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ABSTRACT

Percolation is a leading mechanism for metal-silicate segregation during the earliest stages of planetesimal
differentiation triggered by 26Al-heating. The efficacy of percolative core formation strongly depends on the
compositions of metallic melts and co-existing silicate mineralogies. We report results from 21 high-pressur-
e-temperature (P = 0.5-2 GPa; T = 1350 °C) experimental charges designed to simulate percolative core for-
mation conditions in oxidized planetesimals. These experiments equilibrated olivine aggregates having variable
FeO contents (0-30 wt%) with Fe-O-S metallic melts generated from two starting compositions (eutectic-like
Fe;.46S and stoichiometric FeS). Our results quantify how pressure, FeO content in olivine, and metal compo-
sition affect oxygen solubility and dihedral angles in Fe-O-S alloys. Both O solubility and dihedral angles are
largely insensitive to pressure over planetesimal conditions (P < 2 GPa) but are strongly dependent on olivine
FeO content and metallic composition. For eutectic systems, dihedral angles decrease from 80° to 44° for olivine
containing 1 wt% and 20 wt% FeO, respectively, crossing the critical interconnection threshold near 10 wt%
FeO. For FeS systems, dihedral angles decrease more gradually (67° at 5 wt% FeO to 53° at 20 wt% FeO),
consistent with the lower solubility of O in FeS-rich melts and a higher FeO threshold for connectivity. We
developed a Langmuir competitive adsorption framework to explain these observations: S and O compete for
interfacial binding sites at the olivine-metal boundary, with their relative coverage controlled by the activities of
FeO and FeS. This predictive framework explains why O solubility is systematically lower in FeS-rich melts than
in eutectic melts at the same fO5 and demonstrates that both S and O act synergistically as surface-active ele-
ments that reduce dihedral angles and interfacial energies, with O exerting a stronger effect.

Applying these results to differentiation of oxidized planetesimals (fO, > IW; based on the compositions of
oxidized chondrites), we find that the first-formed metallic melts would have formed interconnected networks at
extremely low melt fractions and were capable of forming cores prior to widespread silicate melting in their
parent bodies. Using the experimentally defined connectivity and O-solubility thresholds, we model core com-
positions in oxidized planetesimals as combinations of eutectic and FeS-rich Fe-O-S melts. The resulting metallic
cores are predicted to be consistently O-bearing, ranging from ~3-4 wt% O in CM-/ClI-like bodies to ~5-6 wt% O
in CV-ox- and RC-like bodies. These predicted O contents are first-order estimates, as both the higher experi-
mental temperature (1350 °C vs. ~988-1200 °C during percolative core formation in planetesimals) and the
absence of Ni in our metallic melts would likely overestimate O solubility in natural systems.

1. Introduction

bodies in the Solar System, but the mechanisms driving it differed be-
tween the earliest and later stages of planetary growth. During later

Metallic core formation appears to have been common among rocky stages, core formation likely occurred within magma oceans generated
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by intense heat pulses from high-energy impacts (Tonks and Melosh,
1992). In contrast, internal heating in the earliest planetesimals was
primarily driven by 2°Al-decay (t; 5 = 0.717 Myr; Urey, 1955; Keil et al.,
1997; Hevey and Sanders, 2006), producing a thermal evolution span-
ning a few to ~10 Myr (Sahijpal et al., 1995, 2007; Bennett and
McSween, 1996; Ghosh and McSween, 1998; Hevey and Sanders, 2006;
Merk et al., 2002; Monnereau et al., 2023; Moskovitz and Gaidos, 2011;
Neumann et al., 2012). While the resulting thermal evolution of indi-
vidual bodies varied with both size and accretion age, metallic Fe-FeS
was invariably the first major refractory phase to melt, with the onset
of melting occurring at the eutectic (~988 °C at 1 bar; Bromiley, 2023;
Buono and Walker, 2011). The resulting density contrast between S-rich
metallic melts and the surrounding silicate matrix may have enabled
downward migration of metallic melts before widespread silicate
melting occurred (Ghosh and McSween, 1998; Yoshino et al., 2003;
McCoy et al., 2006; Roberts et al., 2007; Terasaki et al., 2008; Ghan-
barzadeh et al., 2017; Néri et al., 2019; Bromiley, 2023; Crossley et al.,
2025). Textural and geochemical evidence for early segregation of S-rich
metallic melts is preserved in primitive achondrites and iron meteorites
(Goodrich et al., 2013; Kruijer et al., 2014; Crossley et al., 2025; Grewal
et al., 2025b), indicating that core formation processes were already
underway in early Solar System planetesimals before the onset of
widespread silicate melting.

This early metal segregation proceeded through grain-scale perco-
lation of metallic melts (Stevenson, 1988; Shannon and Agee, 1996;
Yoshino et al., 2003; Roberts et al., 2007), which requires an inter-
connected metallic network within the solid silicate matrix (Bulau et al.,
1979; von Bargen and Waff, 1986; Stevenson, 1988; Ghanbarzadeh
et al.,, 2017). Whether such connectivity is achieved depends on the
wetting properties of the metallic melt (Gaetani and Grove, 1999; Rose
and Brenan, 2001; Terasaki et al., 2005), characterized by the dihedral
angle, which is determined by the ratio of interfacial energies:

1 7
6 = 2cos™ (—SS )
2Ysm

where yss and yg, are the solid-solid and solid-melt interfacial energies,
respectively. When 6 < 60°, an interconnected melt network is ener-
getically favorable at extremely low melt fractions (<1 vol%;
Ghanbarzadeh et al., 2017), whereas, for § > 60°, a minimum melt
fraction is required to establish interconnection. Eq. (1) assumes
isotropic interfacial energies, whereas silicate minerals, particularly
olivine, exhibit moderate anisotropy (Waff and Faul, 1992; Faul, 1997).
Nevertheless, 2-D dihedral angle measurements in olivine aggregates
have been validated as reliable proxies for 3-D melt connectivity
through X-ray computed tomography studies (Roberts et al., 2007).

The interfacial energy relationships between metallic melts and sil-
icate minerals at conditions relevant for differentiation of rocky bodies
have been constrained through high-pressure, high-temperature exper-
iments (e.g., Ballhaus and Ellis, 1996; Shannon and Agee, 1996; Bruhn
et al., 2000; Yoshino et al., 2003, 2004; Terasaki et al., 2005; Walte
et al., 2011; Tauber et al., 2023). Percolation of S-poor metallic melts is
associated with high dihedral angles (¢ > 90°), requiring large melt
fractions (up to ~12-25 vol%) to achieve melt connectivity (Laporte and
Provost, 2000; Ghanbarzadeh et al., 2017; Néri et al., 2019). Experi-
ments involving S-rich metallic melts under reducing conditions (fO; <
IW; IW being the Iron-Wiistite redox buffer) also yield > 60°, indi-
cating that such melts do not wet the silicate matrix at low melt fractions
(Ballhaus and Ellis, 1996; Shannon and Agee, 1996; Holzheid et al.,
2000). By contrast, anion-rich metallic melts containing both O and S
under oxidizing conditions (fO2 > IW) can effectively wet the silicate
matrix (6 < 60°) and form an interconnected network even at extremely
low melt fractions (<1 vol%; Minarik et al., 1996; Gaetani and Grove,
1999; Rose and Brenan, 2001; Terasaki et al., 2005, 2008; Miura et al.,
2025).

The O content in S-rich metallic melts is controlled by the redox state
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of the system: at higher fOo, the activity of O increases, driving greater
dissolution of O into the metallic melt (Gaetani and Grove, 1999; Ter-
asaki et al., 2008). This suggests that redox state is a key factor in
governing the efficacy of percolative core formation in early Solar Sys-
tem planetesimals. Meteorite data indicate that the fO, of early Solar
System planetesimals spanned more than 10 log units (fO, from IW—8
to +3; Fig. 1). Most planetesimals from both the inner and outer Solar
System reservoirs were relatively reduced (fO» < IW; Righter et al.,
2016; Grewal et al., 2024), rendering O an insignificant component of
their metallic melts. However, multiple meteorite groups from both
reservoirs exhibit more oxidized compositions (fOp > IW; Fig. 1). For
instance, brachinites and Rumuruti chondrites from the inner Solar
System record fOy values of IW—0.6 to +0.4 and IW+1.4 to +2.6,
respectively, while several carbonaceous chondrite groups from the
outer Solar System exhibit fO, values ranging from IW to IW+3.2
(Bercovici et al., 2022; Crossley et al., 2023). In such oxidized plane-
tesimals, O could have been a major component in early-formed S-rich
metallic melts, allowing them to wet the silicate matrix and initiate core
formation through percolation in the absence of silicate melting
(Terasaki et al., 2008). Therefore, understanding core formation under
these oxidizing conditions is crucial not only for constraining the
mechanisms of metal segregation but also for predicting the resulting
core compositions of oxidized planetesimals. Geochemical models pre-
dict that oxidized carbonaceous-chondrite-like planetesimals that un-
derwent metal-silicate differentiation would have formed S-rich metallic
cores (21-35 wt% S; Bercovici et al., 2022). Yet, if percolative core
formation was prevalent in these bodies, their cores could have incor-
porated substantial O alongside Fe and S — a feature that remains un-
constrained. Such O-bearing metallic cores could profoundly influence
core densities, thermal conductivity, solidification behavior, and the
potential for core convection and dynamo activity (Helffrich and
Kaneshima, 2004; Bromiley, 2023).

Assessing whether percolative core formation could operate in these
oxidized planetesimals requires experimental constraints on the wetting
properties and compositions of Fe-O-S melts at relevant conditions.
Several studies have examined the percolation of metallic melts through
olivine aggregates at comparable fO;. Experiments conducted at
ambient pressure show that Fe-O-S melts can effectively wet olivine with
0 < 60° (Gaetani and Grove, 1999; Rose and Brenan, 2001). High-
pressure experiments (P = 1.5-20 GPa; Terasaki et al., 2008, 2005)
have demonstrated that O solubility in Fe-O-S melts is strongly pressure-
dependent, with O content increasing as pressure decreases (Urakawa
et al., 1987; Terasaki et al., 2008). The increase is most pronounced at P
< 3 GPa, where Fe-O-S melts can contain up to ~8-10 wt% O and
consistently display 6§ < 60° with coexisting olivine (Terasaki et al.,
2008). However, both the O content of Fe-O-S melts and their corre-
sponding dihedral angles with the silicate matrix remain poorly con-
strained at pressures typical of planetesimal interiors (P < 1.5 GPa). In
particular, it remains unknown whether the O content continues to
systematically increase at these lower pressures, and whether such melts
maintain 6 < 60° necessary for percolation. Additionally, the quantita-
tive relationship between the fO, of the system, which is reflected in the
FeO content of olivine, and the resulting melt composition remains
unconstrained at these conditions. Without these critical constraints, we
can neither assess whether oxidized planetesimals differentiated
through percolation or required silicate melting, nor can we predict the
compositions of their metallic cores. To address these gaps, we con-
ducted 8 high-P-T experiments yielding 21 experimental charges to
quantify O solubility in Fe-S metallic melts and to measure dihedral
angles between these melts and crystalline olivine at pressures of 0.5-2
GPa and a temperature of 1350 °C. Olivine was selected as the repre-
sentative silicate phase because it is the principal constituent of oxidized
chondritic materials (Walker and Cameron, 2006; Dunn et al., 2010;
Bischoff et al., 2011). The FeO content of olivine serves as a proxy for
system fO, with higher FeO indicating more oxidizing conditions.
Because the relationship between olivine composition and O content in
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Fig. 1. Oxygen fugacity (fO2) values of carbonaceous chondrites, ordinary chondrites, Rumuruti chondrites, enstatite chondrites, primitive achondrites, differen-
tiated achondrites, iron meteorite parent bodies, and 4 Vesta relative to the iron-wiistite (IW) redox buffer. The fO, values are calculated using renormalized
compositions after removing H,0 and C from the bulk compositions (see Supplementary Text $2). CC and NC denote carbonaceous and non-carbonaceous groups,
respectively. Groups with fO, above the IW buffer are classified as oxidized, while those below are reduced. Early planetesimals span nearly 10 log units in redox state

(fO2
Supplementary Table 1.

coexisting Fe-O-S melts at these pressures remains poorly constrained,
our experiments span a broad range of olivine compositions (0-30 wt%
FeO, corresponding to Fe# (mol% FeO/(FeO + MgO)) of 0-34). The 0 wt
% FeO endmember (pure forsterite) serves as a baseline control for
understanding the fundamental Fe-O-S-olivine equilibrium under
reducing conditions, while the 15-30 wt% FeO range encompasses the
silicate FeO contents characteristic of all oxidized chondrites
(Jarosewich, 2006; Bischoff et al., 2011). Most experiments used Fe-FeS
eutectic metal starting compositions to simulate the initial melt pro-
duced during heating of chondritic materials. An additional set of ex-
periments employed FeS starting compositions to simulate metallic melt
compositions in highly oxidized bodies, such as CM and CI chondrites,
that contain little to no free metallic Fe (Jarosewich, 2006). We use these
experimental results to evaluate the efficacy of percolative core forma-
tion in oxidized planetesimals accreting materials similar to carbona-
ceous and Rumuruti chondrite parent bodies, and to infer the
compositions of their resulting metallic cores. This study constitutes Part
I of a series: Part II will extend the investigation to pyroxene-bearing
matrices, and Part III will examine mixed olivine-pyroxene systems
representative of natural chondritic lithologies.

2. Experimental methods

Experiments were performed using starting mixtures of synthetic
olivine and iron sulfide (Fe; 46S or stoichiometric FeS) components,
prepared separately and mixed under ethanol in an agate mortar for
~40 min. Olivine was not pre-synthesized but instead formed in situ
within the capsule from stoichiometric mixtures of reagent-grade
(99.5-99.9%) SiOz, MgO, and FeO powders during the high-P-T exper-
iments. At our run conditions (1350 °C, 30 h), olivine crystallization and
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IW-8 to +3), with most planetesimals showing reduced redox state. Bar lengths indicate 16 about the mean value. Data and references are reported in

equilibration with the Fe-O-S melt proceed simultaneously. The result-
ing olivine compositions were verified by EPMA to match target values
within analytical uncertainty, and their compositional homogeneity
within each sample (Table 1) confirms complete reaction of the starting
oxides.

To investigate the effect of FeO content in the silicate phase, we
adjusted the fayalite-to-forsterite ratio to produce six compositions with
FeO contents of 0, 5, 10, 15, 20, and 30 wt%. This resulted in Fe#
ranging from O to 34. Two iron sulfide compositions were utilized: a
eutectic-like Fej 46S (starting composition of the eutectic experiments of
Holzheid et al., 2000), and stoichiometric FeS. The Fej 46S starting
material was synthesized by mixing elemental reagent-grade (99.9%) Fe
and FeS powders in the appropriate proportions. Following previous
studies (Terasaki et al., 2005, 2008; Tsuno et al., 2024), the olivine-to-
sulfide volume ratio was fixed at 98:2 to ensure that metallic melt
remained below the connectivity threshold in systems with 6 > 60°.

Experiments were performed in a 1/2-inch end-loaded piston-cylin-
der apparatus at the Experimental Petrology and Igneous Processes
Center (EPIC), Arizona State University (ASU). To maximize experi-
mental efficiency, we employed a triple-capsule design in which three
distinct starting compositions (varying in olivine FeO content or sulfide
composition) were loaded into a single graphite capsule in separate
drilled cavities (Tsuno et al., 2018; Grewal et al., 2019a, 2019b, 2021a,
2021b). Graphite capsules were selected following previous studies of
metallic melt percolation in olivine aggregates (Minarik et al., 1996;
Terasaki et al., 2005, 2008; Solferino and Golabek, 2018; Miura et al.,
2025). Although graphite can impose reducing conditions via the C-CO
buffer in some configurations (Medard et al., 2008), our experiments are
internally buffered by the olivine-metal-sulfide assemblage: O contents
in the Fe-O-S melt vary systematically from < 1 to > 12 wt% as a
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Table 1

Summary of electron microprobe analyses (in wt%).
Exp. No. P (GPa) Olivine Fe-O-S melt

SiO, MgO FeO Fe#! No. of analyses Fe S (0] AIW No. of analyses

Eutectic Experiments
R150S1 1.0 40.18 (0.50)? 49.09 (0.29) 10.44 (0.22) 10.66 9 64.72 (1.69) 26.71 (2.00) 7.40 (1.84) 1.45° 11
R150S82 1.0 38.46 (0.62) 40.40 (0.52) 21.19 (0.61) 22.74 10 65.10 (0.64) 24.45 (1.83) 8.31 (1.02) 1.44 15
R150S3 1.0 42.04 (0.22) 53.38 (0.48) 5.65 (0.46) 5.60 10 61.77 (0.44) 35.87 (1.77) 0.39 (0.50) -3.56 4
R151S81 2.0 37.88 (0.67) 38.95 (0.66) 21.40 (0.84) 23.56 9 64.42 (1.73) 24.53 (2.13) 10.41 (1.97) 2.82 13
R151S82 2.0 41.33 (0.62) 47.94 (0.41) 10.59 (0.33) 11.03 10 62.90 (0.51) 30.38 (2.95) 6.59 (1.56) 211 7
R151S3 2.0 41.92 (0.48) 51.85 (0.38) 6.12 (0.48) 6.21 9 61.40 (0.81) 36.64 (0.45) 0.27 (0.43) -3.84 15
R152S1 0.75 42.23 (1.07) 53.47 (0.33) 5.12(0.28) 5.09 9 62.82 (1.23) 29.40 (2.11) 5.14 (1.56) 0.84 12
R152S82 0.75 41.29 (0.93) 48.87 (0.46) 10.33 (0.13) 10.60 9 64.92 (1.04) 25.38 (2.18) 8.21 (1.84) 1.53 14
R152S3 0.75 39.06 (0.93) 40.72 (0.33) 20.78 (0.30) 22.25 10 65.30 (0.86) 25.51 (1.69) 7.77 (1.27) 1.32 12
R154S1 1.0 41.48 (0.62) 57.24 (0.21) 1.04 (0.06) 1.01 9 62.52 (0.65) 36.37 (0.70) 0.23 (0.42) -4.20 8
R154S82 1.0 39.11 (0.72) 45.64 (0.30) 15.03 (0.21) 15.59 10 63.81 (1.11) 26.55 (2.23) 8.02 (1.18) 1.96 8
R15581 0.5 39.48 (0.88) 41.46 (0.73) 19.96 (0.83) 21.26 10 65.02 (0.98) 24.27 (2.61) 9.61 (1.75) 2.2 10
R155S82 0.5 42.36 (0.87) 53.48 (0.38) 5.51 (0.31) 5.46 10 60.83 (1.36) 33.99 (1.89) 2.16 (0.94) -0.62 5
R155S83 0.5 41.95 (0.45) 49.95 (0.15) 9.75 (0.26) 9.87 9 64.44 (1.69) 27.08 (1.45) 7.83 (1.07) 1.86 12
R156S1 1.0 37.38 (0.38) 36.02 (0.21) 26.99 (0.19) 29.60 14 63.07 (2.03) 24.83 (3.16) 12.09 (1.98) 3.88 9
FeS Experiments
R148S1 1.0 39.58 (0.53) 41.35 (0.43) 18.66 (0.56) 20.20 10 66.37 (1.44) 32.59 (2.50) 2.72(0.98) — 13
R148S2 1.0 41.39 (0.64) 49.02 (0.58) 10.04 (0.54) 10.30 10 63.33 (0.85) 36.25 (0.79) 0.78 (0.37) - 11
R148S3 1.0 41.90 (0.77) 53.05 (0.20) 4.98 (0.15) 5.01 9 64.69 (0.52) 36.94 (0.12) 0.55 (0.16) — 15
R149S1 2.0 42.04 (0.65) 53.89 (0.27) 5.05 (0.09) 5.00 10 64.86 (0.39) 35.85 (0.93) 1.06 (0.43) — 7
R149S2 2.0 39.45 (0.61) 42.21 (0.30) 19.03 (0.21) 20.18 10 64.50 (2.17) 32.21 (1.34) 4.42 (1.40) - 7
R149S3 2.0 40.86 (0.60) 49.54 (0.29) 10.11 (0.12) 10.27 10 64.14 (0.75) 36.13 (0.66) 0.96 (0.63) = 7

1. Fe# is the mol% of FeO/(FeO + MgO).
2. Numbers in brackets indicate the standard deviations.

3. The fO, w.r.t the IW buffer is calculated using Kress’s thermodynamic model for sulfide melts (Kress, 1997, 2000, 2007). The fO, for FeS experiments has not been
calculated because the model is only applicable to metallic Fe-rich systems. The fO, at the IW buffer was calculated using the fO, buffer calculator by Iacovino (2021).

function of olivine FeO content, and calculated fO, values span ~IW-4
to IW+4 (Table 1) — far wider than a restricted range expected from
graphite buffering. This range reflects internal buffering by FeO ex-
change between olivine (~98 vol% of each charge) and the metallic
melt.

The graphite capsule was enclosed in MgO, jacketed in a sintered
BaCOs sleeve, and wrapped in Pb foil (Fig. S1). All experiments were
conducted at 1350 °C and pressures of 0.5-2 GPa for 30 h. Although the
Fe-FeS eutectic temperature is ~988 °C at 1 bar, the higher experimental
temperature ensures attainment of textural and compositional equilib-
rium in the olivine-melt system, which previous studies indicate is
achieved within 12 h under similar conditions (Shannon and Agee,
1996; Terasaki et al., 2005, 2008). Each assembly was cold-pressurized
to the target pressure, heated at 100 °C/min to the target temperature,
and quenched after 30 h by shutting off power to the furnace. For ex-
periments below 0.75 GPa, temperature was controlled via thermo-
couple feedback for the initial 5 h, then switched to constant power
mode for the remainder of the run to avoid temperature drift from po-
tential thermocouple oxidation. We note that the compression-
decompression procedure of Miura et al. (2025) was not adopted for
low-pressure experiments owing to possible hysteresis from friction and
deformation (Bose and Ganguly, 1995). Temperature was monitored
using a Type D W3Reg7-WasReys thermocouple with an accuracy of +
10 °C (Médard and Grove, 2006).

Recovered samples were mounted in Petroepoxy, ground with
sandpaper (up to 1500-grit) to expose horizontal sections, and subse-
quently polished with a 1 ym diamond slurry. After carbon-coating, the
samples were analyzed via wavelength dispersive X-ray spectroscopy
(WDS) using a JXA-8530F electron microprobe at the Eyring Materials
Center, ASU. Olivine and metal-sulfide phases were analyzed in separate
sessions. Metallic phases were analyzed at an accelerating voltage of 20
kV and a beam current of 15nA, whereas silicate phases were analyzed at
15 kV and 15nA. For all elements, counting times were 20 s on peak and
10 s on each background, with the exception of O (60 s and 30 s,
respectively). For metallic phase analyses, Fe metal, Fe;O3, and FeS
were used as standards for Fe, O, and S, respectively, utilizing LIFH (Fe),
PETJ (S), LDE1H (O) crystals. For olivine grains, synthetic fayalite and
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San Carlos olivine served as standards for Fe, Si, and Mg, using TAP for
(Si), TAPH (Mg), and LIF (Fe) crystals. Typical detection limits were
0.01 wt% for Si and Mg, 0.02 wt% for S and O, and 0.04 wt% for Fe.

Oxygen analysis in metallic phases presents significant analytical
challenges because measurements are highly sensitive to background
determination, and peak positions can vary between standards and
samples (Liang, 1991; Fonseca et al., 2008). These analytical challenges
are well-documented in previous experimental studies of Fe-O-S systems
(Gaetani and Grove, 1999; Terasaki et al., 2005, 2008). Following the
methodology of these studies, we used Fe,Oj3 as the O standard for metal
analyses to minimize analytical artifacts associated with peak shifts. A
beam size of 1-5 pm in diameter was used for metallic phases to account
for compositional heterogeneity in quenched products. In some cases,
particularly for O-poor metallic phases, the interaction volume exceeded
the melt pool size, potentially affecting individual measurements. To
address this limitation, up to 15 analyses were collected per sample,
targeting different melt pockets across the capsule. Analyses showing
evidence of olivine contamination (e.g., anomalous Si or Mg) were
discarded, yielding 4-15 retained measurements per sample. The
reproducibility of compositions across multiple melt pools (typically
within + 2 wt% for O; Table 1) confirms that interaction volume effects
do not systematically bias the reported averages. All reported O contents
in the Fe-O-S melts are blank-corrected values, obtained by subtracting
the O blank determined from analyses of FeS standards (0.33 wt% O).
Several experiments at low fO5 (R150S3, R151S3, R154S1) yield blank-
corrected O contents with standard deviations equal to or exceeding the
mean value (Table 1), indicating that these measurements are effectively
at or below the detection limit.

2-D backscattered electron (BSE) images were collected to measure
dihedral angles between silicate and sulfide phases at magnifications of
1000-4000x, chosen to resolve grain-boundary triple junctions at the
scale of the melt pockets, which vary from 5-50 pm (Terasaki et al.,
2008; Néri et al., 2019), depending on sulfide melt pool size. Following
the protocol of previous studies (Terasaki et al., 2005, 2008), dihedral
angles were determined from more than 100 measurements in each
sample, except R150S2 and R154S2 (75 and 86 measurements, respec-
tively). Angles were measured using “ImageJ” software, and the median



V. Manilal et al

of each dataset was taken as the representative dihedral angle. The
median is preferred over the arithmetic mean because dihedral angle
distributions are typically positively skewed making the median a more
robust estimate of the true equilibrium angle. The measurement error
was determined using a 95% confidence interval centered on the pop-
ulation median (Holness and Lewis, 1997). Full dihedral angle distri-
butions and statistical parameters are provided in the Supplementary
Text (Fig. S2, Fig. S3).

3. Results
3.1. Textures of experimental products

All experimental products contain quenched Fe-O-S melts distributed
along olivine grain boundaries and at triple junctions (Fig. 2, Fig. 3,
Fig. S4). Olivine in each retrieved sample is compositionally homoge-
nous. Multiple analyses of different metallic melt pools and olivine
grains within individual experiments yielded consistent compositions
within analytical uncertainty, confirming that textural and chemical
equilibrium was achieved within the 30 h experimental duration. The
distribution and connectivity of Fe-O-S melt vary systematically with
olivine FeO content. At FeO > 5 wt%, the eutectic melt forms elongated,
moderately connected networks (Fig. 2B-C, E-F, H-I, K-L, N-O), whereas
at lower FeO, the melt remains isolated in discrete pockets (Fig. 2A, D,
G, J, M). A similar distinction is observed in FeS experiments, where
samples with FeO content greater than 10 wt% show elongated and
connected Fe-O-S melt networks (Fig. 3C, F), in contrast to those with a
lower FeO content (Fig. 3A-B, D-E). Olivine grain sizes increase sys-
tematically with FeO content, ranging from ~30 + 10 pm at 5 wt% FeO
(Fig. 2A, D, G, J) to ~50 =+ 15 pm at 30 wt% FeO (Fig. 20). This grain
coarsening is consistent with enhanced grain growth driven by lower
solidus temperatures characteristic of FeO-rich olivine compositions
(Nichols and Mackwell, 1991; Zhao et al., 2009; Qi et al., 2021). How-
ever, grain coarsening does not influence melt connectivity, because in
textural equilibrium, @ is fixed by the balance of solid-solid and solid-
-liquid interfacial energies and is insensitive to grain size (von Bargen
and Waff, 1986). Consistent with previous studies (Gaetani and Grove,
1999; Terasaki et al., 2005, 2008), tiny blebs (~1 pm in diameter) are
observed within the Fe-O-S phase at higher FeO contents (>5 wt%),
interpreted as O-rich exsolution products formed during quenching
(Minarik et al., 1996; Gaetani and Grove, 1999; Terasaki et al., 2005,
2008). At very high olivine FeO content (~27 wt%), FeO forms a
continuous layer (~2 pm width) at the Fe-O-S melt-olivine interface and
olivine-olivine grain boundaries (Fig. 20, Fig. S5).

3.2. Variation of fO2 with composition

Similar to Terasaki et al. (2008), fO5 values for eutectic experiments
were calculated using the thermodynamic model for sulfide melts
developed by Kress (1997, 2000, 2007). In this model, Fe-O-S melts are
treated as equilibrium solutions of six components (S, Fe, FeO, FeOj s,
FeS, and FeOS). The calculated fO5 values range from ~IW—4 to IW+4
(Fig. 4; Table 1). The oxidized end of this range encompasses differen-
tiation conditions of all oxidized meteorites, including CV-ox, RC, CM,
and CI chondrites (fO; = IW to IW+3.2) (Fig. 1). The more reducing
experiments (fO; = IW—4 to IW) provide an essential baseline where O
dissolution into Fe-O-S melts is negligible, enabling quantification of
how increasing fO, progressively enhances O incorporation and melt
connectivity in oxidized systems. The fO, is buffered by the olivine-
metal-sulfide equilibrium and correlates strongly with the FeO content
of coexisting olivine. The relationship between olivine FeO and fO, is
nonlinear, showing a sharp increase in fO from IW—4 to IW+2 as FeO
content increases from 5 to 10 wt%, followed by a more gradual rise to
IW+4 at 27 wt% FeO (Fig. 4). This sigmoidal fO, profile reflects the
underlying O solubility behavior: the sharp increase of dissolved O in
sulfide melt for olivine containing 5-10 wt% FeO (Fig. 5A) drives the
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steep rise in fO5 through the Kress model calculations, while the gradual
rise in O solubility above 10 wt% FeO produces the gradual fO5 increase
at higher compositions. The Kress model is only applicable to metallic
Fe-rich systems; therefore, fO, values are not reported for FeS experi-
ments where the absence of free metallic Fe limits the applicability of
this thermodynamic framework (Cao, 2010). Although fO5 cannot be
explicitly calculated for the FeS experiments, the olivine FeO content
remains a reliable proxy for relative redox conditions, as it controls the
activity of FeO in the buffering assemblage. However, because the
buffering assemblage differs between eutectic and FeS experiments, fO5
at a given olivine FeO content is not necessarily identical, and com-
parisons between the two systems should be regarded as first-order
approximations.

3.3. Oxygen solubility in Fe-O-S melts

Table 1 summarizes the chemical compositions of the sulfide and
silicate phases. The quenched melts for experiments with eutectic and
FeS starting compositions (hereafter referred to as “eutectic experi-
ments” and “FeS experiments”, respectively) plotted on an Fe-O-S
ternary diagram (Fig. 6A-B) show nearly constant Fe concentrations
(~62-65 wt%) across all experiments, while S and O concentrations
display complementary behavior. This pattern is more obvious in
eutectic experiments where the O content increases with rising fO, while
the S content decreases correspondingly, reflecting the inverse rela-
tionship between these two anions in Fe-O-S melts at equilibrium
(Fonseca et al., 2008; Gaetani and Grove, 1999; Kress, 1997; Terasaki
etal., 2005). Eutectic and FeS experiments occupy distinct regions of the
compositional triangle: eutectic experiments span higher O contents (up
to ~8-12 wt%) at lower S contents, whereas FeS experiments are
characterized by lower O contents (<5 wt%) and higher S contents,
reflecting the limited availability of metallic Fe for O bonding in FeS-rich
systems.

3.3.1. Effect of silicate FeO content

Oxygen solubility in eutectic Fe-O-S melts is strongly dependent on
the FeO content of coexisting olivine, which serves as a proxy for fO,.
Oxygen concentration in melts from eutectic experiments (“eutectic
melts” hereafter) increases sharply from ~0-2 wt% for olivine with ~5
wt% FeO to ~6-9 wt% for olivine with 10 wt% FeO, and then changes
more gradually, reaching ~8-12 wt% for olivine with ~15-30 wt% FeO
(Fig. 5A). In contrast, melts from FeS experiments (“FeS melts”) exhibit
lower overall O contents and a different trend (Fig. 5B). Oxygen solu-
bility increases approximately linearly but with considerable scatter,
rising from ~0.5-1 wt% at ~5 wt% FeO in olivine to ~3-5 wt% at ~20
wt% FeO in olivine. These results are consistent with previous obser-
vations for FeS-based systems at both ambient pressure (Gaetani and
Grove, 1999) and elevated pressures (Minarik et al., 1996; Terasaki
et al., 2005).

3.3.2. Effect of pressure

In the eutectic experiments and for a given olivine FeO content, O
solubility in the sulfide melt remains nearly constant within the pressure
range of 0.5-2 GPa (Fig. 5C). For instance, in Fe-O-S eutectic melts
coexisting with silicates containing ~10-20 wt% FeO, O contents
consistently lie in the range of ~6-10 wt% regardless of pressure. This
result agrees with the observations by Terasaki et al. (2008), who
showed that O solubility in eutectic melts initially increases with
decreasing pressure but reaches a plateau at P <~3 GPa. Importantly,
our 0.5-2 GPa data agree well with the ambient-pressure measurements
for eutectic-like melts of Gaetani and Grove (1999) at comparable fO,,
suggesting O solubility remains constant across the full 0-2 GPa range,
including the unexplored range of 0-0.5 GPa. In comparison, O contents
in FeS melts are systematically lower than those from the eutectic ex-
periments at all pressures (Fig. 5D). For instance, at ~20 wt% olivine
FeO, FeS melts contain ~3-5 wt% O, whereas eutectic melts contain
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Fig. 2. Backscattered electron (BSE) images of experimental products from eutectic experiments at varying FeO contents in olivine. All samples show quenched Fe-O-
S melt along olivine grain boundaries. Column headings represent initial FeO content of silicates (wt%), and rows correspond to experimental pressures. Measured
dihedral angles are listed in brackets. (A-L) Experiments performed at pressures 0.5-2 GPa with 5, 10, and 30 wt% FeO. (M-O) Experiments at 1 GPa with olivine FeO
contents of 0, 15, and 30 wt%. Melt structure typically transitions from isolated pockets at low FeO content (~0-5 wt%) to partially interconnected veins at higher
FeO (>5 wt%). Olivine grain size increases with FeO content (30 £ 10 pm at 5 wt% FeO (A, D, G, J) to 50 + 15 pm at 30 wt% FeO (20)), reflecting enhanced grain

growth at systematically lower solidus temperatures.
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Fig. 3. Backscattered electron (BSE) images of experimental products from FeS experiments at varying FeO contents in olivine. All samples show quenched Fe-O-S
melt along olivine grain boundaries. Column headings represent the initial FeO content of the silicate (wt%), and rows correspond to experimental pressures.
Measured dihedral angles are listed in brackets. (A-F) Experiments were performed at pressures of 1-2 GPa with FeO content in olivine of 5, 10, and 20 wt%.
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Fig. 4. Calculated log fO, (relative to the IW buffer) as a function of the FeO
content of coexisting olivine. The color scale bar indicates O content in Fe-O-S
melt. The profile exhibits a sigmoidal shape: a sharp increase in fO, from IW—4
to IW+2 occurs as the FeO content in olivine increases from 5 to 10 wt%, driven
by enhanced O solubility, followed by a gradual rise to IW+4 at 27 wt% FeO.
Values are derived using the thermodynamic model of Kress (1997, 2000, 2007)
for eutectic melts. Error bars for FeO content in olivine represent 1 deviation
from the mean determined by electron microprobe analyses.

~8-10 wt% O. Previous FeS-based experimental studies also reported
similar O contents (Minarik et al., 1996; Gaetani and Grove, 1999;
Terasaki et al., 2005). Within the 0.5-2 GPa pressure range, O contents
in Fe-O-S melts of FeS experiments show no systematic variation with
pressure. This observation is consistent with previous data across pres-
sures from 1 atm to 4.6 GPa (Minarik et al., 1996; Gaetani and Grove,
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1999; Terasaki et al., 2005).
3.4. Parameters controlling the dihedral angle

Dihedral angles () as a function of FeO content and total anion/total
cation ratio are summarized in Table 2.

3.4.1. Dependence on FeO content in olivine

In eutectic experiments, 6 decreases monotonically with increasing
olivine FeO content from ~80° at ~1 wt% FeO to ~46° at ~30 wt% FeO
(Fig. 7A). Under highly reducing conditions (fO, < IW-2), 0 is extremely
high (~80°). As fO, increases, ¢ decreases progressively, with a more
gradual decline in the range fO; = IW—2 to IW+1 (Fig. 8). The critical
interconnection threshold (6 < 60°) is reached at ~10 wt% FeO, cor-
responding to fOp > IW+1. The decline in 0 is steepest between 5 and 10
wt% FeO, coinciding with the rapid increase of O content in the eutectic
melt (Fig. 7A). Notably, 6 continues to decline from ~50-60° at 10 wt%
FeO to ~40-50° at 20-27 wt% FeO (Fig. 7A) even though the O content
in the eutectic melt does not increase as sharply as the O content in
samples containing ~5-10 wt% FeO olivine (Fig. 5A). We note that the
data from Terasaki et al. (2008) at P > 3 GPa plot systematically above
the trend defined by our eutectic experiments (Fig. 7A), consistent with
reduced O solubility and higher 6 values at elevated pressures.

Overall, FeS experiments display a similar trend, with 6 decreasing
from ~65-71° with ~5 wt% FeO olivine to ~50-56° with ~19 wt% FeO
olivine; Fig. 7B); although 0 values change little for olivine containing
~5-10 wt% FeO. The interconnection threshold (§ < 60°) is reached at a
higher FeO content in olivine (~15-19 wt%) than eutectic melts (~10
wt% FeO olivine) due to systematically lower O contents in FeS melts.
Data on experiments with FeS from Minarik et al. (1996) and Terasaki
et al. (2005) plot at higher 6 (>70°), consistent with a pressure effect
on O solubility as these experiments were conducted at 3.5-4.6 GPa. The
dependence of  on O content in Fe-O-S melts (Fig. S7) parallels its
relationship with olivine FeO content (Fig. 7A-B), as expected from the
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correlation between these parameters (Fig. 5A-B).

3.4.2. Dependence on pressure

At a given olivine composition, 6 remains roughly constant or in-
creases only slightly from 0.5 to 2 GPa for eutectic experiments (Fig. 7C).
For olivine FeO contents of ~5, ~10, and ~20 wt%, mean dihedral
angles cluster around ~66°, ~56°, and ~45°, respectively, showing
minimal variation below 2 GPa. At higher pressures (>3 GPa, Terasaki
et al., 2008), 6 increases more steeply with pressure, displaying nearly
linear positive correlations. This pressure dependence at P > 3 GPa re-
flects the systematic decrease in O solubility observed at elevated
pressures (Urakawa et al., 1987; Terasaki et al., 2008). FeS experiments
display two distinct clusters across P: § ~52° for olivine FeO > 10 wt%
and 6 ~66° for FeO < 10 wt% (Fig. 7B). While Minarik et al. (1996) did
not observe a clear pressure dependence, likely due to their limited
pressure range (3.5-4 GPa), our dataset, combined with that of Terasaki
et al. (2005), shows a positive correlation between # and pressure across
the broader 1-5 GPa range (Fig. 7D).

3.4.3. Dependence on total anion/total cation ratio

The variations in 6 with composition can be characterized by
considering the total anion content in the Fe-O-S melt. For eutectic
compositions (Fig. S6), 6 decreases systematically with increasing (S +
0)/Fe ratio, dropping from ~100° at (S + O)/Fe ratio of ~0.6 to below
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~60° at ratios above ~1.1. The data from this study overlap with the 1
bar results from Gaetani and Grove (1999) and Rose and Brenan (2001),
and extends the relationship to higher anion/cation ratios. Data from
Terasaki et al. (2008) at higher pressures (1.5-5 GPa) show greater
scatter, reflecting the significant effect of pressure on both O solubility
and 0. We note that Holzheid et al. (2000) did not measure O content in
their sulfide melts, which may lead to underestimation of the true (S +
0O)/Fe ratios in their dataset. FeS experiments display a similar negative
correlation between 6 and (S + O)/Fe ratio (Fig. S6), with 6 decreasing
from ~100° at a (S + O)/Fe ratio of ~0.6 to ~55° at a ratio of ~1.1. The
data from this study overlap closely with those of Terasaki et al. (2005),
whereas Minarik et al. (1996) and Ballhaus and Ellis (1996) reported
generally lower (S + O)/Fe ratios (<1.0) and correspondingly higher 6
values (>75°). Overall, consistent with observations from previous
studies (Minarik et al., 1996; Gaetani and Grove, 1999), both eutectic
and FeS experiment datasets demonstrate that 6 decreases consistently
with increasing the anion/cation ratio across the full compositional and
pressure range investigated in this study.

4. Discussion
Our experiments demonstrate that the efficacy of percolative core

formation in oxidized planetesimals is primarily controlled by redox
conditions (fO3). Three key findings emerge: (1) dihedral angles fall
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Table 2

Results of dihedral angle measurements and anion/cation ratios for all experimental products.
Exp. No. Pressure (GPa) Average FeO content in olivine (wt%) (S + O)/Fe No. of angles measured Dihedral angle (degrees) CL (! CL (+)
Eutectic Experiments
R150S1 1.0 10.44 (0.22) 1.12 145 57.67 54.89 59.57
R150S82 1.0 21.19 (0.61) 1.10 75 43.96 42.77 51.18
R150S83 1.0 5.65 (0.46) 1.03 149 65.70 62.59 67.53
R15181 2.0 21.40 (0.84) 1.23 131 46.70 44.08 50.04
R151S2 2.0 10.59 (0.33) 1.21 139 58.08 54.39 59.54
R15183 2.0 6.12 (0.48) 1.06 148 68.79 65.15 70.39
R152S1 0.75 5.12 (0.28) 1.10 142 64.01 61.45 66.58
R152S2 0.75 10.33 (0.13) 1.12 112 53.18 49.66 55.40
R152S83 0.75 20.78 (0.30) 1.10 110 53.09 49.71 54.13
R154S1 1.0 1.04 (0.06) 1.03 141 80.50 76.74 82.61
R154S2 1.0 15.03 (0.21) 1.16 86 56.64 51.93 60.42
R155S81 0.5 19.96 (0.83) 1.17 135 42.53 41.31 47.56
R155S82 0.5 5.51 (0.31) 1.10 171 66.31 63.10 67.77
R155S3 0.5 9.75 (0.26) 1.16 150 55.46 52.96 58.10
R156S1 1.0 26.99 (0.19) 1.36 120 46.67 46.15 54.26
FeS Experiments
R148S1 1.0 18.66 (0.56) 1.00 118 50.06 48.15 55.38
R148S2 1.0 10.04 (0.54) 1.04 115 69.91 65.43 71.74
R148S3 1.0 4.98 (0.15) 1.02 116 65.57 64.27 70.02
R149S1 2.0 5.05 (0.09) 1.02 122 70.04 67.53 73.86
R149S2 2.0 19.03 (0.21) 1.11 106 56.05 52.78 58.44
R149S3 2.0 10.11 (0.12) 1.03 126 71.38 66.00 71.49

1. Error estimate on the dihedral angle was based on a 95% confidence interval (C.I.) centered on the population median (Holness and Lewis, 1997).

below the critical 60° percolation threshold once the FeO content in
olivine exceeds ~10 wt% in eutectic melts (Fig. 7A) (corresponding to
fO2 2 IW+1; Fig. 8) and ~15-19 wt% in FeS melts (Fig. 7B), enabling
interconnected metallic melt networks to form even at low melt frac-
tions (<1 vol%) in solid silicate matrix; (2) S and O act synergistically as
surface-active elements, such that the total anion content controls
interfacial energies (Fig. S6); and (3) pressure only has a minor effect on
melt connectivity below 2 GPa, implying that redox state and metallic
melt composition, rather than planetesimal size, determined whether
early core formation proceeded via percolation. Below we discuss the
mechanisms underlying these behaviors and their implications for core
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formation in oxidized planetesimals.

4.1. Mechanisms controlling O solubility in Fe-O-S melts and their
connectivity

4.1.1. Thermodynamic control on O solubility in Fe-O-S melts

The strong correlation between olivine FeO content and O solubility
in eutectic melts (Fig. 5A) reflects thermodynamic equilibrium between
coexisting phases. During equilibration, the FeO component of olivine
reacts with the metallic melt at the interface, driving O dissolution into
the Fe-O-S liquid. Because olivine vastly dominates the phase
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contents. In eutectic melts, € drops below the interconnection threshold of 60° at ~10 wt% olivine FeO (A). FeS melts show a similar wetting behavior but reach the
percolation threshold at higher FeO contents (~15-19 wt%). (C-D) Variation in 6 as a function of P for (C) Eutectic and (D) FeS experiments. § remains roughly
constant up to 2 GPa and increases linearly at higher P. Error bars for compositions represent 1 standard deviation determined by electron microprobe analyses,
whereas the error bars for dihedral angles are based on a 95% confidence interval centered on the population median (Holness and Lewis, 1997).

assemblage (~98 vol%), its measured composition remains within
analytical uncertainty of the starting material. At equilibrium,
increasing FeO content in olivine raises the activity of FeO in the silicate
and, therefore, the equilibrium fO5 buffered by the olivine-metallic melt
assemblage. The higher fO5 drives greater O dissolution into the Fe-O-S
melt (Terasaki et al., 2005, 2008; Fonseca et al., 2008; Kiseeva and
Wood, 2013, 2015). This thermodynamic coupling between olivine FeO,
fO2, and [O] in the melt is expressed by the two-regime relationship
between log [O] et Vs. log fO5 for eutectic melts (Fig. 9):

1) Low-to-intermediate oxidation states (IW-4 < fO, < IW+2): In this
range, O solubility increases approximately linearly with log fOo,
from ~0.2 wt% at fO; = IW-4 to ~8-10 wt% at fO; = IW+2. The
best-fit slope of log [Olnelt Vs. log fOs is ~0.3-0.4, i.e., 1-log-unit
increase in fO, increases dissolved O by a factor of ~2-2.5. In this
regime, the melt remains oxide-undersaturated: the system accom-
modates increasing fO, entirely through higher dissolved O in a
single Fe-O-S melt phase, without requiring a separate oxide. This
linear trend reflects the strong fOs dependence of O dissolution in
oxide-undersaturated Fe-O-S melts.

Highly oxidizing conditions (fO5 > IW+2): At higher fO5 conditions,
O solubility continues to rise but more gradually, approaching ~12
wt% at fOp ~IW+4. The change in slope near fO ~IW+2 marks the
onset of oxide saturation. At this point, the Fe-O-S melt approaches
its structural solubility limit for O at the experimental temperature

2

~
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and bulk composition. Further increases in fO, cannot be accom-
modated solely by increasing the dissolved O content of a single melt
phase. Instead, equilibrium is maintained by changing the phase
assemblage: a separate FeO-rich oxide becomes stable and pre-
cipitates at melt-silicate interfaces and along grain boundaries
(Fig. 20, Fig. S5; Eustathopoulos et al., 1999). Beyond this point, the
melt remains close to its saturation [O], and additional O is taken up
primarily by the FeO-rich oxide phase, causing the log [Olnelt Vs. log
fOo curve to flatten.

This behavior demonstrates that O incorporation into eutectic Fe-O-S
melts is most sensitive to fO2 changes in the IW to IW+2 range, which
encompasses some of the oxidized chondrite groups (Fig. 1). The steep
rise in O solubility between ~IW and IW+2 confirms the trend observed
by Terasaki et al. (2008) and is consistent with ambient-pressure O
dissolution in eutectic-like melts (Kress, 1997; Gaetani and Grove, 1999;
Rose and Brenan, 2001). Although we cannot directly calculate fO, for
melts from FeS experiments using the Kress model (see Section 3.2
above), the log fO5 vs. FeO content relation established for eutectic melts
(Fig. 4) provides a first-order guide to the redox conditions expected for
FeS-rich runs at the same olivine FeO content. In contrast to eutectic
melts, FeS melts show a more gradual, approximately linear increase in
O solubility, i.e., from ~0.5-1 wt% to ~3-5 wt%, as the FeO content in
coexisting olivine increases from ~5 to 20 wt% (Fig. 5B). However, in
the absence of metallic Fe, the buffering assemblage differs, so



V. Manilal et al

RC Cl
—a— —
EC oC Cco CV-ox CM
— == —8— - —8—

1

00 o

90
o
= 80
K] + O
2 o)
<
® 70 +
el
@
5 4 + * )

o
T T Aﬁ """""""""""
50 4 |
A This study (Fey 46S) A x *
40 O Terasaki et al. (2008)
-4 -3 -2 -1 0 1 2 3 4
logfO; (AIW)

Fig. 8. Dihedral angles plotted against calculated log fO, for samples from
eutectic experiments. The percolation threshold (6 < 60°) for eutectic melts is
crossed at approximately IW-+1. High wetting angles (~80°) persist at reducing
conditions (fO, < IW-3), while highly oxidized conditions (>IW+2) result in
low angles (~45°). FeS experiments are excluded due to the absence of metallic
Fe (see text for details). Oxygen fugacity ranges of chondrite groups plotted
along the same AIW scale for reference. Symbols and horizontal error bars
denote mean values and uncertainties for each group; vertical offsets are
applied for clarity. Right-pointing arrows indicate lower-bound estimates (CI),
and the left-pointing arrow marks values extending beyond the plotted
range (EC).
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Fig. 9. Oxygen solubility in eutectic Fe-O-S melts as a function of oxygen
fugacity. Symbol color indicates FeO content of the coexisting silicate (wt%).
The dashed line represents the parameterization of oxygen solubility in eutectic
Fe-O-S melts vs. log fO, fitted using the model of Fonseca et al. (2008) for fO,
< IW+2 (see Section 4.2). The dotted line depicts the best linear fit for O sol-
ubility as a function of log fO, for fO, > IW+2.

comparisons between eutectic and FeS-rich compositions at a given
olivine FeO should only be regarded as first-order approximations.

4.1.2. Langmuir model for competitive adsorption at the olivine-metal
interface
The difference between eutectic and FeS melts in both the absolute
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level of O solubility and its dependence on FeO content in olivine
(Fig. S8) requires a thermodynamic explanation. Terasaki et al. (2005)
proposed that S and O adopt different structural roles on either side of
the Fe-S eutectic. On the Fe-rich side, both S and O were proposed to act
as surface-active elements (elements that lower interfacial energy).
Conversely, on the FeS-rich side, S was proposed to be strongly bonded
to Fe in the bulk metallic melt, reducing its surface activity, and,
therefore, its ability to lower dihedral angles. Our data contradict this
interpretation: when plotted against O content in the melt (Fig. S7A, B),
FeS melts reach 6 < 60° at lower O contents (~3 wt%) than eutectic
melts (~6 wt%). If S were not surface-active in FeS melts, the absence of
its contribution to lowering interfacial energy would require more O to
achieve 6 < 60°, not less. The lower O threshold in FeS melts therefore
indicates that the abundant S in these melts remains surface-active and
contributes to wetting. An alternative framework is therefore needed to
explain how both S and O contribute to wetting across the full compo-
sitional range.

To reconcile the above observations, we invoke the Langmuir model
of competitive adsorption (Langmuir, 1918; Biswas et al., 2022). In this
predictive framework, S and O are both surface-active elements that
compete for the same interfacial binding sites at the olivine-metallic
melt interface. The partitioning of S vs. O between the interface and
the bulk depends on their relative activities: when the activity of S (or
fS2) > O activity (or fO2), S preferentially occupies interface sites;
conversely, as O activity increases, O displaces S from these sites (Cao,
2010). At the olivine-metallic melt interface, molecular FeO trans-
ported from the bulk olivine to the interface dissociates, allowing O
adsorption via:

[FeOl; + O = [Fel; + Oags 2)

where [FeO]; is the FeO concentration at the interface, [] denotes a
vacant reaction site, [Fe]; is Fe at the interface, and O,qs is the adsorbed
O. Analogously, the adsorption of S at the interface proceeds via:

[FeS]p + O = [Fel; + Sags 3)

where [FeS]j is the FeS concentration in the bulk metallic melt and Sa4s
is the adsorbed S. The concentration of dissolved O in the bulk melt is
controlled by the equilibrium partitioning of O between the interface
and bulk and is governed by the relative coverage of O at the interface,
Co, the fraction of reaction sites occupied at the interface occupied by O
(Lasaga, 2014). To first order,

[Olmeir x Co (4)

Solving for the equilibrium coverages of O and S (Co and Cs) we
obtain (for detailed mathematical treatment, see the Supplementary
Text S1):

CO [ Kg.la;:eo (5)
ai?e + Kf)qai’eo + Kgqall;es
Keq b
CS S aFeS (6)

B q i q b
Qe + KG Gl + K& ahes

where Co and Cg are the fractions of reaction sites occupied by the
adsorbed O and S, respectively,

Kg! and Kg! are the equilibrium constants for O adsorption and S
adsorption reactions (Egs. (2) and (3)); a;eo is the activity of FeO at the
interface; ab is the activity of FeS in the bulk melt; and di, is the ac-
tivity of Fe at the interface.

Egs. (4) and (5) lead us to the key result that [O] et is proportional to
the activity of FeO:

q i
KeO aFeO

i q_i q b
Qe + KQ'Gheo + K5

)

[o]mell0<

In FeS melts, b is higher, so the term Kg'ab,; dominates. This result
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leads to greater interfacial coverage by S, limited O coverage, and
therefore lower bulk O solubility that increases only modestly with FeO
(and fO,). In near-eutectic, Fe-rich melts, b is relatively low. As a
result, increases in ai,, (and thus in fO) have a much stronger effect on
Co and hence on [O] ), producing the steep log [O] et Vs. log fO, trend
established for eutectic melts (Fig. 9). The observed anticorrelation
between dissolved S and O contents (Fig. 6) directly reflects this
competitive adsorption: as fO, increases at fixed Sy, O coverage at the
interface grows at the expense of S, and vice versa (Fig. S9). Experi-
mental results from Gaetani and Grove (1999) support this interpreta-
tion: at similar fO,, they obtain eutectic-like O solubilities when fS; is
low (log fSy ~ —2.5), but FeS-like O solubilities when fS; is higher (log
fSa ~ —1.5). This correlation is consistent with the framework that a
given fO can yield different bulk O contents as a function of fSy, due to
S-O competition for interfacial sites. Thus, the Langmuir competitive-
adsorption framework shows that O solubility in Fe-O-S melts depends
fundamentally on both fO5 and fS,, not on fO, alone, and naturally ex-
plains the different log [Olmelt Vs. log fO5 trends and O solubility levels
observed for eutectic and FeS melts (Fig. 9).

4.1.3. Dihedral angles and the transition to melt connectivity

The pattern of O incorporation into Fe-O-S melts directly controls 6
and, thus, melt connectivity. To understand this relationship, we employ
the Gibbs adsorption isotherm, which relates changes in interfacial
composition to changes in interfacial energy (Gaetani and Grove, 1999).
In differential form, the Gibbs adsorption equation at constant P, T is

7dysolid—melt = z“irl'dl’ti (8

where y is the solid-melt interfacial energy, I'; is the surface excess
concentration of component i, and y; is its chemical potential. The sur-
face excess I'; represents the excess amount of component i per unit area
at the interface relative to what would be present if the bulk composition
extended uniformly to the surface. Written explicitly for the components
in the Fe-O-S melts relevant to our experiments, Eq. (8) becomes

9

For surface-active elements such as O and S, increasing y, or g (via
higher fO, and fS,), increases their interfacial excess and, through the
Gibbs adsorption equation, lowers y and hence, 6. Oxygen has a stronger
effect on lowering y than S does because of the stronger bonding inter-

7dysolid—melt = FFed/’lFe + Fodﬂo + Fsd.uS

dy

dug

action of O with Fe at the interface (i.e., > %s ; Cao, 2010).

Consequently, as O displaces S (due to competitive adsorption), the net
effect is a decrease in y.

To focus on the dominant contributions from O and S, we combine
terms using the Gibbs-Duhem relation (£;X;dy; = 0) at constant T and P,
and eliminate the Fe term, yielding:

—dy = I'g%dug + I'§dyg 10

where I“gFe) =T;— <%> Ire is the surface excess of species i relative to
Fe metal at fixed T and P. In our closed systems, with no external Oz and
S, reservoirs, fO and fS; are internally buffered by the activities of FeO

and FeS through the redox equilibria:

FeO = Fe + 1 Oy an

FeS = Fe + % Sy 12)

The equilibrium constants for these reactions relate the activities of
Fe, FeO, and FeS to the corresponding fugacities of Oy and Sy. Rear-
ranging the equilibrium expressions gives:
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_ [areo Ko ?
fO2 = (T) 13)
2
85 = <a”—KS) as
Are

so that at equilibrium the O and S fugacities are fully determined by the
activities of Fe, FeO, and FeS together with the T and P dependent
equilibrium constants.

The chemical potentials of O and S can then be written explicitly in
terms of their fugacities as:

.1
Ho = Ho + ERTln(fOz) (15)

.1
Hs = Hg + ERTln(sz) (16)
where y; is the standard chemical potential, R is the gas constant and T is
the temperature. Differentiating these equations and substituting into
Eq. (10) leads to a direct relation between changes in y and changes in
fO- and fS, (See Supplementary Text S1 for the full derivation):

4 _ RT _(r

An(fo)% = 2o a7
6}/ _ RT (Fe)

An(fsy)/: = ' 18)

These expressions show that the sign and magnitude of '} and I'y®
control how y (and thus, ) responds to changes in fO; and fS;. When
T, éFe) >0 (i.e., the interface is enriched in S relative to Fe), increasing fS;

lowers y and 6, whereas when I (SFE) <0 (i.e., the interface is depleted in
S), increasing fS, raises y and 6. At low fOj, where competitive

adsorption by O is limited, S typically enriches the interface (I" éFe) > 0),
so higher fS; promotes wetting. At higher fO, (roughly > IW),

competitive adsorption by O can deplete S from the interface (I’ (SFe> <0),
so further increases in fS; no longer reduce # and may instead increase it.

Our experiments are consistent with this predicted reversal. With an
FeO content of 20 wt% in olivine, where fO, is high and O coverage at
the interface is large, FeS melts have higher 6 (~50-56°) than eutectic
melts (~42-52°), whereas at lower FeO (~5 wt%, lower fO5), 6 values
are similar (~64-71°) for both melt compositions (Fig. 7A-B). This

finding indicates that the sign and magnitude of F(SFE) change with fO,
and FeO content, affecting the relative importance of fS, in controlling 6
for eutectic and FeS melts.

By conducting experiments across a range of fO5 and olivine FeO
contents that span large variations in O solubility in sulfide melts, we
directly assess the effect of the anion-to-cation ratio (S + O)/Fe on 6 and
interfacial energies (Fig. S6). Our data show a clear inverse correlation
between 6 and (S + O)/Fe, supporting the interpretation that S and O act
together as surface-active species that reduce interfacial energies
(Ballhaus and Ellis, 1996; Minarik et al., 1996; Gaetani and Grove,
1999). While Terasaki et al. (2008, 2005) also recognized a similar
compositional trend between S and O, they did not find a consistent 6-(S
+ 0)/Fe relationship, likely because strong P-T effects on O solubility
and interfacial energies in their high-pressure experiments obscured the
underlying compositional dependence. In contrast, Minarik et al. (1996)
reported decreasing 6 with increasing (S + O)/Fe at 3.5-4 GPa, and
Gaetani and Grove (1999) documented the same trend at ambient
pressure. Taken together with our results, these studies support the
ability of S and O to lower interfacial energies, and thus 6, across a wide
range of pressures.

The interconnection threshold (@ < 60°) in eutectic melts is reached
at ~10 wt% FeO, corresponding to fO > IW+1 (Fig. 7A), consistent
with observations at ambient pressure (Rose and Brenan, 2001). This
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result implies that in oxidized planetesimals, eutectic Fe-O-S melts
would form interconnected networks over a wide range of olivine FeO
(>10 wt%) even at low melt fractions (<1 vol%). For FeS melts, the
interconnection threshold is reached only at higher FeO content in
olivine (~15-19 wt%), i.e., ~5-10 wt% FeO higher than for eutectic
melts (Fig. 7B). Previous FeS-melt studies (Minarik et al., 1996; Terasaki
et al., 2005) reported systematically higher ¢ values for FeS-rich com-
positions, consistent with reduced O solubility at high pressures. Our
results show that at the lower pressures and higher FeO contents char-
acteristic of many oxidized planetesimals, FeS melts can nonetheless
achieve 6 < 60° and undergo percolation.

A notable feature of our experimental data is that 6 continues to
decrease above ~ 10 wt% FeO (>IW+1), even though O content and (S
+ O)/Fe of eutectic melts increase only modestly and approach struc-
tural saturation (Fig. 7A, Fig. 9). This finding indicates that factors other
than melt anion content also influence interfacial energies in this high-
FeO, oxide-saturated regime. Once fO, >IW+2, an FeO-rich oxide pre-
cipitates at the silicate-melt interface and likely thickens with increasing
fOy (Fig. 8, Fig. 20). Simultaneously, the olivine itself becomes pro-
gressively more fayalitic, causing its composition to approach that of the
interfacial FeO phase. This increasing chemical similarity between
olivine and the FeO layer may reduce the olivine-melt interfacial energy
and thus 6, even at nearly constant melt composition. We therefore
suggest that the continued decrease in 6 at high FeO reflects the com-
bined effect of high melt anion contents and the FeO-rich oxides at the
interface. This hypothesis could be tested by measuring interfacial en-
ergies directly in oxide-saturated systems.

We note that at the highest FeO contents, where an FeO-rich layer
forms at the olivine-melt interface, the interpretation of dihedral angle
measurements requires additional caution. The presence of a reaction
product at the interface could, in principle, modify the geometry of the
grain-boundary junction. However, the dihedral angles measured in
these high-fO, experiments follow a continuous trend with the lower-fO,
data (Fig. 7A), suggesting that the FeO layer does not fundamentally
alter the wetting geometry. Nevertheless, dihedral angle values at the
most oxidized conditions (fO; > IW+2) should be considered with
greater uncertainty.

4.1.4. Pressure control on O solubility and the Fe-O-S phase diagram

Previous studies (Urakawa et al., 1987; Terasaki et al., 2008) have
shown that pressure influences both O solubility in Fe-O-S melts and ¢
between metallic and silicate phases. Our experiments, combined with
ambient-pressure data (Gaetani and Grove, 1999; Rose and Brenan,
2001), enable us to quantify this effect over a broad low-pressure range
applicable to planetesimal core formation. Within 0-2 GPa, O solubility
and 0 are essentially insensitive to pressure at a given FeO content in the
coexisting olivine (Fig. 5C-D, Fig. 7C-D). Eutectic and FeS melts at 0.5,
1, and 2 GPa display similar O contents and dihedral angles for a given
olivine FeO content, indicating that the dominant control on O solubility
and wetting behavior in this regime is bulk composition (particularly,
the FeO content in olivine), rather than pressure. These observations are
consistent with measurements by Terasaki et al. (2008), who reported
high O solubilities (~8-9 wt%) at 1.5 GPa, and with other low-pressure
studies that document similarly elevated O solubilities in Fe-O-S melts
(Naldrett, 1969; Gaetani and Grove, 1999; Rose and Brenan, 2001;
Fonseca et al., 2008).

At higher pressures (P > 3 GPa), Terasaki et al. (2008) observed a
marked decrease in O solubility, consistent with phase diagram studies
of the Fe-O-S system (Urakawa et al., 1987). This decrease reflects
pressure-induced changes in Fe-O-S phase relations: (1) the eutectic
composition shifts from the FeO-FeS join at low pressure (<3 GPa) to-
ward the Fe-FeS side at higher pressure, and (2) in the Fe-wiistite system
the minimum melting point moves from the FeO side to the Fe side at
~3.3 GPa, causing the cotectic line linking the eutectic to rotate from the
FeO-FeS side toward Fe-FeS. Experiments by Urakawa et al. (1987),
when compared with low P data from Naldrett (1969), clearly document
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this shift between 1 bar and 6 GPa. The net effect is that increasing
pressure above ~3-3.3 GPa shifts the equilibrium phase relations such
that metallic melts accommodate less dissolved O.

This pressure dependence of O solubility is mirrored in 6. In our
0.5-2 GPa experiments, § does not change systematically with pressure
at fixed FeO, consistent with nearly constant O solubility across this
range. By contrast, at P > 3 GPa, Terasaki et al. (2008) reported a sig-
nificant increase in 6, coincident with their observed drop in O solubility
(Fig. 7C). Together, these results show that pressure has little effect on O
solubility and 6 at low pressures, whereas at higher pressures (>3 GPa)
phase-diagram changes in the Fe-O-S system strongly suppress O solu-
bility and increase 6.

4.2. Relevance to differentiation of oxidized chondritic bodies

Oxidized chondritic bodies are prime candidates for planetesimals
that underwent early episodes of core formation via percolation. To
evaluate whether such bodies could plausibly form metallic cores by
percolation, we first examine their redox states (fO,) as inferred from
bulk compositions of four representative chondrite groups: CV-ox, CM,
Cl, and RC (Fig. 1). RC chondrites formed in the inner Solar System
reservoir, whereas CV-ox, CM, and CI chondrites originated in the outer
Solar System reservoir (Fig. 1). We use their bulk compositions and
redox states, together with our experimental constraints on O solubility
and wetting behavior, to assess the viability and consequences of per-
colative core formation.

The bulk compositions of chondrites reported by Jarosewich (2006)
include Hy0 and C in addition to their oxide and metal components.
These labile phases reside primarily in phyllosilicates and organics,
which are thermally unstable and break down before core-mantle dif-
ferentiation. Stoichiometric analysis shows that even in volatile-rich CI
and CM chondrites, the HoO budget exceeds organic C by a factor of
~1.4, ensuring that C is fully oxidized before metal-silicate segregation,
while the excess HoO cannot drive silicate Fe beyond the valence state
already imposed by the oxide assemblage (see Supplementary Text S2
for details). This interpretation is supported by the observed depletion of
C, N, and H»O in primitive achondrites and NC/CC iron meteorite parent
bodies (Grewal et al., 2021c, 2022a, 2022b, 2025a; Grewal, 2022;
Grewal and Asimow, 2023; Newcombe et al., 2023; Peterson et al.,
2023, 2024; Grewal and Mukhopadhyay, 2025), as well as thermal
evolution models showing efficient volatile removal during early
metamorphism while interiors remain permeable (Lichtenberg et al.,
2019). We therefore remove H,0 and C from the bulk compositions
and renormalize the remaining oxides + metal to 100 wt% before
calculating fO5 and modeling core compositions.

In the Jarosewich (2006) compositions, total iron is reported as FeO,
Fey03, and metallic Fe. For our fO, calculations, we recalculated all
Fe,03 as FeO equivalent, assuming all silicate iron is Fe>", and applied
AIW = 2 1og(Xpeo/Xre)- Using the renormalized chondrite compositions,
we estimate fO, for each group (Fig. 1, Table 3). CI, CM, and RC chon-
drites are the most oxidized, with fO, typically near or above IW+2, and
CV-ox chondrites are somewhat less oxidized (fO; ~IW+1.3). Our fOq
estimates differ slightly from those of Bercovici et al. (2022) because we
explicitly remove Hy0 and C before computing Fe redox, in order to
represent the residue that participates in core-mantle differentiation.
However, the relative ordering of chondrite groups in fOy space is
unchanged.

Our experimental results indicate that percolation of eutectic melts is
viable in oxidized chondrite-like parent bodies once fO, approaches
~IW+1 (Fig. 8). At these conditions, @ falls below 60°, allowing metallic
melt to form continuous networks at very low melt fractions. Typical
oxidized chondrites have FeO contents above 20 wt% in their silicates
(Table 3), so this criterion is also satisfied for FeS melts. These obser-
vations imply that CV-ox, CM, CI, RC-like parent bodies could sustain
interconnected Fe-O-S melt networks and, thus, percolative core for-
mation without substantial silicate melting. We emphasize that
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Table 3
Average bulk compositions of all oxidized chondritic groups, with errors representing 1¢ standard deviation. Compositions were derived from previous studies. Core
compositions were calculated based on the method described in Section 4.2.

Chondrite Type FeO content (wt%) Fe (wt%) Ni (wt%) FeS (wt%) Core composition
ATW! Fe + Ni (Wt%) S (Wt%) O (Wt%)
CV-0ox 27.56 (0.20) 0.16 (0.01) 0.30 (0.10) 4.16 (0.06) 1.27 (0.28) 63.8 (0.5)* 31.4 (1.6) 4.8 (1.5)
CM 27.51 (4.28) 0.08 (0.07) 0.32 (0.63) 8.41 (1.63) 2.43(0.73) 63.8 (0.5) 32,6 (1.1) 3.6 (1.0)
CI 24.32 (na) 0.00% (na) 0.00 (na) 13.13 (na) 3.18 (na) 63.8 (0.5) 32.6 (1.1) 3.6 (1.0)
RC 29.43 (3.36) 0.20 (0.22) 0.95 (0.25) 7.83 (2.18) 2.04 (0.64) 63.8 (0.5) 29.8 (1.7) 6.4 (1.6)

silicate
FeO

X]r:netal
e

FeO in silicates and Fe in the metallic phase, respectively. We assume ideal behavior for both Fe and FeO (2% = 1 and piilic®e = 1), which provides a first-order

estimate of fO,.
2. The error margins for (Fe + Ni) were obtained from experimental data. For O, the errors are calculated from the best fit equations, and S errors are calculated as 6s =

) 2
05 + Ofe-

3. Because CI chondrites lack metallic Fe, an Fe metal content of 0.1 wt% is assumed for the purpose of calculating fO, and core composition modeling.

1. The oxidation state relative to the iron-wiistite (IW) buffer is estimated via the equation: AIW = 2log,, < ), where Xglicate and Xee! are the mole fractions of

percolative core formation is a progressive process, not a single- systematic variation necessitates a compositional model that explicitly
temperature event. At the Fe-FeS eutectic (~988 °C; Buono and accounts for the specific composition of metallic phases. While previous
Walker, 2011), the initial melt constitutes ~1.8-5.1 wt% of the bulk models (e.g., Bercovici et al., 2022) predicted S-rich cores without
rock, depending on the available metallic Fe (Table 3). However, with explicitly including O, our results demonstrate that O incorporation into
continued 26Al-driven heating, remaining solid FeS progressively melts, eutectic and FeS melts is substantial and varies systematically with
and by ~1194 °C — the FeS liquidus — the entire metal + sulfide budget metal composition. We therefore model core compositions as mixtures
(4.6-13.1 wt%,; Table 3) is liquid. Each increment of new melt satisfies of two redox-dependent endmembers — a eutectic melt and FeS-
the percolation criterion (6 < 60°) at the FeO contents characteristic of dominated melt, corresponding to the early and late stages of progres-
these chondrites (>20 wt%; Table 3), so the core grows continuously as sive melting, respectively — which are represented by our eutectic and
temperature rises. For CV-ox and RC bodies, where metallic Fe is pre- FeS experiments, respectively.

sent, eutectic melting at 988 °C already extracts ~38-50% of the total To parameterize how the O content in Fe-O-S melt of the eutectic
metal + sulfide budget on a molar basis, with the remainder melting endmember varies with fO, at fOy < IW+2, we adopt the framework of
progressively and well below the silicate solidus (~1050-1200 °C; Fonseca et al. (2008), who performed experiments at ambient pressure
Collinet and Grove, 2020a, 2020b). For CM and CI bodies, which lack to study O solubility in S-rich matte as a function of fO,, fS2 and T.
metallic Fe, melting begins near the FeS liquidus (~1194 °C), coinciding Following Fonseca et al. (2008), we express the O content of eutectic Fe-
with the onset of silicate partial melting. However, at these temperatures O-S melts as a function of fOo, by fitting the O solubility data from our
the silicate melt fraction remains small, and the olivine-dominated eutectic experiments (Fig. 9):

matrix retains its structural integrity — far below the rheological
breakdown threshold (~30-40 vol% melt) and still below the silicate
liquidus. Percolative metal segregation therefore remains viable in these
bodies without requiring a magma ocean.

Having established that percolative core formation is viable across
these chondrite groups, we now use our experimental constraints on
wetting behavior and O solubility to predict the compositions of the
resulting cores. As shown in Section 4.1.3, both O solubility and 6 show
limited variations over the range of 0-2 GPa at fixed FeO content,
indicating that pressure has only a minor effect on melt connectivity in
the low-pressure regime characteristic of planetesimal interiors. Fe-FeS
eutectic melting in planetesimals is expected to begin at ~988 °C (Buono
and Walker, 2011), whereas our experiments were conducted at 1350 °C
to accelerate diffusion and ensure textural and chemical equilibrium
between olivine and Fe-O-S melts within feasible run durations. The

10810 [Olmele = — 1.298 + 7612 4 0.334 log fO, -~ 0.149 log fS;  (19)

where [O]pelt is the O content in wt%. The sulfur fugacity is constrained
at log fSo = — 2.916, obtained by minimizing residuals between the
equation and our eutectic O data (;(f = 2.878), with T = 1623 K (1350
°C). This parameterization is preferred over the thermodynamic model
of Kress (1997, 2000, 2007) because it expresses O solubility explicitly
as a function of fOs, fSo, and T, making it directly applicable to our
predictions for O contents in the cores of oxidized planetesimals. In
eutectic melts, uncertainties of & 0.5 wt% in the Fe content and + 1.5 wt
% in the O content propagate to uncertainties of + 1.6 wt% in the
calculated S content.

In the highly oxidized regime (fOy > IW+2), the eutectic data are
well described by a simpler empirical relation than Eq. (19):

temperature dependence of O solubility in Fe-O-S melts is not well log10 [Olmelt = 0.064 log fO5 + 0.838 (x> = 0.002) (20)
constrained: some studies report only modest changes with T (Fonseca
et al., 2008), while other results suggest that O solubility might in- which captures the more gradual increase in O content at high fO,. For

crease with T (Ueda et al., 2008; Pommier et al., 2018). Applying our modeling purposes, we apply Eq. (19) for fO; < IW+2 and Eq. (20) for
1350 °C results to planetesimal core formation at ~980-1200 °C  fO2 = IW+2, with a sharp transition between the two regimes. The Fe

therefore represents a first-order prediction of O solubility in Fe-O-S content in eutectic Fe-O-S melts remains approximately constant at 63.8
melts of oxidized planetesimals. + 0.5 wt% across this range, consistent with the ternary phase diagram
While fO, controls the range over which percolation is feasible, the (Fig. 6) and previous experimental studies (Kress, 1997; Fonseca et al.,
mineralogy of the metallic phase determines the composition of the 2008; Terasaki et al., 2008). This near constancy allows the S concen-
resulting core. Metallic phases in oxidized chondrites show composi- tration to be calculated by difference to 100. Note that uncertainties of
tional heterogeneity: CV-ox and RC contain intermediate amounts of + 0.5 wt% in Fe and + 1 wt% in O propagate to uncertainties of & 1.1 wt
metal and FeS, while CM/CI chondrites sample metal-poor, FeS-domi- % in calculated S.
nated bodies (Jarosewich, 2006; Bischoff et al., 2011). From CV-ox to In contrast, FeS-rich melts form during progressive melting in bodies
CM/CI, the abundance of metallic Fe decreases while FeS increases. This where metallic Fe is scarce or exhausted, so that melting proceeds on the
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FeS-rich side of the eutectic. Oxygen solubility in FeS-rich melts differs
from that in eutectic melts because of competitive adsorption between S
and O at the interface, which limits O incorporation (Section 4.1.1).
Consequently, the Fonseca et al. (2008) parameterization for eutectic-
like melts cannot be directly applied to FeS-dominated compositions.
Instead, we describe O contents in FeS-rich melts using a linear fit to our
experimental data:

[Olmerc = 0.214 FeO — 0.668 (2 = 2.617) 21)

where [O] el is the O content by wt% and FeO is the FeO content of the
coexisting silicate in wt%.

FeO content in oxidized chondrites varies from ~24 wt% in CI
chondrites to ~30 wt% in RC chondrites, with CM and CV-ox chondrites
showing an intermediate FeO content (Table 3). Oxygen content in FeS-
rich melts increases approximately linearly from ~0.5-1 wt% at ~5 wt
% FeO to ~3-5 wt% at ~20 wt% FeO (Fig. 5B). We select an FeS-rich
melt equilibrated with 20 wt% FeO olivine as the representative end-
member for modeling core compositions. At these conditions, FeS-rich
melts contain 3.6 + 1.0 wt% O, 32.6 + 1.1 wt% S, and 63.8 &+ 0.5 wt
% Fe, substantially different from eutectic compositions in both O and S
contents. Although CI and CM silicates have FeO contents of ~24-28 wt
%, extrapolating Eq. (21) to these higher values yields O contents of only
~4.5-5.3 wt%, which fall within the 16 uncertainty of the 20 wt% FeO
calibration point. This endmember is therefore a conservative but
representative choice for all modeled bodies.

Modeling core compositions as mixtures of the two endmembers —
eutectic and FeS melts — we predict distinct core compositions for each
group (Table 3; Fig. 10). We define two regimes of core formation based
on initial metal content:

(i) Fe-metal-bearing bodies (e.g., CV-0x, RC, CK): In CV-ox and RC
chondrites, there is insufficient metallic Fe to maintain eutectic
Fe-O-S composition (at ~988 °C) throughout melt percolation,
and metallic Fe is largely exhausted after an initial phase of
eutectic melting. Subsequent melting and percolation would then
occur at higher T (~1200 °C) on the FeS-rich side of the eutectic.
The segregating melt composition evolves progressively from
eutectic toward the FeS endmember as temperature increases,
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and the bulk core composition reflects the integrated contribu-
tion of melts produced across this temperature range. Applying
this two-endmember framework to CV-ox and RC bulk composi-
tions yields cores composed of roughly similar proportions of the
two melts (e.g., CV-ox: ~39% eutectic, ~61% FeS-rich and RC:
~49% eutectic, ~51% FeS-rich). Given their compositional
similarity to CV-ox (Greenwood et al., 2010), CK chondrites are
expected to have similar core compositions.

(i) Fe-metal-free bodies (e.g., CM, CI): For bodies that are devoid of
metallic Fe, we consider that core-forming melts start directly as
FeS-rich melts at T ~1194 °C. In this case, the segregating melt
and the core would be dominated by an FeS-rich endmember.
Given the lower O solubility we measured in FeS melts compared
to eutectic melts, our models predict that CM and CI cores (~3.6
+ 1.0 wt% O) would be comparatively O-poor.

The systematic variation in core O content, from 6.4 wt% in RC to
~3.6 wt% in CM/CI (Fig. 10A), results from three effects: (1) the
intrinsic decrease in O solubility from eutectic (7-10 wt% at fO,
~IW+2) to FeS-rich (~3-5 wt% at 20 wt% olivine FeO (fO ~IW-+2))
compositions, (2) the shifting mixing ratio from eutectic-dominated to
FeS-dominated cores along the RC to CV-ox to CM/CI sequence, and (3)
variations in fO, among these chondritic mineral assemblages, which
modulate O solubility. In contrast, the predicted Fe + Ni content remains
nearly constant (63.2-64.4 wt%) across all groups because Fe content in
Fe-O-S melts is largely independent of fO; and fS,. These predictions
assume Ni behaves similarly to Fe in terms of partitioning and activity —
an assumption that warrants future investigation but provides a first-
order predictive framework for compositions of oxidized planetesimal
cores.

The compositional differences we predict among RC, CV-ox, CM and
CI chondrites are expressed primarily in their O and S contents, and
these chemical variations can have implications for both the density of
core-forming liquids and the possibility of liquid immiscibility. Density
measurements by Kaiura and Toguri (1979) show that Fe-O-S melts have
densities of ~3800 kg/m? at high T (~1200-1350 °C) — only slightly
lower than those of FeS melts (~3800-3900 kg/m?), implying that the
addition of a few wt% O does not strongly affect core densities. In
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Fig. 10. (A) Stacked columns illustrating the average core compositions of the parent bodies of oxidized carbonaceous chondrites and RC chondrites upon differ-
entiation. The modelled compositions are a combination of eutectic melts and FeS-rich melts. The columns in the grey, orange and green bars represent the Fe, S and
O concentrations by wt%, respectively. Core compositions in CK chondrites are expected to be similar to those of CV-ox owing to their similar bulk compositions. (B)
Fe-O-S ternary diagram showing the core compositions for cores of RC, CV-ox, CM and CI-like bodies. Dotted line shows the phase boundary in the Fe-O-S system at

1400 °C as determined by Kress (1997).
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composition space, the Fe-O-S phase diagram is characterized by a very
large immiscibility gap that produces two coexisting metallic melts: an
O-rich, S-rich, Fe-poor melt, and an O-poor, S-poor, Fe-rich melt (Kress,
1997; Tsuno et al., 2007; Chabot et al., 2015; Pommier et al., 2018). The
highly oxidized planetesimals considered in this study fall outside this
immiscibility field during core formation (Fig. 10B), but bodies with
lower fO, and fS; could produce immiscible liquids, leading to the for-
mation of a Fe-rich inner core and a Fe-poor outer core that is enriched
in both S and O.

4.3. Limitations and Uncertainties in Core Composition Predictions

4.3.1. Ni effects on O solubility in metallic melts

Our core composition calculations assume that Ni and Fe behave
identically during melt percolation. In reality, oxidized chondrites
contain substantial Ni in their metal phases (5-15 wt%; Kimura et al.,
2011), and multiple experimental studies hint that Ni exerts a measur-
able influence on O solubility in metallic melts (Gaetani and Grove,
1999; Rose and Brenan, 2001; Kress, 2007; Fonseca et al., 2008). Ac-
cording to Kress (2007), at fixed fO, Ni systematically reduces O solu-
bility in Fe-Ni-O-S melts, though the exact magnitude depends on Ni
concentration, fO,, and T. Consequently, our estimated O contents in the
cores based on Fe-O-S systematics should be regarded as first-order
predictions. This effect is most consequential for CM and CI cores,
where the predicted O content of ~3.6 wt% represents the smallest
enrichment among the modeled groups and is therefore most sensitive to
downward revision because of the effect of Ni. Quantifying this
correction remains an important target for future Ni-bearing experi-
ments at oxidizing conditions.

4.3.2. Pyroxene effects and silicate mineralogy

Although olivine is the dominant phase in chondritic silicate as-
semblages, pyroxene can be a significant secondary component: pyrox-
ene/(pyroxene + olivine) reaches ~0.3 in CI and CM chondrites
(Collinet and Grove, 2020a, 2020b). To fully constrain percolation
behavior in these bodies, mixed olivine-pyroxene systems need to be
investigated in future experiments. Recent observations by Miura et al.
(2025) indicate that eutectic and FeS melts coexisting with orthopyr-
oxene dissolve less O than those coexisting with olivine. This implies
that our olivine-only experiments likely provide maximum estimates for
O solubility in eutectic and FeS melts. The effects of pyroxene modal
abundance, composition, and fO, on both O solubility and 6 however
remains poorly constrained, and dedicated mixed-mineralogy studies
will be required to refine percolation and core-composition models for
oxidized, pyroxene-bearing bodies.

5. Conclusion

This study investigates how O-bearing Fe-O-S metallic melts perco-
late through solid olivine aggregates, in order to constrain the efficacy of
percolative core formation in oxidized bodies. Our experiments quantify
the effects of olivine FeO content (and thus, fO;), metallic melt
composition, and pressure on O solubility and dihedral angles in Fe-O-S
systems. Within the low-pressure (<2 GPa) regime relevant to plane-
tesimal interiors, the metal connectivity and the composition of Fe-O-S
melts are governed primarily by redox state (fO3) and metallic melt
composition, with pressure playing a comparatively minor role.

The key findings from our experiments are:

(1) Olivine FeO content, O solubility, and the onset of metallic melt
connectivity: The FeO content of coexisting olivine, together with the
Fe-rich eutectic vs. FeS-rich character of the metallic melt, controls both
O solubility and dihedral angle (6). Increasing olivine FeO increases O
solubility and decreases 6. In eutectic melts, 6 falls below the intercon-
nection threshold (6 < 60°) at ~10 wt% FeO, whereas FeS melts require
~15-19 wt% FeO to achieve connectivity. Under these conditions, Fe-O-
S melts can form interconnected networks even at very low melt
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fractions (<1 vol%), with eutectic melts becoming percolative at lower
olivine FeO contents than FeS melts. These results complement micro-CT
studies showing high interconnection thresholds (~14 vol%) for O-poor
Fe-S melts (Solferino et al., 2020). Our work demonstrates that O
dissolution under oxidizing conditions shifts the system to a percolating
regime at melt fractions well below 1 vol%.

(2) S and O as synergistic surface-active species: Across both eutectic
and FeS compositions, the anion-to-cation ratio (S + O)/Fe inversely
correlates with 6, indicating that both S and O act as surface-active el-
ements that lower solid-melt interfacial energies and promote melt
interconnectivity. A Langmuir-type competitive adsorption framework
explains the differing O solubilities and 6-composition trends in eutectic
versus FeS melts: at fixed fO, , a higher fS, increases interfacial S
coverage and suppresses O solubility, whereas increasing fO, drives O
onto interfacial sites at the expense of S.

(3) Limited pressure effects at planetesimal conditions: At pressures
relevant to planetesimal interiors (<2 GPa), O solubility in Fe-O-S melts
remains nearly constant, and dihedral angles show little variation. Only
at pressures exceeding ~3 GPa does O solubility drop, and dihedral
angles increase significantly. Thus, for planetesimal-like conditions,
pressure is not a first-order control on metallic melt connectivity;
instead, fO5 and bulk composition dominate the wetting properties.

(4) Implications for oxidized chondritic bodies and core composi-
tions: Modeling of oxidized chondritic bodies (RC, CV-0x, CK, CM, and
CI) with our experimentally defined connectivity and O solubility
thresholds indicates that their metallic melts would percolate to form
cores before widespread silicate melting (silicate solidus ~1050-1200
°C; Collinet and Grove, 2020a, 2020b). Percolative core formation is a
progressive process: with continued 2°Al-driven heating, the entire
metal + sulfide budget (4.6-13.1 wt%) becomes liquid by ~1194 °C,
and each increment of melt satisfies the percolation criterion at the FeO
contents characteristic of these chondrites. Using a two-endmember
framework reflecting progressive melting from eutectic to FeS-rich
compositions, we predict the highest O contents (~6 wt% O) for RC-
like bodies, lower O contents for CV-ox and CK (~5 wt% O), and O-
poor cores (~3-4 wt% O) for CM/CI analogs. These O contents are first-
order estimates; both the temperature offset between our experiments
(1350 °C) and natural core formation (~988-1200 °C), and the effect of
Ni on suppressing O solubility, indicate that actual core O contents may
be somewhat lower.
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Appendix A. Supplementary material

The Supplementary Material associated with this article includes a
step-by-step thermodynamic derivation of O solubility in Fe-O-S melts
and its impact on dihedral angles. Additionally, a stoichiometric argu-
ment is outlined to justify the removal of water and carbon from the bulk
chondritic compositions prior to calculating the modeled core compo-
sitions. The Supplementary Material also contains a data table with
redox states of early Solar System planetesimals. Supplementary mate-
rial to this article can be found online at https://doi.org/10.1016/j.gca.
2026.06.018.

Data availability

Data are available through Mendeley Data at https://doi.
0rg/10.17632/4zsnph29sy.1.
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