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Abstract

Earth, and potentially Venus, formed through giant impacts involving early-formed planetesimals and planetary
embryos in the inner solar system, but the size distribution of these bodies remains poorly constrained. Angrites
sample one of the earliest differentiated bodies in the inner solar system and preserve a marked redox contrast
with HEDs: evolved angrites record oxygen fugacity (fO,) near-iron-wiistite (IW) or slightly supra-IW
conditions, whereas HEDs are ~1-2 log units more reduced. This difference has been interpreted to indicate a
comparatively oxidized mantle for an angrite parent body (APB), but most fO, estimates are derived from evolved
magmas that may not track deep-mantle conditions. Here, we explore whether internal magma self-oxidation
driven by Fe®" stabilization in a deep magma ocean followed by fractional crystallization can account for the
redox state of evolved angrites and what this implies for APB size. We combine parameterizations of Fe* " /X Fe
in silicate melts with fractional crystallization models of Group 1-2 angrites, starting from metal-saturated
conditions consistent with primitive angrites. We find that magma self-oxidation reproduces the fO, inferred for
evolved angrites only if core—mantle equilibration pressures exceed several gigapascals. Such pressures imply a
body substantially larger than asteroid Vesta. For plausible APB compositions and starting redox states, radii of
~1250-2500 km are required, comparable to or exceeding the size of the Moon and overlapping independent
geobarometric estimates. Rather than uniquely determining APB size, our results provide a redox-based lower
bound on its size and demonstrate that internal oxidation offers a viable mechanism for generating oxidized
signatures in evolved angrites.

Unified Astronomy Thesaurus concepts: Planetesimals (1259); Planetary science (1255); Planet formation (1241);

Achondrites (15); Mantle (1005)

1. Introduction

Earth, and potentially Venus, are thought to have formed via
giant impacts involving planetesimals and Moon- to Mars-
sized planetary embryos (J. M. Chambers & G. W. Wetherill
1998; R. M. Canup & E. Asphaug 2001; A. N. Halliday &
R. M. Canup 2023). Identifying the presence of such embryos,
and characterizing their chemical compositions, in the early
inner solar system is therefore critical to understand the
formation of terrestrial planets. However, direct geochemical
fingerprints of these bodies in terrestrial planets, particularly
Earth, remain elusive because energetic giant impacts and
subsequent vigorous mantle convection erased their original
chemical signatures after accretion.

Achondrites, such as angrites and Howardites—Eucrites—
Diogenites (HEDs, likely from asteroid Vesta; R. P. Binzel &
S. Xu 1993), sample the silicate portions of the earliest
differentiated rocky bodies in the inner solar system, providing
key constraints on the nascent stages of terrestrial planet
formation. Although the angrite parent body (APB) has not
been identified, estimates of its size have ranged from a Vesta-
sized body (i.e., 260 km in radius) (B. P. Weiss et al. 2008;
E.R. Scott & W. F. Bottke 2011; K. Keil 2012) to 10851405 km
in radius (F. L. H. Tissot et al. 2022), and >1000km from
clinopyroxene geobarometry (A. S. Bell et al. 2026), approaching
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the Moon (i.e., 1740 km in radius). Magma oceans in their parent
bodies are inferred from their homogeneous oxygen isotopic
compositions (i.e., A"0) (R. C. Greenwood et al. 2005), while
rapid core segregation in magma-ocean environments is inferred
from their Hf/W chronometry (T. Kleine et al. 2004; 2012;
R. C. Greenwood et al. 2005; A. Markowski et al. 2007;
M. Touboul et al. 2015) and depletion of refractory siderophile
elements (e.g., Ni and Co) (K. Righter & M. J. Drake 1997;
K. Righter 2008). Despite these similarities indicating that both
Vesta and APB had metal-saturated reducing silicate mantles,
these two groups of meteorites display a striking dichotomy in
their oxygen fugacity (fO,) (A. J. G. Jurewicz et al. 1993;
M. Wadhwa 2008).

1.1. £O;, Dichotomy between Angrites and HEDs

The fO, of Vesta’s mantle, inferred from HEDs, is 1 log-
unit below the iron-wiistite (IW) buffer (AIW-—1)
(A. J. G. Jurewicz et al. 1993; M. Wadhwa 2008), consistent
with metal-silicate equilibration in a magma-ocean environ-
ment (i.e., AIW—2) (E. S. Steenstra et al. 2016). In contrast,
redox-sensitive geochemical indicators, such as Eu/Gd
partitioning in plagioclase and pyroxene, suggest that plutonic
angrites (e.g., LEW 86010, NWA 2999, NWA 4590, and
NWA 4801) crystallized from magmas with fO, near AIW
+1 £ 1 (G. McKay et al. 1994; M. E. Sanborn &
M. Wadhwa 2021). However, these estimates based on Eu/
Gd partitioning between plagioclase-clinopyroxene pairs are
inherently tied to the final stages of crystallization and
therefore may only reflect evolved magmatic conditions rather
than the primitive mantle redox state. Experimental studies
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Figure 1. fO, during core formation and in present-day mantles of rocky bodies. fO, is shown as the log-unit difference relative to the IW buffer. Blue and orange
symbols represent present-day mantle fO, values and fO, during magma-ocean stages associated with core—mantle equilibration, respectively. Core—mantle
equilibration pressures and magma-ocean fO, data are from E. S. Steenstra et al. (2016, 2017), D. S. Grewal et al. (2022a, 2024), M. M. Hirschmann (2022), N. Rai
& W. van Westrenen (2014), K. Righter & N. L. Chabot (2011), and K. Righter (2011). Present-day mantle fO, data are from D. J. Frost et al. (2008) and references
therein, R. W. Nicklas et al. (2021), and H. Zhang et al. (2024b). Yellow, blue, and pink vertical bars indicate estimated fO, ranges for plutonic angrites [1] NWA
2999, [2] NWA 4590, and [3] NWA 4801 (M. E. Sanborn & M. Wadhwa 2021), volcanic Group 2 angrites [4] D’Orbigny (F. L. H. Tissot et al. 2022) and [5]
D’Orbigny, Sahara 99555, and NWA 12004 (A. S. Bell et al. 2023a), and volcanic Group 1 angrite [6] NWA 12774 (A. S. Bell et al. 2023b).

based on high Mg# of clinopyroxene in volcanic angrites
(D’Orbigny and NWA 1296) also yield comparable redox
estimates (F. L. H. Tissot et al. 2022). Moreover, Fe® *_bearing
ulvospinel in these angrites supports their formation under
relatively oxidizing conditions (K. Keil 2012 and references
therein). However, trace amounts of Fe, Ni metals found in
some volcanic angrites (e.g., LEW 87051, NWA 1670, and
Sahara 99555) have been linked to their formation under
reducing conditions close to metal saturation (K. Keil 2012
and references therein), suggesting that better constraints on
magma fO, in angrite lithology are needed.

A recent petrological study has classified volcanic angrites
into two main groups: magnesian-rich volcanic angrites
(Mg# = molar Mg/Mg + Fe) = 55-60), such as LEW
87051, NWA 1670, and NWA 12774 (hereafter referred to as
Group 1), and less magnesian volcanic angrites (Mg# 30-35),
such as D’Orbigny, Sahara 99555, and NWA 1296 (hereafter
referred to as Group 2) (F. L. H. Tissot et al. 2022). Group 2
angrites were likely produced by fractional crystallization of
primitive Group 1 magmas (F. L. H. Tissot et al. 2022). To
constrain fO, of evolved Group 2 angrite magmas, A. S. Bell
et al. (2023a) developed a new oxybarometer in the olivine—
spinel-silicate liquid assemblages and suggested that the
magmatic fO, of volcanic angrites (Sahara 99555, D’Orbigny,
and NWA 12004) was more reducing than previously
estimated (i.e., AIW+0 to +0.25). Although the newly
estimated fO, of volcanic angrites are closer to those expected
for a metal-saturated magma-ocean environment, they are still
1.5-2 log units higher than those expected for Vesta’s and
APB magma oceans (E. S. Steenstra et al. 2016; 2017),
implying magma oxidation during the final stages of crystal-
lization (A. S. Bell et al. 2023a). In contrast, the Cr valence
state of olivine cores and thermodynamic modeling of
primitive Group 1 angrites, such as NWA 12774, suggests

that their mantle sources equilibrated at IW-0.9 + 0.2
(A. S. Bell et al. 2023b), pointing to a reduced, metal-saturated
deep interior.

Experimental studies show that clinopyroxene saturation in
Group 2 angrites occurs only after ~50% crystallization
(S. J. McKibbin & H. S. C. P. O’Neill 2018; F. L. H. Tissot
et al. 2022), implying that most existing fO, estimates for
Group 2 angrites—derived from late-stage assemblages such
as Eu/Gd partitioning in plagioclase-clinopyroxene pairs or
olivine—spinel-liquid equilibria—primarily reflect shallow,
evolved magmas rather than primitive mantle melts. Evolved
liquids are also susceptible to auto-oxidation and degassing,
further decoupling their fO, from that of the deep mantle
(A. S. Bell et al. 2023a). Therefore, existing fO, constraints on
Group 2 angrites should be treated as shallow magmatic
endpoints and not direct measures of the bulk mantle redox
state. Notably, such a pronounced mantle-to-surface fO,
gradient (based on Group 1 and Group 2 angrites, respectively)
(Figure 1 and Table 1) has not been documented for other small
rocky bodies, including Vesta. This redox stratification—from a
reduced, metal-saturated deep interior to more oxidized shallow
magmatic systems—appears to be a distinctive feature of the
APB, but the mechanism responsible for this evolution remains
debated. Below, we evaluate two candidate mechanisms:
postcore formation water-induced oxidation (Section 1.2) and
internally driven magma self-oxidation (Section 1.3).

1.2. Limited Effect of Water-induced Magma Oxidation

The fO, of evolved Group 2 angrites appears inconsistent
with metal-silicate equilibration in a magma-ocean environ-
ment (K. Righter & M. J. Drake 1997; K. Righter 2008;
E. S. Steenstra et al. 2016; 2017). Reconciling this discrepancy
requires an oxidation mechanism in a shallower part of APB
during a postcore formation and/or late-stage crystallization of
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Table 1
Estimated fO, of Angrites
AIW  Error  References

Plutonic angrites
LEW 86010* ~0.8 G. McKay et al. (1994)
NWA 2999* 0.8 0.3 M. E. Sanborn &

M. Wadhwa (2021)
NWA 4590° 1.7 0.7 M. E. Sanborn &

M. Wadhwa (2021)
NWA 4801° 1.35 0.35 M. E. Sanborn &

M. Wadhwa (2021)
Volcanic group 2 angrites
D’Orbigny® 1.2 0.8 F. L. H. Tissot et al. (2022)
D’Orbigny, Sahara 99555, 0.125 0.125  A. S. Bell et al. (2023a)

NWA 12004°

Volcanic group 1 angrites
NWA 127744 —0.9 0.2 A. S. Bell et al. (2023b)
Notes.

? fO, estimated from Eu/Gd partitioning between plagioclase and clinopyr-
oxene cores.

bfoz estimated from the Mg# (molar Mg/(Mg + Fe) ratio) of pyroxene
cores.

€ fO, estimated using the olivine—spinel—asni%2 oxybarometer, where aslii%z
denotes the silica activity in the liquid.

dj()z estimated from the Cr valence state in olivine cores.

angrite magmas. Water, a major oxidant in early solar system
materials (C. M. Q’D. Alexander 2019; D. S. Grewal et al.
2024), could have elevated mantle fO, after core formation.
Although angrites derive from the noncarbonaceous (NC;
inner solar system) reservoir (I. J. Onyett et al. 2023) and are
highly depleted in volatile elements, particularly alkalis
(K. Keil 2012; F. A. J. Abernethy et al. 2013; 2018), this
does not imply accretion from entirely dry materials. Studies
of NC magmatic iron meteorites (samples of the earliest
planetesimal cores) indicate that inner solar system planetesi-
mals initially accreted MVE-enriched, water-, carbon-, and
nitrogen-bearing materials (D. S. Grewal et al. 2021a, 2022a,
2024, 2025a; D. S. Grewal & P. D. Asimow 2023;
D. S. Grewal & S. Mukhopadhyay 2025). Vesicles in some
angrite basalts further support residual volatiles in the APB
mantle (T. J. McCoy et al. 2006). If water persisted after core
formation, water—rock reactions such as 2FeO + H,0O = Fe,05
+ H, could have converted ferrous to ferric iron, releasing H,
and raising mantle fO,. Such reactions provide a plausible
mechanism for postcore oxidation of the APB mantle.
Evaluating water-induced postcore formation mantle oxidation
on the APB requires constraining the relative timing of core
formation and volatile-loss events. If the APB underwent
extensive volatile loss before or during the core formation, as
has been proposed for several early inner solar objects, including
the parent bodies of NC and CC iron meteorites, as well as
primitive and differentiated achondrites from both reservoirs
(R. R. Fu & L. T. Elkins-Tanton 2014; D. S. Grewal et al.
2021b, 2022b, 2024, 2025¢; D. S. Grewal 2022; M. E. Newcombe
et al. 2023; L. D. Peterson et al. 2023a, 2023b), then substantial
postcore formation oxidation of the mantle by water would not
have been possible. Instead, metal-silicate equilibration during
core formation would likely have maintained the redox state
of the mantle below the IW buffer, as observed in HEDs
(A. I. G. Jurewicz et al. 1993; M. Wadhwa 2008) and NC iron
meteorites (D. S. Grewal et al. 2024; 2025b). This suggests that
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the APB mantle was volatile-depleted, and therefore likely dry, at
the time of core formation.

Alternatively, the observed difference in fO, between Group
2 angrites and HEDs could reflect varying levels of late
accretion, with APB experiencing a greater influx of oxidizing,
water-bearing materials, consistent with its higher fO,.
Using Os concentrations of ~Ingg ' in the APB mantle
(C. W. Dale et al. 2012) and ~500ngg~" in CI chondrites
(J. T. Wasson & G. W. Kallemeyn 1988), we estimate that
~0.2 wt% CC materials would have been incorporated into the
APB mantle. Given that water-rich CC materials (e.g.,
CI and CM chondrites) can contain up to ~10 wt% H,O
(A. Morbidelli et al. 2012 and references therein), this
corresponds to a delivery of ~200ugg™ ' of H,O to the
APB mantle during late accretion. While this value is broadly
comparable to independent estimates of H,O content in the
APB mantle derived from the less degassed olivine and
pyroxene in plutonic angrite NWA 4801 (85-110 ugg "
B. G. Rider-Stokes et al. 2024a), the D/H ratios of NWA 4801
suggest a carbonaceous chondrite-like indigenous water source
rather than late accretion (B. G. Rider-Stokes et al. 2024a).
The Os-based estimate therefore provides an upper bound on
water delivery via late accretion, and the actual contribution
may have been substantially lower.

However, the plausible range of H,O contents in the APB
mantle is insufficient to account for the Fe,O5 content inferred
from the fO, of Group 2 angrites. The averaged FeO content in
Group 2 angrites has been estimated to be 24.40 wt%
(F. L. H. Tissot et al. 2022). To explain fO, of evolved Group
2 angrites (ATW >0) (A. S. Bell et al. 2023a) at the melting
conditions (i.e., 0.6-0.9 GPa) (F. L. H. Tissot et al. 2022),
~1.08 wt% of Fe,O3 equivalent to ~0.04 of Fe’™ /X Fe ratios
are needed. To quantify the maximum redox effect of H,O in
the magma, we assume that all H,O is used to oxidize Fe*" to
Fe*>". The amount of Fe,O; generated by the H,O-induced
oxidation was calculated as

Mantle
H,O MF6203

Cr8te (Oxidation) =
o My,0

ey

where CREG1 and G5 are the mass concentrations of Fe,0;

and H,O in the APB mantle, and Mr.,0,, and My,o are their
respective molecular weights. Within the plausible range of
H,0: 85-110 ug g~ ' (B. G. Rider-Stokes et al. 2024a) and our
estimates on late delivery (~200 g g™ "), Equation (1) yields
only negligible amounts of Fe,O5 (0.08-0.18 wt%), which are
insufficient to account for the Fe,O; content (~1.08 wt%)
inferred from the fO, of Group 2 angrites.

The limited oxidative role of H,O is also supported by
mineralogical evidence. Olivine and clinopyroxene from
volcanic (e.g., Asuka 12209) and plutonic angrites (e.g.,
NWA 4801) contain <10 ugg ' H,O (B. G. Rider-Stokes
et al. 2024a), indistinguishable from eucritic clinopyroxenes
(~4-11 ug g~ ") (A. R. Sarafian et al. 2019). Despite similar
water contents, angrites record higher fO, than eucrites, which
formed well below the IW buffer. Thus, redox differences
between APB and Vesta cannot be explained by water content
alone. Considering Vesta’s reducing mantle (~IW-1)
(A. J. G. Jurewicz et al. 1993; M. Wadhwa 2008) and the
dryness of the APB mantle, late-accreted materials likely had
little effect on mantle oxidation. Therefore, exogenous sources
alone are unlikely to account for the elevated fO, in evolved
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Group 2 angrites; while residual water-related reactions may
have contributed somewhat alongside other processes (see
Section 4.5), an internally driven oxidation process is required
as the dominant mechanism.

1.3. Internally Driven Magma Self-oxidation

Alternatively, the elevated fO, in evolved Group 2 angrites
may reflect an endogenous oxidation mechanism. One candidate
is the charge disproportionation of ferrous iron (Fe*") to ferric
iron (Fe”) and metallic iron (Feo) within a deep magma ocean,
where Fe® sinks into the core, enriching the mantle in ferric iron
and raising its fO, (M. M. Hirschmann 2012; K. Armstrong et al.
2019; J. Deng et al. 2020; H. Kuwahara et al. 2023; H. L. Zhang
et al. 2024a). Experimental and theoretical work confirm that
Fe*™ in silicate melt can disproportionate into Fe’" and Fe°
(metal) at pressures exceeding ~5 GPa (K. Armstrong et al. 2019;
J. Deng et al. 2020; H. Kuwahara et al. 2023; H. L. Zhang et al.
2024a). Structural changes in Fe-O bonding in compressed
basaltic glass further support this mechanism; Fe*™—O coordina-
tion increases earlier than Fe?"—O at pressures up to 15 GPa,
indicating that Fe*" becomes more stable than Fe?" at depth due
to its smaller partial molar volume (K. Ozawa et al. 2022).
Additionally, natural evidence of high-pressure Fe*" dispropor-
tionation has been reported in lunar impact glass formed by
micrometeorite impacts (C. Li et al. 2022; H. Xian et al. 2023;
Z. Cao et al. 2024). Some angrites (Asuka 12209, Asuka 881371,
and NWA 12320) contain impact-generated melts, as indicated
by the differences in oxygen isotopic compositions between
olivine xenocrysts and the surrounding groundmass (B. G. Rider-
Stokes et al. 2023), and Fe>" stabilization in such impact melts
may be possible. However, most other volcanic angrites show no
evidence of exogenous contamination or shock metamorphism
(K. Keil 2012), suggesting that the fO, of these volcanic angrites
is not modified after the eruption and preserves the fO, of the
magma. Collectively, these findings indicate that Fe*" dispro-
portionation in a deep magma ocean, followed by segregation of
disproportionated metal (Fe®) into the core, can significantly
increase a rocky body’s intrinsic fO,, as long as core—mantle
equilibration occurred at pressures >5 GPa.

An important point to emphasize is the positive relationship
between mantle fO, and core—mantle equilibration pressure
(CMEP) (or parent-body size) across differentiated rocky
bodies (Figure 1) (see also Tables A1, A2). Bodies with shallow
core—mantle boundaries—i.e., iron meteorite parent bodies
(IMPBs), Vesta, and the Moon—, despite their significant
difference in size, exhibit similarly low mantle fO, values,
which lie well below the IW buffer (M. Wadhwa 2008;
D. S. Grewal et al. 2024). In contrast, larger differentiated
bodies such as Mars and Earth have mantle fO, values that are
~3-6 orders of magnitude more oxidizing than would be
predicted from metal-silicate equilibration alone. This relation-
ship supports the hypothesis that magma self-oxidation is
associated with deep metal-silicate equilibration.

Magma fO, could also increase during crystallization when
Fe*" is incompatible with minerals more than Fe?t, Indeed,
basaltic samples derived from Vesta and the Moon show 0.5-1
log units higher fO, than those estimated for magma oceans
(Figure 1), suggesting internally driven magma oxidation
during crystallization. Because Group 2 angrites were likely
produced by fractional crystallization of primitive Group 1
magmas (F. L. H. Tissot et al. 2022), these two groups provide
an important opportunity to examine the effects of internal
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magma-oxidation processes. Here, we estimate Fe’™ /XFe
ratio and fO, of Group 1 and 2 angrite magmas by considering
the effects of high-pressure stabilization of Fe> during metal-
silicate equilibration and subsequent fractional crystallization.
Taking these considerations together with recent geochemical
constraints on the fO, of angrites, we investigate the permitted
size range of APB based on a magma self-oxidation model
(without external oxidant addition). Our approach is novel in
two respects: first, we explicitly combine the pressure-
dependent Fe’" /XFe parameterization with a fractional
crystallization model specific to the angrite crystallization
sequence, providing a quantitative framework for testing
whether self-oxidation alone can bridge the gap between the
reduced Group 1 and more oxidized Group 2 magmas; second,
by benchmarking the model against both Vesta and the Moon,
we demonstrate the internal consistency of the approach before
applying it to the APB.

2. Methods
2.1. Initial Conditions of the APB Magma Ocean

We adopt initial magma-ocean fO, values in the range
AIW-1.4 £ 0.5, consistent with estimates for metal-saturated
core—mantle equilibration (E. S. Steenstra et al. 2017) and with
the reduced fO, of primitive Group 1 angrites, such as NWA
12774 AIW-0.9 £ 0.2 at 1.5-1.8 GPa; A. S. Bell et al. 2023b;
A. S. Bell et al. 2026). We then evaluate whether Fe®"
stabilization in a deep magma ocean, followed by fractional
crystallization, can generate evolved melts with fO, compar-
able to the IW+-0-0.25 range inferred for diabasic and evolved
Group 2 angrites (A. S. Bell et al. 2023a).

To estimate the Fe’"/YFe ratio of Group 1 angrites, we
assume that their Fe3+/EFe ratios approximate that of the
magma ocean established at a given CMEP. This assumption is
motivated by two considerations. First, the melting phase
equilibria of NWA 1670 and LEW 87051 indicate olivine-
orthopyroxene multiple saturation near the liquidus at
pressures of ~2-3 GPa, suggesting equilibration with a
lherzolitic mantle assemblage (F. L. H. Tissot et al. 2022)
and implying that these Group 1 angrites represent melts
generated by relatively high degrees of partial melting in the
APB mantle. Second, although Group 1 angrites may have
experienced some degree of fractional crystallization, the
effect of olivine crystallization on the Fe* /SFe ratio of the
residual melts is expected to be limited. In particular, Group 1
angrites contain relatively high amounts of Cr,O3 (0.14-0.45
wt%) (NWA 1670, LEW 87051, and NWA 12774) compared
to Group 2 angrites (~0.04 wt%) (F. L. H. Tissot et al. 2022
and references therein; Y. He et al. 2024), which may
compensate the increased Fe®"/YFe ratios of the residual
melts during crystallization through redox exchange reaction
2CrO + Fe,03 = Cr,05 + 2FeO (M. M. Hirschmann 2022).
More specifically, 0.14-0.45 wt% of Cr,O; could reduce
0.007-0.022 of Fe3+/EFe ratios in magma assuming the
averaged FeO content in Group 1 angrites (i.e., 19.09 wt%)
(F. L. H. Tissot et al. 2022). The close agreement in fO,
between the inferred magma ocean (E. S. Steenstra et al. 2017)
and Cr-rich NWA 12774 (ATW-0.9 £+ 0.2; A. S. Bell et al.
2023b; Cr,03 = 0.3-0.45 wt%; Y. He et al. 2024) supports the
view that fractional crystallization had a limited effect on the
Fe’* /YFe ratio of Group 1 angrites from the APB mantle.
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2.2. Estimation of the Fe’*/XFe Ratio of APB Magma Ocean

The Fe’'/YFe ratio of the APB magma ocean was
calculated at a given pressure and intermediate solidus-
liquidus temperature of KLB-1 peridotite (D. C. Rubie et al.
2015 and references therein) using the thermodynamic model
of C. Sun & L. Yao (2024) which comprehensively compiled
previous experimental data. Here, we consider the relative
stability of Fe** to Fe*" in the magma ocean using the oxygen
exchange reaction

FeO + %02 = FCO1_5. (2)

In this case, the Fet /XFe ratio of the magma ocean at a
given fO,, pressure, and temperature is described using the
Gibbs free energy of the reaction (2)

]n<XFeOI_5) _ llnf In VFe0; 5
Xreo 4 02 YEeO

_AG@, Py _ (P AV
= fP P (3)

Here, Xreo,5» XFe0s Vreo, » aNd Vgeo are mole fractions and
activity coefficients of FeO;s (Fe’") and FeO (Fe*"),
respectively. AG (T, Fy) is the Gibbs free energy of the reaction
(2) at 1 bar. AV is the change in the volume of the reaction (2).
R, T, and P are the ideal gas constant, temperature, and pressure,
respectively. Based on Equation (3), the effects of temperature,
pressure, and magma compositions on Fe’*/SFe ratio of the
magma have been estimated (K. Armstrong et al. 2019; J. Deng
et al. 2020; M. M. Hirschmann 2022; H. Kuwahara et al. 2023;
C. Sun & L. Yao 2024; H. L. Zhang et al. 2024a). In this study,
we used the model of Fe*" disproportionation in magma under
high pressure and temperature by C. Sun & L. Yao (2024). The
authors compiled comprehensive previous experimental data
(n = 1069) for a wide range of fO, (AIW-2 to +14), pressure
(1 bar to 24 GPa), temperature (1073-2873 K), and composition
(e.g., 0=79 wt% of SiO,; 0.6-92 wt% of FeOyq,). Their model
yields the smallest residuals between predicted and experimen-
tally determined fO, values compared to other available
parameterizations (K. Armstrong et al. 2019; J. Deng et al.
2020; M. M. Hirschmann 2022; H. Kuwahara et al. 2023;
H. L. Zhang et al. 2024a), particularly at low-SiO, melts
(<40 wt%), which is appropriate for Group 1 and 2 angrite
magmas (i.e., 39.14—41.16 wt%; F. L. H. Tissot et al. 2022 and
references therein). It is also noted that all experimental and
theoretical studies (K. Armstrong et al. 2019; J. Deng et al.
2020; M. M. Hirschmann 2022; H. Kuwahara et al. 2023;
H. L. Zhang et al. 2024a) have shown the positive pressure
dependence of Fe“/ >Fe ratios at a given fO, at pressures
above ~5 GPa. Thus, while the quantitative estimates of
CMEPs are model-dependent, the qualitative conclusion that
several-GPa equilibration pressures are required to reproduce
the oxidized nature of Group 2 angrites is robust across existing
models because they consistently predict an increase in
Fe*" /Y Fe with pressure above ~5 GPa.

Fe”/ Y Fe ratios of the primitive Group 1 angrite magma
(Table A3) (F. L. H. Tissot et al. 2022) at AIW-1.4 £+ 0.5
(E. S. Steenstra et al. 2017) were calculated as a function of the
assumed CMEP with 1 GPa step. Temperature conditions of
the CMEP were assumed to be intermediate values between
the solidus (C. Herzberg et al. 2000) and liquidus (C. Herzberg
& J. Zhang 1996; D. Andrault et al. 2018 and references
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therein) temperatures of peridotite, similar to the canonical
core-formation model (D. C. Rubie et al. 2015) (Figure Al).

2.3. Fractional Crystallization Model

We followed the crystallization sequence of Group 1 angrite
magmas (i.e., NWA 1670 and LEW 87051) to reproduce the
composition of Group 2 angrites (D’Orbigny, Sahara 99555,
and NWA 1296). In this sequence, olivine crystallized first,
followed by olivine + plagioclase at melt fractions <0.82, and
olivine + plagioclase + clinopyroxene at melt fractions <0.72,
similar to the sequence used in F. L. H. Tissot et al. (2022).
The mass concentrations of oxides (MgO, FeO, and Fe,05;) in
the residual melt at step n were calculated by the following
equation.

CiMell

n

Melt Melt Bulk Melt Melt Melt
F; n—lq n—1 D; n—lCi nfl(F" n—1 " F; n)

Melt
FE

“)

Here, CM, FMe and DBUK, are the mass concentration,
mass fraction, and bulk solid-liquid partition coefficient of
oxide i at the step n, respectively. DE'X was estimated from
the modal abundances of minerals and their respective
compositions or solid-liquid partition coefficients as

_ FOCP,  + FPCP,  + FCPXC[CPXn7]
C‘iMe]tnfl

In this calculation, olivine composition was estimated
using the Fe”—Mg distribution coefficient (Kp) of 0.33
(F. L. H. Tissot et al. 2022). The compositions of plagioclase
and clinopyroxene were assumed to remain constant, adopting
pure anorthite and a representative core composition of
clinopyroxene in Group 1 angrites (11.68 wt% FeO and
8.99 wt% MgO; D’Orbigny and Asuka 881371) estimated by
F. L. H. Tissot et al. (2022) and references therein. For Fe,O3
in the residual melts, we assumed that all Fe,Os; remains
entirely in the melt prior to clinopyroxene saturation. After
clinopyroxene saturation, Fe,O5; in the melt was calculated
using the partition coefficient of 0.78 for clinopyroxene
(F. A. Davis & E. Cottrell 2021).

Several aspects of this parameterization are experimentally
motivated. First, olivine is nearly free of Fe3+, even under the
relatively oxidized conditions of Earth’s upper mantle (e.g.,
D. Canil & H. S. C. O’Neill 1996; A. B. Woodland et al.
2006), making Fe*>" incorporation into olivine in more reduced
angritic systems negligible. Second, the absence of any
Fe’"-bearing phase (e.g., spinel) during the early olivine +
plagioclase crystallization stages supports the assumption that
Fe’" remains in the melt until clinopyroxene saturation. Third,
the Fe*™ partition coefficient for clinopyroxene (0.78) has been
shown to remain constant over a wide fO, range (AFMQ —3
to +3; F. A. Davis & E. Cottrell 2021), supporting its
applicability to angritic redox conditions. Despite these
simplifications, our model successfully reproduces the major-
element composition (Mg#) of Group 2 angrites, supporting
the internal consistency of the framework. Melt compositions
were calculated at 2 wt% melt-fraction increments using a
stepwise mass-balance fractional crystallization approach
(Equations (4) and (5)), in which extracted solids are removed
from the system at each step and the residual melt composition

Bulk
D"y

)
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Figure 2. The effect of pressure on Fe*" /EFe ratio of Group 1 angrite magma. Each color indicates fO, at the core—mantle equilibration based on the estimation by

E. S. Steenstra et al. (2017).

is recalculated. Parameters used in the fractional crystallization
model are summarized in Table A4.

2.4. fO, Estimation for Group 1 and 2 Angrites

Based on the thermodynamic modeling of phase diagram for
Group 1 angrites (F. L. H. Tissot et al. 2022), NWA 1670 and
LEW 87051 have the olivine-orthopyroxene multiple-satur-
ation point near their liquidus at 2-3 GPa, suggesting that these
angrite magmas could have been in equilibrium with a
lherzolite-like mantle mineral assemblage prior to eruption.
This is consistent with Group 1 angrites representing primary
magmas of the APB mantle. Thus, we assumed that the
averaged composition of NWA 1670 and LEW 87051
represents the APB magma ocean (Table A3). The fO, of
the averaged Group 1 angrite magmas was estimated under
their melting P—T conditions, i.e., at the olivine-orthopyroxene
multiple saturation near the liquidus (i.e., 2 GPa and
1673-1873 K) (F. L. H. Tissot et al. 2022), using C. Sun &
L. Yao’s (2024) thermodynamic model. For the fO, estimation
of Group 2 angrites, we used Fe3+/ > Fe ratios of residual
magmas produced by fractional crystallization of Group 1
angrites at melt fractions = 0.5 £ 0.1, where the Mg# of the
residual magma is consistent with that of Group 2 angrites.
The fO, was calculated at 0.7 GPa and 1473 K, which is within
the restricted P-T conditions for the formation of Group 2
angrite magmas, i.e., the olivine-clinopyroxene-plagioclase
multiple saturation near the liquidus (i.e., 0.6-0.9 GPa and
1500 £+ 30K) (F. L. H. Tissot et al. 2022).

3. Results

3.1. F&’*/XFe Ratio of Group 1 Angrite Magma Under Metal-
saturated Conditions

The results show that Fe’"/SFe ratios of the primitive
Group | angrite magma exhibit a weak pressure dependence

below 4 GPa, with a subtle minimum around 2 GPa, followed
by a gradual increase with pressure (Figure 2). Over the
pressure range of 1 bar to 12 GPa, Fe" /X Fe ratios range from
0.015-0.031, 0.019-0.039, and 0.024-0.049 at AIW values of
—-1.9, —1.4, and —0.9, respectively. The reversal in the pressure
dependence of the Fe’>" /Y Fe ratio around 2-4 GPa reflects
competing pressure effects on iron redox equilibria. At low
pressures, compression favors the IW buffer reaction more
than the reaction (2) (FeO + 1/40, = FeOj 5) because the AV
of the IW buffer reaction is smaller than that of the reaction
(2), which produces a net decrease in Fe> /X Fe with pressure.
Above ~4 GPa, the AV of the reaction (2) becomes smaller
than that of the IW buffer, so that pressure increasingly
stabilizes Fe®" relative to Fe*", yielding the observed positive
pressure dependence at higher pressures.

It is noted that the solidus and liquidus temperatures of
angrites may be lower than those of KLB-1 peridotite used in
our study because angrites contain higher FeO, which has a
negative effect on both solidus and liquidus temperatures, as
observed in melting experiments on the Martian mantle
composition (M. S. Duncan et al. 2018). Lower-temperature
conditions yield lower Fe’'/YFe ratios in magmas in our
calculation; therefore, higher pressures are necessary to
increase Fe’* /Y Fe ratios in magmas. We also tested the bulk
silicate angrite composition, which was estimated by con-
sidering nebular fractionation (F. L. H. Tissot et al. 2022), and
found that the difference in the Fe** /X Fe ratio relative to the
averaged Group 1 angrite composition is negligible (<0.005)
(Figure A2).

In summary, the sensitivity of the inferred CMEPs to the
major input parameters is as follows. The initial magma-ocean
fO, exerts the strongest control: varying the starting redox
state from AIW—0.9 to ATW—1.9 shifts the required CMEP
from ~4 GPa to ~10 GPa (Figure 5(a); Supplementary
Figures A3-AS5). Temperature has a secondary effect, with
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Figure 3. (a) The changes in Fe** /XFe ratio of residual magma during the crystallization of Group 1 angrite magma that is set by the core-mantle equilibration at 7
GPa and (b) chemical composition of the residual magma during crystallization. The pink line indicates the change in Mg# of the residual magma (Mg# = molar
Mg/(Fe + Mg)x100). The pink shaded region is the Mg# range of Group 2 angrites.

lower solidus-liquidus temperatures than those assumed here
requiring modestly higher equilibration pressures. The starting
melt composition has a minor influence: the Fe’'/YFe
difference between the averaged Group 1 angrite and the bulk
silicate angrite composition is <0.005 (Figure A2). Across all
plausible parameter combinations, the requirement of several-
GPa equilibration pressures to reproduce the oxidized
character of Group 2 angrites remains robust, although the
exact pressure values are model- and parameter-dependent.

3.2. Fractional Crystallization Effect on the Fe’ /X Fe Ratio of
Residual Magmas

After the core—mantle separation in APB, we calculated the
change in the Fe3+/ >Fe ratio of residual magmas during
fractional crystallization. We followed the crystallization
sequence of F. L. H. Tissot et al. (2022) to reproduce Group
2 angrites (D’Orbigny, Sahara 99555, and NWA 1296) from
Group 1 angrites (averaged composition of NWA 1670 and
LEW 87051). When the initial Fe’>"/YFe ratio of Group 1
angrite magmas is set by core—mantle equilibration at 7 GPa
and AIW-14 4+ 0.5, the Fe3+/EFe ratio of the residual
magmas increases from 0.022-0.034 to 0.032-0.053 at melt
fraction of 0.5, reproducing the Mg# of Group 2 angrites
(Figure 3). The results show that fractional crystallization
increases the Fe’™ /XFe ratio of residual magmas by no more
than a factor of two. In our calculations, we assumed that olivine
incorporates only Fe*™ and that all Fe*" remains in the residual
magma. Consequently, olivine crystallization increases the
Fe** /XFe ratio of residual magmas. In contrast, subsequent
crystallization of plagioclase, which incorporates neither Fe*™
nor Fe’, offsets the enrichment driven by olivine crystal-
lization. Moreover, clinopyroxene incorporates not only Fe®"
but also Fe** (F. A. Davis & E. Cottrell 2021). Therefore,
subsequent crystallization of plagioclase and clinopyroxene
suppresses the positive effect of olivine crystallization on the
Fe’" /S Fe ratio of the residual magma.

4. Discussion
4.1. Comparison with fO, of Group 2 Angrites

Based on the estimated Fe>* /X Fe ratio of residual magmas,
we calculated the fO, of Group 2 angrite magmas at 0.7 GPa,
which is the middle of estimated formation pressures
(0.6-0.9 GPa) (F. L. H. Tissot et al. 2022), and compared
them with the fO, of Group 2 angrites constrained by the
recently developed olivine-spinel-agd oxybarometer (aéﬁ%z:
Si0, activity in the liquid), which can directly apply to angrite
lithology (D’Orbigny, Sahara 99555, and NWA 12004; AIW
+0-0.25; A. S. Bell et al. 2023a).

To reproduce the estimated fO, of Group 2 angrites, our
calculation results show that CMEPs of 4 + 1 GPa, 7 + 1 GPa,
and 10 £ 1 GPa are required for redox conditions of ATW-0.9,
—1.4, and —1.9, respectively (Figure 4; see also Supplementary
Figures A3—AS5). The results also indicate that Group 2 angrite
magmas would retain reducing conditions below the IW buffer
for the assumed fO, conditions at core—mantle equilibration in
our calculations if the core—mantle equilibration occurred at
low pressure (<4 GPa). For example, the fO, of Group 2
angrite magmas is estimated to be around ATW-1 when the
core—mantle equilibration occurred at 4 GPa and AIW-1.9
(Figure 4). This result is qualitatively consistent with the redox
conditions of the lunar mantle (ATW-1 = 0.9 for lunar basalts;
H. Zhang et al. 2024b, and AIW-1.9 £+ 0.2 for core-mantle
equilibration; N. Rai & W. van Westrenen 2014), although the
Moon’s redox evolution may be more complex and may also
involve ilmenite cumulate overturn and late volatile addition
(e.g., L. T. Elkins-Tanton & T. L. Grove 2011). In addition,
Vesta’s shallow core—mantle boundary (CMB) (~0.1 GPa) and
the estimated fO, of core-mantle equilibration (AITW-2.2)
(E. S. Steenstra et al. 2016) also imply a similarly reduced
mantle, further supporting the robustness of our magma-
oxidation model. Thus, if internal disproportionation was the
dominant oxidizing mechanism, our results indicate that a deep
magma ocean for APB (i.e., >4 GPa) is required to account for
the relatively oxidized nature of Group 2 angrites (AIW > 0)
from a starting redox state below ATW-1.
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4.2. Inferred fO; of Group 1 Angrites

In contrast to Group 2 angrites, the fO, of Group 1 angrites
(e.g., NWA 1670 and LEW 87051) remains poorly con-
strained. However, our results suggest that their magmas may
have recorded relatively reducing conditions, around ATW-0.5
(Figure 4), which is consistent with the presence of Fe-Ni
metal in some Group 1 angrites (e.g., NWA 1670 and LEW
87051; K. Keil 2012, and references therein). Another Group 1
angrite, NWA 12774, has been reported to record slightly
lower fO, values (AIW = -0.9 4+ 0.2; A. S. Bell et al. 2023b)
than those inferred in this study. Although the origin of this
difference remains unclear, the relatively high Cr,O; contents
of NWA 12774 (Y. He et al. 2024) and their potential role in
the reduction of Fe*" in magma during cooling (M. M. Hirsc-
hmann 2022) may provide a possible explanation for its lower
inferred fO,. Additional constraints on the redox conditions of
other Group 1 angrites, particularly NWA 1670 and LEW
87051, are required to better assess the range and variability of
SO, within this group.

4.3. Potential Size of APB Permitted by the Magma Self-
oxidation Model

To estimate the range of APB sizes compatible with our
redox model, we converted CMB pressures into planetary radii
using simple interior profiles. Assuming that the CMEP is
equivalent to the CMB pressure after APB crystallization, we
estimated the size of APB as a function of the CMB pressure.
The pressure at a given depth z inside the body is estimated by
the following equation:

P@) = fo T pg@)dz ©)

Here, P(z), p(z), and g(z) are the pressure, density, and
gravitational acceleration at a given depth z, respectively. g(z)
is estimated as follows.

GM (2)

— 7
R _ 2 (N

8(2) =
G, M (z), and R are the gravitational constant (6.674 x 107"
Nmz/kgz), the mass below the depthz, and body radius,
respectively. For the calculation, we followed F. L. H. Tissot
et al. (2022) and assumed the mean mantle density of
33-35¢ cm >, corresponding to Fogp—Fo0gg olivine composi-
tions, and the mean core density of 7.5-8.1 gcm > without
considering the effects of temperature, pressure, or the
physical state (solid or liquid) of the core on density as a
first approximation (Table AS). The representative mean core
densities were adopted from F. L. H. Tissot et al. (2022), who
estimated these values for the FegoNiyg—Fe;oNiygSsCs core
compositions inferred by E. S. Steenstra et al. (2017). The
assumption of constant mantle and core density is likely robust
because the pressure range considered here is below the
olivine phase transition pressure (i.e., 14 GPa) and density
increase by compression at higher pressures may be compen-
sated or minimized by thermal expansion at higher tempera-
tures in the depth. This inference is consistent with the nearly
constant density profiles for the Moon (~3.4gcm >,
R. C. Weber et al. 2011) and Mars (~3.5-3.6 gcm > at depth
below the olivine phase transition, A. Khan et al. 2023;
H. Samuel et al. 2023). Assuming core-mass fractions of
0.1-0.3, the CMB pressure was calculated as a function of the
body radius (Figure 5; see also Supplementary Figure A6). It is
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also noted that a possible change in the core density by the
presence of light elements does not significantly affect the
relationship between the CMB pressure and body radius
(Figure A6). For each choice of initial redox state and pressure
of the core-mantle equilibration in the APB magma ocean, we
then followed fractional crystallization and tracked the
evolution of Fe’*/YFe until the calculated O, matched that
of evolved (Group 2) angrites. This approach yields a family of
solutions rather than a single best-fit size: for moderately
reduced starting conditions, CMB pressures of order 4-7 GPa
are required to reproduce the observed fO,, implying radii
substantially greater than Vesta (Figure 5(b)) and overlapping
the range inferred from independent geobarometry of angrites.

These redox-based size estimates are independently sup-
ported by CaTs-liquid clinopyroxene geobarometry, which
yields crystallization pressures of ~15-18 kbar and a
minimum APB radius of ~1000 km (A. S. Bell et al. 2026),
and by multiple saturation pressure constraints indicating an
embryo-scale APB (F. L. H. Tissot et al. 2022). The
convergence of three independent approaches—redox model-
ing, clinopyroxene barometry, and phase equilibria—strength-
ens the case for an embryo-scale APB. A large APB, as
inferred from magma self-oxidation model, would also be
qualitatively consistent with the elevated HSE abundances of
the APB mantle relative to Vesta (C. W. Dale et al. 2012)
because larger bodies more efficiently capture late-accreting
material (W. F. Bottke et al. 2010; M.-H. Zhu et al. 2021).
However, HSE abundances alone do not uniquely constrain
parent-body size because the efficiency of HSE retention
depends on additional factors such as impact velocity,
retention efficiency, and the timing and duration of late
accretion. Our interpretation of a large APB is further
supported by the presence of solar-like noble gases in angrite
glasses (H. Busemann et al. 2006), which may reflect
gravitational capture of nebular gases, a process only feasible for
bodies with substantial mass, larger than the Moon (R. O. Pepin &
D. Porcelli 2002). Moreover, dunitic angrite NWA 8535, likely
originating from the APB mantle, records the youngest Pb—Pb age
of 4514 + 30Myr (B. G. Rider-Stokes et al. 2024b),

indicating prolonged magmatism on APB after its formation
(~50 Myr). Consistently, cosmic-ray exposure ages of volcanic
and plutonic angrites are uniformly distributed in a comparable
timescale (~56 Myr) (D. Nakashima et al. 2018), suggesting that
APB was probably large enough to sustain magmatic activity and
avoid catastrophic disruption for at least ~50 Myr after its
formation.

The APB is currently unidentified among known asteroids.
Recent UV—-vis-NIR spectroscopic surveys of asteroids have
found no large body with angrite-like surface properties; the
closest spectral match was a small (~50 km) asteroid
(B. G. Rider-Stokes et al. 2025). The absence of a large
surviving body with angrite-like spectra is consistent with the
broader “missing mantle” problem, in which olivine-rich
differentiated material is underrepresented among observed
asteroids, despite predictions from planetary differentiation
models. This suggests that the APB was either incorporated
into the growing terrestrial planets during late-stage accretion
or disrupted into fragments too small to be spectrally
identified. The magma self-oxidation mechanism proposed
here should in principle be applicable to any embryo-scale
body that formed a deep magma ocean with CMEPs exceeding
several gigapascals, although the specific redox evolution
would depend on each body’s bulk composition, volatile
budget, and accretion history. To further constrain a possible
disruption event on the APB, searching for olivine-rich
asteroids and performing additional spectroscopic comparisons
with angrites may be important.

4.4. Limitations and Alternative Redox Scenarios

Our inferences are subject to several important limitations
that should be borne in mind when interpreting the size of the
APB. First, most existing fO, estimates for angrites are derived
from evolved, fractionated magmas and late-stage assem-
blages. These melts are susceptible to auto-oxidation, degas-
sing, and local heterogeneities, and may not uniquely record
the redox state of the deep mantle. Primitive angrites,
including those with metal-rich mineralogies, suggest that at
least part of the APB interior remained substantially reduced,
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consistent with a redox stratigraphy in which deep reservoirs
are more reduced than the shallow magmatic system sampled
by evolved lavas. Our modeling should therefore be viewed as
quantifying the conditions required to generate the shallow
angrite magmas and not as a direct inversion of the bulk
mantle fO,.

Second, internal magma self-oxidation is not the only
process capable of modifying fO,. Inherited redox conditions
from precursor materials, interaction with volatile-bearing
phases, and open-system degassing could all contribute to the
redox evolution of angrite magmas. In particular, if the
primitive APB mantle was H,O rich (as suggested by the D/H
ratio of NWA 4801; B. G. Rider-Stokes et al. 2024a), then H,
loss and outgassing during decompression and cooling could
have contributed to mantle oxidation independently of high-
pressure disproportionation (see Z. C. Sharp et al. 2013).
Similarly, even in the absence of any postcore formation
process, the oxidation state of the primitive APB mantle might
simply reflect the inherited redox properties of its accretionary
feedstock. We cannot currently distinguish among these end-
member scenarios with existing data. We have focused here on
the end-member case in which internal disproportionation is
the dominant oxidizing mechanism, and our size estimates
should therefore be regarded as scenario-dependent lower
bounds rather than unique solutions.

Despite these caveats, the redox-based constraints derived
here are complementary to independent geobarometric esti-
mates and together point toward an APB that lies firmly in the
embryo regime. Future work combining high-precision fO,
determinations for both primitive and evolved angrites,
improved Fe3+/EFe measurements at high pressures, and
metal-silicate partitioning of moderately siderophile elements
combined with dynamical models of early inner solar system
accretion will be essential to refine these bounds and to
establish how common such embryo-scale bodies were during
the earliest stages of terrestrial planet formation.

5. Concluding Remarks

In summary, the APB likely experienced a magma-ocean
phase and early core—mantle differentiation under moderately
reduced conditions, followed by internal magma self-oxidation
and fractional crystallization that produced the evolved angrite
magmas we observe today. By combining experimentally and
theoretically constrained Fe " /Y Fe-pressure relations with
angrite geochemistry, we show that reproducing the redox
state of evolved angrites through internal processes alone
requires core—mantle equilibration at several gigapascals,
implying an APB with minimum radii of ~1250-2500 km,
comparable to or exceeding the size of the Moon, and
overlapping independent geobarometric estimates. These size
estimates are scenario-dependent lower bounds, contingent on
the assumption that FeO disproportionation was the dominant
oxidation mechanism; alternative scenarios involving inherited
feedstock redox or volatile-driven oxidation could modify the
required pressures. This scenario suggests that some rocky
bodies in the inner solar system rapidly accreted to embryo
scale within the first few million years and then either merged
into the growing terrestrial planets or were disrupted into
smaller fragments. Targeted spectroscopic searches for
angrite-like surfaces, improved experimental constraints on
Fe”™ /¥ Fe at high pressure, and more precise fO, estimates for
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both primitive and evolved angrites will further test this
picture and help to better constrain the population and
evolution of early planetary embryos.
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Appendix
A.1. Mantile fy, of Rocky Bodies

The fO, of magma ocean and CMEPs for Vesta (E. S. Stee-
nstra et al. 2016), APB (E. S. Steenstra et al. 2017), Moon
(N. Rai & W. van Westrenen 2014), Mars (K. Righter &
N. L. Chabot 2011; M. M. Hirschmann 2022), and Earth
(K. Righter 2011; M. M. Hirschmann 2022) have been
estimated by previous experimental studies based on the FeO
content of the mantle or the metal-silicate partitioning of
siderophile elements, such as Ni and Co. According to these
studies, CMEPs for Vesta and Moon were assumed to be 0.1
GPa and 5 GPa, respectively. The CMEP of the Earth may
have been higher than the estimate of K. Righter (2011) (i.e.,
30 4 3 GPa) (J. Wade & B. J. Wood 2005; R. A. Fischer et al.
2015), but the positive relationship between the size of body
and mantle fO, remains unchanged. The fO, of the mantles of
Vesta (A. J. G. Jurewicz et al. 1993; M. Wadhwa 2008), Moon
(M. Wadhwa 2008; H. Zhang et al. 2024b), Mars
(M. Wadhwa 2008; R. W. Nicklas et al. 2021), and Earth
(D. 1. Frost et al. 2008 and references therein) have been
estimated in previous studies using meteorites and solid-liquid
partitioning of redox-sensitive elements, such as Eu and V.

A.2. Supplementary Material

Magma ocean fO2, CMEPs, and mantle fO2 values of rocky
bodies in the solar system estimated in previous studies are
summarized in Tables Al and A2. The averaged Group 1
angrite composition used in our calculations and the estimated
bulk silicate angrite composition are shown in Table A3. The
parameters used in our fractional crystallization model and for
estimating the size of the APB are summarized in Tables A4
and AS.

Figures Al and A2 show the temperature conditions used to
estimate the Fe3+ /Y Fe ratio of the APB magma ocean and the
estimated Fe3+/YXFe ratios under given pressure conditions
for the averaged Group 1 angrite and bulk silicate angrite
compositions. Figures A3, A4, and AS show the estimated fO2
of Group 1 and 2 angrites for CMEP conditions of 3—5 GPa,
6-8 GPa, and 9-11 GPa, respectively. Figure A6 shows the
effect of core composition on the estimated relationship
between CMB pressure and the radius of the APB.
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Figure Al. Temperature conditions used for calculation of fO,. Solidus temperature shown as H2000 was taken from C. Herzberg et al. (2000). Liquidus temperature
shown as H&Z1996; A2018 was taken from C. Herzberg & J. Zhang (1996) and D. Andrault et al. (2018). Temperature at the CMEP shown as R2015 was taken

from D. C. Rubie et al. (2015).

Table Al
Estimated Magma-ocean fO, and CMEP of Rocky Bodies
AIW' Error References CMEP (GPa) Error References
Vesta —22 0.2 E. S. Steenstra et al. (2016) ~0.1" E. S. Steenstra et al. (2016)
Moon -1.9 0.2 N. Rai & W. van Westrenen (2014) ~5 N. Rai & W. van Westrenen (2014)
Mars —14 0.2 M. M. Hirschmann (2022) 14 3 K. Righter & N. L. Chabot (2011)
Earth -2 0.6 M. M. Hirschmann (2022) 30 3 K. Righter (2011)
APB —14 0.5 E. S. Steenstra et al. (2017)
NC IMPBs -22 0.5 D. S. Grewal et al. (2024) <0.1 D. S. Grewal et al. (2022a)
CC IMPBs ~16 0.4 D. S. Grewal et al. (2024) <0.1 D. S. Grewal et al. (2022a)
Notes.
# fO, relative to the IW buffer in log units.
® CMEP is assumed to be identical to the CMB.
¢ Averaged values of NC IMPBs.
d Averaged values of CC IMPBs.
Table A2 Table A3
Estimated Mantle fO, of Rocky Bodies Chemical Compositions of the Averaged Primitive Group 1 Angrites (i.e.,
LEW 87051 and NWA 1670) and the Estimated Bulk Silicate Angrite (wt%)
AIW  Error  References (F. L. H. Tissot et al. 2022 and References Therein)
Vesta —1.0 A. J. G. Jurewicz et al. (1993), M. Wadhwa (2008) Oxide Group 1 Angrite Bulk Silicate Angrite
Moon —1.0 0.9 H. Zhang et al. (2024b)
Mars 14 1.8 R. W. Nicklas et al. (2021) SiO, 41.16 38.29
Earth 375 175  D.J. Frost et al. (2008) TiO, 0.67 0.20
AlL,O3 11.07 3.80
Cr,03 0.14-0.45% 0.30
MgO 15.20 33.13
FeO 19.09 20.69
CaO 11.89 3.59
Note.
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 Upper estimate is the value of NWA 12774 taken from Y. He et al. (2024).
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Figure A2. The effect of pressure on Fe>* /X Fe ratios of Group 1 angrite and estimated bulk silicate angrite magmas. Each color indicates fO, at the core-mantle
equilibration based on the estimation by E. S. Steenstra et al. (2017).
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Figure A3. Estimated fO, of Group 1 and 2 angrites at their melting P-T conditions for CMEP of 3-5 GPa. These conditions reproduce the fO, of Group 2 angrites
(A. S. Bell et al. 2023a) when the magma-ocean fO, was AIW-0.9.

12



THE PLANETARY SCIENCE JOURNAL, 7:201 (16pp), 2026 August

Kuwahara, Grewal, & Tsuno

AIW
2.0 15 10  -05 0 0.5 1.0 15 20
0 : . . . .
CMEP = 6 GPa ' ' ' ' '
05 -
- Group 2. emmmm i AW at CMEP
T 10 .
& 0.9
o 15F - 14
- 1.9
20 Group 1 e -— i
0 et + + + + + + + + |+
CMEP =7 GPa
0.5 i
S0t .
o
a 15 _
20 - -—— —— -
0 M 1 " 1 1 + 1 + l + | + | +
CMEP = 8 GPa ' ' ' ' '
0.5 - .
& 10 .
o
o 15 i
20 F -— — _
25 1 1 " 1 " 1 N 1 1 1 1 1 n 1 n

Figure A4. Estimated fO, of Group 1 and 2 angrites at their melting P-T conditions for CMEP of 6-8 GPa. These conditions reproduce the fO, of Group 2 angrites

(A. S. Bell et al. 2023a) when the magma-ocean fO, was AIW-1.4.
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Figure AS. Estimated fO, of Group 1 and 2 angrites at their melting P-T conditions for CMEP of 9-11 GPa.
(A. S. Bell et al. 2023a) when the magma-ocean fO, was AIW-1.9.
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Table A4

Parameters Used for Fractional Crystallization Model
Parameters Value References
Kp 0.33 F. L. H. Tissot et al. (2022)
DER%, 0.78 F. A. Davis & E. Cottrell (2021)
Mass fraction (%) FMelt — 1 — (.82 FMelt — 082 — 0.72 FMelt — 072 — 0.4
FO! 100 48.4 30 F. L. H. Tissot et al. (2022)
FP 0 51.6 38
FCpx 0 0 32
Note.

 The Fe*"-Mg distribution coefficient between olivine and silicate melt.

Table A5
Parameters Used for Estimating the Size of APB
Parameters Value
G* 6.674 x 107" Nm?/kg?
pmzmtleb 3.3-35 g Cm73
Peore 75-8.1 g Cm73
Notes.
 The gravitational constant.
Fo;p9_Fog, olivine composition.
¢ FegoNig—Fe;oNixCsSs composition
Vesta Moon Mercury
! !
1 2 T T T T T T T T
10 | b
T Core density
& 8r =8.08 g/cm? N
g
Z of —
o
a
m
= 4r B
(&)
2r .
0 X Irr L 1 L 1 " 1
0 500 1000 1500 2000 2500

Body radius (km)

Figure A6. The effect of light elements in the core on the relationship between
CMB pressure and body radius. Gray and yellow shaded curves indicate the
results using 8.1g cm ™ (FegoNiag composition) and 7.5¢g cm™?
(Fe;oNiyS5Cs composition) for core density with 3.3 gcm’3 for mantle

density and 0.1-0.3 core-mass fraction, respectively.
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