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PLANETARY SCIENCE

Protracted core formation and impact disruptions
shaped the earliest outer Solar System planetesimals

Damanveer S. Grewal"'%3#, Zhongtian Zhang4, Varun Manilal'3, Thomas S. Kruijers,

William F. Bottke®, Sarah T. Stewart®

The distinct compositions of metallic cores from noncarbonaceous (NC) and carbonaceous (CC) iron meteorite
parent bodies (IMPBs) reflect differences in accretion and differentiation histories of earliest inner and outer Solar
System planetesimals. Compared to NC IMPBs, CC IMPBs have smaller, sulfur (S)-poor, highly siderophile element
(HSE)-enriched cores and younger core formation ages. However, the origins of these differences remain debated.
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Using equilibrium partitioning models between the S-poor solid and the S-rich liquid metal, we argue that HSE
enrichment in lID, IIF, lIIF, and IVB cores resulted from a multistage evolutionary sequence: (i) segregation of S-rich,
HSE-depleted protocores during initial planetesimal heating; (ii) collisional disruption before S-poor metal segre-
gation; (jii) reaccretion of mantle fragments into daughter planetesimals; and (iv) further 2°Al-driven heating pro-
ducing HSE-enriched, S-poor cores. We suggest that iron meteorites from these CC IMPBs originate from such
second-generation cores. Accounting for “missing” S-rich protocores helps reconcile several NC-CC IMPB differ-
ences and highlights the role of early collisional processing in shaping planetesimal chemical evolution.

INTRODUCTION

Magmatic iron meteorites are key to understanding the formation
and evolution histories of the earliest Solar System planetesimals
across space and time. They are remnants of the metallic cores of
planetesimals which formed shortly after the first Solar System sol-
ids [calcium-aluminum-rich inclusions (CAIs)] and underwent
core-mantle differentiation driven by the decay of *°Al (1-6). Simi-
lar to chondrites and achondrites, iron meteorites exhibit an isoto-
pic dichotomy: noncarbonaceous (NC) iron meteorite parent bodies
(IMPBs) formed in the inner Solar System and carbonaceous (CC)
IMPBs formed in the outer Solar System, likely beyond Jupiter’s
original orbit (I). Despite the isotopic dichotomy, the abundances of
moderately (e.g., Ge and Ga) and highly (e.g., C and N) volatile ele-
ments in NC and CC IMPBs are not substantially different (7-14),
implying that they accreted from compositionally similar primor-
dial materials (15, 16). However, NC and CC IMPBs have certain
distinct chemical signatures that hint at potential differences in their
accretion and differentiation histories. For instance, CC IMPBs are
inferred to have smaller, S-poor cores that are enriched in highly
siderophile elements (HSEs; Os, Re, Ir, Ru, Rh, Pt, and Pd) and may
have younger core formation ages when compared to NC IMPBs
(1,7, 8, 17-20). If NC and CC IMPBs formed from broadly similar
materials in comparable environments (15, 16, 21), what is the cause
behind these differences? Do their properties reflect fundamental
differences in the formation and evolution histories of the earliest
inner and outer Solar System planetesimals (7, 18, 22, 23), or are
they the result of secondary processes that overprinted common ac-
cretion histories?
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Unlike other siderophile elements, the S content in the IMPB
cores is inferred indirectly from fractional crystallization models
(24-26), which interpret elemental correlations among siderophile
and chalcophile elements (e.g., Au, Ir, and As) using extensive datasets
generated by Wasson and colleagues at the University of California,
Los Angeles over several decades. These models predict that NC
cores were systematically S-rich (3 to 15 wt % S; mean: 9.8 wt % S)
compared to CC cores (0 to 8 wt % S; mean: 3.5 wt % S) (table S1)
(7, 8,17, 24, 26). This discrepancy is intriguing, as CC IMPBs, which
formed in the outer, colder regions of the solar protoplanetary disk,
would be expected to have accreted materials enriched in moder-
ately volatile elements (MVEs) like S (27). Unexpectedly, the IID
and IVB cores from the CC reservoir are predicted to be almost
S-free (7, 21). Note that for the IVB core, similar depletions are ob-
served for other MVEs, such as Ga and Ge, whereas the IID core
does not exhibit anomalous MVE depletion, except for S (7, 26, 28).
Understanding the difference between S contents in NC and CC
cores is also critical because both the mechanism and timing of
planetesimal core formation are directly tied to the S content in the
core (1, 2). Laboratory experiments show that the first melting in the
Fe-FeS system occurs at the eutectic (~980°C at 1 bar), producing
S-rich metallic liquids (29-33). Combined with siderophile element
depletion patterns observed in primitive achondrites, this suggests
that the percolation of S-rich metallic liquids initiated early episodes
of protocore formation in largely unmolten silicate mantles (34-37).
However, while percolative metal-sulfide migration is well docu-
mented in some primitive achondrites, direct geochemical evidence
for low-temperature (relative to the melting of pure iron), percola-
tive core formation in IMPBs is lacking. An inverse correlation be-
tween the S content in the parent cores of NC IMPBs and their
£'82W values suggests that these bodies could have experienced dis-
tinct early and late episodes of S-rich and S-poor metallic liquid seg-
regation, respectively, with the contribution of each episode dictated
by the final S content in their parent cores (fig. S1) (1, 2, 18). There-
fore, the younger core formation ages of CC IMPBs could potentially
be linked to the lower S content in their parent cores, which led to a
smaller contribution from the early-segregated S-rich component to
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their "W values (2). However, unlike NC IMPBs, the S content in
the parent cores of CC IMPBs and their £'**W values do not show
any correlation (fig. S1) (18). For instance, the S-free IID and IVB
cores display broadly similar &'**W values to S-bearing (2 to 6 wt % S)
IIC, ITE, and IIIF cores, while the South Byron Trio (SBT) core con-
taining 8 wt % S exhibits a substantially lower £'®*W value. The reason
for the absence of a correlation between &'**W values and S content
in CC cores is currently unknown.

In addition, CC cores are notably enriched in HSEs compared to
their NC counterparts (7, 8, 17). This enrichment has been attrib-
uted to the differences in their inferred core mass fractions, with NC
IMPBs consistently having higher core mass fractions (0.14 to 0.24;
mean: 0.19) compared to CC IMPBs (0.03 to 0.17; mean: 0.08)
(table S1; see Materials and Methods for details) (17, 19, 20). Nota-
bly, the S-free IID and IVB cores exhibit anomalously low core mass
fractions (0.05 and 0.03, respectively). Moreover, while NC cores
display near-chondritic HSE/Nigy ratios (HSE abundances normal-
ized to Ni and CI chonderites), four of six CC cores, including IID,
IIF, IIIF, and IVB, have superchondritic HSE/Nicy ratios (7, 8, 23).
The IID and IVB cores not only exhibit the highest HSE/Nic; ra-
tios but also show HSE fractionation trends that correlate with
volatility, with HSE/Nicy ratios decreasing progressively from Os
to Pd (7, 8, 28). Similar patterns are also observed in the IITF core
and, to a lesser extent, in the IIF core (7, 8). In the IVB core, this
sloped pattern has been linked to the accretion of CAIs—high-
temperature condensates that exhibit similar HSE fractionation
trends with volatility (23, 28). Recent studies linking Os/Nicy or
Ir/Nicy ratios with CAI abundance in CC chondrites suggest that
the superchondritic HSE/Nicy ratios in the IID, IIF, IIIF, and IVB
cores were tied to the presence of ~9 to 26 vol % CAls in the pri-
mordial materials accreted by their parent bodies (7, 8). The pres-
ence of CAI-enriched materials in CC IMPBs (except for IIC and
SBT) was further used to infer the structure and evolution of the
solar protoplanetary disk. Although spectroscopic observations
suggest that some asteroids may contain up to 30 vol % CAIs (38),
there is no direct evidence of such CAl-enriched materials in the
meteorite record.

The Mo isotopic composition of CAls provides an important
constraint on the extent to which the CAI-rich material was accret-
ed by CC IMPBs. Like HSEs, the Mo/Nic; ratios in the IID, IIF, IIIF,
and IVB cores are superchondritic (7, 28). The elevated abundances
of Mo in CAlIs coincide with their enrichment in r-process Mo iso-
topes compared to bulk CC meteorites (39) [reported as A”*Mo,
which isolates variations of r-process Mo from s-process Mo and is
denoted as A”Mo = (¢”Mo — 0.596 X £”*Mo) x 100 (40)]. For in-
stance, Mo-enriched CAIs exhibit high A*>Mo values (commonly
>100), contrasting with the mean A*’Mo of ~25 for bulk CC mete-
orites (39). If the IVB core had accreted ~26 vol % CAls, as sug-
gested by refs. (7, 8), its Mo isotopic signature should reflect a strong
r-process excess. However, IVB irons show A*’Mo values indistin-
guishable from other CC meteorites (1). Notably, the multi-isotope
mixing models of ref. (41) predict relatively modest fractions of
CAIs (~3.5 to 5.5 wt %) in CC IMPBs. While we acknowledge the
debate on Mo isotope measurements (40, 42), the lack of a A**Mo
anomaly in IVB irons, despite their elevated Mo/Nicy ratio, casts
doubt on a dominant CAI source for CC IMPBs.

The superchondritic HSE/Nig; ratios observed in the IID, IIF,
IIIE, and IVB cores are also present in primitive achondrites such

Grewal et al., Sci. Adv. 11, eadw1668 (2025) 1 October 2025

as ureilites (34-37), which are mantle restites formed after the
extraction of S-rich metallic liquids and low-degree silicate melts
(43, 44). These superchondritic HSE/Nic;y ratios have been attribut-
ed to equilibrium partitioning between S-poor solid metal restites
and S-rich metallic liquids, followed by the segregation of S-rich liq-
uids to form protocores (see Materials and Methods for details).
However, a key difference exists between the HSE/Nic; patterns in
ureilites and those in the IID, IIE, IIIE, and IVB cores. Unlike these
CC cores, where HSE/Nicy ratios show strong fractionation corre-
lated with their volatility, primitive achondrites, such as ureilites,
exhibit limited fractionation among HSE/Ni¢; ratios, except for the
more volatile Pd.

In this study, we model the equilibrium partitioning of HSEs, Ni,
and Co between the S-poor solid metal and the S-bearing metallic
liquid to demonstrate that the superchondritic HSE/Nic; ratios and
their volatility-related fractionation in the IID, IIE, IIIE, and IVB
cores can be explained by planetesimal core formation processes
without the need to invoke the accretion of exotic CAl-enriched
materials. Given that core formation in a planetesimal is tied to the
S content in its core, which in turn is linked to its core formation
mechanism and age, our findings reconcile several apparent dis-
crepancies in the chemical signatures between NC and CC IMPBs.
These results offer previously unrecognized insights into the differ-
entiation histories of the earliest outer Solar System planetesimals
and their interplay with the dynamics of planetesimal collisions in
the early Solar System.

Numerical Models

The approach used for explaining the HSE abundances in primi-
tive achondrites, which involves analyzing correlations between
HSE ratios (e.g., Pd/Oscy and Pt/Oscy) across multiple samples
(34-36), cannot be applied here because of the absence of compa-
rable data for IMPB cores, where constraints exist only for the bulk
core compositions. Instead, we aim to determine whether the bulk
abundance patterns of HSEs, Ni, and Co in the IID, IIF, IIIF, and
IVB cores can be explained by equilibrium partitioning between
the S-free solid and the S-bearing liquid metal. Unlike previous
studies on primitive achondrites that focused solely on HSE frac-
tionation (34-36), we include Ni and Co—refractory elements
with similar volatility to Pd—in our models (45). Ni and Co are
valuable constraints because, unlike HSEs, these elements are not
concentrated in the refractory metal component of CAls (45). Asa
result, they offer a stringent test for the models that propose the
accretion of CAl-rich materials to explain the superchondritic
HSE/Nicy ratios observed in the IID, IIF, IIIF, and IVB cores. Giv-
en that HSEs, Ni, and Co have high metal/silicate partition coeffi-
cients (>10% to 10*) at the low pressures relevant for planetesimal
differentiation (15, 16, 28), we only need to consider their equilib-
rium partitioning between the S-free solid and the S-bearing liq-
uid metal despite the partitioning taking place in the presence of
silicates (34, 36).

To assess the applicability of our approach, we first modeled the
equilibrium partitioning of HSEs, Ni, and Co during batch melting
of S-free solid metal with a S-bearing metallic liquid using parame-
trized Dt.s/ t (partition coefficient of an element between solid and
liquid metal) equations from ref. (46) to predict the abundance
patterns of these elements in the well-studied ureilites (see Materi-
als and Methods for details). Using the same methodology, we
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investigated whether the IID, IIF, IIIF, and IVB cores represent solid
metal restites left after the extraction of S-bearing liquids during an
earlier stage of low-temperature, percolative core formation. We
used the Bayesian Markov Chain Monte Carlo (MCMC) approach
to determine the common S content in the liquid metal and the
mass ratio of solid to liquid metal (mg/my) that best replicates the
observed abundances of HSEs, Ni, and Co in the restite component
(see Materials and Methods for details).

RESULTS

The solid metal restite component of our single-stage batch model
matches well with the abundances of HSEs, Ni, and Co in ureilites
(Fig. 1A). Our model predicts that the bulk composition of ureilites,
derived from chondrite-like precursors, can be best explained by the
extraction of ~85% of the initial metal as a liquid containing ~27 wt % S
(table S2). This result is consistent with predictions from ref. (34),
which are based on correlations between Pd/Oscy and Pt/Oscj ratios
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Fig. 1. Comparisons of the Ni- and Cl chondrite-normalized elemental abundances of ureilites and IID, IVB, IIF, and IIIF IMPB cores (solid orange lines) with the
results of batch melting models between the S-free solid restite and the S-bearing liquid (dashed blue lines). Our batch melting models for varying S content in
the liquid metal and mass ratios of solid and liquid metal (ms/m) can broadly reproduce the abundance patterns of HSEs, Ni, and Co in ureilites (A) and CC IMPB cores
(B to E). The dashed blue lines represent model outputs generated using the mean parameter values from the MCMC posterior distributions, while the blue bands indicate
the 1o range of model predictions reflecting uncertainties in the S content and ms/m;. The mean values and 1o uncertainties shown in each panel were derived from these

posterior distributions obtained using a Bayesian MCMC approach.
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across multiple samples and suggest the extraction of up to ~80% of
the initial metal as a liquid containing ~20 to 25 wt % S. Extending
our models to CC IMPBs, we demonstrate that the HSE, Ni, and Co
abundances in the IID and IVB cores can be attributed to a metal
restite component formed after the extraction of ~81 and ~82% of
the initial metal as a liquid containing ~10 and ~11 wt % S, respec-
tively (Fig. 1, B and C, and table S2). The IIF core is best fit by the
extraction of ~51% of the initial metal as a liquid with ~13 wt % S,
while the IITF core composition can be explained by the extraction
of ~80% of the initial metal as a liquid with ~5 wt % S (Fig. 1, D and
E, and table S2). Analogous to ureilites, our single-stage batch mod-
el is able to almost perfectly reproduce the abundance patterns of
almost all HSEs in the IID core (Fig. 1B), whereas for IIF, IIIF and
IVB cores, even though our model can explain the overall fraction-
ation trends among HSEs, the abundances of some elements are ei-
ther over- or underpredicted. For instance, our models underpredict
Re/Nicy in the IIF and IIIF cores and Pd/Nicy ratios in the IIIF and
IVB cores but overpredict the Co/Nig; ratios in all three (Fig. 1, C to
E). These discrepancies may arise either from limitations in the frac-
tional crystallization models used to predict the elemental abun-
dances in the IMPB cores or from additional complexities in the
planetesimal core formation process.

DISCUSSION

The variations in both the S content and mass fraction of the ex-
tracted liquid are controlled by the interplay between their HSE, Ni,
and Co abundance patterns and the solid/liquid metal partition co-
efficients of these elements as a function of the S content in the me-
tallic liquids. While the amount of extracted liquid required to
account for the compositions of IID and IVB cores is comparable to
that for ureilites, the HSE, Ni, and Co abundances in these cores
require the extracted liquid to contain less than half the S needed for
ureilites (Fig. 1). This is mainly due to the strong relative fraction-
ation of HSE/Ni¢y ratios in the IID and IVB metals compared to
ureilites, which have broadly unfractionated HSE/Ni¢; ratios, except
for Pd. Given that all HSEs, except Pd, have very high solid/liquid
metal partition coeficients when the equilibrating liquid is very S-
rich (fig. S2), relative fractionation of HSE/Ni¢; ratios would be lim-
ited, as observed in ureilites. Substantial fractionation among HSEs
can only occur when these elements become less compatible in the
solid metal, meaning that the equilibrating liquid metal must be
relatively S-poor. Note that the relatively S-poor composition of the
extracted liquids in IID, IIE IIIF, and IVB cores, compared to
ureilites, is likely a result of higher temperatures at which the S-
bearing liquid metal equilibrated with the solid restite on average.
This is because at higher temperatures, the composition of the liquid
metal becomes progressively depleted in S according to the Fe-S
phase diagram (47).

It is important to highlight that the IID core is the only CC core
with a distinctly superchondritic Co/Ni¢; ratio (1.32), whereas the
Co/Nicy ratios of all other CC cores lie in the chondritic range
(Fig. 1B). The Co/Ni¢; ratios of the IID core are too high to be di-
rectly derived from any known chondrite group, as Co/Nic; ratios in
CC chondrites typically range from 0.95 to 1.00 (34, 36). Given that
both Ni and Co near-quantitatively partition into IMPB cores, as
attested by the chondrite-like Co/Nicy ratios in other CC cores (15),
the superchondritic Co/Nigy ratio in the IID core cannot be ex-
plained by metal-silicate differentiation processes. However, Co is
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more compatible than Ni in the solid metal when equilibrating with
S-rich liquids, and its compatibility increases at a higher rate with
increasing S content in the liquid metal (fig. S2). The high fraction-
ation of Co/Ni¢y ratio in ureilites (1.80) (Fig. 1A), because of the
higher S content in the extracted metallic liquid (~27 wt % S), sup-
ports the applicability of this process. Similar superchondritic Co/
Nicy ratios are present in all other primitive achondrites such as aca-
pulcoites, lodranites, brachinites, and winonaites (34-37). Given
that the origin of siderophile element abundance pattern in primi-
tive achondrites is well established to result from the extraction of
S-rich liquids, the superchondritic Co/Nigy ratio in the IID core
strongly suggests that the fractionation between its Co and Ni con-
tents is linked to its origin as a solid metal restite component that
equilibrated with S-rich metallic liquids (26). The IIIF and IVB
cores, and to a lesser extent, the IIF core, do not display superchon-
dritic Co/Niy ratios despite their HSE/Nic; ratios being explained
by solid-liquid metal partitioning and their broadly similar HSE
fractionation trends as the IID core (Fig. 1, C to E). Whether this
discrepancy arises from the limited resolution of fractionation crys-
tallization models [e.g., the inability of these models to explain Co
variations in IIIF irons (48)] or from additional fractionation pro-
cesses [e.g., Co/Ni fractionation during catastrophic volatile loss in
the extremely volatile-depleted IVB and IIIF cores, similar to what is
observed in the metal component of CB chondrites (49)] remains
unclear and requires further investigation.

In conclusion, the HSE, Ni, and Co abundance patterns in the IID,
ITE IITE, and IVB cores can be explained by their origin from a solid
metal restite component that was left behind after the extraction of S-
rich metallic liquids during an earlier stage of low-temperature proto-
core formation. Given that the IID and IVB cores are inferred to be
nearly S-free (7, 24, 26, 50), their entire S inventories must have under-
gone near-total extraction into S-rich protocores that are now lost. In
contrast, for the S-bearing IIF (5 wt % S) and IIIF (2 wt % S) cores, not
all of the S inventories were removed into the early-formed S-rich pro-
tocores. Evidence for the latter is also present in primitive achondrites,
which retain varying amounts of sulfides in the restite component
(43, 44). Although core formation in planetesimals was likely a pro-
tracted process involving multiple S-rich liquid extraction events
(30, 35, 37), our simple single-stage batch model, which is an approxi-
mate average of all these extraction events, successfully reproduces
their overall HSE, Ni, and Co abundance patterns. The early-segregated
S-rich liquid protocore component did not contribute to the core
compositions inherited from the late-segregating S-poor res-
tites, which were eventually sampled by iron meteorites from the IID,
ITE IIIF, and IVB groups. We demonstrate that volatility-related HSE
fractionation trends in the IID, IIF, IIIF, and IVB cores can be attrib-
uted to the geochemical legacy of protracted core formation, as the
partitioning of these elements between solid and liquid metal, de-
pending on the S content in the latter, unexpectedly correlates with
their volatility. Consequently, the superchondritic HSE/Niy ratios and
their volatility-related fractionation in the CC cores can simply be ex-
plained by the intricacies of planetesimal core formation without
needing to invoke the accretion of exotic CAl-enriched materials by
their parent bodies, as suggested by refs. (7, 8, 23).

Role of early planetesimal collisions in shaping the core
compositions of CC irons

The IID, IIF, IIIE, and IVB irons sample cores formed from the res-
tite component, with minimal contribution from the early-extracted
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S-rich metallic liquid. This suggests that the S-rich liquid segregated
to form protocores in the progenitor bodies before the melting and
segregation of S-poor restites. The S-depleted CC IMPBs originated
from S-poor restites hosted in the mantles of the progenitors. This
scenario suggests that partially molten planetesimals experienced
early disruptions within a narrow time frame—after S-rich proto-
core segregation but before S-poor restite melting—followed by re-
accretion of impact fragments into daughter bodies. The collisions
may have been energetic enough to generate daughter bodies, large-
ly excluding fragments from the S-rich protocores in those sampled
by CC IMPBs (Fig. 2A). Alternatively, hit-and-run collisions with
nearby protoplanets may have stripped away the progenitor’s outer
layers (Fig. 2B) (51-54), forming daughter bodies dominated by
mantle material, while the S-rich core and some mantle remained
with the remnant. Determining whether daughter bodies are more
likely to form from high-energy impacts or hit-and-run collisions
involving protoplanets requires further investigation. However, dy-
namical models and meteorite evidence suggest that hit-and-run
events may be more likely (52, 54, 55).

Ureilites provide meteoritic evidence of the early disruption of a
partially molten parent planetesimal, with the meteorites originat-
ing from the subsequent reassembly of daughter bodies from the
collisional fragments (56-59). All ureilite materials in our meteorite
collection are thought to originate from a single ureilite parent body

Unmolten S-poor
metal restite

S-rich
protocore

Partially
differentiated

mantle Unsampled S-rich |

daughter planetesimal |

Stage 1
Disruption of progenitor
Parent body Stage 2

(UPB), which experienced low-degree melting, leading to the segre-
gation of a S-rich protocore and the formation of a trachyandesitic
crust (37, 43, 56). On the basis of the thermal history of ureilites,
marked by rapid cooling from high temperatures of ~1050° to
1100°C, the breakup of the UPB occurred while it was partially mol-
ten (57-60).

Although ureilites originate from the NC reservoir (61), high-
energy impacts or hit-and-run collisions in the CC reservoir could
explain the geochemical signatures of the IID, IIF, IIIF, and IVB
irons, given the high frequency of collisions in the early Solar Sys-
tem. The progenitor parent bodies of these CC IMPBs must have
experienced these collisions after the segregation of the S-rich pro-
tocores and before the melting and segregation of S-poor restites.
Therefore, the IID, IIF, IIIF, and IVB IMPBs likely represent daugh-
ter bodies that reaccreted from the collisional fragments. However,
a key distinction between the impact disruption of their progenitor
parent bodies and that of the UPB is the timing. The reaccreted
daughter bodies for ureilites remained as rubble pile bodies, experi-
encing little igneous processing after their reaccretion (56, 58).
Therefore, the disruption of UPB, and the subsequent reaccretion of
daughter bodies, could have taken place as late as ~5 million years
(Ma) after CAIs when “°Al was extinct (56). However, a late disrup-
tion and reaccretion pose a challenge for the progenitor parent bod-
ies of the IID, IIF, IIIE, and IVB IMPBs, as their daughter bodies

S-poor restite core
sampling iron meteorites

Stage 3 Stage 4
Reaccreted Iron meteorite
daughter planetesimal parent body

Fig. 2. lllustration of the proposed formation mechanisms for the formation of IID, IIF, IlIF, and IVB daughter IMPBs following the collisional disruption of their
progenitor parent bodies. (A) and (B) depict disruptions via high-energy impacts and hit-and-run collisions, respectively. Stage 1: A partially differentiated planetesimal
heated by %°Al decay, featuring an S-rich protocore and S-poor solid metal stranded in its mantle, undergoes disruption. Stage 2: Collisional fragments begin to reaccrete
into daughter planetesimals. In the high-energy impact scenario, daughter planetesimals formed from fragments containing S-rich protocore components (dashed
square) are not sampled in the meteorite record. Stage 3: The daughter planetesimals reaccreted from the mantle fragments heat up because of the radiogenic decay of
residual °Al. Stage 4: The daughter planetesimals (IID, IIF, llIF, and IVB IMPBs) differentiate, forming S-poor cores that are later sampled as iron meteorites.
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need to undergo another stage of core formation involving the S-
poor restite, which is eventually sampled in the iron meteorite re-
cord. To achieve this, the daughter planetesimals would need to
reach the liquidus temperature of the S-poor restite, estimated at
1500° to 1530°C (62)—a temperature greater than that experienced
by the progenitors before their disruption. Therefore, the disruption
must have occurred while the decay of *°Al was still active, i.e., with-
in ~3 Ma after CAls.

The core formation ages of the IID, IIFE, IIIF, and IVB irons (~3 to
-3.6 Ma after CAls) (18) set a strict upper limit on the timing of the
disruption events, as core formation in the daughter bodies must
occur after these disruptions. The exact timing of disruptions de-
pends on several factors, including the initial temperature of the
reaccreted daughter rubble pile. For example, if the daughter plan-
etesimal reaccreted at a cold temperature (0°C) and needed a tem-
perature rise of ~1500°C to initiate core formation, the disruption
events should have occurred within ~1 Ma after CAls (fig. S3; see
Materials and Methods for details). However, if only a ~250° to
500°C increase was required, the disruption events could have oc-
curred as late as ~2 to 2.5 Ma after CAls. This indicates that the
progenitor parent bodies of IID, IIE, IIIF, and IVB IMPBs were dis-
rupted very early in the Solar System history, likely within ~1 to 2.5 Ma
after CAls.

Implications for the chemical signatures of the earliest outer
Solar System planetesimals

The compositions of CC irons have been previously used to infer
key physical and chemical properties of the earliest Solar System
planetesimals, including core mass fractions, bulk oxidation states,
core formation ages, and S content in parent cores. Our results indi-
cate that the IID, IIF, IIIE, and IVB irons, which sample only the S-
poor restite component of the progenitor parent bodies, likely
originated from the cores of daughter bodies that reaccreted from
mantle fragments of partially differentiated progenitors. Given that
these CC irons represent only partial samples of the bulk metal of
their progenitors, relying solely on their compositions to recon-
struct the primordial characteristics of the earliest outer Solar Sys-
tem planetesimals may lead to erroneous conclusions. Therefore, it
is crucial to retrace the chemical compositions of the bulk metal of
the progenitor parent bodies of the IID, IIE, IITF, and IVB irons to
properly contextualize their characteristics and achieve a more ac-
curate understanding of the earliest outer Solar System planetesimals.
Core mass fractions and bulk oxidation states of IMPBs

The extent of HSE enrichment in IMPB cores relative to chondrites
has been used to determine the core mass fractions of the earliest
Solar System planetesimals (17). These estimates rely on the as-
sumption that all HSEs accreted by IMPBs were extracted into cores
during a single-stage differentiation event and that these cores are
sampled by iron meteorites, an assumption we now argue may not
hold universally. Given that CC cores are more enriched in HSEs
than NC cores, the earliest outer Solar System planetesimals are pre-
dicted to have lower core mass fractions, indicating that they were
more oxidized than their NC counterparts (17, 18). Specifically, the
IID and IVB IMPBs are found to have particularly low core mass
fractions (0.05 and 0.03, respectively) (Fig. 3A and table S1). The
core mass fraction estimates have been further combined with the
Fe/Ni ratios of the cores to quantify the amount of oxidized Fe in
IMPB mantles, providing insights into their bulk oxidation states
(15). However, the superchondritic HSE/Nig; ratios call into
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Fig. 3. Comparison of the reconstructed core mass fractions, FeO in mantles,
and S content in cores of the progenitor parent bodies of IID, IIF, llIF, and IVB
(open symbols) with values directly determined from iron meteorite data (solid
symbols) for NC and CC IMPBs (red and blue colors, respectively). The recon-
structed values for all three parameters are significantly higher than previously esti-
mated for IID, IIF, llIF, and IVB IMPBs. (A) The reconstructed core mass fraction for IVB
overlaps with SBT and those of IID and IIF overlap with IIC, whereas the reconstructed
core mass fractions for lIF are higher than all CC IMPBs and overlap NC IMPBs. (B) The
reconstructed FeO content of the mantles suggests that the earliest CC planetesimals
(except IlIF) had consistently higher FeO content in their mantles compared to NC
planetesimals. (C) The reconstructed S content in the progenitor parent cores of IID,
IIF, IIF, and IVB overlaps with that of other CC groups (IIC and SBT) and several NC
groups (IIIAB, IlIE, and IVA). Error bars represent 16 uncertainties propagated from
individual terms.
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question the approach of ref. (12) to estimate the core mass fractions
of CC IMPBs on the basis of HSEs alone. For instance, on the basis
of Ni, a siderophile refractory element that, like HSEs, partitions
near quantitatively into the cores during CC IMPB differentiation
(16, 33), the core mass fractions of IID and IVB IMPBs would be
nearly twice as high (0.09 and 0.06, respectively).

Our findings suggest that using HSE abundances to constrain
core mass fractions may yield erroneous conclusions for IID, IIE
IIIE, and IVB irons, as these samples represent only the late-
segregated, S-poor restite component of the daughter bodies rather
than the entire parent cores. Given that our models estimate both
the mass fraction and chemical composition of the “missing” com-
ponent, a mass balance approach can be used to calculate the bulk
HSE, Ni, and Co abundances in the parent cores of the progenitor
parent bodies of CC IMPBs, assuming that no early disruptions oc-
curred before complete core-mantle segregation. By factoring in the
“missing” component, the recalculated core mass fractions for the
progenitor parent bodies of IID, IIE, IIIF, and IVB irons are 0.13,
0.12, 0.17, and 0.07, respectively (Fig. 3A and table S1). Although
the estimated core mass fractions of the progenitor CC parent bod-
ies remain somewhat lower than those of NC IMPBs, they are still
considerably higher than estimates based solely on the restite com-
ponents sampled by iron meteorites. This approach resolves the pre-
viously puzzling anomaly of the unusually low core mass fraction in
the IVB IMPB. For instance, our results reveal that the core mass
fraction of the progenitor parent body of IVB (0.07) was almost
identical to that of the SBT IMPB (0.08), with both cores exhibiting
similarly low Fe/Ni ratios (4.0 to 4.5) compared to the other CC
cores (7.8 to 11.0).

Our findings also call for revisions to the estimated amount of
oxidized iron in the mantles of IMPBs, as these values directly cor-

Fe )bulk y

NiorCo
— Cr¢] X r, where r is the core/mantle mass ratio; for de-

relate with core mass fractions of IMPBs [Cantle = [(

core
CNi or Co

tails, see ref. (15)]. Given that our revised core mass fractions are
higher, the mantles of the progenitor parent bodies of IID, IIFE, IIIF,
and IVB irons contained significantly more oxidized Fe than previ-
ously estimated (Fig. 3B and table S1). For instance, the estimated
FeO content in the mantles of the progenitor parent bodies of IID
and IVB irons increases from ~7 to ~19 wt % and from ~8 to ~23 wt %,
respectively, because of corresponding increases in the core mass
fractions by factors of ~2.5 and ~2.6, respectively. These revised val-
ues for IID and IVB are comparable to those of IIC (~23 wt %) and
SBT (~26 wt %) IMPBs, respectively, with similar Fe/Ni¢; ratios in
the cores. The reconstructed FeO contents in the progenitor parent
bodies of CC IMPBs (12 to 23 wt %) values are well within the range
of those of carbonaceous chondrites [17 to 28 wt %; ref. (63)] ema-
nating from the CC reservoir. Our findings reveal that with the ex-
ception of IIIF, CC IMPBs were consistently more oxidized than
their NC counterparts, corroborating the predictions of ref. (64).
Sulfur content in the parent cores

Our finding that CC cores with superchondritic HSE/Ni¢; ratios
only sample the S-poor restite component helps resolve another
critical issue related to the chemical composition of the earliest out-
er Solar System planetesimals—the S content of their parent cores.
Fractional crystallization models predict anomalously low S content
in CC cores with superchondritic HSE/Ni¢; ratios, such as the IID
(0 wt % S), IIIF (2 wt % S), and IVB (0 wt % S) cores (Fig. 3C and
table S1). This is particularly problematic for the IID irons, which,
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despite having near-chondritic MVE/Nicy ratios, appear to sample a
nearly S-free core (7, 26). On face value, it means that the primor-
dial materials accreted by the IID IMPB had near-chondritic abun-
dances of all siderophile MVEs except S, which was almost absent.
However, there is no evidence of such primordial materials in the
CC chondrite record as S abundance always correlates with other
MVEs that have comparable condensation temperatures (65, 66).
Similar to HSE, Ni, and Co abundances, accounting for the S con-
tent in the “missing” component is required to make accurate com-
parisons between the core composition and the S content in the
primordial materials accreted by the progenitor parent body. By fac-
toring in the “missing” component, the parent cores of the progeni-
tor parent bodies of purportedly S-free IID and IVB IMPBs would
have contained ~8 and ~9 wt % S, respectively, while those of the
other S-poor IIF and IIIF IMPBs would have contained about ~9
and ~4 wt % S, respectively (Fig. 3C and table S1). These values
are comparable to the S content in the other CC cores, i.e., IIC
(~6 wt % S) and SBT (~8 wt % S), which do not display superchon-
dritic HSE/Nicy ratios. This suggests that the cores of the earliest CC
planetesimals, and consequently, the primordial materials accreted
by them, were not as anomalously S-poor as previously believed.
The reconstructed S contents of the progenitor CC cores are within
the range of three NC cores such as IIIAB, IIIE, and IVA (3 to 9 wt
%), although they are still lower than those of the IC and IIAB cores
(15wt % S). Whether S-rich IC and IIAB cores represent a sampling
bias in the meteorite record or reflect a fundamental difference in
the primordial S contents between NC and CC IMPBs requires fur-
ther investigation.

Core formation ages of IMPBs

Assuming CC chondrite-like Hf/W ratios in bulk IMPBs, their
core formation ages can be determined on the basis of the "W
values of iron meteorites from that group (1, 2, 18). Given that CC
irons consistently display higher '**W values compared to NC
irons, it has been suggested that core formation in the earliest outer
Solar System planetesimals generally occurred later than in those
from the inner Solar System (fig. S1) (I, 18). Note that the differ-
ence between their core formation ages should be smaller if NC
IMPBs accreted materials with lower Hf/W ratios, akin to enstatite
and ordinary chondrites (67, 68). Our findings suggest that the
early-extracted S-rich liquid component in the progenitor parent
bodies of IID, IIF, IIIF, and IVB irons is not sampled by iron mete-
orites from these groups. Thus, the less negative £'**W values in
11D, IIE, IIIF, and IVB irons reflect only the higher £'**W values of
the late-segregated S-poor restite component in the daughter plan-
etesimals and not the bulk £'**W values of the cores of their pro-
genitor parent bodies. Given that the S-rich component would
have undergone core formation before the disruption of the pro-
genitor parent bodies, the timing of the disruption events (likely
within ~1 to 2.5 Ma after CAls; see the earlier discussion) places
upper bounds on the unknown &'**W values of the “missing” com-
ponent. This implies that core formation in the progenitors of IID,
IIF, IIIF, and IVB irons may have begun more than 1 Ma earlier
than previously estimated on the basis of iron meteorites alone.
This inference is supported by the core formation age of the S-rich
SBT IMPB, which is anomalously older than all other CC irons and
overlaps with the NC irons having similar S abundance (fig. S1).
Therefore, the older core formation age exhibited by SBT irons
could be typical of the earliest outer Solar System planetesimals
rather than an outlier.
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Implications for the dynamics of the early Solar System

Our findings reveal that four of the six CC IMPBs likely formed by
accreting the mantle fragments of partially differentiated progeni-
tors that experienced early collisions. The partially differentiated
nature of the progenitors of the IID, IIE, IIIF, and IVB IMPBs before
the disruption events suggests that these events occurred within a
narrow time frame. The need for substantial 2Al to melt the S-poor
restite component in the daughter bodies, combined with the core
formation age displayed by IID, IIF, IIIF, and IVB irons, indicates
that these disruptions likely took place within ~1 to 2.5 Ma after
CAls. Together, our work implies that early planetesimal disruption
was prevalent in the CC reservoir.

These predictions, confined to a narrow time frame, have impor-
tant dynamical implications for the CC reservoir and the evolution
of objects during the gas disk phase. For instance, Jupiter’s core, and
the cores of the other giant planets, may have grown rapidly enough
to dynamically excite nearby planetesimals or protoplanets despite
the damping effects of the solar nebula (69). The impact velocities
could have risen enough to cause high-energy impacts or hit-and-
run collisions between planetesimals and protoplanets, with the re-
sulting fragments reaccreting into rubble pile daughter bodies
(53-55). This suggests that planetesimal collisions were likely a nat-
ural consequence of the growth and migration of protoplanets and
the cores of giant planets (53, 54, 70). While it was previously as-
sumed that the presence of the gas disk would dampen impact ve-
locities, leading to predominantly accretionary collisions (71, 72),
our study suggests a different scenario. We argue that disruptive and
hit-and-run collisions were not only possible but were also probably
common during the gas disk’s lifetime. These high-energy events
played a crucial role in shaping the early Solar System, driving the
fragmentation, reaccretion, and volatile loss that ultimately influ-
enced the composition and evolution of planetary building blocks.
This redefines our understanding of planetesimal dynamics during
the gas disk phase, highlighting a far more turbulent and complex
pathway to planetary formation than previously thought.

To conclude, in this study, we argue that the HSE, Ni, and Co
abundance patterns in the IID, IIE, IIIE, and IVB cores can be at-
tributed to their origin from a metal restite component left behind
after the extraction of S-rich liquids during early, low-temperature
protocore formation in their progenitor parent bodies. These bod-
ies were partially differentiated when they underwent disruptions,
and their mantle fragments, including the S-poor metal restite com-
ponent, reaccreted to form daughter planetesimals. These daughter
bodies experienced further core formation with the segregation of
the S-poor restite component to form cores, which is eventually
sampled by IID, IIF, IIIE, and IVB irons. Therefore, the superchon-
dritic HSE/Ni¢; ratios, and their volatility-related fractionation, in
CC cores reflect the interplay of protracted core formation and
early planetesimal disruptions rather than the accretion of exotic
CAI-like materials by their parent bodies.

By accounting for the “missing” S-rich protocore component into
the core compositions of CC IMPBs, this work reconciles several appar-
ent discrepancies in the chemical signatures between NC and CC
IMPBs, including the S content of the cores, the core mass fractions, and
core formation ages. These findings highlight the critical role of early
collisions in shaping the chemical evolution of the earliest Solar Sys-
tem planetesimals. If many meteorites in our record sample “second- or
later-generation” planetesimals, directly deriving the chemistry of pri-
mordial materials accreted by “first-generation” planetesimals, or the
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protoplanetary disk itself, from these samples may lead to erroneous
conclusions.

MATERIALS AND METHODS

Core mass fraction

Previous estimates of core mass fractions for IMPBs are based on
the level of HSE enrichment in their cores relative to chondrites
(17, 19). This approach relies on two assumptions: (i) HSEs are near-
quantitatively segregated into cores during core-mantle differentia-
tion, and (ii) HSE abundances in bulk NC and CC IMPBs resemble
those in NC and CC chondrites, respectively. Experimental data at
pressures relevant for planetesimal differentiation confirm high
metal/silicate partition coefficients for HSEs [Dimetal/ sfieate — _10% to
10%; for details, see ref. (16) and the references therein], supporting
the first assumption. Although there is no direct evidence for the
second assumption, near-chondritic element/Nicy ratios in NC and
CC IMPB cores (with exceptions such as IVA and IVB, affected by
extreme volatile depletion, and IID, IIF, and IIIF, influenced by ad-
ditional postdifferentiation processes, as discussed in this study)
support its plausibility (7, 8, 16, 17). Using the most recent estimates
for the abundances of refractory HSEs (Os, Re, Ir, Ru, and Pt) in NC
and CC cores (7, 8), we recalculated the core mass fractions of NC
and CC IMPBs (table S1). This revision was necessary because refs.
(7, 8) used a comprehensive set of both refractory and nonrefractory
elements in fractional crystallization models to predict the bulk core
compositions of NC and CC IMPBs, whereas refs. (17, 19) relied
solely on HSEs in their fractional crystallization models. Given that
the HSE abundances in IMPB cores predicted by refs. (7, 8) are gen-
erally higher than those of refs. (17, 19) (except for group IC, which
is predicted to have lower HSE abundances), the recalculated core-
mass fractions in table S1 are generally lower than those predicted
by refs. (7, 8).

HSE fractionation in primitive achondrites

The HSE fractionation patterns observed in the IID, IIF, IIIF, and
IVB cores are also present in primitive achondrites. For instance, the
Pd/Oscy ratios—where Os is more refractory than Pd (45)—in
ureilites (0.19 to 0.20), brachinites (0.18 to 0.27), acapulcoites (0.18
t0 0.27), and lodranites (0.18 to 0.27) are comparable to those found
in the IID (0.26) and IVB (0.21) cores and are lower than the IIF
(0.48) and IIIF (0.44) cores (34-37). These ratios are too low to be
directly derived from any known chondrite group, as the Pd/Osc;
ratios in NC and CC chondrites range from 0.76 to 1.03 (34, 36).
When combined with the fractionated Pt/Oscy ratios in primitive
achondrites (e.g., 0.74 to 0.84 in ureilites), this suggests that if HSE
fractionation was driven by nebular processes, the associated frac-
tionations in Pd/Oscy ratios should be significantly higher because
of the larger difference in condensation temperatures between Os
and Pd compared to Os and Pt (34, 73). However, this is not ob-
served. Instead, the Pd/Oscy and Pt/Osc; ratios in primitive achon-
drites are thought to result from silicate-sulfide-metal segregation
processes in partially molten planetesimals (34-37). For instance,
the variations in Pd/Osc; and Pt/Oscy ratios in ureilites have been
attributed to equilibrium partitioning between S-free solid metal
restites and S-rich metallic liquids containing ~25 wt % S, followed
by their segregation (34). Pd and Pt have lower solid/liquid metal
partition coefficients compared to Os (fig. S2) (46), and their frac-
tionation based on the S content has been used to constrain the S
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content in the metallic liquid that segregated from the S-free solid
metal restite (34).

Elemental partitioning between the S-free solid and the
S-bearing liquid metal

Elemental partitioning between the S-free solid metal restite and the
S-bearing liquid metal was calculated using mass balance equations
in batch melting models. The mass balance of any siderophile/chal-
cophile element i between the bulk metal (MI.B), solid metal (Mis),
and the liquid metal (MiL) can be written as

M} =M + M} (1)

Relating the mass of an element to the mass of the reservoir (m)
and concentration (C;) of the element in that reservoir we get

myCP = mgC> + m CF )
The mp term can be expanded to yield
(ms+mL)C33 = msCis +mLCiL (3)
Dividing by my, terms on both sides yields
(ms/mL+1)C?= (ms/mL) ~CiS+CiL (4)

C? and Cy are related by the partition coefficient between the
two phases

Dt =c¥/ct (5)

Equations 4 and 5 can be combined to yield the following
equation

CS/CP = [(ms/mL+1)]/[ms/mLJr(l/DfS/L)]

To calculate the CP/CY, ratio, Eq. 6 can be rewritten by dividing
all terms in Eq. 6 by the corresponding terms for Ni

€/ G/
= [ms/my+ (/DY) | /| ms/mo+ (1703 |

(6)

™)

Here, C?, the concentration of an element in the bulk metal of an
IMPB, is equivalent to its concentration in the parent core if the
entire metal had segregated into the core. This value corresponds to
the concentration of the element in the IMPB divided by its core-to-
mantle mass ratio. Assuming CI chondrite-like elemental concen-
trations in the bulk IMPB, and considering the cancellation of the
core-to-mantle mass ratio terms because of the division of C’ by C,
on the left-hand side of Eq. 7, the equation simplifies to

G/ I/ C

= [ﬂ’ls/mL+(I/D;/1L>]/[ms/mL+(1/D1_S/L)] ©)

The left-hand side of Eq. 8 can now simply be rewritten as

(€368 = [mstm (1930 [mofm+ (107 0

Equation 9 has two unknowns—rmg/m;, and Dis/ t (partition coeffi-
cient of an element between the solid and the liquid metal). C? values for
ureilites are compiled from ref. (37)—the most comprehensive compila-
tion for siderophile and chalcophile elements in ureilites—whereas for
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the CiS values of IID, IIE, IITE, and IVB IMPBs, the core compositions
predicted by refs. (7, 48) are used. Given that the partitioning of an ele-
ment between the S-free solid metal restite and the S-rich liquid metal is
primarily controlled by the latter, parameterized Dl.s/ k equations from
S/L

i

ref. (46) as a function of S content in the liquid metal are used. The D
parametrized equations are written in the form of

lnDiS/ b= InD;, + Bln(Fe — domains) (10)
The values of fixed terms D; and f are reported in ref. (46) and

tabulated in table S3. The Fe-domains term can be written as

Fe — domains = (1—2Xs)/(1—Xs) (11)

where X is the mole fraction of the S content in the liquid.

We used a Bayesian MCMC approach using the probabilistic
programming library PyMC to determine the S content in the lig-
uid metal and the mass ratio of solid to liquid metal (mg/my) (Fig. 1
and table S2). This approach was designed to best replicate the ob-
served abundances of HSEs, Ni, and Co in the restite component.
We assigned uniform prior distributions to both model parameters:
0 to 100 wt % for the S content and 0 to 1000 for mg/m;. The HSE
concentrations of IMPBs, normalized to CI and Ni, were assumed
to carry a 5% Gaussian uncertainty. We sampled the posterior dis-
tributions using the No-U-Turn Sampler implemented in PyMC.
To ensure sampling efficiency and convergence, we performed 1000
tuning steps followed by 2000 posterior draws, with a target accep-
tance probability of 0.95. From the resulting posterior distributions,
we report the mean and standard deviation for both parameters.

Thermal evolution of planetesimals reaccreted from
collisional fragments

We model the thermal evolution of planetesimals reaccreted from
collisional fragments by considering heat from the short-lived ra-
dioisotope *°Al (fig. $3). We assume that the reaccreted planetesi-
mals are sufficiently large [e.g., ~100 km in radius, as inferred from
the cooling rates of IIAB, IVA, and IVB iron meteorites (74-76)]
such that conductive cooling can be neglected for its interior tem-
perature evolution in over a million-year timescale [e.g., (77)]. We
also neglect the effect of latent heat, whose effect can be expected to
be relatively small. In this case, the interior temperature of a reac-
creted planetesimal is controlled by heating from *°Al such that it
varies with time following

AT =1"(Q/C,) (e =) (12)
where AT is the temperature increase after reaccretion, Qp = 1.5 X
1077 W/kg is the heat of heat production from *°Al decay at the time
of CAI (78), C, = 1000 J/(kg-K) is the specific heat capacity, A =
3% 107" s is the decay constant of *°Al, ¢ is the time after CAI, and
to is the time (after CAI) of parent planetesimal disruption and
daughter planetesimal reaccretion.

While the reaccretion timescales are likely short [e.g., ~1 year or
less; (79)], the sizes of the collisional fragments involved in reassem-
bly can vary widely. Observational constraints, such as the cooling
histories of ordinary chondrite parent bodies, have been interpreted
as evidence for rapid heat loss during the fragmentation-reassembly
process [e.g., ref. (80)]. Motivated by such findings, ref. (81) mod-
eled the thermal evolution of materials in rubble pile formation and
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suggested that catastrophic fragmentation can lead to significant
heat loss, even over short reassembly timescales (e.g., <1 year), be-
cause of the generation of numerous small fragments. To account
for this possibility, we explore different degrees of initial cooling be-
fore reassembly and examine the implications of these variations us-
ing a range of plausible end-member scenarios (fig. S3).

Supplementary Materials
This PDF file includes:

Figs.S1to S3

Tables S1to S3
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