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Calcium dissolution in bridgmanite in the 
Earth’s deep mantle

Byeongkwan Ko1,8 ✉, Eran Greenberg2,3, Vitali Prakapenka2, E. Ercan Alp4, Wenli Bi4,5, 
Yue Meng6, Dongzhou Zhang2,7 & Sang-Heon Shim1 ✉

Accurate knowledge of the mineralogy is essential for understanding the lower 
mantle, which represents more than half of Earth’s volume. CaSiO3 perovskite is 
believed to be the third-most-abundant mineral throughout the lower mantle, 
following bridgmanite and ferropericlase1–3. Here we experimentally show that the 
calcium solubility in bridgmanite increases steeply at about 2,300 kelvin and above 
40 gigapascals to a level sufficient for a complete dissolution of all CaSiO3 
component in pyrolite into bridgmanite, resulting in the disappearance of CaSiO3 
perovskite at depths greater than about 1,800 kilometres along the geotherm4,5. 
Hence we propose a change from a two-perovskite domain (TPD; bridgmanite plus  
CaSiO3 perovskite) at the shallower lower mantle to a single-perovskite domain  
(SPD; calcium-rich bridgmanite) at the deeper lower mantle. Iron seems to have  
a key role in increasing the calcium solubility in bridgmanite. The temperature- 
driven nature can cause large lateral variations in the depth of the TPD-to-SPD 
change in response to temperature variations (by more than 500 kilometres). 
Furthermore, the SPD should have been thicker in the past when the mantle was 
warmer. Our finding requires revision of the deep-mantle mineralogy models and 
will have an impact on our understanding of the composition, structure, dynamics 
and evolution of the region.

It has been widely accepted that two separate perovskite phases, 
(Mg,Fe)(Al,Si)O3 bridgmanite (Brg) and CaSiO3 perovskite (CaPv), exist 
in the lower mantle, together with (Mg,Fe)O ferropericlase (Fp). This 
view appears to be supported by experiments where the existence of 
separate CaPv was found in the mantle-related compositions at the 
pressure and temperature (P–T) conditions of the lower mantle1–3. 
However, some notable exceptions have been reported in many experi-
ments: CaPv was not observed at either higher pressures6 or higher 
temperatures7,8 (Extended Data Fig. 1; detailed discussion in Meth-
ods). Some experimental9 and theoretical10–12 studies have shown that 
the solubility of CaSiO3 in pure MgSiO3 Brg increases with increasing 
temperature, although the suggested solubility is not sufficient for a 
complete dissolution at the lower-mantle pressures for pyrolite which 
contains 3.5 wt% calcium oxide (CaO)13. However, possible effects from 
iron (Fe) and aluminium (Al) on the solubility of CaSiO3 in Brg have 
not been well explored, despite their considerable amounts in the 
phase. Recently, a study based on density functional theory combined 
with molecular dynamics12 predicted that Fe increases the solubility 
of CaSiO3 in Brg, whereas Al decreases it. The theoretical prediction 
and the ‘missing CaPv’ reported in some previous experiments raise 
an important question whether all CaSiO3 can dissolve into Brg and 
form a single-perovskite phase in the lower mantle.

 
Stability of Ca-rich bridgmanite
In this study, we investigated the solubility of CaSiO3 in Brg at 
lower-mantle-related conditions (33–110 GPa and 1,800–3,000 K) 
using laser-heated diamond anvil cells (LHDACs) combined with in situ 
X-ray diffraction (XRD). The studied compositions include calcium 
(Ca)-enriched pyrolitic (Ca-pyrolite), komatiitic and Ca0.1Mg0.8Fe0.1SiO3 
(Ca10Fe10) compositions (see Methods and Extended Data Table 1 for 
detail). In the Ca-pyrolite composition, we increased the CaSiO3 content 
of pyrolite for a better detection of CaPv. The other two compositions 
have sufficient amounts of CaO. The recovered samples were analysed 
for mineralogy and chemical composition in scanning-transmission 
electron microscopy (STEM).

Figure 1a shows two different mineralogy domains identified from 
our data (Fig. 2a,b): single-perovskite and two-perovskite domains.  
At 30–40 GPa, two perovskite phases, Brg and CaPv were observed 
up to 2,400 K (Fig. 1a). At 40–110 GPa, CaPv was clearly identified by 
multiple lines with strong intensities at temperatures below about 
2,300 K. At temperatures above about 2,300 K in the pressure range, 
however, the XRD peaks of CaPv disappeared, whereas Brg remained 
with strong peak intensities as a single-perovskite phase (Fig. 2a,b and 
Extended Data Fig. 2).
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We observed a sharp increase in the unit-cell volume of Brg near the 
synthesis temperature of 2,300 K for the Ca-pyrolite and the komatiitic 
compositions (about 2%; Fig. 1b). The unit-cell volume increase could 
result from a Ca solubility increase because of the large ionic size of Ca2+: 
30% and 23% larger than Mg2+ and Fe2+ in the 8-coordinated site, respec-
tively14, in the crystal structure of Brg. As we discuss later, our chemical 
analysis of the recovered samples for Ca-pyrolite and komatiitic composi-
tions shows a significant amount of Ca in Brg, explaining the observed 
abrupt increase in volume. At lower pressures (about 33 GPa), the unit-cell 
volume of Brg did not increase with synthesis temperature in the komati-
itic composition, consistent with the XRD observations of two separate 
perovskite phases (that is, limited Ca solubility in Brg). A similar increase 
in the unit-cell volume of Brg was found at the synthesis temperature 
of about 1,900 K in the Ca10Fe10 composition. In addition, Ca-rich Brg 
synthesized at higher temperatures has a SiO6 octahedral tilting angle 
that is smaller by more than 7% compared with Brg synthesized at lower 
temperatures (Extended Data Fig. 3). This observation is also consist-
ent with Ca incorporation in the dodecahedral site of Brg, which would 
reduce the tilting angle of the SiO6 octahedra in the crystal structure of 
Brg (therefore less orthorhombic distortion; Methods). The increase in 
the unit-cell volume and the decrease in the octahedral tilting angle agree 
well with theoretical calculations10, which predict a greater than 1.7% 
volume increase and a greater than 16% octahedral tilting angle decrease 
for (Ca0.1Mg0.9)SiO3 Brg compared with those of MgSiO3 Brg at 0–100 GPa.

The trends in both XRD phase identification and unit-cell volume 
comparison in this study remain similar at pressures between 40 GPa 
and 110 GPa, suggesting that the Ca solubility increase in Brg is essen-
tially temperature driven without much sensitivity to pressure. We note 
that the formation of the single perovskite found here was not caused 
by slow kinetics because it forms at higher temperatures where kinetic 
effects are expected to be small.

Above 2,700 K near the solidus, few data points show Ca-rich 
Brg existing together with a small amount of CaPv in XRD patterns 
(half-filled symbols in Fig. 1a). At solidus temperatures, a small amount 
of melt is produced, which can migrate to lower-temperature regions 
along both the axial and the radial directions (or along and vertical 
to the X-ray beam directions) because of the thermal gradients in the 
LHDAC. We predict that the partial melt could be rich in Ca and that the 
fractional crystallization of the melt at the low-temperature regions 
resulted in the observation of CaPv in those runs (Methods).

The STEM images and chemical maps of the recovered samples 
showed a substantial amount of Ca in Brg synthesized at about 2,300 K 
and above 60 GPa. For Ca-pyrolite, Ca-rich Brg exists as a matrix sur-
rounding Fp grains in the sample from a run at 64 GPa and 2,300 ± 250 K 
(82 vol% for Ca-rich Brg and 18 vol% for Fp; Fig. 2c and Table 1). Quan-
titative analysis for the Ca-rich Brg matrix was difficult because of 
insufficient separation between Fp grains. Therefore, we obtained 
the chemical composition of Ca-rich Brg by subtracting the measured 
composition of Fp from that of the whole area of the map based on the 
estimated phase proportions (Methods). The calculation yielded 0.08 
Ca atoms per formula unit (p.f.u.) for Ca-rich Brg (Table 1).

For the komatiitic composition, a sample synthesized at 100 GPa and 
2,300 ± 100 K showed a large amount of Ca in the Ca-rich Brg matrix 
(0.19 Ca p.f.u.) together with magnesium (Mg), Fe and Al (Fig. 2d and 
Table 1). Although most of the area is Ca-rich Brg (95 vol%; Table 1), alu-
minium oxide (Al2O3) and silicon dioxide (SiO2) were observed as minor 
phases, consistent with the XRD observations (Methods). The Al con-
tent in Ca-rich Brg is measured to be smaller than that in Brg synthesized 
at 33 GPa (0.15 Al p.f.u. and 0.20 Al p.f.u., respectively; Table 1), which 
explains the observed Al2O3 phase at the higher pressures. Another 
komatiitic sample synthesized at 62 GPa and 2,350 ± 350 K showed the 
same results (Extended Data Fig. 4). In contrast, a komatiitic sample 

a b

1,600 1,900 2,200 2,500 2,800 3,100
Temperature (K)

2,500

2,250

2,000

1,750

1,500

1,250

1,000

750

D
ep

th
 (k

m
)

Ca10Fe10
Ca-pyrolite
Komatiitic

25

35

45

55

65

75

85

95

105

115

P
re

ss
ur

e 
(G

P
a)

Brg + CaPv

Ca-rich Brg

Ref. 7

Ref. 8

Ref. 28

1,800 2,100 2,400 2,700 3,000
Synthesis temperature (K)

−0.5

0

0.5

1.0

1.5

2.0

2.5

3.0

ΔV
 (%

)

KomatiiticCa-pyroliteCa10Fe10

300 K

~40 GPa ~33 GPa
~50 GPa
~62 GPa
~100 GPa

~55 GPa
~65 GPa
~77 GPa
~100 GPa

Solidus from
 ref. 29

G
eotherm

 from
 ref. 4 Solidus from

 ref. 30

G
eotherm

 from
 ref. 5

Fig. 1 | Stability of a single-perovskite mineralogy at high pressure–
temperature conditions. a, In situ XRD observations of perovskite phases. 
The closed and open symbols represent the observations of a single-perovskite 
phase (Ca-rich bridgmanite) and two-perovskite phase (Brg + CaSiO3 perovskite), 
respectively (the compositions were measured with STEM). The half-filled 
symbols denote the presence of CaPv with Ca-rich Brg. Each data point 
represents a single heating run. Some previous data points on pyrolitic 
compositions7,8,28 are shown with triangle symbols (Methods). The grey lines 
are the reported solidi of mantle-related compositions29,30. The orange and 
green curves are the proposed mantle geotherms4,5. The background is shaded 

with blue and red for the two-perovskite and the single-perovskite domains, 
respectively. b, Change in the unit-cell volumes (ΔV) of Brg as a function of 
synthesis temperature. The unit-cell volumes of Brg were measured upon 
temperature quench (300 K) at high pressures and then compared with those 
expected for Brg observed with CaPv for the corresponding compositions 
(see Methods for detail). A steep increase in the Brg volume at about 2,300 K 
indicates a significant increase in the Ca solubility. The black lines connect the 
Ca10Fe10 data at about 40 GPa, Ca-pyrolite data at about 100 GPa or komatiitic 
composition data at about 33 GPa, respectively. The shades are a guide for the 
eye. The error bars are the estimated 1σ uncertainties.
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synthesized at the lower P−T (33 GPa and 2,200 ± 200 K) showed sepa-
rate Brg and CaPv phases (81 vol% and 15 vol%; Table 1), consistent with 
the XRD patterns (Fig. 2b). Point measurements revealed that Brg syn-
thesized at 33 GPa contains a much smaller amount of Ca (0.05 p.f.u.; 
Table 1) than those synthesized at 62 GPa and 100 GPa, which incorpo-
rated all Ca from the starting material (0.17–0.19 Ca p.f.u.).

Compositional effects on Ca solubility
We constructed a provisional perovskite solvus diagram of the (Mg,Fe)
(Al,Si)O3–CaSiO3 system (Fig. 3a). As composition data are available for 
a limited number of samples, we complement the dataset with the Ca 
content estimated from the unit-cell volume of Brg (see Methods for 
detail). Our Ca10Fe10 data reveal that Fe may play an important role in 
the Ca solubility in Brg. In this composition, a complete dissolution of 
Ca (0.10 p.f.u.) in Brg occurs at about 2,500 K (Fig. 1a), which is about 
500 K lower than the temperature predicted for pure MgSiO3 Brg to 
incorporate the same amount of Ca (0.10 p.f.u.) at the same pressure 
in a theoretical study12 (Fig. 3a). The valence and spin states of Fe could 
be important factors15, but our data do not show clear dependence 
(Methods, Extended Data Table 2 and Extended Data Figs. 5 and 6).  
Al could also affect the Ca solubility in Brg. Although Brg in the komati-
itic composition contains a larger amount of Fe (0.19–0.20 p.f.u.; 

Table 1) than Brg in the Ca10Fe10 composition does (0.10 p.f.u.), the 
sudden increase in the unit-cell volume of Brg, and therefore the Ca 
solubility, occurs at a higher temperature in the komatiitic composition 
than in the Ca10Fe10 composition (about 2,300 K and about 1,900 K; 
Fig. 1b). As the komatiitic composition contains a substantial amount 
of Al in Brg (0.15 Al p.f.u. for Ca-rich Brg; Table 1), Al may reduce the 
effects of Fe on the Ca solubility, consistent with the previous predic-
tion12. Although the difference is within uncertainty, the steep increase 
in the unit-cell volume of Brg appears at a slightly higher tempera-
ture by about 50 K for Ca-pyrolite than for the komatiitic composition 
(Fig. 1b). The difference could be explained by the lower Fe/Al ratio in 
Ca-pyrolite (Table 1). From the observations above, we conjecture that 
mid-ocean-ridge basalt (MORB) would have separate Brg and CaPv in 
the lower mantle even at sufficiently high temperatures because of a 
factor of three more Al (that is, lower Fe/Al ratio) in the composition 
compared with pyrolite, which is consistent with the existing experi-
mental results7,16 (Methods).

Mineralogy changes in the lower mantle
The mineralogy has long been assumed to be constant through-
out the lower mantle1 except for the bottom 400-km depths where 
post-perovskite can appear in the cold regions17. Our study shows that 
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Fig. 2 | In situ XRD and ex situ electron microscopy analysis of Ca-pyrolite 
and the komatiitic compositions. a,b, The bars indicate the diffraction peak 
positions of bridgmanite (Brg; black), ferropericlase (Fp; orange) and CaSiO3 
perovskite (CaPv; cyan). The observed CaPv peaks are highlighted by the cyan 
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used for pressure measurements. Ne (labelled as N) or NaCl (labelled as NC) was 

used as a pressure medium. X-ray energies were 0.4133 keV (a) and 0.3344 keV 
(b). The background is subtracted. c,d, High-angle angular dark-field images 
(top left) and chemical maps of the recovered samples of Ca-pyrolite (c) and 
komatiitic (d) composition, respectively. The chemical compositions of the 
phases are presented in Table 1.
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in the mid-mantle where temperature becomes sufficiently high (over 
about 2,300 K for pyrolitic composition; Fig. 3a) the Ca solubility in Brg 
increases steeply, leading to a change in mineralogy from Brg + CaPv 
(the two-perovskite domain, TPD) at shallower depths to Ca-rich Brg 

(the single-perovskite domain, SPD) at greater depths. Given a gradual 
increase in temperature in the lower mantle, the TPD-to-SPD change 
would occur over a depth interval. For instance, a 50-K increase in the 
mid-mantle would make the depth interval for the TPD-to-SPD transition 
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Fig. 3 | A steep increase in the solubility of CaSiO3 in bridgmanite and 
mineralogical models for the lower mantle. a, Provisional perovskite solvus 
diagram of (Mg,Fe)(Al,Si)O3–CaSiO3 in the lower mantle. The open and the 
closed symbols denote Brg + CaPv and Ca-rich Brg (the numbers indicate the 
pressure in GPa), respectively. The black, red, green and blue symbols represent 
the pure MgSiO3, pyrolitic, komatiitic and Ca10Fe10 compositions, respectively. 
Fe and Al cations per formula unit are indicated for each composition. The grey 
shades represent the expected amount of CaSiO3 in pyrolitic and komatiitic 

compositions, respectively. The solid lines represent provisional solvi. The 
error bars are the estimated 1σ uncertainties. b, A schematic diagram of the 
TPD and the SPD in the present-day lower mantle. The depth of the TSTZ can be 
modulated by lateral variations in temperature. c, Changes in the depth of the 
TSTZ (about 2,300 K) as a function of time in the lower mantle. The boundary 
depth was calculated from the mantle geotherm models4,5 for a Urey ratio of 
0.38 (ref. 25) combined with our experimental results. b, c, CMB, core–mantle 
boundary.

Table 1 | Chemical compositions of the recovered samples of the komatiitic composition and Ca-pyrolite

Komatiitic composition Pyrolite from ref. 3 Ca-pyrolite

K33 (33 GPa, 2,200 K) K62 (62 GPa, 2,350 K) K100 (100 GPa, 2,300 K) (47 GPa, 2,073 K) CP64 (64 GPa, 2,284 K)

Brg CaPv SiO2 Ca-rich Brg SiO2 Al2O3
a Ca-rich Brg SiO2 Al2O3 Brg Fp CaPva Ca-rich Brg Fp

Si 0.83(4) 0.92(4) 0.95(2) 0.90(6) 1.00 – 0.86(3) 1.00 0.00 0.92(1) 0.01(0) – 0.84(4) 0.00

Al 0.20(2) 0.03(2) 0.01(0) 0.15(2) 0.00 – 0.15(1) 0.00 2.00 0.09(1) 0.01(0) – 0.13(2) 0.00

Fe 0.20(2) 0.07(3) 0.01(0) 0.19(2) 0.00 – 0.20(1) 0.00 0.00 0.08(0) 0.14(0) – 0.08(2) 0.11(2)

Mg 0.72(4) 0.10(4) 0.02(1) 0.59(6) 0.00 – 0.60(3) 0.00 0.00 0.90(1) 0.84(1) – 0.87(4) 0.89(4)

Ca 0.05(1) 0.88(5) 0.01(0) 0.17(2) 0.00 – 0.19(1) 0.00 0.00 0.01(0) 0.00(0) – 0.08(2) 0.00

Vol% 81.2 14.7 4.1 >99 <1 <1 94.7 2.2 3.1 75.1 17.2 7.7 82.8 17.2

Vm,0 
(cm3 mol−1)

25.05(3) 25.50(11) 24.68(6)b 25.11(14)

Vuc,0 (Å3) 166.3(2) 169.3(7) 163.9(4)b 166.8(9)

K0 (GPa) 249(4) 245(7) 246(5)b 245(12)

The total was normalized to a chemical formula for each phase. The Vinet EOS parameters at 1 bar and 300 K (molar volume, Vm,0; unit-cell volume, Vuc,0; and bulk modulus, K0) are provided for 
Brg and Ca-rich Brg. Pressure derivative of bulk modulus (K0′) was fixed as 4 for all the fits. Brg, Fp and CaPv reported in pyrolite in ref. 3 are shown for comparison. aPoint analysis was not pos-
sible owing to very small grain size. bV0 and K0 are from Brg of Ca-pyrolite in this study (CP77). The numbers in parentheses represent uncertainty.
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zone (TSTZ) 130–200 km depending on the mantle geotherm4,5. At the 
moment, it is difficult to determine the exact depth for the TSTZ because 
of the uncertainties in the mantle geotherm: a higher-temperature 
mantle geotherm in ref. 5 yields about 1,500 km, whereas it is about 
2,200 km for a lower-temperature mantle geotherm in ref. 4.

The temperature-dependent variations in the TSTZ depths can also 
affect our understanding on lateral heterogeneities in the lower mantle18.  
For example, the hot mantle plumes and the cold subducting slabs 
can modulate the depths of the TSTZ substantially up to ±500 km for a 
variation of ±150 K. Such behaviours of the TSTZ make it distinct from 
the phase transition boundary of ringwoodite to Brg + Fp at 660-km 
discontinuity19 and the post-perovskite boundary at D′′ layer17, which 
are localized at narrow depth intervals.

We calculated the bulk sound speeds of Ca-rich Brg and Brg + CaPv 
at pressures of the lower mantle from their bulk moduli and densities 
obtained from the komatiitic composition at 300 K. Although uncer-
tainties are involved, the density of Ca-rich Brg is 0.6 ± 0.5% greater 
than that of Brg + CaPv and the bulk modulus of Ca-rich Brg is nearly the 
same as that of Brg + CaPv (±1%) in the mid-mantle depths (Extended 
Data Fig. 7). Therefore, bulk sound velocity is somewhat lower (about 
0.3 ± 0.6%) for Ca-rich Brg (Extended Data Fig. 7). If Ca dissolution does 
not change the thermal parameters substantially, the changes in density 
and bulk sound speed could be small at the TSTZ. Although the effects 
of Ca dissolution on the shear velocity of Brg is yet to be measured, we 
infer that the TSTZ would not cause a seismic discontinuity because the 
change in the properties of Brg would be gradual in the TSTZ, which 
could span over a few hundred kilometres.

The mineralogy change proposed in this study sheds light on the 
ongoing controversy2,20,21 on whether the mantle would be chemically 
homogeneous with a pyrolitic composition. A recent elasticity measure-
ment20 showed that a high Fe3+/ΣFe ratio of Brg (0.66) in pyrolite can 
explain seismic properties (preliminary reference Earth model, PREM22) 
in the shallow lower mantle, but their model showed a discrepancy 
between pyrolite and PREM in the lower mantle below about 1,200-km 
depth. Another elasticity measurement21 argued for a larger fraction 
of Brg (90 vol%) than what is expected for pyrolite (75 vol% (ref. 3)) to 
explain the seismic properties of the lower mantle, suggesting the 
Si-enriched composition compared with pyrolite. However, if all Ca 
dissolves into Brg in the deep lower mantle as suggested in the present 
study, the effects of Ca on the seismic properties of Brg should be taken 
into account in such models for possible depth-dependent changes of 
composition in the lower mantle.

Many studies have pondered the role of Earth’s deep mantle for 
important global events in Earth’s history, such as the Great Oxidation 
Event23 and the initiation of plate tectonics24. The temperature-driven 
change from a TPD to a SPD predicts mineralogical evolution of the 
deep mantle even if the bulk chemical composition has been constant. 
In the past, the mantle should have been warmer than the present day, 
although details of the cooling history of the mantle remain contro-
versial25–27. The thickness of the SPD with Ca-rich Brg would have been 
greater in the past and becomes thinner as the mantle cools over time 
(Fig. 3c and Extended Data Fig. 8). Therefore, the properties of Ca-rich 
Brg would be essential for understanding the time-dependent changes 
in the lower mantle.
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Methods

Starting materials and sample preparations
We studied four starting compositions either as a single glass or a mix-
ture of two glassy materials (Extended Data Table 1). The glass materi-
als were synthesized using the laser-levitation method31. Ca-pyrolite 
was prepared by mixing pyrolite13 glass and CaSiO3 glass (about 7.5:1 
in mol). The increased amount of Ca enhances the detectability of 
CaPv in XRD patterns if it forms. Ca-pyrolite was for investigating the 
stability of Ca-rich Brg at P−T conditions. Also, the unit-cell param-
eters of the phases in Ca-pyrolite were measured at high pressures and 
300 K. The Ca10Fe10 composition (Ca0.1Mg0.8Fe0.1SiO3) was prepared 
as a single glass for investigating the stability of Ca-rich Brg at high 
P−T. We prepared the komatiitic composition32,33 as a single glass. This 
composition was also used in ref. 34. The komatiitic composition con-
tains much less Mg (Mg/Si < 1) than pyrolite and does not form Fp in 
the lower-mantle-related conditions34. The chemical compositions of 
Ca-pyrolite and the komatiitic composition were confirmed using an 
electron probe micro analyser ( JEOL JXA-8530F EPMA) combined with 
a wavelength-dispersive X-ray spectrometer at Arizona State University 
(ASU) (Extended Data Table 1).

The starting materials were powdered and mixed with about 10 wt% 
of gold (Au) powder (a grain size of 1–3 µm), which served as a pressure 
standard and a laser absorber in LHDAC experiments. The mixtures were 
compressed to thin foils with a thickness of about 10 µm. We loaded the 
sample foil into a sample chamber, a pre-indented hole in a rhenium 
gasket, using a micro-manipulator (Microsupport Axis Pro SS) at ASU. 
Four spacers (about 5-µm-sized pure sample particles) were placed 
between the sample foil and the diamond culet surfaces for gas or liquid 
medium loading. We used neon (Ne), argon (Ar) or sodium chloride 
(NaCl) as a pressure medium that also served as a thermal insulator. 
Ne was loaded using the Consortium for Materials Properties Research 
(COMPRES)-GeoSoilEnviroCARS (GSECARS) high-pressure gas load-
ing system35 and Ar was loaded using the gas loading system at ASU. In 
some runs (Extended Data Table 3), NaCl powder was dried at 120 °C 
for 4 h and loaded into the sample chamber as insulation layers. For 
samples K59B and K73B, we did not use a pressure medium (Extended 
Data Table 3). We cold-compressed samples in the symmetric-type 
diamond anvil cell to target pressures before the laser heating. The 
diamond culet size was 150 µm, 200 µm or 400 µm depending on the 
targeted pressures.

In situ XRD in LHDACs
In situ XRD experiments were performed at the 13-IDD beamline of 
the GeoSoilEnviroConsortium (GSECARS) sector in the Advanced  
Photon Source (APS)36. Extended Data Table 3 summarizes all the runs 
conducted in this study. For sample K50 only, we conducted in situ 
XRD experiments at high P−T conditions at the 16-IDB beamline of the 
High-Pressure Collaborative Access Team sector in APS37. At the 16-IDB 
beamline, we also carried out XRD measurements at room temperature 
for sample K100 after in situ XRD experiments at high P−T conditions 
at the 13-IDD beamline. The detailed run tables for the in situ experi-
ments are presented in Supplementary Tables 1–5.

The diffraction patterns were measured with monochromatic X-ray 
beams of 0.3344 Å and 0.4133 Å at 13-IDD, 0.4340 Å at 13-BMC, and 
0.4066 Å at 16-IDB (Extended Data Table 3). For the in situ experiments, 
we focused the laser beams on both sides of the sample and aligned the 
laser beams coaxially with the X-ray beam by the visual observations 
of the X-ray fluorescence to measure the XRD patterns at the centre of 
the laser heating spot. Typical beam diameters for the X-ray beam and 
the laser beam were 5 µm and 20 µm, respectively. We fit the thermal 
radiation spectra measured from both sides of the sample to the Planck 
grey-body equation for the estimation of temperature.

We integrated the collected X-ray diffraction images to one- 
dimensional diffraction patterns with the calibration parameters 

obtained from the lanthanum hexaboride or cerium dioxide stand-
ard in the DIOPTAS software (version 0.5.0)38. The exposure time was 
5–10 s during heating and 10–300 s at 300 K. The diffraction patterns 
were analysed and fitted with a pseudo-Voigt profile function to obtain 
the peak positions in the PeakPo software39. The unit-cell parameters 
were fitted using the UnitCell software40, the Peakpo software and the 
GSAS-II package41. We estimated pressures by combining the measured 
unit-cell volumes of Au with its equation of state (EOS)42 in the Pytheos 
software43. Rietveld refinement using GSAS-II was conducted to obtain 
phase proportions together with mass-balance calculation for run 
K33. Temperature uncertainties were estimated from the temperature 
difference between two sides of the sample combined with intrinsic 
uncertainty from spectroradiometry of the LHDAC samples (100 K). 
Pressure uncertainties were assumed to be 7% of the estimated pres-
sures at high temperatures, which includes uncertainties from thermal 
equations of state of Au and temperature measurements.

An area with a diameter of about 20 µm was heated for up to 8 min 
during each heating cycle (Supplementary Table 1). The heating spots 
were chosen such that they do not overlap with previously heated spots 
to conduct heating on unheated fresh sample. Diffraction images were 
measured on a Dectris Pilatus, MarCCD or Mar345 detector. Diffrac-
tion patterns showed that the glass samples transformed to crystalline 
phases within 2–60 s of heating. In most runs for the P−T stability, we 
first increased the laser power at a previously heated spot until a target 
temperature was reached, and then translated the sample position 
instantly such that the same laser power could be directly applied to an 
unheated, fresh spot. This heating method allows for a direct increase of 
temperature to a targeted value for examining stable phases at different 
temperatures without suffering from kinetic persistence of the phases 
formed at low temperatures in a conventional heating method where 
the sample temperature is gradually increased. In our experiments, 
the heating duration was controlled to within 8.5 min to minimize the 
Soret diffusion44, which can cause chemical segregation.

In runs K59B and K73B, the laser power was increased directly to a 
targeted value, raising the temperature instantaneously to a targeted 
value. XRD patterns were collected while at high temperature (Supple-
mentary Table 2). These runs did not include Au. Instead, static pressure 
was calculated using EOSs parameters of Brg and Ca-rich Brg deter-
mined in this study (Table 1) and the thermal pressure was calculated 
using the EOS parameters of MgSiO3 Brg45. Pressure uncertainties for 
these runs were assumed to be 10% of the estimated pressures at high 
temperatures, including uncertainties from thermal EOS calculations 
and temperature uncertainties.

EOS fitting and unit-cell volume calculations
We fit the unit-cell volumes of Ca-rich Brg and Brg in Ca-pyrolite and the 
komatiitic compositions at 300 K to the Vinet EOS with a fixed pressure 
derivative (K0′ = 4; Table 1 and Extended Data Fig. 2a,b). The data for 
Ca-rich Brg and Brg are obtained from the decompression measure-
ments of runs CP64 and CP77 for Ca-pyrolite composition, respectively, 
and runs K100 and K33 for the komatiitic composition, respectively.

The volume change shown in Fig. 1b (ΔV) was obtained from the 
difference between the measured values for temperature-quenched 
samples (300 K) and the calculated values from the fitted EOSs (Table 1) 
for Ca-pyrolite and the komatiitic compositions. For the Ca10Fe10 
composition, the difference of the measured unit-cell volumes of Brg 
was obtained with respect to the unit-cell volumes of (Mg0.91Fe0.09)SiO3 
Brg calculated using EOS parameters from ref. 46.

Chemical analysis
We recovered some of the synthesized samples of Ca-pyrolite and 
the komatiitic compositions (CP64, K33, K48, K62 and K100) using 
a micro-manipulator (Extended Data Table 3). The samples were pro-
cessed in the focused ion beam (FIB; FEI Nova 200 and FEI Helios) at 
ASU and University of Arizona (UofA), respectively. The centre part of 



the heated area was extracted and mounted on a copper grid (Extended 
Data Fig. 9). We analysed the chemical compositions of the samples in 
the aberration-corrected STEM ( JEOL ARM200F at ASU and Hitachi 
HF-5000 at UofA) combined with energy-dispersive X-ray spectroscopy 
(EDS). Acceleration voltages of 120 keV and 200 keV were used at ASU 
and UofA, respectively. For the K33 sample (Extended Data Table 3), we 
performed point analysis with an exposure time less than 40 s depend-
ing on the beam sensitivity at a target area. The phase proportions 
were estimated by mass-balance calculations based on their measured 
compositions. For the CP64, K48, K62 and K100 samples (Extended 
Data Table 3), the EDS mapping was performed to obtain chemical 
maps. The phase proportions were obtained from the STEM analysis. 
The collected EDS spectra were fitted using a Python code LMFIT47.

Determination of calcium contents in bridgmanite
In the perovskite solvus diagram shown in Fig. 3a, the Ca content data 
directly determined from chemical analysis are included for Ca-rich Brg 
data in Ca-pyrolite and the komatiitic compositions (Table 1). However, 
the number of data points are limited because of: (1) challenges in recov-
ering samples synthesized in a noble gas medium; (2) metastability of 
the recovered mineral phases under an intense electron beam at room 
conditions; and (3) extreme thinning during FIB processing required 
for the small grain size of the phases in the LHDAC samples. To supple-
ment the data for Ca-rich Brg data in the Ca10Fe10 composition, the 
Ca content data were assumed to be 0.10 Ca p.f.u. because Ca-rich Brg 
is the only phase observed in the runs. For data points where Brg was 
observed together with CaPv, the Ca contents of Brg were estimated 
by a linear interpolation of the unit-cell volumes of Brg measured at 
300 K. In this estimation, we assumed that the Fe and Al amounts in Brg 
remain the same, whereas those in CaPv are negligible. Therefore, an 
increase in the unit-cell volume of Brg at a given pressure and 300 K 
depends only on the Ca content in Brg.

We obtained the difference in the measured unit-cell volume of 
Brg with respect to the calculated unit-cell volume of Brg (ΔV) from 
the EOS fitting in this study for Ca-pyrolite and komatiitic composi-
tions (Table 1). For the Ca10Fe10 composition, we used EOS fitting 
data for (Mg0.91Fe0.09)SiO3 Brg in ref. 46. Then, Ca content (Ca#) was 
linearly interpolated based on the volume difference (ΔV) with two 
reference data points with known Ca contents. The first reference data 
point is the calculated Brg volume from EOS fitting (Vref1, ΔV = 0). For 
the Ca content of this reference data point (Ca#ref1), because Brg can 
still contain a small amount of Ca even at lower temperatures3,9, we 
assumed 0.01 Ca p.f.u. for Ca-pyrolite and the Ca10Fe10 compositions 
and 0.05 Ca p.f.u. for the komatiitic, which was measured from Brg 
synthesized at lower temperature (Table 1). For the other reference 
data point of the Ca-rich side, Ca-rich Brg data described above were 
used for the volume (Vref2) and Ca content (Ca#ref2). On the basis these 
parameters, the Ca content of Brg of interest can be estimated from: 
Ca# = (ΔV/ΔVref2)(Ca#ref2 − Ca#ref1) + Ca#ref1, where Ca# is Ca p.f.u. in Brg 
and ΔV is the volume difference of Brg relative to Vref1 at a given pres-
sure and ΔVref2 is the volume difference of Ca-rich Brg relative to Vref1 at 
a given pressure. The uncertainties for the Ca contents were estimated 
considering the uncertainties from the measured Ca contents for the 
reference data points, those from the assumptions we made and those 
from the EOS parameters.

Previous studies on the lower-mantle-related compositions
The mineral assemblages for the pyrolitic and the peridotitic compo-
sitions have been investigated by numerous experiments2,3,6–8,28,48–59. 
Although most of the studies have documented the observation of 
CaPv together with Brg and Fp (+ post-perovskite, pPv), there are a few 
notable exceptions (Extended Data Fig. 1). For example, ref. 6 observed 
the disappearance of the diffraction peaks of CaPv in the pyrolite sam-
ple above 65 GPa after heating between 2,000 K and 2,500 K (because 
they provide the range only, we plot their data at 2,250 K in Extended 

Data Fig. 1). Reference 7 observed CaPv in XRD patterns at 28 GPa and 
2,050 K, and 97 GPa and 2,100 K, but could not resolve the CaPv lines in 
XRD patterns at 35 GPa and 2,100 K, and 58 GPa and 2,300 K. Reference 8 
observed CaPv at 28 GPa and 1,900 K, and 82 GPa and 2,100 K, but could 
not observe it at 109 GPa and 2,300 K, and 114 GPa and 2,300 K. More 
recently, ref. 28 could not identify CaPv from XRD patterns measured 
at 134 GPa and about 3,000 K. Although they28 observed CaPv from 
chemical analysis on the recovered sample synthesized at 56 GPa and 
up to about 2,800 K, the proportion of CaPv shown in their chemical 
maps is only about 1.3 vol%, whereas Brg contains up to 0.06 Ca p.f.u. 
Indeed, the low abundance of CaO in pyrolitic composition (<4 mol%) 
could make detection of a small amount of CaPv challenging. None-
theless, these studies reported mineral assemblages with both the 
existence and absence of CaPv from the same starting composition. 
Recent melting experiments also observed the absence of CaPv, sug-
gesting a high solubility of Ca in bridgmanite up to 129 GPa (ref. 60). 
The observations of the existence and absence of CaPv at different 
pressures and temperatures lead to a question whether the solubility 
of CaSiO3 in Brg depends on P−T conditions.

In fact, the majority of the experimental data points exist at tem-
peratures close to or below the mantle geotherm in ref. 4, which is 
lower than other estimations5,61 (Extended Data Fig. 1). Although the 
discrepancy among the data points may be due to large uncertainties 
in temperatures, previous studies using LHDACs typically increased the 
temperature gradually such that the sample material would experience 
temperatures first, probably forming CaPv regardless of the target 
temperatures. Once a separate CaSiO3 perovskite forms at lower tem-
peratures, it would be difficult for CaSiO3 to dissolve into Brg because of 
kinetic issues (or metastable persistence of CaPv) in the LHDAC experi-
ments. Longer heating would not be much helpful owing to severe Fe 
loss through Soret diffusion44, which would reduce the solubility of Ca 
in Brg according to our study and a theoretical study12.

Figure 1a shows that our data points agree well with previous stud-
ies7,8,28, which reported the absence of CaPv. As discussed above,  
ref. 28 observed CaPv as a separate phase from chemical maps, but its 
volume fraction is only 1.3 vol%, much smaller than what is expected 
for pyrolite3 (8 vol%) and their Brg composition contains up to 2.9 wt%. 
Therefore, we plotted the data point from ref. 28 as Ca-rich Brg + CaPv in 
Fig. 1a, which appears to be consistent with our data (Methods). A data 
point at 35 GPa and 2,100 K from ref. 7 appears not in line with neigh-
bouring data points, but if its P−T uncertainties are taken into account, 
this data point could be consistent with the others. The data points from 
ref. 6 are not presented in Fig. 1a because of their large temperature 
uncertainty. Their data points are within the range between 2,000 K 
and 2,500 K where we identified a transition from two perovskites to 
a single perovskite (Ca-rich Brg). Therefore, it is feasible that some of 
their data points were measured above the transition temperature.

Some previous experiments proposed that a single-perovskite phase 
is metastable at <35 GPa and CaPv should exist62,63. At 32–35 GPa, ref. 62 
showed a formation of a single-perovskite phase at 1,873 K and 2,073 K 
for 5 min of heating, whereas they showed Brg and CaPv at 2,073 K 
for 70 min of heating. The chemical composition of their Brg showed 
0.015 Ca p.f.u., 0.20 Fe p.f.u. and 0.18 Al p.f.u. The Ca content in their 
Brg is consistent with pyrolite data3 at pressures of <47 GPa as illustrated 
in our provisional phase diagram (Fig. 3a). In fact, their starting mate-
rial contains a significant amount of Ca (Ca0.51Mg0.30Fe0.11Al0.07Si0.98O3);  
thus, it is likely that their composition always forms CaPv regardless 
of the P−T conditions because of too much Ca in the system beyond 
the Can solubility limit. The single-perovskite phase observed from 
shorter heating in ref. 62 may be indeed metastable at <35 GPa although 
it is possible that the Ca content in Brg increases at higher P−T condi-
tions. Similarly, at pressures above 21 GPa, ref. 63 reported that MORB 
composition forms a single-perovskite phase at lower temperatures 
of 1,273–1,373 K in most of their runs, which dissociated into Brg and 
CaPv at 1,473 K. The chemical composition of Brg synthesized at 24 GPa 
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and 1,874 K contains 0.029 Ca p.f.u., 0.44 Fe p.f.u. and 0.37 Al p.f.u. 
The Ca content in their Brg is twice that in Fe- and Al-free Brg9 possibly 
because of the high Fe content (Fig. 3a). Our study suggests that Fe 
and high temperature promote the dissolution of CaSiO3 in Brg. How-
ever, according to our results, Al may reduce the solubility of CaSiO3, 
opposite to the effect of Fe. If this is the case, we conjecture that MORB 
may not be able to form a single-perovskite phase even at higher P−T 
conditions because its Fe/Al decreases with pressure (Fe/Al = 0.7, Fe/
Al = 0.4 and Fe/Al = 0.3 at 33 GPa, 44 GPa and 55 GPa, respectively)16, 
which is consistent with existing XRD observations7,16.

Stability of Ca-rich bridgmanite at ambient conditions
We performed X-ray two-dimensional scans for the Ca-pyrolite and 
the komatiitic samples upon pressure quench at room conditions. We 
observed the complete disappearance of CaPv in most diffraction pat-
terns, consistent with previous studies in which CaPv amorphized upon 
pressure quench to 1 bar (refs. 64,65). Ca-rich Brg in both compositions 
and Brg in Ca-pyrolite were identified with diffraction peaks, indicating 
a crystalline state for the phases. Some spots show stronger intensities 
with sharp peaks, where the pressure was still measured to be 0–1 GPa 
using the EOS parameters of Au even after the diamond anvil cell was 
open by set screws (Supplementary Tables 3 and 4). The measured 
pressure up to 1 GPa could be caused by residual strain.

The measured unit-cell volumes of Ca-rich Brg and Brg at room con-
ditions are included in the EOS fitting (Supplementary Tables 3 and 4). 
The fitting yielded the unit-cell volumes at ambient conditions (V0) 
of 166.4(4) Å3 and 164.1(10) Å3 for Ca-rich Brg and Brg in Ca-pyrolite, 
respectively. For the komatiitic composition, they were 169.5(4) Å3 
and 166.3(2) Å3 for Ca-rich Brg and Brg, respectively (Table 1). Also, it 
yielded a bulk modulus at ambient conditions (K0) of 254(5) GPa and 
242(10) GPa for Ca-rich Brg and Brg in Ca-pyrolite and 245(4) GPa and 
249(4) GPa in the komatiitic composition, respectively (Table 1). For 
the Ca-pyrolite composition, the existence of Fp was clearly identified 
at ambient conditions with relatively larger peak intensities owing to 
the reduced peak intensity of Brg that overlapped with the Fp diffrac-
tion lines at higher pressures. This observation is consistent with the 
previous report of diminishing diffraction intensities of Fe,Al-bearing 
Brg at ambient conditions66.

Effects of the Ca dissolution on the unit-cell parameters of 
bridgmanite
We compared the molar volume of Ca-rich Brg with the combined 
volume of Brg + CaPv assemblage at 300 K and 0–100 GPa. The vol-
umes of the individual phases were obtained from their EOSs. The 
molar volume of the Brg + CaPv assemblage was calculated using the 
expected molar ratio of the phases from the starting composition (8:2; 
Extended Data Table 1) for Ca-pyrolite, assuming that all the CaSiO3 
component forms pure CaSiO3 perovskite (Extended Data Fig. 3a). 
The molar volume of CaPv was calculated using the EOS parameters 
from ref. 64. For the komatiitic composition, the molar ratio of Brg and 
CaPv was obtained from the phase proportions of Brg and CaPv at 
33 GPa where two separate perovskite phases were observed (86:14; 
Extended Data Fig. 3b). Then we assumed the phase proportions of 
Brg and CaPv remain the same at 0–100 GPa. The volume of Ca-rich 
Brg is marginally smaller by <1.1 ± 0.6% for Ca-pyrolite or greater by 
<0.3 ± 0.3% for the komatiitic composition than that of the Brg + CaPv 
assemblage up to 100 GPa, which are within the uncertainties of the 
estimations (Fig. 2a,b). Combined with the measured compositions of 
the komatiitic composition, we also found that Ca-rich Brg is slightly 
denser by <0.6 ± 0.8% than the Brg + CaPv assemblage up to 100 GPa 
at 300 K, also within the uncertainties.

We found that the orthorhombic distortion of Brg decreases when a 
substantial amount of Ca dissolves in its crystal structure. We compared 
the unit-cell parameters of Ca-rich Brg and Brg at the same pressures 
and 300 K. For Ca-pyrolite, both the a and c parameters are larger in 

Ca-rich Brg than in Brg. The difference in the a parameter between 
Ca-rich Brg and Brg is greater than the difference in the c parameter, 
resulting in the smaller c/a ratio in Ca-rich Brg. The b parameter seems 
similar between Ca-rich Brg and Brg, therefore the smaller b/a ratio 
in Ca-rich Brg. For the komatiitic composition, the a, b and c param-
eters are all larger in Ca-rich Brg than in Brg. However, the difference 
in the a parameter between Ca-rich Brg and Brg is the largest among 
the unit-cell parameters. Therefore, both the c/a ratio and the b/a ratio 
are smaller in Ca-rich Brg than in Brg, consistent with those found in 
Ca-pyrolite. These changes result in the smaller tilting angle of the SiO6 
octahedra of Ca-rich Brg (that is, less distortion of the dodecahedral A 
site). The octahedral tilting angle can be a measure of the anisotropy of 
the orthorhombic perovskite with respect to the ideal cubic perovskite 
(φ = 0°)67. Extended Data Fig. 3c,d shows the octahedral tilting angle 
data and the fitted lines. The octahedral tilting angle of Ca-rich Brg is 
smaller by at least 7% than that of Brg in Ca-pyrolite and the komatiitic 
compositions at 300 K.

Previous studies have shown that the octahedral tilting angle of Brg 
is increased by Al (ref. 68) and Fe3+ (ref. 69), whereas it is decreased by 
Fe2+ (ref. 46). For example, in the komatiitic composition, the Al amount 
is smaller in Ca-rich Brg than in Brg (0.15 p.f.u. and 0.20 p.f.u., respec-
tively; Table 1) because some amount of Al exists in a separate Al2O3 
phase besides Ca-rich Brg. Reference 68 reported that 0.5 Al p.f.u. 
increases the octahedral tilting angle of Brg by about 2°, relative to 
MgSiO3 Brg at 0–100 GPa. Thus, the effect resulting from the differ-
ence of 0.05 Al p.f.u. between Ca-rich Brg and Brg in the komatiitic 
composition would be significantly smaller. In addition, synchrotron 
Mössbauer spectroscopy (SMS) measurements showed that Fe3+/∑Fe 
is only 10% larger in Ca-rich Brg of CF58M than in Brg of CF59M (55.5% 
and 45.5%, respectively; Extended Data Fig. 6 and Extended Data 
Table 2). If Fe3+/∑Fe in Ca-rich Brg and Brg in the komatiitic com-
position are similar to the measured values in the Ca30Fe13 com-
position (Ca0.3Mg0.64Fe0.13Si0.94O3), the effects of Fe3+ and Fe2+ on the 
octahedral tilting angle would be similar between Ca-rich Brg and Brg. 
If this is the case, the large difference of the octahedral tilting angle 
(about 2.6°, at 0–100 GPa; Extended Data Fig. 3d) between Ca-rich Brg 
and Brg in the komatiitic composition should be caused mainly by Ca 
in the dodecahedral site.

The effects of Ca on the Brg structure appear to be similar to those 
of Fe2+. The substitution of Fe2+ for Mg not only expands the unit-cell 
volume of Brg70 but also decreases the octahedral tilting angle of Brg45. 
The octahedral tilting angle of (Mg,Fe)SiO3 Brg increases with increas-
ing pressure by about 0.05° per GPa (ref. 45), similar to 0.05° per GPa 
of Ca-rich Brg in Ca-pyrolite, but larger than 0.03° per GPa of Ca-rich 
Brg in the komatiitic composition (Extended Data Fig. 3c). The simi-
lar effects on the unit-cell parameters of Brg between Ca and Fe2+ are 
likely because of their larger ionic sizes than Mg in the A site of the 
Brg structure. However, the size difference from Mg is much greater 
for Ca than for Fe2+ (1.13 Å, 0.92 Å and 0.86 Å for Ca2+, Fe2+ and Mg2+ in 
the 12-coordinated site, respectively)14. Therefore, the effects of Ca on 
the crystal structure of Brg may be greater than those of Fe2+ if their 
amounts are equal in Brg. In the pyrolitic composition, Brg would con-
tain 0.04–0.06 Fe2+ p.f.u. (ref. 3), in the lower mantle, which is sufficient 
to alter the distortion in the crystal structure of Brg71. Compared with 
Fe, the similar or slightly greater amount of Ca may exist in Ca-rich 
Brg in the pyrolitic composition (about 0.06 Ca p.f.u.). Therefore, the 
effects of Ca dissolution in Brg in the lower mantle could be larger than 
those of Fe2+ in terms of the crystal structure of Brg.

Mineral assemblage of Ca-rich bridgmanite and CaSiO3 
perovskite found in some runs
From some of the data points at very high temperatures, >2,700 K 
(Fig. 1a), we observed separate CaPv at 55–100 GPa. The unit-cell 
parameters of Brg in these runs are consistent with those of Ca-rich 
Brg at high pressures and 300 K (expanded volume and reduced tilting 



of the SiO6 octahedra), which suggests that a significant amount of Ca 
still exists in Brg (therefore Ca-rich Brg) (Supplementary Table 3). The 
peak temperatures during heating for these runs might have reached 
the solidus where partial melt is generated. The amount of melt may 
be small because we did not observe diffuse scattering of melt in the 
in situ XRD patterns. The partial melt might have migrated to colder 
regions from the centre of the hotspot and crystallized CaPv because 
partial melt may contain more Ca. This predicted process may explain 
the observation of separate CaPv in these high-temperature runs. Such 
migration of elements along thermal gradients can occur even in a very 
short period of heating (<5 s) if the temperature is sufficiently high 
near the solidus72. These data points are indeed close to the reported 
solidus temperatures of chondritic29 and pyrolitic composition30 as 
shown in Fig. 1a. There is an exception at 100 GPa and 2,900 K below 
the solidus, which occurred possibly because of the larger temperature 
uncertainties than what we estimated.

In addition, two data points at 75 GPa and about 2,300 K also showed 
separate CaPv together with Ca-rich Brg, which are adjacent to the 
boundary shown in Fig. 1a. The expanded volume and reduced tilting 
of the SiO6 octahedra confirmed the existence of Ca-rich Brg (Sup-
plementary Tables 2 and 5). The peak intensities of CaPv in these runs 
are significantly lower than those found in the other runs that formed 
Ca-rich Brg only, suggesting that a substantial amount of Ca still dis-
solved in Brg, whereas some amount of Ca formed CaPv. As discussed 
in the main text, the solubility of Ca in Brg may gradually increase with 
increasing temperature across about 2,300 K. During the gradual solu-
bility increase, separate CaPv could still remain in the system but in a 
smaller amount.

Ca-rich bridgmanite in Ca-pyrolite
The XRD patterns of Ca-pyrolite showed Brg as the dominant phase at 
the explored P−T conditions (Extended Data Fig. 2b). Fp was also identi-
fied by its 200 and 220 lines, but difficult to resolve in some runs owing 
to an overlap with the intense diffraction peaks of Brg (Extended Data 
Fig. 2b). In the STEM analysis, the Brg matrix surrounds the Fp grains  
(a few tens of nanometres in diameter) with phase proportions of 
82 vol% and 18 vol% (Table 1). The calculated Ca amount for Brg is 
0.08 p.f.u. (Table 1), smaller than what is expected for the starting com-
position. As this starting material is a mechanical mixture of pyrolite 
glass and CaSiO3 glass, some degree of inhomogeneity in Ca content 
may exist. This may explain the data scatter in the EOS fit for Ca-rich 
Brg shown in Extended Data Fig. 3a (red open circles).

Ca-rich bridgmanite in the komatiitic composition
We synthesized four samples from the komatiitic starting composition 
at 33 GPa, 48 GPa, 62 GPa and 100 GPa and at high temperatures to 
investigate the chemical composition and the unit-cell parameters of 
Brg (K33, K48, K62 and K100, respectively; Extended Data Table 3). The 
synthesis temperatures were at 2,200 ± 200 K for K33, 2,000 ± 200 K 
for K48, 2,350 ± 350 K for K62 and 2,300 ± 150 K for K100. The samples 
were scanned with the laser beams to ensure complete crystallization 
of a sufficiently large area for chemical analysis.

The XRD patterns of K33 show that Brg is the dominant phase. 
CaPv was clearly identified with the 110, 111, 200, 211 and 220 lines 
(Extended Data Fig. 2a). A stishovite (Stv) 110 line was also observed 
with a low intensity in some runs. The STEM analysis identified 
Brg, CaPv and Stv (Table 1), consistent with the XRD observations. 
The measured chemical compositions of individual phases and 
mass-balance calculation with respect to the starting composition 
show 81.2 vol%, 14.7 vol% and 4.1 vol% for Brg, CaPv and Stv (Table 1) 
in the K33 sample, respectively.

Similar results were obtained for K48. The XRD patterns show robust 
diffraction lines of 110, 111 and 200 for CaPv as well as Brg diffraction 
lines (Extended Data Fig. 4b). Stv 110, 101 and 111 lines were observed 
with lower intensities. The chemical maps consistently show that CaPv 

and Stv exist in the Brg matrix (Extended Data Fig. 4d), agreeing with 
the XRD patterns. Owing to the large thickness, we could not reliably 
determine chemical compositions of the mineral phases in this sample.

For K62, the XRD patterns show Brg as a major phase (Extended 
Data Fig. 4a). Stv was observed as a minor phase with the 110 and 211 
lines. Some diffraction patterns of K62 also show a corundum (Crn) 
104 line with a low intensity. We observed weak CaPv 110 and 200 lines 
(Extended Data Fig. 4a). In the STEM analysis, Brg exists as a matrix 
with minor Stv, Crn and a few grains of CaPv (Extended Data Fig. 4b). 
Brg contains 0.17 Ca p.f.u., which suggests that most of the Ca is incor-
porated in Brg (Ca-rich Brg). We could not conduct point analysis on 
CaPv and Cor owing to their small grain sizes (Extended Data Fig. 4). 
The phase proportions estimated from the STEM analysis showed that 
most of the sample is Ca-rich Brg (>99 vol%; Table 1).

For K100, two sets of XRD patterns were observed from different 
heating spots in terms of mineralogy (Extended Data Fig. 2a): Ca-rich 
Brg only (K100-1), and Ca-rich Brg + CaPv (K100-2). The XRD intensities 
of the CaPv peaks in K100-2 are much weaker than those in K33, which 
suggests that the amount of CaPv is smaller in K100-2 than in K33. As 
shown in Extended Data Fig. 3b, the unit-cell volumes of Ca-rich Brg in 
K100-2 are smaller than those of Ca-rich Brg in K100-1, but still larger 
than those of Brg (Extended Data Fig. 3b). Therefore, Ca-rich Brg in 
K100-2 contains some amount of Ca, but not as much as the amount 
in Ca-rich Brg of K100-1 where no CaPv was observed. The synthesis 
temperature for this sample was about 2,300 K, in which the steep 
increase in the Ca solubility occurs (Fig. 1). Thus, we interpret that the 
mineral assemblage of K100-2 (Ca-rich Brg + CaPv) formed at a slightly 
lower temperature than the temperature at which the mineral assem-
blage of K100-1 formed within the temperature uncertainties. In the 
STEM analysis, the chemical maps show a substantial amount of Ca dis-
solved in Brg, therefore Ca-rich Brg (0.19 Ca p.f.u.; Table 1 and Fig. 2d). 
In addition, they reveal Al2O3 and SiO2 as minor phases, consistent with 
the XRD observations. The 111, 002, 211, 022, 402 or 213 lines of the 
Rh2O3(II)-type Al2O3 phase were found with low intensities in the most 
runs, whereas the 110 or 011 lines of CaCl2-type SiO2 was found with low 
intensities in some of the runs (Extended Data Fig. 2a). In the XRD pat-
terns, there are a few unidentified peaks with low intensities. They were 
not observed consistently in different runs with different compositions 
and P−T conditions. They appear as a single dot in two-dimensional 
diffraction images.

Synchrotron Mössbauer analysis for Fe in bridgmanite
To investigate the valence and the spin states of Fe in Brg, a sample with 
the Ca30Fe13 composition (Ca0.3Mg0.65Fe0.13Si0.96O3) was prepared by 
mixing Mg0.9Fe0.2Si0.9O3 glass (95% of Fe is enriched with 57Fe) and CaSiO3 
glass (about 2.5:1 in mol). Fe3+/∑Fe of the Mg0.9Fe0.2Si0.9O3 glass starting 
material was 53%, which was measured using Mössbauer spectroscopy 
at Sector 3-IDB, APS. The chemical composition of the Ca30Fe13 sample 
was confirmed using an electron probe microanalyser ( JEOL JXA-8530F 
EPMA) combined with a wavelength-dispersive X-ray spectrometer at 
ASU (Extended Data Table 1).

We synthesized two samples of the composition at about 58 GPa and 
2,400 ± 100 K (CF58M) and at about 59 GPa and 2,150 ± 300 K (CF59M; 
Extended Data Table 3) at ASU. Then, the XRD patterns were measured 
at room temperature at sector 13-BMC at APS. We observed a single 
phase of Brg in CF58M, whereas we observed CaPv together with Brg 
in CF59M (Extended Data Fig. 5). The molar volume of Brg at about 
58 GPa and 300 K is larger in CF58M than in CF59M (21.13(1) cm3 and 
20.93(1) cm3, respectively), suggesting that Brg in CF58M incorporated 
a considerable amount of Ca (Ca-rich Brg). Also, the octahedral tilting 
angle is smaller in Ca-rich Brg of CF58M than in Brg of CF59M (20.59(3)° 
and 21.57(2)°, respectively), consistent with what was observed in 
Ca-pyrolite and the komatiitic composition.

For SMS, nuclear forward scattering was conducted at sector 3-IDB 
of APS. A 14.4-keV X-ray beam was focused on an area of 6 × 6 µm2 in the 



Article
sample. The storage ring was operated in top-up mode with 24 bunches 
separated by 153 ns. Nuclear resonant scattering was measured in a 
time window of 15–130 ns for an exposure time of 5–6 h. The in situ SMS 
was conducted for samples CF58M and CF59M at 58 GPa and 59 GPa, 
respectively, in diamond anvil cells (Extended Data Fig. 6). FeSO4·7H2O 
and stainless steel were used as standard materials for samples CF58M 
and CF59M, respectively. The measured spectra were fitted by using 
the CONUSS package73.

The SMS measurements showed that Fe3+/∑Fe is greater by 10% in 
Ca-rich Brg of CF58M than in Brg of CF59M (55.5% and 45.5%, respec-
tively; Extended Data Table 2). Compared with the starting material, 
Fe3+/∑Fe (53%) remains nearly the same in CF58M, whereas slightly 
reduced in CF59M. As the change of Fe3+/∑Fe from the starting mate-
rial is not large for both samples, it is uncertain whether the differ-
ence in Fe3+/∑Fe between Ca-rich Brg and Brg is caused by different 
synthesis temperature and is related to the solubility of Ca in Brg. The 
quadrupole-splitting values of Fe3+ are similar between Ca-rich Brg and 
Brg (1.82 mm s−1 and 1.73 mm s−1, respectively; Extended Data Table 2). 
These quadrupole-splitting values are similar to or slightly lower than 
the predicted values of the low-spin Fe3+ in (Mg,Fe)(Fe,Si)O3 Brg by 
density-functional-theory calculations (1.8–2.9 mm s−1 for the B site)74, 
but greater by about 0.3–0.4 mm s−1 than those from previous measure-
ments in (Mg,Fe)(Fe,Si)O3 Brg75,76. Therefore, the majority of Fe3+ may 
be low spin at about 60 GPa.

Previous studies have shown that the spin state of Fe3+ in Brg under-
goes a transition from the high spin to the low spin69,74,77 at about 
40–60 GPa. High-spin Fe3+ would substitute for Mg2+ in the A site, 
while Al3+ substitutes for Si4+ in the B site in Brg74. The ionic size of Fe3+ 
becomes smaller with the spin transition (0.65 Å and 0.55 Å for the high 
spin and low spin, respectively, for the six-coordinated site)14, resulting 
in a cation exchange with Si4+ in the B site77. Therefore, the change in 
the substitution mechanism driven by the spin transition of Fe3+ could 
be related to the Ca solubility increase in Brg. Further investigation is 
needed to understand how the valence and spin states of Fe affects the 
solubility of Ca in Brg.

Data availability
Datasets for this research are available online at https://doi.org/10.5281/
zenodo.6979058.
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Extended Data Fig. 1 | Previous reports of existence (small symbols) or 
absence (large symbols) of CaSiO3 perovskite from experiments on pyrolitic 
and peridotitic compositions. The data are collected from refs. 2,3,6–8,28,48–59. 
Mantle geotherms are shown as a grey area with the lower bound from ref. 4. and 
the upper bound from ref. 5. Diamonds: bridgmanite + ferropericlase + CaSiO3 

perovskite. Circles: bridgmanite + ferropericlase or bridgmanite only. Squares: 
bridgmanite (+ post-perovskite) + ferropericlase + CaSiO3 perovskite. 
Pentagons: bridgmanite (+ post-perovskite) + ferropericlase. The open symbols 
are from this study.



Extended Data Fig. 2 | In situ X-ray diffraction patterns measured at high 
P−T conditions for the (a) komatiitic composition and (b) Ca-pyrolite.  
a,b, Miller indices of bridgmanite, CaSiO3 perovskite, and Rh2O3(II)-type Al2O3 

are provided as the black, blue, and magenta labels. The diffraction peak 
positions of CaPv are shown as the blue bars.
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Extended Data Fig. 3 | Effects of Ca dissolution on crystal structure of 
bridgmanite. a,b, The molar volumes of bridgmanite (Brg) at high pressures  
and 300 K. The red and blue symbols represent Ca-rich Brg and Brg, respectively. 
The solid curves are fits of the solid symbol data points to the Vinet equation  
with fixed K0′ = 4. The data shown as open symbols were not used for fitting.  
The calculated molar volume of the Brg + CaSiO3 perovskite (CaPv) assemblage  
is plotted as the dashed black curve for comparison with uncertainties (the grey 
shade). a, The blue dashed curve is from Mg,Fe,Al-bearing Brg in KLB-1 peridotite2. 

b, The inset is a magnified view for the purple triangles. c,d, The octahedral 
tilting of Brg at high pressures and 300 K. The octahedral tilting angle for MgSiO3 
endmember Brg is shown as the black dashed line. d, The red circles (K62 and 
K100) and diamonds (K59B and K73B) denote Ca-rich Brg. The blue circles (K33) 
and diamonds (K59B and K73B) denote Brg. b,d, The purple triangles represent 
the data points of Ca-rich Brg observed together with CaPv in XRD patterns 
(K100-2; Methods). The error bars are estimated 1σ uncertainties.



Extended Data Fig. 4 | X-ray diffraction patterns and chemical analysis of 
komatiitic composition synthesized at 62 GPa and 2,350 K (K62) and  
48 GPa and 2,000 K (K48). a,b, Miller indices of Ca-rich bridgmanite (Brg), 
CaSiO3 perovskite (CaPv), stishovite (St), and corundum (Crn) are provided as 
the black, blue, red, and magenta labels, respectively. The expected diffraction 
peak positions of CaPv are shown as the blue bars. c,d, A high-angle angular 

dark-field image (left) and chemical maps (right) of the recovered samples.  
A small grain of CaPv is rarely observed in c, as the majority of Ca exists in 
Ca-Brg because of an increase in Ca solubility in Brg with temperature. 
However, at lower temperature CaPv is frequently observed because of low Ca 
solubility in Brg at the conditions.
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Extended Data Fig. 5 | X-ray diffraction patterns of the Ca30Fe13 composition 
at high pressures and 300 K. Pressures were measure at 300 K after heating. 
The Miller indices of bridgmanite and CaSiO3 perovskite are provided as the 

black and blue labels, respectively. The expected diffraction peak positions of 
CaSiO3 perovskite (tetragonal, space group: I4/mcm) is shown as the blue bars.



Extended Data Fig. 6 | Synchrotron Mössbauer spectra of bridgmanite 
(Brg) and Ca-rich Brg at 59 GPa and at 58 GPa after laser heating. The 
synthesis temperatures were 2,150 K and 2,400 K for Brg and Ca-rich Brg, 

respectively. The circles are measured spectral data points and the curves are 
spectral fitting results.
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Extended Data Fig. 7 | Differences in the seismic properties between the 
single-perovskite phase (Ca-rich bridgmanite) case and the two perovskite 
phases (bridgmanite + CaSiO3 perovskite) case. The differences of Ca-rich 

bridgmanite from bridgmanite + CaSiO3 perovskite are shown for bulk sound 
speed (Φ), bulk modulus (KT), and density (ρ) for the komatiitic composition at 
300 K. The grey shades show the estimated 1σ uncertainties.



Extended Data Fig. 8 | The depth of the transition zone from a two- 
perovskite domain (TPD; bridgmanite + CaSiO3 perovskite) at shallower 
depths to a single-perovskite domain (SPD; Ca-rich bridgmanite) at greater 
depths over time in the lower mantle. a, The depth of the TPD-to-SPD 
transition zone (TSTZ) was calculated for the mantle geotherms from ref. 4 

(green) and ref. 5 (orange) for Urey ratios (Ur) of 0.23, 0.38 (ref. 25) and 0.8 (ref. 26).  
The thickness of the TSTZ was not considered for the calculation. b, A 3-D plot 
of the TSTZ depths for Ur = 0.38. The green and orange planes intersect the 
grey plane which represents the TSTZ at 2,300 K.
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Extended Data Fig. 9 | High-angle annular-dark-field images of the samples 
of Ca-pyrolite (a) and komatiitic composition (b). a,b, The yellow boxes 
indicate the areas where chemical compositions were measured, which are 
presented in Fig. 2b, d. a, Chemical compositions were analysed at the bottom 
left of the sample where the thickness was smaller. The presented area of the 
sample shows texture consistent with heating centre, that is, well crystallized 

bridgmanite and ferropericlase. b, Chemical compositions were analysed at 
the top area of the sample. The Ca-rich bridgmanite matrix is nearly 
indistinguishable from the unheated glass since the Ca-rich bridgmanite 
matrix takes roughly 95 vol% of the sample. However, the well crystallized 
grains of other phases (Al2O3 and SiO2) show that the area is well heated.



Extended Data Table 1 | Chemical compositions of the starting materials (mol%)

For Ca-pyrolite, we added CaSiO3 to the pyrolite composition from ref. 13. The komatiitic composition was obtained from ref. 34.
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Extended Data Table 2 | Fitting results for synchrotron Mössbauer spectroscopy for Ca30Fe13 composition at high pressure 
and 300 K

IS: isomer shift; QS: quadrupole splitting. Isomer shift values of CF58M and CF59M are calibrated to FeSO4·7H2O and stainless steel, respectively. The uncertainties of the values are less than 3%.



Extended Data Table 3 | Summary of the experimental runs

The CF58M and CF59M samples were synthesized at ASU. λ: X-ray wavelength; P: pressure; T: temperature; Brg: bridgmanite; CaPv: CaSiO3 perovskite; Stab.: examination of stability;  
EOS: equation of state; Chem.: chemical analysis; M.S.: Mössbauer spectroscopy.
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