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P L A N E TA R Y  S C I E N C E

Ferric iron stabilization at deep magma 
ocean conditions
Hongluo L. Zhang1*, Marc M. Hirschmann2, Oliver T. Lord3, Anja Rosenthal4,5,  
Sergey Yaroslavtsev4, Elizabeth Cottrell6, Alexandr I. Chumakov4, Michael J. Walter7

Fe2O3 produced in a deep magma ocean in equilibrium with core-destined alloy sets the early redox budget and 
atmospheric composition of terrestrial planets. Previous experiments (≤28 gigapascals) and first-principles calcu-
lations indicate that a deep terrestrial magma ocean produces appreciable Fe3+ but predict Fe3+/ΣFe ratios that 
conflict by an order of magnitude. We present Fe3+/ΣFe of glasses quenched from melts equilibrated with Fe alloy 
at 38 to 71 gigapascals, 3600 to 4400 kelvin, analyzed by synchrotron Mössbauer spectroscopy. These indicate 
Fe3+/ΣFe of 0.056 to 0.112 in a terrestrial magma ocean with mean alloy-silicate equilibration pressures of 28 to 
53 gigapascals, producing sufficient Fe2O3 to account for the modern bulk silicate Earth redox budget and surficial 
conditions near or more oxidizing than the iron-wüstite buffer, which would stabilize a primitive CO- and H2O-rich 
atmosphere.

INTRODUCTION
A notable feature of Earth’s accessible upper mantle is that it is com-
paratively oxidized relative to the metal-bearing primitive materials 
from which it accreted (1–3). The oxidation state of Earth’s mantle 
affects its chemical and physical properties, including its rheology 
(4), melting behavior (5), and the abundance and speciation of vola-
tiles (6). For example, the dominant terrestrial volcanic gases are 
H2O and CO2, rather than H2 and CO, because the oxygen fugacity 
(fO2) of Earth’s upper mantle is nearly six orders of magnitude great-
er than would be expected for peridotitic silicate in equilibrium with 
Fe-rich alloy at low pressure (5, 7).

Recently, attention has focused on the hypothesis that the oxi-
dized character of Earth’s mantle derived largely from the dispropor-
tionation of FeO to Fe2O3 and Fe in a deep magma ocean (8–13). 
Experiments and theoretical calculations show that silicate liquids in 
equilibrium with Fe-rich alloy have appreciable Fe2O3 at high pres-
sures (11–13). These results imply that early atmospheres developed 
above magma oceans may be oxidized, with abundant H2O and CO2 
(6, 8, 11, 12, 14, 15), and indicate that the oxidation states of the in-
teriors of rocky planets and exoplanets are directly related to their 
mass, which has notable implications for the relationship between 
the size of planets and their habitability (16).

Characteristic pressures of terrestrial core formation are thought 
to be between 28 and 53 GPa, which is established based on sidero-
phile element partitioning of metal-silicate equilibration [see compi-
lation in (10)], and even higher pressures are expected for super-earth 
exoplanets (17). But to date, there have been no experiments docu-
menting the Fe2O3 content of molten silicate in equilibrium with 
alloy above 28 GPa (9, 11, 13, 18). Further, previous results suggest 
highly divergent production of Fe2O3 in silicate liquids equilibrated 

with Fe-rich alloy. For example, theoretical calculations (12) predict 
that for Earth, core formation in a magma ocean at 30 GPa would 
yield a mantle in which 4 to 7% of the iron is Fe2O3, whereas ex-
trapolation of existing experimental results suggests ratios of 70% 
(11) or 35 ± 15% (13). Here, we present silicate melt–Fe-rich alloy 
melt equilibration experiments conducted at pressures relevant to 
core formation in Earth-sized planets to investigate the production 
of Fe2O3 in a deep magma ocean and the initial oxidation state of the 
early Earth’s mantle.

The team conducted laser-heated diamond anvil cells (LH-DACs) 
experiments at 3800 to 4200 K and 30 to 70 GPa on basaltic silicate 
melts, which were equilibrated with molten PtFe alloy. Experimental 
conditions are listed in table S1, and a range of PtFe alloy composi-
tions were used to vary fO2’s. The compositions of the quenched ba-
saltic silicate and Fe-alloy melts were analyzed by electron probe 
microanalyzer (EPMA), and the Fe3+/ΣFe of the quenched silicate 
glass was analyzed by energy-domain synchrotron Mössbauer spec-
troscopy (E-SMS) at beamline ID18 at the European Synchrotron 
Radiation Facility (ESRF). Measured Fe3+/ΣFe ratios (Fe3+/ΣFem) 
have been corrected using a recoilless fraction determined for basalt 
glasses [(19) and table S1] and are denoted as Fe3+/ΣFec ratios.

RESULTS
Experiments produced molten PtFe alloy spheres with 7.4 to 
38.4 atomic % Fe, surrounded by silicate melt, quenched to glasses 
with 14.8 to 31.7 weight % (wt %) FeO* and 40.1 to 31.8 wt % SiO2 
(tables S2 and S3). Glasses are homogenous at the spatial resolution 
of the EPMA analyses, without resolvable compositional (Soret) 
diffusion profiles [(20) and Fig. 1]. Alloy nanoparticles are absent or 
sufficiently sparse to be avoided during SMS analyses (fig. S1). The 
calculated fO2 in experiments, derived from silicate-alloy equilibri-
um using thermodynamic models of FeO in quenched silicate (10) 
and Fe in PtFe alloy (21) range from IW −0.4 to +0.8, where IW 
refers to the iron wüstite reference oxygen buffer [(22) and table S1]. 
The disproportionation reaction

is the source of the ferric iron created in our experiments.

3FeOmelt
= Fealloy + Fe2O3

melt (1)

1State Key Laboratory of Geological Processes and Mineral Resources, China Uni-
versity of Geosciences, Beijing 100083, China. 2Department of Earth Sciences, 
University of Minnesota, Minneapolis, MN 55455, USA. 3School of Earth Sciences, 
University of Bristol, Bristol BS81RJ, UK. 4ESRF–The European Synchrotron, CS40220, 
38043 Grenoble Cedex 9, France. 5Research School of Earth Sciences, Australian Na-
tional University, Canberra, Australia. 6National Museum of Natural History, Smith-
sonian Institution, Washington, DC 20560, USA. 7Earth and Planets Laboratory, 
Carnegie Institution for Science, Washington, DC 20015, USA.
*Corresponding author. Email: zhanghl@​cugb.​edu.​cn

Copyright © 2024 The 
Authors, some rights 
reserved; exclusive 
licensee American 
Association for the 
Advancement of 
Science. No claim to 
original U.S. 
Government Works. 
Distributed under a 
Creative Commons 
Attribution 
NonCommercial 
License 4.0 (CC BY-NC). 

D
ow

nloaded from
 https://w

w
w

.science.org on O
ctober 16, 2024

mailto:zhanghl@​cugb.​edu.​cn
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adp1752&domain=pdf&date_stamp=2024-10-16


Zhang et al., Sci. Adv. 10, eadp1752 (2024)     16 October 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

2 of 10

E-SMS spectra of quenched silicate glasses consist of two broad-
ened doublets derived from paramagnetic Fe2+ and Fe3+ (Fig. 1B). 
Fe3+/ΣFem and Fe3+/ΣFec ratios, resolved hyperfine parameters 
[center shifts (CSs) and quadrupole splittings (QSs)] are given in 
table S1 and data S1). The accuracy of these values was evaluated 
by analyzing four secondary standard mafic glasses quenched 
from experiments at 100 kPa to 5.5 GPa (data S2), which were ana-
lyzed previously by conventional Mössbauer spectroscopy [CMS; 
(9, 23)]. Details of these experiments, their analyses, the effects of 
using different software packages, and assumptions about peak 
shapes to resolve Fe3+/ΣFem ratios can be found in the Supplemen-
tary Materials. The Fe3+/ΣFem ratios determined for the secondary 
standard mafic glasses by CMS and E-SMS agree within uncertain-
ties, with the absolute values differing by an average of 0.008 ± 0.007 
(fig. S2).

Resolved hyperfine parameters are similar to those observed 
previously for glasses quenched at 100 kPa or quenched from high 
pressure (up to 8 GPa) but analyzed after relaxation to 100 kPa (fig. 
S3) and are consistent with Fe2+ and Fe3+ in high spin octahedral 
coordination. No trends in hyperfine parameters with pressure 
that would possibly indicate a change in the bonding environment 

are apparent in the decompressed glasses (fig. S4). Fe3+/ΣFec ratios 
range from 0.20 ± 0.01 to 0.44 ± 0.01 and do not show a strong 
pressure dependence (Fig. 2). The trend has some scatter, partly 
because of the effects of variable log fO2, temperature, and bulk 
composition.

We used experimental determinations from this study, com-
bined with earlier results from experiments that quenched to glass-
es (9, 11, 18), to refine a previous thermodynamic model (10, 12) 
for the prediction of Fe3+/ΣFe ratios of silicate melts as a function 
of composition, temperature, pressure, and fO2 (see Supplementary 
Materials and Fig. 2). Because mismatches between the experi-
ments and the previous fourth order Birch-Murnaghan model 
[(10, 12) and fig. S5] are small and the compositional and tempera-
ture variations among all experiments are distributed unevenly, we 
refined only parameters that affect the pressure dependence, as 
documented in the Supplementary Materials. As listed in table S4, 
we explored multiple fitting strategies, making sure to avoid overfit-
ting. The preferred model incorporates values from this study for the 
bulk modulus, K, and its pressure derivative K′ (“fit 1” in table S4) 
and reproduces the experimental Fe3+/ΣFec ratios with an average 
difference of 0.05.

Fig. 1. Experiment DAC 93 (43.4 GPa, 3802 ± 93 K): Secondary electron image and elemental maps and E-SMS spectrum of quenched silicate glass. (A) EPMA 
wavelength dispersive spectrometry (WDS) elemental maps of Si, Al, Ca, Pt, and Fe together with an secondary electron image (SEI) of DAC 93, showing the very light grey 
PtFe alloy in the center and chemically homogeneous region of melt quenched to glass (dark gray). The color bars at each map right are counts. The homogeneous glass 
is surrounded by cooler regions that quenched Ca-perovskite (Ca-per) and stishovite (stv). The red ellipse in the SEI image represents the size and position of the 3.5 × 
11–μm x-ray beam used for E-SMS analyses. (B) the E-SMS spectrum of quenched silicate glass of DAC 93 consists of one asymmetric doublet from the beamline optics 
(Fe impurities in Be lenses and windows) and one symmetric and asymmetric Voigt doublet from paramagnetic Fe3+ and Fe2+, respectively.
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DISCUSSION
In contrast to low pressure (100 kPa) conditions, where silicate melts 
at IW −0.4 to +0.8 have small Fe3+/ΣFe ratios [e.g., 0.03 to 0.06 (15) 
or 0.06 to 0.09 (10) at 2000 K], the Fe3+/ΣFec ratios for high pressure 
melts from 38 to 71 GPa are much larger (0.20 to 0.45). Thus, the LH-
DAC experiments confirm that equilibration with liquid Fe alloy at 
pressures similar to core segregation in deep magma oceans can pro-
duce appreciable oxidized iron, as originally proposed by Hirschmann 
(8) and as shown by previous high-pressure experiments (11, 13) and 
first-principles calculations (12).

Given the comparatively oxidized conditions of the LH-DAC 
experiments, the observed Fe3+/ΣFec ratios suggest moderate sta-
bilization of Fe2O3 at pressures and fO2 applicable to alloy-silicate 
equilibration in a deep terrestrial magma ocean (Fig. 2). The Fe3+/
ΣFec ratios are substantially lower than the enrichments expected 
based on extrapolation of the experiments of Armstrong et al. (11) 
and Kuwahara et al. (13) and are of a similar magnitude to values 
predicted by the first principles equations of state (EOS) with 
12.5  mole % (mol %) FeO calculated by Deng et al. (12), but are 
greater than the first principles EOS with 25 mol % FeO from Deng 
et al. (12). Our data together with our model (‘fit 1’) show that, for 
iso-fO2 and isothermal conditions, the d(Fe3+/ΣFe)/dP slope levels 
off over the pressure range investigated (38–71 GPa, Fig. 2).

Fe3+/ΣFe ratios calculated with our thermodynamic model re-
produce Fe3+/ΣFec ratios observed in glasses quenched from low-
pressure (<8 GPa) experiments with a maximum difference of 0.09 
(data S3 and fig. S6). For the high-pressure LH-DAC experiments at 
≥38 GPa, the model reproduces Fe3+/ΣFec ratios with an average 
and maximum difference of 0.075 and 0.15, respectively (data S1 
and fig. S6). Conversely, the model predicts ratios notably lower (by 

as much as 0.47) than intermediate-pressure (10 to 28 GPa) experi-
ments that produced crystalline quench products rather than glass-
es (data S3). The conversion of melt to quenched crystals may have 
compromised these experiments, either owing to disproportion-
ation during quench or by creating challenges to the accurate spec-
troscopic characterization of Fe3+/ΣFem in the resulting complex 
phase assemblages. Future studies producing glasses quenched be-
tween 7 and 35 GPa are needed to better characterize iron redox in 
silicate melts at these conditions.

Our revised thermodynamic model allows the calculation of 
Fe3+/ΣFe ratios in a well-mixed magma ocean as a function of the 
mean pressure of silicate-alloy equilibration (Fig. 3). For silicate-
alloy equilibration along magma ocean geotherms [see the Supple-
mentary Materials and (24)], calculated Fe3+/ΣFe ratios increase 
with depth. The disproportionation reaction (Eq. 1) is the source of 
Fe3+ in the deep magma ocean. The calculated Fe3+/ΣFe ratios with 
our model (fit 1) are much lower than implied by using a third-order 
Tait EOS from Armstrong et al. (11) or Kuwahara et al. (13), greater 
than predicted by the fourth-order Birch-Murnaghan EOS from 
Deng et al. (12) and similar to but slightly greater than those calcu-
lated from the model of Hirschmann (10), which uses the EOS of 
Deng et al. (12) (Fig. 3).

At plausible mean pressures of equilibration between the magma 
ocean and core-destined molten alloy [28 to 53 GPa (10)], the 
predicted Fe3+/ΣFe ratios range from 0.056 to 0.101 for the low-
temperature (T0 = 2100 K) geotherm and 0.070 to 0.112 for the 
high-temperature (T0 = 2500 K) geotherm of Stixrude et al. [fig. S7 
and (24)]. These values span the Fe3+/ΣFe ratios (0.075 to 0.115; see 
the Supplementary Materials) needed to account for the redox bud-
get (25, 26) of the bulk silicate Earth [BSE; (3, 10)] (Fig. 3). Therefore, 

Fig. 2. Fe3+/ΣFec ratios of silicate melts quenched from LH-DAC experiments, determined by E-SMS. Fe3+/ΣFec ratios are resolved from E-SMS using SYNCmoss (61) 
and corrected for the effects of the recoilless free fraction following Zhang et al. [(19); correction factor, C = 1.125]. Different symbols refer to different fO2’s relative to IW 
(22), and symbol colors indicate experimental temperatures. The curves are calculated from the thermodynamic model (fit 1; table S4) with equation S18 at 4000 K using 
a silicate composition derived from the average of the experimental glasses at IW −0.5, IW, IW +0.5, and IW +1.0. Note that the curves presented here are for a single melt 
composition and temperature and therefore do not fully capture the variations observed in the experiments, which have variable melt compositions and temperatures. 
The inset shows the consistency between the Fe3+/ΣFec ratios obtained from experiments and those calculated using our model (fit 1).
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all of the present-day BSE redox budget may feasibly have originated 
by FeO disproportionation in Earth’s liquid silicate magma ocean. 
Additional contributions from bridgmanite disproportionation (1) 
or hydrogen escape (27, 28), tending to further oxidize the BSE, or 
late accretion, tending to reduce it (3, 27), are not excluded, but their 
contributions may have been small or largely canceling.

The Fe3+/ΣFe ratio in a well-mixed magma ocean influences the 
chemistry of the overlying atmosphere (8). With increasing mean 
depth of silicate-alloy equilibration, the magma ocean’s Fe3+/ΣFe ra-
tio varies. At pressures above approximately 4 GPa, this results in an 
increase in fO2 and CO2/CO and H2O/H2 ratios in the atmosphere 
above the magma ocean (Fig. 4). Hotter silicate-alloy equilibration 
produces more Fe2O3 and therefore results in more oxidized surface 
conditions. Because different models (10, 15) for the relationship be-
tween fO2 and Fe3+/ΣFe in peridotite melt disagree at moderately 
reducing conditions, two separate calculations are shown in Fig. 4, 
i.e., the model by Hirschmann (10) and the model by Sossi et  al. 
(15). When applying pressure and temperature conditions plausible 
for a surficial magma ocean (2273 K and 100 kPa), both models 
however affirm that the predominant C and H species overlying a 
magma ocean equilibrated with alloy at 28 to 53 GPa [see review 
(10)] are, respectively, CO and H2O. Because H2O is far more solu-
ble in silicate liquids than CO (or CO2), the hot atmosphere above a 

terrestrial magma ocean will be dominated by CO, with much of the 
H2O sequestered in the magma ocean itself (29, 30). For Mars, liquid 
silicate–liquid alloy equilibration at a mean pressure of 14 GPa, 2200 K 
(31, 32), and ΔIW = −1.5 to −1.1 (10) yield a Fe3+/ΣFe ratio of 0.029 
to 0.034 (Fig. 3). This would produce modestly reduced surface con-
ditions [ΔIW = −1.31 to −0.91 (10) or ΔIW = −0.50 to −0.20 (15)] 
and an atmosphere rich in CO, H2O, and possibly H2 (Fig. 4). How-
ever, upon solidification of the Mars’s magma ocean and oxidation 
of Cr2+ to Cr3+, nearly all of the magma ocean’s Fe2O3 would be 
eliminated (10), resulting in a highly reduced solidified mantle. Yet, 
this is incompatible with the modestly oxidized character of Martian 
igneous rocks [≥IW; (33)]. Possibly, the redox state of the Martian 
mantle was affected considerably by hydrogen escape from the 
magma ocean atmosphere, as evidenced by notable D/H enrich-
ments in the Martian mantle (34). We note, however, that the EOS 
we use is not optimized at 14 GPa as it has been calibrated at higher 
pressure. In addition, the predictions for Martian magma ocean 
conditions are limited and have more uncertainty than for the 
terrestrial case.

LH-DAC experiments at 38 to 71 GPa affirm that Fe2O3 is stabi-
lized in a deep magma ocean in equilibrium with liquid Fe alloy. On 
the basis of these results, an updated EOS for Fe oxides in silicate liq-
uids reveals that the Fe2O3 generated in a terrestrial magma ocean 

Fig. 3. Fe3+/ΣFe ratios of Earth’s magma ocean generated during and just after core formation as a function of pressure and surface magma ocean fO2 relative 
to the IW buffer for those Fe3+/ΣFe ratios. Fe3+/ΣFe ratios (left y axis) of silicate melts in equilibrium with core-destined alloy for the bulk silicate composition of Earth 
(BSE) (62), as a function of pressure along two magma ocean (MO) adiabats using the thermodynamic model from this work (fit 1) and previous thermodynamic models 
(10–12), as well as interpolation of recent high pressure experiments to 28 GPa (13). The two MO adiabats (fig. S7; “Hi T”: T0 = 2500 K; “Low T”: T0 = 2100 K) are defined by 
Stixrude et al. (24). Along the MO adiabats, the log fO2 set by metal-silicate equilibrium is calculated on the basis of the compositions of the silicate melt and liquid alloy and 
the thermodynamic properties of FeO and Fe in their respective melts, as detailed in the Supplementary Materials. The orange box shows the intersection of the mean 
depth of equilibration of metal and silicate in a terrestrial MO [from the compilation in (10)] and the range of Fe3+/ΣFe of the MO required to account for the BSE redox 
budget (Fe3+/ΣFeMO = 0.095 ± 0.02; see the Supplementary Materials). Our model curve yields Fe3+/ΣFe ratios of 0.056 to 0.112, which apply throughout the MO, while 
other models are either higher (11, 13) or lower (12), except Hirschmann (10), which crosses the lower boundary. The right y axis shows the fO2 at the MO surface, calculated 
at 100 kPa and 2273 K from the model of Hirschmann (10), based on the Fe3+/ΣFe ratios displayed on the left y axis. Also shown is the calculated Fe3+/ΣFe ratio applicable 
to Mars, with core forming conditions at 14 GPa, 2200 K, log fO2 ranging from IW −1.5 to −1.1, and the silicate composition of bulk silicate Mars (63).
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with mean alloy-silicate equilibration pressures of 28 to 53 GPa could 
feasibly account for the entire BSE redox budget and would produce 
surface conditions ranging from IW −0.41 to +1.30 (10) or IW +0.68 
to +1.98 (15), which would foster an atmosphere primarily composed 
of CO and H2O.

MATERIALS AND METHODS
Starting materials
A basaltic composition similar to previous work (23) was used as the 
starting material and was prepared from reagent-grade oxides (SiO2, 
Al2O3, Fe2O3, TiO2, and MgO) and carbonates (CaCO3, Na2CO3, 
and K2CO3). Before weighing, the oxides and carbonates were de-
volatilized following procedures as described by Zhang et  al. (9). 
Appropriate proportions of these reagents were then ground in an 
agate mortar and pestle with ethanol for at least 1 hour until the 
grinding sound ceased and then devolatilized by firing at 1000°C for 
48  hours with a heating rate of 100°C/hour. Last, the iron oxide, 
added as 100% 57Fe2O3, was mixed into the starting materials by 
grinding under ethanol, to analyze Fe3+ using E-SMS. The starting 
material was then reduced at 1000°C in a CO2:CO atmosphere with 
fO2 corresponding to the quartz-fayalite-magnetite (QFM) buffer 
for 12 hours.

The basaltic starting material was melted and rapidly quenched 
to a glass in a single experiment (B3) performed in an aerodynamic 

levitation furnace at the University of Bristol (UoB). A pressed cy-
lindrical pellet of the starting material was first heated on a copper 
hearth using a Nd:yttrium-aluminum-garnet fiber laser until partial 
melting produced a sphere approximately 1 mm in diameter. The 
sphere was then levitated in flowing argon gas and heated using the 
same laser at a power of 30 W for 1 min to super liquidus conditions 
and quenched by switching off the power to the laser. The glass bead 
was then broken into several pieces, with three random pieces ex-
tracted and examined for homogeneity and chemical composition 
using back-scattered electron images and wavelength dispersive 
spectrometry (WDS) EPMA analyses. Details of the quantitative 
analyses of the basaltic starting composition are given in table S2. 
The remaining pieces were ground into powder under ethanol in an 
agate mortar for over 2 hours. A portion of the powder was mixed 
with powdered sugar for CMS, and the rest was pressed into ~15-μm 
glass powder discs with a tablet press.

Pt foil with a thickness of 2 μm (99.95%; Goodfellow) was cut into 
~30- to 40-μm-diameter disks using a New Wave ultraviolet (UV) laser 
ablation system operating at a wavelength of 266 nm, a pulse frequency 
of 20 Hz, and a pulse width of 40 ns. Some of the discs were double 
coated with Fe of different thicknesses (0.286 μm for Pt95Fe5, 0.572 μm 
for Pt90Fe10, and 0.962 μm for Pt85Fe15, with subscripts referring to 
weight proportions) using a Quorum Q150T-ES magnetron sputter 
coater equipped with an Fe target of 99.95% purity (Goodfellow) to 
vary the redox conditions of the LH-DAC experiments.

Fig. 4. logfO2 at the surface of a terrestrial magma ocean as a function of the mean pressure of equilibration of the magma ocean with core-destined alloy and 
corresponding ratios of volatile species in the atmosphere [log(fCO2/fCO) and log(fH2O/fH2)]. The fO2 level at the surface of a magma ocean (MO) rises with increas-
ing metal-silicate equilibration pressure because Fe3+/ΣFe of the silicate melt increases in this pressure range (Fig. 3). In a well-mixed magma ocean, the Fe3+/ΣFe ratio 
remains constant throughout the magma column. Accordingly, the H2O/H2 (light blue scale) and CO2/CO (green scale) ratios (right y axis) of the overlying atmosphere also 
increase as the metal-silicate equilibration depth increases. High-temperature (T0 = 2500 K) and low-temperature (T0 = 2100 K) adiabats (24) are shown, with more oxi-
dized conditions resulting for the hotter magma ocean geotherm. Two models (10, 15) are used to convert Fe3+/ΣFe in the magma ocean to surface log fO2. Under reduc-
ing conditions, where large changes in fO2 correspond to small variations in Fe3+/ΣFe, small differences in the two models convert to notably different fO2 for the same 
Fe3+/ΣFe ratios [see figure 9 in (10)]. The vertical gray band shows the expected mean pressures of equilibration for core formation on Earth, as in Fig. 3. Surface fO2 and 
gas speciation are calculated using JANAF (64) for the indicated surface fO2’s on the left-hand y axis at pressure and temperature conditions plausible for a surficial magma 
ocean (2273 K and 100 kPa). The red and blue vertical lines on the right of the plot represent the ranges of surface logfO2 and volatile species ratios that correspond to the 
pressure interval of Earth’s magma ocean. Also shown are surface redox and atmospheric compositions calculated for Mars at 2000 K and 100 kPa.
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Diamond anvil cell preparation
High-pressure experiments were performed in “Princeton-type” 
symmetric DACs using type I diamond anvils with culet diameters 
of 200 or 250 μm. Re and steel gaskets were pre-indented to 20 to 
25 GPa and ~20 GPa, respectively. One sample chamber was drilled 
in each indentation with a diameter ~1/3 of the culet size using 
the UV laser ablation system described previously. All sample cham-
bers were filled with two ~15-μm-thick glass power discs with one 
~2-μm-thick PtFe alloy foil between them (fig. S8). The glass powder 
discs act as both thermal insulation and starting material, so no 
other potential contaminants were required. Before sealing and 
pressurizing, the loaded DAC was heated to ~120°C for about 1 hour 
to remove adsorbed water and then closed.

Pressure measurement
Pressure was determined on the basis of the Raman shift of the sin-
glet peak related to stress in the (001) direction at the diamond culet 
surface (35) using the calibration relative to the ruby fluorescence 
scale of Mao et al. (36) presented in Baron et al. (37). Raman shifts 
were measured using a confocal Jobin Yvon T64000 Raman micro-
scope with a spectral resolution of ∼0.4 cm−1 and a diffraction-
limited focal volume with a diameter of ~4 μm. For each experiment, 
the pressure was measured at the center of the culet before laser 
heating and directly on the heated spot after laser heating. Pre-
heating and post-heating pressure measurements are reported in 
table S1. Only post-heating pressures have been used during the fol-
lowing thermodynamic fitting procedure. We do not correct for 
thermal pressure because we have not measured its magnitude in 
experiments with this specific geometry and composition. Previous 
experiments indicate that the thermal pressure in typical DAC ex-
periments does not exceed ~10% of the pressure measured at room 
temperature (38, 39).

Laser heating and temperature measurement
After compression, samples were heated using the double-sided laser 
heating system installed in the School of Earth Sciences, UoB. The 
system consists of two 100-W Yb-doped fiber lasers (λ =1070 nm) 
coupled with beam-shaping and beam-expanding optics to maximize 
the uniformity of the energy density while maximizing the size of the 
heated spot to minimize radial temperature gradients. The beam was 
aimed at the center of the PtFe foil. During the experiments, a spe-
cific heating protocol, referred to as “ramp mode,” was implemented 
following Baron et al. (37). This mode entailed the incremental and 
automated increase of laser power by approximately 0.2 W on each 
side every 4 to 6 s, leading to a heating rate of 500 to 1500 K/min. 
Super-liquidus conditions were maintained for at least 30 s to ensure 
equilibration between the silicate glass and PtFe alloy (figs. S7 and 
S9). After that, the sample was quenched near-instantaneously by 
switching off the power to the lasers.

At each step during the laser heating, the sample temperature 
was measured using one-dimensional (1D) spectroradiometry (40) 
and 2D multispectral imaging radiometry [MIR; (41)]. Thermal 
emission spectra were simultaneously captured on both sides of the 
sample across a 2-μm-wide strip, covering a wavelength range of 
570 to 830 nm. Temperatures were determined by normalizing the 
spectra to that of a NIST-calibrated W-lamp of known spectral radi-
ance. Normalized sample spectra were fitted to the Wien approxi-
mation to the Planck function. To minimize the effects of chromatic 
aberration, a 200-μm bandpass was selected from each measured 

spectrum that minimized the average analytical error. The temper-
ature precision during the fit was typically better than 10 K at 
3000 K. To mitigate artifacts caused by the spatial resolution of the 
charge-coupled device (CCD) at the object plane (∼1 μm) being 
smaller than the system’s actual optical resolution (∼3 μm), a boxcar 
smoothing procedure was implemented on all temperature profiles. 
Temperature cross sections measured from both sides of one ex-
periment (DAC 93) are plotted versus time in fig. S9A. The tempo-
rally and spatially averaged temperatures (Taverage) given in table S1 
are those used as characteristic of sample conditions and for input 
into the thermodynamic models. Uncertainty in the accuracy of 
measured temperatures arise from the wavelength dependence of 
the sample emissivity. On the basis of measurements of the absorp-
tion properties of oxides and lower mantle silicates at high pressures 
and temperatures over the wavelength range used in this study for 
spectroradiometry and MIR, temperatures may be overestimated by 
several hundred degrees kelvin (42,  43). However, the spectral 
emissivity of the silicate melts formed in our experiments at high 
temperatures have not been measured, and we do not correct our 
temperatures for this unknown effect. For a comprehensive under-
standing of the laser heating and temperature measurement sys-
tem used in this study, including calibration, benchmarking, and 
uncertainties, we refer readers to the work of Lord et al. (44) and 
references therein.

2D temperature maps were acquired using four-color MIR. In 
this method, a ×50 magnified image of the sample is focused onto 
each quadrant of a CCD camera (SBIG Model ST-402ME) at four 
distinct wavelengths (579, 670, 753, and 851 nm). When spatially 
correlated, this leads to four wavelength-intensity data points at 
each pixel, which can be fitted using the Wien approximation to the 
Planck function to yield temperature and emissivity. All processing 
was performed on the fly with a spatial precision of ±1 pixel using 
the MIRRORS software package (45). The major advantage of MIR 
over 1D spectroradiometry is its ability to always capture the peak 
temperature of a sample, even when the hotspot is moving rapidly 
within a dynamic, super-liquidus sample. A 2D temperature map 
and error map of experiment DAC 93 is shown in fig. S9 (B and C), 
and the peak temperatures measured during heating are shown in 
movie S1.

Decompressed sample preparation
To obtain the Fe3+/ΣFem ratios in samples decompressed from DAC 
experiments, it is essential to expose both sides of the heated spot. 
The minimum beam size of our synchrotron Mossbauer spectroscopy 
measurements was 3 × 7 μm at ID18 at ESRF and generally is 4 × 
11 μm (46). Therefore, the larger the area exposed on both sides of 
the heated area, the better. Thus, the following steps were performed 
and illustrated in fig. S10:

1) The culet regions of decompressed gaskets were cut out with 
the same UV laser ablation system described previously.

2) The cut-out culet was placed on a flat surface, surrounded with 
a 1-inch mold, and back-filled with epoxy.

3) The cured epoxy was polished to expose the heated glass area 
using 1500, 3000, and 4000-grit polishing pads. During this pro-
cess, it was possible to visually verify whether the PtFe metal ball 
was in the glass pool. If the PtFe metal ball was present, then pol-
ishing continued with 1-μm Buehler diamond suspension until 
the metal ball was exposed. Only experiments with PtFe balls are 
reported.
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4) Successfully polished samples were coated with carbon and 
analyzed using a JEOL JXA8530F Field Emission Gun EPMA.

5) After the EPMA analyses, the sample was remounted in epoxy 
as in step two, polished side upward. After curing, most of the old 
epoxy was cut away with a blade saw.

6) The old left epoxy and the new cured epoxy were then polished 
to expose the second side of the heated glass pool; the double polished 
samples’ thickness is ~5 μm.

7) The back epoxy was polished down to a 1 mm in thickness.

Piston cylinder experiments
For E-SMS analyses, we examined secondary standard glasses for 
which Fe3+/ΣFem had also been determined by CMS. These came 
from the study of Zhang et al. (9), but one additional glass not previ-
ously reported was also used. This glass, with the same andesitic 
composition as those described by Zhang et al. (9), was produced 
to  yield a composition in which all the iron was Fe3+. The glass 
(End3+) was made in a piston cylinder (PC) experiment conducted 
at 3 GPa, 1400°C for 2 hours. Fe for this material was added as 
Fe2O3, consisting of 70% normal reagent oxide and 30% 57Fe2O3 
(Isoflex Inc.). The starting material together with about 10 wt % 
PtO2 was placed in a 2-mm-diameter Pt capsule as two layers. The 
experiment was performed in a half-inch, end-loaded PC apparatus 
at the University of Minnesota, Twin Cities. The assemblies and 
pressure calibrations are reported by Xirouchakis et al. (47), and the 
temperature was measured using a type B thermocouple (Pt70Rh30/
Pt94Rh6), with calibrations by Zhang and Hirschmann (48). The 
quenched glass was extracted from the capsule, and random pieces 
were selected and double-polished for optical examination, EPMA, 
and E-SMS analysis. The remainder was ground to powder and mixed 
with sugar for CMS.

EPMA
Sample textures were examined by backscatter electron and secondary 
electron imaging. Major element concentrations of quenched glasses 
and PtFe alloys were determined by WDS using JEOL JXA8530F 
EPMAs at UoB and at the University of Science and Technology of 
China (USTC). A focused beam with an acceleration voltage of 
15 kV and a beam current of 10 nA was used. Counting times were 
20 and 10 s for peak and background, respectively, for both standard 
analyses and unknown samples. Data were acquired using the fol-
lowing diffractometer crystals: LiFH for Fe Kα; PETJ for K Kα and 
Ca Kα; PETL for Ti Kα and Pt Lα; and TAP for Al Kα, Mg Kα, Si Kα, 
and Na Kα (TAPH for Na and Al at UoB). Mineral and glass stan-
dards—including albite for Si, Na, and Al; TiO2 for Ti; magnetite 
(USTC) and fayalite (UoB) for Fe; sanidine for K; wollastonite (UoB) 
and diopside (USTC) for Ca; and olivine for Mg from Jarosewich 
et al. (49)—were chosen on the basis of an analysis of secondary 
glass standards. Pure Fe and Pt metals were used as standards to 
analyze the PtFe alloys. Si was also analyzed to ensure the beam was 
on the alloy. Matrix corrections were computed with probe for 
EPMA software. United States Geological Survey glasses BCR-2G 
(50) and in house glasses 3570 at UoB (51) were analyzed as sec-
ondary standards before sample analysis sessions. The intensity 
data of standards, secondary standards, and unknown samples were 
checked for time-dependent intensity (TDI) changes with probe for 
EPMA software, and values for Si Kα and Na Kα were corrected us-
ing a self-calibrated function; no TDI effect was detected for other 
elements. The compositions of silicate glasses and PtFe alloys from 

the LH-DAC experiments, B3, and secondary standards are listed in 
tables S2 and S3.

Conventional Mössbauer spectroscopy
CMS of starting basaltic glasses (B3) were collected using a con-
stant acceleration Ranger spectrometer at the Institute for Rock 
Magnetism, University of Minnesota, and the measurements were 
carried out with a 57Co/Rh source and a pure Fe foil calibrant at 
room temperature (293 K). Data were collected over 512 channels 
and then folded to produce 256 unique channels. All spectra were 
collected over at least 1 day until sufficient (>1,000,000) counts 
per channel were accumulated to minimize statistical error. Sample 
mounts consisted of powdered glass mixed with powdered sugar 
evenly distributed in an approximately circular shape with a diameter 
of 12.7 mm. The absorber thickness was adjusted for an Fe density 
of 2 mg/cm2.

The B3 spectrum has broadened line shapes typical of silicate 
glasses (9, 18, 52–57) and was fitted with a 2D distribution extended 
Voigt-based fitting (xVBF) method with the RECOIL software 
package (58) following Zhang et al. (56), and hyperfine parameters 
and their 1 sigma SD estimations are listed in data S2.

Energy-domain synchrotron Mössbauer source
E-SMS spectra of the double polished LH-DAC samples plus second-
ary standards, including the four glasses from low-pressure (<8 GPa) 
experiments previously analyzed (9) and sample End3+ synthesized 
in this study, were collected at beamline ID18 of the ESRF (46, 59) 
with the storage ring operated in 7/8+1 mode with a mean current of 
196 mA. The synchrotron beam was monochromatized to a band-
width of ~10 neV at the 57Fe resonant energy by a 57FeBO3 single 
crystal with a beam size of 3.5 × 11 μm using Kirkpatrick-Baez mir-
rors. The crystal monochromator oscillated in a sinusoidal mode for 
Doppler effect absorption measurements over a range of energies. 
Source velocity was calibrated with an α-Fe foil. To assess if ferro-
magnetic sextets were present, the velocity scale was set to ±9 mm/s. 
The standard single-line Mössbauer absorber, K2Mg57Fe(CN)6, was 
used to check the stability of the source instrumental function before 
and after each sample measurement.

During the analysis of DAC experiments by E-SMS, pools of glass 
were identified by comparison to optical and backscatter electron 
images of both sides of the double-polished samples collected by 
EPMA. Each E-SMS analysis of glass was conducted as close to the 
central alloy ball as possible, without spectral evidence of overlap 
from metallic Fe in the quenched alloy. To distinguish glass spectra 
from those possibly contaminated by neighboring phases, one analy-
sis was conducted deliberately on the boundary between glass and 
PtFe alloy, and another was collected on the boundary between glass 
and crystalline silicate.

All E-SMS spectra at ID18 include an asymmetric doublet from 
Fe contamination in beamline optics (Be lenses and windows). This 
doublet was fit in all spectra with fixed hyperfine parameters derived 
from an earlier background measurement at ID18.

We explored three different methods for fitting the E-SMS spectra:
1) xVBF_MossA: Uses the xVBF method following Zhang et al. 

(56) using the MossA software package (60).
2) VBF_xVBF: Uses the VBF method for Fe3+ and xVBF for Fe2+ 

using the MossA software package (60).
3) SYNCmoss: Uses Voigt lineshape for Fe3+ and a line width ra-

tio method, incorporating the Gaussian distribution with a linear 
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correlation between hyperfine parameters (CS and QS) for Fe2+ as 
implemented in the SYNCmoss software package (61).

In the Supplementary Text, we compare these and evaluate which 
method is preferable for quantifying the LH-DAC glass analyses.

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S14
Tables S1 to S4
Legend for movie S1
Legends for data S1 to S5
References

Other Supplementary Material for this manuscript includes the following:
Movie S1
Data S1 to S5
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