling. It is also believed that the convection style of
the mantle evolved with the Earth’s history. Previous geo-
dynamical calculations proposed that the convection style
should change from two-layered to whole-mantle convections
mainly because of the decrease of the Rayleigh number with
time (57, 58). Although it is still unclear how long the layered
mantle convection had played a dominant role in the mantle
chemistry throughout the Earth’s history if such evolving sce-
nario were the case, our results strongly suggest that mantle
mixing has not been efficient throughout the Earth’s history to
homogenize the whole-mantle composition, and the present
Earth might be on a transitional stage from the layered mantle
convection to whole-mantle convection judging from the vari-
eties (SI Appendix, Fig. S5).
Finally, a recent advanced study of geoneutrinos (59) has

evaluated various bulk silicate Earth composition models based
on the observed geoantineutrinos rate. It was not until the recent
long-term shutdown of Japanese nuclear reactors that this pio-
neering measurement was eventually achieved, which can pro-
vide much more reliable data with low backgrounds and
improved sensitivity for the antineutrinos (59). The measure-
ments show that the Earth’s lower mantle should have silica-
enriched composition relative to the upper mantle, which again
support a Si-rich lower-mantle model with a Mg/Si of ∼1.14. The
recalculated average whole-mantle composition was then found
to have a Mg/Si ratio of ∼1.2 based on the assumption that the
upper-mantle and mantle-transition zone have a pyrolitic com-
position relative to CI chondrites (Mg/Si = 1.0∼1.1) (2, 60, 61).
The future determination of the lower-mantle geotherm, and of
the chemistry of upper-mantle and mantle-transition zone should
be able to put much tighter constraints on the Earth’s building
materials issue.

Materials and Methods
Preparation of Starting Material. We used enstatite gels of Fe-MgSiO3 con-
tains 1.8 wt % and 3.3 wt % Fe as starting materials with Fe3+/ΣFe ratio of
0.4. The gels were synthesized from tetraethyl orthosilicate (C2H5O)4Si,
magnesium nitrate Mg(NO3)2·6H2O, and powdered 57Fe metal (96.63%

A

B

Fit without spin change
Fit with spin change
PREM

Fit without spin change
Fit with spin change
PREM

Fig. 4. Effect of the spin transition on the mineralogical model of the lower
mantle. (A) Calculated VS profile using the data without the effect of the
spin-state change (Fit without spin change) with that of the entire pressure
range including the effect of the spin-state change in Fe-Brd (Fit with spin
change) in the case of the mixture of 92% Brd and 8% Fp by volume for O-A
geotherm (38). Dashed black lines are PREM. (B) Relative deviations of the
calculated VS profile of Fit without spin change and Fit with spin change are
shown as percentages taking PREM values as reference. The uncertainties
fall in the line thicknesses, which derived from the uncertainties of the shear-
strain derivative of the Grüneisen parameter ηS0.
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enriched in 57Fe) by a sol-gel method. The enstatite gels were placed in a
platinum crucible and heated under reducing conditions using a H2/CO2 gas-
flow furnace at 750 °C and subsequently quenched by immersing the base of
the crucible in liquid nitrogen.

A symmetric-type DAC with a culet size of 130 and 150 μm was used to
generate high pressure. Rhenium gaskets were preindented to ∼35-μm
thickness before laser drilling or spark erosion of ∼40-μm-diameter
holes. Sample pellets were loaded between two pieces of dry KCl with
thicknesses of ∼5 μm, which served as pressure-transmitting medium and
thermal insulator from the diamonds. Pressure was determined using
ruby fluorescence (62) by measuring several points adjacent to the mea-
surement position. Fe-Brd phases were synthesized from the enstatite
gels at 31.8 for run#Brd01, 49.2 GPa for run#Brd02, 26.5 GPa for
run#Brd03, and 25.9 GPa for run#Brd04 using CO2 lasers for 5 min on each
of the upper and lower sides of the sample, respectively. Because iron
diffuses easily by laser heating, we did not reheat the samples in order to
avoid measuring Brds which have different iron concentrations at each
pressure point.

Acoustic Wave Velocity Measurement by Brillouin Spectroscopy. In situ high-
pressure Brillouin scattering measurements of acoustic wave velocities were
carried out at room temperature in a symmetric DAC using the measure-
ment systems at Tohoku University and ETH Zürich. A diode-pumped laser
with a wavelength of 532 nm (Verdi V2, V6, Coherent) was used as a probe
beam. The incident laser beam was focused to a spot size of ∼10-μm di-
ameter on the sample. In all measurements, symmetric scattering geom-
etry with an ∼50° external scattering angle was used. For calibration of the
scattering geometry in the present system, a borosilicate crown optical
glass (BK7) with high purity, optical homogeneity, and high transmission
in wide wavelength range (350–2,000 nm) was used as a standard material.
For this purpose, a 50-μm-thick thin section of doubly polished BK7 under
ambient conditions in a symmetric geometry was measured. From the
Brillouin shifts from BK7, the external scattered angle was calibrated by
comparing the results with literature data determined by ultrasonic
interferometry.

The scattered light was collected and passed through a Sandercock-type
six-pass Fabry–Perót interferometer and recorded with a multichannel
analyzer (GHOST v.6.0.0, JRS Scientific Instruments). The scattered light
comprises an elastically scattered component with frequency, ω, together
with Brillouin-scattered components with a frequency shift, Δω, which
results from interaction with thermally generated phonons in the sample.
In a symmetric scattering geometry, the velocity V of an acoustic wave is
calculated without knowledge of the sample refractive index from the
relation

Vi = Δωiλ

2sin θ*
2( )

where λ is the laser wavelength (532 nm) and θ* is the external scattering
angle, and i denotes one of the acoustic modes.

Brillouin spectra were collected at 17 pressures from 25.9 to 124.4 GPa in
four separate experimental runs at ambient temperature.We conducted four
independent series of Brillouin scattering measurements, from 26.5 to 105.1
GPa for (Mg0.93Fe

2+
0.07)(Fe

3+
0.02Si0.98)O3 (Run#Brd01, Brd03) and from 25.9 to

124.4 GPa for (Mg0.86Fe
2+

0.15)(Fe
3+

0.03Si0.97)O3 (Run#Brd02, Brd04). The cells
were annealed in a vacuum oven at 200 °C for about 24–48 h to relax
deviatoric stresses in the sample chamber at all data points (see also SI Ap-
pendix, Supplementary Discussion). The acquisition times for Brillouin scat-
tering measurements were from 150 to 350 h, depending mainly on
pressure. At each pressure, the individual raw Brillouin spectra were fitted
with a Gaussian peak function and the peak positions were recorded. The
average of the peak positions, including Stokes and anti-Stokes signals, of all
spectra at a given pressure was used.

We also collected Brillouin spectra of Fe-Brd at several pressures in four
directions in the scattering plane with a typical angular increment of 30°
between data points randomly by rotating the DAC. If the sample had
significant preferred orientation, the sound velocity should change with
the angle. However, as shown in SI Appendix, Fig. S6A, the variation of the
sound velocities of Fe-Brd with the rotation angle was within the experi-
mental error of 1%. These values are small compared to that of MgO
single crystal in the (100) crystallographic plane, which was within 4% at
14.6 GPa (63). This result strongly strengthens the robustness of our Bril-
louin data (25) (see also SI Appendix, Supplementary Discussion). We cal-
culated experimental uncertainties of all data including propagated errors

of the acoustic velocities as a function of the rotational angle in the
scattered plane.

Identification by Raman Spectroscopy. For preliminary phase identification,
in situ high-pressure Raman spectroscopic measurement was carried out in a
DAC to pressures of 105.8 GPa at room temperature. The 457.9-nm line of an
argon ion laser (Innova 90, Coherent) with an output power near 150 mW
was used for sample excitation in the Raman scattering measurements. The
laser beam was focused to ∼10 μm on the sample. The acquisition time was
30 min. Raman spectrum taken at 105.1 GPa is shown in SI Appendix, Fig.
S6B. Almost all of the peaks can be indexed as Fe-Brd.

TEM–EELS Analysis of Fe3+/ΣFe Ratios. Recovered samples from our DAC ex-
periments were sectioned using a Ga+ focused ion beam (FIB) instrument at
University of Bayreuth (FEI, Scios DualBeam). During FIB sectioning, the
samples were monitored by scanning electron microscopy using back-
scattered electrons to precisely locate the centers of the measured spots of
Brillouin experiments. Sections were removed via an in situ micromanipu-
lator, mounted on Cu grids using Pt deposition, and thinned to ∼80-nm
thickness by the Ga+ ion beam for analysis for EELS. These FIB lamellae
were analyzed by analytical TEM in order to determine the Fe3+/ΣFe ratios,
and obtain the chemical composition and structural information. TEM
analysis was performed using an FEI Titan G2 80–200 TEM/STEM (Scanning
Transmission Electron) microscope and Philips CM20 FEG (field-emission gun)
system at University of Bayreuth, equipped with an EDX analyzer and EELS,
operated at 200 kV. The SAED patterns and EELS spectra were taken at −170 °C
using a liquid-nitrogen-cooling holder. We show the typical bright-field TEM
images of the recovered samples in Fig. 1 C and D. From Fig. 1 C and D we
can clearly observe the fine grains of Fe-Brd (<500 nm) which are sufficiently
smaller than the measured spots of Brillouin experiments (∼10 μm), appar-
ently showing that the sample did not suffer significant grain growth or
preferred orientation. Therefore, we can assume that the peaks obtained
from the Brillouin spectra from a polycrystalline sample represent the av-
erage aggregate velocity. This result also strengthens the robustness of our
Brillouin data (see also SI Appendix, Supplementary Discussion). The quan-
tification of the EELS analyses (Fig. 1G) followed the procedure described by
van Aken et al. (64, 65) using the available fitting program EELSA (http://
www.clemensprescher.com/programs/eelsa). More technical details of the
FIB milling and EELS method are described by Miyajima et al. (66). The de-
termination of the Fe3+/ΣFe ratio was based on intensity ratio of the Fe-L2,3
white-line maxima. The spectrum has been gain-normalized, background-
subtracted, and deconvoluted using the corresponding low-loss spectrum.
The black dotted lines in Fig. 1G represent the position of the Fe-L3 white-
line maxima for Fe2+ (at ∼707.8 eV, fixed for the energy calibration) and
Fe3+ (∼710 eV), respectively. The time-series analyses showed that the
measured ratios did not change remarkably with increasing irradiation
time up to 40 s

Spatial Fe-Content Distributions of the Recovered Samples. SI Appendix, Fig.
S1 A and B shows typical HAADF image of the recovered sample and the
EDX element map of Fe. The Fe-rich spots within the Brd grains are (Mg,
Fe)O Fp or metallic Fe. Those Fe-rich phases are undetectable as Brillouin
peaks because of the small fraction (less than several percent). Spatial Fe-
content distributions of the recovered samples are also given for the
run#Brd01 and Brd02 in SI Appendix, Fig. S1 C and D. The measured areas
of Fe contents correspond to the measured spots of Brillouin experiments.
SI Appendix, Fig. S1 C and D shows the vertical (c) and horizontal (d) dis-
tributions to the culet surface of the DACs, respectively. The Fe contents of
Brd given in this paper represents the mean value of the Brd regions in
each run.

Data Availability. All study data are included in the article and SI Appendix.
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