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Earth’s carbon budget. Canonical estimates place upper mantle §'3C between —4 and
—6 %o, but recent measurements suggest inter-ocean basin heterogeneity of several
per mille. We test this hypothesis using high precision secondary ion mass spectrom-
etry on olivine hosted melt inclusions from two contrasting settings: mid-ocean ridge
basalts from the East Pacific Rise and plume influenced basalts from Iceland’s
Northern Volcanic Zone. Both melt inclusion suites yield indistinguishable §'*C com-
positions despite sampling the upper mantle in different tectonic environments. We

propose the convecting upper mantle §3C = —3.6 + 0.2 %o (95 % confidence interval;

CI), with source heterogeneity present at +0.8 %o (10). Use of this new §'3C value
changes the global carbon mass balance and yields a fractional organic carbon burial of 13.7+3% % (68 % CI), resolving previous
discrepancies between isotopic and sedimentary inventory based estimates. Our results have implications for the deep carbon
cycle, reducing the need to invoke large carbonate contributions to arc emissions and refining estimates of recycled organic car-
bon in mantle-derived reservoirs such as diamonds, carbonatites and kimberlites.
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¥ Introduction

The carbon isotope (§**C) composition of the convecting upper
mantle underpins models of core formation, volatile cycles, and
bulk silicate Earth (BSE) composition, with implications for car-
bon budgets and climate (Kump and Arthur, 1999; Wood et al.,
2013; Horita and Polyakov, 2015). These calculations rely on
indirect proxies sampling distinct mantle reservoirs: peridotitic
diamonds (—=4.9 + 1.9 %o; Stachel et al., 2022) are a metasomatic
phase (Cartigny et al., 2014); mantle xenoliths (=5 %o; Deines,
2002) reflect the lithospheric, not convecting, mantle; and carbo-
natites (=4.2+2.1 %o; Moussallam, 2025) record localised
heterogeneities rather than typical upper mantle compositions.
Direct measurements from un-degassed MORB glasses, such as
Mid-Atlantic Ridge (MAR) ‘popping rocks” (~—4 %o; Javoy and
Pineau, 1991; Pineau et al., 2004; Bekaert et al., 2024), provide
valuable constraints but depend on accurate accounting for
CO,-rich bubble accumulation, which can decouple bulk carbon
isotope compositions from the original melt.

Recent advances in secondary ion mass spectrometry
(SIMS) now enable routine 8'3C measurement of olivine hosted
melt inclusions, providing direct access to mantle carbon isotope
compositions (Lee ef al, 2024a; Shea et al, 2025). These
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inclusions better preserve pre-degassed §'*C than low pressure
quenched glasses, where equilibrium degassing enriches
residual melts in '?C as 13C partitions into the vapour phase
(Javoy et al., 1978; Mattey et al., 1990; Lee et al., 2024b). Initial
applications to natural samples challenge the notion of a homog-
enous mantle §3C. Moussallam et al. (2025b) reported Pacific
upper mantle values (§'°C = —8.4 + 1.1 %o, 10) markedly lower
than Atlantic values (—3.9+0.4 %o, 1o), yet consistent with
Southwest Indian Ridge measurements (—7.5 +1.4 %o, 2 s.e.;
Moussallam et al, 2025a). Fagradalsfjall melt inclusions
(—6.5 2.5 %o) likewise suggest heterogenous mantle carbon,
with local variation (—4 and —9 %o) implying organic carbon con-
tributions in the Iceland plume (Moussallam et al., 2024). These
measurements indicate significant mantle heterogeneity and an
average 813C lower than the canonical =5 %o (Deines, 2002;
Stachel et al., 2022).

Previous work has argued that large inter-basin §°C
heterogeneity may reflect mantle structure, with Pacific subduc-
tion zones introducing isotopically light recycled carbon, Atlantic
ridges sampling less contaminated mantle, and the Iceland
plume carrying variable organic inputs. However, these inter-
pretations rest on small sample data sets (five inclusions for a
single location; Moussallam et al., 2025b), and limited CO,
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concentrations (<250 pg g‘1 CO,; Moussallam et al., 2025b). One
concern is that this previous work may have captured degassing
related fractionation rather than primary mantle §3C.

We test the null hypothesis that the convecting upper
mantle is homogeneous in carbon isotope composition. Using
the SIMS protocol of Shea et al. (2025), we obtained 85 §'*C mea-
surements on melt inclusions (1 = 73), embayments (n = 6) and
matrix glasses (n=6) from the Siqueiros Transform Fault (East
Pacific Rise, EPR) and Borgarhraun (Iceland). Siqueiros repre-
sents the primitive end member of the EPR D-MORB (depleted),
with minimal fractionation or mixing, whereas Borgarhraun
tephra reflect primitive melts from the North Atlantic spreading
ridge influenced by the Iceland plume. Their un-degassed melt
inclusions define the canonical CO,/Ba ratio of 100 + 50 for the
convecting mantle (Le Voyer ef al, 2017; Hauri et al., 2018;
Hirschmann, 2018), underpinning global estimates of mantle
carbon content and surface flux via melting and degassing
(Pacific: Saal et al., 2002; Atlantic: Hauri et al., 2018). Together,
these sites can be used to test the Pacific-Atlantic dichotomy
in ridge and plume settings. Our samples span 6.38-1678 pg g~
CO; and include both mantle-like and degassed CO,/Ba ratios,
allowing independent recognition of degassing modification.
We compare melt inclusion results to erupted MORB
glass measurements from both the EPR and MAR. Analytical
and modelling details are provided in the Supplementary
Information.

¥ Results and Discussion

Testing for carbon degassing. CO,-Ba systematics (Fig. 1) show
that despite contrasting petrogenetic histories, which do not bias
813C (see SI), Borgarhraun and Siqueiros melt inclusions pre-
serve near-primary volatile compositions, making them ideal
for constraining upper mantle §'*C. Inclusions and embayments
from both locations have CO, concentrations of 36.3-1678 pg g™
and plot along the mantle reference trend (CO,/Ba=100+
50), indicating minimal pre-entrapment degassing. Carbon
undersaturated MORB glasses overlap this trend, confirming
it as characteristic of un-degassed spreading ridge melts

(Le Voyer et al, 2017; Hirschmann, 2018; Hauri et al., 2018).
Most carbon saturated MORB and Icelandic glasses fall to lower
CO,/Ba, reflecting degassing.

Melt inclusion CO, concentrations decrease systemati-
cally toward matrix glasses (Fig. 2), reflecting progressive volatile
loss during ascent and eruption. Borgarhraun matrix glasses
show extensive degassing (<10 ug g~' CO,), typical of subaerial
Icelandic lavas (Barry et al., 2014). The most degassed glasses,
from Borgarhraun, record the most negative §'°C values
observed in basalts, indicating extreme isotopic fractionation
of >99.9 % COs loss (Fig. 2). In contrast, submarine Siqueiros
matrix glasses overlap with melt inclusion compositions (Saal
et al., 2002), showing they retained volatiles upon eruption.
The agreement between melt inclusions and primary CO,/Ba
ratios confirms that our §'*C data represent upper mantle, not
degassing-modified, compositions.

We screened all samples for degassing using statistical
outliers and degassing models to ensure §°C measurements
reflect primary compositions. Weighted mean §'3C from all melt
inclusions embayment at both sites is =3.7 + 1.6 %o (10), repre-
senting an initial estimate of mantle §*C. Samples with z-scores
>3 s.d. were flagged as degassed (red diamonds in Fig. 2). This
identified two Borgarhraun and one Siqueiros outlier (<5 % of
total data set). Their §'3C values (range: —7.56 to —8.50 %o)
are systematically lower and contain intermediate CO, concen-
trations that align with partial open system equilibrium degass-
ing trajectories (Fig. 2), confirming partial carbon loss; these were
excluded. Siqueiros matrix glasses and Borgarhraun embay-
ments show §'*C-CO, consistent with melt inclusions, repre-
senting the final pre-eruptive magma recharge, and are
retained as primary values.

Carbon isotope homogeneity across ocean basins.
Following filtering of degassed melt inclusions, Borgarhraun
samples yield a weighted mean §°C=-3.52+0.12 %o (n=
47), while Siqueiros samples yield §°C = —3.66 + 0.22 %o (n=
31). Although these means differ by 0.14 %o, this offset is smaller
than the standard error of the difference (~0.25 %o), indicating
statistical indistinguishability. The 95 % confidence intervals
(Borgarhraun, —3.76 to —3.28 %o; Siqueiros, —4.10 to —3.22 %o)
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Figure 1 Test for carbon saturation using CO, versus Ba. Carbon undersaturated melts define CO,/Ba = 100 + 50, consistent with undersa-
turated mantle values prior to degassing. Borgarhraun and Siqueiros melt inclusions and embayments plot within this range, overlapping
carbon undersaturated MORB, whereas carbon saturated MORB define higher CO,/Ba. Siqueiros matrix glasses plot within mantle values;
however, Borgarhraun matrix glasses show significant degassing, consistent with other Icelandic glasses that plot at lower CO, for a given Ba.
Additional MORB glasses from Moussallam et al. (2025b) and Icelandic literature data (Barry et al., 2014; Marshall et al., 2024) are shown for

comparison.
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Figure 2 Testing for degassed compositions in Borgarhraun (left) and Siqueiros (right). Melt inclusions (circles), embayments (squares), and
matrix glass (triangles) are shown; red diamonds indicate degassed outliers (|z| > 3; see Sl). Closed and open system degassing curves (brown,
purple) use a fractionation factor of +-2.9 %o (Lee et al., 2024a) and initial mantle 6'3C of —3.7 + 1.6 %o (black line, blue shading), with initial
CO, from the highest melt inclusion concentrations. Black diamonds show Siqueiros melt inclusion data from Moussallam et al. (2025b).

Uncertainties are 10.

show substantial overlap, with a common range spanning
0.54 %o. This overlap encompasses most of both uncertainty
ranges, confirming that any apparent difference between the
locations reflects analytical uncertainty rather than genuine
source heterogeneity.

Inverse variance weighting of both data sets yields a com-
bined constraint of §'*C = —3.6 + 0.2 %o (95 % CI, n="78; Fig. 3;
see SI for further details). This analysis yields the most precise
estimate of the carbon isotopic composition of the upper mantle
yet obtained. The weighting favours Borgarhraun (76 %) due to

its superior individual-sample measurement precision, but both
locations contribute meaningfully to the final constraint.

Mantle source heterogeneity. Un-degassed melt inclusions
reveal significant over dispersion beyond analytical uncertain-
ties: z-score standard deviations are o,=1.40 (95 % CI; 1.10-
1.8) for Borgarhraun, and o,=1.05 (95 % CL 0.83-1.4) for
Siqueiros. Combined data yield 0,=1.26 (95 % CI; 1.10-1.5),
indicating excess variance relative to analytical uncertainty.
Over dispersion (o, > 1) indicates isotopic heterogeneity within
mantle sources. Individual melt batches captured by melt
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Figure3 §'3C (%0 VPDB) versus CO, (ug g~") for un-degassed, olivine hosted melt inclusions and new glass measurements from the Atlantic
and Pacific compared to literature data from Moussallam et al. (2025b). The solid black line shows the preferred convecting upper mantle
value (-3.6 %o), with shaded bands showing the 95 % confidence interval (+0.2 %o; grey), intrinsic mantle heterogeneity
(Theterogeneity = = 0.8 %o; blue), and expected observed scatter including analytical uncertainty (0¢ota) = + 1.3 %o; teal). Degassing curves show
equilibrium closed and open system fractionation trajectories. The right panel shows the §'3C distribution of un-degassed melt inclusions
with Gaussian curves illustrating analytical, heterogeneity, and total variance components. Uncertainty bars are 10.
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inclusions and embayments preserve isotopically distinct mantle
signatures that are otherwise homogenised during substantial
mixing in the magma chamber. Variance decomposition quanti-
fies this natural mantle heterogeneity at 0.8 %o (1o; SI). Melt
inclusions sample melts that have undergone partial mixing dur-
ing melt transport and storage, which reduces compositional
variance. Therefore, this value likely represents a minimum esti-
mate of intrinsic variability in the convecting mantle.

The coexistence of a consistent mean §"*C with local scale
heterogeneity reflects mantle convection dynamics: sufficiently
vigorous for mingling of mantle sources, yet incomplete enough
to preserve short length-scale isotopic variability. The upper
mantle is stirred, but not mixed, by diffusive homogenisation,
so preserves isotopic heterogeneity inherent to melting domains
within a larger homogenous mantle that maintains long length-
scale bulk compositions. We recommend §'3C = —3.6 + 0.2 %o
(95 % CI) as the convecting upper mantle mean, with 0.8 %o
(1o) natural heterogeneity.

Our proposed 8'3C value is supported by measurements
of additional MORB glasses: a Pacific glass (East Pacific Rise,
ALV981-R23; Shea et al., 2025) and three MAR glasses reported
here (CH98-DR02, CH98-DR12 and CH98-DR17). Two MAR
glasses erupted at depth (4185 and 4300 m) and overlap with
the mantle heterogeneity range of our convecting upper mantle
value. In contrast, a third MAR glass contains a low CO, (76.8 ug
g~1 CO,) and lower 8'3C (—6.8 + 0.8 %o), consistent with exten-
sive equilibrium degassing associated with its shallower eruption
depth (1800 m). Similarly, the MORB glass data set of
Moussallam ef al. (2025b) spans the mantle heterogeneity range
at higher CO, concentrations but includes many samples with
lower 813C and CO,, consistent with degassing of MORB melts
during ascent rather than reflecting primary mantle composi-
tion (Fig. 3).

Previously reported MORB glasses (Moussallam et al.,
2025a) include many degassed samples that, if treated as pri-
mary, bias mantle 813C estimates toward lower values. In con-
trast, our constraint (—-3.6+0.2 %o) closely matches the
pristine ‘popping rock” MORB glass (—3.36 %o; Bekaert et al.,
2024). While indirect proxies such as peridotitic diamonds
(-4.9 £ 1.9 %o), mantle xenoliths (~—5 %o), and carbonatites
(4.2 £ 2.1 %o) span broad and poorly constrained ranges that
partly overlap our estimate; they sample distinct mantle reser-
voirs rather than the convecting upper mantle accessed by
spreading ridge magmatism.

Basis for broad 8'3C homogeneity in the convecting upper
mantle. Isotopic uniformity across spreading ridges reflects effi-
cient mantle convection operating on time scales (10°~107 years;
Coltice and Schmalzl, 2006) shorter than carbon’s mantle resi-
dence time (>1 Gyr to ~4.6 Gyr; Dasgupta and Hirschmann,
2010), ensuring effective homogenisation of isotope hetero-
geneities from subduction zones. Carbon’s chemical behaviour
further facilitates homogenisation; it depresses the mantle sol-
idus, has strong incompatibility, and shows high silicate melt
solubility, promoting redistribution and mixing by incipient melt-
ing across large mantle volumes (Green and Wallace, 1988; Ni
and Keppler, 2013; Rosenthal et al., 2015). At depth, redox melt-
ing during decompression driven breakdown of carbon-bearing
phases creates carbonatite melts that remain mobile even at very
low melt fractions (<1 wt. %; Rohrbach and Schmidt, 2011;
Minarik and Watson, 1995). This property of carbonate melts
facilitates efficient isotopic equilibrium. Carbon’s long residence
time and its chemical behaviour promotes homogenisation of
long length-scale variation in the convecting upper mantle.

Carbon cycle implications. Our constraint on the con-
vecting upper mantle §'3C (=3.6 + 0.2 %o) represents a ~1.3 %o

Q)EAS

shift toward more positive values from widely used canonical
estimates of —4 to —6 %o, with broad implications for carbon
cycling between Earth’s reservoirs. This heavier mantle carbon
composition requires revision of BSE carbon budgets and affects
global mass balance calculations, from subduction input to vol-
canic output fluxes, which anchor carbon atmospheric fluxes.
Incorporating natural mantle heterogeneity (0.8 %o, 10), a pop-
ulation mean primary magmatic §'3C value lower than —4.4 %o
(mean minus 1o natural heterogeneity) likely indicates recycled
contributions, shifting the threshold for recycled carbon input
from —6 %o to —4.4 %o.

The mean §*C of melt inclusions from mantle derived
melts should scatter within the 0.8 %o inherent heterogeneity
of the —3.6 %o mantle mean, providing a baseline for distin-
guishing primary melt compositions, potentially degassed mag-
mas, or contributions from recycled carbon components. Using
previously established —4.9 # 1.9 %o mantle estimates from dia-
monds, 69 % of diamonds were classified as sampling solely
mantle derived carbon (Cartigny et al, 2014; Stachel et al.,
2022). Within the framework of this mass balance, our constraint
suggests instead that most diamonds are consistent with contri-
butions from 13C-depleted recycled organic carbon: peridotitic
diamonds (average 8" C=-4.9+1.9 %o) reflect convecting
mantle carbon with minor recycled contributions, whereas
asthenospheric and transition zone diamonds (—9.4 + 6.7 %o)
and lower mantle diamonds (—14.5 + 7.2 %) record recycled
organic carbon subducted into Earth’s deep interior (Stachel
et al., 2022). This either reflects a strong bias in the sampling
of sub-lithospheric diamonds, a more carbon-poor deep
Earth, or diamond formation being internalised within deeply
subducted slabs and therefore low mantle carbon contributions.
Many carbonatites (§'3C = —4.2 + 2.1 %o; Moussallam, 2025) are
consistent with melting of the convecting mantle. Kimberlites
and associated melts span a wide §"3C (range —1.2 to —10.8 %o,
average —5.2 + 1.2 %o, 1o; Giuliani ef al., 2025), most consistent
with melting of the convecting mantle followed by degassing
rather than by melting a mantle source modified by organic or
crustal carbonate assimilation (Fig. S-3).

Our revised mantle §'3C value enables more accurate
quantification of volcanic degassing and volatile fluxes. Mason
et al. (2017) attributed elevated volcanic arc gas §°C values
(—3.8 to —4.6 %o) in comparison to a MORB source (—6.0 %o)
to crustal carbonate assimilation. Our baseline, however, sug-
gests these gas values fall within the range of intrinsic mantle
heterogeneity, removing the requirement for widespread incor-
poration of 1*C-enriched recycled carbonate or crustal carbonate
assimilation in petrogenetic models.

Global carbon cycle mass balance depends on the fraction
of organic carbon buried in the solid Earth (f,,,,). We estimatef .
using Monte Carlo uncertainty propagation of the standard two
end member carbon isotope mass balance (e.g., Derry, 2014):

813Cin = 8" Corgf org + 8™ Cearn (1 = forg),

where §'°C;, is the mantle input composition, and §°C,,, and
813C_,y, are the organic and carbonate end members. Using our
revised mantle value (§°Cj,=-3.6 + 0.2%0), we obtain
forg =13.7533 % (68 % CL see SI). This aligns with sedimentary
estimates (10-17 %; Derry, 2014) and overlaps, but is lower than,
estimates derived from high temperature volcanic gas emissions
(15.2 to 18.4 %; Mason et al., 2017).

Previous isotope based estimates of f ,=19-34%
assumed mantle carbon isotope compositions of =5 to —6 %o
using an equivalent mass balance approach (Derry, 2014).
Applying the same Monte Carlo framework, using an earlier
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mantle value (—4.9 + 1.9 %o; Stachel et al., 2022) reproduces sim-
ilarly elevated burial fractions (Figs. S-5, S-6), demonstrating
that the discrepancy arises directly from the assumed mantle iso-
tope composition and its uncertainty. The heavier mantle value
determined here resolves this inconsistency and establishes a
revised baseline for global carbon cycle mass balance. A lower
[ org Teduces the requirement for long term organic carbon burial
to balance mantle degassing via volcanism, providing tighter clo-
sure on organic burial in Earth’s long term carbon cycle.

! Conclusions

We establish §'%C = —3.6 + 0.2 %o as the convecting upper man-
tle carbon isotope composition, an order of magnitude improve-
ment in precision over previous estimates. This value derives
from olivine hosted melt inclusions from distinct spreading
ridges: Pacific MORB (Siqueiros Transform Fault) and plume
influenced North Atlantic basalts (Borgarhraun, Iceland).
Statistical equivalence between these sites (=3.5+0.1 %o and
—3.7+0.2 %o), despite ~7000 km separation and contrasting
geodynamic settings, indicates large scale isotopic uniformity
in bulk mantle, while preserving natural source heterogeneity
(0.8 %o, 10) at the melt region scale. Apparent mantle §*C
heterogeneity in earlier work reflects volatile loss, where CO,-
depleted samples yield systematically lower §'3C values follow-
ing degassing trajectories. Such degassed samples artificially bias
estimates of mean mantle composition and heterogeneity.

Our revised §'3C value reframes global carbon cycling.
This ~1.3 %o shift toward more positive values relative to
widely used estimates redefines the recycled carbon threshold
to —4.4 %o, indicating many peridotitic diamonds previously
considered mantle derived may contain recycled organic carbon.
This baseline also removes the need for substantial crustal car-
bonate assimilation in volcanic arc gases. Monte Carlo mass bal-
ance gives fo, =13.7537 % (68 % CI), consistent with
sedimentary inventories (1017 %) rather than isotopic calcula-
tions (19-34 %; Derry, 2014). This value refines end member
compositions for global carbon flux models and improves con-
straints on natural carbon cycle baselines.
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