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Ferromagnesian silicates are the dominant constituents of the Earth’s mantle, which comprise
more than 80% of our planet by volume. To interpret the low shear-velocity anomalies in
the lower mantle, we need to construct a reliable transformation diagram of ferromagnesian
silicates over a wide pressure—temperature (P-7) range. While MgSiO; in the perovskite
structure has been extensively studied due to its dominance on Earth, phase transformations
of iron silicates under the lower mantle conditions remain unresolved. In this study, we
have obtained an iron silicate phase in the perovskite (Pv) structure using synthetic fayalite
(Fe,SiO,) as the starting material under P- T conditions of the lower mantle. Chemical anal-
yses revealed an unexpectedly high Fe/Si ratio of 1.72(3) for the Pv phase in coexistence with
metallic iron particles, indicating i 1ncorporatlon of about 25 mol% Fe,0; in the Pv phase
with an approximate chemical formula (Fe™*, ,sFe’*  ,5) (Fe™*) ,5Siy 75) 5. We further obtained
an iron silicate phase in the postperovskite (PPv) structure above 95 GPa. The calculated
curves of compressional (V},) and shear velocity (V;) of iron silicate Pv and PPv as a function
of pressure are nearly parallel to those of MgSiO;, respectively. To the best of our knowledge,
the iron silicate Pv and PPv are the densest phases among all the reported silicates stable at
P-T conditions of the lower mantle. The high ferric iron content in the silicate phase and
the spin-crossover of ferric iron at the Si-site above ~55 GPa should be taken into account
in order to interpret the seismic observations. Our results would provide crucial information
for constraining the geophysical and geochemical models of the lower mantle.
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There is a general consensus that the lower mantle is dominated by ferromagnesian silicates
in the perovskite structure (1) known as bridgmanite (bdg). Geophysical observations
indicated the existence of large-scale seismic anomalies in the Earth's deep lower mantle
(DLM) (2, 3). To interpret the low shear-velocity anomalies in the DLM (4), we need to
construct a reliable transformation diagram of ferromagnesian silicates over a wide pres-
sure—temperature (P-7) range. While MgSiO; in the perovskite structure has been exten-
sively studied due to its dominance on Earth, phase transformations of iron silicates remain
unresolved. High pressure—temperature (P-7) experiments have revealed that increasing
pressure can enhance the solubility of FeSiO; in the (Mg, Fe)SiOj perovskite (Pv) phase
(5-7). So far, iron enrichment has been observed in (Mg,_ Fe,)SiO;- Pv with x up to 0.74
(7) and postperovskite (PPv) with x up to 0.8 (8), respectively. The discovery of fayalite
Fe,SiO, olivine-spinel transition in 1958 marked the first known phase transition beyond
the upper mantle (9), inspiring search for phase transformations in iron silicates at higher
pressures.

Under the lower mantle conditions, it has been long believed that both Fe,SiO, and
FeSiO; compositions are thermodynamically unstable and will decompose into mixed
oxides under high P-7 conditions of the lower mantle (6, 10-12). Although theoretical
calculations have suggested several possible high-pressure structures for the FeSiO; com-
position (13-15), none has yet been experimentally confirmed. On the other hand, the
synthesis of a mixed-valence iron silicate Pv phase at pressures between 45 and 110 GPa
usmg synthetlc skiagite-majorite garnet as the starting material indicates that incorporation
of Fe’* could stablhze an iron silicate phase in the Pv structure (16). The mixed-valence
state (Fe** and Fe®*) and pressure-driven electronic spin transition of iron add further
complexities to the crystal chemistry of iron-rich Pv phase. More importantly, the core—
mantle segregatlon would have set the eatly silicate mantle dommant in ferrous iron (17).
To date, it remains unclear whether iron silicates with all iron in Fe** can be stabilized in
the Pv and/or PPv structures up to the extreme high P-7 conditions of the Earth’s core—
mantle boundary (CMB).

In this study, we have finally synthesized iron silicates in both Pv and PPv structures
using synthetic fayalite (Fe,SiO,) as the starting material above 60 GPa and 2,100 K,
allowing us to explore the phase stability, crystal chemistry, and elasticity of the iron silicate
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Significance

Ferromagnesian silicates are the
dominant constituents of the
Earth’s mantle, which comprise
>80% of our planet by volume.
The stability and properties of
iron silicates under high-pressure
and high-temperature conditions
would provide crucial
information for explaining the
mantle structure. The discovery
of fayalite Fe,SiO, olivine-spinel
transition in 1958 marked the
first known phase transition
beyond the upper mantle,
inspiring search for phase
transformations at higher
pressures. The
disproportionation of fayalite
spinel into mixed oxides marked
the first phase transition under
the lower mantle conditions. We
found the disproportionation of
fayalite into iron silicate
perovskite above 60 GPa, or
postperovskite above 95 GPa,
plus metallic iron. Phase
transformations of iron silicates
are finally resolved over the
entire mantle conditions.
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Run #Sb376a

Fig. 1. A microscopic image of the sample recovered to ambient conditions
from 99 GPa and 2,250 K. The laser-heated spot shows a dark color in contrast
to the surrounding unheated sample.

Pvand PPv phases under high P- 7" conditions of the lower mantle.
The experiments were conducted in a laser-heated diamond anvil
cell (LH-DAC). The laser-heated spot can be clearly recognized
under a microscope showing a color contrast with the surrounding
unheated fayalite in the recovered samples (Fig. 1). The run prod-
ucts were characterized combining in situ synchrotron X-ray dif-
fraction (XRD) at high-Pafter 7'quench with ex situ transmission
electron microscopy coupled with energy-dispersive X-ray spec-
troscopy (TEM-EDS). Further, first-principles calculations were
performed to obtain their elastic properties as a function of
pressure.

Results and Discussion

Synthesis and Characterization of Iron Silicate Pv and PPv. A total
of nine separate sets of experiments were conducted, covering
P-T range of 52 to 119 GPa and 2,150 to 2,600 K. Experimental
results and conditions are summarized in Table 1. In each run,
a prepressed thin disk of synthetic fayalite Fe,SiO, sandwiched
between Ne or SiO, medium was loaded into a LH-DAC and
then cold compressed to the target pressure. The double-sided
laser heating system was employed to generate high temperatures
and each sample was heated for 20 min at the target temperature.
The run products were characterized by in situ synchrotron XRD
at high-P after 7" quench. Our XRD measurements revealed the
formation of GdFeOs-type (space group: Pbnm) Pv phase at 63
t0 99 GPa and 2,150 to 2,250 K after accounting for the thermal
pressures. The observed diffraction peaks at 87 GPa after 7'quench
from 2,250 K can be assigned to Pv, Ne, and Re gasket (Fig. 2.4 and
C, Run #Sb376a). In addition, we observed a relatively weak peak
at d-spacing of 2.53 A, a characteristic peak of the PPy phase, along
with a set of other peaks belonging to PPy, indicating the appearance
of PPv under P-T conditions as low as 99 GPa and 2,250 K.

To explore the stability of the PPv phase, we conducted addi-
tional experiments over a -7 range of 126 to 132 GPa and 2,300
to 2,500 K. To overcome the kinetic barrier in the Pv-PPv phase
transformation, we compressed each fayalite sample to the target
pressure prior to any heating following the suggestion from the
previous study (21). Indeed, we obtained a pure CalrO;-type (space
group: Cmem) PPv phase at 128 GPa and 2,300 K (Fig. 2B, Run
#Sb375a). The sharp Debye diffraction rings (Fig. 2D and
SI Appendix, Fig. S1) reflect good crystallinity of the PPv phase.
Contrary to the conventional view that Fe,SiO; decomposes into
a mixture of iron oxide and silica phases, our observations showed
that iron silicates Pv and PPv can be synthesized from Fe,SiO,
under P- T conditions of the lower mantle. The Pv and PPv phases
are known to have chemical formula ABX;, where A and B are
cations and X an anion. In our experiments, however, no diffraction

Table 1. Summary of the experimental conditions and results

Unit-cell parameters

Run# P00k T Pr
(GPa) (K) (GPa) Medium Phase a(R) b (A) c(R) V(A3 P scale
Sb510 52 2,150 63 Ne Pv 4.6167(9) 4.8084(6) 6.646(1) 147.55(3) Vye=31.01(1) A3
Sb376b 86 2200 97 Ne PV 4.492(1)  4.7399(9) 6.489(1) 138.19(3) V. = 27.250(8) A?
PPv  Only PPv022
visible
18 Pv 4.796(1) 4.9779(8) 6.915(1) 165.11(3)  Vy. = 39.716(8) A3
10 Pv 4.864(1) 4.996(1)  6.999(1) 170.14(4) V. =45.15(1) A3
Sb376a 87 2250 99 Ne Pv 4.4972(7)  4.7469(8) 6.492(1) 138.60(2) V. = 27.149(9) A3
PPv 2.5375(6) 8.456(2)  6.316(3) 135.53(7)
Sb506 98 2400 111 Ne Pv 4.443(1) 47286(9) 6.426(2) 135.02(3) Vy. = 26.315(8) A3
PPv 2.5192(8) 8.438(3)  6.278(2) 133.46(4)
53190 91 2,500 105 Sio, Pv 4.468(1) 47366(8) 6.463(1) 136.79(4) g, = 1,520.0 cm™
PPv 2.5314(9) 8.474(4)  6.280(1) 134.73(4)
105 2,600 119 PPv 2.5106(7) 8.394(3)  6.240(1) 131.51(4) w1y, =1,544.6 cm™
Sa181 112 2,500 126 Ne PPv 2.5024(5) 8.368(1)  6.237(1) 130.60(2) V. = 25.378(8) A°
Sb375a 116 2,300 128 Ne PPv 2.4999(5) 8.337(2) 6.220(1) 129.66(3) Ve =25.150(8) A3
Sb376c 119 2,400 132 Ne PPv 2.4971(2) 8.320(1)  6.219(1) 129.21(2) V. = 25.000(8) A°
Sb37sb 118 2,400 131 Sio, PPv  2.4952(3)  8.326(1) 6.2121(9) 129.06(2) p,=1,567.0cm’

Pressures after T quench were determined using either the EoS of Ne (18) or the diamond Raman gauge (19). The thermal pressures were estimated based on an empirical equation
Pth = (T-300) x 0.0062 (GPa) which was obtained under similar P-T range in the previous study (20).
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Fig. 2. Insitu XRD and ex situ TEM characterization of iron silicate perovskite and postperovskite. Integrated powder XRD patterns of (A) iron silicate perovskite
(Pv) [Run #Sb376a; space group: Pbnm; a=4.4972(7) A, b =4.7469(8) A, c = 6.492(1) A, and V = 138.60(2) A3l and (B) iron silicate postperovskite (PPv) [Run #Sb375a;

space group: Cmcm; a = 2.4999(5) A, b = 8.337(2) A, ¢ = 6.220(1) A, and V = 129.66(3)

A3, The corresponding two-dimensional diffraction images of Pv (C) and

PPv (D) show textures of the diffraction patterns. High-angle annular dark field (HAADF) images of Pv (E) and PPv (F) show the coexistence of the silicate phase
and metallic particles. The Pv and PPv phases were recovered from Run #Sb376a (87 GPa and 2,250 K) and Run #Sb375b (118 GPa and 2,400 K), respectively.

The X-ray wavelength was 0.6199 A.

from FeO or any other iron oxide was observed when Fe,SiO,
fayalite (all iron in Fe?*) was used as the starting material.

To reveal chemical composition of the iron silicate Pv and PPv
phases, we further performed ex situ chemical analyses on the
recovered samples. We observed that the Pv phase remained crys-
talline down to 10 GPa during decompression but turned amor-
phous after the pressure release to ambient conditions. A thin
cross-section was lifted out from the heated center and prepared
for the TEM analysis using a focused ion beam (FIB). The TEM
images (E and F) in Fig. 2 show submicron-sized grains of the Pv
and PPv phases in coexistence with metallic particles, respectively.
The metallic particles of tens of nanometers in size are evenly
distributed among the silicate grains (Fig. 2 £ and F and
SI Appendix, Fig. S2), but its diffraction was absent in the XRD
pattern possibly due to its low crystallinity. We obtained the Fe/
Si ratio of 1.72(3) in the Pv phase (S Appendix, Table S1). The
widespread metallic particles prevented us from obtaining the
chemical composition of the PPv phase (Fig. 2F and SI Appendix,
Fig. S2) but its Fe/Si ratio could be higher than that of Pv based
on the distribution and proportion of the metallic particles. For
simplicity, we assume the PPv phase having the same composition
as the Pv phase in the following discussion. The phase assemblages
and chemlcal analysis indicate the occurrence of dlsproportlona—
tion of Fe*" into Fe’* and Fe metal, 3Fe*" = 2Fe™ + Fe'.

We report both iron silicate Pv and PPv phases obtaining from
a starting material with all iron in Fe** and the iron silicates Py with
a Fe/Si ratio of 1.72(3) is the most iron-enriched silicate among all
the reported silicate phases under - 7"conditions of the lower man-
tle. The physical and chemical properties of the iron silicates Pv
and PPv would provide important constraints on the lower mantle
models. First, iron enrichment can greatly increase the density of
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both Pv and PPv phases (22). In Fig. 34, we plotted the density (p)
of the iron silicate Pv and PPv phases, together with ferromagnesian
silicate Pv (7, 16, 23-25) and PPv (26-28) from the previous studies,
as a function of iron concentration [X;, = Fe/(Mg+Fe+Si)], respec-
tively. The least-squares fits yield linear relationships pp, = 5.12(1) +
2.47(3)Xg, for Pv at 87 GPa and ppp, = 5.48(1) + 2.66(3)X, for
PPy at 118 GPa, respectively. We noticed that the iron silicate
(Fe* ) 44Fe’* 1 ,0S8i05-Pv from the previous study has a density
of ~2.2% lower than the linear fit, which might be attributed to
the presence of a significant amount of vacancies (~12%) at the
A-51te (16). Second according to the charge-coupled substitution,
2F" - Fe + Si**, we obtained an approximate chemical formula
(Fe™ o75Fe™ ) 55) (™ 15Si75) O3 with X, = 0.625 from the Fe/Si ratio
measured for the Pv phase. The disproportionation reaction of
Fe,SiO; into Pv plus metallic iron can be described as

3Fe,Si0, = 4(Fe2t Fedt ) (Fel®

0.755€0.25 Sip75)0;5 + Fe. (1]

0.25
Pv-to-PPv Phase Transition in Iron Silicate. In this study, we
have identified a wide two-phase coexistence field for Pv and PPv
in (Fe*', Fe’*)(Ee™, Si)O; (Fig. 3B), which can be regarded as
Fe,05;-FeSiO; solid solutions. Below 100 GPa at 2,200 to 2,250
K, PPv exists only as a minor phase (Fig. 24 and S/ Appendix,
Fig. S34), whereas the PPv and Pv phases have comparable
intensities (SI Appendix, Fig. S4) in experiments at 105 to 111
GPa and 2,400 to 2,500 K. A pure PPv phase was obtained above
120 GPa and 2,300 to 2,600 K. Assuming the same Clapeyron
slope as the Pv-PPv transition in MgSiOj (29), we can place a
rough constraint on the Pv-PPv phase boundary with the PPv-in
line at 95 GPa and the Pv-out line at 113 GPa along a normal
mantle geotherm (30).
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Fig. 3. Density, stability, equation of state, and elastic wave velocities of the iron silicate Pv and PPv. (A) Density of Pv and PPv versus iron content X, where
Xre = Fe/(Mg+Fe+Si) in atomic ratio. Experimental data of Pv from D13 and L08 (7, 24) and PPv from G07, S06, and Z12 (26-28) were synthesized from starting
materials with all iron in Fe?*, whereas Pv from 116, C10, and L18 (16, 23, 25) were synthesized from Fe3*-bearing starting materials. The blue solid and red
dashed lines are the linear fits for Pv at 87 GPa and PPv at 118 GPa, respectively. (B) The stability field of iron silicate Pv and PPv. The black solid line shows the
Pv-to-PPv transition boundary for MgSiO; (29). We assume the same Clapeyron slope (+13.3 MPa/K) for the iron silicate Pv-to-PPv transition. The thick gray solid
line represents a normal lower-mantle geotherm (30). (C) Unit-cell volumes of iron silicate Pv and PPv as a function of pressure. The unit-cell volumes obtained
from experiments are shown with solid symbols, whereas the computed EoS are shown with solid lines for Pv and dashed line for PPy, respectively. The EoS
for MgSiO; Pv (24) and PPv (26) are plotted for comparison. (D) Computed static compressional (V,) and shear (V;) velocities of iron silicate Pv (solid lines) and
PPv (dashed lines) as a function of pressure. The elastic wave velocities of MgSiO; Pv (31) and PPv (32) are shown in black solid and dashed lines, respectively.

In the solid solution series Fe,O;-FeSiO;, the Pv to PPv tran-
sition in Fe,Oj occurs at 60 to 70 GPa (33, 34), lower than 95
GPa at which the PPv phase appears in (Fe**, Fe’*)(Fe", S1)Os,
implying that an increase of Fe,O; content in FeSiO; will decrease
the pressure for the Pv-to-PPv transition relative to the endmem-
ber FeSiOj, although neither Pv nor PPv has been experimentally
synthesized in FeSiO; up to now.

Compressibility and Elastic Properties of Pv and PPv. We further
investigated physical properties of the Pv and PPv phases with
a chemical formula (Fe*,sFe’ ,5)(Fe™* ,5Siy,5)O; using first-
principles calculations. Our calculated static enthalpy difference
revealed a high-spin (HS) to low-spin (LS) transition of the
octahedrally coordinated Fe’* in the Pv structure at ~55 GPa
(SI Appendix, Fig. S5) accompanied by a volume reduction of
~2.0% (AVig1¢). The spin-crossover-induced volume collapse
in Fe’*-bearing Pv is linearly dependent on the Fe’* content at
the B-site (35), which has been previously confirmed by both
experiments and theoretical calculations (25, 36). The predicted
AVigs 1 in (Fe™ o ,sFe’™ ) 5) (Fe® ) 55Siy 75)O5-Pv with 25% Fe’* at
the B-site in our study is consistent with the linear relationship,
in comparison to ~4.3% volume reduction with 50% Fe’* at the

40f6 https://doi.org/10.1073/pnas.2401281121

Si-site (36). The P-Vrelationship obtained in our decompression
experiments further confirmed the volume reduction as a result
of the HS-LS transition of Si-site Fe** (Fig. 3C and SI Appendix,
Fig. S3).

We obtained the third Birch-Murnaghan equation of state (EoS)
and the parameters are listed in S7 Appendix, Table S2. The computed
EoS showed excellent agreement with our experimental data (Fig. 3C),
which in turn supports the occurrence of the 2F* — Fe* + Sit*
charge-coupled substitution. Our results indicate that the bulk mod-
uli of both LS-Pv and LS-PPy in (Fe** ,sFe’*; ,5) (Fe®* 155, ,5) O are
similar to those of MgSiO5-Pv (24) and PPv (20), referred to as MgPv
and MgPPv hereafter, indicating a negligible effect of iron content
on the compressibility of both Pv and PPy, in agreement with the
previous studies (7, 22). As the density increases with increasing iron
content and therefore the bulk sound velocities (V) of Pv and PPv
are depressed by ~12% and ~10% at 80 to 140 GPa, respectively,
compared to those of MgPv and MgPPv.

'The computed nine static elastic constants (cij) and the aggregate
bulk (K) and shear moduli (G) of Pv and PPv in (Fe2+0_75Fe3+0‘25)
(Fe™) 15Si9,5)0; at 60 to 140 GPa are listed in SI Appendix,
Table S3. We then calculated the compressional (V}) and shear
velocity (V5) of Pv and PPv as a function of pressure and plotted

pnas.org
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the results in Fig. 3D. For the MgSiO; endmember, previous stud-
ies are in general agreement on the jump of V; and V§ across the
Pv-PPv phase transition (13, 32, 37). The calculated curves of V;,
and V of Pv- and PPv-(Fe™* | ,sFe’™ ,5) (Fe™) ,5Si; 15)O; as a func-
tion of pressure are nearly parallel to those of MgSiO; (31, 32),
with a reduction of ~17% in V}, and ~25% in V;, respectively. We
obtained an increase of 0.7% in V}, and 2.2% in V§ associated
with the Pv-PPy phase transition in (Fe** ,sFe’* ,5) (Fe™; 55Si, 75)
O; at 136 GPa.

Geochemical and Geophysical Implications. The physical and
chemical models of the lower mantle are largely dependent on the
chemical composition of the silicate phases under -7 conditions
of the lower mantle. To the best of our knowledge, (Fe**, ,sFe’ ,5)
(Fe™,5Siy-5)O; Pv and PPv are the densest phases among all the
reported silicates stable at -7 conditions of the lower mantle,
which contains about 25 mol% Fe,O;. Under P- T conditions of
the topmost lower mantle, only up to 16% Fe®* was obtained in
(Mg, Fe)SiO5-Pv (38, 39), indicating that a higher concentration
of Fe’* is stabilized in the Pv phase with increasing pressure. Our
results further indicate that the disproportionation of ferrous iron
into ferric iron plus metallic iron occurs in Al-free compositions
under -7 conditions of DLM. While all iron in FeSiOj is located
in the Mg-site and remains in a high-spin state (14), 40% iron
in (Fe™,,sFe’ ,5) (Fe™ | 55Siy15)O; is in the Fe’* state and half
Fe’* occupies the Si-site which undergoes a high-spin to low-spin
transition above ~55 GPa. The spin-state crossover of ferric iron
not only influences the physical properties of the silicate phase but
significantly affects the element partitioning between the lower
mantle phases (40, 41). The ferric iron content in the silicate phase
and the spin-state crossover of Fe’* at the Si-site should be taken
into account in order to interpret the seismic observations and
construct reliable lower mantle models.

We obtained a smaller increase in V, than V; for (Fe®;sFe™ 55)
(Fe™ 55Siy55)O; associated with the Pv-PPv phase transition, sim-
ilar to the changes in V}, and V§ for MgSiOj; (31, 32), hence incor-
poration of (Fe”*;sFe™ | ,5)(Fe’* ,5Si)-5)O; into MgSiO; has a
negligible effect on the jump of seismic velocities across the
Pv-to-PPv transition. The iron silicate Pv and PPv can be re§arded
as solid solutions between FeSiO; and Fe,O;. How the Fe’*/> Fe
ratio can affect the elastic properties of bridgmanite is a topic of
continuing debate. Recent experimental measurements suggested
that the Vg of Fe**-rich Al-bearing brid%manite as a function of
pressure has a steeper slope than that of Fe™*-rich Al-free bridgman-
ite below 40 GPa (42, 43), in contrast to the finding of our study
above 60 GPa that the Vg slope of (Fe**; ,sFe’ 55) (Fe™( 2551 15) O5
as a function of pressure is almost parallel to that of MgSiO;. Based
on the previous calculations (13, 44), incorporation of Al,Oj also
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would not explain the steep Vj slope of bridgmanite (Mg, Fe;
Sigy Aly;)Oj as a function of pressure (42). Furthermore, the
first-principles molecular dynamics simulations (45) produce V5
of bdg about 1% smaller than the experimental data at ~2,700 K
and lower mantle pressures (46). Effect of chemistry on the elas-
ticity of bdg under -7 conditions of the lower mantle will require
further clarification.

The ultralow velocity zones (ULVZs) located at the base of
the lowermost mantle show great reductions in both V}, and V5§
of up to 15% and 30%, respectively, as well as a notable increase
in density and Poisson’s ratio (V) (47). Iron enrichment in PPv
has been proposed as a potential origin for ULVZs on the
basis of acoustic velocities of iron-rich PPv (48). We obtained a
ratio of P-wave and S-wave velocity reduction of ~1.5 for
(Fe™ o 7sFe™ 25) (Fe™  55Si 75)O5-PPy at the CMB pressure, while
most of the reported ULVZs with about 30% reduction in V5
have the ratio close to 3:1 (49). Therefore, our results suggest
that the elastic properties of (Fe™* ;sFe™ ) ,5)(Fe™ 55Si) 75)O5-PPy
alone may not explain the seismic characteristics of the ULVZs.
Dehydration of dense hydrous phases under high P-7"conditions at
the CMB could induce partial melting (50) and contribute to the
distinct physicochemical properties of the ULVZs. Seismic obser-
vations support a vertical connection between broad plumes and the
large-scale low shear-velocity anomalies at the base of the lower
mantle, some of which coincide with the location of ULVZs (51).
Our results of the stability and physical properties of iron silicates
Pvand PPv would place constraints on the extent of iron-enrichment
of these low shear-velocity anomalies in the DLM.
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