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Sulfide segregation plays an important role in redistributing chalcophile
elements during planetary differentiation, yet its efficiency on Mars remains
poorly constrained. Here, we report the Cu isotopic evidence for planetary-
scale sulfide segregation during martian differentiation. We find that the bulk
silicate Mars exhibits a measurable enrichment in isotopically heavy Cu
(6%Cugsma =—0.03 + 0.08%., 2 SD) compared with its chondritic precursors
(8%°Cu =-0.30 + 0.09%.). This isotopic offset cannot be explained by magma
ocean devolatilization alone and instead requires preferential incorporation of
isotopically light Cu into the core via sulfide segregation. A two-stage core
formation model, constrained by established martian building blocks, yields
an upper limit for mantle sulfur (400-443 pg/g) with corresponding copper
(6-8 pg/g) abundances. These values are consistent with previous estimates
for a sulfur-poor martian mantle, as such a mantle facilitates the generation of
S-undersaturated melts. Our model further supports a sulfur-rich martian core
(-16.1wt.% S and ~354 pg/g Cu). These findings identify sulfide segregation as a

key control on Cu isotopic compositions and chalcophile element budgets
during planetary differentiation, providing constraints on Mars’ early

evolution.

A significant unresolved constraint on martian planetary differentia-
tion is the efficiency of sulfide segregation. This process fundamentally
controls martian chalcophile element budgets, such as sulfur (S) and
copper (Cu). However, we currently lack robust constraints on sulfide
segregation during martian differentiation derived from martian
samples. Although evidence from silver (Ag) partitioning systematics
in high-pressure experiments suggests limited sulfide segregation on
Mars!, this inference requires robust validation. Copper isotopes
(8%Cu) provide a powerful tracer to address this knowledge gap.
Specifically, sulfide-silicate partitioning induces significant equili-
brium Cu isotopic fractionation, as Ni-poor sulfides preferentially

incorporate isotopically light Cu®’. This significant fractionation con-
trasts with the minimal fractionation (A®Cupmetarsiticate about +0.1%o to
+0.2%0>°) characteristic of high-temperature metal-silicate equilibra-
tion associated with core formation. Therefore, §*°Cu serves as a highly
diagnostic indicator of sulfide-dominated processes.

Current constraints on the Cu isotopic composition of bulk sili-
cate Mars (BSMa) remain limited. Existing constraints on martian §%°Cu
rely on a single measurement (6%°Cu =-0.15%o for a shergottite melt
glass*), which is insufficient to represent the BSMa. Therefore, deter-
mining the BSMa 8%Cu will allow comparative planetology to assess
whether martian differentiation proceeded similarly to that of Earth
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Table 1| Copper isotopic compositions of the measured
samples and geological reference materials

Group Subtype Name 8%°Cu 2SD N"
(%o) (%0)°
Shergottite Basaltic NWA 12269 -0.01 0.05 3
NWA 12594 0.02 0.05
NWA 12594 0.01 0.05 3]
repeat
NWA 2975 0.12 0.05 3
NWA 8657 -0.07 0.05 3
Zagami -1.19 0.06 3
Zagamichip2  -1.00 0.06 3
NWA 12564 0.01 0.05 3
NWA 12564 0.04 0.05 3
chip 2
NWA 12564 0.05 0.05 3
chip 2 repeat
NWA 13327 -0.07 0.05 3
Swayyah 002 -0.08 0.05 3
Swayyah 002 -0.05 0.05 3
repeat
Gabbroic NWA 6963 0.63 0.06 8
NWA 6963 0.49 0.06 3
chip 2
Olivine- NWA 1068 -0.12 0.05 3
phyric
Poikilitic NWA 7397 -0.29 0.06 3
NWA 13276 0.00 0.05 3
NWA 13276 0.02 0.06 3
chip 2°
NWA 13367 -0.03 0.05 3
NWA 13367 -0.04 0.05 3
chip 2
Nakhlite Augite- Qued -0.06 0.05 3
olivine-rich Mya 005
Qued Mya -0.15 0.06 3
005 chip 2
NWA 10645 -0.44 0.06 3
Reference Basalt BHVO-2 0.06 0.05 3
it 0.03 0.06 3
0.07° 0.06 -
0.08° 0.05 -
0.10¢ 0.05 -
0.12° 0.02° -
BIR-Ta 0.02 0.05 3
0.02f 0.04 -
0.02¢ 0.06° -
Peridotite JP1 0.06 0.05 3
0.03 0.05 -
*Weathered exterior of NWA 13276 chip 1, excluded from the average.
®Day et al.”.
°Ni et al.”.

9Huang et al.”.

*Moynier et al.®, uncertainty is expressed as 2 SE (twice the standard error).

fLiu et al.®.

9Uncertainties for measured samples are reported as 2 SD (twice the standard deviation of
standard solution analyses during an analytical session).

"Number of measurements per sample solution.

and the Moon, or whether it followed a distinct pathway. Insights from
the isotopic signatures of Earth and the Moon underscore this
importance. Published data indicate that the bulk silicate Earth (BSE)
exhibits 6%°Cu values of +0.07 + 0.10%.” and +0.06 + 0.20%.’, which are

indistinguishable within uncertainties. These values are constrained
through analyses of diverse terrestrial igneous suites, including mid-
ocean ridge basalts (MORBs), ocean island basalts (OIBs), komatiites,
and peridotites>. Herein, we adopt the §%Cu value of +0.07 + 0.10%o
owing to its lower uncertainty. This lower uncertainty arises because
the value includes komatiites rather than peridotites, as the latter are
more susceptible to alteration and possess complex petrogenetic
histories. The BSE exhibits a heavy 8*Cu signature relative to its
modeled bulk composition, supporting substantial sulfide segregation
during differentiation® Similarly, the bulk silicate Moon (BSMo) 8%Cu
value is significantly higher, at +0.57 + 0.15%o, as constrained by low-Ti
basalts®. Additionally, local metal-silicate equilibration and metal
trapping in mantle cumulates may have caused heterogeneity within
the lunar mantle during solidification of the lunar magma ocear’,
adding complexity to the interpretation of the BSMo signature. The
8%Cu value of BSMo exceeds that of chondrites***™, However, the
origin of the elevated BSMo &%Cu value is debated, as two distinct
processes could explain the removal of isotopically light Cu from the
silicate reservoir: sulfide segregation*® versus devolatilization>".
Paquet et al.° suggested that volatile loss induced the isotopically
heavy Cu signature in BSMo, whereas Xia et al.’ attributed this sig-
nature predominantly to sulfide segregation. This highlights the chal-
lenge in uniquely assigning 8%°Cu variations to specific processes and
emphasizes the non-negligible role of volatile loss.

To address the knowledge gap regarding the §Cu of the BSMa
and to quantify the effects of sulfide segregation during martian dif-
ferentiation, we present a Cu isotopic dataset for a diverse suite of
martian meteorites (13 shergottites and 2 nakhlites). By integrating
these data with a revised differentiation model, we: (1) constrain the
8%Cu of the BSMa; (2) assess the relative contributions of sulfide
segregation versus volatile loss to the BSMa’s Cu isotopic signature;
and (3) constrain S-Cu co-evolution during martian magma ocean
(MMO) crystallization. This study provides important isotopic evi-
dence to help resolve the martian sulfide segregation issue and
advances our understanding of martian core-mantle differentiation
and chalcophile budgets.

Results and discussion

Chemical and copper isotopic compositions of martian
meteorites

To provide petrographic context, features of the measured martian
meteorites are detailed in Supplementary Note 1 and Supplementary
Figs. 1-11. Chemical compositions are detailed in Supplementary
Data 1. Measured 8%Cu values for the martian meteorites are sum-
marized in Table 1 and Fig. 1. Analytical accuracy was confirmed
using geological reference materials (BHVO-2, BIR-1a, and JP-1), and
the measured 8%Cu values for these reference materials are con-
sistent with published reference data (Table 1). Isotopic analyses
(n=6) of multiple fragments from individual meteorites revealed
consistent 8%Cu values. Heterogeneities exceeding analytical
uncertainty were observed in limited instances (n=2), potentially
attributable to the nugget effect in coarse-grained gabbro (e.g.,
Northwest Africa (NWA) 6963) and the anomalous shergottite
Zagami. Furthermore, no measurable Cu isotopic variation was
observed between the weathered exterior and less altered interior
of NWA 13276, confirming that terrestrial weathering did not sig-
nificantly alter the Cu isotopic composition.

Shergottites exhibit a broad range of §%°Cu values, from -1.19%o
(Zagami) to +0.63%. (NWA 6963). Given their extreme values relative
to other shergottites, Zagami and NWA 6963 are identified as outliers
and excluded from further analysis of the dominant shergottite group.
The remaining shergottites (n = 11) define a narrower 6%°Cu range from
—-0.29%o to +0.12%., with a mean value of —0.05 + 0.21%. (2 SD). Within
this shergottite group (excluding outliers), a correlation is observed
between 8%Cu values and their established geochemical classification:
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Fig. 1| Copper isotopic compositions of celestial reservoirs. Error bars represent
2 SD (based on the precision of standard solutions applied to samples). Chondritic
8%Cu ranges, including ordinary chondrite (OC), carbonaceous chondrite (CC), and
enstatite chondrite (EC), are compiled from the literature**™. Compiled §*Cu
values are compared with bulk silicate Earth (BSE, defined by MORBs, OIBs,
komatiites, and peridotites®), bulk silicate Moon (BSMo, defined by lunar basalts®),
and bulk silicate Vesta (BSV, defined by eucrites*).

intermediate shergottites (0.3 <(La/Yb)c;<0.8") versus enriched
shergottites (La/Yb)¢>0.8") (Fig. 2a). The two nakhlites analyzed
yielded 6%Cu values of —0.44%. to —0.06%., both lower than the mean
value (—0.05%o) of the dominant shergottite group.

Copper isotopic fractionation during magmatic processes
Martian meteorites exhibit resolvable §°°Cu variations (Fig. 1). Zagami
and NWA 6963 were excluded from consideration due to potential
non-magmatic alteration or contamination (Supplementary Discus-
sion 1). Similar to terrestrial systems where high-degree mantle melting
induces limited Cu isotopic fractionation®*”, sulfide-dominated pro-
cesses likely dominate Cu isotopic fractionation during martian mag-
matism. This dominance stems from sulfides’ important role in
controlling Cu partitioning during peridotite melting'® and preserving
siderophile/chalcophile signatures in shergottites”'®. Therefore,
sulfide-undersaturated magmas lacking sulfide segregation have the
potential to preserve mantle-derived Cu isotopic compositions. Evi-
dence for sulfide saturation processes is recorded in geochemical
indicators. Specifically, sulfide-undersaturated magmas exhibit
incompatible Cu behavior, with concentrations increasing system-
atically during magmatic evolution” (Fig. 2b). In contrast, samples like
NWA 2975 exhibit anomalous Cu depletion coupled with heavy §%°Cu
(Fig. 2a, b), indicating having undergone sulfide segregation. This
sulfide saturation is linked to NWA 2975’s anomalously low FeO con-
tent (17 wt.% versus 19-24wt.% in other analyzed shergottites), as
sulfur content at sulfide saturation (SCSS) decreases with decreasing
melt FeO content’®”. The Cu/Zr ratio remains stable during sulfide-
absent melting and early-stage mafic magma differentiation but is
sensitive to sulfide segregation events*. Consequently, the lack of Cu/
Zr-MgO correlation in shergottites (Supplementary Fig. 12) suggests
the absence of widespread sulfide segregation. Most samples cluster at
Cu/Zr = 0.3-0.4, consistent with this interpretation. However, elevated
ratios in olivine-phyric and poikilitic shergottites likely reflect nugget
effects (Supplementary Discussion 2), rather than sulfide segregation
processes. Collectively, these observations indicate that martian
mantle-derived melts are dominantly sulfide-undersaturated.
However, MMO differentiation produces a heterogeneous mar-
tian mantle, as recorded by incompatible trace element (ITE)

systematics (e.g., rare earth element (REE) patterns, ¥Rb-%Sr,
WSm-*Nd, and "°Lu-"’Hf) of shergottites”*. ITE-depleted sig-
natures reflect early cumulates, whereas ITE-enriched signatures are
preserved in mantle domains formed by the crystallization of late-
stage melts®?. The residence of ITE-depleted reservoirs in the
mantle is broadly accepted, but the source of ITE-enriched reservoirs
remains debated. In particular, some studies propose the martian
crust as a possible ITE-enriched reservoir®®*. Despite uncertainty in
the specific mechanism, the covariation between §%°Cu and (La/Yb)¢,
(Fig. 2a) indicates that isotopically light Cu signatures associate with
ITE-enriched components. This coupling may reflect complex
magma evolution concentrating isotopically light Cu within ITE-
enriched mantle domains. Alternatively, it could indicate that the
lower crust is the ITE-enriched source of shergottites. Support for the
latter scenario comes from terrestrial analogs, which show that late-
stage crystallization of basaltic magmas in lower crust generates
isotopically light Cu signatures through sulfide enrichment in mafic
cumulates® . Therefore, mixing between isotopically light Cu
reservoirs (e.g., ITE-enriched mantle domains or lower crust) and ITE-
depleted mantle sources could generate the observed ITE-§%Cu
covariation.

To trace the effects of sulfide segregation and mixing with an ITE-
enriched reservoir, we utilize Ni/Co and (La/Yb) ratios. These proxies
co-vary during silicate-dominated processes (e.g., fractional crystal-
lization and partial melting) but decouple under secondary mechan-
isms. The Ni/Co systematics reveal key constraints. Nickel and cobalt
are compatible in olivine/pyroxene, with Ni being more compatible®,
leading to Ni depletion in residual melts and a strong MgO-Ni/Co
correlation (Fig. 2¢). This correlation and bulk Ni/Co <6 preclude sig-
nificant meteoritic contamination (bulk Ni/Co >20 in chondrites and
iron meteorites*). Regarding the (La/Yb), proxy, ratios increase dur-
ing magmatic evolution as La is more incompatible than Yb. Notably,
decoupling between Ni/Co and (La/Yb) (Fig. 2d) reveals distinct
secondary processes. Specifically, sulfide segregation preferentially
depletes Ni owing to its stronger chalcophile affinity relative to Co*,
thereby reducing Ni/Co ratios below values expected from silicate-
dominated trend (e.g., NWA 2975). For assimilation of ITE-enriched
reservoirs, this process elevates (La/Yb)¢, values but minimally affects
Ni/Co ratios due to the reservoirs’ relatively low Ni and Co con-
centrations, inherited from MMO late-stage melts or the lower crust.
Consequently, assimilation amplifies REE pattern variations while
preserving primordial Ni/Co (e.g., NWA 1068 and NWA 7397). Overall,
this diagnostic framework reveals three principal processes governing
shergottite Cu isotopic fractionation (Fig. 2d). First, silicate-dominated
processes yield uniform 8%*Cu values (-0.03 + 0.08%o), reflecting the
mantle pristine signature. Second, under reducing conditions, segre-
gation of Ni-poor sulfide melts preferentially removes isotopically light
Cu***, resulting in residual silicate melts enriched in heavier Cu iso-
topes (e.g., NWA 2975). Third, mixing with ITE-enriched reservoirs
induces isotopic variability (e.g., NWA 1068 and NWA 7397). Conse-
quently, Cu isotopic variability in shergottites is dominantly controlled
by sulfide saturation history and mixing between distinct mantle
sources during martian magmatism.

Regarding nakhlites, these cumulate-rich rocks originate from
low-degree melting of ITE-depleted mantle sources®*°, yet exhibit
characteristics of aqueous alteration (e.g., iddingsite”) and potential
crustal contamination®. Nakhlites exhibit lower §%°Cu values than
most shergottites (Fig. 1), implying contributions from ITE-enriched
components or alteration effects. However, the limited nakhlite data-
set (n =2, with measurable §%°Cu variations) precludes robust conclu-
sions. The isotopic difference between shergottites and nakhlites likely
reflects differences in melt extraction degree (high- versus low-degree
partial melting) and/or post-magmatic alteration, highlighting the
need for expanded nakhlite Cu isotopic analyses.
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McDonough”. a §°°Cu and (La/Yb), exhibit a negative correlation. b Cu and MgO
contents show a negative correlation in most shergottites. ¢ Ni/Co ratios and MgO
contents display a positive correlation. d Ni/Co versus (La/Yb)c, categorizes sher-
gottites into three evolutionary groups: silicate-dominated, sulfide segregation,
and ITE-enriched reservoir contamination. The orange-shaded field denotes the
proposed silicate-dominated trend.

Copper isotopic composition of BSMa and bulk Mars

The identification of sulfide segregation and mixing with ITE-enriched
reservoirs as principal controls on shergottite 8°Cu variations enables
the constraint of the pristine Cu isotopic composition of the BSMa.
This requires isolating samples preserving the pristine mantle-derived
signatures, minimizing influences from both secondary alteration and
significant magmatic modification. To ensure robust statistics and
equal weighting among meteorites, 6*°Cu values for shergottites with
multiple subsamples (e.g., NWA 12594, NWA 12564, NWA 13367) were
averaged prior to screening. This approach prevents over-
representation of individual meteorites with more replicates in sub-
sequent analyses.

To isolate the pristine mantle signature, we employed a two-step
screening protocol. First, we focused on removing meteorites affected
by non-magmatic processes to establish a dataset documenting
igneous processes. Samples showing characteristics of non-magmatic
alteration (Zagami, NWA 6963) or potential aqueous alteration/crustal
contamination (Qued Mya 005, NWA 10645) were excluded. This initial
filtering yielded eleven meteorites interpreted as mantle-derived melts
recording magmatic effects, exhibiting 6°Cu values ranging from
-0.29%o to +0.12%0 (mean: —0.05 + 0.21%., 2 SD). Subsequently, a sec-
ond distinct screening step was applied to this group of eleven
meteorites to specifically target and minimize the influence of

magmatic processes, thereby isolating the signature of the pristine
martian mantle. Meteorites exhibiting geochemical signatures of sul-
fide segregation (NWA 2975) and strong contributions from ITE-
enriched reservoir mixing (NWA 7397, NWA 1068) were excluded. This
two-step screening resulted in a final suite of eight meteorites that
represent the unmodified Cu isotopic composition of the BSMa. The
5%Cugsma value is thus defined by the mean of these eight averaged
compositions, yielding —0.03 + 0.08%. (2 SD). In particular, this BSMa
composition is slightly lower than, but overlaps within uncertainty
with, the BSE estimate of +0.07 + 0.10%.” (Fig. 1).

Quantitative modeling of martian differentiation requires knowl-
edge of the bulk Mars composition (6°*Cugy;). However, significant
6%Cu heterogeneity among chondrite groups>*™ (Fig. 1 and Supple-
mentary Data 2) reflects primordial diversity in planetary building
blocks, necessitating model-dependent assumptions regarding Mars’
accretionary components. Previous oxygen isotope-based accretion
models proposed distinct mixtures: Lodders and Fegley** proposed 4%
Cl, 11% CV, and 85% H chondrites, while Sanloup et al. ** estimated 45%
EH and 55% H chondrites. Recent isotopic evidence***” supports lim-
ited carbonaceous chondrite contributions (<6%), consistent with the
model proposed by Sanloup et al.”’. Using this preferred accretion
model and incorporating chondritic Cu abundances and isotopic
data*®*", our mass balance calculation yields a 8%Cugy of
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-0.30+0.09%. (Supplementary Method 1). The isotopic offset
between the bulk Mars and BSMa compositions implies that iso-
topically light Cu was likely sequestered into the core or lost via eva-
poration during planetary differentiation.

Modeling S-Cu behavior during martian differentiation

To decipher the processes recorded in the Cu isotopic signature of
BSMa, which serves as a key constraint on volatile depletion and
core-mantle differentiation, we model S and Cu partitioning and iso-
topic fractionation. Three key stages influence 6%Cu in the silicate
reservoir: magma ocean devolatilization, metal segregation, and sul-
fide segregation. Magma ocean devolatilization enriches the silicate
residue in isotopically heavy Cu, consistent with observations on the
Moon® and Vesta*. Metal segregation preferentially incorporates iso-
topically heavy Cu into the iron alloy liquid, leaving an isotopically
lighter silicate residue®’. In contrast, sulfide segregation enriches the
silicate reservoir in isotopically heavy Cu*’. Quantitative modeling is
required to distinguish these overlapping isotopic effects and quantify
their net contribution to 8*Cugspma.

The contribution of early volatile loss to the martian Cu isotopic
composition was evaluated. Mars completed its primary accretion
within 5 million years of calcium-aluminum-rich inclusion formation®,
while the nebular gas was still present™. During this stage, energy from
giant impacts”, rapid pebble accretion®, and the radioactive decay of
A1 collectively caused global melting and volatile escape. Critically,
the Hyrich nebular atmosphere surrounding Mars significantly sup-
pressed the extent of isotopic fractionation during evaporation®™.
Potassium (K) isotopes served as our proxy for Cu volatility. This
approach is justified because: (1) both K and Cu exhibit similar depletion
patterns in volatile-depleted, sulfur-poor bodies like the Moon®; and (2)
K is lithophile, ensuring its isotopic signature reflects only volatile loss,
and is unaffected by metal segregation or sulfide segregation events that
influence Cu. Based on mass balance calculations (Supplementary
Method 1) using a chondritic accretion model (45% EH and 55% H*) and
end-member signatures (data from Wasson et al.” and the data compi-
lation by Hu et al.*%; Supplementary Data 2), the predicted bulk Mars
8Ky is —0.63 + 0.22%o. This contrasts sharply with the measured BSMa
6"Kpsma Value (§"Kgsma =—0.28 + 0.18%0>"). To reconcile this difference,

Rayleigh fractionation modeling (Supplementary Method 2) constrained
by previous work® under H,-rich conditions was employed, using fixed
fractionation factors of ac,=0.9998 and ay = 0.9992. Modeling results
(Fig. 3a) indicate ~35% K depletion. Under the assumption of equivalent
volatile loss fractions for Cu (based on their correlated volatile
behavior), the resultant increase in &“Cu is 0.09%., yielding
8%°Cupmo-volatitle = —0.21%0 (Fig. 3a). Consequently, volatile loss alone
cannot explain the observed heavy 6%Cugsya Signature.

Subsequently, the S-Cu behavior during core formation was
quantified using a single-stage accretion and two-stage core formation
model (adapted from O'Neill*®), based on the accretion scenario of
Sanloup et al. **. During the first stage (Fig. 4a), our model focused on
metal segregation under the pressure (P) and temperature (7) condi-
tions estimated for the final major equilibration event between the
MMO and the iron alloy liquid. These conditions (-14 GPa and
~2100 K*) align with constraints from martian siderophile element
systematics® . To determine the MMO composition during metal
segregation, we performed mass balance calculations. These calcula-
tions incorporated experimentally determined metal-silicate partition
coefficients for S°* and Cu®® (Supplementary Methods 3-5). This yiel-
ded initial MMO concentrations of ~515 pg/g S and ~10 pg/g Cu. Criti-
cally, the SCSS for initial MMO (-17.7 wt% FeO*’) at 14 GPa and 2100 K is
~3666 ng/g (based on the parameterization by Blanchard et al.”; Sup-
plementary Method 6). This SCSS value far exceeds the modeled S
concentration, indicating sulfide undersaturation was maintained
during metal segregation. Concurrently, iron alloy liquid incorporates
isotopically heavy Cu (A*CUnetal-silicate about +0.1%o to +0.2%.>*, with a
conservatively adopted value of +0.1%0), and applying this fractiona-
tion reduces the §%°Cu of the post-volatile MMO by 0.09%o to —0.30%o.
However, this modeled post-metal-segregation 6%°Cu is lighter than
the observed BSMa value, revealing an isotopic discrepancy.

The isotopic discrepancy necessitates a process to enrich the sili-
cate reservoir in isotopically heavy Cu. Although some models propose
that S loss via degassing may be significant®*®, others argue for S
retention in planetary cores®®’. Owing to uncertainties in S evaporation
efficiency, our model therefore focuses on late-stage sulfide segregation
(the second stage of core formation) during magma ocean crystal-
lization as the primary mechanism for S depletion in the silicate
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Metallic core segregation

@
S

Solidification and convection

Fig. 4 | Schematic diagram of the proposed martian evolutionary model in
this study. a Early core formation involved preferential sequestration of chalco-
phile elements into the metallic core (-16.1wt.% S and -345 pg/g Cu). The pre-metal
segregation composition was modeled as a mixture of 45% EH and 55% H
chondrites*, with evaporated Cu subtracted (Fig. 3a). Partition coefficients of S and
Cu followed literature parameterizations®>** (Supplementary Methods 3-5). b Pro-
gressive magma ocean crystallization triggered sulfide droplet exsolution (SCSS
parameterized by Blanchard et al. %; Fig. 3b), with sulfide droplets subsequently
percolating downward to the core. ¢ The Pre-Noachian matte delivered a significant

Sulfide segregation

]

Heterogeneous mantle

flux of chalcophile elements to the core. However, declining sulfide transport
efficiency terminated this process. Final core concentrations (-16.1wt.% S, ~354 pg/
g Cu; mass balance calculation, this study) only minimally modified by subsequent
minor S additions (-0.02% of the bulk core, far less than the pre-existing S). Residual
melts enriched in ITEs formed ITE-enriched mantle domains that potentially
retained isotopically light Cu. d Insufficient mantle convection produced a het-
erogeneous martian mantle, and ITE-enriched mantle domains or the lower crust
may serve as reservoirs for isotopically light Cu.

reservoir. In the cooling and crystallizing magma ocean, sulfur con-
centrated in the residual melt. Concurrently, decreasing 7-P and evol-
ving MMO composition (constrained by alphaMELTS 1.9 simulation®*7%;
see Methods section for details) progressively reduced the SCSS*”,
eventually triggering sulfide saturation (-89% crystallization, ~109 km
depth; Fig. 3b). This sulfide segregation depth is consistent with inde-
pendent estimates of a range of 40-320 km’. The resulting immiscible
dense iron sulfide melts (i.e., Pre-Noachian matte, analogous to Earth’s
Hadean matte®s; Fig. 4b) were enriched in isotopically light Cu
(A*Cugyiige_siticate about —0.80%o to —0.89%., parameterized by Xia
et al.’) and began to percolate downward”. Critically, nickel depletion
(<25 ug/g; Supplementary Method 7) in the residual melt, caused by
olivine and/or pyroxene crystallization®, enabled significant Cu isotopic
fractionation’. Rayleigh fractionation modeling (Fig. 5a; Supplementary
Method 7) incorporating Cu sulfide-silicate partitioning coefficients’
and isotopic fractionation factors’, constrained the isotopic composi-
tion of residual MMO to reach a §%Cuggy, value at the depth of
102-105 km. This depth represents the shallowest source region from
which sulfide droplets can effectively reach the core.

At depths shallower than 102-105km, lower geothermal tem-
peratures suppressed further percolation of sulfide droplets into the
core (Fig. 4c). Sulfide droplets exsolved at shallower depths may still
percolate downward, but are unable to migrate sufficiently to reach
the core (i.e., segregate from BSMa). Consequently, a portion of sulfide
melts, enriched in isotopically heavy Cu relative to the bulk segregated
sulfide (which is enriched in isotopically light Cu), was trapped within
the crystallized magma ocean. These residual sulfides were subse-
quently redistributed by mantle overturn and convective mixing. This
trapping mechanism enriched the BSMa in isotopically heavy Cu,
thereby reconciling the modeled core formation result with the
observed BSMa signature. Simultaneously, it established the pri-
mordial S and chalcophile element (such as Cu) inventory of the
martian mantle.

Martian mantle heterogeneity and S-Cu abundance constraints
Although evidence exists for past mantle overturn”’® and potential
present-day convection”, the §°°Cu heterogeneity in martian mantle-
derived materials suggests preservation of ITE-enriched reservoirs.
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during martian magma ocean (MMO) evolution. The bulk Mars was modeled as a
mixture of 45% EH and 55% H chondrites*, incorporating literature Cu abundances
and isotopic data**"". Copper sulfide-silicate isotopic fractionation coefficients (A%
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from —0.30%o to +0.05%o) reflects the history of sulfide segregation. An inflection
point at 109 km depth marks the onset of sulfide saturation, while the 8*Cu upper
limit of BSMa indicates the effective percolation threshold of sulfide melts at

102 km depth. b Systematic covariation between Cu-S depletion and 6%Cu in
residual melts (values converted to BSMa averages) results from variations in the
extent of sulfide segregation.

Additionally, isotopic constraints (Re-Os in shergottites’®”® and Sm-
Nd/Lu-Hf in regolith breccia NWA 7034%) challenge the interpretation
that martian crust is the dominant source of shergottite ITE-enriched
components. If validated by further evidence, this perspective would
imply that such ITE-enriched mantle domains represent a primary
source of ITE-enriched components. Critically, the persistence of these
localized mantle reservoirs indicates inefficient martian mantle con-
vection (Fig. 4d). Within this framework, the mantle S-Cu abundances
defined for BSMa therefore likely reflect the composition of the
broader ITE-depleted mantle.

Building upon the constraints provided by Cu isotopes, our
model estimates a martian mantle Cu abundance of 6-8ug/g
(Fig. 5b). Although our estimate for the mantle is higher than pre-
vious meteorite-based inversions (2-3 pg/g'***"), both estimates fall
within the same order of magnitude. Our model also yields a core
concentration of ~354 pg/g, which is slightly lower than the previous
estimate of ~-560 pg/g®. For sulfur, we estimate a mantle content of
400-443 pg/g (Fig. 5b; upper limit without accounting for evapora-
tion losses), consistent with sulfur-poor mantle models (e.g.,
360 =120 pg/g” and 200-450 pg/g®) but significantly lower than
sulfur-rich proposals (2000-2200 pg/g®* and a maximum of
1000 pg/g*). The discrepancies between our estimates and previous
work potentially stem from our different approach, which uses cos-
mochemical constraints derived from integrating accretionary
parameters and Cu isotopes, whereas prior studies relied pre-
dominantly on geochemical inversions'>**®, Critically, our model
suggests that sulfide segregation during MMO crystallization further
reduced the mantle inventories of chalcophile elements, which is
inconsistent with sulfur-rich mantle models. This depletion is con-
sistent with the core’s sulfur-rich signature (-16.1wt.%, within the
reported range of 3.5-25 wt.%*>*>80818487) Together, this sulfur-rich
core and sulfur-poor mantle configuration reflect the efficient
sequestration of S and chalcophile elements into the core during
planetary differentiation. Consequently, the mantle’s depletion in S
provides a key explanation for the suppression of sulfide saturation
in derivative magmas.

Notably, our model neglects the potential contribution of inter-
stitial melts retained during crystallization. Although compaction

likely expelled most melt from the solidifying cumulates, trapped
intergranular melts could add incompatible elements to ITE-depleted
mantle domains. Owing to uncertainties in quantifying solid compac-
tion efficiency during MMO evolution, the estimated S and Cu abun-
dances in the martian mantle should be considered approximate.
Nevertheless, by using the martian differentiation model to constrain
mantle S-Cu abundances with 8%Cu, this study highlights the impor-
tant role of sulfide segregation in controlling global-scale distributions
of chalcophile elements.

Methods

Sample description and analytical preparation

Samples were obtained from meteorite dealers. The analyzed martian
meteorites include 13 shergottites and two nakhlites (Table 1), all
classified as igneous rocks. Except for the witnessed fall Zagami, all
specimens were recovered as hot desert finds. Optical and electron
microscopy observations revealed minimal evidence of terrestrial
weathering in most samples (Supplementary Figs. 1-11 for repre-
sentative images). However, some samples (e.g., NWA 6963; Supple-
mentary Fig. 13) exhibited terrestrial contamination features, including
trace amounts of terrestrial carbonates.

Before chemical and isotopic analysis, visually contaminated
areas were manually removed, and samples were leached in 0.1 N HCI
for 1min to remove potential terrestrial weathering contaminants
(particularly carbonates). The leached fragments were then pulverized
into fine powders using an agate mortar for subsequent major/trace
elements analyses and isotopic measurements. Additionally, NWA
13276 chip 2 was sampled from the weathered exterior portion of NWA
13276 chip 1 and was measured without acid leaching to specifically
monitor terrestrial weathering effects.

Petrographic characterization

Petrographic analyses were conducted at the Center for Lunar and
Planetary Sciences, Institute of Geochemistry, Chinese Academy of
Sciences, using the FEI Scios-FIB field emission scanning electron
microscope (SEM) equipped with energy dispersive spectrum (EDS).
The beam accelerating voltage was 20 kV, and the beam current was
0.8nA. Elemental mapping was performed using the TESCAN
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Integrated Mineral Analyzer (TIMA) at the State Key Laboratory for
Critical Mineral Research and Exploration, Institute of Geochemistry,
Chinese Academy of Sciences. The TIMA system is equipped with an
auto-scanning electron microscope (ASEM) and four EDS detectors.
The beam accelerating voltage was 25kV, and the beam current
was 9.49 nA.

Elemental composition

Major and trace element concentrations were measured using a
Thermo Fisher inductively coupled plasma mass spectrometry
(ICP-MS) X2 at the Guizhou Tongwei Analytical Technology Co., Ltd.
Details can be found in Li et al.*®. Analytical accuracy was assessed via
analyses of geostandard BCR-2. The relative standard deviations for
duplicates are reported in Supplementary Data 1.

Chemical pretreatment

Copper purification was performed at the Isotope Geochemistry
Laboratory, China University of Geosciences (Beijing), using the pro-
cedure of Liu et al.** modified from Maréchal et al.”°. Samples con-
taining >500 ng Cu were digested in distilled HF-HNO3 (volume 1:1) at
130 °C for 48 h, dried, re-dissolved in aqua regia, and evaporated to
dryness. The residues were dissolved in HCI, dried, and finally re-
dissolved in 1 ml 8 N HCI with 0.001% H,0, for column chemistry. The
resulting solution was loaded into a column containing pre-cleaned
AG-MP-1IM resin (100-200 mesh) to separate Cu from the matrix. The
column procedure was repeated twice (for a total of three cycles).
Purified Cu solutions were dried and re-dissolved in 3% HNO; for iso-
topic analysis.

Copper isotopic analysis

Copper isotopic compositions were measured on a Thermo Scientific
Neptune multi-collector inductively coupled plasma mass spectro-
metry (MC-ICP-MS) at the Isotope Geochemistry Laboratory, China
University of Geosciences (Beijing). The sample-standard bracketing
method was employed to correct for instrumental mass bias. The Cu
isotopic compositions are reported as §°°Cu relative to the standard
reference material (SRM) NIST976:  8§°Cu=[(**Cu/**Cu)sample/
(®Cu/**Cu)nisTo76—1]1¥1000. Measurement uncertainties are reported
as the long-term precision during the course of the measurement
session, which is constrained to the 2 SD of the bracketed standard
GSB-Cu. Each sample solution was measured three times. The inter-
nal precision (2 SD) of three-time measurements of each sample is
usually lower than 0.04%., and thus we report the long-term preci-
sion of each measurement session as the errors. Total Cu blank is
<1ng, which is negligible compared to =500 ng Cu loaded on the
column. The GSB-Cu standard yielded a &%Cu value of
+0.44 + 0.04%o relative to NIST 976%. Each sample was measured in
three blocks of 40 cycles with an integration time of 4.194 s.

The alphaMELTS 1.9 simulation

MMO crystallization processes were modeled using alphaMELTS
1.9 software®®”°, The initial simulation parameters were derived from
our chemical and physical modeling of Mars (Supplementary Method 3),
which referenced published studies**%***8'*""%* and incorporated mass
balance calculations. This yielded parameters for bulk Mars, the BSMa,
and the core (Supplementary Tables 1, 2). Owing to the limitations of the
software in simulating crystallization above 3 GPa (MELTS mode), we
used the residual melt from 24.4% partial melting of BSMa to approx-
imate melt compositions at 75.6% crystallization, corresponding to a
3 GPa magma ocean. A batch melting model was employed, as magma
ocean crystallization approximates equilibrium once residual melt
fraction exceeds 20%>?*. This assumption reflects a predominantly
convective magma ocean, in which suspended crystals remain in che-
mical equilibrium with the melt. This strategy circumvents uncertainties
in high-pressure thermodynamical calculations. Simulations were

initialized with the BSMa composition (major elements excluding S) for
magma ocean crystallization, and theoretically no late-stage metal alloy
exsolution. To suppress metal alloy formation, alphaMELTS 1.9 para-
meters were adjusted accordingly. The melt was simulated in 0.2 GPa
pressure intervals under isobaric cooling to track temperature changes
and crystallization progress. Each pressure step was modeled as equi-
librium crystallization, with residual melt compositions from the pre-
vious step (i.e., manual fractional crystallization was applied between
steps). Full computational settings and methodological workflows are
provided in the Supplementary Data 3. Simulation outputs, including
pressure-dependent crystallization fractions, solid and residual melt
compositions, and melt liquidus temperatures, are summarized in
Supplementary Data 4.

Data availability

All data generated or analyzed during this study are included in this
published article (and its supplementary information files). The com-
plete set of unprocessed raw raster images has been deposited in the
figshare data repository under accession code (https://doi.org/10.
6084/m9.figshare.29994751)>. Source data are provided with
this paper.

Code availability

The alphaMELTS 1.9 software, used for modeling magma ocean crys-
tallization, is available at https://magmasource.caltech.edu/
alphamelts/. All customized command parameters for the alpha-
MELTS 1.9 simulations in this study are provided in Supplemen-
tary Data 3.
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