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Disagreement regarding the origin of the bulk silicate Earth’s (BSE) superchondritic carbon/nitrogen (C/N)
ratio is due, in part, to the unknown C/N ratios of differentiated planetesimals – the building blocks of
Earth-like rocky planets. In this study we report solid–liquid metal partitioning experiments for C and
N that allow us to reconstruct, from the C and N contents of iron meteorites, the C/N ratios of the cores
of the earliest formed planetesimals. Due to their siderophile character, most of the C and N retained in
these bodies after differentiation resides in their cores. Therefore, estimates of the bulk C and N contents
and C/N ratios of the cores yield confident estimates of these quantities in the complete parent bodies of
iron meteorites. Our experimental data, at 1 GPa and 1200–1400 �C, show that C and N are incompatible
in solid metal relative to S-poor liquids but compatible in solid metal relative to S-rich liquids. Crucially,
N is approximately an order of magnitude more compatible than C in S-rich systems. S itself is incompat-
ible in solid metal and so the late-crystallizing liquids persisting at the end of core freezing were S-rich
for most cores. Although these late-crystallizing liquids are unsampled by iron meteorites, we infer that
their N contents and C/N ratios were generally lower and higher, respectively, than those in iron mete-
orites. Depending upon the fraction of unsampled late-crystallizing liquids as well as their S contents,
the C/N ratios of the bulk cores and complete parent bodies are either similar to or higher than those
measured in iron meteorites. The reconstructed C/N ratios of most of the parent bodies of iron meteorites
are chondritic, except that the volatile-rich IC and IIC groups have superchondritic C/N ratios.
Importantly, the C/N ratio of the parent body of the IC iron meteorite group lies within the estimated
range of the BSE, whereas the C/N ratios of all other groups are lower. Correlated depletion of moderately
volatile elements like Ge and Ga with C and N, variations in metallographic cooling rates, and Pd-Ag iso-
tope systematics suggest that the parent cores of the volatile-depleted iron meteorite groups were likely
affected by volatile degassing. If volatile-rich iron meteorite groups like the IC better capture the C and N
inventories of the parent cores of the earliest formed planetesimals, then delivery of C and N via such
planetesimals makes the superchondritic C/N ratio of the BSE a natural consequence of the Earth’s accre-
tion history. Otherwise, poorly constrained processes like atmospheric erosion or C and N delivery by
exotic materials are required to explain the superchondritic C/N ratio of the BSE.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

The storage and exchange of carbon (C) and nitrogen (N) among
the reservoirs of the bulk silicate Earth (BSE = surface fluid
envelopes + crust + mantle) controls the long-term climate of our
planet (Zahnle et al., 2007; Gaillard and Scaillet, 2014; Grewal
et al., 2020; Gaillard et al., 2021). Tracing the origin of the
present-day inventory of these life-essential volatiles in the BSE
is therefore key to understanding the formation of habitable
worlds in our Solar System and beyond. Despite considerable
research, the absolute concentrations of C and N in the BSE, espe-
cially the mantle, are not easily constrained and are somewhat
model dependent (Marty and Zimmermann, 1999; Marty, 2012;
Halliday, 2013; Hirschmann, 2018; Marty et al., 2020). By compar-
ison, the comparable geochemical characteristics of these two ele-
ments (e.g., incompatible behavior during partial melting and low
solubility in silicate melts) makes C/N ratio a widely used tracer of
the origin of volatiles in the BSE (Marty, 2012; Halliday, 2013;
Bergin et al., 2015; Hirschmann, 2016; Marty et al., 2020). How-
ever, the most up-to-date estimates of the C inventory of the man-
tle differ by a factor of four, resulting in estimates of the C/N ratio
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of the BSE of 50 by Hirschmann (2018) and 190 by Marty et al.
(2020). The merits of the approaches followed by each study to
estimate the C content of the BSE are well established. Without
preferring one estimate over the other, we have used C/N ratios
from both studies for discussion in this study.

As C and N are siderophile and atmophile elements, their BSE
inventories are biased towards the later stages of Earth’s accretion
(e.g., the Moon forming impact and late accretion) (Hirschmann,
2016; Dasgupta and Grewal, 2019; Grewal et al., 2021b). Compar-
isons between the C/N ratios of the BSE and cosmochemical reser-
voirs yield important constraints on the timing and mode of C and
N delivery to Earth (e.g., Bergin et al., 2015; Grewal et al., 2019b;
Hirschmann, 2016; Sakuraba et al., 2021). 13C/12C and 15N/14N
ratios suggest that the Earth and meteorite parent bodies inherited
C and N from common precursors (Alexander et al., 2012; Grewal
et al., 2021c; Marty, 2012). Mean C/N ratios of chondrites, regard-
less of the growth zone of their parent bodies in the protosolar
disk, are lower than that of the BSE. For example, mean C/N ratios
of enstatite and carbonaceous chondrites (ECs and CCs, the best
representatives of primitive materials of inner and outer Solar Sys-
tem origin, respectively) vary between 12 and 26 (Grewal et al.,
2019b). Only ordinary chondrites (OCs) exhibit slightly higher C/
N ratios, but it remains uncertain whether the C/N ratios of OCs
are known well enough – due to the low concentrations of both
elements in OCs approaching the detection limits of the best ana-
lytical methods (Hirschmann, 2016) – to represent their parent
bodies. Also, the practical difficulties in generating homogenous
powders for the analyses of OCs (due to the presence of variable
amounts of C- and N-rich metals (Hashizume and Sugiura, 1995,
1997)), results in substantial variation in their C/N ratios. There-
fore, we have avoided using the C/N ratios of OCs for comparison
in this study. The observation that the C/N ratio of the BSE is higher
than that of chondrites (i.e., superchondritic) makes the delivery of
C and N to the BSE directly via chondrite-like materials unlikely
(Marty, 2012; Hirschmann, 2016). Extensive research effort has
been directed at seeking to understand the cause(s) of the super-
chondritic C/N ratio of the BSE. Preferential segregation of N into
the core was put forward as a possibility, yielding a superchon-
dritic C/N ratio in the BSE despite a chondritic ratio in the whole
Earth (BSE + core) (Marty, 2012; Roskosz et al., 2013). However,
experimental data have shown that N is not substantially more
siderophile than C over a wide range of core formation scenarios
applicable to Earth’s growth (Hirschmann, 2016; Dalou et al.,
2017; Grewal et al., 2019a; Dasgupta and Grewal, 2019). An alter-
nate solution is impact erosion of N-rich atmosphere(s) during
Earth’s growth (Tucker and Mukhopadhyay, 2014; Sakuraba
et al., 2021; Chen and Jacobson, 2022). However, this model cannot
explain the subchondritic N/36Ar ratio of the BSE because erosion
of atmosphere(s) containing N and Ar, which have similar degas-
sing efficiencies, should have resulted in a chondritic N/36Ar in
the BSE (Marty and Zimmermann, 1999; Marty et al., 2020). Only
a fortuitous combination of atmosphere erosion and core segrega-
tion in sequence could fit both the C/N and N/36Ar constraints, but
the dynamics of impact erosion of atmospheres and their effect on
volatile loss are too uncertain to develop well-constrained tests of
such a hybrid model.

Another class of alternative explanations call for delivery of the
entire C and N inventories of the present-day BSE via materials
with superchondritic C/N ratios towards the tail-end of Earth’s
accretion. Suggestions include thermally metamorphosed CV-CO
chondrites (Marty et al., 2020), ureilites (Hirschmann, 2016), or a
Mars-sized planetary embryo with a graphite-saturated core
(Grewal et al., 2019b). However, the superchondritic C/N ratio of
CV and CO chondrites assumed by Marty et al. (2020) stems from
the extremely low N abundances reported by Kerridge (1985).
Pearson et al. (2006) measured the same samples (which are all
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falls) as Kerridge (1985) and reported N concentrations an order
of magnitude higher, resulting in chondritic C/N ratios for the CV
and CO groups. Alexander et al. (2012) verified the higher N con-
tents and chondritic C/N ratios in CV and CO chondrites by measur-
ing samples which were chiefly finds from Antarctica. Therefore,
even though it is still not clear whether the high N abundances
measured by Kerridge (1985) or the low N abundances obtained
by Pearson et al. (2006) are more representative of CV and CO falls,
the relatively low N contents in CV and CO finds measured by
Alexander et al. (2012) casts doubt on the hypothesis that these
groups had superchondritic C/N ratios. In the case of ureilites, it
is likely that their C-rich nature was not a primitive signature of
their parent body but rather the result of a late stage infiltration
of C-rich fluids or melts into the mantle residues (sampled by these
meteorites) after the segregation of silicate and Fe-Ni-S melts (Day
et al., 2017). On the other hand, even though the accretion of an
impactor with a graphite-saturated core can deliver the C and N
budget of the BSE with a superchondritic C/N ratio (Grewal et al.,
2019b), the hypothesis is currently ad-hoc and cannot be indepen-
dently verified by other means.

The idea that the superchondritic C/N ratio of the BSE is in fact a
problem requiring one of the above hypotheses, however, rests on
the premise that chondrite-like materials were the direct building
blocks of rocky planets. There is a central drawback to this premise.
Planet formation models combined with chronological constraints
from meteorites indicate rapid growth of planetesimals at the
onset of Solar System formation (Kruijer et al., 2014; Morbidelli
et al., 2022). These early planetesimals incorporated substantial
amounts of short-lived radionuclides (primarily 26Al) whose decay
led to large-scale melting and differentiation (Hevey and Sanders,
2006; Sahijpal et al., 2007). Therefore, it is likely that differentiated
planetesimals rather than chondrite-like undifferentiated materi-
als were the building blocks of the larger rocky bodies of the Solar
System. In fact, paleomagnetic data and thermochemical models
for CV, CM, and Rumuriti chondrites suggest that many, if not all,
groups of chondrites originate from the surficial layers of mostly
differentiated planetesimals rather than from entirely undifferenti-
ated bodies (Elkins-Tanton et al., 2011; Weiss and Elkins-Tanton,
2013). Such differentiation would be associated with partial and
probably differential depletion of volatile elements, such that the
C/N ratios of the cores (which retain sizeable C and N inventories
(Hirschmann et al., 2021; Grewal et al., 2021c, 2021a, 2022b))
and mantles of the differentiated planetesimals could be markedly
different from those of the undifferentiated surficial regolith sam-
pled by chondrites. It follows one cannot safely assume that the
C/N ratios of chondrites define the initial condition for the C/N ratio
of the rocky planets. Such as assumption could lead to an entirely
unnecessary level of complexity in planet formation models and, in
any case, the assumption must be tested.

In this study, we present an alternate approach in understand-
ing the relationship between the C/N ratio of the present-day BSE
and its building blocks. We use the C and N abundances of mag-
matic iron meteorites (Fig. 1) – remnants of the metallic cores of
differentiated planetesimals (Goldstein et al., 2009) – to infer the
bulk C/N ratios of their parent bodies. Using iron meteorites as a
proxy to track the C/N ratio of the building blocks of the Earth pre-
sents several clear advantages. Iron meteorites sample the earliest
formed planetesimals in the Solar System, having accreted as early
as �0.1 Ma after CAIs (Calcium-Aluminum-rich Inclusions, the
solids that date ‘time zero’ of Solar System formation) (Kruijer
et al., 2017), whereas chondrites sample planetesimals that
accreted rather late, i.e., �2–4 Ma after CAIs (Sugiura and Fujiya,
2014). As planet formation models predict that the seeds of rocky
planets grew within �1–2 Ma after CAIs (Morbidelli et al., 2022),
iron meteorites are a better proxy for the C/N ratio of the building
blocks of the Earth. Also, the grouped magmatic iron meteorites



Fig. 1. Distribution of (a) C and (b) N contents (smaller symbols) in iron meteorites
along with the geometric mean values (larger symbols) and 1 standard deviation (s.
d.) from the geometric mean for each group. Log-normal kernel density estimates
(made with MATLAB� software) of C and N contents of IIIAB iron meteorite groups
are also shown in the inset for comparison. Iron meteorite groups are plotted in red
and blue colours based on their non-carbonaceous (NC; inner Solar System) or
carbonaceous (CC; outer Solar System) reservoir heritage (Kruijer et al., 2017). Data
sources: C – (Moore et al., 1969; Lewis and Moore, 1971; Buchwald, 1975; Goldstein
et al., 2017); N – (Gibson and Moore, 1971; Kothari and Goel, 1974; Shukla and
Goel, 1981; Murty et al., 1983; Franchi et al., 1993; Prombo and Clayton, 1993;
Mathew et al., 2000; Ponganis and Marti, 2007). Refer to the supplementary section
for details related to the measurements of C and N in iron meteorites. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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sample multiple planetesimals (10 in total) from the inner and
outer regions of the protosolar disk (Kruijer et al., 2017). Therefore,
they sample the C/N ratios of a planetesimals covering a wide
range of growth zones. Provided C/N ratios of the parent cores
can be estimated for each group of iron meteorites, bulk C/N ratios
of the parent bodies can be constrained using the C/N ratios of the
cores in tandem with metal-silicate partition coefficients for C

(Dmetal=silicate
C ) and N (Dmetal=silicate

N ). Bulk C/N ratios of differentiated
planetesimals can then be compared with that of the BSE to eval-
uate the origin of C and N in the Earth.
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2. Methods

2.1. Estimating carbon and nitrogen contents of the parent cores from
iron meteorites

Magmatic iron meteorites sample cores which were once fully
molten (Goldstein et al., 2009) and subsequently underwent frac-
tional crystallization, resulting in characteristic correlations among
siderophile trace elements such As, Au, and Ir (Chabot and Jones,
2003; Chabot, 2004). Hence, elemental concentrations in iron
meteorite samples are used in conjunction with fractional crystal-
lization models to estimate the inventories of trace elements in the
parent cores of magmatic irons (Chabot and Zhang, 2022; Zhang
et al., 2022). However, C and N abundances in magmatic irons
are uncorrelated with indices of fractional crystallization (Supple-
mentary Fig. 1). While this may indicate that C and N contents of a
parent core can be directly estimated from individual samples
within a group without placing them in a fractional crystallization
sequence (Hirschmann et al., 2021; Grewal et al., 2022a), there is a
caveat to this approach. Fractional crystallization models for mul-
tiple trace elements indicate that samples representing the conju-
gate liquids remaining towards the end of the fractionation
sequence are missing for all magmatic iron groups (Hilton et al.,
2022; Chabot and Zhang, 2022; Zhang et al., 2022). These conju-
gate liquids must have been S-rich for almost all magmatic iron
meteorite groups, though in detail the S content of the missing
conjugate liquids depend upon the initial S content of each parent
core and the extent of the fractional crystallization sequence that is
unsampled (Chabot and Zhang, 2022). It may be that either mag-
matic irons do not capture the entire fractional crystallization
sequence or that fractional crystallization ceased (due to early dis-
ruption of the parent bodies) before reaching the Fe-Ni-S eutectic
(Chabot and Zhang, 2022). In either case, the iron meteorite collec-
tion would be an incomplete sample of the bulk composition of the
initial core liquid.

Previous experimental studies show that the activity coeffi-
cients of C and N in metallic melts increase substantially with
increasing S contents (Tsuno et al., 2018; Grewal et al., 2019b,
2019a). Therefore, it is possible that the residual S-rich liquids
had notably different C and N contents than earlier crystallized
solids, in which case the C and N concentrations in iron meteorite
samples from a given group cannot be used to directly estimate the
C and N inventories of the parent cores. This is true even though C
and N do not correlate with indices of fractional crystallization
across the range sampled by the iron meteorites. It may be that
the evolution of their partition coefficients was such that C and
N did not begin to diverge from their parent core concentration
until the liquid became more S-rich than the sampled population.
It may also be the case that sub-solidus redistribution of C and N
has wiped out the original correlations. For an element to show
coherent fractional crystallization trends, its inventory in each
incrementally solidified layer should remain locked post-
crystallization, i.e., its diffusion across the solidified layers must
be minimal (Campbell and Humayun, 2005; Chabot and Zhang,
2022). The diffusion coefficients of C and N in solid metal are
�3–4 orders of magnitude higher than the trace elements that do
show coherent fractional crystallization trends (Oikawa, 1982).
For instance, C and N would diffuse in solid metal by �0.1 m/yr
at 800 �C whereas Au, Ir, and Ga diffuse by �0.001 m/yr. Thus
the lack of correlation between C and N concentrations and extent
of fractionation in sampled iron meteorites does not imply that
their budgets and ratio in the parental core liquids can be directly
measured; the parameters of the fractionation process must still be
considered. It should be noted that even though absolute
concentrations of C and N are variable within a given group of iron
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meteorites (probably due to shock and deformation-induced diffu-
sion during disruption of their parent cores (Franchi et al., 1993)),
the mean concentrations of C and N are correlated with each other
(Fig. 1; see Supplementary Section for details). Also, the mean con-
centrations of C and N across all groups of iron meteorites are cor-
related with the volatile depletion index defined by the
concentrations of Ge and Ga. For example, the IC group is the most
Ge- and Ga-rich as well as C- and N-rich group of iron meteorites,
whereas the IVA and IVB groups form a low-concentration end-
member for Ge and Ga and also for C and N. Hence, it is very likely
that, as with the MVEs, the mean concentrations of C and N in a
given group of magmatic iron meteorites inform us about the C
and N concentrations in the sampled portions of their parent cores.

Limited theoretical and experimental data examining the parti-
tioning of C between solid and liquid iron (both for S-bearing and
S-free systems) hint at substantial fractionation between the two
phases. Hirschmann et al. (2021) employed thermodynamic calcu-

lations (based on 1 atm metallurgy data) to determine Dsolid=liquid
C

(the partition coefficient of C between solid and liquid metal) by
matching the activity of C in equilibrating solid FeAC metal and

FeACAS liquid. This model predicts that Dsolid=liquid
C should increase

from �0.1 to 100 as the S content of the liquid metal increases
from 0 to 30 wt%. No experimental study has yet characterized

the effect of S in liquid metal on Dsolid=liquid
C at the elevated pressures

relevant to core crystallization in planetesimals. Moreover, the

effect of S in liquid metal on Dsolid=liquid
N (the partition coefficient

of N between solid and liquid metal) is completely unknown. To

comprehensively constrain Dsolid=liquid
C and Dsolid=liquid

N values as a
function of S content of the metallic melts, we experimentally
equilibrated solid and liquid metal at elevated pressures (P) and
temperatures (T). The experimental data is combined with the C
and N contents of iron meteorites and the estimated missing por-
tions of the fractional crystallization sequences to constrain the
bulk C and N inventories and C/N ratios of the parent cores for each
group of iron meteorites.
2.2. Details of high pressure-high temperature experiments

2.2.1. Starting compositions
The metallic mixtures were composed of variable amounts of

Fe, Ni, S, C, and N. Reagent grade Fe, Ni, Fe3N, and vitreous C were
mixed with or without elemental S to synthesize starting mixtures
(0S = 0 wt% S, 3S = 3 wt% S, 8S = 8 wt% S) (Supplementary Table 1).
Within the T range of our experiments, the use of three different
starting mixtures allowed us to constrain the partitioning of C
and N between solid and liquid metal with a range of 0–28 wt%
S in the liquid phase. Following several previous studies (e.g.,
Chabot et al., 2017, 2006), Ni content was fixed at 10 wt% to cap-
ture the compositional range of the parent cores of most iron mete-
orite groups. The reagent grade powders were homogenized by
mixing in an agate mortar under ethanol for �1 h and dried
overnight.
2.2.2. Experimental details
The sizes of the parent cores of iron meteorites are not fully

constrained. Metallographic cooling rates of iron meteorites sug-
gest that the parent cores of some groups had radii ranging from
70 to 150 km (Yang et al., 2007, 2008, 2010). Core-mass fractions
of 0.14–0.22 (Hilton et al., 2022) would result in parent body radii
ranging from 300 to 500 km. Self-gravitation calculations show
that core crystallization in the center of these bodies would take
place at pressures closer to 1 GPa than 1 atm. Therefore, experi-
ments of this study were performed at 1 GPa and at temperatures
between 1200 and 1400 �C. It should be noted that there is evi-
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dence for cooling of some cores occurred without insulating man-
tles (based on the inverse correlations between cooling rates and
Ni contents (Yang et al., 2007)). In that case, core crystallization
would likely have taken place at pressures lower than that
explored in this study. The experiments were conducted in an
end-loaded piston cylinder device at Caltech utilizing ½ inch
CaF2-crushable MgO assemblies and straight-walled graphite hea-
ters following the calibrations and procedural details of previous
studies from the same lab (e.g., Weidendorfer and Asimow,
2022). Due to the relatively inert behavior of MgO towards solid
and liquid metals, we used crushable MgO capsules to load our
starting materials. Temperature was monitored using a W95Re5-
W74Re26 thermocouple (C-type) with no pressure correction on
the electromotive force. A stream of industrial nitrogen gas was
introduced at the top of the upper cooling plate where the W-Re
wires emerged to prevent their oxidation during the course of
the experiment. The loaded assemblages were pressed cold to 1
GPa followed by isobaric heating at a rate of 100 �C/min. The
experiments were sintered overnight at 850 �C followed by heating
to the target temperature. The sintering step is essential to reduce
the porosity and permeability of MgO capsule and prevent leakage
of alloy melts or diffusion of CAN bearing vapor across the capsule
walls (Grewal et al., 2021b, 2021a). The experiments were
quenched isobarically by cutting the heating power. After depres-
surization, the recovered samples were cut longitudinally using a
30 lm thick diamond blade. The cut samples were mounted in
CrystalbondTM, ground with 1200 grit SiC, and then polished with
0.3 lm alumina slurry. CrystalbondTM was removed from the pol-
ished sample by soaking overnight in acetone.
2.2.3. Analytical details
The compositions of the coexisting solid and liquid metals were

measured using an electron probe micro-analyzer (JEOL JXA 8200)
at Caltech. We used uncoated experimental products and stan-
dards due to their conductive nature. Accounting for the heteroge-
nous texture of the quenched metallic melts, especially those
containing S, 50–100 lm beams were used to obtain representa-
tive bulk metallic melt compositions. Pure Fe and Ni metal were
used as standards for Fe and Ni X-ray intensity. Natural troilite
(FeS) was used as a standard for S. Fe3C and Fe3N standards for C
and N were synthesized by following the protocol of previous stud-
ies (Dasgupta and Walker, 2008; Grewal et al., 2019b). An acceler-
ating voltage of 12 kV and an emission current of 80nA allows
simultaneous measurement of C and N Ka X-rays with an LDE2
diffracting crystal (Grewal et al. 2019b, 2019a, 2021b, 2021a). For
all elements except N, a counting time of 10 s on peak and 5 s each
at lower and upper background positions was used. A counting
time of 80 s on peak and 60 s at each background position was used
for N. Fe and FeS standards were re-analyzed after every �20 mea-
surements to check for C deposition on standards and samples dur-
ing the analysis. C blank in the standards did not increase with
time, and remained constant at�0.4–0.5 wt% as reported in several
previous studies (e.g., Tsuno et al., 2018; Grewal et al., 2019b, a).
The reported C concentrations in the solid and liquid metals are
corrected values, obtained by subtracting the relevant C blanks in
the Fe and FeS standards.
3. Results

3.1. Texture of experimental products

The solid and liquid metals co-existed as two well-separated
phases in the quenched products (Fig. 2a). For a given starting mix-
ture, the volume of the liquid phase increased with an increase in
temperature. The solid metal was present as a single homogenous



Fig. 2. Backscattered electron images of a typical experimental product (Expt. no. R551 containing �15 wt% S in the liquid) displaying the co-existence of solid and quenched
liquid metals. (a) Solid (Fe, Ni) metal was homogenous, whereas liquid metal quenched to a dendritic texture. (b) Enlargement of the white boxed area in (a), displaying the
typical quenched texture after a S-bearing metallic melt; a 50–100 lm diameter beam is sufficient to obtain an average liquid composition from this quench aggregate.
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phase. As reported in several previous studies (Chabot and Drake,
1997; Chabot et al., 2003, 2009), the liquid metal, though a single
homogenous phase at the target temperature, quenched to a den-
dritic texture (Fig. 2b) composed of elongated, branching Fe-Ni
crystals surrounded by interstitial Fe carbides, Fe nitrides, and
FeS (in S-bearing mixes). No pre-quench or post-quench accessory
C phases were observed in any of the experimental products.
3.2. Experimental results on the partition coefficients of C and N
between solid and liquid metals

The compositions of the solid and liquid metals are reported in
Supplementary Tables 2 and 3. The solid metal/liquid metal weight

ratio partition coefficients of C (Dsolid=liquid
C ) and N (Dsolid=liquid

N ) are

reported in Table 1. Both Dsolid=liquid
C and Dsolid=liquid

N increase with
increasing S content of the metallic melts (Fig. 3a). Carbon is
incompatible in the solid metal at less than �20 wt% S in the
metallic melt whereas N is incompatible at less than �15 wt% S.

Dsolid=liquid
C is lower than Dsolid=liquid

N for the entire range of S contents

explored in this study. The difference between Dsolid=liquid
C and

Dsolid=liquid
N is not substantial for metallic melts containing less than

�11 wt% S but becomes larger for S-rich melts. For example,

Dsolid=liquid
N is almost an order of magnitude higher than Dsolid=liquid

C

for the most S-rich metallic melts (�28 wt% S) explored in this
Table 1
Summary of experimental conditions, quench products, and solid–liquid metal partition c

Exp Samples P (GPa) T (�C) Duration (h) Starting compositions

R551 1 1200 8 Fe-10Ni-0.5C-1N-3S
R574 1 1250 6 Fe-10Ni-0.5C-1N-3S
R566 1 1275 6 Fe-10Ni-0.5C-1N-3S
R550 1 1300 6 Fe-10Ni-0.5C-1N-3S
R552 1 1350 6 Fe-10Ni-0.5C-1N-3S
R560 1 1400 7 Fe-10Ni-0.5C-1N-3S
R573 1 1200 6 Fe-10Ni-1C-1.5N-8S
R558 1 1250 8.5 Fe-10Ni-1C-1.5N-8S
R571 1 1275 6 Fe-10Ni-1C-1.5N-8S
R556 1 1300 6.5 Fe-10Ni-1C-1.5N-8S
R557 1 1350 6 Fe-10Ni-1C-1.5N-8S
R569 1 1300 6 Fe-10Ni-0.5C-1N-0S
R568 1 1350 6 Fe-10Ni-0.5C-1N-0S
R561 1 1400 6 Fe-10Ni-0.5C-1N-0S

150
study. For S-poor metallic melts, Dsolid=liquid
C values from this study

are within the range of the theoretical predictions of Hirschmann

et al. (2021) (Fig. 3a). However, the present Dsolid=liquid
C measure-

ments increase more gently with increasing S content that the pre-
diction of Hirschmann et al. (2021), with the difference amounting
to more than an order of magnitude in the most S-rich composi-

tions studied. However, Dsolid=liquid
C values based on C contents in

Fe3C and S-rich melts at 2 GPa (from the phase equilibrium study
of the FeACAS ternary) by Dasgupta et al. (2009) lie within the
range of experimental data of this study.

As reported in several previous studies (e.g., Chabot, 2004;
Chabot et al., 2009; Chabot and Drake, 1997), the S content of
the metallic melt and temperature are intertwined. The experi-
mental data of this study is not sufficient to systematically con-

strain the effect of temperature on Dsolid=liquid
C and Dsolid=liquid

N for
S-bearing metallic melts. The three experiments conducted at dif-

ferent temperatures for S-free systems show that both Dsolid=liquid
C

and Dsolid=liquid
N decrease with increasing temperature (Fig. 3b), but

the change in both partition coefficients as a function of tempera-
ture is much less than their variation as a function of S content of

the metallic melts. It should be noted that the Dsolid=liquid
C for S-free

systems observed here is well within the range of experimental
data on the Fe-Ni-C system at 1 atm (Chabot et al., 2006) and the
Fe-C system at 5 GPa (Chabot et al., 2008).
oefficients of carbon and nitrogen.

Capsule Quench Products Dsolid=liquid
C Dsolid=liquid

N

Mean 1-r Mean 1-r

MgO Solid metal + Liquid metal 0.71 0.23 1.04 0.14
MgO Solid metal + Liquid metal 0.61 0.20 0.67 0.21
MgO Solid metal + Liquid metal 0.55 0.16 0.61 0.15
MgO Solid metal + Liquid metal 0.54 0.11 0.56 0.11
MgO Solid metal + Liquid metal 0.58 0.12 0.57 0.06
MgO Solid metal + Liquid metal 0.54 0.17 0.58 0.09
MgO Solid metal + Liquid metal 2.64 0.38 17.93 1.80
MgO Solid metal + Liquid metal 1.91 0.17 4.93 0.28
MgO Solid metal + Liquid metal 0.93 0.13 2.47 0.18
MgO Solid metal + Liquid metal 0.68 0.08 0.91 0.12
MgO Solid metal + Liquid metal 0.64 0.14 0.66 0.08
MgO Solid metal + Liquid metal 0.48 0.11 0.67 0.11
MgO Solid metal + Liquid metal 0.45 0.12 0.62 0.18
MgO Solid metal + Liquid metal 0.40 0.12 0.57 0.18



Fig. 3. Dsolid=liquid
C and Dsolid=liquid

N as a function of (a) S content of the metallic melt and (b) temperature (for S-free starting mixtures). (a) Dsolid=liquid
C and Dsolid=liquid

N increase by �1
and 2 orders of magnitude, respectively, with increasing S content of the metallic melts. Carbon and nitrogen transition from incompatible to compatible behavior at �20 and
15 wt% S in the metallic melt. The parametrized fits for Dsolid=liquid

C and Dsolid=liquid
N using Eqs. (3) and (4), respectively, are shown by dashed lines. Dsolid=liquid

C values in this study
are approximately an order of magnitude lower than the theoretical predictions of Hirschmann et al. (2021) at 1 atm and 1300 �C. Dsolid=liquid

C values determined from phase
relations in the FeACAS ternary by Dasgupta et al. (2009) at 2 GPa lie within the range of experimental data of this study. (b) For S-free systems, Dsolid=liquid

C and Dsolid=liquid
N

decrease with increasing temperature. Dsolid=liquid
C from this study are well within the range of the experimental data of Chabot et al. (2006) at 1 atm and Chabot et al. (2008) at

5 GPa. Error bars for Dsolid=liquid
C , Dsolid=liquid

N , and S content in this study represent ± 1r deviation obtained by the propagation of uncertainty from the standard deviation of
replicate analyses of C, N, and S contents. Where absent, the error bars are smaller than the symbol size.
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There are several indirect lines of evidence that point to the
achievement of equilibrium partitioning of C and N between solid
and liquid metals in our experiments. No compositional gradients
were observed in either solid or liquid for any analyzed element.
Given the fast diffusivity of C and N in metallic solids and liquids
in the temperature range of our experiments (on the order of
10�8 m2s�1 (Oikawa, 1982)), both C and N should attain composi-
tional homogeneity over the mm scale of our experimental cap-
sules within a few minutes. Exploring the Fe-C phase diagram at
5 GPa and 1250 �C, Chabot et al. (2008) showed that equilibrium
distribution of C between Fe3C and metallic melt is established in
less than 30 min. All experiments in this study had a runtime of

�6 h or greater. Moreover, the S-free Dsolid=liquid
C results in this study

lie well within the range of 1 atm experiments conducted by
Chabot et al. (2006) with durations of 12–144 h (Fig. 3b).

3.3. Parameterizations of the partition coefficients of C and N between
solid and liquid metals

In the Fe-Ni-S system explored in this study, C and N exhibit a
behavior typical of numerous siderophile elements like As, Au, Co,
Mo, Ni, Rh, Ru, Sb, and Sn – incompatible in the solid metal relative
to S-free or S-poor liquid metals and becoming increasingly com-
patible in solid metal as the S content of the liquid metal increases
(Fig. 3a). Therefore, we adopted the framework that Chabot and
Jones (2003) developed for parameterizing solid/liquid metal par-
tition coefficients of other siderophile trace elements. For each ele-

ment i (C and N in this case), Dsolid=liquid
i is calculated based on the

equation:

ln Dið Þ ¼ ln Di0ð Þ þ b ln Fe domainsð Þ ð1Þ
where Di0 is the partition coefficient between solid and liquid metal
in a S-free, Fe-Ni system; b is a constant determined by the regres-
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sion fit; and ‘‘Fe domains” is defined as the fraction of free S atoms
present in the liquid metal, given by:

Fe domains ¼ 1� 2XS

1� XS
ð2Þ

where XS represents the mole fraction of S in the liquid metal.
Using this framework, linear regression in ln(Di) vs ‘‘Fe

domains” yields the following best-fit parameterizations:

ln Dsolid=liquid
C

� �
¼ �0:75ð�0:05Þ � 1:51 �0:10ð Þ:ln ðFe domainsÞ

ð3Þ

lnðDsolid=liquid
N Þ ¼ �0:90ð�0:07Þ � 3:17ð�0:15Þ: ln ðFe domainsÞ

ð4Þ
The regression lines for Dsolid=liquid

C and Dsolid=liquid
N are compared

with the experimental data in Supplementary Fig. 2, which also
gives 95 % confidence bounds and correlation coefficients of the

regressions. The parametrized fits for Dsolid=liquid
C and Dsolid=liquid

N using
Eqs. (3) and (4) are plotted in Fig. 3a.

4. Discussion

Our experimental data show that C and N (like many sidero-
phile elements) increasingly partition into the solid metal as the
S content of the metallic melt increases, becoming moderately

compatible for C and highly compatible for N. However, Dsolid=liquid
C

values in this study, especially for S-rich metallic melts, are sub-
stantially lower than the theoretical predictions of Hirschmann
et al. (2021) (Fig. 3a). The discrepancy could be a direct result of
pressure (a parameter that is known to affect FeACAS phase rela-
tions; Chabot et al., 2008; Dasgupta et al., 2009)). Hirschmann et al.
(2021) used 1 atm experimental data for Fe-Ni-C taenite (Wada
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et al., 1971) and FeACAS melts (Wang et al., 1991) in their thermo-
dynamic models, whereas the data in this study were collected at 1

GPa. Dsolid=liquid
C values for S-rich melts, determined from the phase

relations of the FeACAS ternary at 2 GPa by Dasgupta et al. (2009)
are more similar to the results of this study. Core crystallization
beneath insulating mantles must have taken place at pressures
that are closer to 1 GPa than 1 atm. Another possible source of
the discrepancy is the effect of Ni; Hirschmann et al. (2021) used
data from for Ni-free metal liquids, whereas the parent cores of
all iron meteorites contained Ni (Hilton et al., 2022). Whether
the difference is due to pressure or Ni content, this study deter-

mined Dsolid=liquid
C under conditions more relevant to the fate of C

during solidification of the parent cores of iron meteorites.
We also note that, despite the variable amounts of C and N in

the two S-bearing mixtures of this study, Dsolid=liquid
C and Dsolid=liquid

N

each follow systematic correlations with S contents of the metallic
melts (Fig. 3a). Thus, the observed partitioning of C and N between
solid and liquid metals appears to be consistent with the Nernst
distribution law (Henrian behavior in both solid and liquid phases)
within the range of C and N contents explored.

For S-rich metallic melts, we find that Dsolid=liquid
N is considerably

higher than Dsolid=liquid
C (Fig. 3a). Consequently, equilibration of S-

rich metallic melts with solid metal should manifest in substantial
fractionation between C and N. This observation has important
implications for the bulk C/N ratios of the parent cores because
the missing portions of the parent cores for most groups of mag-
matic irons were composed of S-rich melts (Hilton et al., 2022;
Chabot and Zhang, 2022; Zhang et al., 2022). In the next sub-

section we use the Dsolid=liquid
C and Dsolid=liquid

N fits obtained in this
Table 2
Carbon and nitrogen concentrations and C/N ratios in iron meteorites, unsampled fraction

Groups Iron Meteorites Unsampled Cores

ln C (ppm) 1-r ln C (ppm) 1-r

IC 7.26 0.32 6.98 0.2
IIAB 4.39 0.61 3.02 0.1
IIC 5.41 0.55 5.80 0.2
IID 5.62 0.44 5.92 0.2
IIF 4.49 0.16 3.12 0.0

IIIAB 4.83 0.72 4.00 0.1
IIIF 3.34 0.49 3.22 0.6
IVA 1.39 – 1.27 0.6
IVB 1.10 – 1.71 0.1

Groups Iron Meteorites Unsampled Cores

ln N (ppm) 1-r ln N (ppm) 1-r

IC 3.63 0.61 2.36 0.1
IIAB 2.26 0.76 �1.31 0.3
IIC 2.17 0.55 2.29 0.7
IID 3.13 0.29 3.06 0.5
IIF 2.97 0.21 �0.60 0.0

IIIAB 3.01 0.62 0.57 0.2
IIIF 0.34 – �0.60 0.0
IVA �1.15 0.50 �2.09 0.4
IVB �0.88 0.60 �0.29 0.7

Groups Iron Meteorites Unsampled Cores

ln C/N 1-r ln C/N 1-r

IC 3.63 0.17 4.62 0.0
IIAB 2.13 0.36 4.33 0.2
IIC 3.45 0.27 3.50 0.3
IID 2.29 0.12 2.86 0.1
IIF 1.52 0.08 3.72 0.1

IIIAB 1.82 0.25 3.43 0.3
IIIF 3.01 0.15 3.82 0.2
IVA 2.54 0.43 3.36 0.5
IVB 1.98 0.68 1.99 0.8
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study to estimate the C and N contents of the missing portions of
all groups of magmatic irons. These estimated values are used to
constrain the bulk C and N inventories as well as the C/N ratios
of the parent cores and parent bodies of iron meteorites.
4.1. Estimating bulk C and N contents and C/N ratios of the parent
cores of iron meteorites

As C and N fractionate between solid and liquid metal, their
concentrations in samples of a given group of iron meteorites can-
not be used to directly estimate C and N contents of the parent
cores. Carbon and nitrogen concentrations in samples from mag-
matic iron groups, however, do not exhibit correlations with
indices of fractional crystallization (Supplementary Fig. 1). There-
fore, unlike other siderophile elements (Hilton et al., 2022;
Chabot and Zhang, 2022; Zhang et al., 2022), fractional crystalliza-
tion models cannot be used to estimate the bulk C and N invento-
ries of the parent cores of magmatic irons from observed elemental
concentrations in iron meteorite samples. Hence, we propose an
alternate approach. First, we use C and N concentrations in iron
meteorite samples to estimate geometric mean C and N contents
in the sampled fractions of the core for the parent body of each
group (Fig. 1; Table 2). Then, the missing mass fraction from the
end of the crystallization sequence of each parent core (Hilton
et al., 2022; Chabot and Zhang, 2022; Zhang et al., 2022;
Tornabene et al., 2023) is combined with the S content of the par-
ent core (Chabot, 2004; Hilton et al., 2022) to quantify the S con-
tent of the missing conjugate liquid for each group of magmatic

irons. The S content is inserted into the parametrized Dsolid=liquid
C

s of the cores, parent cores, and parent bodies.

Parent Cores Parent Bodies

ln C (ppm) 1-r ln C (ppm) 1-r

9 7.02 0.44 5.50 0.60
5 3.91 0.63 2.42 0.75
3 5.70 0.60 3.99 0.73
8 5.87 0.52 3.91 0.67
7 4.15 0.17 2.21 0.45
8 4.55 0.74 3.00 0.85
9 3.31 0.84 1.60 0.94
7 1.35 0.67 �0.30 0.19
3 1.27 0.13 �1.94 0.44

Parent Cores Parent Bodies

ln N (ppm) 1-r ln N (ppm) 1-r

8 2.64 0.63 1.18 0.70
4 1.58 0.83 0.13 0.10
6 2.26 0.93 0.59 0.36
3 3.07 0.61 1.18 0.62
7 2.50 0.22 0.61 0.37
1 2.50 0.65 0.98 0.72
9 0.17 0.09 �1.50 0.31
4 �1.35 0.66 �2.97 0.73
0 �0.71 0.92 �3.77 0.96

Parent Cores Parent Bodies

ln C/N 1-r ln C/N 1-r

9 4.37 0.25 4.32 0.60
6 2.33 0.55 2.29 0.78
3 3.44 0.43 3.40 0.63
8 2.79 0.22 2.74 0.55
3 1.65 0.10 1.60 0.64
7 2.05 0.31 2.01 0.78
6 3.14 0.60 3.10 0.62
7 2.71 0.70 2.67 0.68
4 1.98 0.59 1.83 0.34



D.S. Grewal and P.D. Asimow Geochimica et Cosmochimica Acta 344 (2023) 146–159
and Dsolid=liquid
N equations (Eqs. (3) and (4)) to predict C and N con-

tents of the conjugate liquid, i.e., in the unsampled portion of the
parent core (Fig. 4; Table 2). Finally, the sampled and predicted C
and N concentrations and the mass fractions of the sampled and
unsampled portions are combined to estimate the bulk C and N
inventories of each parent core (Fig. 5; Table 2). A comparable
approach was applied by Hirschmann et al. (2021) to estimate
the C contents of the coexisting conjugate liquids. But
Hirschmann et al. (2021) did not combine the C concentrations
of the coexisting solids and conjugate liquids with the relative frac-
tions of sampled and missing portions of cores to estimate the bulk
C inventories of the parent cores.

As Dsolid=liquid
C values are closer to unity (Fig. 3a), C concentrations

in the missing fractions of the cores are not substantially different

from the sampled fractions (Fig. 4a; Table 2). However, Dsolid=liquid
N

achieves notably greater values for S-rich metallic melts (Fig. 3a),
leading to estimated N concentrations in the S-rich missing frac-
tions that are substantially lower than the sampled fractions
(Fig. 4b; Table 2). This leads to estimated bulk C concentrations
in the parent cores that are similar to those measured in the iron
meteorites, whereas bulk N concentrations in the parent cores
(especially those with more S-rich missing portions) are lower than
those measured in iron meteorites (Fig. 5a; Table 2). We note that C
and N concentrations in the parent cores do not show any system-
atic difference between groups with non-carbonaceous (NC) or car-
bonaceous (CC) reservoir heritage. This observation is in contrast to
the N isotopic signatures of iron meteorites; the NC irons have sys-
tematically lower 15N/14N ratios than the CC irons. The IC group
parent core has the highest C and N contents, whereas the IVA
and IVB groups have the lowest (Fig. 5a). This observation is in
agreement with the volatile depletion trend observed for moder-
ately volatile elements (MVEs) like Ge and Ga where IC group are
MVE-rich and IVA and IVG groups are MVE-depleted (Goldstein
et al., 2009).

C/N ratios of the missing fractions of the cores (especially those
with more S-rich missing fractions) are higher than those of the
sampled fractions (Fig. 4c; Table 2). Due to the high S content of
its parent core (�19 wt%; Hilton et al. (2022)) and a large fraction
of missing core in the meteorite record, the C/N ratio of the parent
core of IC group is substantially higher than the iron meteorites
samples from that group. Consequently, reconstructed bulk C/N
ratios in the parent cores of all magmatic iron groups are generally
higher than the mean C/N ratios (that is, the ratio of the geometric
mean concentration of C to than of N) of meteorite samples of the
respective groups (Fig. 5b; Table 2). Mean C/N ratio of the parent
core of volatile-rich IC group is considerably higher than the mean
C/N ratios of other volatile-depleted groups. As with their C and N
contents, the C/N ratios of the parent cores do not systematically
differ between groups with NC and CC reservoir heritage.

The framework of our calculations assumes that iron meteorites
sample pure taenite cumulates crystalized from metallic melts
without any pockets of trapped liquid. However, the fractionation
trends of some groups of iron meteorites are better explained by
models that incorporate some fraction of trapped melt crystalliza-
tion (Wasson, 1999; Chabot and Zhang, 2022). For example, mag-
matic CC irons are predicted to contain small fractions of trapped
melts (x <0.15) whereas some NC iron groups can contain larger
fractions. For these groups, the application of a melt-free pure
taenite cumulate model is not completely valid. If the trapped
melts were depleted in C and N relative to taenite (because

Dsolid=liquid
C and Dsolid=liquid

N > 1), then the melt-crystal aggregate would
have less C and N than the pure cumulate model. Hence, our calcu-
lations underestimate the C and N contents in the conjugate liquids
by a factor of 1–x, where ’x’ is the fraction of trapped melt. There is
also an error in C/N ratios due to trapped melt, since
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Dsolid=liquid
C –Dsolid=liquid

N , but the assumption about melt-free cumu-
lates is only applied to the sampled part of the fractionation
sequence, where S contents are low and the difference between
the partition coefficients is small.

4.2. Estimating bulk C and N contents and C/N ratios of the parent
bodies of iron meteorites

Thermal models simulating the evolution of the parent bodies
of magmatic irons (fuelled by 26Al decay) predict that the deeper
interiors of planetesimals underwent large-scale melting beneath
unmolten outer layers (Hevey and Sanders, 2006; Sahijpal et al.,
2007; Lichtenberg et al., 2016; Kaminski et al., 2020; Sturtz et al.,
2022). Therefore, unlike large rocky planets that had episodes of
surficial magma oceans (MOs) during collisionary growth, core-
mantle differentiation in the parent bodies of magmatic irons took
place in sub-surficial MOs. Following the framework of Grewal
et al. (2022a), the estimated bulk C and N inventories of the parent
cores of magmatic irons in the previous sub-section were com-
bined with the relevant metallic melt-silicate melt partition coeffi-

cients (Dmetal=silicate
C and Dmetal=silicate

N , respectively) to estimate the
bulk C and N contents of the parent bodies using the equation:

Mtot
i ¼ MMO

i þ Mcore
i ð5Þ

where Mtot, MMO, and Mcore represent the mass of an element i (C or
N) in the complete parent body, MO, and core, respectively. We

used recent parameterizations of Dmetal=silicate
C (Fischer et al., 2020)

and Dmetal=silicate
N (Grewal et al., 2021b) (both of which account for

the effect of S content in the metallic melt), combined with the
core/MO mass ratios of the parent bodies of magmatic irons
(Hilton et al., 2022), to predict their bulk C and N contents. For rel-
atively shallow MO-like conditions (applicable for planetesimal-

sized bodies), Dmetal=silicate
C and Dmetal=silicate

N are primarily controlled
by the oxygen fugacity (fO2) of metal-silicate melt equilibration
(Dalou et al., 2017; Speelmanns et al., 2019; Grewal et al., 2019a,
2021b, 2021a). Righter et al. (2016) applied metal-olivine-
orthopyroxene equilibria to define the fO2 of metal-silicate melt
equilibration between IW–3 and IW–1.5 in two non-magmatic NC
iron groups (IAB-MG and IIE). Campbell and Humayun (2005) esti-
mated fO2 of metal-silicate melt equilibration in IVB group parent
body to be IW–1 (based on the abundances of redox sensitive side-
rophile elements). Given the lack of systematic constraints on the
fO2 of metal-silicate melt equilibration for all groups of magmatic
irons, we performed our calculations at an intermediate fO2 of
IW–2.

As C and N are siderophile elements (Dmetal=silicate
C and

Dmetal=silicate
N > 1), the bulk C and N concentrations in planetesimals

are generally lower than those of their cores by a factor of �5
(Fig. 6a; Table 2). Owing to the very small core mass fraction of
the IVB group (0.04; Hilton et al. (2022)), bulk C and N concentra-
tions in its parent body are lower than in its parent core by a factor
of �20. The differences between C and N concentrations of the bulk
planetesimals and parent cores decrease with increasing S content

of the parent cores because both Dmetal=silicate
C (�100–1000, except

�2000 in the S-poor IVB core) and Dmetal=silicate
N (�50–150) values

decrease with increasing S content of the metallic melts. The bulk
C and N concentrations in planetesimals follow the volatile deple-
tion trend observed in their cores, with IC group being the C- and
N-rich endmember and IVA and IVB groups being C- and N-poor
endmembers. The C/N ratios of the bulk planetesimals are slightly

lower than their parent cores (Fig. 6b; Table 2) because Dmetal=silicate
C

values are somewhat higher than Dmetal=silicate
N at IW–2. As observed

for the C/N ratios of the parent cores, the bulk C/N ratios of volatile-
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rich IC group is higher than that of more volatile-depleted irons. It
should be noted that, unlike chondrites, planetesimals from the NC
and CC reservoirs are not systematically different in C- and
N-contents or C/N ratios. Among the chondrites, CC chondrites
are C- and N-rich relative to NC chondrites; however our
154
reconstructed parent body compositions show that the IC group
parent body is the most C- and N-rich planetesimal despite belong-
ing to the NC reservoir.

4.3. Comparisons between the C/N ratio of iron meteorites and their
parent bodies

The C/N ratios of most of the bulk planetesimals are either sim-
ilar to or slightly higher than the C/N ratios in grouped iron mete-
orites (Fig. 7). The exceptions are parent bodies of the IVB group,
with its nearly S-free core, and of the IC group, which has a sub-
stantially higher C/N ratio than the IC iron meteorites themselves.
For most magmatic iron meteorite groups, the meteorites sample
the fractional crystallization sequence of the parent core nearly
to completion; therefore, the C/N ratios of the parent cores and
bulk planetesimals do not differ substantially from that measured
directly in the iron meteorites from those groups. However, a large
fraction of the IC parent core crystallization sequence is missing
from the meteorite record and the IC parent core had an especially
high S content. Together these effects lead us to estimate that the
parent core and the bulk parent planetesimal of the IC group had a
C/N ratio substantially higher than that observed in the IC iron
meteorites. The inferences reached in this study (summarized in
Fig. 7) depend not only on the experimentally measured solid/
liquid metal and metal/silicate partition coefficients for C and N
but also on (1) C and N contents measured in different groups of
iron meteorites and (2) fractional crystallization models of parent
cores (which in turn depend trace element data in iron meteorites
and solid/liquid metal partition coefficients for siderophile trace
elements). Hence, future constraints from more sophisticated
models of fractional crystallization and from better and more
numerous measurements of C and N contents in iron meteorites
may warrant revisions to our conclusions. Nevertheless, the exper-
imental data and theoretical approach presented in this study will
remain essential constraints on such revised interpretations.

4.4. Comparisons between the bulk carbon and nitrogen contents of
chondrites and the parent bodies of iron meteorites

Our data constrains the C and N inventories of the parent cores
and the entire parent bodies of the earliest formed planetesimals in
the NC and CC reservoir (Table 2). The parent bodies of iron mete-
orites are considerably depleted in C and N compared to chondrites
(Fig. 8a). For example, bulk C and N concentrations in the parent
body of IC group (volatile-rich iron meteorite group) are �1–2
orders of magnitude lower than ECs and CI chondrites (best repre-
sentatives of primitive materials in NC and CC reservoirs), respec-
tively. Bulk C and N contents of the parent bodies of IVA and IVB
groups are �4–5 orders of magnitude lower than those of ECs
and CI chondrites. Carbon and nitrogen concentrations are corre-
lated across chondritic groups from both NC and CC reservoirs
(Fig. 8a). Consequently, the mean C/N ratios of all chondrites lie
in a narrow range (7–26) (Fig. 8b; Table 2). To this well-
3

Fig. 4. Comparisons of C and N contents and C/N ratios in the missing fractions of
the cores with the sampled fractions. (a) C contents of the missing fractions of the
cores are not substantially different from the sampled fractions, since Dsolid=liquid

C

does not vary far from unity in the range of S contents achieved by the missing
fractions. (b) N contents of the missing fractions of the cores which were S-rich are
considerably lower than the sampled fractions. (c) C/N ratios of the missing
fractions of the cores are generally higher than the sampled fractions, especially for
the S-rich groups. Error bars represent ±1r deviation for each group, propagated
from the standard deviation of geometric mean concentrations in each group, the
sampled and unsampled mass fraction estimates, and the partition coefficient fits.
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higher than those of iron meteorites. Error bars are ± 1-r uncertainties propagated as in caption to Fig. 4.
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than their concentrations in the cores. (b) However, because C is only somewhat more siderophile than N under appropriate core segregation conditions for these bodies, the
C/N ratios in the complete parent bodies of iron meteorites are only slightly lower than those in their cores. Error bars are ±1-r uncertainties as explained in the caption to
Fig. 4 with additional contributions from the metal/silicate partition coefficient uncertainties.
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established framework, we now bring the reconstructed parent-
body C/N ratios for the differentiated planetesimals. The C/N ratio
of the volatile-rich IC group parent body is distinctly higher than
that of chondrites. IIC parent body has a C/N ratio that is slightly
higher than the chondritic range. C/N ratios of all other groups of
iron meteorites are chondritic. Preferential loss of N from the inte-
riors of the planetesimals during thermal metamorphism (prior to
sintering temperatures, when the permeability of the interiors is
sufficient to allow for efficient volatile loss (Sugiura et al., 1986;
Hashizume and Sugiura, 1998)) is necessary to explain the super-
chondritic C/N ratios of volatile-rich iron meteorite parent bodies
(e.g., IC group). The physical and chemical processes driving such
fractionation and loss are currently poorly understood and require
further investigation.
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The bulk C and N contents in the parent bodies of iron mete-
orites are offset from the C vs N correlation exhibited by chondrites
(Fig. 8a). Except for IIIF, IVA and IVB groups, bulk C contents in the
parent bodies decrease without any substantial change in the N
contents. This results in a gradual decrease in their C/N ratios from
a mean value of 75 in the IC group to 9 in the IIF group (Fig. 8b).
Unlike other groups, the N contents of IIIF, IVA and IVB groups
decrease with decrease in C contents, so their C/N ratios remain
high as they become more C- and N-depleted.

Why are the parent bodies of iron meteorites depleted com-
pared to chondrites? Thermally labile organics were the primary
host of C and N in the earliest formed planetesimals (Alexander
et al., 1998, 2007; Grewal, 2022). Numerical models predict that
substantial amounts of C and N were lost from the interiors of
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planetesimals during thermal metamorphism fuelled by 26Al
decay, resulting in C- and N-depleted interiors prior to the onset
of core formation (Sugiura et al., 1986; Hashizume and Sugiura,
1998; Grewal et al., 2022a). If thermal metamorphism explains
the C- and N-depleted character of the parent bodies of iron mete-
orites relative to chondrites, why do C and N concentrations vary
among the parent bodies of different groups of iron meteorites?
In particular, why are the parent bodies of the IIIF, IVA and IVB
groups so depleted in C and N and also in other MVEs like Ge
and Ga? The condensation histories of MVEs like Ge and Ga in
the protosolar disk are completely decoupled from the formation
of organics (the primary carriers of C and N in the primordial mate-
rials); therefore, the corelated depletion of MVEs and C and N,
starting from IC group and ending with IVA and IVB groups,
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suggests that variable C and N contents in the parent cores of iron
meteorites do not simply reflect accretion of materials with vari-
able amounts of C and N. Indeed, the correlation among chondrites
between indices of metamorphism and their C and N contents and
N isotope ratios in chondrites is most readily explained if all early-
forming planetesimals, independent of their accretion zones,
accreted common organic precursors with approximately similar
C and N contents (Grewal, 2022; Grewal et al., 2022a). A common
degassing event presents the simplest explanation for the common
depletion of MVEs, C and N across different groups of iron mete-
orites. One possibility is vapor degassing from cores that experi-
enced impact disruption of the parent body while still molten, a
model that has been invoked to explain large variations in the met-
allographic cooling rates and Pd-Ag isotope systematics in samples
from the strongly volatile-depleted IVA and IVB groups (Yang et al.,
2010, 2008, 2007; Hunt et al., 2022; Matthes et al., 2018) and the
less volatile-depleted groups IIAB and IIIAB (Hunt et al., 2022;
Matthes et al., 2020; Yang and Goldstein, 2006). If the C and N
depletion in IIAB, IIIAB, IVA, and IVB groups was a result of core
degassing, then the meteorite samples from these groups do not
retain the memory of primitive C and N inventories in their parent
cores. Consequently, the bulk C and N contents of these and other
iron meteorite groups predicted by our model may underestimate
the bulk N and C inventories of differentiated planetesimals prior
to their disruption and core degassing. This means that the C and
N inventories of the earliest formed differentiated planetesimals
could have been even higher than those predicted for the
volatile-rich IC group (Fig. 8a). Importantly, if the volatile-rich
groups like IC retain the most faithful memory of the chemical
compositions of their parent core prior to disruption and degas-
sing, then it is likely that the C/N ratios of the earliest formed dif-
ferentiated planetesimals were at least as high as, if not greater
than, the C/N ratio of the IC group (Fig. 8b).
4.5. Implications for the origin of carbon and nitrogen in the BSE

The estimated C and N inventories of the BSE are substantially
lower than those of chondrites (Fig. 8a). The N inventory of the
BSE, as estimated by Hirschmann (2018) and Marty et al. (2020),
lies within the range of bulk N contents in the parent bodies of
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all groups of irons except for the extremely volatile-depleted IIIF,
IVA and IVB groups. By contrast, the bulk C contents of the parent
bodies of all groups of irons except the IC group is lower than the
estimated C inventory of the BSE. The C content of the IC parent
body is higher than the C estimate of BSE by Hirschmann (2018)
but lower than that of Marty et al. (2020). We have noted already
that the C/N ratios of the BSE estimated by both Hirschmann
(2018) and Marty et al. (2020) are higher than those of chondrites
(Fig. 8b). The C/N ratio in the group IIC parent body approaches the
C/N ratio of the BSE by Hirschmann (2018). The C/N ratio of the IC
group parent body is higher than the C/N ratio of the BSE estimated
by Hirschmann (2018) but still about a factor of two lower than the
Marty et al. (2020) ratio.

Chronological constraints on meteorites combined with numer-
ical models suggest that planetesimal- and planetary embryo-sized
bodies began to accrete rapidly (within the timescales of 26Al
decay) in the rocky planet forming regions of the protosolar disk
(Kruijer et al., 2017; Weidenschilling, 2019; Morbidelli et al.,
2022). Consequently, differentiated planetesimals and planetary
embryos, and not chondrite-like materials, were the building
blocks of the more slowly grown Earth-like rocky planets (Rubie
et al., 2011, 2015). We find that the C/N ratios of the parent bodies
and parent cores of volatile-rich iron meteorite groups like IC and
IIC were superchondritic, while the parent bodies of other volatile-
depleted iron groups had C/N within the chondritic range. How-
ever, the parent cores of the volatile-depleted groups were either
partially or extensively degassed upon parent body disruption
(Yang and Goldstein, 2006; Yang et al., 2007, 2008, 2010;
Matthes et al., 2018, 2020; Hunt et al., 2022). Therefore, it is likely
that the C/N ratios of similar parent bodies that accreted to the
Earth rather than being disrupted could also have been as high
as those of the volatile-rich groups. This suggests that the seeds
of rocky planets likely had superchondritic C/N ratios.

In addition to its superchondritic C/N ratio, the bulk C and N
concentrations of the parent body of the volatile-rich IC group is
higher than the estimated C and N inventories of the BSE by
Hirschmann (2018) but lower than the estimated C inventory of
the BSE by Marty et al. (2020) (Fig. 7a). If the C and N inventories
of the differentiated planetesimals were even higher than those
estimated for the parent bodies of IC group, growth of the Earth
from such planetesimals would leave room for the potential segre-
gation of some amount of C and N into the Earth’s core during the
last stages of its growth and still be able to match the present-day
C and N concentrations in the BSE estimated by Hirschmann
(2018). This suggests that a C/N ratio for the BSE close to the esti-
mate of Hirschmann (2018) could easily be a natural consequence
of the accretion history of our planet. However, a C/N ratio of the
BSE closer to the estimate by Marty et al. (2020) would require
the accretion of planetesimals with even higher C/N ratios, cur-
rently unsampled by the iron meteorite record. If the C and N
inventories of the BSE were established by accretion of planetesi-
mals with superchondritic C/N ratios, then the bulk silicate reser-
voirs of other rocky planets in our Solar System could have
similar superchondritic C/N ratios.
5. Conclusions

In this study, we reconstructed the C/N ratios of differentiated
planetesimals – the seeds of present-day rocky planets – using iron
meteorites as a proxy. Iron meteorites were used to establish C and
N contents of the sampled fractions of the parent cores. To estimate
C and N contents in the missing fractions of the cores, we con-
ducted high pressure, high-temperature experiments in the
FeANiACANAS system to constrain the partitioning behavior of
C and N between solid and liquid metal during parent core solidi-
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fication. Our experimental data show that C and N are incompati-
ble in solids relative to S-poor metallic melts but become
increasing compatible relative to S-rich metallic melts. Moreover,

in S-rich liquids, Dsolid=liquid
N grows to be almost an order of magni-

tude higher than Dsolid=liquid
C . This results in higher C/N ratios in

the unsampled (S-rich) fractions of the cores than the sampled
fractions. As a result, the C/N ratios of parent cores and, in turn,
the complete differentiated parent bodies are either similar to or
higher than those measured in iron meteorites. The N contents of
the iron meteorite parent bodies (except for the most volatile
depleted groups) are similar to those of the BSE and the C contents
of the parent bodies of volatile-rich groups lie within the range of
the BSE estimated by Hirschmann (2018), but lower than the esti-
mate of Marty et al. (2020). Also, C/N ratios of the volatile-rich par-
ent bodies lie within the range of estimates of the C/N ratio of the
BSE estimated by Hirschmann (2018), but lower than the estimate
of Marty et al. (2020). As iron meteorites from the more volatile-
depleted groups likely record the effects of parent core degassing,
the C/N ratios of many or perhaps all of the first generation of dif-
ferentiated planetesimals may have resembled those of the parent
bodies of volatile-rich iron meteorite groups. Accretion of such dif-
ferentiated planetesimals could directly explain the superchon-
dritic C/N ratio of the BSE, if it is closer to the value estimated by
Hirschmann (2018), as an initial condition without the need for
special loss mechanisms. In light of this evidence, we propose that
the superchondritic C/N ratio of the BSE is, contrary to the predic-
tions of previous studies, could be a natural consequence of the
accretion history of our planet.
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