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

Enrichment of moderately volatile elements in 
first-generation planetesimals of the inner Solar System
Damanveer S. Grewal1,2*, Surjyendu Bhattacharjee3, Bidong Zhang4,  
Nicole X. Nie5, Yoshinori Miyazaki3

The depletion of moderately volatile elements (MVEs) in terrestrial planets remains poorly understood, with ex-
planations including partial nebular condensation and MVE loss during planetesimal differentiation or collisions. 
In this study, we use magmatic iron meteorites to reconstruct the MVE inventory of the earliest inner [noncarbo-
naceous (NC)] and outer [carbonaceous (CC)] Solar System planetesimals. We show that several NC and CC iron 
meteorite parent bodies (IMPBs) exhibit chondrite-like MVE abundances, indicating that “first-generation” inner 
Solar System planetesimals were remarkably MVE rich. Consistent with isotopic signatures of MVEs in Earth and 
Mars, these planetesimals made a substantial contribution to the MVE inventories of terrestrial planets. Variations 
in MVE abundances among IMPBs, particularly the two volatile-depleted NC and CC IMPBs (IVA and IVB), reflect 
secondary volatile loss after disruption of their parent bodies. Consequently, MVE depletion in terrestrial planets 
is more closely linked to the protracted history of MVE loss during planetesimal collisions rather than incomplete 
condensation or MVE loss during planetesimal differentiation.

INTRODUCTION
Tracking the origin of moderately volatile elements [MVEs; 50% 
condensation temperature (TC) between main group silicates and 
troilite (~1450 to 650 K)] in terrestrial planets is key to understand-
ing planet formation in our Solar System and beyond. Earth and 
Mars are MVE depleted compared to chondrites (1–3). The primary 
cause behind their MVE depletion, whether because of incomplete 
condensation of primordial solids from the nebular gas or volatile 
loss during either planetesimal differentiation or collisions, is highly 
debated (2, 4, 5). Meteorites serve as a reference to trace the MVE 
inventory in the building blocks of planets. They sample early Solar 
System planetesimals, potentially preserving chemical signatures of 
the processes that contribute to the MVE depleted character of ter-
restrial planets. Isotopic signatures of several elements in meteorites 
suggest that Earth and Mars predominantly grew through the accre-
tion of inner Solar System [or noncarbonaceous (NC)] planetesi-
mals, with only a small contribution (up to 4 to 5% for Earth and 
almost negligible for Mars) from the outer Solar System [or carbo-
naceous (CC)] reservoir (6, 7). Therefore, constraining the chemical 
compositions of the early-formed NC planetesimals is critical to 
elucidate the underlying cause of MVE depletion observed in ter-
restrial planets.

NC meteorites indicate substantial variations in the MVE abun-
dances of inner Solar System planetesimals. Abundances of several 
MVEs in enstatite, ordinary, and Rumuruti chondrites (ECs, OCs, and 
RCs, respectively) are within the range of those of CI chondrites 
(8, 9)—chemically the most primitive materials in the Solar System. 
Primitive achondrites like brachinites, acapulcoites/lodranites, 
ureilites, and winonaites also sample planetesimals that likely accreted 

materials with chondrite-like MVE abundances (10, 11). In contrast, 
differentiated achondrites like angrites and howardite-eucrite-
diogenites (HEDs) are extremely MVE depleted (12, 13). For example, 
Rb/Sr and K/U ratios of HEDs are ~10 to 100 times lower than those of 
ECs and OCs, while anomalously alkali-depleted angrites have ratios 
that are ~100 to 1000 times lower (2, 3, 12, 13). Since the building blocks 
of terrestrial planets formed rapidly [likely within ~1 to 2 million 
years (Myr) after calcium-aluminum–rich inclusion (CAI) formation] 
(14–16), the parent bodies of angrites and HEDs, which accreted ear-
lier than chondrite and primitive achondrite parent bodies (17, 18), are 
considered more representative of the primary building blocks of ter-
restrial planets (5, 19). However, there is a lack of consensus whether 
the MVE depletion observed in angrites and HEDs is a primitive sig-
nature or the result of secondary volatile loss after accretion. Some re-
searchers have associated the MVE depletion in these meteorites to 
incomplete condensation in the nebular environment (5, 19, 20). This 
idea aligns with some astrophysical models that propose that the earliest 
NC planetesimals formed at the silicate condensation line (Tmidplane > 
1300 K) (14, 21). Alternately, MVE depletion in angrites and HEDs has 
been associated with volatile loss from their parent bodies during 
large-scale melting events, induced by either 26Al decay or impacts, in 
volatile-bearing planetesimals (22–24). Efficient volatile loss during 
vapor-silicate melt exchange at the surface of planetesimals (e.g., in a 
convecting magma ocean) implies that the differentiated seeds of ter-
restrial planets could be MVE depleted even if the parent bodies origi-
nally formed from MVE-bearing materials (2, 22, 24). Consequently, 
the MVE depletion of terrestrial planets, regardless of the primitive 
compositions of early NC planetesimals, is widely believed to be a re-
sult of the early accretion of almost volatile-free differentiated planetes-
imals followed by the accretion of volatile-bearing materials toward the 
later stages of planetary growth (5, 25, 26).

While angrites and HEDs serve as crucial references for deduc-
ing the bulk chemical compositions of the seeds of terrestrial plan-
ets, this approach has several critical limitations. These meteorites 
consist mainly of basaltic rocks that sample crustal to subcrustal lay-
ers of their parent bodies (12, 13). Consequently, the depletion of 
some MVEs, and their associated isotopic fractionation, in angrites 
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and HEDs can also be attributed to near-surface magmatic process-
es and localized impact melting (4, 12, 13, 27). This raises concerns 
whether the MVE depletion in angrites and HEDs is limited to the 
loss of MVEs solely from the near-surface layers of their parent bod-
ies rather than affecting the entire planetesimals. Alternately, if 
angrites and HEDs sample “second-generation” planetesimals that 
accreted from the volatile-depleted ejecta of MVE-bearing “first-
generation” planetesimals (28–30), their utility in deducing the 
chemical compositions of the earliest-formed NC planetesimals 
would be severely limited. Furthermore, angrites and HEDs origi-
nate from only two parent bodies, which underscores issues about 
their statistical representativeness compared to NC chondrites and 
primitive achondrites that sample multiple parent bodies. Therefore, 
while angrites and HEDs provide valuable insights, these limitations 
warrant caution when relying solely on them to infer the chemical 
compositions of the seeds of terrestrial planets during the earliest 
stages of planet formation. Further consideration of a broader range 
of meteorites is necessary for a more comprehensive understanding.

In this study, we introduce an alternate approach by using mag-
matic NC iron meteorites—remnants of the metallic cores of dif-
ferentiated planetesimals (31)—as a proxy to reconstruct the bulk 
chemical compositions of the earliest-formed planetesimals in the 
inner Solar System. Metal-silicate equilibration in largely molten 
planetesimals established the chemical compositions of their par-
ent cores sampled by magmatic irons (32–36). We have used the 
elemental abundances in the parent cores of magmatic irons (37–40), 
along with their respective liquid metal-liquid silicate partition 
coefficients, to reconstruct the bulk chemical compositions of the 
iron meteorite parent bodies (IMPBs). This exercise allows us to 
constrain the abundances of several siderophile and chalcophile 
MVEs, encompassing a broad range of volatilities (50% TC = ~1300 
to 600 K), in IMPBs. Using magmatic irons to reconstruct the MVE 
abundances in the earliest-formed planetesimals offers several no-
table advantages:

1) In contrast to angrites and HEDs, the chemical compositions 
of the parent cores of magmatic irons remain unaffected by near-
surface magmatic differentiation processes and impacts.

2) Unlike angrites and HEDs, whose chemical compositions 
were likely influenced by a protracted and complex series of more 
than one parent body process (12, 13), relatively simple fractional 
crystallization models can be used to track the compositions of the 
parent cores of magmatic irons (33, 38, 40, 41).

3) The accretion of NC IMPBs commenced within ~0.3 to 1 Myr 
after CAI formation (15, 42, 43). Larger uncertainties in the accre-
tion ages of angrite and HED parent bodies (18) suggest that NC 
IMPBs are better representatives of the “first-generation” planetesi-
mals in the inner Solar System.

4) Magmatic irons, in addition to sampling NC planetesimals, 
also sample the earliest-formed planetesimals in the CC reservoir 
(15, 42). Comparisons of the reconstructed MVE abundances in NC 
and CC IMPBs are crucial for investigating how nebular condensa-
tion influenced the chemical compositions of primordial materials 
in the inner and outer parts of the solar protoplanetary disk.

5) Grouped magmatic NC (IC, IIAB, IIIAB, IIIE, and IVA) and 
CC [IIC, IID, IIF, IIIF, IVB, and South Byron trio (SBT)] irons sam-
ple five and six distinct parent bodies from the inner and outer Solar 
System reservoirs, respectively. This makes NC IMPBs a larger ar-
chive of the chemical compositions of the earliest-formed planetesi-
mals compared to angrites and HEDs.

To summarize, NC magmatic irons are potentially an excellent 
proxy to quantitatively determine the bulk MVE abundances in the 
earliest-formed planetesimals in the inner Solar System. The results 
can then be used to constrain MVE abundances of primordial mate-
rials within the inner disk and their fate during early stages of planet 
formation. Understanding these aspects is critical to better elucidate 
the role of early Solar System processes that define the MVE-depleted 
character of terrestrial planets.

In this study, we used the abundances of siderophile and chalco-
phile elements in the parent cores of magmatic irons, along with 
their respective metal-silicate partition coefficients, to reconstruct 
the bulk compositions of the NC and CC IMPBs using the following 
mass balance equation

where Ci is the concentration of an element i in a reservoir, r is the 
core/mantle mass ratio of the planetesimal, and Dmetal∕silicate

i
 is the 

partition coefficient of an element between metallic and silicate 
melt. This mass balance equation has been used to capture elemental 
distribution during the relatively simple core-mantle differentiation 
events in planetesimal-sized IMPBs (32, 34–36, 44, 45). Core/man-
tle mass ratios (r) for IMPBs have been established previously by 
determining the enrichment of highly siderophile elements (HSEs) 
in their parent cores compared to chondrites (33). Elemental con-
centrations in the parent cores of NC and CC irons were previously 
determined by using elemental abundances in magmatic irons in 
conjunction with fractional crystallization models (37–40). To esti-
mate the relevant Dmetal∕silicate

i
 for each IMPB, we used parametrized 

equations from previous studies (46–52), considering relevant ther-
modynamic parameters specific to each IMPB, such as oxygen fu-
gacity (fO2) and alloy melt composition (33, 38, 53) (see Materials 
and Methods for details). Given the substantial variations in the sid-
erophile characteristics of elements present in the parent cores of 
magmatic irons, this exercise is critical to quantitatively constrain 
the bulk abundances of several siderophile and chalcophile ele-
ments, including those of MVEs, in NC and CC IMPBs.

RESULTS
Compared to HSEs (Dmetal∕silicate

i
 = ~104 to 108) like Re, Ir, Ru, Pt, 

Rh, and Pd, refractory elements like Mo, Ni, Co, and Fe exhibit 
moderately siderophile characteristics (Dmetal∕silicate

i
 = ~1 to 103) un-

der conditions relevant for metal-silicate equilibration in NC and 
CC IMPBs (fig. S1). Almost all MVEs (Au, As, Cu, Ga, Sb, Ge, and 
S) also exhibit moderately siderophile behavior (Dmetal∕silicate

i
 = ~5 to 

103), except for S, which is lithophile for the more reduced IIAB 
IMPB, whereas P shows lithophile behavior (Dmetal∕silicate

i
 = ~0.1 to 

0.8) for all CC IMPBs and most NC IMPBs, except for IIAB and 
IVA IMPBs.

Analogous to chondrites, the bulk abundances of refractory ele-
ments in all NC and CC IMPBs are within a factor of ~1 to 2 × CI 
(except for IID, which is enriched in Re, Ir, and Ru by a factor of ~3 
to 5 × CI) (fig. S2A, Fig. 1A, and table S1). Among MVEs, there is a 
monotonic depletion with 50% TC from Au to Cu in NC IMPBs (Fig. 
1A and table S1). They have chondritic Au contents (~0.9 to 1.2 × CI), 
whereas they are depleted in As (~0.5 to 0.8 × CI) and Cu (0.2 to 

Cbulk
i

=
Ccore
i

(

r+1∕D
metal∕silicate

i

)

r + 1
(1)
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0.5 × CI). The Cu, Ga, Sb, Ge, and S contents in each NC IMPB (ex-
cept IVA) are not fractionated and do not exhibit a volatile depletion 
trend. For example, the abundances of these elements in the IC 
IMPB are ~0.5 to 1 × CI, whereas their abundances in the IIAB, II-
IAB, and IIIE IMPBs are ~0.3 to 0.6 × CI, ~0.2 to 0.4 × CI, and ~0.2 
to 0.4  ×  CI, respectively. Sulfur shows an anomalous enrichment 
(~4 × CI) for the IIAB IMPB. This enrichment could be an artifact of 
the order of magnitude lower fO2 for core-mantle differentiation 
[logfO2  =  IW–3.2; thermodynamic parameter that primarily con-
trols Dmetal∕silicate

S
 under conditions relevant for planetesimal differ-

entiation (54)] estimated for its parent body compared to other NC 
IMPBs (logfO2 =  IW–2.1 to IW–1.7) (53). The fO2 of core-mantle 
differentiation in IMPBs is determined from the depletion of Fe/Ni 
ratio in their parent cores compared to that in chondrites, assuming 
that the depletion is caused by the retention of oxidized Fe in the 
mantles (53). Should the bulk Fe/Ni ratio of the IIAB IMPB be slightly 
higher than the chondritic value, its core-mantle differentiation fO2 

would resemble that of other NC IMPBs, thus resulting in no anom-
alous enrichment of S. Note that, unlike other elements, S contents of 
the parent cores of IMPBs are not directly established from the mea-
surements of iron meteorites and are rather determined indirectly 
from fractional crystallization models (41). Whether the anomalous 
enrichment of S in the IIAB IMPB is an artifact of the low fO2 of 
core-mantle differentiation in its parent body or the high S content of 
its parent core based on fractional crystallization models requires 
further investigation.

Broadly similar patterns are also apparent for MVE abundances 
in CC IMPBs (except IVB) (Fig. 1B and table S1). Au and As con-
tents in IIC, IID, IIF, and SBT IMPBs are chondritic followed by a 
depletion trend toward the more volatile MVEs. Like NC IMPBs, 
each CC IMPB (except IVB) is depleted in Cu, Ga, Sb, Ge, and S by 
approximately fixed amounts compared to CI chondrites and does 
not follow the volatile depletion trend. Note that there is larger in-
tragroup variability in the Cu, Ga, Sb, Ge, and S contents in CC 
IMPBs compared to NC IMPBs. This could in part be related to the 
differences in the crystallization processes (e.g., the formation of 
S-rich immiscible melts) within the parent cores of NC and CC 
IMPBs (38).

Unlike other NC and CC IMPBs, MVE contents in IVA and IVB 
IMPBs show monotonic volatile depletion with 50% TC (Fig. 1, A 
and B). In the IVA IMPB, Au with chondritic abundance is the 
volatile-rich end-member and Ge is the most volatile-depleted ele-
ment (~10–3 × CI). However, S does not follow the volatile depletion 
trend. It remains unclear how a core that was extremely depleted in 
all MVEs retained weight % level S. Sulfur may exhibit lower volatil-
ity than Cu, Ga, Sb, and Ge in environments where the precursor 
materials of the IVA IMPB condensed. For instance, S is less de-
pleted than Cu, Ga, Sb, and Ge in the metal of CB chondrites (55), 
which likely condensed from an impact vapor plume (56, 57). The 
volatility of S compared to other MVEs can be suppressed in such 
settings with high dust/gas ratios (55).

The IVB IMPB exhibits a more extreme volatile depletion than 
its IVA counterpart (Fig. 1, A and B). Au, unlike its chondritic 
abundance in the IVA IMPB, is depleted (10–2 × CI), and Ge shows 
an order of magnitude higher depletion (10–4 × CI). Unlike the IVA 
IMPB, S follows the volatile depletion trend since its parent core is 
predicted to be almost S free (38, 41). It is noteworthy that, unlike 
all other NC and CC IMPBs, the IVB IMPB exhibits a depletion of 
relatively refractory elements such as Ni, Co, Fe, and Pd to a nearly 
equivalent extent (~0.67 × CI) (Fig. 1B). This observation suggests 
that, contrary to the predictions based on the HSE enrichment in 
IVB irons relative to CI chondrites (33), the parent core mass frac-
tion (4%) of the IVB IMPB was not anomalously low compared to 
other CC IMPBs, which ranges from 7 to 18%. The unusual HSE 
enrichment in the IVB irons may be attributed to the loss of an 
early segregated S-rich, HSE-poor core component, analogous to 
ureilites (58, 59), followed by the catastrophic destruction of its 
parent body (60).

The reconstructed P contents in all CC IMPBs and two NC 
IMPBs (IIIAB and IIIE) exhibit anomalous enrichment, whereas the 
rest of NC IMPBs display chondritic abundances (fig. S2, A and B). 
The main factor contributing to the anomalous enrichment in these 
IMPBs is the lithophile behavior of P within the estimated range of 
their fO2 of core-mantle differentiation (fig. S1). It should be noted 
that the initial P content assigned to the parent cores in the frac-
tional crystallization models can be up to an order of magnitude 
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Fig. 1. Mean inventories of refractory elements (Ni, Co, Fe, and Pd) and MVEs 
(Au, As, Cu, Ga, Sb, Ge, and S) in NC (red) and CC (blue) IMPBs plotted as a func-
tion of elemental volatility (here, 50% TC). The insets in (A) and (B) provide a 
magnified view of the MVE abundances in NC and CC IMPBs. MVE abundances in NC 
and CC IMPBs (except IVA and IVB) are within the range of chondrites, albeit with 
intra- and intergroup variations. In contrast, MVE-depleted IVA and IVB IMPBs show 
sloped MVE depletion patterns, with greater MVE depletion observed for the more 
volatile MVEs (except S for IVA). In addition, IVB IMPB also exhibits depletion of Ni, 
Co, Fe, and Pd compared to chondrites. Note that Au is known to have lower volatil-
ity in the metallic system (40, 55) compared to the predictions of 50% TC (114).
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higher than those measured in iron meteorites. For instance, the 
initial P content assigned to the IIC parent core in the fractional 
crystallization models is 2.2 to 3 wt % (33, 38), whereas those mea-
sured in IIC iron meteorites are 0.3 wt % or lower (61). Considering 
the lithophile behavior of P, its anomalous enrichment in NC and 
CC IMPBs can be resolved only if the P contents in their parent 
cores are lower (up to ~0.01 to 0.3 wt %) than those assigned in the 
fractional crystallization models [~0.1 to 0.7 and 0.5 to 3 wt % for 
NC and CC parent cores, respectively; (33, 38)]. It is important to 
highlight that since P is not a major element in the parent cores of 
IMPBs, the elemental compositions of the parent cores predicted by 
fractional crystallization models are not particularly sensitive to 
their initial P contents (see Materials and Methods for details). For 
instance, these models yield similar elemental abundances in the 
parent cores even when lower initial P contents are considered (fig. 
S3 and table S2).

We note that fractional crystallization models yield nonunique 
solutions for the chemical compositions of the parent cores of NC 
and CC IMPBs. These solutions depend on factors like the initial S 
content of the parent core and the composition of the first crystal-
lized metal. Nonetheless, previous research has demonstrated that, 
even when these variable factors are considered, the elemental abun-
dances show limited variation, typically within a standard deviation 
of less than 5% (37–40). Consequently, the estimated abundances of 
siderophile and chalcophile in NC and CC IMPBs presented in this 
study are robust and are not substantially affected by the variability 
in the results of fractional crystallization models.

DISCUSSION
The reconstructed bulk chemical compositions of NC IMPBs indi-
cate a general classification into three categories—those with chon-
dritic MVE contents (IC and IIAB), those with subchondritic MVEs 
(IIIAB and IIIE), and those with extremely low MVE contents (IVA) 
(Fig. 1A). The IC and IIAB IMPBs represent volatile-rich end-
members, with MVE contents within the range of OCs, RCs, CO, 
CV, CK, and CR chondrites but lower than those of ECs, CI, and CM 
chondrites (Fig. 1A). In contrast, MVE contents of the IIIAB and 
IIIE IMPBs are lower (by a factor of ~2 to 5) than all classes of chon-
drites. Analogously, CC IMPBs also display a mix of MVE-rich (IIC, 
IID, IIF, and SBT) and MVE-poor (IVB) planetesimals. The IIC 
IMPB contains MVEs within the range of CO and CV chondrites but 
lower than CI and CM chondrites, while MVE contents in the IID, 
IIF, and SBT IMPBs are lower (by a factor of ~2 to 5) than all classes 
of chondrites (Fig. 1B). The IVA and IVB IMPBs from the NC and 
CC reservoirs, respectively, exhibit extreme volatile depletion (by 
factors of ~10 to 100 and ~100 to 1000, respectively) compared to all 
classes of chondrites. In summary, NC and CC IMPBs showcase no 
distinct differences in their MVE abundance patterns, signifying the 
presence of both volatile-rich and volatile-poor earliest-formed dif-
ferentiated planetesimals in both the inner and outer regions of the 
solar protoplanetary disk.

Cause behind the MVE depletion of IVA and IVB irons
Does the presence of MVE-rich and MVE-poor NC IMPBs signify 
substantial variations in the MVE contents of primordial materials 
during the earliest stages of planetesimal formation in the inner disk? 
Or does it reflect secondary processing on the core compositions of 
planetesimals that accreted primordial materials with broadly similar 

MVE contents? If the first scenario is true, then the composition of the 
parent core of the IVA IMPB captures the accretion of MVE-poor pri-
mordial materials. However, if the second scenario is valid, then the 
MVE-depleted characteristics of IVA iron meteorites document a sec-
ondary stage of volatile loss from its parent core. This scenario under-
mines the reconstructed MVE-depleted bulk composition of its parent 
body as indicative of its primordial composition. Determining which 
of these scenarios is accurate holds important implications for gaining 
insights into the thermal structure of the inner disk, where the seeds of 
terrestrial planets formed, as well as understanding the fate of MVEs 
during the differentiation of planetesimals and during planetesimal 
collisions. Multiple lines of evidence support the second scenario:

1) The MVE depletion pattern analogous to the IVA parent core 
is also observed in that of the IVB (32, 38) and several ungrouped 
CC irons (Chinga, Tishomingo, and Willow Grove) (62) emanating 
from the colder, outer region of the disk. The IVB irons and these 
ungrouped CC irons sample the most volatile-depleted cores, exhib-
iting an order of magnitude higher MVE depletion compared to the 
IVA irons.

2) Large variations in the metallographic cooling rates of iron me-
teorites from groups IVA and IVB and their Pd-Ag isotope systemat-
ics, along with the pyroxene geochemistry of IVA irons, indicate that 
their parent cores underwent volatile loss during vapor-metallic melt 
exchange (60, 63–69). This exchange occurred either at the surfaces 
of stripped metallic cores or from the collisional fragments of cores 
formed after disruption of their parent bodies.

3) CB and CH chondrite metals, whose MVE depletion is linked 
to incomplete condensation in an impact plume formed after high-
energy collisions between rocky bodies (55, 57, 70), exhibit MVE 
depletion patterns analogous to IVA and IVB irons as well as MVE-
depleted ungrouped irons.

4) Carbon (C) and nitrogen (N) contents in the parent cores of 
NC and CC IMPBs (34, 71) are correlated with the MVE contents 
(Fig. 2), with the IVA and IVB cores being the C- and N-depleted 
end-members. Given that the carriers of C and N (organics/ices) in 
the primordial materials are decoupled from those of siderophile 
MVEs (nebular metal) (26, 72), the correlated depletion of MVEs 
and C-N in the parent cores of IVA and IVB IMPBs can only be ex-
plained if the planetesimals that accreted the most MVE-depleted 
materials also fortuitously accreted the most C- and N-poor materi-
als, which is highly unlikely. A common volatile loss event presents 
a more straightforward explanation for this correlated depletion of 
MVEs and C-N in IVA and IVB groups.

5) The absence of a substantial difference in the oxidation states 
between NC and CC IMPBs suggests that the earliest-formed plan-
etesimals in both the inner and outer Solar System accreted beyond 
the water snowline (53). This makes it improbable that the forma-
tion zone of the IVA parent body had temperatures high enough to 
not condense MVEs.

6) The IVA IMPB has a younger accretion and core formation age 
compared to other MVE-rich IMPBs such as IC, IIAB, and IIIAB 
(15, 42). The IC and IIAB IMPBs—the MVE-rich end-members in 
the NC reservoir—have the oldest accretion ages (42). This calls into 
question the temporal evolution of temperature in the NC reservoir as 
a cause behind the volatile-depleted character of the IVA IMPB.

The collective evidence strongly supports the notion that the ex-
ceptionally volatile-depleted nature of IVA and IVB iron meteorites is 
a consequence of secondary volatile loss event(s) from their core ma-
terials rather than an incomplete condensation signature. Effective 
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volatile loss is more likely if the parent bodies were disrupted before 
the solidification of their cores or the collisions were energetic enough 
to cause large-scale melting and vaporization (68). The Pd-Ag closure 
age of IVA irons constrains the disruption event(s) to have occurred 
between ~3 and 9 Myr after CAIs, i.e., when the cores were still molten 
(73). The precise mechanism behind the volatile loss remains unclear, 
as research delving into its underlying causes is limited. Large varia-
tions in metallographic cooling rates (60, 63, 64), along with Pd-Ag 
isotopic data (65, 66) from IVA and IVB iron meteorites, have been 
used to hypothesize that the evaporative loss of MVEs could have oc-
curred from exposed molten cores subsequent to mantle stripping 
(69). While substantial mass-dependent isotopic variations are antici-
pated during simple evaporative loss during the degassing of metallic 
magma into a vacuum (e.g., by Rayleigh fractionation), no such pro-
nounced isotopic variations have been identified for Ge (74, 75), Cu 
(76), Zn (77), and S (78) isotopes in IVA and IVB irons. These mea-
surements do not support the evaporative loss of MVEs from the par-
ent cores of IVA and IVB groups occurring through a kinetic regime 
(74, 76, 77). Isotopic fractionation of MVEs during evaporation can be 
mitigated if volatile loss occurred under near-equilibrium conditions 
(79). While degassing can cause chemical fractionation of elements, 
incomplete recondensation in a kinetic regime within an impact-
generated vapor cloud—similar to what has been postulated for the 
CB chondrites (55–57)—offers an alternative explanation for volatility-
driven depletion with limited isotopic fractionation (80). Further re-
search is required to better understand the underlying cause of volatile 
loss from the parent cores of IVA and IVB irons.

In summary, IVA and IVB iron meteorites are remnants of core 
materials that underwent MVE loss after disruptive collision of their 
parent bodies (39, 67, 68, 81). This suggests that the MVE contents of 
the IVA and IVB parent cores, and consequently of their parent bod-
ies, were much higher and were likely within the range of other 
volatile-bearing NC and CC IMPBs, respectively, forming in the same 
region of the disk and within similar timescales (69). Whether the 
IVA IMPB accreted primordial materials as MVE rich as IC and IIAB 
IMPBs or relatively MVE depleted akin to IIIAB and IIIE IMPBs re-
mains unknown. Variations in the metallographic cooling rates cou-
pled with Pd-Ag isotope systematics of IIIAB iron meteorites suggest 
that their cores also experienced some degree of secondary volatile 
loss (65, 73, 82), although not as marked as that of the IVA and IVB 
cores. Therefore, it is plausible that the MVE contents of the parent 
cores of all NC IMPBs, and as a consequence, of the primordial mate-
rials accreted by their parent bodies, were at least comparable to those 
of volatile-rich IC and IIAB IMPBs. This implies that the “first-
generation” earliest-formed planetesimals in the NC reservoir were 
remarkably MVE rich, and many of these planetesimals (e.g., IC, 
IIAB, IIIAB, and IIIE IMPBs) even retained a bulk of their MVE in-
ventory during the early collisional history of the Solar System.

Consequences of the MVE inventory of NC IMPBs
The presence of MVEs and highly volatile elements such as C and N 
(34–36, 71, 83–85) along with the relatively oxidized characteristics 
of NC IMPBs (53) indicates that the earliest-formed planetesimals in 
the NC reservoir, akin to the parent bodies of NC and CC chondrites 
as well as NC primitive achondrites, accreted volatile-bearing mate-
rials containing MVEs, C, N, and water-ice. The cumulative weight 
of this evidence argues against the notion that incomplete condensa-
tion from a hot nebular cloud was the main driver of MVE depletion 
in the earliest-formed NC planetesimals, including Vesta and angrite 
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Fig. 2. Abundances of Ge versus Ga, C versus N, and C versus Ga in the 
parent cores of IMPBs. (A) Ga and Ge abundances in the parent cores broad-
ly show positive correlation across NC and CC IMPBs, with IVA and IVB being 
the volatile-depleted end-members. (B) C and N abundances also show 
similar correlation. (C) C and Ga, with distinct primordial carries, are also 
correlated with the parent cores of IVA and IVB being the volatile-depleted 
end-members. Data sources: Ge and Ga, (38, 40); C and N, (71). Errors bars for 
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red and blue colors, respectively.
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parent body (APB). Therefore, contrary to predictions from astro-
physical (14, 21) and geochemical models (5, 19), the earliest NC 
planetesimals did not form by accreting refractory-enriched materi-
als. Instead, their volatile-bearing characteristics suggest growth in 
a relatively colder region of the disk, potentially beyond the water 
snowline (53).

The MVE-bearing character of the parent cores of NC IMPBs (e.g., 
groups IC, IIAB, IIIAB, and IIIE) also suggests that the earliest-formed 
planetesimals did not experience substantial MVE loss from magma 
oceans during core formation. Since Vesta and APB formed and dif-
ferentiated at similar or later timescales, it is unlikely that volatile loss 
during magma ocean degassing from the surface of their parent bod-
ies, as previously postulated (22, 24), was the primary cause behind 
the bulk MVE depletion of their parent bodies. This agrees with cur-
rent geophysical models that predict that 26Al decay–led melting in 
the earliest planetesimals occurred beneath unmolten surfaces in the 
absence of surficial magma oceans (86–88). This pushes the timeline 
of volatile depletion in the building blocks of terrestrial planets from 
the differentiation stage of planetesimals to the collisional phase of 
planetary growth. Volatile loss during high-energy impacts in the 
chaotic history of the early Solar System, as has been postulated for 
the IVA and IVB irons (39, 60, 63, 64, 66–68), MVE-depleted un-
grouped irons (62), CB chondrites (55–57), and angrites and HEDs 
(2, 28–30), could therefore be considered as a general mechanism for 
volatile depletion in the building blocks of terrestrial planets.

In addition to siderophile MVEs, NC iron meteorites also contain 
nominally lithophile MVEs like Cr and Cl (31, 89). This implies that 
NC IMPBs, beyond accreting siderophile MVEs covering a wide 
range of 50% TC, must also have accreted lithophile MVEs, including 
alkali elements. The presence of alkalis like Na and K in NC IMPBs 
plays a major role in shaping several key chemical and physical prop-
erties during their thermal evolution. These include the silicate soli-
dus, composition and viscosity of the first-formed silicate melts, fate 
of 26Al (primary heat source) during partial melting, and the mecha-
nism and timing of core formation (10, 11, 90, 91). The abundance of 
Ga (exhibiting a 50% TC similar to Na and K) in IC and IIAB IMPBs 
indicates that Na and K abundances in NC IMPBs were in the range 
of ~0.6 × CI. This is in agreement with the chondritic silicate lithol-
ogy of group IAB-MG irons (a nonmagmatic NC iron meteorite 
group), which are known to sample a volatile-rich chondritic precur-
sor (92). This implies that the earliest-formed inner Solar System 
planetesimals, consistent with primitive achondrite and chondrite 
parent bodies (9–11), were not depleted in alkali elements. Conse-
quently, the extremely low Rb/Sr and K/U ratios in HEDs and 
angrites likely stem from secondary volatile loss processes and not 
from the accretion of alkali-poor, refractory-rich materials.

Origin of MVEs in Earth and Mars
Isotopic signatures of Cr, Ti, and O suggest that Earth and Mars pri-
marily accreted materials originating from the NC reservoir (6, 7). 
Earth acquired only ~4% of its mass from CC reservoir–derived ma-
terials (6), and Mars received an even smaller contribution (93). Iso-
topic compositions of MVEs also indicate that majority of their mass 
in Earth and Mars was sourced from the NC reservoir. For example, 
NC reservoir–derived materials contributed to ~70% of Zn (94–96) 
and ~90% of K (97) inventory in Earth, whereas almost the entire Zn 
inventory in Mars was sourced from the NC reservoir (93, 98).

Planet formation models predict that the seeds of terrestrial plan-
ets began to form almost at the onset of Solar System formation 

(14–16). Should the earliest-formed planetesimals in the NC reservoir 
based on the projections of HEDs and angrites have accreted ex-
tremely MVE-depleted materials or efficiently lost their MVE inven-
tory during differentiation or impacts (5, 19, 22, 24), it would present 
a challenge to establish the MVE inventory of Earth and Mars primar-
ily from NC reservoir–derived materials. This is particularly problem-
atic for Mars, which grew rapidly within the first few million years 
after CAIs (99) and accreted its entire mass, including those of MVEs, 
almost exclusively from the NC reservoir (93, 98). The reconstructed 
MVE inventory of NC IMPBs in this study presents a straightforward 
solution to this problem as it indicates that the earliest-formed plan-
etesimals in the NC reservoir not only accreted MVE-bearing materi-
als, but they could also retain a substantial fraction of their MVE 
inventory during early Solar System processes such as planetesimal 
differentiation. Consequently, the MVE-bearing characteristics of NC 
IMPBs link the MVE inventory of terrestrial planets, as predicted by 
their isotopic compositions (93–98), to the earliest-formed planetesi-
mals in the inner Solar System.

Although both Earth and Mars grew by almost exclusively accret-
ing inner Solar System planetesimals, Earth exhibits a more pro-
nounced depletion in MVEs compared to Mars (Fig. 3). This presents 
a conundrum because, in addition to its larger size, Earth received a 
greater share of its mass, including the MVE inventory, from the 
volatile-rich CC reservoir (6). The heightened MVE depletion in Earth 
compared to Mars could be tied to the differences in their growth his-
tories. Mars, as a stranded planetary embryo, accreted almost all of its 
mass very early in the Solar System history (99). In contrast, Earth had 
a protracted growth period, accumulating mass over tens of millions 
of years. Pd-Ag systematics of iron meteorites suggest that collision-
related volatile losses took place in an energetic inner Solar System 
between ~4 and 16 Myr after CAIs, coinciding with the cessation of 
the damping effect of the nebular gas (65, 66, 73). Since Mars formed 
well before this time frame, it predominantly grew from volatile-rich 
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“first-generation” NC planetesimals, akin to IC and IIAB IMPBs, that 
largely avoided collision-related volatile losses. In contrast, a substan-
tial proportion of volatile-depleted planetesimals, akin to partially de-
gassed IIIAB and IIIE IMPBs and extensively degassed IVA IMPBs, 
could have contributed to Earth’s growth because of its protracted for-
mation. The accretion of Earth via a mixture of IC, IIAB, IIIAB, and 
IIIE IMPB–like volatile-bearing and IVA and IVB IMPB–like volatile-
depleted planetesimals, with flat and sloping MVE patterns, respec-
tively, could also explain the hockey stick–like MVE depletion pattern 
in bulk silicate Earth (100).

Despite Earth’s MVE depletion, its MVEs exhibit chondritic isotopic 
compositions. This observation has been used to suggest that incom-
plete nebular condensation, rather than volatile loss during evaporation, 
caused MVE depletion in terrestrial planets because partial evaporative 
loss from Earth’s building blocks is expected to result in detectable iso-
topic fractionation (5). However, near-chondritic isotopic ratios of Ge 
(74), Cu (76), and Zn (77) isotopes in iron meteorite groups with vary-
ing MVE abundances (e.g., IC and IIAB versus IIIAB and IIIE versus 
IVA) suggest that the core materials experienced volatile loss in the 
early Solar System without notable isotopic fractionation. Because of 
negligible isotopic fractionation at high temperatures relevant for metal-
silicate equilibration (35, 101), the isotopic compositions of MVEs in 
the cores should closely represent the bulk isotopic signatures of their 
parent bodies. Thus, despite variable volatile losses, bulk planetesimals 
retained chondritic isotopic ratios. The growth of Earth and other ter-
restrial planets via the accretion of “first-, second-, and subsequent-
generation” planetesimals and planetary embryos can, therefore, explain 
their MVE depletion while retaining near-chondritic isotopic ratios of 
MVEs. Consequently, the MVE depletion in terrestrial planets of our 
Solar System is linked to the protracted history of volatile depletion dur-
ing their collisional growth and is divorced from incomplete condensa-
tion in the solar protoplanetary disk and MVE loss during magma 
ocean degassing.

MATERIALS AND METHODS
Metal-silicate partition coefficients
Quantification of elemental distribution between metallic and sili-
cate melts during core-mantle differentiation is achieved through the 
application of multivariate linear regression equations derived from 
high pressure-temperature experimental data on metal-silicate parti-
tioning. Recent studies have capitalized on the extensive repository 
of experimental data on metal-silicate partitioning amassed over the 
preceding decades to formulate multivariate linear regression equa-
tions for all siderophile and chalcophile elements that are present in 
iron meteorites (46–49, 51).

For the MVEs, we use the following equations to constrain the 
elemental partitioning during core-mantle differentiation in IMPBs.

Mo, P, Ga, and Ge

Ni, Co, and Cu

Au and As

where a, d, and e are coefficients related to the expansion of the 
Gibbs free energy term. T is the temperature in kelvin, and P is the 
pressure in gigapascal. b is a coefficient related to the oxygen fugac-
ity (fO2) relative to the iron-wüstite (IW) buffer. The silicate compo-
sition is represented either in the form of separate mole oxide 
fractions (Eq. 2) and c1, c2, c3, c4, and c5, which are the correspond-
ing coefficients, or by NBO/T (Eqs. 3 and 4), a measure of degree of 
silicate melt polymerization that is expressed as total nonbridging 
oxygens per tetrahedral cations {NBO/T  =  [2  ×  Total O]/T − 4, 
where T = Si + Ti + Al + Cr + P}. Coefficients f, g, and h are related 
to the effect of dissolved S, C, and Ni in metallic liquid. XS, XC, and 
XNi are the molar fractions of S, C, and Ni in the metallic phase. The 
coefficients and relevant references for Eqs. 2 to 4 are reported in 
tables S3 and S4.

For the HSEs, we use the following equation from (46) to con-
strain the elemental partitioning during core-mantle differentiation 
in IMPBs

where n = 4, 3, 2, 4, 4, and 4 for Ru, Rh, Pd, Re, Ir, and Pt, respec-
tively. Note that, unlike Eqs. 2 to 4, the above equation lacks terms 
associated with the compositions of metallic and silicate melts. This 
omission arises from the limited constraints on the individual ef-
fects of these terms. However, it is anticipated that this omission will 
not markedly impact the outcomes of the study. This is attributed to 
the highly siderophile nature of Ru, Rh, Pd, Re, Ir, and Pt, indicating 
that these elements likely segregated predominantly into the cores 
regardless of the specific conditions governing core-mantle differen-
tiation in each IMPB.

For S, we use the following equation reported in (50)

where Xsilicate
FeO

 is the mole reaction of FeO in the silicate melt, and XO 
is the molar fractions of O in the metallic phase (0 in the case of 
IMPBs). CS is the value of sulfide capacity of the silicate melt and is 
calculated as a function of silicate melt composition following the 
framework in (102).

For Sb, we used the following equation reported in (52)

where n = 3, and γ0
Sb

 is the activity coefficient, which accounts for
nonideal interactions between the components in the metallic phase 
(103) and calculated using the “Online Metal Activity Calculator”
(https://norrisau.​org/expet/metalact/). Values of individual param-
eters are obtained using Eqs. 2 to 7.

log Di =a+b (ΔIW)+c1
(

MgO
)

+c2
(

SiO2

)

+c3
(

Al2O3

)

+c4 (CaO)+c5 (FeO)+d (1∕T)+e (P∕T)+ f ln
(

1−XS

)

+g ln
(

1−XC

)

+h ln
(

1−XNi

)

(2)

log Di =a+b (ΔIW)+c (NBO∕T)+d (1∕T)+e (P∕T)

+ f ln
(

1−XS

)

+g ln
(

1−XC

)

+h ln
(

1−XNi

) (3)

ln Di =a+b (ΔIW)+c (NBO∕T)+d (1∕T)+e (P∕T)

+ f ln
(

1−XS

)

+g ln
(

1−XC

)

+h ln
(

1−XNi

) (4)

log KD = log
[

Di∕
(

DFe

)n∕2
]

= a + b (1∕T) + c (P∕T) (5)

log DS=−3.30+3000 (1∕T)+33 (P∕T)

+ ln
(

X
silicate
FeO

)

− lnCS+14
(

1−XO

) (6)

log KD= log
[

DSb∕
(

DFe

)n∕2
]

=−5.41+14870 (1∕T)

+193 (P∕T)− log γ0
Sb
+εSb

Sb
log

(

1−XSb

)

+10.48 log
(

1−XS

)

+(n∕2−1) εS
S

[

XS ⋅ log
(

1−XS

)]

(7)
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Pressure (P)
Thermal models, coupled with metallographic cooling rates in iron 
meteorites, suggest that IMPBs had radii ranging between 250 and 
500 km (34, 64, 87). These estimates are consistent with convention-
al projections for the radii of other early-accreting planetesimals, 
such as 4Vesta (the presumed parent body of HEDs) and APB 
(104, 105). The equilibration pressure for metal-silicate melt equili-
bration within 4Vesta and APB is estimated to be around 0.1 GPa 
(48, 106). Given the similar sizes of IMPBs, it is reasonable to infer 
that the pressures at which metal-silicate melt equilibration oc-
curred would broadly fall within a comparable range to those of 
Vesta and APB. Because of the lack of precise constraints for each 
IMPB, analogous to previous studies (34, 35), we used a fixed equil-
ibration pressure of 0.1 GPa for metal-silicate equilibration. Under 
these relatively shallow pressures, minor variations in the pressure 
of metal-silicate equilibrium are not anticipated to substantially al-
ter the values of Dmetal∕silicate

i
 for the siderophile and chalcophile ele-

ments of interest in this study.
Temperature (T)
The surface tension dynamics between O-poor metallic melt, relevant 
for the composition of the parent cores of IMPBs, and the solid sili-
cate matrix suggest that the percolation-driven core formation in 
IMPBs is inefficient (90). It is anticipated that metallic melts can only 
migrate to form the core under the circumstances where the silicate 
matrix has experienced considerable melting (>40 vol %) to reach 
magma ocean–like conditions (107). According to the melting rela-
tionships of chondritic lithologies, temperatures required for substan-
tial silicate melting should exceed 1450°C (108, 109). Consequently, 
in agreement with previous studies that constrain the temperature of 
core-mantle differentiation in IMPBs (32, 34, 42, 87), we adopted a 
fixed temperature of 1600°C. Analogous to pressure considerations, 
minor variations in the temperature of metal-silicate equilibrium are 
not expected to markedly alter the values of Dmetal∕silicate

i
 for the sid-

erophile and chalcophile elements of interest in this study.
Oxygen fugacity (fO2)
In the case of each IMPB, we relied on the metal-silicate equilibra-
tion fO2 values documented in a recent study (53), determined from 
the Fe/Ni ratios observed in the parent cores of IMPBs.
Composition of metal
We used the C content of the equilibrating metal from the reported 
values in (71), while for Ni and S, we relied on the values documented 
in (38, 40).
Composition of silicates
Given the shared origins of ordinary chondrites and NC IMPBs from 
the inner Solar System reservoir (42) and their comparable oxidation 
states (53), we used the composition data of ordinary chondrites from 
(110) to establish the chemical composition of silicate melts in Eqs. 2 
to 4. Likewise, for CC IMPBs, we relied on the chemical compositions 
of CC chondrites as documented in (110).

Sensitivity of the results of the fractional crystallization 
models to the initial P content of the parent core
We want to emphasize that since P is a minor element in the parent 
cores of IMPBs, the elemental concentrations predicted for the par-
ent cores by fractional crystallization models are not particularly 
sensitive to their initial P contents. Here, we demonstrate that using 
lower P contents, which aligns the bulk compositions of IMPBs with 
chondritic compositions, in fractional crystallization models does 

not substantially alter the compositions of the parent cores. The 
fractional crystallization modeling methods are described in the lit-
erature (37, 41). We provide a summary below. The model uses 
small-step batch crystallization to simulate the fractional crystalli-
zation of metallic melts. Within metallic melts, the partition coeffi-
cients of trace elements undergo changes as S and P contents vary 
during crystallization.

The equilibrium batch crystallization is a simple mass balance 
between the phase fields

In Eq. 8, Ci, CL, f, and DE represent the bulk composition of the 
liquid, the bulk composition of the remaining liquid, the crystalliza-
tion step, and the partition coefficient of an element between solid 
and liquid metal, respectively. The models are set to have a constant 
f of 0.001 for each mass step. The concentration of an element in the 
solid (Cs) that is derived from each mass step is calculated using the 
bulk composition of the remaining liquid and the partition coeffi-
cient of the element in that step

The partition coefficient of an element is influenced by the S and 
P contents of the liquid and varies at each small step. DE is parame-
terized using Eq. 10 (41)

D0 is the partition coefficient of an element in the S- and P-free 
system. β is a constant specific to an element related to S and P in the 
liquid. Fe domains represent the fraction of free Fe atoms available 
in the liquid (111). Fe domains in the Fe-Ni-S-P system were calcu-
lated using Eq. 11, and βS+P of an element in the Fe-Ni-S-P system 
was calculated using Eq. 12 (112)

XS and XP are the molar fractions of S and P in the liquid, respec-
tively. βS and βP are the β values for each element in the Fe-S and 
Fe-P systems, respectively.

It is hypothesized that the scattered interelement trends of group 
IIIAB are caused by the equilibrium mixing of fractional-crystallization 
solid and trapped-melt solid (113), which is called the trapped-
melt model. A recently revised version of the trapped-melt model 
considers the formation of troilite in the trapped melt (37). The 
relationship between the trapped melt (CTrapped melt) and the solid 
(CTrapped melt solid) that crystallized from the trapped melt can be 
expressed using Eq. 13

where x denotes the mass fraction of the trapped melt that solidifies 
to form troilite.

CL

Ci

=
1

(

1− f + f ×DE

) (8)

Cs = DE × CL (9)

DE = D0 × (Fe domains)β (10)

Fe domains =
1 − 2XS − 4XP

1 − XS − 3XP
(11)

βS+P =

[

2XS
(

2XS+4XP

)

]

βS +

[

4XP
(

2XS+4XP

)

]

βP (12)

CTrapped melt solid =
CTrapped melt

1 − x
(13)
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For CC groups, we use the fractional crystallization models to 
calculate the composition of the parent core using the maximum P 
content allowed in the core based on its metal-silicate partition coef-
ficient (0.017 and 0.052 wt % for groups IIC and IID, respectively) 
and a P-free core and compare them with the values predicted in 
(40) (table S2). Using low P contents and P-free conditions repro-
duces the interelement trends of these groups predicted by previous 
studies (38,  40) (fig. S3). This analysis shows that the estimated 
abundances of siderophile and chalcophile in NC and CC IMPBs 
presented in this study are robust and are not substantially affected 
by the variability in the initial P content of the fractional crystalliza-
tion models.

Supplementary Materials
This PDF file includes:
Figs. S1 to S3
Tables S1 to S4
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