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During the formation of terrestrial planets, volatile loss may occur
through nebular processing, planetesimal differentiation, and plan-
etary accretion. We investigate iron meteorites as an archive of
volatile loss during planetesimal processing. The carbon contents of
the parent bodies of magmatic iron meteorites are reconstructed by
thermodynamic modeling. Calculated solid/molten alloy partition-
ing of C increases greatly with liquid S concentration, and inferred
parent body C concentrations range from 0.0004 to 0.11 wt%.
Parent bodies fall into two compositional clusters characterized by
cores with medium and low C/S. Both of these require signifi-
cant planetesimal degassing, as metamorphic devolatilization on
chondrite-like precursors is insufficient to account for their C deple-
tions. Planetesimal core formation models, ranging from closed-
system extraction to degassing of a wholly molten body, show that
significant open-system silicate melting and volatile loss are re-
quired to match medium and low C/S parent body core composi-
tions. Greater depletion in C relative to S is the hallmark of silicate
degassing, indicating that parent body core compositions record
processes that affect composite silicate/iron planetesimals. Degass-
ing of bare cores stripped of their silicate mantles would deplete S
with negligible C loss and could not account for inferred parent
body core compositions. Devolatilization during small-body differ-
entiation is thus a key process in shaping the volatile inventory of
terrestrial planets derived from planetesimals and planetary
embryos.

iron meteorites | carbon | sulfur | planetary accretion | planetesimals

M ajor volatiles (H, C, N, and S) are inherently plentiful in
the interstellar medium and abundant in primitive carbo-
naceous chondrites (CCs) (1, 2), but are scarce in terrestrial
planets, which gained most of their mass from the inner parts of
the solar nebula (3, 4). Formation of volatile-poor planets from a
volatile-rich protoplanetary disk is a result of processes in the solar
nebula, in accretion of precursor solids, and in interior differen-
tiation. Addition of volatiles to nascent planets varies during ac-
cretion as protoplanetary systems become dynamically excited,
contributing material originating from different heliocentric dis-
tances (3) and with different thermal histories. Much of this mass
arrives in larger bodies (planetesimals or planetary embryos) that
differentiated soon after formation (5). Key uncertainties include
the nebular history of bulk materials that contributed volatiles to
the rocky planets and how that affected their volatile cargos (6),
and how planetesimal and planet formation influenced volatile
distributions in accreted parent bodies.

Processes responsible for volatile deficits in terrestrial planets
(7, 8) can occur either in the nebular, planetesimal, or planetary
environment. Nebular volatile depletion could result from chem-
ical interactions between nebular gas and dust, chondrule forma-
tion, or the accretion of thermally processed solids (9—11), perhaps
owing to the hotter conditions prevailing closer to the protosun (4).
Li et al. (6) argue that the comparatively small C inventory of the
bulk Earth requires that nebular materials experienced significant
early (<1 Ma) heating, before the “soot line” moved inward of
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1 AU. Planetesimal processes involve loss to space during differ-
entiation or processing of intermediate-sized bodies of tens to
hundreds of kilometers in diameter (e.g., refs. 12 and 13). Plane-
tary loss processes occur on large (thousands of kilometers in di-
ameter) bodies (14, 15) in which gravity plays an appreciable
role—including loss from impacts (16). The sum of these is an
important determinant for whether terrestrial planets form with
volatiles sufficient for habitability but not so great as to become
ocean worlds (17) or greenhouse hothouses (18).

A key goal in the study of exoplanets and of young stellar
systems is predicting environments and processes that could lead
to habitable planets, including development of models that ac-
count for the distribution, acquisition, and loss of key volatile
elements. Astronomical studies can reveal the architecture of
other solar systems (19), the compositions of observable exo-
planet atmospheres (ref. 20 and references therein), and the dust
and volatile gas structure and composition of protoplanetary
disks (ref. 21 and references therein), including interactions of
the disk with gas- or ice-giant protoplanets. However, only lim-
ited astronomical observations can be made about conversion of
disk materials (gas, dust, and pebbles) to planets in other solar
systems. To understand this conversion, we must necessarily rely
on planetesimals and their remnants (meteorites) as records of
the processes that occurred. In this paper, we focus on volatile
loss during planetesimal differentiation by examining evidence
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Habitable rocky worlds require a supply of essential volatile
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tial loss of C compared to S is transferred to cores during
differentiation. Iron meteorites preserve evidence of a key
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chiefly from iron meteorites. We note that ephemeral metal
enrichments in white dwarf atmospheres confirm that differen-
tiated planetesimals are common around other stars (22), and
that our findings apply to how materials would have been pro-
cessed during the assembly of other planetary systems.

In classic oligarchic growth models of planetary origin, planets
and embryos grow from accretion of planetesimals with charac-
teristic radii of tens to a few hundreds of kilometers (3). In pebble
accretion models of terrestrial planet formation, the fraction of
planetesimals in accreting material varies with time and proto-
planetary mass (23), but still remains significant. Thus, for un-
derstanding volatile delivery to growing planets, an important
question is whether the volatile inventory of accreting planetesi-
mals (or larger objects) remained similar to that of primitive
materials, typically taken to be comparable to chondritic meteor-
ites, or had diminished significantly from prior differentiation.*

Achondritic meteorites are fragments of differentiated plan-
etesimals and provide direct evidence of processes on small
bodies.” Evidence for volatile loss on silicate achondritic parent
bodies comes from elemental concentrations and from isotopes
(24-27). However, the best-studied silicate achondritic suites,
such as the eucrites and angrites, are igneous crustal rocks (28),
and their compositions may not reflect average major volatile
contents of their parent bodies. Volatile loss could have been lo-
cally enhanced by the igneous activity that produced the plane-
tesimal crusts (29).

Iron meteorites offer an additional record of volatile processing
in planetesimals. Many, known as “magmatic” irons, originated as
metallic cores of planetesimals (30) and potentially record volatile
depletions in their parent planetesimals at the time of alloy—
silicate separation. Iron meteorites contain measurable amounts
both major (S, C, N) and moderately volatile (Ge, Ga) elements
and represent the cores of at least 50 parent bodies (31). Thus,
known parent body cores are likely survivors from a population of
planetesimals that were mostly incorporated into larger bodies
and planets. Additionally, isotopic evidence links iron meteorites
with both carbonaceous (CC) and noncarbonaceous (NC) chon-
drites (32), thereby correlating the differentiated planetesimals to
their primitive chondritic heritage.

Here, we address the problem of planetesimal volatile loss by
focusing on carbon and sulfur, two siderophile volatile elements
that give important clues to the degassing history of metallic
cores recorded iron meteorites and thereby their parent plane-
tesimals.* We begin by examination of C-S systematics in dif-
ferent classes of chondrites. Although chondritic parent bodies
formed later than most parent bodies of iron meteorites (33),
they provide the best available guide to undifferentiated mate-
rials in the early solar system. Their isotopic kinships to iron me-
teorites (32) suggest that they derive from similar, although not
necessarily identical, reservoirs, and so they provide a basis for
comparison to those estimated for parent body cores. They also
reveal devolatilization processes associated with planetesimal meta-
morphism. We then examine iron meteorite groups and reconstruct
the compositions of their respective parent cores. Finally, we consider
a spectrum of simple planetesimal core-formation scenarios and
model the resulting C and S distributions. Comparison of these to
reconstructed parent core C and S places new constraints on the
magnitude of degassing occurring from planetesimal interiors.

*Chondrites are meteorites that contain chondrules and are considered “primitive” in
that they did not undergo enough thermal processing to produce phase separation, such
as removal of molten metal or silicate.

TAchondrites are meteorites that have experienced sufficient thermal processing to de-
stroy the chondrules that are characteristic of more primitive chondritic meteorites.
These include both silicate achondrites as well as iron meteorites.

*uSiderophile” elements are those that tend to concentrate in metallic alloys.
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S and C in Parent Cores and Other Cosmochemical Objects
To explore variations in C and S concentrations in planetesimals,
we employ a log C/S versus log C plot (34) (Fig. 1). Processes
leading to C enrichment or depletion without S variation produce
diagonal trends on this graph, whereas independent S variations at
constant C yield vertical trends.

C-S Variations in Primitive Planetesimals

Primitive planetesimals have not undergone differentiation to a
metallic core and silicate mantle (+crust) and are represented in
meteorite collections by chondrites and by primitive achondrites
(28). Average C and S concentrations for chondrite groups (S
Appendix, Table S1) show coherent variation in log C/S versus log
C along a diagonal trend that reflects significant depletions in C
with more modest reductions in S concentration (Fig. 14). CI, CM,
CR, and TL carbonaceous chondrite groups comprise the C-rich
end of the trend, while the strongly depleted CK carbonaceous and
ordinary chondrites are the most C-poor. Intermediate concen-
trations are found in enstatite chondrites and CO, CV, and CB
carbonaceous chondrites.
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Fig. 1. Cand S compositions of chondrite meteorite groups plotted as log
C/S versus log C, following Hirschmann (34). (A) Average compositions of
different chondrite groups; (B) average compositions of carbonaceous and
ordinary chondrites, sorted by petrologic type, plus average compositions of
primitive achondrite groups, acapulcoites, and winonaites. Data sources are
given in S/ Appendix, Table S1. Also shown are three model compositions
used in calculations: VRC (volatile-rich chondrite), PDC (partially degassed
chondrite), and VDC (volatile-depleted chondrite).
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For the ordinary (H, L, LL) chondrite parent bodies, average
concentrations taken from the compilation of Wasson and
Kallemeyn (35) obscure considerable variations as a function of
petrologic type, with higher types having lower C and C/S (Fig. 1B),
which must reflect metamorphic processing on their parent plan-
etesimals.’ Variations seen between CC parent bodies reflect a
similar dependence on petrologic type, but are evident mainly
between groups from different parent bodies, which makes it
difficult to separate the relative effects of nebular processes from
those associated with planetesimal processes.

Primitive achondrites, which have experienced metamorphism
sufficient to destroy textural evidence of chondrules, but not
undergone wholesale silicate/alloy separation (28), are slightly
displaced from the chondrite trend, with acapulcoites having
compositions similar to chondrites of high petrologic type, but
winonaites more similar to chondrites with intermediate petro-
logic type (e.g., H3, CV3, etc.).

C-S Variations in Parent Body Cores

Our goal is to use iron meteorite groups to estimate the com-
position of their molten parent cores prior to crystallization. De-
fining S and C concentrations in parent cores presents multiple
challenges, owing partly to segregation of S and C in accessory
phases and coarse heterogeneous textures that impede represen-
tative “average” bulk analyses (37) and partly to compositional
variation within groups produced by extended fractional crystalli-
zation (38, 39). Furthermore, it is commonly inferred that selective
destruction of S-rich differentiates causes S contents observed in
irons to be biased to low concentrations not representative of bulk
parent core compositions (40-42). For these reasons, estimates of
S and C contents of parent body cores can conflict. Recognizing
that each parent core must have unique mean S and C concen-
trations, we here adopt the strategy of considering multiple values
where assessments diverge. This exercise will illustrate the extent
to which the conclusions of this paper depend on the different
estimates.

Analyzed bulk sulfur concentrations in iron meteorites gen-
erally range from 0 to 2 wt% (43), but many iron meteorite parent
bodies are thought to be more S-rich (38-40, 42). Reconstruction
of initial parent liquid S concentration is feasible for the magmatic
iron meteorite groups, which show coherent fractional crystalli-
zation trends for trace elements (38, 39, 42, 44-48).

Because S has strong effects on liquid/solid alloy partition
coefficients of trace elements (38, 40), bulk S contents of parent
body cores can in theory be estimated from elemental modeling
for those groups that show coherent differentiation trends. Such
exercises indicate S-rich initial liquids ranging from 0.2 to 17 wt%
(SI Appendix, Table S2), but resulting quantitative estimates show
large differences depending on the methodology adopted. For
example, Chabot (39) estimated 17 and 12 wt% S, respectively, in
parental magma for the IIAB and IIIAB clans, whereas Wasson
et al. (47) estimated 6 wt% S for IIAB and Wasson (38), 2 wt% for
IITAB parental liquids. The differences arise from different
physical models for melt—solid segregation, with Wasson (38) and
Wasson et al. (47) emphasizing the role of trapped liquid. We
consider both sets of estimates (SI Appendix, Table S2).

Evaluation of C concentrations in iron meteorite groups is
elaborated in SI Appendix. Low concentrations of C, ranging
from 0.006 to 0.15 wt% (SI Appendix, Table S2), are a salient
feature of the magmatic iron meteorites and are chiefly lower
than even the most depleted chondrite groups (L 0.09 wt%; CK
0.07 wt%; SI Appendix, Table S1). Because C is siderophile (49),

SPetrologic type is a measure of thermal and aqueous processing of the parent body,
usually between types 1 and 6, with higher numeric values corresponding to greater
temperatures (36).
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cores formed by closed-system segregation of molten metal from
chondrite-like planetesimals would be expected to have greater C.

An important question is whether the low C concentrations
inferred for parent body cores reflect the compositions of aver-
age solids crystallized from planetesimal cores, or if, similar to S,
they are biased to low concentrations owing to systematic loss of
samples formed from C-enriched liquid. However, unlike S, C
has modest solubility in taenite (the FeNi alloy that crystallizes
from melt, also known as austenite) (50). If magmatic iron me-
teorites represent cumulates, formation of C-rich liquids by
fractional crystallization should be recorded by conjugate C en-
richments in cumulates formed from more evolved liquids. How-
ever, within meteorite groups, C concentrations do not increase
with Ni (51, 52), the chief major element indicator of differenti-
ation. This observation led Goldstein et al. (37) to conclude that
such C-rich liquids do not develop during fractional crystallization
of planetesimal cores. They noted that the C-Ni systematics of
iron groups contrast with correlations between P and Ni, which
signify evolution of P-rich differentiates. The absence of C-Ni
correlations suggests that estimates of C inferred from samples of
an iron group may approximate original parent body core C
concentrations, even if the particular meteorites crystallized from
fractionated liquids.

A maximum estimate for the C contents of initial parent core
liquids can be calculated by assuming that the igneous mineral-
ogy of iron meteorites represents pure accumulations of crys-
tallized alloy, without any trapped liquid (SI Appendix, Text). For
the magmatic irons, the C content of parent liquids from which
these cumulates precipitated can be found by matching the
activity of C in solid Fe-Ni-C metal with that of a coexisting
metal-sulfide—carbide liquid, using the liquid S contents inferred
above. For this calculation, we employ a thermodynamic model
of Fe-Ni-C taenite (50) and of Fe-C-S liquid (53). We neglect
the effects of Ni on the liquid C activity liquid, which would
diminish slightly the calculated liquid C content (54, 55). To the
extent that some iron meteorites contain precipitated trapped
liquid (38), rather than consisting of purely cumulus alloy, this
calculation will overestimate the C of the calculated liquid for
cases in which C behaves as an incompatible element, which
applies when S contents are below ~10 wt%, and underestimate
it for very S-rich liquids (see SI Appendix for further discussion).

For low S liquids, calculated C concentrations are modestly
greater than inferred cumulate compositions, but for high S lig-
uids, they are lower than the C of the corresponding solid mete-
orites (Fig. 2). The latter effect arises because S strongly enhances
the C activity coefficient in Fe(Ni)~C-S liquids (53), as has been
well documented in experimental studies of graphite solubility in
sulfide liquids (55-58). Consequently, during planetesimal core
crystallization, C behaves as a modestly incompatible element in
liquids with <10 wt% S and a compatible element for more S-rich
liquids (SI Appendix, Fig. S1). This contrasts with the common
assumption that C is a strongly incompatible element during so-
lidification of planetesimal cores (37, 59) and provides an expla-
nation for why C enrichment is not recorded in the C-Ni
systematics of individual parent bodies (37). Therefore, from both
an empirical and theoretical perspective, the low C contents of
magmatic iron meteorites are indicative of low C concentrations in
parent cores, and not systematically biased by undersampling of
putative C-rich late crystallized products.

The calculated C concentrations of parental liquids for each
parent body are given in SI Appendix, Table S2 and illustrated in
Fig. 2. We take these calculated liquid concentrations as ap-
proximations of the C contents of the core portions of the parent
planetesimals (see SI Appendix, Text for further discussion). In
the log C/S versus log C diagram, calculated parent cores fall
chiefly into two different fields based on C/S ratio (Fig. 3), which
we term “medium C/S” (0.008 < C/S < 0.03) and “low C/S”
(C/S < 0.006), plus two higher C/S outliers. Note that the same
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Fig. 2. C concentrations of planetesimal cores calculated from magmatic
iron meteorite groups, using their inferred sulfur contents (S/ Appendix,
Table S2) and assuming that the C contents of iron meteorites (also S/ Ap-
pendix, Table S2) represent pure cumulate taenite compositions (blue
curves). Subscripts (key in S/ Appendix, Table S2) denote different published
estimates of S and/or C, as described in main text and S/ Appendix, Text.
From the assumed taenite composition, the activity of C is calculated from
the thermodynamic model for Fe-Ni-C (50) at 100 kPa, 1,300 °C, assuming
8 wt% Ni. Higher temperatures would make C more compatible in the solid,
resulting in lower calculated liquid C, and the calculations are not strongly
dependent on the assumed Ni content for +5 wt% (S/ Appendix, Fig. S1).
From this C activity, the liquid C concentration is calculated in Fe-C=S liquid
with the specified S concentration from the model of Wang et al. (53). The
fields of immiscible liquids and graphite saturation in the system Fe-C-S are
shown for the 100-kPa liquidus surface from the thermodynamic model of
Tafwidli and Kang (83). The dashed line is the estimated limit of the two-
liquid field for 10 wt% Ni, based on experimental data (56, 84). No inferred
core compositions are consistent with equilibrium with a second alloy liquid
or graphite.

meteorite groups plot in different locations in this plot, depending
on the source of estimated C and particularly S (SI Appendix,
Table S2), the latter of which varies considerably depending on
whether the methodology of Chabot or Wasson was employed.
For example, the IVA irons are located in markedly different lo-
cations on the plot, depending on the S concentration estimate
employed (Fig. 3 and SI Appendix, Table S2). However, nearly all
such estimates result in core compositions with medium C/S or low
C/S. The two high C/S outliers are considered further in Discussion.

Planetesimal Volatile Loss Processes

Processing on Planetesimals Similar to Chondrites. Heating of
primitive bodies is accompanied by aqueous fluid transport and
volatile loss (60, 61). The resulting effects on C and S can be
gauged empirically from observed log C/S versus log C variations
with petrologic type (Fig. 1B and SI Appendix, Table S1). Sig-
nificant depletions in C with petrologic type are unsurprising,
given that metamorphism, differentiation, and devolatilization,
possibly including interior melting (60), occurred on chondrite par-
ent bodies (62). S losses are evident for samples of higher petrologic
type (e.g., the CK group). These metamorphic effects are consistent
with observed decreases in highly volatile elements in ordinary
chondrites with increasing petrologic type, without appreciable
changes in moderately volatile concentrations (62).
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The depletion of volatiles in chondritic bodies with increased
textural equilibration must also have occurred during the early
heating of planetesimals prior to separation of metal-rich melts
that produced differentiated mantles and cores. This means that
the immediate precursors to iron parent planetesimals were likely
already partially devolatilized. The extent of devolatilization
within a maturing planetesimal is not well understood, as it de-
pends on location within bodies of varying radius, as well as the
coevolution of thermal state, stresses, mineral reactions, and
permeability (60, 61). In the following models of planetesimal
differentiation, we consider three hypothetical precursor ma-
terials: a volatile-rich chondrite (VRC) similar to CI and CM
groups, a volatile-depleted chondrite (VDC) similar in C and S
concentrations to chondrites with petrologic types 5 or 6 or to
acapulcoites, and partially depleted chondrite (PDC), intermediate
between the VRC and VDC and somewhat more enriched than
enstatite chondrites or chondrites of intermediate petrologic
type (H3, CV3, etc.) (Fig. 1).

Processing on Differentiated Planetesimals. To explore the effects
of planetesimal differentiation on C/S—C systematics of putative
planetesimal cores, we model different scenarios, corresponding
to progressively greater heating (Fig. 4). The simplest (Fig. 447)
is segregation of a metallic core in a closed system by complete
melting of the alloy but without appreciable melting of the sili-
cate. A second case (Fig. 442) is formation of a planetesimal
magma ocean beneath a solid impermeable outer shell (63, 64)
in which molten alloy and silicate equilibrate without degassing
to the surface. The third (Fig. 4B) and fourth (Fig. 4C) cases
include formation of silicate melt in processes that allow surface
degassing, with subsequent loss of this atmosphere. In the third
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Fig. 3. C/S versus C compositions of planetesimal cores calculated for
magmatic iron meteorite groups (S/ Appendix, Table S2 and Fig. 2). Sub-
scripts (key in S/ Appendix, Table S2) are as described in caption to Fig. 2. The
diagonal line shows the trend of chondritic compositions, from Fig. 1. Fields
of immiscible liquids and graphite saturation in the system Fe-C-S are shown
for the 100-kPa liquidus surface from the thermodynamic model of Tafwidli
and Kang (83). The small blue arrows illustrate the effect of independent
variation of C or S concentrations on the /S versus C plot.

Hirschmann et al.

Early volatile depletion on planetesimals inferred from C-S systematics of iron meteorite

parent bodies


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2026779118/-/DCSupplemental
https://doi.org/10.1073/pnas.2026779118

case (4B), degassing is limited and could be caused by volcanic
eruptions or by impacts. Impacts can incite degassing by for-
mation of limited surficial magma ponds (65) or by postimpact
excavation of the interior (66, 67). Partial degassing is also expected
in the multistage planetesimal core formation models proposed by
Neumann et al. (68). In the fourth case (4C), degassing of the
silicate portion of the planetesimal occurs owing to formation of an
uncovered magma ocean (13). Formation of a wholly molten
planetesimal is favored for large (>300-km) bodies formed within
the first 0.5 Ma of solar system history owing to heating from Al
(13, 60). Fractionation of Mg and Si isotopes between silicate
achondrite (HED, angrite) parent bodies relative to chondrites (24,
26) apparently requires significant high temperature degassing
consistent with extensive near-surface magma (13).

For the case in which only alloy melts, C and S in the resulting
core are controlled by the parent planetesimal bulk composition
and the relative masses of silicate and metal. This assumes that
no phases capable of storing appreciable C and S are retained in
the silicate, but as discussed below and in SI Appendix, Text,
some C may be retained in the silicate shell as graphite. Removal
of all C and S to the core produces a liquid with the same C/S
ratio as the bulk planetesimal, with C enhanced according to the
inverse of the metal fraction in the planetesimal (Fig. 44). For
example, cores comprising 5 to 30% of the planetesimal mass
with the PDC composition have 16 to 2.7 wt% C.

Models involving silicate melting require assumptions about
relevant metal/silicate partition coefficients, which depend on
oxygen fugacity and are detailed in SI Appendix, Table S3, and
the degree of metal/silicate equilibration (69). In most scenarios,
C is more siderophile than S (34), although in the case of seg-
regation of S-rich (>18 wt% S) cores (applicable to VRC and
PDC, but not VDC), the opposite relation holds (70) (SI Ap-
pendix, Table S3).

Cores from a sealed magma ocean are enriched in C and have
C/S ratios similar to or greater than bulk planetesimal compo-
sitions, unless the cores are highly enriched in S, in which case
the C/S ratios are lower than their source (Fig. 44). Cores de-
rived from planetesimals that have partially degassed during
silicate melting are commensurately less enriched in C, with the
specific C/S ratios controlled partly by the magnitude of C versus
S outgassing (Fig. 4B). Cores formed from planetesimals that
undergo wholesale melting have the lowest total C contents and
also have markedly reduced C/S, owing to the much greater
solubility of S in silicate melts relative to C (Fig. 4C).

Some of the calculated core compositions in Fig. 4, and par-
ticularly those derived from closed-system differentiation, plot
within the fields of stability of two liquids or of graphite. Such
liquids would partly crystallize or unmix, producing liquids at the
boundaries of the graphite and two-liquid stability fields, respec-
tively. Separation of S-rich liquids from graphite-saturated plan-
etesimal mantles could leave behind C-enriched silicate residues
with some similarities to ureilite achondrites (see SI Appendix,
Text for further discussion).

Discussion

Parent Body Cores Produced from Degassing of Devolatilized
Planetesimals. Modeled closed-system differentiation of plane-
tesimals produces cores that are more enriched in C than those
inferred than the medium and low C/S parent body cores (Fig.
4 A and B). For the less degassed VRC and PDC compositions,
modeled cores have >20 times the C concentrations found in
groups with medium and low C/S. For the much less C-rich VDC
composition, modeled closed-system core compositions remain
at least twice as C-rich. Prior to or coeval with core formation,
planetesimals originating from material similar to chondrites and
now represented by iron meteorites must have experienced con-
siderable loss of highly volatile elements beyond that represented
by even volatile-poor chondrites.
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As noted above, model core compositions resulting from closed-
system differentiation largely have compositions that are expected
to unmix to C-rich and S-rich liquids, particular in the case of less
degassed (VRC and PDC) bulk planetesimal compositions (Fig.
44). For these, the S-rich conjugate liquids have >0.1 wt% C, and
so are enriched in C compared to the parent body cores with
medium C/S by factors of 2 to 10 (SI Appendix, Fig. S2). Origin of
the medium C/S parent body cores simply by unmixing therefore
seems unlikely. Once segregated to a core, a mechanism for sec-
ondary volatile loss would be required, but as argued below this
additional process would have to be mediated by silicates, as
devolatilization of bare iron cores would deplete S with little
change in C and could not account for the observed C deficit.

The parent body cores with medium C/S can be reproduced if
considerable silicate melting and degassing to the surface occurred
prior to or during core formation, but only if the initial plane-
tesimal had already been largely degassed, similar to the VDC
composition (Fig. 4B). However, the low C/S parent bodies are so
C-depleted that they require even more extensive degassing pro-
cesses, as may have occurred in whole-planetesimal magma ocean
scenarios (Fig. 4C).

Importance of Degassing of Silicates. A key inference is that evi-
dent planetesimal core volatile depletion occurred chiefly by
loss from degassing of silicate or, prior to core formation, from
silicate-metal portions of planetesimals. The metamorphic loss
of volatiles that accounts for the chondrite trend (Fig. 1B) is
owing to decomposition of accessory phases (mainly organics,
sulfides) in a silicate-alloy matrix (62, 71, 72). The more advanced
volatile loss and diminished C/S evident in the low C/S parent
body cores is a hallmark of molten silicate degassing, owing to the
greater solubility of S compared to C in such melts. Degassing of
iron cores in the absence of silicate would have the opposite effect,
as the vapor pressure of S above molten Fe—C-S alloy is orders of
magnitude greater than that for C (Fig. 4C and SI Appendix, Text).
Although some loss of volatiles from cores in the absence of their
silicate mantles is not precluded, and has been inferred based on
Pd-Ag isotopes for the IVA group (73), it would result in exten-
sive loss of S without appreciable loss of C (Fig. 4C and SI Ap-
pendix, Text) and so cannot be the explanation for the low C/S of
parent cores. We conclude that the parent planetesimals that
produced extant iron meteorite groups were strongly depleted
in carbon.

Effect of Conflicting Estimates of Core S Content and Significance of
High C/S Outliers. The approach adopted here is to explore diverse
and conflicting estimates of S and C for iron meteorites and for
their planetesimals, and we find that the resulting inferences and
conclusions do not depend on which sets of values are preferred.
Irrespective of whether S-poor or S-rich parental metallic liquids
for a particular iron group are accepted, nearly all calculated
planetesimal cores fall either into the medium C/S or low C/S
fields and both are populated by estimates that come from each
methodology (Fig. 3). Thus, the conclusion that planetesimals
parental to iron cores experienced significant degassing does not
depend on establishing which methodology is more accurate.

Two apparent exceptions are high C/S outliers (IVAy and
IIDy in Fig. 3 and SI Appendix, Table S2) for which S contents of
0.4 and 0.7 wt% were calculated, respectively (45, 46), and which
cannot be solely the products of the degassing processes modeled
in Fig. 4. One interpretation is that the S concentrations of these
are underestimated, perhaps because the melt/liquid partition
coefficient of Ir, a key element in constraining liquid S content,
was overestimated as compared to experimental results (39),
resulting in underestimates of liquid S.

A second interpretation, offered to account for an inferred
S-poor core for the otherwise volatile (Ge, Ga)-rich IID body, is
two-stage disequilibrium core formation, resulting in a S-rich
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Fig. 4. Modeled core formation effects on planetesimals from chondritic
precursors compared to inferred compositions of parent body cores (S/ Ap-
pendix, Table S2 and Fig. 3). Three chondritic precursor compositions, VRC
(volatile-rich chondrite), PDC (partially depleted chondrite), and VDC (volatile
depleted chondrite) are used (S/ Appendix, Table S1 and Fig. 1). For labels to
individual iron meteorite groups, see Fig. 3. In A, two different core-forming
processes are modeled. “No silicate melting” (cartoon A7) shows removal of
alloy+C+S from each bulk composition planetesimals ranging from 5%
(more C-rich cores) to 30% metal (less C-rich). “Closed magma ocean”
(cartoon A2) shows removal of core alloy from a planetesimal with a solid
carapace and interior magma ocean (63), with no degassing to the surface.
Calculated core compositions are for planetesimals with 5 to 30% metal,
partition coefficients given in S/ Appendix, Table S3, and extent of metal-
silicate equilibration (“Q" in S/ Appendix, Text, Eq. S1) ranging from 50 to
100%. Partition coefficients are appropriate for core formation at oxygen
fugacities of IW-3 to IW-1, as well as for formation of S-rich (>15 wt%) cores.
The latter are not calculated for the VDC composition, which is too S-poor to
generate S-rich cores. Some of the calculated core compositions plot within
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outer core and S-poor inner core (46). However, this process alone
could not account for the C concentrations of the IID body. Sig-
nificant parent body outgassing of C prior to core segregation
would also be required. Otherwise, the resulting S-poor inner core
would be C-enriched, meaning it would plot to the C-rich side of
the “chondrite trend” on Fig. 3.

A third possibility is outgassing of an exposed core from a
planetesimal that had lost its silicate shell. As described in the
previous section, this would deplete the core in S with negligible
S loss, and thereby raise C/S, and such a process could be rele-
vant to the IVA group based on Pd-Ag isotope systematics (73).

Significance for Volatile Delivery to Planets. Compared to precur-
sors similar to chondrites, inferred planetesimal core compositions
indicate that planetesimal differentiation was associated with sig-
nificant volatile loss. The isotopic kinship between iron meteorites
and chondrites, and in particular the observation that some of the
metallic cores that are highly depleted in C (e.g., groups IIC and
IVB) have CC parentage (32), makes clear that this depletion
occurred on planetesimals, and was in addition to the devolatili-
zation that occurs in primitive materials prior to planetesimal
accretion (6). As documented in the modeling above, the volatile
depletion processes, particularly those that resulted in low C/S, are
characteristic of silicate degassing, which means that the inferred
depletion affected the mantles of these planetesimals as well as
their cores. The processes responsible for depletion of C, including
metamorphic destruction of carbonaceous carriers in undifferen-
tiated parent bodies and magmatic degassing into tenuous atmo-
spheres, should also have pronounced effects on other highly
volatile elements including nitrogen and hydrogen.

Isotopic evidence (33) and dynamical modeling (74) indicate
that the parent body cores segregated from planetesimals and
embryos born during early and efficient aggregation, whereas
materials now preserved as chondrites formed late from remnant
materials, possibly accreting as crustal veneers to earlier-formed
differentiated planetesimals (33). Early formation of iron me-
teorite parent bodies and Mars (75), along with astronomical
evidence for rapid drops in the observable mass of solids in disks
(76), suggest that a large fraction of the raw materials for ac-
creting planets was incorporated into planetesimals and embryos
on ~100-ky timescales. Owing to 2°Al, such bodies would have
reached high temperature, and thus undergone the processing
described here. This effect should be more pronounced near 1
AU than in the asteroid belt, owing to more rapid planetesimal
accretion timescales (77, 78). Therefore, if embryos and planets
accreted chiefly from planetesimals, rather than from pebbles,

the stability fields of graphite or of two liquids (S/ Appendix, Text). B models
a "Partially degassed magma ocean” (calculated only for PDC and VDC
compositions), which is similar to the “Closed magma ocean” calculations
except that the molten silicate is assumed to have partially degassed to the
planetesimal surface (cartoon B). Inset illustrates this, which is assumed to be
loss of 0 to 90% of either the C ("A = 0", diagonal bound on each trend) or
both the C and S (“AS = AC”, horizontal bound), as further described in
SI Appendix, Text. (C) Modeled cores produced by segregation from a
planetesimal in which alloy was segregated from a magma ocean that had
equilibrated with an atmosphere produced by whole-planetesimal degassing
(cartoon C). Larger planetesimals produce atmospheres with greater partial
pressures, thereby enhancing volatile retention in silicate and alloy portions.
For each planetesimal bulk composition (VRC, PDC, and VDC), calculations
are conducted for planetesimals with diameters of 500, 400, 300, 200, 100,
50, 20, and 10 km (with symbols in plot moving from C-rich to more C-poor
as diameters diminish) and for partition coefficients appropriate for IW-3
(highest C/S for each bulk composition), IW-2, and IW-1 (lowest C/S). The
vertical arrow shows the putative effect of secondary degassing of bare iron
cores after differentiation and fragmentation of the parent meteorite. This
results in extensive loss of S and negligible C loss, increasing the C/S ratio at
constant C concentration.
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then the largely devolatilized planetesimals evidenced from parent
body cores are likely better models for planetary feedstocks than
chondrites. Lambrechts et al. (79) suggested that the flux of
pebbles in the inner disk might lead to two modes of planet for-
mation. Superearth-dominated systems form in the case of high
pebble flux, whereas the low pebble flux regime favors formation
of Mars-sized embryos, which in turn lead to giant-impact creation
of terrestrial planets. The lack of superearths in our solar system
suggests that this latter solution, with its greater role for plane-
tesimals compared to pebbles, may be most relevant for the effects
described here.

These considerations highlight that a significant fraction of the
terrestrial planets were likely derived from differentiated objects
that were unlike chondrites in their volatile cargos. This was par-
ticularly so for objects accreted during the early stages of planet
formation and perhaps less prevalent for later-added materials
arriving from high heliocentric distance (80, 81), although evidence
from parent body cores shows that early-formed planetesimals
derived from CCs also were degassed. This may have limited the
supply of S and particularly C to cores of these planets. More
generally, chondrites are probably poor guides for the sources of
planetary volatiles, and the common modeling of planetesimals
and embryos with chondritic compositions to account for the ac-
cretion of major volatiles to terrestrial planets (e.g., refs. 70, 80,
and 81) is questionable. Recently, Piani et al. (82) suggested that
about three oceans of H,O could have been delivered by material
similar to enstatite chondrites throughout its accretion, but this
does not account for loss of H,O during planetesimal or embryo
differentiation, and so is likely an overestimate.

Conclusions

Loss from planetesimals is an important stage in the evolution
from the volatile-rich solar nebula to volatile-poor, potentially
habitable rocky planets. Iron meteorites provide a useful record
of volatile processing and loss during planetesimal differentia-
tion. Carbon concentrations in planetesimal cores represented by
magmatic iron meteorite parent bodies can be estimated from
the compositions of iron meteorites by assuming the latter are
cumulates formed from the parent liquid and applying thermo-
dynamic models for solid and liquid Fe-alloys and Fe-S—C liquid.
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