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G E O L O G Y

Evidence for the charge disproportionation of iron 
in extraterrestrial bridgmanite
Luca Bindi1*, Sang-Heon Shim2, Thomas G. Sharp2, Xiande Xie3

Bridgmanite, MgSiO3 with perovskite structure, is considered the most abundant mineral on Earth. On the lower 
mantle, it contains Fe and Al that strongly influence its behavior. Experimentalists have debated whether iron 
may exist in a mixed valence state, coexistence of Fe2+ and Fe3+ in bridgmanite, through charge disproportionation. 
Here, we report the discovery of Fe-rich aluminous bridgmanite coexisting with metallic iron in a shock vein of the 
Suizhou meteorite. This is the first direct evidence in nature of the Fe disproportionation reaction, which so far has 
only been observed in some high-pressure experiments. Furthermore, our discovery supports the idea that the 
disproportionation reaction would have played a key role in redox processes and the evolution of Earth.

INTRODUCTION
High-pressure experiments on lower-mantle compositions suggest 
that the mineralogy of the lower mantle is dominated by bridgmanite 
(1) with smaller fractions of Fe-bearing periclase and CaSiO3 
perovskite (2). However, unlike the shallower regions of the mantle, 
it has been difficult to obtain direct sample representatives of the 
lower mantle. Although some diamond inclusions have lower mantle– 
like mineralogy (3–5), the possible existence of bridgmanite has 
only been inferred from pyroxene relics in diamond inclusions (6, 7). 
The diamond inclusions are unlikely to be representative of the lower 
mantle but, instead, may represent redox fronts (8).

Shocked meteorites, extraterrestrial rocks that have experienced 
high-pressure and high-temperature conditions during collisions in 
outer space, have provided a suite of natural high-pressure minerals 
similar to those believed to make up the deep Earth and provide an 
alternative source of information on deep-mantle mineralogy. These 
high-pressure minerals occur exclusively in association with shock 
melt and form either by crystallization of the melts or by solid-state 
transformation of entrained mineral fragments. Since the discovery 
of ringwoodite and majorite in shocked chondritic meteorites, many 
high-pressure minerals have been found in shocked meteorites 
(1, 9–12). Among them, Fe-bearing bridgmanite, (Mg0.75Fe0.25)SiO3, 
in the orthorhombic perovskite structure was recently documented 
together with Mg-wüstite in shock veins of the Tenham L6 chondrite 
(1, 13). Bridgmanite is particularly important as it is stable from 
660-km depths to near the core-mantle boundary at 2900 km (14), 
thus making up ~38 volume % of our planet.

Here, we report the discovery of the Fe-rich analog of bridgmanite 
with a composition of (Fe0.54Mg0.37Al0.15Na0.03Ca0.02Si0.89)O3 co-
existing with metallic iron in a shock vein of the Suizhou meteorite. 
The discovery represents the first direct evidence in nature of the Fe 
disproportionation reaction, which so far has only been observed in 
some high-pressure experiments. Furthermore, this Fe-rich bridgmanite 
was approved by the International Mineralogical Association (specimen 
IMA 2019-019) with the name hiroseite in honor of K. Hirose for 
his fundamental contributions to the discovery of the postperovskite 

phase in particular and to the mineralogy of mantle perovskite in 
general (15).

RESULTS
Occurrence of hiroseite
The new mineral was found in the Suizhou meteorite, a heavily 
shocked (S6) L6 chondrite that contains abundant high-pressure 
minerals (16). In addition to multiple shock veins, Suizhou has local 
alteration veins that contain Fe-rich silicates such as fayalite. Hiroseite 
was detected in an Fe-rich grain in shock melt, associated with Fe-bearing 
periclase [(Mg0.56Fe0.44)O], forsteritic olivine [(Mg1.79Fe0.19)Si1.01O4], 
ringwoodite- ahrensite solid solution [(Mg0.85–1.56Fe0.40–0.91Al0.06–0.07 
Ca0.06Na0.05)Si0.92–1.02O4], pyroxene [(Mg0.38–0.75Fe0.20–0.40Na0.00–0.08 
Al0.00–0.04Ca0.01–0.02Mn0.01–0.02)SiO3], MgSiO3 glass [Mg0.99Fe0.04 
Ca0.02Mn0.01Si0.97O3], taenite [Fe0.77Ni0.23], and troilite [Fe1.02S0.98] 
(Fig. 1, A and B, and table S1). The core of this grain consists of 
hiroseite crystals in a matrix of Fe-bearing periclase, mantled by a 
rim of ringwoodite-ahrensite solid solution. This assemblage occurs 
in a small pocket of MgSiO3-rich material that is inferred to be 
quenched shock melt.

Orthorhombic perovskite structure
The x-ray diffraction pattern (Fig. 1C and fig. S1), obtained using a 
fragment of hiroseite (approximately 7 m by 8 m by 5 m; see the 
inset in Fig. 1C) handpicked from the section in Fig. 1B, showed that 
hiroseite has the orthorhombic perovskite structure with unit-cell 
parameters of a = 5.0016(5) Å, b = 7.0031(3) Å, c = 4.8460(3) Å, and 
V = 169.74(2) Å3. Our Rietveld refinement of the powder diffraction 
pattern provides an excellent fit (Rwp = 6.83%) to the orthorhombic 
perovskite structure. The observed unit-cell volume is larger than that 
reported for MgSiO3 bridgmanite (17), 162.5 Å3, consistent with the 
Fe-rich composition found in our electron microprobe measurements. 
The A-site occupancy from our refinements is [Fe0.55(2)Mg0.45], 
which also agrees with our microprobe data (table S1). Taking into 
account both the microprobe and x-ray diffraction data, the chemical 
formula of hiroseite can be written as (Fe2+

0.44Mg0.37Fe3+
0.10Al0.04 

Ca0.03Na0.02)Σ1(Si0.89Al0.11)Σ1O3.
The Raman spectrum of hiroseite (Fig. 1D) is very similar to that 

reported for synthetic MgSiO3 perovskite (18), confirming that 
hiroseite retains the orthorhombic perovskite structure despite the 
high concentration of Fe. Phonon mode frequencies are systematically 
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shifted to lower values, consistent with the analyzed Fe-rich compo-
sition. To our knowledge, this spectrum is the first ever reported for 
a natural (Mg,Fe)SiO3 perovskite.

Charge disproportionation reaction in hiroseite
Because Al-bearing perovskites commonly have high Fe3+ contents, 
it was crucial to investigate the Fe2+/Fe3+ ratio in hiroseite. A number 
of studies indicate that increasing pressure and trivalent cation con-
centration favor a coupled substitution mechanism, making FeAlO3 
and AlAlO3 the most important trivalent perovskite components 
throughout the lower mantle (19, 20). Elevated concentrations of Fe3+ 
were documented in earlier high-pressure experiments using the 
multi-anvil press (21, 22). However, because these experiments were 
performed under relatively oxidizing conditions, it was unclear whether 
such a large amount of Fe3+ could be possible under the more reducing 
conditions of the lower mantle. In multi-anvil experiments under 
reducing conditions, Fe3+-rich compositions of aluminous bridgmanite 
were also found (23). It was hypothesized (23) that the Fe3+ was sta-
bilized through redistribution of electrons in Fe2+ to trivalent Fe3+ 
and metallic iron (Fe0). The study also reported separate metallic iron 
in their samples to balance the Fe3+ in bridgmanite. Although a few 
similar observations have been documented in high-pressure diamond- 
anvil cell experiments (24), the stability of the reaction remains unclear 
at the pressures expected for the deep mantle. For example, if a strong 
thermal gradient exists, then laser heating can produce metallic iron 
through diffusion (25).

Despite the aforementioned uncertainties, the possible charge 
disproportionation reaction in bridgmanite has been linked to re-
dox reactions in the lower mantle, and its possible impacts on the 
redox state of shallower regions have been discussed (i.e., the upper 
mantle and the surface) in a number of models (23, 26–28). In principle, 
the charge disproportionation itself does not change the total number 
of the nominal charge of Fe (3Fe2+ = 2Fe3+ + Fe0). However, the 
most important aspect for the global applications has been the for-
mation of metallic iron. Some models (23, 26) assumed that the 
greater density of the metallic iron grains from the charge dis-
proportionation would have resulted in the segregation of the 
metallic iron to the core. However, this segregation would be con-
trolled by the grain boundary properties and the size of the metallic 
iron grains, which are uncertain in the conditions of the lower mantle 
(29). It is feasible that the higher temperature of the early crystalline 
mantle might have been more favorable for such a segregation be-
cause metallic iron in the warm mantle should have been in the liquid 
state. The loss of metallic iron to the core would lead to an imbalance 
between Fe0 and Fe3+ in the lower mantle, effectively increasing its 
oxidation potential. Once extensive mantle mixing between the up-
per and the lower mantle started, the excess Fe3+ of the lower-mantle 
materials transported to the upper mantle would have oxidized the 
region. This idea appears to explain the higher oxygen fugacity 
found for the upper mantle (30). The existence of metallic iron may 
also affect redox reactions in the contemporary lower mantle. For 
example, carbon delivered to the lower mantle through subducting 

Fig. 1. Fe-rich bridgmanite with the orthorhombic perovskite structure. (A) Back-scattered electron–scanning electron microscopy panoramic image of the section 
containing hiroseite; the abundant light gray material is olivine (OL). (B) Enlargement of the red dashed area depicted in (A); hiroseite (HIR) is associated with Fe-bearing 
periclase (Fe-PER), olivine, ringwoodite-ahrensite (RGW-AHR), and MgSiO3 glass. (C) X-ray powder pattern obtained from a hiroseite fragment (in the inset) handpicked from the 
Suizhou shock vein, shown in the scanning electron microscopy–back-scattered electron images in (B); blue, calculated pattern; red, measured pattern; gray, residual after 
fitting the powder pattern to account for hiroseite. Tick marks indicate the positions of allowed reflections. Note the presence of a peak (2 ~ 32°) that does not belong to 
the hiroseite structure and could be tentatively attributed to very minor siderite, FeCO3. The wavelength of the x-ray beam was 1.54138 Å. (D) Raman spectrum for hiroseite.

 on January 10, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Bindi et al., Sci. Adv. 2020; 6 : eaay7893     10 January 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 6

slabs could react with metallic iron from the charge disproportionation 
reaction, to form iron carbide alloy in the region (31). Such a buffering 
effect of metallic iron in the lower mantle may also affect the specia-
tion of hydrogen (23, 32). The potential importance of the charge 
disproportionation reaction and its profound implications for redox 
evolution of the deep mantle and geochemical cycles of important 
volatiles demand robust constraints on the possible disproportionation 
reaction in natural systems.

Valence state of iron in hiroseite
An elevated value of Fe3+/(Fe3+ + Fe2+) (~0.19) is required to 
charge-balance the chemical composition of hiroseite measured by 
an electron microprobe (table S1). With some of the Al compensating 
for the deficiency of Si at the tetrahedral B site, and the remaining 
Al, as well as Na and Ca, along with Mg and Fe2+, filling the larger 
A site, charge balance requires 0.10 Fe3+ per formula unit (pfu). 
To measure the finer-scale structure of hiroseite and the Fe2+/Fe3+ 
ratio, we studied a portion of the hiroseite fragment used for the 
x-ray and Raman investigations by transmission electron microscopy 
(TEM) coupled with electron energy-loss spectroscopy (EELS). Our 
TEM measurements showed the presence of isolated nanoscale spheres 
of metallic iron (Fig. 2 and fig. S2), with a composition of Fe97(3)Si4(1), 
inside hiroseite. During shock melting, Fe-rich nanoparticles, derived 
from FeS and FeNi in the host rock, could have been entrapped 
into silicates crystallizing from shock melt (33). However, the 
absence of S and Ni in the metallic-iron nanoparticles (fig. S3) led 
us to exclude that hiroseite crystallized from shock-induced melt. 
Instead, our hiroseite sample formed by a subsolidus transforma-
tion. Furthermore, the lack of Mg in our TEM–energy-dispersive 
spectrometer (EDS) spectra (fig. S3) of the nanoscale particles indi-
cates that the presence of silicon in the metal is an alloy component 
for metallic iron and not a result of contamination from the surround-
ing hiroseite.

As there is no evidence of trivalent Fe in the other minerals asso-
ciated with hiroseite (table S1), we can assume that all the Fe3+ in 
hiroseite, i.e., 0.10 pfu, comes from the disproportionation reaction. 
According to the charge disproportionation reaction, 3Fe2+ = 2Fe3+ + Fe0, 
the 0.10 Fe3+ pfu formed should be accompanied by 0.05 Fe0 pfu. If 
we now calculate the proportion of iron metal with respect to the 

total iron present in formula units, then it is 0.05/(0.05 + 0.44 + 0.10), 
which means that about 8.5% of the total Fe should be metal. Hiroseite 
contains about 34 weight % (wt %) total iron oxide, which includes 
the metallic Fe nanoparticles in the mineral (table S1); if we take 
8.5% of the value, then we obtain 2.9 wt % FeO, which corresponds 
to 2.3 wt % Fe metal. By a normalization to 100, the 31.1 wt % FeO 
and 2.3 wt % Fe metal become 93.1 FeO and 6.9 Fe. Taking into 
account the densities of hiroseite and pure iron (i.e., 5.16 and 
7.81 g/cm3, respectively), we get 96 and 4 volume % of the two com-
ponents, respectively. We evaluate through image analysis that the 
amount of metallic iron in hiroseite is 2.6(2) volume %, which is in 
good agreement with the estimation.

Using the EELS analysis methods of van Aken and Liebscher (34), 
we obtained an Fe3+/Fetot = 0.12(5) from the EELS spectra of hiroseite 
(Fig. 3), which compares favorably with that estimated from electron 
microprobe analyses (i.e., ~0.19). Neglecting the complexity in-
duced by the presence of minor amounts of sodium in hiroseite, the 
amount of Fe3+ (0.10 atoms pfu) is close to but slightly lower than 
the overall Al content (0.15 atoms pfu), in agreement with the Fe3+/
Al ratios found in high-pressure experiments (23, 28, 32).

DISCUSSION
The bulk shock pressure in the Suizhou meteorite has been estimated 
to be from 18 to 20 GPa (16), but local pressure spikes may have 
been substantially higher in the first tens of nanoseconds before 
pressure equilibration was reached. It has been shown that the solu-
bility of Fe in MgSiO3 perovskite increases with pressure (35). Hiroseite 
shows the highest Fe content ever reported among low-Al MgSiO3 
perovskite samples. Notwithstanding, such a high Fe content in 
hiroseite could indicate a shock pressure higher than that previously 
estimated for the Suizhou meteorite or, alternatively, hiroseite formed 
metastably from fayalite. Similarly, the temperature of the sample 
varied greatly, with shock-melt veins and pockets corresponding to 
the hottest portions of the sample. The MgSiO3-rich shock-melt vein 
that contains the hiroseite reached temperatures in excess of its liquidus 
at high pressure (>2000°C), while the entrained Fe-rich olivine frag-
ment that transformed to hiroseite would have reached somewhat 
lower temperatures. However, fractures or porosity in the olivine 
fragment could have resulted in higher shock temperatures and 
localized melting. The presence of aluminum in hiroseite may have 

Fig. 2. TEM image of ferric iron–rich hiroseite with nanometric inclusions of 
metal Fe. The spherically shaped nanoparticles (black in the large image) are 
metallic iron. Selected area diffraction pattern down [111] for one of the metallic Fe 
spheres is shown in the inset. The amount of metallic Fe in hiroseite is estimated to 
be 2.6(2) volume % through image analysis.

Fig. 3. Measuring the Fe3+/(Fe2+ + Fe3+) ratio in hiroseite. Two electron energy- 
loss spectra (red and blue) in the region 700 to 730 eV obtained at different spots 
in the hiroseite sample.
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been incorporated from the surrounding MgSiO3-rich shock melt 
or from inclusions within the olivine. Al diffusion from either 
source is likely to be fast enough at T > 2000°C.

The textures and compositions of the hiroseite-bearing grain 
suggest the transformation of a chemically zoned olivine. The 
fayalite- rich core transformed to hiroseite plus Fe-bearing periclase, 
while the less fayalite-rich rim transformed to a ringwoodite-ahrensite 
solid solution. The mechanism of hiroseite formation thus appears 
to be a subsolidus disproportionation reaction (eutectoid reaction) 
of fayalite to hiroseite plus Fe-bearing periclase. Although this reac-
tion occurred at substantially higher temperatures than that of the 
present- day mantle geotherm, the temperature is more relevant for 
that of the mantle expected for the early Earth where an “oxygen 
pump” might have been important in increasing the oxygen fugacity 
of the upper mantle (26). Last, our discovery demonstrates that 
the disproportionation of Fe2+ to Fe0 and Fe3+ does occur in a 
natural high-pressure environment and therefore is likely to occur 
in Earth’s mantle as well.

MATERIALS AND METHODS
Scanning electron microscopy
The instrument used was a ZEISS EVO MA15 scanning electron 
microscope coupled with an Oxford INCA 250 EDS, operating at 
25-kV accelerating potential, 500-pA probe current, 2500 counts/s as 
the average count rate on the whole spectrum, and a counting time 
of 500 s. The sample was sputter-coated with 30-nm-thick carbon film.

Electron microprobe
Major and minor elements were determined using a JEOL JXA-8200 
electron microprobe operating at 15-kV accelerating voltage and 
40-nA beam current (and a 1-m beam diameter), with variable 
counting times: 30 s was used for Mg, Fe, and Si, and 100 s was used 
for the minor elements Al, Ca, and Na. Matrix correction was per-
formed using the Bence and Albee program (36) modified by Albee 
and Ray (37). Replicate analyses of augite USNM 122142 were used 
to check accuracy and precision. The standards used were plagioclase 
(Ca), forsterite (Mg, Si), fayalite (Fe), and albite (Na, Al).

Transmission electron microscopy
Measurements were conducted using a Jeol JEM 2010, an ac-
celerating voltage of 200 kV, an ultrahigh-resolution pole piece, 
and a point-to-point resolution close to 1.9 Å (the electron probe 
can be focused down to 100 Å in diameter). The microscope is 
equipped with a semi–scanning transmission electron microscopy 
system and an EDS (ISIS Oxford, superthin window). A small 
amount (about 1.5 to 2.0 m) of the grain shown in the inset of 
Fig. 1C (the same specimen used for the x-ray diffraction and 
Raman spectroscopy study) was placed on a Cu mesh grid (300 mesh, 
3 mm in diameter) that had been previously covered by a thin 
carbon layer (support film). The powdered grid was further coated 
by carbon. Selected area diffraction patterns were collected on the 
Fe nanoparticles encased in bridgmanite. In particular, we collected 
a good electron diffraction pattern corresponding to the [111] zone 
axis of bcc iron. Measured interplanar distances are as follows: d−101 = 
2.023(5) Å and d1–10 = 2.024(4) Å. TEM-EDS analyses collected 
on the nanoparticles (fig. S3) gave the following mean values (in 
weight % of elements and with the SDs in parentheses): Fe 96.5(2.7) 
and Si 3.5(1.2).

Raman spectroscopy
A Raman spectrum was obtained using a micro/macro Jobin Yvon 
LabRAM HRVIS, equipped with a motorized x-y stage and an 
Olympus microscope. The backscattered Raman signal was collected 
with 50× objective, and the Raman spectrum was obtained for a 
randomly oriented crystal. The 632.8-nm line of a He-Ne laser was 
used as excitation; laser power on the sample (2 mW) was con-
trolled by a series of density filters. The lateral and depth resolutions 
were about 2 and 5 m, respectively. The system was calibrated using 
the 520.6 cm−1 Raman band of silicon before the experimental 
session. Spectra were collected with multiple acquisitions (two to six) 
with single counting times ranging between 20 and 180 s. The spectra 
were recorded using the LabSpec 5 program from 150 to 1300 cm−1. 
Since no peaks were discernible in the range of 600 to 1300 cm−1, we 
presented spectra from 150 to 600 cm−1.

Following Williams et al. (18), we assigned the Raman peak at 
486 cm−1 to an Ag mode derived from the breathing vibration (A1g) 
of the octahedral SiO6 group. The strongest peak at 363 cm−1 can be 
assigned to the Eg type of motion. The lowest (and broadest) fre-
quency modes in the Raman spectrum, at 266 and 237 cm−1, were 
probably due to complex vibrations derived from octahedral de-
formations and rotational motions coupled to displacements of the 
dodecahedral cations. All the observed Raman peaks were displaced 
toward higher frequencies with respect to pure MgSiO3 (18).

Electron energy loss spectroscopy
EELS spectra were collected with the TEM described above using a 
beam size, at the sample, of 25 nm and an accelerating voltage at 
140 kV to reduce the electron beam damage of the sample. The 
measurement was performed with a Gatan Continuum spectrometer 
with an energy resolution of 0.7 to 0.8 eV. Using the EELS analysis 
methods given by van Aken and Liebscher (34), we obtained an 
Fe3+/Fetot = 0.12(5), which compares favorably with that estimated 
from electron microprobe analyses (~0.19).

X-ray diffraction
A small hiroseite fragment (size about 7 m by 8 m by 5 m) was 
extracted from the polished section under a reflected light micro-
scope from the region in Fig. 1B and mounted on a 5-m-diameter 
carbon fiber, which was, in turn, attached to a glass rod (see inset of 
Fig. 1C).
Single-crystal x-ray diffraction
Single-crystal x-ray studies were carried out using a Bruker D8 
Venture equipped with a Photon III charge- coupled device (CCD) 
detector, with graphite-monochromatized MoK radiation ( = 
0.71073 Å), under working conditions of 60-kV accelerating voltage 
and 300-s exposure time per frame; the detector-to- sample distance 
was 6 cm. The sample turned out to be polycrystalline with broad 
single-crystal diffraction effects (fig. S1).
X-ray powder diffraction
X-ray powder diffraction data (table S2) were obtained with Bruker 
D8 Venture equipped with a Photon III CCD detector, with graphite- 
monochromatized CuK radiation ( = 1.54138 Å) and with 4 hours 
of exposure; the detector-to-sample distance was 7 cm. The program 
APEX3 was used to convert the measured diffraction rings to a 
conventional powder diffraction pattern, which was indexed on 
the basis of the Al-bearing MgSiO3 perovskite structure (38). 
A very weak peak (i.e., d = 2.79 Å) did not belong to the perovskite 
structure and could be tentatively attributed to very minor siderite, 
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FeCO3. The least-squares refinement, based on the Pawley method 
(Rwp = 3.80%), gave the following values: a = 5.0016(5) Å, b = 
7.0031(3) Å, c = 4.8460(3) Å, V = 169.74(2) Å3, Z = 4, and space 
group Pnma.

The absence of diffraction peaks belonging to iron (known to be 
present by the TEM study in a proportion close to ~4 volume %) is 
expected as the three diffraction peaks of bcc Fe in the 2 range 
investigated are hidden by the perovskite peaks. Furthermore, the 
strongest peak of iron at 2 = 44.72° (d = 2.027 Å) should show a 
calculated intensity (assuming that its diffraction quality is almost 
the same as that of hiroseite), which clearly goes slightly above the 
background.
Rietveld crystal-structure refinement
The crystal structure of hiroseite was refined with the program TOPAS 
(39) starting from the atomic coordinates reported for the Al-bearing 
MgSiO3 perovskite structure (38) with initial values for isotropic 
temperature factors (Uiso) arbitrarily chosen as 0.04 Å2 for the A 
site, 0.02 Å2 for the B site, and 0.025 Å2 for O. A shifted Chebyshev 
with six coefficients and a pseudo-Voigt function were used to fit 
background and peak shape, respectively. Cell parameters, scale 
factor, and the background polynomial functions were free variables 
during refinement. Absorption correction was not performed, given 
the very low microroentgen value (i.e., ~0.5) of hiroseite. Parameters 
were added to the refinement in the following order: peak shape, peak 
asymmetry, atomic coordinates, and isotropic temperature factors. 
Although we only have powder data collected on a fragment <10 m 
across, the refinement converged smoothly (Rwp = 6.83%, Rexp = 
5.85%, Rp = 4.58%, and 2 = 1.36; RBragg = 3.60% using 125 observed 
reflections), and we were also able to refine the atom coordinates 
and the site occupancy at the A site (using Mg2+ versus Fe2+ as scatter-
ing curves). The refinement of the site occupancy at the A site gave 
the [Fe0.55(2)Mg0.45] population, in excellent agreement with the 
electron microprobe data. Although some of the intensities do not 
match perfectly those that one can calculate taking into account the 
site occupancies and the atom coordinates of hiroseite (tables S1 
and S3), we think that the quality of the data (obtained from a frag-
ment <10 m across) is sufficiently robust to prove the entry of Fe into 
the structure. Furthermore, the unit-cell parameters were also influenced 
by the entry of Fe into the structure. We observed a general increase in 
all the values of about 1% with respect to pure MgSiO3 (17) and an 
overall increase in the unit-cell volume, which passes from 162.5 Å3 in 
pure MgSiO3 (17) to 169.74 Å3 in hiroseite (fig. S4). We hypothesized 
that both Fe2+ and Fe3+ replace Mg at the dodecahedral site (A), whereas 
minor Al enters the octahedral site (B) with the available Si.

The mean bond distance at the A site (2.28 Å) is greater than that 
in pure MgSiO3 (2.21 Å) (17). Note that the ionic radius of Mg in 
eightfold coordination is 0.89 Å (40). Thus, the ratio between 0.89 
and 2.21 (i.e., 〈A-O〉 in bridgmanite) is equal to 0.403. If we consider 
the A-site population in hiroseite from electron microprobe data, i.e., 
(Fe2+

0.44Mg0.37Fe3+
0.10Al0.04Ca0.03Na0.02)Σ1, and the ionic radii in 

eightfold coordination of these elements from Shannon (40), we obtain 
an average radius of 0.92 Å. If we use the value of 0.403 as the starting 
point [as the pure MgSiO3 structure has been refined by x-ray single- 
crystal data (17)], we can write 0.92/0.403 = 2.28 Å, which is exactly 
the 〈A-O〉 value we observe from the structure refinement. This 
provides additional evidence for the estimated Fe2+/Fe3+ based on 
charge balance of chemical data. Atomic coordinates are given in 
table S3. Bond distances are given in table S4. The list of observed 
and calculated structure factors and the Crystallographic Informa-

tion File (CIF) (CCDC 1936917) can be obtained free of charge 
from the Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/2/eaay7893/DC1
Fig. S1. Experimental x-ray diffraction image of hiroseite.
Fig. S2. TEM image of hiroseite.
Fig. S3. TEM-EDS spectra collected on the Fe nanofragments embedded in hiroseite.
Fig. S4. Bridgmanite-hiroseite series.
Table S1. Electron microprobe analyses of minerals of the Suizhou meteorite.
Table S2. X-ray powder diffraction data (d in angstroms) for hiroseite.
Table S3. Atoms, site occupancy factors (s.o.f.), fractional coordinates of atoms, and Beq in the 
structure of hiroseite.
Table S4. Selected bond distances (in angstroms) in the structure of hiroseite.
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