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Accurate knowledge of the mineralogy is essential for understanding the lower
mantle, which represents more than half of Earth’s volume. CaSiO; perovskite is
believed to be the third-most-abundant mineral throughout the lower mantle,

following bridgmanite and ferropericlase' . Here we experimentally show that the
calcium solubility in bridgmanite increases steeply at about 2,300 kelvin and above
40 gigapascals to alevel sufficient for acomplete dissolution of all CaSiO,
component in pyrolite into bridgmanite, resulting in the disappearance of CaSiO,
perovskite at depths greater than about 1,800 kilometres along the geotherm*>.
Hence we propose achange from a two-perovskite domain (TPD; bridgmanite plus
CaSiO; perovskite) at the shallower lower mantle to a single-perovskite domain
(SPD; calcium-rich bridgmanite) at the deeper lower mantle. Iron seems to have
akeyroleinincreasing the calcium solubility in bridgmanite. The temperature-
driven nature can cause large lateral variations in the depth of the TPD-to-SPD
change inresponse 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 animpact 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)O; bridgmanite (Brg) and CaSiO; 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 mantle!™>.
However, some notable exceptions have been reported in many experi-
ments: CaPv was not observed at either higher pressures® or higher
temperatures”® (Extended Data Fig. 1; detailed discussion in Meth-
ods). Some experimental® and theoretical® ?studies have shown that
the solubility of CaSiO; in pure MgSiO; 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 (Ca0)". However, possible effects from
iron (Fe) and aluminium (Al) on the solubility of CaSiO; in Brg have
not been well explored, despite their considerable amounts in the
phase. Recently, astudy based on density functional theory combined
with molecular dynamics® predicted that Fe increases the solubility
of CaSiO, in Brg, whereas Al decreases it. The theoretical prediction
and the ‘missing CaPv’ reported in some previous experiments raise
animportant question whether all CaSiO; 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 CaSiO; 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 Ca, ;Mg sFe, ,SiO;
(CalOFel0) compositions (see Methods and Extended Data Table 1for
detail). Inthe Ca-pyrolite composition, we increased the CaSiO, content
of pyrolite for abetter detection of CaPv. The other two compositions
have sufficient amounts of CaO. Therecovered 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 asingle-perovskite phase (Fig. 2a,b and
Extended DataFig. 2).
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Fig.1|Stability of asingle-perovskite mineralogy at high pressure-
temperature conditions. a, Insitu XRD observations of perovskite phases.
Theclosed and opensymbols represent the observations of asingle-perovskite
phase (Ca-richbridgmanite) and two-perovskite phase (Brg + CaSiO; perovskite),
respectively (the compositions were measured with STEM). The half-filled
symbols denote the presence of CaPv with Ca-rich Brg. Each data point
representsasingle heating run. Some previous data points on pyrolitic
compositions’®?®are shownwith triangle symbols (Methods). The grey lines
arethereportedsolidi of mantle-related compositions**°. The orange and
green curves are the proposed mantle geotherms**. The background is shaded

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
resultfromaCasolubility increase because of the large ionic size of Ca*":
30% and 23% larger than Mg?* and Fe?" in the 8-coordinated site, respec-
tively™, 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
abruptincreasein volume. Atlower pressures (about 33 GPa), the unit-cell
volume of Brg did notincrease with synthesis temperature in the komati-
itic composition, consistent with the XRD observations of two separate
perovskite phases (thatis, limited Casolubility in Brg). Asimilarincrease
in the unit-cell volume of Brg was found at the synthesis temperature
of about 1,900 K in the CalOFel10 composition. In addition, Ca-rich Brg
synthesized at higher temperatures has a SiO, 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 Caincorporation in the dodecahedral site of Brg, which would
reduce the tilting angle of the SiO, octahedra in the crystal structure of
Brg (therefore less orthorhombic distortion; Methods). The increase in
the unit-cellvolume and the decrease in the octahedraltilting angle agree
well with theoretical calculations', which predict a greater than1.7%
volumeincreaseandagreater than16% octahedraltilting angle decrease
for (Cay;Mg,,)SiO; Brg compared with those of MgSiO; Brgat 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 Casolubility 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.
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withblue andred for the two-perovskite and the single-perovskite domains,
respectively. b, Changein the unit-cell volumes (AV) 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). Asteepincreasein the Brg volume atabout 2,300 K
indicatesasignificantincreaseinthe Casolubility. The black lines connectthe
CalOFelO dataatabout40 GPa, Ca-pyrolite dataatabout 100 GPa or komatiitic
composition dataatabout 33 GPa, respectively. The shades are aguide for the
eye.Theerrorbarsaretheestimated louncertainties.

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 symbolsin Fig.1a). At solidus temperatures, asmallamount
of meltis 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 berichin Caand 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 asubstantialamount of Cain Brg synthesized atabout 2,300 K
and above 60 GPa. For Ca-pyrolite, Ca-rich Brg exists as a matrix sur-
rounding Fp grainsinthesamplefromarunat 64 GPaand 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 calculationyielded 0.08
Caatoms per formula unit (p.f.u.) for Ca-rich Brg (Table 1).

For the komatiitic composition, asample synthesized at 100 GPaand
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
Tablel). Although most of the areais Ca-rich Brg (95 vol%; Table 1), alu-
minium oxide (Al,0;) andsilicon dioxide (SiO,) were observed as minor
phases, consistent with the XRD observations (Methods). The Al con-
tentin Ca-rich Brgis measured to be smaller than thatin Brg synthesized
at33 GPa (0.15 Al p.f.u.and 0.20 Al p.f.u., respectively; Table 1), which
explains the observed Al,O; phase at the higher pressures. Another
komatiiticsample synthesized at 62 GPaand 2,350 + 350 K showed the
same results (Extended Data Fig. 4). In contrast, a komatiitic sample
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Fig.2|Insitu XRD and ex situ electron microscopy analysis of Ca-pyrolite
and the komatiiticcompositions. a,b, The barsindicate the diffraction peak
positions of bridgmanite (Brg; black), ferropericlase (Fp; orange) and CaSiO,
perovskite (CaPv; cyan). The observed CaPv peaks are highlighted by the cyan
arrows. Unidentified peaks are marked with an asterisk. Au (labelled as A) was
used for pressure measurements. Ne (labelled as N) or NaCl (labelled as NC) was

synthesized at the lower P-T (33 GPaand 2,200 + 200 K) showed sepa-
rate Brgand 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.;
Table1) thanthose synthesized at 62 GPaand 100 GPa, whichincorpo-
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)0;-CaSiO, system (Fig. 3a). As composition data are available for
alimited number of samples, we complement the dataset with the Ca
content estimated from the unit-cell volume of Brg (see Methods for
detail). Our CalOFelO datareveal that Fe may play animportant rolein
the Casolubility in Brg. In this composition, acomplete 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 MgSiO; Brg to
incorporate the same amount of Ca (0.10 p.f.u.) at the same pressure
inatheoretical study™ (Fig. 3a). The valence and spin states of Fe could
be important factors®, 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 Brgin the komati-
itic composition contains a larger amount of Fe (0.19-0.20 p.f.u.;

Ca-rich Brg

used asapressure medium. X-ray energies were 0.4133 keV (a) and 0.3344 keV
(b). The backgroundissubtracted. ¢,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
phasesare presentedin Tablel.

Table 1) than Brg in the CalOFel0 composition does (0.10 p.f.u.), the
suddenincrease in the unit-cell volume of Brg, and therefore the Ca
solubility, occurs at a higher temperature in the komatiiticcomposition
thanin the CalOFel0 composition (about 2,300 K and about 1,900 K;
Fig.1b). As the komatiitic composition contains a substantial amount
of Alin 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-
tion'?. 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 ratioin
Ca-pyrolite (Table1). Fromthe observations above, we conjecture that
mid-ocean-ridge basalt (MORB) would have separate Brg and CaPvin
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 results™*® (Methods).

Mineralogy changesin the lower mantle

The mineralogy has long been assumed to be constant through-
out the lower mantle' except for the bottom 400-km depths where
post-perovskite can appear in the cold regions”. Our study shows that
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Table 1| Chemical compositions of the recovered samples of the komatiitic composition and Ca-pyrolite

Komatiitic composition

Pyrolite fromref.® Ca-pyrolite

K33 (33 GPa, 2,200K) 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 Sio, Ca-richBrg SiO, AlLO;® Ca-richBrg SiO, AlLO; Brg Fp CaPv® Ca-richBrg 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) 015(2) 000 - 0.15(1) 0.00 200 0.09(1) 0.01(0) - 0.13(2) 0.00
Fe 0.20(2) 0.07(3) 0.01(0) 019(2) 000 - 0.20(1) 0.00 0.00 0.08(0) 014(00) - 0.08(2) 0.11(2)
Mg 0.72(4) 0.10(4) 0.02(1) 0.59(6) 000 - 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) 017(2) 000 - 0.19(1) 0.00 0.00 0.010) 0.00(0) - 0.08(2) 0.00
Vol% 81.2 14.7 41 >99 <1 <1 94.7 2.2 31 751 17.2 77 82.8 17.2
Vino 25.05(3) 25.50(11) 24.68(6)° 2511(14)
(cm®mol™)
V,.,0(AR%  166.3(2) 169.3(7) 163.9(4)° 166.8(9)
Ko (GPa)  249(4) 245(7) 246(5)° 245(12)

The total was normalized to a chemical formula for each phase. The Vinet EOS parameters at 1bar and 300K (molar volume, V,, ,; unit-cell volume, V,,.,; and bulk modulus, K,) are provided for
Brg and Ca-rich Brg. Pressure derivative of bulk modulus (K,') was fixed as 4 for all the fits. Brg, Fp and CaPv reported in pyrolite in ref. ® are shown for comparison. *Point analysis was not pos-
sible owing to very small grain size. °V,, and K, are from Brg of Ca-pyrolite in this study (CP77). The numbers in parentheses represent uncertainty.

inthe mid-mantle where temperature becomes sufficiently high (over
about 2,300 K for pyrolitic composition; Fig.3a) the Casolubility 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. Givenagradual
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 depthinterval for the TPD-to-SPD transition
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Fig.3|Asteepincreaseinthesolubility of CaSiO;in bridgmanite and
mineralogical models for the lower mantle. a, Provisional perovskite solvus
diagram of (Mg,Fe)(Al,Si)0,-CaSiO;in the lower mantle. The open and the
closed symbols denote Brg + CaPvand Ca-rich Brg (the numbersindicate the
pressure in GPa), respectively. The black, red, green and blue symbols represent
the pure MgSiO,, pyrolitic, komatiiticand CalOFel0 compositions, respectively.
Fe and Al cations per formula unitareindicated for each composition. The grey
shadesrepresent the expected amount of CaSiO; in pyrolitic and komatiitic
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Time (billion years ago)

compositions, respectively. The solid lines represent provisional solvi. The
error bars are the estimated 1o uncertainties. b, Aschematic diagram of the
TPDandtheSPDinthe present-day lower mantle. The depth of the TSTZ canbe
modulated by lateral variationsin temperature. ¢, Changesin the depth of the
TSTZ (about 2,300 K) as afunction of time in the lower mantle. The boundary
depthwas calculated from the mantle geotherm models** for a Urey ratio of
0.38 (ref. ) combined with our experimental results. b, ¢, CMB, core-mantle
boundary.



zone (TSTZ)130-200 km depending on the mantle geotherm*°. At the
moment, itis difficult to determine the exact depthforthe TSTZ because
of the uncertainties in the mantle geotherm: a higher-temperature
mantle geotherm in ref. *yields about 1,500 km, whereas it is about
2,200 km for a lower-temperature mantle geotherminref. *.

The temperature-dependent variations inthe TSTZ depths canaalso
affectourunderstanding onlateral heterogeneitiesin thelower mantle'®,
For example, the hot mantle plumes and the cold subducting slabs
canmodulate 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
discontinuity® and the post-perovskite boundary at D’ layer”, 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 Brgis 0.6 + 0.5% greater
thanthat of Brg + CaPvand the bulk modulus of Ca-rich Brgis nearly the
same as that of Brg + CaPv (+x1%) in the mid-mantle depths (Extended
DataFig.7). Therefore, bulk sound velocity is somewhat lower (about
0.3+0.6%) for Ca-rich Brg (Extended DataFig. 7). If Cadissolution does
not change the thermal parameters substantially, the changes in density
and bulk sound speed could be smallat the TSTZ. Although the effects
of Cadissolution on the shear velocity of Brgis 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 controversy>**? on whether the mantle would be chemically
homogeneous with a pyrolitic composition. A recent elasticity measure-
ment? showed that a high Fe**/2Fe ratio of Brg (0.66) in pyrolite can
explain seismic properties (preliminary reference Earth model, PREM?)
in the shallow lower mantle, but their model showed a discrepancy
between pyrolite and PREMin the lower mantle below about1,200-km
depth. Another elasticity measurement? argued for a larger fraction
of Brg (90 vol%) than what is expected for pyrolite (75 vol% (ref.?)) to
explain the seismic properties of the lower mantle, suggesting the
Si-enriched composition compared with pyrolite. However, if all Ca
dissolvesinto Brgin the deep lower mantle as suggested in the present
study, the effects of Ca on the seismic properties of Brg should be taken
intoaccountinsuch models for possible depth-dependent changes of
compositioninthe lower mantle.

Many studies have pondered the role of Earth’s deep mantle for
importantglobal eventsin Earth’s history, such as the Great Oxidation
Event®and theinitiation of plate tectonics?*. The temperature-driven
change from a TPD to a SPD predicts mineralogical evolution of the
deep mantle evenif the bulk chemical composition has been constant.
Inthe past, the mantle should have been warmer than the present day,
although details of the cooling history of the mantle remain contro-
versial® . The thickness of the SPD with Ca-rich Brg would have been
greater inthe past and becomes thinner as the mantle cools over time
(Fig.3cand Extended DataFig. 8). Therefore, the properties of Ca-rich
Brg would be essential for understanding the time-dependent changes
in the lower mantle.

Online content

Anymethods, additional references, Nature Research reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions

and competing interests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-022-05237-4.

1. Kesson, S., Gerald, J. F. & Shelley, J. Mineralogy and dynamics of a pyrolite lower mantle.
Nature 393, 252-255 (1998).

2. Ricolleau, A. et al. Density profile of pyrolite under the lower mantle conditions. Geophys.
Res. Lett. 36, LO6302 (2009).

3. lIrifune, T. et al. Iron partitioning and density changes of pyrolite in Earth’s lower mantle.
Science 327,193-195 (2010).

4.  Brown, J. & Shankland, T. Thermodynamic parameters in the Earth as determined from
seismic profiles. Geophys. J. Int. 66, 579-596 (1981).

5. Katsura, T., Yoneda, A., Yamazaki, D., Yoshino, T. & Ito, E. Adiabatic temperature profile in
the mantle. Phys. Earth Planet. Interiors 183, 212-218 (2010).

6. Lee, K.K. etal. Equations of state of the high-pressure phases of a natural peridotite and
implications for the Earth’s lower mantle. Earth Planet. Sci. Lett. 223, 381-393 (2004).

7 Ono, S., Ohishi, Y., Isshiki, M. & Watanuki, T. In situ X-ray observations of phase
assemblages in peridotite and basalt compositions at lower mantle conditions:
implications for density of subducted oceanic plate. J. Geophys. Res. Solid Earth 110,
B02208 (2005).

8.  Sinmyo, R. & Hirose, K. Iron partitioning in pyrolitic lower mantle. Phys. Chem. Miner. 40,
107-113 (2013).

9. Irifune, T. et al. High-pressure phase transformation in CaMgSi,Og and implications for
origin of ultra-deep diamond inclusions. Geophys. Res. Lett. 27, 3541-3544 (2000).

10. Vitos, L. et al. Phase transformations between garnet and perovskite phases in the Earth’s
mantle: a theoretical study. Phys. Earth Planet. Interiors 156, 108-116 (2006).

1. Jung, D. Y. & Schmidt, M. W. Solid solution behaviour of CaSiO; and MgSiO; perovskites.
Phys. Chem. Miner. 38, 311-319 (2011).

12. Muir, J. M., Thomson, A. R. & Zhang, F. The miscibility of calcium silicate perovskite and
bridgmanite: a single perovskite solid solution in hot, iron-rich regions. Earth Planet. Sci.
Lett. 566, 116973 (2021).

13.  McDonough, W. F. & Sun, S.-S. The composition of the Earth. Chem. Geol. 120, 223-253
(1995).

14. Shannon, R. D. Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides. Acta Crystallogr. A 32, 751-767 (1976).

15.  Badro, J. et al. Electronic transitions in perovskite: possible nonconvecting layers in the
lower mantle. Science 305, 383-386 (2004).

16. Ricolleau, A. et al. Phase relations and equation of state of a natural MORB: implications
for the density profile of subducted oceanic crust in the Earth’s lower mantle. J. Geophys.
Res. Solid Earth 115, B08202 (2010).

17.  Murakami, M., Hirose, K., Kawamura, K., Sata, N. & Ohishi, Y. Post-perovskite phase
transition in MgSiO;. Science 304, 855-858 (2004).

18. Lekic, V., Cottaar, S., Dziewonski, A. & Romanowicz, B. Cluster analysis of global lower
mantle tomography: a new class of structure and implications for chemical
heterogeneity. Earth Planet. Sci. Lett. 357, 68-77 (2012).

19.  Shim, S.-H., Duffy, T. S. & Shen, G. The post-spinel transformation in Mg,SiO, and its
relation to the 660-km seismic discontinuity. Nature 411, 571-574 (2001).

20. Kurnosov, A., Marquardt, H., Frost, D. J., Ballaran, T. B. & Ziberna, L. Evidence for a Fe*'-rich
pyrolitic lower mantle from (AL, Fe)-bearing bridgmanite elasticity data. Nature 543,
543-546 (2017).

21.  Mashino, I, Murakami, M., Miyajima, N. & Petitgirard, S. Experimental evidence for
silica-enriched Earth’s lower mantle with ferrous iron dominant bridgmanite. Proc. Natl
Acad. Sci. USA 117, 27899-27905 (2020).

22. Dziewonski, A. M. & Anderson, D. L. Preliminary reference Earth model. Phys. Earth Planet.
Interiors 25, 297-356 (1981).

23. Kasting, J. F. What caused the rise of atmospheric O,? Chem. Geol. 362, 13-25 (2013).

24. Korenaga, J. Initiation and evolution of plate tectonics on Earth: theories and
observations. Annu. Rev. Earth Planet. Sci. 41,117-151 (2013).

25. Korenaga, J. Urey ratio and the structure and evolution of Earth’s mantle. Rev. Geophys.
46, RG2007 (2008).

26. Davies, G. F. Effect of plate bending on the Urey ratio and the thermal evolution of the
mantle. Earth Planet. Sci. Lett. 287, 513-518 (2009).

27.  Andrault, D., Monteux, J., Le Bars, M. & Samuel, H. The deep Earth may not be cooling
down. Earth Planetary Sci. Lett. 443,195-203 (2016).

28. Lobanov, S. S. et al. Blocked radiative heat transport in the hot pyrolitic lower mantle.
Earth Planet. Sci. Lett. 537, 116176 (2020).

29. Andrault, D. et al. Solidus and liquidus profiles of chondritic mantle: implication for
melting of the Earth across its history. Earth Planet. Sci. Lett. 304, 251-259 (2011).

30. Kim, T. et al. Low melting temperature of anhydrous mantle materials at the core-mantle
boundary. Geophys. Res. Lett. 47, €2020GL089345 (2020).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such publishing

agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2022

Nature | www.nature.com | 5


https://doi.org/10.1038/s41586-022-05237-4

Article

Methods

Starting materials and sample preparations

We sstudied 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 method™. Ca-pyrolite
was prepared by mixing pyrolite® glass and CaSiO, glass (about 7.5:1
in mol). The increased amount of Ca enhances the detectability of
CaPvin 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 phasesin Ca-pyrolite were measured at high pressures and
300 K. The CalOFel0 composition (Ca,;Mg, sFe,;Si0,) was prepared
as a single glass for investigating the stability of Ca-rich Brg at high
P-T.We prepared the komatiitic composition®* as asingle glass. This
composition was also used in ref.**. The komatiitic composition con-
tains much less Mg (Mg/Si <1) than pyrolite and does not form Fp in
thelower-mantle-related conditions®*. The chemical compositions of
Ca-pyrolite and the komatiitic composition were confirmed using an
electron probe micro analyser (JEOLJXA-8530F EPMA) combined with
awavelength-dispersive X-ray spectrometer at Arizona State University
(ASU) (Extended Data Table1).

The starting materials were powdered and mixed with about 10 wt%
ofgold (Au) powder (agrainsize of1-3 pm), which served as a pressure
standard and alaser absorberin LHDAC experiments. The mixtures were
compressed to thin foils with a thickness of about 10 pm. We loaded the
sample foil into a sample chamber, a pre-indented hole in a rhenium
gasket, usingamicro-manipulator (Microsupport Axis Pro SS) at ASU.
Four spacers (about 5-um-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 system® 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 pm, 200 pum or 400 pm depending on the
targeted pressures.

Insitu 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)*. 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 APS¥. 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 Tables1-5.

The diffraction patterns were measured with monochromatic X-ray
beams of 0.3344 A and 0.4133 A at 13-IDD, 0.4340 A at 13-BMC, and
0.4066 A at16-IDB (Extended Data Table 3). For the in situ experiments,
we focused thelaser beams onboth sides of the sample and aligned the
laser beams coaxially with the X-ray beam by the visual observations
ofthe X-ray fluorescence to measure the XRD patterns at the centre of
thelaser heating spot. Typical beam diameters for the X-ray beam and
the laser beam were 5 pm and 20 pm, respectively. We fit the thermal
radiation spectrameasured 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). The exposure time was
5-10 sduring heatingand10-300 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 software®. The unit-cell parameters
were fitted using the UnitCell software*®, the Peakpo software and the
GSAS-Il package*. We estimated pressures by combining the measured
unit-cell volumes of Auwith its equation of state (EOS)*?in the Pytheos
software**. Rietveld refinement using GSAS-Il 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, whichincludes uncertainties from thermal
equations of state of Au and temperature measurements.

An area with a diameter of about 20 pm was heated for up to 8 min
during each heating cycle (Supplementary Table1). The heating spots
were chosen such that they do not overlap with previously heated spots
to conduct heating on unheated fresh sample. Diffractionimages 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
firstincreased thelaser power atapreviously heated spot until atarget
temperature was reached, and then translated the sample position
instantly such that the same laser power could be directly appliedtoan
unheated, fresh spot. This heating method allows for adirect increase of
temperature to atargeted 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 diffusion**, 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 atargeted
value. XRD patterns were collected while at high temperature (Supple-
mentary Table 2). These runs did notinclude 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 MgSiO; Brg®. 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 Brgand Brg in Ca-pyrolite and the
komatiitic compositions at 300 K to the Vinet EOS with a fixed pressure
derivative (K, = 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 (AV) 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 CalOFel0
composition, the difference of the measured unit-cell volumes of Brg
was obtained with respectto the unit-cell volumes of (Mg o,;F€e 49)SiO;
Brg calculated using EOS parameters from ref. *¢,

Chemical analysis

We recovered some of the synthesized samples of Ca-pyrolite and
the komatiitic compositions (CP64, K33, K48, K62 and K100) using
amicro-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 areawas extracted and mounted onacopper grid (Extended
DataFig.9). We analysed the chemical compositions of the samplesin
the aberration-corrected STEM (JEOL ARM20OF 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 LMFITY.

Determination of calcium contents in bridgmanite

Inthe perovskite solvus diagram shown in Fig. 3a, the Ca content data
directly determined from chemical analysis are included for Ca-rich Brg
datain Ca-pyrolite and the komatiitic compositions (Table 1). However,
the number of data points are limited because of: (1) challengesin recov-
eringsamples synthesized in anoble gas medium; (2) metastability of
therecovered mineral phases under anintense electronbeamatroom
conditions; and (3) extreme thinning during FIB processing required
for the small grainsize of the phasesin the LHDAC samples. Tosupple-
ment the data for Ca-rich Brg datain the CalOFel0 composition, the
Cacontent datawere assumed tobe 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 CaPyv, the Ca contents of Brg were estimated
by alinear interpolation of the unit-cell volumes of Brg measured at
300 K. Inthis estimation, we assumed that the Fe and Alamountsin 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 (AV) from
the EOS fitting in this study for Ca-pyrolite and komatiitic composi-
tions (Table 1). For the CalOFel0 composition, we used EOS fitting
data for (Mg, o,Fe(0,)SiO; Brgin ref. *¢. Then, Ca content (Ca#) was
linearly interpolated based on the volume difference (AV) with two
reference data points with known Ca contents. The first reference data
point s the calculated Brg volume from EOS fitting (V,., AV=0). For
the Ca content of this reference data point (Ca#,), because Brg can
still contain a small amount of Ca even at lower temperatures®’, we
assumed 0.01 Ca p.f.u. for Ca-pyrolite and the CalOFel0 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 (V,.r,) and Ca content (Ca#,,). On the basis these
parameters, the Ca content of Brg of interest can be estimated from:
Ca# = (AV/AV,er,) (Cat# o, — Catt o) + Cat, ., Where Ca#is Ca p.f.u.inBrg
and AVis the volume difference of Brg relative to V,. at a given pres-
sureand AV, is the volume difference of Ca-rich Brg relative to V, at
agiven 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 experiments®>¢ 8284859,
Although most of the studies have documented the observation of
CaPvtogether with Brgand Fp (+ post-perovskite, pPv), there are afew
notable exceptions (Extended DataFig.1). For example, ref.¢ observed
the disappearance of the diffraction peaks of CaPvin the pyrolite sam-
pleabove 65 GPa after heating between 2,000 Kand 2,500 K (because
they provide the range only, we plot their data at 2,250 K in Extended

DataFig. 1). Reference” observed CaPv in XRD patterns at 28 GPa and
2,050 K, and 97 GPaand 2,100 K, but could not resolve the CaPv linesin
XRD patterns at 35 GPaand 2,100 K, and 58 GPaand 2,300 K. Reference®
observed CaPvat28 GPaand 1,900 K, and 82 GPaand 2,100 K, but could
notobserveitat109 GPaand 2,300 K, and 114 GPa and 2,300 K. More
recently, ref. ?® could not identify CaPv from XRD patterns measured
at 134 GPa and about 3,000 K. Although they? 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
mapsis 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. °).
The observations of the existence and absence of CaPv at different
pressures and temperatures lead to a question whether the solubility
of CaSiO;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. *, which is
lower than other estimations®® (Extended Data Fig. 1). Although the
discrepancy among the data points may be due to large uncertainties
intemperatures, 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 CaSiO; perovskite forms at lower tem-
peratures, it would be difficult for CaSiO, to dissolve into Brg because of
kineticissues (or metastable persistence of CaPv) in the LHDAC experi-
ments. Longer heating would not be much helpful owing to severe Fe
loss through Soret diffusion**, which would reduce the solubility of Ca
in Brg according to our study and a theoretical study™.

Figure 1a shows that our data points agree well with previous stud-
ies”®?8, which reported the absence of CaPv. As discussed above,
ref. ® 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 pyrolite® (8 vol%) and their Brg composition contains up to 2.9 wt%.
Therefore, we plotted the data point from ref.?® as Ca-rich Brg + CaPvin
Fig.1a, which appearstobe consistent with our data (Methods). A data
point at 35 GPa and 2,100 K from ref.” appears not in line with neigh-
bouring data points, butifits P-Tuncertainties are taken into account,
this data point could be consistent with the others. The data points from
ref. ® 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
asingle 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 GPaand CaPv should exist®>®. At 32-35 GPa, ref. ©*
showed aformation of asingle-perovskite phase at 1,873 Kand 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
Brgis consistent with pyrolite data® at pressures of <47 GPaasillustrated
inour provisional phase diagram (Fig. 3a). In fact, their starting mate-
rial contains asignificant amount of Ca (Ca, 5;Mgo 30F€0.1:Al0.07S10.0503);
thus, itis 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 heatinginref.®> may be indeed metastable at <35 GPaalthough
itis possible that the Ca content in Brg increases at higher P-T condi-
tions. Similarly, at pressures above 21 GPa, ref. ® reported that MORB
composition forms a single-perovskite phase at lower temperatures
0f1,273-1,373 K in most of their runs, which dissociated into Brg and
CaPvat1,473 K. The chemical composition of Brg synthesized at 24 GPa



Article

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 Cacontentintheir Brgis twice thatin Fe-and Al-free Brg® possibly
because of the high Fe content (Fig. 3a). Our study suggests that Fe
and high temperature promote the dissolution of CaSiO, in Brg. How-
ever, according to our results, Al may reduce the solubility of CaSiO,,
opposite tothe effect of Fe. If thisis 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)®,
which is consistent with existing XRD observations™®.

Stability of Ca-rich bridgmanite at ambient conditions

We performed X-ray two-dimensional scans for the Ca-pyrolite and
the komatiiticsamples upon pressure quench at room conditions. We
observed the complete disappearance of CaPvin most diffraction pat-
terns, consistent with previous studies in which CaPvamorphized upon
pressure quench to 1bar (refs. #%%), Ca-rich Brg in both compositions
andBrgin Ca-pyrolite were identified with diffraction peaks, indicating
acrystalline state for the phases. Some spots show stronger intensities
withsharp peaks, where the pressure was stillmeasured tobe 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 Brgand Brg at room con-
ditions areincluded in the EOS fitting (Supplementary Tables 3 and 4).
The fitting yielded the unit-cell volumes at ambient conditions (V;)
0f166.4(4) A> and 164.1(10) A* for Ca-rich Brg and Brg in Ca-pyrolite,
respectively. For the komatiitic composition, they were 169.5(4) A
and 166.3(2) A’ for Ca-rich Brg and Brg, respectively (Table 1). Also, it
yielded a bulk modulus at ambient conditions (K,) of 254(5) GPa and
242(10) GPafor Ca-rich Brg and Brg in Ca-pyrolite and 245(4) GPa and
249(4) GPain the komatiitic composition, respectively (Table 1). For
the Ca-pyrolite composition, the existence of Fp was clearly identified
atambient 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
previousreport of diminishing diffractionintensities of Fe,Al-bearing
Brg atambient conditions®®.

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 CaSiO,
component forms pure CaSiO; perovskite (Extended Data Fig. 3a).
The molar volume of CaPv was calculated using the EOS parameters
fromref. ®*. 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
at300 K, also within the uncertainties.

We found that the orthorhombic distortion of Brg decreaseswhena
substantial amount of Ca dissolves inits 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 ¢ 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,
resultinginthe smaller ¢/aratioin Ca-richBrg. 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/aratio and the b/aratio
are smaller in Ca-rich Brg than in Brg, consistent with those found in
Ca-pyrolite. These changesresultin the smaller tilting angle of the SiO,
octahedra of Ca-rich Brg (thatis, less distortion of the dodecahedral A
site). The octahedraltilting angle can be ameasure of the anisotropy of
the orthorhombic perovskite with respect to theideal cubic perovskite
(¢ =0°)%. Extended Data Fig. 3¢c,d shows the octahedral tilting angle
data and the fitted lines. The octahedral tilting angle of Ca-rich Brgis
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 octahedraltilting angle of Brg
isincreased by Al (ref. °®) and Fe** (ref. ©°), whereas it is decreased by
Fe? (ref.*®). For example, in the komatiitic composition, the Alamount
is smaller in Ca-rich Brg thanin 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 Al,O,
phase besides Ca-rich Brg. Reference ®® reported that 0.5 Al p.f.u.
increases the octahedral tilting angle of Brg by about 2°, relative to
MgSiO; 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
Mdossbauer spectroscopy (SMS) measurements showed that Fe*/Y Fe
isonly10% 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 Fe*'/Y Fe in Ca-rich Brg and Brg in the komatiitic com-
position are similar to the measured values in the Ca30Fel3 com-
position (Cag ;Mg ¢.F€015Si0.0405), the effects of Fe*" and Fe*" on the
octahedraltilting angle would be similar between Ca-rich Brgand 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 Brgin 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 Fe?". The substitution of Fe*" for Mg not only expands the unit-cell
volume of Brg”’ but also decreases the octahedral tilting angle of Brg*.
The octahedral tilting angle of (Mg,Fe)SiO, Brgincreases withincreas-
ing pressure by about 0.05° per GPa (ref. **), 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. 3¢). The simi-
lar effects on the unit-cell parameters of Brg between Ca and Fe*" 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 Cathan for Fe** (1.13 A, 0.92 A and 0.86 A for Ca*, Fe?* and Mg in
the12-coordinatedsite, respectively)*. Therefore, the effects of Caon
the crystal structure of Brg may be greater than those of Fe*" if their
amounts are equalin Brg. Inthe pyrolitic composition, Brg would con-
tain 0.04-0.06 Fe** p.f.u. (ref.?), in the lower mantle, whichis sufficient
toalter the distortion in the crystal structure of Brg”. Compared with
Fe, the similar or slightly greater amount of Ca may exist in Ca-rich
Brginthe pyroliticcomposition (about 0.06 Ca p.f.u.). Therefore, the
effects of Cadissolutionin Brginthe lower mantle could be larger than
those of Fe?* in terms of the crystal structure of Brg.

Mineral assemblage of Ca-rich bridgmanite and CaSiO,
perovskite found insome 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
Brgat high pressures and 300 K (expanded volume and reduced tilting



ofthe SiO4 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 meltin 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 CaPvin these high-temperature runs. Such
migration of elements along thermal gradients canoccureveninavery
short period of heating (<5 s) if the temperature is sufficiently high
near the solidus’. These data points are indeed close to the reported
solidus temperatures of chondritic®® and pyrolitic composition® 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.

Inaddition, two data points at 75 GPaand 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 SiO, 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 Caformed CaPv. As discussed
inthe maintext, the solubility of Cain 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 butin 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 DataFig. 2b). Fp was also identi-
fied by its 200 and 220 lines, but difficult to resolve in some runs owing
toanoverlap with theintense 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. (Table1), smaller than what is expected for the starting com-
position. As this starting material is a mechanical mixture of pyrolite
glass and CaSiO; glass, some degree of inhomogeneity in Ca content
may exist. This may explain the data scatter in the EOS fit for Ca-rich
Brg shownin Extended DataFig. 3a (red open circles).

Ca-rich bridgmanite in the komatiiticcomposition

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,K62and K100, respectively; Extended Data Table 3). The
synthesis temperatures were at 2,200 + 200 K for K33,2,000 + 200 K
forK48,2,350 + 350 K for K62 and 2,300 +150 K for K100. The samples
were scanned with the laser beams to ensure complete crystallization
of asufficiently 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)
inthe 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 alow intensity. We observed weak CaPv110 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 Cais 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
Brgonly (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
showninExtended DataFig. 3b, the unit-cell volumes of Ca-rich Brgin
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 Brgin
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 Casolubility occurs (Fig.1). Thus, weinterpret that the
mineral assemblage of K100-2 (Ca-rich Brg + CaPv) formed at aslightly
lower temperature than the temperature at which the mineral assem-
blage of K100-1formed within the temperature uncertainties. In the
STEM analysis, the chemical maps show a substantial amount of Ca dis-
solved inBrg, therefore Ca-rich Brg (0.19 Ca p.f.u.; Table1and Fig.2d).
Inaddition, they reveal Al,0,and SiO, as minor phases, consistent with
the XRD observations. The 111, 002, 211, 022, 402 or 213 lines of the
Rh,0;(1)-type Al,O; phase were found with low intensities in the most
runs, whereas the 110 or 011 lines of CaCl,-type SiO, was found with low
intensities in some of the runs (Extended Data Fig. 2a). In the XRD pat-
terns, there are afew unidentified peaks with low intensities. They were
notobserved consistently in different runs with different compositions
and P-T conditions. They appear as a single dot in two-dimensional
diffractionimages.

Synchrotron Méssbauer analysis for Fe in bridgmanite
Toinvestigate the valence and the spinstates of Fe in Brg, asample with
the Ca30Fel3 composition (Ca, ;Mg ¢sFe, 135i0.0605) was prepared by
mixing Mg, oFe,,Sio,0;glass (95% of Fe is enriched with ¥’Fe) and CaSiO,
glass (about 2.5:1in mol). Fe**/Y Fe of the Mg, oFe, ,Si, -0, glass starting
material was 53%, which was measured using Mossbauer spectroscopy
atSector 3-IDB, APS. The chemical composition of the Ca30Fel3 sample
was confirmed using an electron probe microanalyser (JEOLJXA-8530F
EPMA) combined with awavelength-dispersive X-ray spectrometer at
ASU (Extended Data Table1).

We synthesized two samples of the composition at about 58 GPaand
2,400 +100 K (CF58M) and atabout 59 GPaand 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 GPaand 300 K is larger in CF58M than in CF59M (21.13(1) cm? and
20.93(1) cm?, respectively), suggesting that Brgin CF58Mincorporated
aconsiderable amount of Ca (Ca-rich Brg). Also, the octahedral tilting
angleis smallerin Ca-rich Brg of CF58M thanin 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. A14.4-keV X-ray beam was focused on an area of 6 x 6 um?in the
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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 of15-130 nsfor anexposure 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). FeSO,-7H,0
andstainless steel were used as standard materials for samples CF58M
and CF59M, respectively. The measured spectra were fitted by using
the CONUSS package™.

The SMS measurements showed that Fe*/} 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,
Fe**/> Fe (53%) remains nearly the same in CF58M, whereas slightly
reduced in CF59M. As the change of Fe*'/3 Fe from the starting mate-
rial is not large for both samples, it is uncertain whether the differ-
ence in Fe*'/Y Fe between Ca-rich Brg and Brg is caused by different
synthesis temperature and is related to the solubility of Cain Brg. The
quadrupole-splitting values of Fe** are similar between Ca-rich Brgand
Brg(1.82mmsTand1.73 mms™, respectively; Extended Data Table 2).
These quadrupole-splitting values are similar to or slightly lower than
the predicted values of the low-spin Fe** in (Mg,Fe)(Fe,Si)O, Brg by
density-functional-theory calculations (1.8-2.9 mm s for the B site)™,
butgreater by about 0.3-0.4 mm s than those from previous measure-
ments in (Mg,Fe)(Fe,Si)O, Brg”>". Therefore, the majority of Fe** may
below spin at about 60 GPa.

Previous studies have shown that the spin state of Fe*" in Brg under-
goes a transition from the high spin to the low spin®*7 at about
40-60 GPa. High-spin Fe*" would substitute for Mg?* in the A site,
while AI** substitutes for Si*" in the B site in Brg™. The ionic size of Fe**
becomes smaller with the spin transition (0.65 Aand 0.55 A for the high
spinand low spin, respectively, for the six-coordinated site)™, resulting
in a cation exchange with Si** in the B site””. Therefore, the change in
the substitution mechanism driven by the spin transition of Fe** could
be related to the Casolubility increase in Brg. Further investigation is
needed tounderstand how the valence and spin states of Fe affects the
solubility of Cain Brg.
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zeno0do.6979058.

31. Tangeman, J. A. et al. Vitreous forsterite (Mg,SiO,): synthesis, structure, and
thermochemistry. Geophys. Res. Lett. 28, 2517-2520 (2001).

32. Herzberg, C., Condie, K. & Korenaga, J. Thermal history of the Earth and its petrological
expression. Earth Planet. Sci. Lett. 292, 79-88 (2010).

33. Johnson, T.E., Brown, M., Kaus, B. J. & VanTongeren, J. A. Delamination and recycling of
Archaean crust caused by gravitational instabilities. Nat. Geosci. 7, 47-52 (2014).

34. Ko, B. et al. Mineralogy and density of Archean volcanic crust in the mantle transition
zone. Phys. Earth Planet. Interiors 305, 106490 (2020).

35. Rivers, M. et al. The COMPRES/GSECARS gas-loading system for diamond anvil cells at
the Advanced Photon Source. High Press. Res. 28, 273-292 (2008).

36. Prakapenka, V. et al. Advanced flat top laser heating system for high pressure research at
GSECARS: application to the melting behavior of germanium. High Press. Res. 28,
225-235(2008).

37. Meng, Y., Hrubiak, R., Rod, E., Boehler, R. & Shen, G. New developments in laser-heated
diamond anvil cell with in situ synchrotron X-ray diffraction at High Pressure
Collaborative Access Team. Rev. Sci. Instrum. 86, 072201 (2015).

38. Prescher, C. & Prakapenka, V. B. Dioptas: a program for reduction of two-dimensional
X-ray diffraction data and data exploration. High Press. Res. 35, 223-230 (2015).

39. Shim, S.-H. PeakPo—a python software for X-ray diffraction analysis at high pressure and
high temperature. Zenodo https://doi.org/10.5281/zenodo.842949 (2017).

40. Holland, T. & Redfern, S. UNITCELL: a nonlinear least-squares program for cell-parameter
refinement and implementing regression and deletion diagnostics. J. Appl. Crystallogr.
30, 84-84 (1997).

41.  Toby, B. H. & Von Dreele, R. B. GSAS-II: the genesis of a modern open-source all purpose
crystallography software package. J. Appl. Crystallogr. 46, 544-549 (2013).

42. Dorogokupets, P. & Dewaele, A. Equations of state of MgO, Au, Pt, NaCl-B1, and NaCl-B,:
internally consistent high-temperature pressure scales. High Press. Res. 27, 431-446
(2007).

43. Shim, S.-H. Pytheos—a Python tool set for equations of state. Zenodo https://doi.org/
10.5281/zen0d0.802392 (2017).

44. Sinmyo, R. & Hirose, K. The Soret diffusion in laser-heated diamond-anvil cell. Phys. Earth
Planet. Interiors 180, 172-178 (2010).

45. Stamenkovic, V., Breuer, D. & Spohn, T. Thermal and transport properties of mantle rock at
high pressure: applications to super-earths. Icarus 216, 572-596 (2011).

46. Dorfman, S. M., Meng, Y., Prakapenka, V. B. & Duffy, T. S. Effects of Fe-enrichment on the
equation of state and stability of (Mg,Fe)SiO; perovskite. Earth Planet. Sci. Lett. 361,
249-257 (2013).

47. Newville, M. et al. LMFIT: Non-linear least-square minimization and curve-fitting for
Python. Astrophysics Source Code Library ascl:1606.014 (2016).

48. Irifune, T., Ringwood, A. & Hibberson, W. Subduction of continental crust and terrigenous
and pelagic sediments: an experimental study. Earth Planet. Sci. Lett. 126, 351-368 (1994).

49. Nishiyama, N. & Yagi, T. Phase relation and mineral chemistry in pyrolite to 2200 °C under
the lower mantle pressures and implications for dynamics of mantle plumes. J. Geophys.
Res. Solid Earth 108, 2255 (2003).

50. Nishiyama, N., Irifune, T., Inoue, T., Ando, J.-I. & Funakoshi, K.-I. Precise determination of
phase relations in pyrolite across the 660 km seismic discontinuity by in situ X-ray
diffraction and quench experiments. Phys. Earth Planet. Interiors 143, 185-199 (2004).

51.  Ono, S., Ohishi, Y. & Mibe, K. Phase transition of Ca-perovskite and stability of Al-bearing
Mg-perovskite in the lower mantle. Am. Mineral. 89, 1480-1485 (2004).

52. Murakami, M., Hirose, K., Sata, N. & Ohishi, Y. Post-perovskite phase transition and mineral
chemistry in the pyrolitic lowermost mantle. Geophys. Res. Lett. 32, L03304 (2005).

53. Ono, S. & Oganov, A. R. In situ observations of phase transition between perovskite and
CalrO;-type phase in MgSiO; and pyrolitic mantle composition. Earth Planet. Sci. Lett.
236, 914-932 (2005).

54. Ohta, K., Hirose, K., Lay, T., Sata, N. & Ohishi, Y. Phase transitions in pyrolite and MORB at
lowermost mantle conditions: implications for a MORB-rich pile above the core-mantle
boundary. Earth Planet. Sci. Lett. 267, 107-117 (2008).

55. Kubo, A., Ito, E., Katsura, T., Fujino, K. & Funakoshi, K.-I. In situ X-ray diffraction of pyrolite
to 40 GPa using Kawai-type apparatus with sintered diamond anvils: possibility for the
existence of iron-rich metallic particles in the lower mantle. High Press. Res. 28, 351-362
(2008).

56. Sanehira, T. et al. Density profiles of pyrolite and MORB compositions across the 660 km
seismic discontinuity. High Press. Res. 28, 335-349 (2008).

57.  Ohta, K. et al. Electrical conductivities of pyrolitic mantle and MORB materials up to the
lowermost mantle conditions. Earth Planet. Sci. Lett. 289, 497-502 (2010).

58. Auzende, A.-L. et al. Synthesis of amorphous MgO-rich peridotitic starting material for
laser-heated diamond anvil cell experiments—application to iron partitioning in the
mantle. High Press. Res. 31,199-213 (2011).

59. Sinmyo, R., Hirose, K., Muto, S., Ohishi, Y. & Yasuhara, A. The valence state and
partitioning of iron in the Earth’s lowermost mantle. J. Geophys. Res. Solid Earth 116,
B07205 (2011).

60. Nabiei, F. et al Investigating magma ocean solidification on Earth through laser-heated
diamond anvil cell experiments. Geophys. Res. Lett. 48, e2021GL092446 (2021).

61. Stacey, F. D. A thermal model of the Earth. Phys. Earth Planet. Interiors 15, 341-348 (1977).

62. Asahara, Y. et al. Formation of metastable cubic-perovskite in high-pressure phase
transformation of Ca(Mg,Fe,Al)Si,Og. Am. Mineral. 90, 457-462 (2005).

63. Sano, A. et al. In situ X-ray diffraction study of the effect of water on the garnet-perovskite
transformation in MORB and implications for the penetration of oceanic crust into the
lower mantle. Phys. Earth Planet. Interiors 159, 118-126 (2006).

64. Chen, H. et al. Crystal structure of CaSiO; perovskite at 28-62 GPa and 300 K under
quasi-hydrostatic stress conditions. Am. Mineral. 103, 462-468 (2018).

65. Shim, S.-H., Jeanloz, R. & Duffy, T. S. Tetragonal structure of CaSiO; perovskite above 20 GPa.
Geophys. Res. Lett. 29, 19-1-19-4 (2002).

66. Dorfman, S. M., Shieh, S. R., Meng, Y., Prakapenka, V. B. & Duffy, T. S. Synthesis and
equation of state of perovskites in the (Mg,Fe);AL,Si;O,, system to 177 GPa. Earth Planet.
Sci. Lett. 357,194-202 (2012).

67. O'keeffe, M., Hyde, B. & Bovin, J.-O. Contribution to the crystal chemistry of orthorhombic
perovskites: MgSiO; and NaMgF;. Phys. Chem. Miner. 4, 299-305 (1979).

68. Walter, M. et al. Phase relations and equation-of-state of aluminous Mg-silicate perovskite
and implications for Earth’s lower mantle. Earth Planet. Sci. Lett. 222, 501-516 (2004).

69. Catalli, K. et al. Spin state of ferric iron in MgSiO; perovskite and its effect on elastic
properties. Earth Planet. Sci. Lett. 289, 68-75 (2010).

70. Knittle, E. & Jeanloz, R. Synthesis and equation of state of (Mg,Fe)SiO; perovskite to over
100 gigapascals. Science 235, 668-670 (1987).

71.  Andrault, D., Bolfan-Casanova, N. & Guignot, N. Equation of state of lower mantle
(AL Fe)-MgSiO, perovskite. Earth Planet. Sci. Lett. 193, 501-508 (2001).

72. Nomura, R. et al. Spin crossover and iron-rich silicate melt in the Earth’s deep mantle.
Nature 473, 199-202 (2011).

73. Sturhahn, W. CONUSS and PHOENIX: evaluation of nuclear resonant scattering data.
Hyperfine Interact. 125, 149-172 (2000).

74. Hsu, H., Blaha, P.,, Cococcioni, M. & Wentzcovitch, R. M. Spin-state crossover and hyperfine
interactions of ferric iron in MgSiO; perovskite. Phys. Rev. Lett. 106, 118501 (2011).

75.  Sinmyo, R., McCammon, C. & Dubrovinsky, L. The spin state of Fe** in lower mantle
bridgmanite. Am. Mineral. J. Earth Planet. Mater. 102, 1263-1269 (2017).

76. Liu, J. etal. Valence and spin states of iron are invisible in Earth’s lower mantle. Nat.
Commun. 9, 1284 (2018).

77.  Fujino, K. et al. Spin transition of ferric iron in Al-bearing Mg-perovskite up to 200 GPa
and its implication for the lower mantle. Earth Planet. Sci. Lett. 317, 407-412 (2012).

Acknowledgements K. Mossman and M. R. Gutierrez assisted with the FIB and STEM
measurements at Arizona State University; and Y.-J. Chang assisted with the FIB and STEM
measurements at University of Arizona. This work was supported by National Science
Foundation (EAR-1725094). This research used resources of the Advanced Photon Source
(APS), a US Department of Energy (DOE) Office of Science User Facility operated for the DOE
Office of Science by Argonne National Laboratory under contract number DE-ACO2-
06CH11357. We acknowledge the support of GeoSoilEnviroCARS (Sector 13), which is
supported by the National Science Foundation (NSF) - Earth Sciences (EAR-1634415), and the
Department of Energy, Geosciences (DE-FG02-94ER14466). Use of the COMPRES-GSECARS


https://doi.org/10.5281/zenodo.6979058
https://doi.org/10.5281/zenodo.6979058
https://doi.org/10.5281/zenodo.842949
https://doi.org/10.5281/zenodo.802392
https://doi.org/10.5281/zenodo.802392

gas loading system was also supported by COMPRES under NSF Cooperative Agreement EAR -
1606856. High-Pressure Collaborative Access Team (Sector 16) is supported by DOE-NNSA
Grant DE-NAO001974 and DOE-BES Grant DE-FG02-99ER45775.

Author contributions B.K. conceptualized the project, designed and performed the
experiments, analysed data and wrote the manuscript. S.-H.S. conceptualized and supervised
the project, acquired funding, designed experiments and wrote the manuscript. E.G., V.P., Y.M.
and D.Z. provided resources for the in situ XRD measurements and supervised the
experiments. E.E.A. and W.B. provided resources for the SMS measurements and supervised
the experiments. All authors reviewed the manuscript.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-022-05237-4.

Correspondence and requests for materials should be addressed to Byeongkwan Ko or
Sang-Heon Shim.

Peer review information Nature thanks the anonymous reviewers for their contribution to the
peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-022-05237-4
http://www.nature.com/reprints

Article

Irifune1994

3,000

2,750

2,500 A

Temperature (K)

Nishiyama2003
Nishiyama2004
Lee2004
0Ono2004
Murakami2005
Ono2005a
Ono2005b
Ohta2008
Kubo2008
Sanehira2008
Ricolleau2009
Ohta2010
Irifune2010
Auzende2011
Sinmyo02011
Sinmy02013

30

50

T
70

90

110

130

QDo eeeco000Qeo(0 00

Lobanov2020

Pressure (GPa)

Extended DataFig.1|Previousreports of existence (smallsymbols) or
absence (large symbols) of CaSiO, perovskite from experiments on pyrolitic

and peridotiticcompositions. The dataare collected fromrefs.

2,3,6-8,28,48-59

Mantle geothermsare shown asagrey areawith the lower bound fromref.*.and
theupperbound fromref.>. Diamonds: bridgmanite + ferropericlase + CaSiO,

perovskite. Circles: bridgmanite + ferropericlase or bridgmanite only. Squares:
bridgmanite (+ post-perovskite) +ferropericlase + CaSiO; perovskite.
Pentagons: bridgmanite (+ post-perovskite) +ferropericlase. The open symbols
arefromthisstudy.



20 (degrees)
6 8 10 12 14 16
Au o
& b 26 (degrees)
K100-1 8 10 12 14 16 18

at 96 GPa, 2,324 K

Au

CP64_006
at 64 GPa, 2,284 K

K00-2

CP77_030
at71 GPa, 1,869 K

Intensity (arbitrary units)
Intensity (arbitrary units)

33 30 27 2.4 21 1.8 15
d-spacing (A)

30 27 24
d-spacing (A)
Extended DataFig. 2 |InsituX-ray diffraction patterns measured at high areprovided astheblack, blue, and magenta labels. The diffraction peak
P-T conditions for the (a) komatiitic composition and (b) Ca-pyrolite. positions of CaPv are shown as the blue bars.

a,b, Miller indices of bridgmanite, CaSiO, perovskite, and Rh,05(1)-type Al,O,



Article

a
255 75
250 t\ Ca-pyrolite .
24.5
24.0
S 235 _
S e
«E 23.0 4 e
S 225 5
> 3
€ 2201 S
=] =
S 215 8
% 2104 b errorbars =
= 55] @ Ca-richBrg
200{ ® B
O Ricolleau 2009
| === Brg 80% + CaPv 20%
19.0
0 10 2 30 40 50 60 70 8 90 100
Pressure (GPa)
Cc
%61 O Brg Ca-pyrolite
O Cca-Brg
--- MgSiOs3 Brg
247 14 error bars
2 pod
[ -
o
o
(5]
z
©

T T T T

40 60
Pressure (GPa)

8'0 1('30
Extended DataFig. 3 | Effects of Cadissolution oncrystal structure of
bridgmanite. a,b, The molar volumes of bridgmanite (Brg) at high pressures
and300K.Thered andblue symbolsrepresent Ca-rich Brgand Brg, respectively.
Thesolid curves arefits of the solid symbol data points to the Vinet equation
with fixed Ky’ =4. The datashown as open symbols were not used for fitting.

The calculated molar volume of the Brg + CaSiO; perovskite (CaPv) assemblage
isplotted as the dashed black curve for comparison with uncertainties (the grey
shade).a, Theblue dashed curveis from Mg, Fe,Al-bearing BrginKLB-1 peridotite?.

b
» 170
25510 Komatiitic e %
250 L 165
24.5
— 240 A - 160
o
2 | —
E 35 é 155 a%
5 23.0 1 £
© 2254 8 8 9 95[150 3
g 2
2 220+ =
g L1as 8
= 215 =
© c
S 2101 W errorbars NI L1403
205 ® Ca-rich Brg ,
’ /\ Ca-rich Brg (CaPv observed) 135
2001 @ Bg = wemm—---T
1951 —--- Brg86%+CaPv14% r 130
19.0 ; . ; ; ; . ; ; :
0O 10 20 3 40 50 60 70 80 90 100
Pressure (GPa)
d
24 L
Og Brg Komatiitic
nl O CaBrg -
/\ Ca-Brg (CaPv observed) -
-
2] --- MgSiOs Brg Q
- error bars
@ 21
o
&
$ 201
s
19
18
17 4
16 +— : ; r : .
0 20 40 60 80 100

Pressure (GPa)

b, Theinsetis amagnified view for the purple triangles. c,d, The octahedral
tilting of Brg at high pressures and 300 K. The octahedral tilting angle for MgSiO,
endmember Brgis shown astheblack dashedline.d, Theredcircles (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 datapoints of Ca-rich Brg observed together with CaPvin XRD patterns
(K100-2; Methods). The error bars are estimated 1o uncertainties.



Intensity (arbitrary units)

K62
at62 GPa, 2,336 K

100 nm

0.45 0.50

1/d-spacing (A)

0.55

Extended DataFig. 4 |X-ray diffraction patterns and chemical analysis of
komatiiticcompositionsynthesized at 62 GPaand 2,350 K (K62) and
48GPaand2,000K (K48).a,b, Millerindices of Ca-richbridgmanite (Brg),
CaSiO; perovskite (CaPv), stishovite (St), and corundum (Crn) are provided as
theblack, blue, red, and magentalabels, respectively. The expected diffraction
peak positions of CaPv are shown as the blue bars. ¢,d, A high-angle angular

dark-field image (left) and chemical maps (right) of the recovered samples.
Asmallgrainof CaPvisrarely observedin ¢, as the majority of Ca exists in
Ca-Brgbecause ofanincreasein Casolubility in Brg with temperature.
However, at lower temperature CaPvis frequently observed because of low Ca
solubility in Brg at the conditions.



Article

26 (degrees)
8 10 12 14 16

R Ar Au

CF58M
at 58 GPa, 2,400 K

& ﬂ Au CF59M
l at 59 GPa, 2,150 K

Intensity (arbitrary units)

33 30 27 24 21 18 15
d-spacing (A)

Extended DataFig. 5| X-ray diffraction patterns ofthe Ca30Fel3 composition  blackandbluelabels, respectively. The expected diffraction peak positions of
athigh pressures and 300 K. Pressures were measure at 300 K after heating. CaSiO; perovskite (tetragonal, space group: 14/mcm) is shown as the blue bars.
The Millerindices of bridgmanite and CaSiO; perovskite are provided as the
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Extended DataFig. 6 |Synchrotron Mdossbauer spectra of bridgmanite
(Brg) and Ca-richBrg at 59 GPaand at 58 GPa after laser heating. The
synthesis temperatures were 2,150 Kand 2,400 K for Brg and Ca-rich Brg,

50

60

70 80 90 100 110 120
Time (nsec)

respectively. Thecircles are measured spectral data points and the curves are
spectralfitting results.
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Extended DataFig.7|Differencesintheseismic propertiesbetween the bridgmanite from bridgmanite + CaSiO, perovskite are shown for bulk sound
single-perovskite phase (Ca-richbridgmanite) case and the two perovskite  speed (®), bulk modulus (K;), and density (p) for the komatiitic composition at
phases (bridgmanite + CaSiO; perovskite) case. The differences of Ca-rich 300 K. Thegrey shades show the estimated 1o uncertainties.
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Extended DataFig. 8| The depth of the transition zone froma two-
perovskite domain (TPD; bridgmanite + CaSiO; perovskite) at shallower
depthstoasingle-perovskite domain (SPD; Ca-rich bridgmanite) at greater
depthsover timeinthelowermantle. a, The depth of the TPD-to-SPD
transition zone (TSTZ) was calculated for the mantle geotherms from ref. *
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(green) and ref.’ (orange) for Urey ratios (Ur) of 0.23, 0.38 (ref. %) and 0.8 (ref. %°).
Thethickness of the TSTZ was not considered for the calculation. b, A3-D plot
ofthe TSTZ depths for Ur = 0.38. The green and orange planesintersect the
grey planewhichrepresentsthe TSTZat2,300 K.
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a

Extended DataFig. 9 |High-angle annular-dark-fieldimages of the samples
of Ca-pyrolite (a) and komatiiticcomposition (b). a,b, The yellow boxes
indicate the areas where chemical compositions were measured, which are
presentedinFig.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, thatis, well crystallized

bridgmanite and ferropericlase. b, Chemical compositions were analysed at
thetop areaofthesample. The Ca-rich bridgmanite matrixis nearly
indistinguishable from the unheated glass since the Ca-richbridgmanite
matrix takes roughly 95vol% of the sample. However, the well crystallized
grains of other phases (Al,0,and SiO,) show that the areais well heated.



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

Components Ca-pyrolite Komatiitic CalOFel0 Ca30Fel3

SiO, 412(2)  441(1)  5002)  46.9(2)
AL O3 2.2(0) 4.2(1) NA 0.2(0)
FeO 4.6(1) 9.9(3) 5.0(1) 6.5(2)
MgO 43.0(2) 31.8(1)  4002)  31.7(1)
CaO 9.1(5) 8.8(1) 5.0(1) 14.7(7)
Na,O NA 1.2(1) NA NA

For Ca-pyrolite, we added CaSiO, to the pyrolite composition from ref. ™. The komatiitic composition was obtained from ref. 3,
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Extended Data Table 2 | Fitting results for synchrotron Méssbauer spectroscopy for Ca30Fe13 composition at high pressure
and 300K

Pressure . IS (0N
Run Phase (GPa) Site wt% (mm/s) (mm/s)
Fe’t #1 273 0.84 242

CF58M Ca-rich Brg 58 Fe2t #2 173 0.79 2.85

Fe3t 555 0.8 1.82

Brg Fe’™ #1 442 0.73 2.48
CF59M + 59 FeZt #2 10.3  0.99 3.25
CaPv Fe3t 455 0.14 1.73

IS: isomer shift; QS: quadrupole splitting. Isomer shift values of CF58M and CF59M are calibrated to FeSO,-7H,0 and stainless steel, respectively. The uncertainties of the values are less than 3%.



Extended Data Table 3 | Summary of the experimental runs

Composition Runs Beamline A (A) Medium P scale P (GPa) T (K) # of heating Analysis
spots
CalOFel0 CF40 13-IDD 04133 NaCl Au 39-42 (3) 1807-2526 (119-144) 4 Stab.
Ca-pyrolite ~ CP57 13-IDD  0.4133 Ne Au 51-63 (4) 2343-2592 (124-266) 3 Stab.
CP64 13-IDD  0.4133 Ar Au 64 (4) 2284 (254) 1 Stab., EOS, Chem.
CP65 13-IDD 04133  NaCl Au 61-68 (4-5)  2123-2909 (103-181) 3 Stab.
CP77 13-IDD 04133  NaCl Au 71-83 (5-6)  1869-3022 (123-313) 6 Stab., EOS
CP100 13-IDD 04133 NaCl Au 90-107 (6-7)  1932-2861 (129-224) 6 Stab.
Komatiitic K33 13-IDD  0.3344 Ne Au 33(2) 2200 (200) 3 Stab., EOS, Chem.
K48 16-IDB  0.4066 Ne Au 48 (3) 2000 (200) Stab, Chem.
K62 13-IDD  0.3344 Ne Au 62 (4) 2350 (350) Chem.
16-IDB  0.4066
K100 13-IDD  0.3344 Ne Au 100 (7) 2300 (150) Stab., EOS, Chem.
16-IDB  0.4066
K59B  13-IDD  0.3344 Brg,CaPv  55-69 (6-7)  2000-2700 (100-129) 12 Stab.
K73B  13-IDD  0.3344 Brg, CaPv 76-82 (8) 2027-2570 (100-152) 12 Stab.
Ca30Fel3 CF58M 13-BMC  0.4340 Ar Au 58 (2 at 300K) 2400 (100) M.S.
3-IDB
CF59M 13-BMC  0.4340 Ar Au 59 (2 at 300K) 2150 (300) M.S.
3-IDB

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