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ABSTRACT

The distinct accretionary histories of Earth and Mars — with Earth experiencing protracted growth and small
contributions from outer solar system (carbonaceous, CC) materials, and Mars undergoing rapid growth with
building materials drawn almost exclusively from the inner solar system (non-carbonaceous, NC) — highlight key
differences in planetary formation. These contrasts underscore the importance of a comparative planetology
framework for understanding the origin of volatiles in terrestrial planets. In this study, we examined the rela-
tionship between the carbon (C) isotopic compositions of planetary and planetesimal reservoirs to trace the
origin of volatiles on Earth and Mars. The mean 5'3C value of magmatic C in Martian meteorites (—20 %o) is
significantly lower than that of the bulk silicate Earth (BSE), with a canonical value of —5 %.. While basaltic
achondrites, magmatic iron meteorites, and ordinary chondrites from the NC reservoir display 5'°C values
similar to Martian meteorites, the BSE §'3C value is comparable to volatile-rich CC chondrites such as CI, CM,
and CR, as well as with enstatite chondrites and ureilites from the NC reservoir. If Martian magmas underwent
minimal C isotopic fractionation during degassing or degassed under kinetic conditions, then the §'C value of
the Martian mantle likely reflects accretion from thermally processed undifferentiated (ordinary chondrite-like)
and differentiated NC materials. In contrast, if extensive degassing occurred via Rayleigh fractionation under
equilibrium conditions, the 5'3C value of the Martian mantle would have a higher 5'3C value (=12 to —10 %o)
than that recorded in Martian meteorites — though still lighter than that of the canonical BSE 8'3C. This implies a
contribution from relatively '>C-rich NC materials, potentially similar to enstatite chondrites. For BSE, although
the canonical 5'°C value of -5 %o overlaps with those of enstatite chondrites and ureilites, the late-stage delivery
of volatile-rich CC materials during the main phase of Earth’s growth, which was critical for establishing its
water and nitrogen inventories, likely biased its C isotopic composition towards a CC-like signature. However, a
lower mean §'3C value of —8.4 %o of the MORB mantle, as proposed by recent studies, could mean that Earth’s
mantle still preserves the primordial signature of 13¢-poor, thermally processed NC materials accreted during the
early stages of the planet’s growth. The observed heterogeneity in mantle C isotopic compositions, similar to that
seen in H and N isotopes, could therefore reflect a mixed contribution from both NC and CC materials. Thus, the
513C value of the BSE could be lower than the canonical estimate and may align more closely with the proposed
value for the MORB mantle. Taken together, these findings suggest that the contrasting accretionary histories of
Earth and Mars led to fundamentally different pathways for volatile acquisition. These divergent pathways likely
shaped the long-term geochemical evolution of each planet and influenced their potential for habitability.

1. Introduction

tens of Myrs, whereas Mars underwent rapid growth within a few Myrs
of the solar system’s formation (Kleine et al., 2009; Dauphas and

Understanding the origins of highly volatile elements such as carbon
(C), nitrogen (N), and hydrogen (H) on Earth and Mars is crucial for
deciphering the early solar system processes that shaped the volatile
inventories of terrestrial planets (Marty, 2012; Halliday, 2013; Hirsch-
mann, 2016; Dasgupta and Grewal, 2019). These two planets have
distinct growth histories: Earth experienced protracted accretion over
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Pourmand, 2011). Nucleosynthetic anomalies in several non-volatile
elements indicate that Mars accreted almost entirely from materials
sourced from the inner solar system (non-carbonaceous (NC) reservoir),
whereas Earth accreted a significant proportion of its mass (~5%) from
materials originating in the outer solar system (carbonaceous (CC)
reservoir) (Dauphas, 2017; Burkhardt et al., 2021; Dauphas et al., 2024;
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Nimmo et al., 2024). Thus, investigating the origins of C-N-H on Earth
and Mars from a comparative planetology perspective can provide
valuable insights into the distribution of volatile reservoirs in the solar
protoplanetary disk and the role of early solar system dynamics in
shaping the volatile inventories of terrestrial planets.

The lack of a third stable isotope for C-N-H limits the ability to
correct for mass-dependent isotope fractionation after accretion, which
is important for determining the isotopic compositions of primordial
materials. Despite this limitation, comparisons of C-N-H isotopic ratios
between cosmochemical and terrestrial reservoirs have provided
important insights. The large variations in N and H isotopes among
cosmochemical reservoirs (e.g., comets, meteorites, and the solar neb-
ula) make them the preferred tool for this analysis (Marty, 2012; Alex-
ander et al., 2012; Halliday, 2013). Due to the inaccessibility of
planetary cores, our understanding of the origin of C-N-H on Earth and
Mars is entirely based on the bulk silicate reservoirs of these planets
(BSE for Earth and BSM for Mars). The general overlap of N and H iso-
topic compositions in the BSE and Martian meteorites with different
groups of meteorites suggests that the C-N-H inventories of terrestrial
planets were predominantly derived from early solar system rocky
bodies, with minimal contributions from nebular or cometary sources
(Mathew and Marti, 2001; Mathew et al., 2003; Mohapatra and Murty,
2003; Marty, 2012; Alexander et al., 2012; Usui et al., 2012; Halliday,
2013; Peslier et al., 2019). Since the BSE is depleted in C-N-H by ~ 2-3
orders of magnitude compared to volatile-rich CI and CM chondrites
(Marty, 2012; Halliday, 2013), even a small contribution from such
chondritic materials during the later stages of Earth’s growth could
explain the present-day C-N-H inventory in the BSE. Accretion of such
volatile-rich materials during the later stages is preferred because
Earth’s accretion likely involved several energetic collisions, which
likely caused multiple episodes of core formation and atmospheric loss
(Rubie et al., 2011; Tucker and Mukhopadhyay, 2014; Schlichting and
Mukhopadhyay, 2018; Sakuraba et al., 2021). The siderophile and
atmophile behavior of C-N-H (Dasgupta et al., 2013; Dalou et al., 2017;
Grewal et al., 2019b, a, 2021b, a; Hakim et al., 2019; Tagawa et al.,
2021; Li et al., 2023; Suer et al., 2023), combined with Ag, Mo, and Zn
isotope systematics (Schonbachler et al., 2010; Budde et al., 2019;
Nimmo et al., 2024), supports the hypothesis that the C-N-H inventory
in the BSE is skewed toward contributions from the later stages of
Earth’s formation (Marty, 2012; Grewal et al., 2019b, 2021b, 2024a;
Alexander, 2022; Tsuno et al., 2024; Grewal and Manilal, 2025). While it
is generally argued that the C-N-H inventory in the BSE primarily
originated from a CC chondrite-like materials (Marty, 2012; Alexander
et al., 2012; Halliday, 2013), the resemblance in N and H isotopic
compositions between several NC chondrites, achondrites, and certain
samples from Earth’s mantle suggests that inner solar system materials,
which contributed ~ 95 % of Earth’s mass, may have played an
important role in shaping the BSE’s C-N-H inventory (Javoy, 1995;
Piani et al., 2020; Grewal et al., 2021c, 2025a). Although the C-N-H
inventory in the BSM is less well-characterized, scarce data from Martian
meteorites suggest that the BSM is even more depleted in C-N-H than
the BSE (McCubbin et al., 2012; Tsuno et al., 2018; Yoshizaki and
McDonough, 2020). However, the limited contribution of CC materials,
combined with Mars’ rapid growth, likely resulted in its accretion from
thermally processed materials. In contrast, Earth, which may have ac-
quired a significant portion of its CC material inventory from more
primitive sources, points towards fundamental differences in the origins
of C-N-H on Earth and Mars.

Recent findings based on nucleosynthetic anomalies in Zn, a
moderately volatile element (MVE), provide valuable insights into the
differences in the origins of C-N-H on Earth and Mars. This is because
both MVEs and C-N-H are concentrated in the CI-like matrix component
of primordial materials sampled by chondrites (Albarede et al., 2013;
Alexander et al., 2018b). For instance, C and Zn are correlated across NC
and CC chondrites, except for the anomalously reduced enstatite chon-
drites which likely formed under distinct nebular conditions (Fig. 1).
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Fig. 1. Carbon versus zinc abundances in meteorites. The plot shows a broad
correlation between C and Zn concentrations across various chondrite groups,
including CI, CM, CR, CV, CO, and ordinary chondrites (H, L, LL), suggesting
that these elements co-occur in similar carrier phases. Notable outliers include
the enstatite chondrites (EH, EL), which are extremely reduced, and the Tagish
Lake chondrite, which has experienced significant aqueous alteration and is
anomalously enriched in carbonates. The dashed lines represents the 95%
confidence interval for the linear regression.

Studies indicate that ~30 % of Zn in the BSE is derived from the CC
reservoir, with the remainder originated from the NC reservoir (Steller
et al., 2022; Savage et al., 2022; Martins et al., 2023). Assuming a CI
chondrite-like Zn concentration as representative of CC materials cor-
responds to a CC mass fraction of ~0.05 for Earth, which aligns closely
with the ~5 % contribution of CC-derived materials inferred from nu-
cleosynthetic anomalies in non-volatile elements (Steller et al., 2022).
Accretion of this mass of CI-like materials can deliver more than the
present-day C-N-H inventory in the BSE. However, the relative contri-
butions of NC and CC materials to the C-N-H inventory in the BSE
cannot be determined with the same level of precision as Zn. This un-
certainty arises from the limited understanding of the bulk N and H
isotopic compositions of Earth’s mantle, which is influenced by large
variations in N and H isotopic compositions within the different mantle
reservoirs and the lack of constraints on the relative N and H inventories
of these reservoirs (Deloule et al., 1991; Cartigny and Marty, 2013;
Loewen et al., 2019). Furthermore, the substantial overlap in N and H
isotopic compositions between NC and CC chondrites complicates ef-
forts to disentangle the contributions of these reservoirs to Earth’s vol-
atile budget. For instance, the N isotopic compositions of Earth’s mantle
overlaps with the negative 5'°N values observed in CV and CO chon-
drites, and NC chondrites and iron meteorites (Grewal et al., 2021c;
Grewal, 2022; Broadley et al., 2022). Similarly, the H isotopic compo-
sitions of CM, CO, and CV overlap with negative 8D values observed in
NC chondrites and Earth’s mantle (Piani et al., 2020). For Mars, isotopic
data for Zn indicates that nearly its entire volatile inventory originated
from the NC reservoir (Paquet et al., 2023; Kleine et al., 2023). This
finding is consistent with nucleosynthetic anomalies in non-volatile el-
ements, which also suggest minimal contributions from CC materials to
Mars (Burkhardt et al., 2021; Dauphas et al., 2024). However, the
overlap in isotopic composition of H (Usui et al., 2012; Peslier et al.,
2019) and N (Mohapatra and Murty, 2003; Deligny et al., 2023) between
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Martian meteorites and carbonaceous chondrites, which may be due to
larger uncertainties in the former, poses a challenging problem given the
near-complete absence of CC-derived materials in Mars’ accretion.

In this study, we examine the C isotopic compositions of planetary
and planetesimal reservoirs, leveraging recent advances in under-
standing of the provenance of NC and CC materials in planetary for-
mation, to shed new light on the origin of C-N-H on Earth and Mars.
Carbon isotopic compositions have been relatively underutilized in
these investigations because, unlike N and H isotopes, the C isotopic
variations in cosmochemical reservoirs are less pronounced. However,
using C isotopes as a proxy provides an important advantage over N and
H isotopes in determining the origin of C-N-H in terrestrial planets.
Unlike N and H isotopic compositions, C isotopic ratios in the BSE and
Martian meteorites show limited variations. This allows the C isotopic
compositions of the BSE and BSM to be better constrained, enabling a
clearer determination of the contributions from NC and CC materials to
their C-N-H inventories.

2. Carbon isotopic composition of BSE and Martian meteorites

Recent estimates suggest that up to 90 % of the C inventory in the
BSE may be stored in the mantle (Marty, 2012; Marty et al., 2020);
however, significantly lower estimates have also been proposed
(Halliday, 2013; Hirschmann, 2018). The most reliable estimate for the
5'3C value of Earth’s MORB mantle (—5%o) comes from the C isotopic
composition of COy gas trapped in vesicles within “popping rocks”,
which are thought to have undergone no degassing (Javoy and Pineau,
1991; Pineau et al., 2004). Peridotitic diamonds also suggest a broadly
similar 8'3C value for the upper mantle (—5%o) (Cartigny et al., 1998;
Cartigny, 2005). Occasionally, lower 5!3C values have been observed in
MORB glasses, volcanic gases, and diamonds (Cartigny et al., 1998;
Deines, 2002; Marty et al., 2013; Aubaud, 2022). In the case of MORB
glasses and volcanic gases, these lighter C isotopic signatures are
attributed to equilibrium isotopic fractionation during degassing and/or
the incorporation of subducted C in the mantle source that is preferen-
tially enriched in organic over inorganic material (Mattey, 1991;
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Aubaud, 2022; Lee et al., 2024). For diamonds, the lower 5'3C values are
thought to result from the incorporation of recycled organic C and/or
isotopic fractionation during diamond formation (Cartigny et al., 1998;
Deines, 2002; Cartigny, 2005). Earth’s surface C, primarily composed of
carbonates (8'°C ~ 0 %o) and biogenic organics (613C ~ —25 %) in a
~4:1 ratio, exhibits a bulk 513C value close to —5 %o (Deines, 2002). This
value is strikingly similar to the canonical !3C of the upper mantle,
which appears to have remained relatively constant throughout
geological history (Deines, 2002).

However, recent studies based on the in-situ C isotope measurements
in COy undersaturated basalt glasses and melt inclusions, using sec-
ondary ion mass spectrometry (SIMS), have challenged the notion that a
5'3C value of —5 %o is representative of the MORB mantle (Moussallam
et al., 2025a, b; Moussallam, 2025). These studies showed that while
samples from Atlantic display 5'3C values similar to the canonical MORB
mantle, those from the Arctic, Indian, and Pacific basins display lower
values, with a mean of —8.4 %.. The authors suggested that this lower
mean value may better represent the global upper mantle §'C signature
outside the Atlantic, whereas the —5 %o value preserved in peridotitic
diamonds may reflect only subcratonic mantle domains. If correct, this
would require a revision of the BSE §'3C estimate to lower values
(Moussallam et al., 2025b). Regardless of whether —5 %o or lower 53¢
values better represent the C isotopic composition of the MORB mantle,
and as an extension the BSE — a question future work should address —
the relatively narrow range of mean 5'3C values in the BSE contrasts
with the wide variability observed in the mantle’s N and H isotopic
compositions. This narrow 8'>C range provides a comparatively strin-
gent constraint for tracing the origin of C in the BSE (Fig. 2).

Estimating the C isotopic composition of the BSM is significantly
more challenging than for the BSE due to the scarcity of Martian rock
samples. While carbonates are present on the Martian surface, their
contribution to the mantle’s C budget is likely minimal (Wright et al.,
1992; Jull et al., 1995). This is because Mars lacked Earth-style plate
tectonics (Sleep, 1994; Breuer and Spohn, 2003), resulting in limited or
no cycling of C between surface and interior reservoirs (Wright et al.,
1990; Grady et al., 2004). Previous studies have focused on meteorites
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Fig. 2. Bulk 5!3C values of carbonaceous chondrites, ordinary chondrites, enstatite chondrites, ureilites, differentiated achondrites (angrites, HEDs, aubrites), and
magmatic iron meteorites (IIIAB, IIIE), compared to Martian meteorites and the canonical BSE estimate. The newly determined mean value of the MORB mantle is
also plotted for comparison. Carbonaceous chondrites exhibit the widest 5!°C range, with elevated values largely attributed to the contribution of *C-rich car-
bonates. Ordinary chondrites and differentiated meteorites, including Martian meteorites, generally show more 'C-depleted values. Data and references are reported

in Table 1 and Supplementary Table 1.
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such as Chassigny (dunite) and shergottites (mafic to ultramafic partial
melts) to constrain the primary magmatic C isotopic signature of the
Martian mantle (Carr et al., 1985; Wright et al., 1990; Grady et al.,
1997a, 2004; Steele et al., 2012). These meteorites are preferred because
they lack secondary carbonates formed through surface aqueous pro-
cesses. Abundance and isotope data of magmatic C in Martian meteorites
have been reported for acid-washed samples (to remove carbonates from
both Martian sources and terrestrial weathering) using stepped com-
bustion mass spectrometry between 600 °C (below which terrestrial
organic contamination is prevalent) and 1000 °C (above which trapped
Martian atmospheric CO> is released) (Wright et al., 1990; Grady et al.,
1997a, 2004). The 8'3C values for all shergottites, including Zagami and
Tissint (witnessed falls), consistently vary between —24 and —16 %o,
irrespective of age or petrogenetic origin (Grady et al., 1997a, 2004;
Steele et al., 2012). Chassigny (a dunite and also a fall) exhibits a 53¢
value of —21 %o (Grady et al., 2004), i.e., within the range of shergot-
tites. Despite relatively large variations in C abundances (~1-100 pg/g)
across Martian meteorites, no correlation exists between C abundance
and 8'3C values (Grady et al., 2004). Collectively, Martian meteorites
exhibit a mean 8'3C value of —20 = 3 %o (95 % c.i.) (Fig. 2, Table 1). This
value is within the same range as buried and metamorphosed organic C
in terrestrial rocks. Although abiotic macromolecular C (amorphous to
poorly ordered graphite) is ubiquitous in Martian meteorites, the asso-
ciation of organic C within magmatic minerals suggests that reduced C
precipitated during magma crystallization and does not represent buried
and metamorphosed organic C (Steele et al., 2012). Thus, unlike Earth’s

Table 1
Carbon abundances and isotopic compositions of planetesimal and planetary
reservoirs.

Sample Mean C Max C Min C 8'%c 95 %
(ng/8) (ng/g) (ng/8) (%0) ci
EH! 1914 2371 270 ~-7.4 1.2
EL! 3205 5094 1617 —2.2 3.6
H? 2538 17,770 100 —-25.0 1.5
L2 2314 9200 500 -23.7 1.9
112 2630 9500 300 -23.9 1.0
Tagish Lake® 37,173 42,500 21,400 10.2 3.2
Tarda* 40,567 41,100 40,000 10.9 0.4
cm® 23,717 40,500 400 -4.3 1.4
CR® 12,989 27,400 10,022 —4.2 1.8
cv? 7286 15,000 750 -17.7 1.6
co3s 6945 12,046 926 -10.7 2.8
CI-Orgueil® 37,200 - - -14.0 2.7
Cl-Ivuna® 35,000 - - 43 -
Cl-Alais® 54,000 - - 4.6 -
Bennu® 45,667 47,000 45,000 2.0 2.5
Ryugu’ 46,300 48,600 44,000 —-0.6 2.0
Ureilites® 14,920 20,600 10,700 -4.1 0.7
IIAB® - - - -21.6 0.9
IE° - - - -19.7 —
Angrites 48 138 2 -22.0 3.2
(plutonic)*®
HEDs!! 14 27 2 —25.2 1.1
Aubrites'? 250 - - —-24.0 -
Martian 19 109 1 -20.3 1.6
meteorites'®
BSE-canonical'* 450 140 -5.0 -
MORB-recent'® — - — -8.4 -

Note: Refer to Table S2 for details of the temperature steps used to estimating the
8!3C values of various meteorite groups.

References: (1) — (Grady et al., 1986); (2) — (Grady et al., 1982, 1989; Vacher
et al., 2020); (3) — (Pearson et al., 2006; Alexander et al., 2012; Vacher et al.,
2020); (4) — (Marrocchi et al., 2021); (5) — (Alexander et al., 2018a); (6) —
(Lauretta et al., 2024); (7) — (Naraoka et al., 2023; Yokoyama et al., 2023); (8) —
(Grady et al., 1985; Russell et al., 1993; Smith et al., 2001; Downes et al., 2015;
Barrat et al., 2017); (9) — (Deines and Wickman, 1975); (10) — (Abernethy et al.,
2013, 2018); (11) — (Grady et al., 1997b; Abernethy et al., 2018); (12) — (Grady
et al., 1986); (13) — (Grady et al., 2004; Steele et al., 2012); (14) — (Deines,
2002); (15) — (Moussallam et al., 2025b).
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mantle xenoliths, the mean 8'3C value of —20 %o in Martian meteorites
originates from C in the Martian mantle, rather than from subducted
organic C.

3. Carbon isotopic compositions of chondrites and achondrites

To place the C isotopic composition of the BSE and Martian mete-
orites into the context of early solar system objects, it is necessary to
examine variations in the isotopic signatures of chondrites and achon-
drites from the NC and CC reservoirs. We focus on carbonaceous chon-
drites (CI, CM, CO, CV, and CR), ordinary chondrites (H, L, and LL),
enstatite chondrites (EH and EL), primitive achondrites (ureilites), mafic
achondrites (angrites, HEDs, and aubrites), and magmatic iron meteor-
ites (IIIAB and IIIE groups). These meteorites, whose isotopic charac-
teristics are well studied, represent a diverse sampling of planetesimal
reservoirs that have experienced varying degrees of parent body pro-
cessing. We acknowledge that the factors influencing these signatures
are likely more complex than the somewhat simplified discussion pre-
sented in this section. Nevertheless, even first-order interpretations can
provide valuable insights into variations among early solar system ob-
jects and their potential contributions to the C inventories of terrestrial
planets. These interpretations, despite their limitations, serve as a
crucial starting point for understanding the origin of C in terrestrial
planets. Data compilation is reported in Table 1 and Table S1, and the
methodology used to collect the data is reported in Table S2.

3.1. Carbonaceous chondrites

Carbon in the carbonaceous chondrites is found in the CI chondrite-
like matrix (Alexander et al., 2012; Alexander et al., 2018b). In the
matrix, carbonaceous organics serve as the primary C carrier (Alexander
etal., 1998, 2017; Glavin et al., 2018), but aqueously altered chondrites
often also contain '*C-rich secondary carbonates (Alexander et al.,
2015). A relatively uniform ratio of interstellar nanodiamonds to
organic material suggests that all carbonaceous chondrites likely
accreted a common organic precursor (Alexander et al.,, 1998). The
organic matter in chondrites can be broadly categorized into soluble
organic matter (SOM), which comprises a complex mixture of com-
pounds such as amino acids and aliphatic and aromatic hydrocarbons,
and insoluble organic matter (IOM), a macromolecular material rich in
polycyclic aromatic hydrocarbons (PAHs) (Alexander et al., 1998, 2017;
Sephton et al., 2000; Glavin et al., 2018). Even in the most primitive
meteorites, SOM concentrations rarely exceed a few hundred parts per
million (Gilmour, 2003). This is likely caused by the loss of labile, 13¢.
rich SOM during low-temperature aqueous alteration (Sephton et al.,
2003; Foustoukos et al., 2021). However, this may also partly represent
analytical limitations as no reliable method currently exists for the
complete extraction of SOM The bulk of the organic component in
carbonaceous chondrites is therefore typically assumed to be made up of
I0M, which has 513C values between — 25 and —5 %o (Sephton et al.,
2003; Alexander et al., 2007).

The bulk §'3C values of the three CI chondrites-Orgueil, Alais, and
Ivuna-range from—14 to—4 %o (Fig. 2, Table 1) (Pearson et al., 2006;
Alexander et al., 2012; Vacher et al., 2020). Samples from CI-like as-
teroids, such as Ryugu and Bennu, exhibit slightly higher §'3C values
(—1%o and 2 %o, respectively) (Naraoka et al., 2023; Yokoyama et al.,
2023; Lauretta et al., 2024). Tagish Lake and Tarda, type C2 ungrouped
carbonaceous chondrites, display distinctly higher 8'3C value of ~
10-11 %o (Pearson et al., 2006; Alexander et al., 2012; Vacher et al.,
2020; Marrocchi et al., 2021). Unheated CM and CR chondrites exhibit
513C values within a similar range (—4 + 1 %o and—4 + 2 %, respec-
tively) (Fig. 2, Table 1) (Pearson et al., 2006; Alexander et al., 2012).
Variations in 8'3C values amongst these chondrites are primarily
controlled by the proportion of bulk C present as carbonates, which
exhibit significantly higher 5!3C values (60-80 %o) compared to the C in
the organic component (Fig. 3) (Alexander et al., 2015). For instance,
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Tagish Lake, with ~ 32 % of its bulk C in the form of carbonates, has a
significantly higher bulk §!3C value than Orgueil, which contains only
~ 3% of its C as carbonates. The '3C-rich nature of carbonates has been
attributed to alteration by fluids derived from accreted 3C-rich CO,-CO-
rich ices similar to those found in comets (Fujiya et al., 2019, 2023). In
contrast, thermally metamorphosed CO and CV chondrites, which lack
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the carbonate component, display distinctly lower bulk §'3C values
(=11 £ 3 %o and—18 =+ 2 %o, respectively) compared to other volatile-
rich carbonaceous chondrites (Fig. 2, Table 1) (Pearson et al., 2006;
Alexander et al., 2012).

3.2. Ordinary chondrites

Ordinary chondrites are classified into three groups (H, L, and LL)
based on variations in Fe content and are thought to originate from at
least three distinct parent bodies (Wasson, 1972). Carbon in ordinary
chondrites is primarily found in C-rich aggregates, which consist of fine-
scale intergrowths of poorly graphitized and amorphous carbon, with
minor contributions from organic species, carbides, elemental carbon
dissolved in metal, and graphite (Grady et al., 1982, 1989; Scott et al.,
1987). The C-rich aggregates were likely the result of thermal processing
that catalyzed the graphitization of carbonaceous material (Scott et al.,
1987; Grady et al., 1989). The similarity in the ratios of interstellar
nanodiamonds to organic carbon between ordinary and carbonaceous
chondrites suggests a common organic precursor (Alexander et al.,
1998). Since most ordinary chondrites classified as “finds™ are affected
by terrestrial contamination or weathering, “falls” have been preferred
to track the bulk C and its compositions in H, L, and LL parent bodies
(Grady et al., 1982, 1989). Carbon content decreases with the degree of
thermal metamorphism, as indicated by petrological type, in unequili-
brated ordinary chondrites (type 3) but does not decrease further in
equilibrated ordinary chondrites with increasing metamorphic grade
(types 4-6) (Fig. 4A). The C isotopic compositions of equilibrated or-
dinary chondrites are relatively '3C-poor and exhibit less variability
compared to the '3C-rich compositions observed in unequilibrated or-
dinary chondrites (Fig. 4B). No straightforward correlation exists be-
tween bulk C content and its isotopic composition (Grady et al., 1989).
Combining the data across all petrologic types, the bulk 8'3C values for
H (=25 + 2 %o), L (—24 + 2 %o), and LL (—24 + 2 %o) are remarkably
consistent and significantly lower than those of the '3C-rich carbona-
ceous chondrites (Fig. 2, Table 1).

3.3. Enstatite chondrites

Carbon in the highly reduced enstatite chondrites, which are
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Fig. 4. (A) Carbon abundances and (B) bulk 8'3C values of ordinary chondrites plotted as a function of petrologic type. (A) Carbon abundance decreases with
increasing thermal metamorphism from type 3 to type 4, but shows no significant decline beyond type 4. (B) Bulk 8'3C values of equilibrated ordinary chondrites
(types 4-6) are exhibit limited variability, in contrast to the more variable 5'>C values observed in unequilibrated type 3 chondrites. Data and references are reported

in Supplementary Table 1.
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subdivided into EH and EL groups based on Fe content, is predominantly
present as graphite, with minor contributions from cohenite as an
accessory phase and organics (Grady et al., 1986; Storz et al., 2021).
Enstatite chondrites are unique among chondrites in that thermal pro-
cessing did not lead to a decrease in their C content (Grady et al., 1986).
This phenomenon is likely linked to their highly reduced nature, where
C, present in refractory forms like graphite, was able to withstand
devolatilization. Graphite in enstatite chondrites typically occurs in two
characteristic assemblages: silicate-associated graphite (SAG) and
metal-associated graphite (MAG) (Storz et al., 2021). MAG graphite is
commonly attributed to C exsolution from taenite during cooling. The
majority of the C in enstatite chondrites is present as SAG, occurring as
graphite laths and blocks, with 5!3C values ranging from—5 to 0 %o
(Storz et al., 2021). These values closely align with the bulk 513C values
of bulk EH (—7 £ 1 %o) and EL (—2 + 4 %) chondrites (Grady et al.,
1986) (Fig. 2, Table 1). Note that similar to ordinary chondrites, the
organic component in enstatite chondrites is thought to have originated
from a common organic precursor shared with carbonaceous chondrites
(Alexander et al., 1998). However, the ®C-rich nature of graphite in
enstatite chondrites relative to bulk 5!3C signature of ordinary chon-
drites suggests either that the organic matter underwent a completely
different processing pathway due to their anomalously reduced char-
acteristics, or that the graphite did not result from the thermal pro-
cessing of organic precursors but instead originated through distinct
nebular processes.

3.4. Angrites, HEDs, aubrites, and iron meteorites

Magmatic C in plutonic angrites ranges from ~ 2 to 140 pg/g. The
813C values of magmatic C in most plutonic angrites are lower than—20
%o, with a mean value of—22 + 3 %o (Fig. 2, Table 1) (Abernethy et al.,
2013, 2018). In contrast, the 513C values of D’Orbigny, a vesicular
angrite, are higher (—17 to—5 %o). The correlated distinctly high §'3C
and 55N values of D’Orbigny relative to other plutonic angrites suggests
that its heavier C isotopic composition results from open-system kinetic
isotopic fractionation during degassing (Abernethy et al., 2013, 2018).
Similar to angrites, HEDs, with magmatic C abundances of ~ 2-27 pg/g,
exhibit distinctly low §!3C values within a range of—30 to—19 %o (Grady
et al., 1997b; Abernethy et al., 2018). No systematic differences in 53¢
values are observed amongst howardites, eucrites, and diogenites which
sample surface materials, basaltic crust, and mantle, respectively, of the
HED parent body (Grady et al., 1997b; Abernethy et al., 2018). The
mean §'3C value of HEDs (—25 =+ 1 %o) is slightly lower than that of
angrites and is similar to ordinary chondrites (Fig. 2, Table 1). As with
angrites, there are no systematic differences between the §!3C values
and C content within HEDs (Grady et al., 1997b; Abernethy et al., 2013,
2018). The §'3C value of Bustee aubrite (—22 %o) falls within a similar
range to that of HEDs and angrites (Grady et al., 1986) (Fig. 2, Table 1).
In contrast to basaltic achondrites, the C isotopic compositions of
magmatic iron meteorites, which sample the metallic cores of the
earliest solar system planetesimals, remain poorly constrained. The bulk
513C values of the taenite phase in two IIIAB irons (Welland = —21 %o
and Joe Wright Mountain = —22 %o) and one IIIE iron (Staunton = —20
%o), all from the NC reservoir, are comparable to the those of angrites,
HEDs, and aubrites (Deines and Wickman, 1975).

3.5. Ureilites

Ureilites contain up to ~ 6-8 wt% C (mean ~ 3.5 wt%), primarily in
the form of graphite and minor amounts of high-pressure allotropes
diamond and lonsdaleite (Grady et al., 1985; Goodrich et al., 1987;
Russell et al., 1993; Smith et al., 2001; Downes et al., 2015; Barrat et al.,
2017). Morphological similarities suggest that highly crystalline
graphite, observed in minimally to moderately shocked samples, is the
primary form of C in all ureilites (Grady et al., 1985; Storz et al., 2021).
Textural relationships in coarse-grained ureilites, such as graphite filling
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interstitial sites between silicates and its close association with metal,
indicate that graphite crystallized from a melt on the ureilite parent
body (Goodrich et al., 1987, 2015). The 513C values of ureilites, pre-
dominantly in the coarse-grained graphite, cluster into two distinct
groups around—8 %o and 0 %o (Barrat et al., 2017). The preservation of a
well-defined relationship between olivine core compositions and §'°C
values suggests that the primary C isotopic compositions remained
largely unaffected during the disruption of the ureilite parent body
(UPB) (Barrat et al., 2017). The mean 513C values of bulk ureilites (-4 +
1 %o) is similar to enstatite chondrites (Fig. 2, Table 1), where graphite is
the primary C-bearing phase, as well as that of graphite component in
IAB irons (Deines and Wickman, 1973) and Winona (Grady and Pil-
linger, 1986), a primitive achondrite. Like enstatite chondrites, origin of
the graphite component in ureilites remains poorly understood.

4. Effect of planetesimal processing on carbon isotopic
compositions of chondrites

As noted in section 3, meteorite groups that sample both NC and CC
reservoirs show substantial variations in their C isotopic compositions.
These variations arise from the types of C-bearing phases present, such
as organics, carbonates, graphite, and magmatic carbon, as well as the
extent of parent body processing they underwent. Carbonaceous or-
ganics, the primary primordial C carrier in most of the chondrites, un-
derwent complex evolutionary stages during parent body processing,
including the degradation of simple organic molecules, polymerization
into complex macromolecules, and/or the graphitization of IOM
(Sephton et al., 2003; Alexander et al., 2007, 2017). In the more prim-
itive carbonaceous chondrites (such as CI, CM, and CR), bulk C isotope
ratios are strongly influenced by secondary carbonates. These carbon-
ates formed during low-temperature aqueous alteration involving '3C-
rich fluids, which likely originated from CO,-CO-rich ices (Alexander
et al., 2015; Fujiya et al., 2019, 2023) (Fig. 3). Variations in their C
isotopic composition may reflect differences in the ratio of '*C-rich CO,-
CO ice to organics matter, potentially linked to the location of their
parent body accretion in the early solar system. In contrast, CO and CV
chondrites, which experienced significant thermal metamorphism, lack
carbonates and consistently display lower 5'3C values (Fig. 2). It is un-
certain whether these lower values reflect the absence of 13C-rich ices at
the time of accretion or the later destruction of pre-existing carbonates
by heating. Whereas ureilites and enstatite chondrites, with crystalline
graphite as the primary C carrier, display 5'3C values similar to those of
carbonate-bearing CI, CM, and CR chondrites but significantly higher
than those of carbonate-free CO, CV, and ordinary chondrites (Fig. 2).
Magmatic C in basaltic achondrites and iron meteorites likely represents
a high-temperature carrier that was present during the final stages of
thermal metamorphism of chondrite-like materials and eventually
participated in igneous processes (Grewal et al., 2021a, 2022a; Grewal,
2022). Given the diversity of the C carriers and the varying degrees of
parent body processing they experienced, it is crucial to explore the C
isotopic composition variations in meteorites within a unified frame-
work of parent body processing. This approach can help establish po-
tential connections between the C isotopic compositions of the BSE,
Martian meteorites, and the early solar system planetesimals sampled by
different meteorite groups.

Thermal evolution of early solar system planetesimals was controlled
by 2°Al, a short-lived radionuclide with a half-life of ~ 0.7 Myr. It was
present in sufficient quantities in the early solar system to cause large-
scale melting and differentiation (Hevey and Sanders, 2006; Sahijpal
et al., 2007). Consequently, the peak temperatures experienced by the
early planetesimals were largely determined by their accretion time-
scales. For instance, the accretion ages of the parent bodies of magmatic
iron meteorites and achondrites, which underwent complete differen-
tiation, are older than those of partially differentiated primitive
achondrites, which, in turn, have older accretion ages than undifferen-
tiated chondrite parent bodies (Sugiura and Fujiya, 2014; Kruijer et al.,
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2014). Iron meteorites and other differentiated achondrites therefore
likely record the final stages of thermal evolution within the interiors of
planetesimals that initially accreted chondritic material (Grewal et al.,
2022a, 2025a, 2025b; Grewal and Asimow, 2023). Among the chondrite
parent bodies, the more thermally metamorphosed enstatite, ordinary,
and CO and CV chondrites exhibit older accretion ages compared to the
more primitive CI, CM, CR, and Tagish Lake chondrites (Sugiura and
Fujiya, 2014). Additionally, spatial variations in the growth zones of
early planetesimals could have led to the accretion of materials with
varying ice-to-rock ratios, resulting in differing exposures to aqueous
alteration (Lichtenberg et al., 2019, Lichtenberg et al., 2021; Grewal
et al., 2024b). For instance, CI and CM chondrites, originating from the
outer regions of the disk, bear evidence for extensive aqueous alteration
on their parent bodies (Brearley, 2006; Alexander et al., 2012). Car-
bonates, which are key products of this alteration, play an important
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role in defining the bulk C isotopic compositions of chondrites that
sample such planetesimals (Fig. 3).

To better understand the influence of parent body processing on the
bulk C isotopic compositions of planetesimal reservoirs, we follow the
approach used in previous studies, tracking variations in C and N
abundances, as well as N isotopic compositions, across chondrites and
achondrites as a function of a common thermal index (Grewal, 2022;
Grewal et al., 2022a, 2025a). The thermal evolution of carbonaceous,
ordinary, and enstatite chondrites can be monitored using their peak
metamorphic temperatures (Tef), inferred through organic thermom-
etry of IOM (Cody et al., 2008). Volatile-rich chondrites such as CI, CM,
CR, and Tagish Lake exhibit peak metamorphic temperatures below
200 °C (Fig. 5). Moderately metamorphosed CO, CV, and type 3 ordinary
chondrites show peak metamorphic temperatures between 200 and
600 °C, while Indarch, an EH4 enstatite chondrite, exhibits a peak
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metamorphic temperature of ~ 950 °C (Cody et al., 2008). Except for
Indarch, these organic thermometry values align well with independent
estimates of peak metamorphic temperatures for chondrites using
petrological and geochemical proxies (indicated by arrows above
Fig. 5A). For instance, type 3 ordinary chondrites reach peak meta-
morphic temperatures between 200 and 600 °C, whereas types 4-6
reach temperatures between 600 and 950 °C (Huss et al., 2006; Mon-
nereau et al., 2013). Type 4 enstatite chondrites exhibit peak meta-
morphic temperatures of 500-650 °C, and types 5-6 range between 600
and 1000 °C. CO and CV chondrites fall within the range of 200-500 °C
and 400-600 °C, respectively (Yesiltas et al., 2021). CI and CM chon-
drites exhibit significantly lower peak temperatures, typically ranging
from 0 to 100 °C (Huss et al., 2006; Guo and Eiler, 2007; Clog et al.,
2024), though some estimates suggest that CM chondrites may have
experienced temperatures as high as 150 °C (Vacher et al., 2019b, a;
Verdier-Paoletti et al., 2019). Meanwhile, ureilites experienced igneous
processing at temperatures of up to 1200-1300 °C (Goodrich et al.,
2015). Angrites, HEDs, aubrites, and magmatic irons sample planetes-
imal reservoirs that likely experienced temperatures as high as
1400-1600 °C due to large-scale melting and core-mantle differentiation
in their parent bodies (Kruijer et al., 2014, 2017; Steenstra et al., 2019).

Based on Tegf, the 5'3C values of Tagish Lake, CI, CM, CR, CO, CV, and
ordinary chondrites show distinct groupings that correspond to their
thermal history (Fig. 5A). At Tegr < 200 °C, Tagish Lake, CI, CM, and CR
chondrites show significant variations in C isotopic compositions, with
813C values ranging from —20 to 12 %o. As discussed earlier, this vari-
ation is primarily controlled by the presence of '3C-rich carbonates
(Fig. 3). CO, CV, and ordinary chondrites, with 200 < Tef < 600 °C,
display 6!3C values within a relatively narrower range of —25 to —14 %s.
The C abundances in these chondrites also follow a similar trend, with
lower bulk C contents observed at higher T (Fig. 5B). Similar trends
have also been observed for N abundances and 5'°N values with Teg,
with both decreasing at higher Teg (Grewal, 2022; Grewal et al., 2022a,
2025a). The similarity in '3C values and C abundances between type 3
ordinary chondrites and CO and CV chondrites suggests that ordinary
chondrites could have accreted organic precursors similar to those in
carbonaceous chondrites. In fact, C-rich aggregates, the primary carrier
of C in ordinary chondrites, are believed to have originated from the
thermal processing of carbonaceous material in the parent bodies of
ordinary chondrites (Scott et al., 1987; Grady et al., 1989; Alexander
et al., 1998). The overall lower mean 8'3C values of ordinary chondrites
compared to CO and CV chondrites can be attributed to inclusion of the
more thermally metamorphosed type 4-6 ordinary chondrites, which
have consistently lower 8'3C values than unequilibrated type 3 ordinary
chondrites (Fig. 4B). Angrites, HEDs, aubrites, and NC iron meteorites
exhibit uniformly low 8'3C values, which fall within the range of C
isotopic compositions of ordinary, CO, and CV chondrites (Fig. 5A).
However, the 8'3C values in graphite-bearing ureilites and enstatite
chondrites, despite their high peak metamorphic temperatures, are
distinctly higher.

What causes the high §'3C values observed in ureilites and enstatite
chondrites, despite their extensive thermal processing? At this stage,
there is no definitive answer to this question. As mentioned earlier,
graphite in meteorites can originate as a product of thermal meta-
morphism of organic matter. On chondrite parent bodies, thermal
metamorphism can cause carbonaceous material to crystallize into
graphite, a process that occurs during the heating of the parent body,
typically at temperatures of ~ 400-800 °C (Scott et al., 1987; Grady
et al., 1989). The similarity in the C isotopic compositions of CO and CV
chondrites, where C is predominantly present in the IOM component,
and ordinary chondrites, where C exists as poorly graphitized carbon,
suggests that graphitization may indeed occur during the thermal
metamorphism of organic matter. However, if the graphite in ureilites
and enstatite chondrites, where it is almost entirely in the crystalline
form, formed through similar processes, their C isotopic compositions
would be expected to follow trends observed in other NC and CC
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meteorites (Fig. 5A). However, they do not. Notably, ureilites are
anomalously C-rich for primitive achondrites, while enstatite chondrites
are also more C-rich compared to other thermally metamorphosed
chondrites (Fig. 5B). The hyperbolic relationship between the C isotopic
composition of graphite in coarse-grained ureilites and olivine compo-
sitions suggests that the UPB accreted from two isotopically distinct C-
rich precursors, which did not fully mix on the UPB (Barrat et al., 2017).
Thus, the C isotopic composition of graphite in ureilites likely reflects a
primordial signature rather than one produced by parent body pro-
cessing. Graphite clasts in ordinary chondrites, although a minor host of
C, display 8'3C values within the range of the graphite component in
ureilites and enstatite chondrites (Storz et al., 2021). Thus, the distinct C
isotopic composition of the graphite component in ureilites and enstatite
chondrites may reflect precursors with formation histories different
from those of the organic precursors. However, we note that this remains
a tentative hypothesis, and additional work is required to better un-
derstand the origin of the C isotopic composition of graphite in ureilites
and enstatite chondrites.

In summary, parent body processing likely played a significant role
in shaping the bulk C isotopic compositions of meteorites. The C isotopic
compositions of Tagish Lake, CI, CM, CR, CO, CV, and ordinary chon-
drites can be attributed to the varying effects of parent body processing
of common C precursors. In Tagish Lake, CI, CM, and CR chondrites,
variations in C isotopic compositions are influenced by the presence of a
13C.rich carbonate component, which can be ~ 60-80 %o heavier than
the organic component. In the more thermally metamorphosed CO, CV,
and ordinary chondrites, C isotopic compositions are dominated by the
organic component, specifically IOM, which becomes progressively 3C-
depleted, particularly in ordinary chondrites as thermal metamorphism
increases from type 3 to types 4-6. Similarly, basaltic achondrites, such
as angrites, HEDs, and aubrites, as well as magmatic iron meteorites,
exhibit '3C-poor compositions. In contrast, ureilites and enstatite
chondrites, where nearly all C is present as crystalline graphite of
currently unknown origins, display ‘3C-enriched compositions, similar
to those of some 3C-rich carbonaceous chondrites.

5. Origin of carbon in BSM and BSE

Although the cause(s) of some intergroup variations in the C isotopic
compositions of meteorites remain debated (Alexander et al., 2007,
2017; Lawrence et al., 2025), the overall range of these variations can be
used to place first-order constraints on the origin of C in terrestrial
planets. Since terrestrial planets are formed from planetesimals —
differentiated and/or undifferentiated — rather than directly from pri-
mordial materials in the disk (Burkhardt et al., 2021; Morbidelli et al.,
2025), a lack of complete understanding of the parent body processes
affecting the evolution of C isotopic compositions in planetesimals
relative to the primordial accreted materials does not necessarily pose a
hindrance. This is true as long as the C isotopic variations observed in
undifferentiated, partially differentiated, and fully differentiated mete-
orites adequately represent the variations in the C isotopic compositions
of the building blocks of terrestrial planets, sourced from both the inner
and outer regions of the disk. While some degree of intra-group vari-
ability in the C isotopic compositions of meteorites, particularly chon-
drites, exists, this variability is smaller than the inter-group differences
in their C isotopic compositions. For instance, although the 8'3C values
of ordinary chondrites (H, L, and LL) vary between—30 and—20 %o based
on their metamorphic scale (Fig. 4B), their mean 813C values are distinct
from those of other chondrite classes (Fig. 2). Therefore, the mean 513C
values of meteorites can serve as a valuable tool for placing first-order
constraints on the origin of C in terrestrial planets.

The mean 5'3C values of NC meteorites fall within a narrow range of
—25 to —20 %o, with the exception of ureilites and enstatite chondrites,
whose 8!3C values resemble those of volatile-rich carbonaceous chon-
drites (Fig. 2). The mean 813C values of ordinary chondrites (H, L, and
LL) overlap with those of several differentiated achondrites that sample
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both silicate (e.g., angrites, HEDs, and aubrites) and metallic reservoirs
(e.g., magmatic iron meteorites). Notably, these values also overlap with
the mean §'3C value of Martian meteorites. Meanwhile, the §'3C value of
the BSE overlaps with those of both NC and CC meteorites. For instance,
the canonical 5'3C value of BSE is nearly identical to that of enstatite
chondrites and ureilites from the NC reservoirs and falls within the range
of relatively primitive CI, CM, and CR chondrites from the CC reservoir
(Fig. 2), although recent studies suggest that BSE §'3C value could be
slightly lower (Moussallam et al., 2025a, b; Moussallam, 2025). At face
value, this suggests that the distinct §!3C values of Martian meteorites
and BSE, combined with their resemblance with different groups of NC
and CC meteorites, may reflect differences in their volatile accretion
histories.

Before exploring the cosmochemical implications of this observation,
an important question must be addressed: do the distinctly lower §'3C
values of Martian meteorites suggest that the bulk 5'°C value of the BSM
is lower than that of the BSE? Or do these values indicate that the
magmatic C measured in Martian meteorites has been influenced by
isotope fractionation during magma degassing or emplacement,
involving volatile loss from a primordial component which had a BSE-
like initial §'3C value? At the oxygen fugacity (fO,) relevant for sher-
gottite petrogenesis (~IW + 1) (Nicklas et al., 2021), CO%‘ is the
dominant C species in silicate melts (Stanley et al., 2011, 2012; Li et al.,
2017). Experimental data and theoretical models have shown that
equilibrium and kinetic C isotope fractionation (A'3CY2P~™€1t) petween
vapor (CO2) and mafic melt (CO3™ ) operate in opposite directions: Al®
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C;gp’me“ is positive, meaning the residual melt is lighter than the vapor

. 1slenns . . . 13 ~vap—melt . :
during equilibrium fractionation, while A™” C ;> " is negative, mak-

ing the residual melt heavier than the vapor during kinetic fractionation
(Javoy et al., 1978; Mattey et al., 1990; Mattey, 1991; Aubaud, 2022;
Lee et al., 2024). Evidence for both equilibrium and kinetic fractionation
of C isotopes exists during the degassing of terrestrial basalts. For
instance, the low 513C values (between —25 and —5 %) observed in the
most C-poor terrestrial basalts have generally been explained by Ray-
leigh fractionation under equilibrium conditions (Aubaud, 2022).
However, recent measurements of C isotopic compositions in volcanic
gases and melt inclusions during the 2021 Fagradalsfjall eruption sug-
gest that kinetic CO, degassing during magma ascent may be more
common than previously thought (Moussallam et al., 2024). The com-
bined systematics of C and noble gas contents of MORBs also indicate a
significant role of kinetic disequilibrium during magma degassing
(Tucker et al., 2018).

If the C isotopic compositions of magmatic C in Martian meteorites
were influenced by kinetic fractionation during degassing, the 5!°C
values of their source, and by extension the Martian mantle, could be
lower than those measured in the meteorites. These lower values,
potentially overlapping with those of '3C-poor type 4-6 ordinary
chondrites, basaltic achondrites, and iron meteorites (Fig. 2), would
further distinguish the 8'3C value of the BSM from that of the BSE.
Conversely, if degassing occurred via Rayleigh fractionation under
equilibrium conditions, the §!3C value of the Martian mantle could be
significantly higher, potentially resembling that of the BSE. However,
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Fig. 6. Modeled §'°C evolution of Martian magmas undergoing equilibrium Rayleigh distillation of dissolved CO as a function of residual C abundance in the melt.

The curve is based on an initial 5'3C value of —5 %o (representative of the BSE) and an experimentally determined A3 ngp’mdt value of + 2.9 %o) (Lee et al., 2024).

The shaded vertical band denotes the estimated solubility limit of C in mafic melts under graphite-saturated conditions at fO, relevant to petrogenesis (~IW + 1). The
mean 5'C value and C content of Martian meteorites are marked with green solid lines for reference. The model shows that even under C solubility limit at graphite
saturated conditions, Rayleigh fractionation under equilibrium conditions from a BSE-like source cannot account for the 5!°C values observed in Martian meteorites,

suggesting a more °C-depleted Martian mantle source.
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the scarcity of C isotope data for Martian basalts, especially in com-
parison to terrestrial basalts, limits our ability to evaluate whether such
equilibrium processes fractionated §'°C values from a BSE-like mantle
source.

Using the mean C abundance in Martian meteorites (~20 pg/g) and
the recently determined experimental value for A3 ngp’m‘*“ of + 2.9 %o
in mafic melts with NBO/T (non-bridging oxygen per tetrahedral cation)
greater than 0.88 (Lee et al., 2024), an undegassed parent magma would
require ~ 4000 pg/g C to generate the observed 8'°C values through
Rayleigh fractionation under equilibrium conditions from a mantle
source with the canonical BSE-like §!°C value of —5 %o (Fig. 6). In
contrast, a lower BSE 8'3C value (—8.4 %) would require a lower parent
magma C content of ~ 1000 pg/g. For C-rich samples like Dhofar 019
and Zagami, the required C content would exceed 1 wt%. All of these
values are higher than the graphite-saturated C solubility limit in silicate
melts (~500-600 pg/g) at the fO, relevant for shergottite petrogenesis
(AW + 1) (Li et al., 2017). Importantly, the graphite-saturated limit de-
fines the maximum possible C content in Martian parent magmas. If the
mantle was graphite-undersaturated, as is more likely, then the C con-
tent would have been even lower (Li et al., 2017). Even at the upper
solubility limit, the required 5'C value of the parent magma would
range from —12 to — 10 %o, which is significantly lower than the ca-
nonical BSE value of —5 %o but closer to the recently proposed MORB
mantle value of —8.4 %.. Coincidentally, this estimate is strikingly
similar to the §'3C value of bulk Mars (—10.5 %o), based on its proposed
building blocks by Dauphas et al. (2024): a mixture of two-thirds
enstatite chondrite-like and one-third ordinary chondrite-like material
(based on nucleosynthetic anomalies) with similar C contents. However,
we caution that this apparent similarity may simply result from the
extreme assumptions of maximum C solubility and equili-
brium-controlled Rayleigh degassing.

While the preceding discussion suggests that Rayleigh fractionation
under equilibrium conditions could significantly lower the §!3C value of
Martian meteorites relative to the mantle source, the scenario relies on
idealized assumptions about C content in parent melts and degassing
efficiency. In contrast, several independent lines of evidence suggest
that degassing processes may not have strongly fractionated C isotopes
in Martian meteorites, and that their §!3C values may more closely
reflect those of the Martian mantle source:

1) The 8'3C values of less degassed Martian shergottites fall within the
range of those more extensively degassed. For instance, Dhofar 019
and Zagami, which have C contents ~ 1-2 orders of magnitude
higher than other Martian meteorites, display 5!3C values that
overlap with the extensively degassed samples (Grady et al., 2004).
Unlike terrestrial basalts, where Rayleigh fractionation under equi-
librium conditions systematically lowers 5'3C values as C content
decreases (Aubaud, 2022), there is no correlation between the C
content and isotopic compositions of Martian meteorites.

The C abundances of three other basaltic meteorites, i.e., angrites,
HEDs, and aubrites, are almost identical to those in Martian mete-
orites (Fig. 2). However, unlike Martian meteorites, these three
groups originate from planetesimal-sized bodies and must have
experienced different degassing histories compared to a planet-sized
body. Notably, the large variability in the fO, of their magma
petrogenesis (aubrites = IW — 6; HEDs = IW — 2; angrites = IW + 1
(Righter et al., 2016)) means that the speciation of C in their
magmas, particularly aubrites and HEDs, would be dominated by
molecular CO and CHy, rather than CO%’ (Yoshioka et al., 2015,
2019; Li et al., 2017; Keppler and Golabek, 2019; Grewal et al., 2020,
2021a). While the A3 Cfe’gp’mdt values for CO and CH,4 degassing are

currently unknown, they could differ significantly — both in

2)

magnitude and direction — from the A3 Cfe’gp’me't of CO2~ degass-
ing. This is because degassing of CO and CH4 from silicate melts,
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unlike that of CO2~, entails a transition from a molecular species in
the silicate melt to a molecular species in vapor (Fine and Stolper,
1985, 1986; Holloway et al., 1992; Yoshioka et al., 2015, 2019). The
remarkable similarity in the C isotopic compositions of angrites,
HEDs, and aubrites to those of Martian meteorites, despite substan-
tial differences in their petrogenesis and degassing histories, suggests
that their C isotopic compositions may reflect the 513C values of their
source mantles.

The bulk C isotopic compositions of NC magmatic irons (IIIAB and
IIIE groups) are almost identical to those of angrites, HEDs, and
aubrites as well as Martian meteorites (Fig. 2). Although equilibrium
C isotope fractionation between metallic and silicate melts remains
unconstrained, theoretical calculations (Horita and Polyakov, 2015)
and comparable experimental data (e.g., C isotope fractionation
between graphite and silicate or metallic melts (Satish-Kumar et al.,
2011; Mizutani et al., 2014), and N isotope fractionation between
metallic and silicate melts (Grewal et al., 2022b)) suggest limited C
isotope fractionation at the high temperatures relevant to core-
mantle differentiation. Unlike basaltic achondrites, the C isotopic
compositions of NC magmatic irons do not reflect any degassing ef-
fects during magma ascent. Therefore, the remarkable similarity in
their isotopic compositions suggests that the C isotopic compositions
of magmatic C in early formed differentiated objects in the inner
solar system likely lay within a narrow range.

3

-

In conclusion, if C isotopic fractionation during degassing was
limited or dominated by kinetic processes, the bulk §'3C value of the
BSM, as inferred from Martian meteorites (<—20 %o), would be signifi-
cantly lower than that of the canonical estimate of the BSE (—5%o). In
this scenario, the similarity in 5'3C values between Martian meteorites
and other differentiated planetary materials, such as angrites, HEDs,
aubrites, and NC magmatic irons, reveals a remarkable consistency in
the C isotopic compositions of igneous reservoirs in early differentiated
inner solar system bodies (Fig. 2). Interestingly, the 8'°C values of or-
dinary chondrites fall within this same range, while those of enstatite
chondrites and ureilites are distinctly higher. The similarity of 5'3C
values in Martian meteorites, basaltic achondrites, and NC irons with
trends defined by Teg (Fig. 5A) suggests that their C likely originated
from a thermally metamorphosed endmember of carbonaceous or-
ganics. This source would be isotopically distinct from the graphite-rich
reservoirs sampled by enstatite chondrites and ureilites. Given that
Mars, like angrites, HEDs, and aubrites, formed exclusively from NC
materials and accreted its MVE inventory from the same reservoir
(Burkhardt et al., 2021; Paquet et al., 2023; Kleine et al., 2023), the
similarity in C isotope composition among these differentiated objects
supports the interpretation that Mars acquired its C from locally sourced
NC materials. In this framework, ordinary chondrites may represent the
undifferentiated counterparts of these materials in C isotope space.

Alternatively, if Martian meteorites experienced extensive Rayleigh
fractionation under equilibrium conditions during degassing, then the
513C value of the BSM would be higher than that recorded in the me-
teorites. However, even under the most extreme scenario — Rayleigh
degassing from a graphite-saturated melt — the §'3C value of the BSM
would be constrained to —12 to —10 %o. This is still lower than the ca-
nonical BSE value of —5 %o but closer to the recently proposed MORB
mantle value of —8.4 %o. In that case, the C isotopic composition of the
BSM could reflect a mixture of '*C-poor and *3C-rich precursors. A ~ 1:2
mixture of ordinary and enstatite chondrite-like materials, consistent
with the compositional building blocks inferred from nucleosynthetic
anomalies in non-volatile elements, could account for the observed 513¢
signature of the BSM.

Meanwhile, the canonical 5'3C value of the BSE is comparable to that
of enstatite chondrites and ureilites from the NC reservoir and volatile-
rich CI, CM, and CR chondrites from the CC reservoir (Fig. 2). This
suggests that the C source in the BSE could derive from either NC or CC
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materials. For the former, the C source would be the thermally stable
graphite component, while for the latter, it would be the matrix
component, which is easily altered. Unlike Mars, nucleosynthetic
anomalies of Zn (a MVE whose abundance correlates with C in carbo-
naceous chondrites; Fig. 1) suggest that Earth accreted ~ 30 % of its Zn
from the CC reservoir (Steller et al., 2022; Savage et al., 2022; Martins
et al., 2023). To reconcile the contribution of Zn with other non-volatile
elements, ~5% of Earth’s CC mass must have been delivered by volatile-
rich CI chondrite-like materials (Steller et al., 2022). Combined with the
isotopic signatures of non-volatile siderophile elements and Pd-Ag
isotope systematics, these materials were most likely delivered during
the final stages of Earth’s accretion (Schonbachler et al., 2010; Nimmo
et al., 2024). Considering the C-depleted nature of the BSE, such late
delivery of CC materials could account for its entire C inventory (Marty,
2012; Halliday, 2013), but would require that some CC-derived C was
either sequestered into the core or lost to space (Grewal et al., 2024a;
Grewal and Manilal, 2025). Importantly, these CC materials are also rich
in N and H. Thus, in addition to supplying C, primitive carbonaceous
materials could have contributed the entire N-H inventory of the BSE
(Marty, 2012; Alexander et al., 2012; Halliday, 2013), although the
superchondritic C/N ratio in the BSE remains a challenging problem to
explain (Marty, 2012; Tucker and Mukhopadhyay, 2014; Hirschmann,
2016; Grewal et al., 2019b; Dasgupta and Grewal, 2019; Marty et al.,
2020; Grewal and Asimow, 202.3). If the C isotopic signature of the BSE
reflects delivery from enstatite chondrite- and ureilite-like materials,
accounting for its H inventory is difficult, as ureilites are extremely H-
poor (Peterson et al., 2023b). Although some recent work has suggested
high H contents in enstatite chondrites (Piani et al., 2020; Thomassin
et al., 2023; Barrett et al., 2025), these findings may still reflect terres-
trial contamination (Peterson et al., 2023a; Ordonez et al., 2024), and
enstatite chondrites might indeed be intrinsically H-poor. This suggests
that the heavier C isotopic composition of the BSE relative to BSM likely
reflects a bias toward the late delivery of volatile-rich carbonaceous
materials. These materials could have been delivered by Moon-sized CC
bodies during the late stages of Earth’s accretion (not to be confused
with “late accretion”) (Dauphas et al., 2024; Nimmo et al., 2024).
However, if the recently proposed lower 5'3C value of the MORB mantle
(—8.4 %o) is representative of the BSE, then 13C-rich CI, CM, and CR
chondrites cannot be its exclusive C source, and an additional '3C-poor
component is required (Fig. 2). Although CV and CO chondrites meet
this criterion, the 1*C-poor contribution was more likely derived from
the NC reservoir, which supplied ~ 95 % of Earth’s mass. Taken
together, our findings suggest that the C inventory of the BSE was
dominated by late-delivered, '3C-rich CC materials. This contrasts with
the NC-derived, *3C-poor inventory of BSM, underscoring how the
different growth histories of Earth and Mars shaped their volatile
budgets.

6. Implications for the carbon isotopic composition of the bulk
Earth

As discussed in the previous section, the canonical C isotopic
composition of the BSE, consistent with its C-depleted inventory, likely
reflects the accretion of relatively primitive carbonaceous materials
during the later stages of Earth’s growth. But what about the C isotopic
signatures of materials accreted during the earlier, more substantial
phases of Earth’s formation? Planet formation models suggest that
Earth’s major building blocks — differentiated planetesimals and plane-
tary embryos — formed rapidly after the solar system’s formation
(Weidenschilling, 2019). Since ~ 95 % of Earth’s mass is NC in
composition, these differentiated bodies must be predominantly made of
NC materials (Dauphas, 2017; Burkhardt et al., 2021; Dauphas et al.,
2024). The striking similarity in the C isotopic composition of Martian
meteorites — sampling a planetary embryo that grew rapidly from locally
sourced NC materials — and angrites, HEDs, aubrites, and magmatic iron
meteorites — sampling early formed NC planetesimals — implies that the
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primary building blocks of Earth may also have exhibited similarly light
C isotopic compositions (5'3C = —25 to —20 %o) (Fig. 2). However, ev-
idence from NC chondrites and primitive achondrites presents a more
complex picture. While ordinary chondrites (H, L, and LL groups)
display 5'3C values (—25 %) similar to other early inner solar system
differentiated objects, enstatite chondrites and ureilites, which contain
graphite as the primary C carrier, show heavier C isotopic values (5'3C
~ — 5 %o). These heavier values overlap with the canonical C isotopic
composition of the BSE.

Nucleosynthetic anomalies in several non-volatile elements suggest
that enstatite chondrites represent the average isotopic composition of
NC materials accreted by Earth (Dauphas, 2017; Dauphas et al., 2024).
Considering the C isotopic compositions of enstatite chondrites and the
BSE, it appears at face value that Earth could have accreted materials
with a 8!3C value of —5 %o throughout its growth. Since minimal frac-
tionation of C isotopes is expected under the high-temperature condi-
tions relevant for core-mantle differentiation, this would suggest that
the 8'3C value of the bulk Earth is also close to —5 %o. However, this
prediction is at odds with the 5'C values observed in Martian meteorites
and other early differentiated NC planetesimals, except for graphite-
bearing ureilites. Previous studies have repeatedly emphasized that
Earth’s isotopic similarity to enstatite chondrites does not necessarily
imply that Earth accreted materials compositionally identical to ensta-
tite chondrites (Dauphas, 2017; Dauphas et al., 2024). This distinction is
particularly important for C, as enstatite chondrites are highly reduced,
and the graphite they contain may have originated through other pro-
cesses, such as nebular condensation in an anomalously reduced envi-
ronment. Although the exact contribution of graphite-bearing enstatite
chondrite- and ureilite-like materials with §'3C values around —5 %o to
Earth’s building blocks cannot currently be quantified, it is highly likely
that relatively '*C-poor differentiated bodies, similar to Mars and other
early differentiated planetesimals, made a significant contribution to
Earth’s growth.

Where is the evidence of such 3C —poor materials in Earth’s rock
record? Observations indicate that the C isotopic compositions of mantle
xenoliths are heterogeneous, ranging from —30 to 0 %o (Cartigny et al.,
1998; Deines, 2002; Cartigny, 2005). Notably, these values show a
bimodal distribution with two prominent peaks: a sharp peak at —5 %o,
thought to represent the primordial C isotopic composition of Earth’s
mantle, and another distinct peak at —25 %o (Deines, 2002). The —25 %o
peak aligns with the C isotopic composition of organic material, sug-
gesting it reflects a subduction signature (Cartigny et al., 1998). This
interpretation posits that carbonates are efficiently released at subduc-
tion zones, while organic material is preferentially subducted (Deines,
2002). Over Earth’s history, the preferential subduction of organic C
may have played a significant role in shaping the bimodal distribution of
C isotopic compositions in the mantle. However, the —25 %o peak in
Earth’s mantle also closely aligns with the C isotopic composition of
early differentiated inner solar system objects and ordinary chondrites.
Whether this alignment is coincidental or reflects a fundamental
connection is an open question. At present, most evidence linking the
light C isotopic signatures in the Earth’s mantle exclusively with sub-
ducted organic C is circumstantial and model dependent. As such, the
possibility that some of the heterogeneity in the mantle C isotopic
composition has a primordial origin cannot be dismissed outright. For
this possibility to be unfounded would require either the efficient
segregation of early accreted lighter C into Earth’s core or its significant
loss during impact events.

Recent studies using in-situ C isotope measurements in CO2 under-
saturated basalt glasses and melt inclusions have revelated that the 5'>C
values of the MORB mantle are heterogenous (—10 to —4 %o)
(Moussallam et al., 2025a, b; Moussallam, 2025). While samples from
Atlantic display 5'3C values similar to the canonical MORB mantle,
those from the Arctic, Indian, and Pacific basins display lower values,
with a mean value of —8.4 %o (Moussallam et al., 2025a, b). These ob-
servations led the authors to propose that this that this heterogeneity
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could reflect subduction process but may also be primordial in nature,
suggesting that the 5'3C values of the BSE may be lower than the ca-
nonical estimate (Moussallam et al., 2025b). Given that Earth accreted
primarily from NC materials during its main growth phase, and that
these materials were likely differentiated and exhibited §'3C values
similar to meteorites that sample early solar system planetesimals and
planetary embryos, it is plausible that the heterogeneity observed in the
MORB mantle’s C isotopic composition is indeed of primordial origin. As
a result, the 8'3C value of the BSE is likely lower than the canonical
value, although the exact value would depend on the sizes and contri-
butions of these heterogenous reservoirs to Earth’s overall mantle C
budget. Noble gas isotopes and variations in N and H isotopic compo-
sitions also provide evidence for the existence of primordial volatile
reservoirs in Earth’s mantle (Cartigny and Marty, 2013; Piani et al.,
2020; Péron et al., 2021).

The lighter C isotopic compositions of NC-differentiated meteorites
also have important implications for the C isotopic composition of
Earth’s core. During Earth’s collisional growth, differentiated plane-
tesimals and planetary embryos, whose cores largely merged with the
proto-Earth’s core without undergoing significant metal-silicate equili-
bration in proto-Earth’s magma ocean (Deguen et al., 2014; Landeau
et al., 2021), contributed substantially to Earth’s mass. Consequently,
the C isotopic composition of Earth’s core should predominantly reflect
the lighter C isotopic signature of these early differentiated bodies.
While some isotopically heavier C may also have partitioned into Earth’s
core, the overall isotopic composition is likely biased toward lighter
values, given that the majority of Earth’s mass originated from these
sources. This accretion history of C suggests that the C in Earth’s core
may be isotopically out of equilibrium with the mantle. Similar to he-
lium (Mundl-Petermeier et al., 2020; Horton et al., 2023) and H (Dottin
etal., 2025), the exsolution of lighter C from Earth’s core during cooling
could release isotopically light C at the core-mantle boundary, which
could also contribute the C isotope heterogeneity in Earth’s mantle.

7. Conclusions

In this study we examined the relationship between the C isotopic
compositions of planetary and planetesimal reservoirs to gain new in-
sights into the origin of volatiles on Earth and Mars from a comparative
planetology perspective. The magmatic C in Martian meteorites exhibits
a distinctly lower mean 513C value (—20 %o) compared to the canonical
BSE estimate (—5%o). Several meteorites sampling the silicate and
metallic reservoirs of early differentiated NC planetesimals, including
angrites, HEDs, aubrites, and magmatic irons, also display 5'3C values
overlapping with those of Martian meteorites. The C isotopic composi-
tions of ordinary chondrites fall within a comparable range. Among
carbonaceous chondrites, the 5'3C values of relatively primitive CI, CM,
and CR chondrites overlap with that of the BSE. Crystalline graphite-
bearing enstatite chondrites and ureilites, both from the NC reservoir,
also exhibit 8'3C values that align with the C isotopic composition of the
BSE. A shared correlation between §'3C values and the peak tempera-
tures of CC chondrites and several NC meteorites, including ordinary
chondrites, basaltic achondrites, and irons, suggests that variations in
their C isotopic compositions are primarily driven by the effects of
parent body processing on common precursors. The distinct 13C-rich
composition of graphite-bearing enstatite chondrites and ureilites,
despite their exposure to high peak temperatures, may stem from pre-
cursors that formed through distinct mechanisms.

If Martian magmas experienced minimal C isotopic degassing or
degassed under kinetic (non-equilibrium) conditions, then the s8¢
value of the Martian mantle likely reflects accretion from thermally
processed undifferentiated (ordinary chondrite-like) and differentiated
NC materials. Conversely, if significant degassing occurred via Rayleigh
fractionation under equilibrium conditions, the Martian mantle would
have a higher 513C value (=12 to —10 %o) than observed in Martian
meteorites — though still lower than the canonical BSE estimate —
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implying an additional contribution from '3C-enriched sources from the
NC reservoir, such as enstatite chondrite-like materials. While the ca-
nonical C isotopic composition of the BSE overlaps with those of
enstatite chondrites and ureilites, the late delivery of volatile-rich CC
materials during the main phase of Earth’s accretion likely biased the
BSE’s C isotopic composition towards a CC-like signature. However, a
lower mean 8'3C value of —8.4 %o of the MORB mantle, as proposed by
recent studies, could mean that Earth’s mantle still preserves the
signature of '3C-poor, thermally processed NC materials accreted during
the early stages of the planet’s growth. The observed heterogeneity in
mantle C isotopic compositions, similar to that seen in H and N isotopes,
could therefore reflect a mixed contribution from both NC and CC ma-
terials. This suggests that the 3'3C value of the BSE could be lower than
the canonical estimate and may align more closely with the proposed
value for the MORB mantle.
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