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S1. Chemical composition of the sample
The chemical composition of the sample in our previous studies with the use of Al2O3 pressure medium has never altered from that of the starting material (Okuda et al., 2019, EPSL; Okuda et al., 2020, PCM). We observe that this is owing to the presence of Au layers preventing direct contact of the sample and the Al2O3. 
To clarify the potential chemical reactions in our sample and Al2O3, we have checked the chemical composition of our bridgmanite sample before and after the experiment by electron probe microanalyzer (EPMA) JXA-8530F in Tokyo Institute of Technology. We found that the chemical composition did not change before and after the experiment (Table S3).
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Figure S1. DAC assembly of experiments with (a) DACMSRd01 and (b) MAOS3265. The culets used for DACMSRd01 and MAOS3265 were 120 and 300 µm, respectively. To minimize the temperature gradient in the sample, we made the DACMSRd01 sample very thin, with an initial thickness of ~4 µm.
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Figure S2. XRD patterns of (a) bridgmanite sample DACMSRd01 immediately after its synthesis, (b) clinoenstatite as a starting material for MAOS3265 bridgmanite, and (c) recovered bridgmanite sample MAOS3265 pre-synthesized in an MA. The Re peaks in Fig. S2a and Fig. S2b are from a Re capsule and from a Re gasket, respectively. 
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Figure S3. Pressure dependence of Mössbauer parameters. (a) Centre shift, (b) quadrupole splitting, (c) relative abundance, and (d) FWHM. Triangles, bridgmanite synthesized in a DAC (this study); circles, bridgmanite synthesized in an MA (this study). Green, grey, light blue and red symbols indicate components of Fe2+ #1, Fe2+ #2, Fe3+ #1, and Fe3+ #2, respectively.
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Figure S4. (a) Fe3+ versus Al3+ content of bridgmanite, and (b) pressure dependence of the Fe3+/ΣFe ratio. Yellow and blue diamonds, DACMSRd01 at 80 GPa and MAOS3265 at 50 GPa, respectively (this study); circles, Sinmyo et al. 1; squares, Lauterbach et al. 2; triangles, Frost and Langenhorst 3, respectively.	


S2. The valence state of Fe in the starting gel material
We could not obtain the Mössbauer spectrum of the starting material due to the beamtime limitation. To minimize the temperature difference in the axial direction in laser heating, we chose to make the initial sample thickness less than 5 µm. However, reduced sample thickness requires a longer collection time of Mössbauer spectrum for high-quality data, which led to a relatively long collection time per data. The used gel starting material was reduced in an H2-CO2 furnace, controlling the fO2 slightly above the iron-wüstite buffer. The color of the powdered gel sample has changed from orange to grey, indicating a sufficient transition of ferric to ferrous iron (Fig. S5). 
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Figure S5. Photograph of the gel starting material before (left), and after (right) the reducing procedure. 

S3. Completeness of the transformation of a starting gel material to bridgmanite in a DAC
The sample thickness was suppressed to ~5 µm for uniform heating of the axial direction, and the entire sample (~30×30 µm2) was heated using double-sided flat-top lasers with beam spot of > 30×30 µm2 for ~1 hr. 
We used a similar experimental set up in our previous studies that measured thermal conductivity of bridgmanite (Okuda et al., 2019 EPSL) and post-perovskite (Okuda et al., 2020 EPSL). Since unreacted amorphous gel has extremely low lattice thermal conductivity, an unreacted gel sample should significantly affect the bulk thermal conductivity. We clarified that sample synthesis with sample thickness of thinner than 15 µm and heating duration of ~1hr is enough for a complete crystallization based on the collected XRD patterns, thermal conductivity values, and from finite element method (see Okuda et al., 2020 EPSL for details). Therefore, we deny an unreacted gel in our bridgmanite sample. 
S4. Alternative fitting results
In the main manuscript we have introduced three doublets to sufficiently fit our data. Here we provide an alternative fit on our data with two doublets (Fig. S6). 
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Fig. S6. Mössbauer spectra fitted with two doublets.
The yielded hyperfine parameters CS and QS of Fe3+ component from spectra at 50 and 80 GPa were 0.179 and 1.772, and 0.184 and 1.497, respectively. The CS values of the Fe3+ component for both 50 (pink plot) and 80 GPa (red plot) are much smaller than the suggested HS-Fe3+ value, indicating that there are not only HS-Fe3+ but also LS-Fe3+ in our sample (Fig. S7). Therefore, we are confident of the presence of LS-Fe3+ in our sample.
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Fig. S7. Hyperfine parameters obtained from two doublets fitting.
 

S5. The effect of the spin transition of Fe in bridgmanite on the density contrast created in the early mantle

Whether primordial domains such as BEAMS (Ballmer et al., 2017) stabilize throughout the Earth’s history is suggested to be dependent on the density contrast between a shallow and deep region, rather than the actual density (Gülcher et al., 2019). Under a fractional crystallization, Caracas et al. (2019) showed that bridgmanite crystallizes at a shallower depth with increasing its Fe content as the magma ocean cools. This weakens the density contrast between a shallow and deep region. Although the amount of the density contrast in the mantle made by spin crossover is not huge as that that can be created by Fe content difference, since batch crystallization does not form a strong density difference and fractional crystallization even has a negative effect (Caracas et al., 2019), we expect that spin transition of Fe in bridgmanite influence creating density contrast in the lower mantle crystallized from the early magma ocean. 

S6. Supplementary Discussion

It has been shown that an Al-free and Fe3+-bearing bridgmanite contains Fe3+ in the B site and undergoes a spin transition at high pressure 4–12. To our knowledge, Catalli et al. 13 first confirmed that (Fe,Al)-bearing bridgmanite can also contain LS Fe3+ in the B site by synchrotron Mössbauer spectroscopy (SMS). A subsequent experimental study 14 suggested that the LS Fe3+ content increases with pressure at high temperatures by cation exchange:
Fe3+A,HS+Al3+B ⇔ Al3+A+Fe3+B,LS.	(1)
However, further experimental studies denied the occurrence of such cation exchange 15–17, which was also supported by theoretical studies 18–21. Thanks to further studies, it became evident that a compressed single-crystal sample pre-synthesized in a multi-anvil press shows no evidence of LS Fe3+ 15–17,22–24, as the case of our sample MAOS3265. Conversely, polycrystalline bridgmanite samples show LS Fe3+, though interestingly, this result is probe-dependent; SMS and X-ray emission spectroscopy (XES) measurements detected this species 14,25,26, but XRD did not 14,26,27, indicating that such bridgmanite can accommodate only a small amount of LS Fe3+. However, bridgmanite synthesized in a DAC directly from an amorphous starting material at relatively high pressure was reported to contain LS Fe3+ in the B site, which was confirmed by both SMS and XRD 13,28–31. A two-dimensional compilation of results from previous studies and the present study regarding the spin state of (Fe,Al)-bearing bridgmanite is shown below (Figure S8). Note that Shim et al. 31 synthesized their bridgmanite sample in a DAC and found that the oxidation state of Fe in bridgmanite changes with changing P-T conditions. This was attributed to the spin transition of Fe3+, but they lacked direct evidence from their obtained Mössbauer spectra. 
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Figure S8. The spin state of Fe in (Fe,Al)-bearing bridgmanite compiled in a two-dimensional diagram with the x-axis the sample synthesis pressure and the y-axis the sample grain size. 1st and 2nd quadrants, studies used a multigrain sample, 3rd and 4th quadrants, studies used a single-crystal sample. 1st and 4th quadrants, sample synthesized in a DAC, 2nd and 3rd quadrants, used a sample pre-synthesized in a MA. Numbers in the table denote the quadrants. *: discussed in Fujino et al. (2012). #: lack clear evidence from their SMS results, but has suggested being present from their Electron Energy-Loss Spectroscopy (EELS) results. ★: hiroseite with almandine composition. P: present; N: No evidence. T- and E-SMS, time- and energy-domain SMS, respectively.

To interpret the previous reports, the chemical composition is one of the important factors because principally (Fe,Al)-bearing bridgmanite with more Fe3+ than Al must incorporate Fe3+ in the B site to maintain its charge balance. The Fe3+ content of the bridgmanite sample used in Catalli et al. 13 exceeded its Al content; thus, the observed LS Fe3+ in their sample might have been Fe3+ in the B site meta-stably trapped to preserve the charge balance. This is also true for Kupenko et al. 25, which had significantly higher Fe contents than other studies; note that the other previous studies had comparable Fe3+ and Al3+ contents 13,14,26,29 or Fe3+<Al compositions 28,30, so it is difficult to solely explain the conflicting results by chemical composition. Here, our gel starting material was rather enriched with Fe2+, and bridgmanite had had more Al than Fe3+. The results in our DACMSRd01 bridgmanite clarified that the B site in bridgmanite can accommodate LS Fe3+, even at Al/Fe3+>1. The most recent SMS study showed that Fe2+0.55Fe3+0.12Al0.54Si0.73O3 hiroseite, the Fe-analogue of bridgmanite, do not show spin transition 32. This may be due to the relatively larger A-site compared to bridgmanite that all the larger Fe atoms may have preferred A over B-site. Not only the Al/Fe3+ ratio but also the Fe content may largely affect the site occupancies in bridgmanite. 
In addition to the chemical composition, the conflicting results in the 2nd and 3rd quadrants in Figure S8 were conventionally explained by thermal disorder. This stands in the point of view that Al3+ in the B site is sufficiently energetically preferable to both HS and LS Fe3+ there 18–21. The limited amount of LS Fe3+ located in the 2nd quadrant in Figure S8 that was confirmed by SMS measurements, e.g., ~5% 25, may be explained by the disorder caused by laser heating. The XES measurement performed by Fujino et al. 14 shown in the 2nd quadrant showed a higher relative abundance of ~20%, but we need to be aware that the collapse of the kβ’ peak in XES is also argued to be affected by its pressure-induced broadening under non-hydrostatic conditions 17,24. However, the different results located in the 1st and 3rd quadrants are unlikely to be explained by only the thermal disorder because of the relatively large LS fraction of Fe3+ shown in the studies in the 1st quadrant (Catalli et al. 13; this study). Likewise, all the reports located in the 1st quadrant involved gel or glass-state amorphous starting material so one may argue the unknown effect of the use of amorphous (i.e., having high entropy) material on the spin state and the formation of a metastable LS Fe3+ in B sites 19, but we do not believe that this is the case due to the observed large amount of LS Fe3+ in spite of the presence of the surrounding metallic Fe (also described later). Investigation of the spin state of (Fe,Al)-bearing bridgmanite directly synthesized not from gel or glass starting material but from oxide mixtures or mineral phases such as pyroxene or garnet in a DAC may clarify the effect of the use of amorphous starting material.
Zhu et al. 26 proposed that the kinetic barrier of cation exchange Eq. (1) can be large, which can also explain the undetected LS Fe3+ in studies located in the 3rd quadrant. This indicates the difficulty in achieving an equilibrium in the site distribution of Fe3+ even with thermal annealing, which was also suggested in a previous experimental study 14 and theoretical studies 19,20. This large kinetic barrier hypothesis can sufficiently explain the high LS Fe fraction in bridgmanite located in the 1st quadrant since that bridgmanite was directly synthesized from gel or glass-state amorphous starting material and hence did not require cation exchange Eq. (1) for accommodating LS Fe3+. In other words, the bridgmanite sample synthesized in an MA requires the cation exchange reaction for accommodating LS Fe in the B site since Fe3+ is initially HS and located in the A site, though Al3+ and Si are not thought to be energetically stable in the B site 19,20. As shown in Figure S8, a single crystal sample may have a larger kinetic barrier than a polycrystalline sample, which may be merely due to the crystal size difference, or reactions with other minor surrounding phases such as stishovite in the polycrystalline sample.
Here, the present experimental results strongly confirmed that bridgmanite directly synthesized at relatively high pressure can contain a certain amount of LS Fe3+; our DACMSRd01 bridgmanite synthesized from a reduced amorphous starting material well represents bridgmanite crystallized from a reduced magma ocean. The lower mantle bridgmanite crystallized from the magma ocean is also thought to coexist with metallic iron disproportionated from ferrous iron, which can be due to Fe3+-Al3+ 33 or Fe3+-Fe3+ 34 coupled substitution. Since our bridgmanite sample was synthesized from a well-reduced starting material, all the Fe3+ should have originated from the disproportionation of Fe2+ with the formation of metallic iron. When assuming Fe3+-Al3+ coupled substitution in our sample, since the Al3+ in the A site is thought to be unstable, the LS Fe3+ in the B site should react with the surrounding metallic Fe and transform to A-sited Fe2+. The fact that our DACMSRd01 bridgmanite crystallized from a Fe2+-enriched gel starting material contained a large amount of LS Fe3+ strongly indicates stable LS Fe3+ accommodation into bridgmanite, and supports the suggested disproportionation of ferrous iron in bridgmanite without the contribution of Al3+ 34.
To summarize, our study implies a disproportionation of Fe2+ to Fe3+ and metallic Fe in the ancient magma ocean with the contribution of the Fe3+-Fe3+ coupled substitution in bridgmanite 34, which crystallizes LS Fe3+-bearing bridgmanite and has profound implications for the Earth’s thermochemical evolution.
The present SMS measurement was conducted at only room temperature. Determining the spin transition depth in the actual lower mantle currently depends on theoretical studies 35 due to the lack of direct high-P,T spectroscopy measurements. Future studies on in situ SMS measurements of (Fe,Al)-bearing bridgmanite at high P,T can provide experimentally determined Fe spin transition depths in the lower mantle.
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Table S3. Chemical compositon of the samples



Mg Si Fe Al O



starting material 0.78(3) 0.94(2) 0.13(1) 0.11(1) 3.03(1) Mg0.78(3)Fe0.13(1)Al0.11(1)Si0.94(2)O3.03(1)



DAC sample, after experiment 0.75(1) 0.97(1) 0.14(1) 0.11(1) 3.02(1) Mg0.88(1)Fe0.13(1)Al0.11(1)Si0.91(1)O2.98(1)



MA sample 0.88(1) 0.91(1) 0.13(1) 0.11(1) 2.98(1)
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Polycrystalline
Reference LS-Fe Method Reference LS-Fe Method



Li et al.  (2004) P XES Nishio-Hamane et al.  (2008)　  P XRD*



Fujino et al.  (2012) P XES Catalli et al.  (2011)　  P T-SMS+XRD
Kupenko et al.  (2015) P E-SMS Shim et al.  (2017)　  P# T-SMS+EELS



Zhu et al.  (2020) P T-SMS+XES Okuda et al.  (2019)　  P XRD
Fujino et al.  (2012) N XRD Okuda et al.  (2020)　  P XRD
Okuda et al.  (2017) N XRD Dorfman et al.  (2020)　  N E-SMS★



Zhu et al.  (2020) N XRD This study (DACMSRd01) 　  P E-SMS
MA (< 25 GPa) DAC (> 45 GPa)



Boffa Ballaran et al.  (2012) N XRD
Potapkin et al.  (2013) N E-SMS
Glazyrin et al.  (2014) N XRD



Ismailova et al.  (2016) N XRD
Lin et al.  (2016) N T-SMS+XES



Mao et al.  (2017) N T-SMS+XRD
This study (MAOS3265) N E-SMS



Single crystal
1st and 2nd quadrants, studies used a multigrain sample, 3rd and 4th quadrants, studies used a single-crystal sample. 
1st and 4th quadrants,  sample synthesized in a DAC, 2nd and 3rd quadrants, used a sample pre-synthesized in a MA.
Numbers in the table denotes the quadrants.*: discussed in Fujino et al. (2012).
#: lack clear evidence from their SMS results, but has suggested to be present from their EELS results.
★: hiroseite with almandine composition. P: present; N: No evidence. T- and E-SMS, time- and energy-domain SMS, respectively.
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Table S1. Exposure time and procedure of the Mössbauer spectroscopy measurement.



MAOS3265 14 GPa (335 min) ← 50 GPa (370 min)A, 2000 K



DACMSRd01 12 GPa (950 min) ← 50 GPa (260 min) ← 80 GPa (610 min)A, 2500 K



←: pressure decrease. A: annealed before the SMS measurement. The annealed temperature is also shown.
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Table S2. Mössbauer parameters of Fe,Al-bearing bridgmanite



Pressure
(GPa)



Site CS (mm/s) QS (mm/s) FWHM (mm/s) Relative
abundance (%)



50 1 0.935(133) 2.391(317) 1.200(336) 43(12)



2 0.332(120) 1.375(283) 0.937(202) 35(8)



3 1.008(46) 3.827(100) 0.466(219) 22(10)



14 1 1.084(54) 1.966(95) 0.823(173) 43(9)



2 0.398(65) 1.308(121) 0.494(216) 58(25)



80 1 1.144(57) 2.049(98) 1.299(217) 45(8)



2 0.352(100) 1.513(99) 0.520(285) 24(13)



3 0.047(73) 1.391(107) 0.346(250) 19(14)



4 1.194(74) 4.240(152) 0.335(259) 12(9)



50 1 1.058(88) 2.006(56) 1.200(204) 57(10)



2 0.310(54) 1.910(127) 0.813(583) 26(19)



3 0.050(24) 1.596(194) 0.549(516) 16(15)



12 1 1.193(49) 1.740(42) 1.186(127) 59(6)



2 0.476(36) 1.558(50) 0.673(120) 41(7)



bridgmanite synthesized from enstatite in an MA (25 GPa, 1673 K)



bridgmanite synthesized from gel in a DAC (80 GPa, 2500 K)
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