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Carbonaceous chondrites are amongst the most chemically primitive solid

materials in the Solar System, yet many are depleted in moderately volatile
elements. Here, we report enrichments in heavier zinc isotopes in heated
carbonaceous chondrites compared to the typical ranges for chondritic
meteorites. Our results indicate that impact-driven thermal metamorphism
under low-pressure conditions led to partial sublimation of zinc. First-

principles calculations support that zinc escapes from solids in the absence of
melting, consistent with shock heating and rapid outgassing. The resulting
solid residue is strongly enriched in heavier Zn isotopes with minimal recon-
densation. These findings link extreme isotopic signatures to collisional pro-
cessing, revealing that asteroid-scale impacts can drive volatile loss from
undifferentiated asteroids. These carbonaceous chondrites provide the first
unequivocal evidence for purely kinetic Zn isotope fractionation during
volatilization. Impact-induced volatilization drives volatile depletion in aster-
oidal parent bodies, with implications for the delivery and distribution of
volatiles in early planetary systems.

Chondrites, which are primitive meteorites formed 2-3 million years
after the Solar System’s formation', are considered foundational
building blocks for terrestrial planets®. The evolution of moderately
volatile elements (MVE) in chondrites provides key insights into the
origin and depletion of volatiles on terrestrial planets. Unlike terres-
trial planets, which have undergone extensive melting and differ-
entiation, chondrites retain their original composition with two
primary constituents, i.e., chondrules and matrix'. Chondrules are
silicate-rich spherules formed by transient heating events in the pro-
toplanetary disk, embedded within a fine-grained matrix that accreted
at lower temperatures, preserving presolar grains and volatile
compounds®*. Among carbonaceous chondrites (CC), except for the
Ivuna-type (CI) chondrites and samples returned from Ryugu and

Bennu, which closely mirror the solar photosphere in their non-volatile
element composition, there is a noticeable variation in the depletion of
MVE correlated with their condensation temperatures®’.

An early protoplanetary disk is characterized by high tempera-
tures (ranging from ~1000 to >2000K) that could lead to dust
vaporization and subsequent condensation, along with chondrule-
forming events and giant impacts followed by magma oceans*'°. These
processes likely facilitated the mobilization of MVE, including Zn. This
is evidenced by the mass-dependent Zn isotopic fractionation
(reported as §°°Zn relative to JMC-Lyon) observed between chondrite
groups'. Previous studies have identified a negative correlation
between §°Zn and 1/[Zn] among different groups of carbonaceous
chondrite ™, opposite to the expected trend if evaporation controls
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Zn abundance and isotopic fractionation. This has been interpreted as
reflecting the mixing between an isotopically light/volatile poor- and
an isotopically heavy/volatile rich- reservoir. Similarly, magmatic iron
meteorites, representing the cores of early-formed asteroids, display
this same relationship®. The origin of the light Zn isotopic composition
of chondrules was suggested to reflect the removal of isotopically
heavy Zn from chondrules (or their precursors) via sulfide
segregation'>'*" or as a result of partial condensation processes'®,
where Zn-depleted chondrites exhibited enrichment in lighter Zn iso-
topes. Again, evaporation most likely played a limited role in the
volatile depletion observed in CC parent bodies or their precursors.

Despite these lines of evidence, several CC meteorites are
highly depleted in volatile elements and display a trend of increas-
ing 8%Zn values coupled with decreasing Zn content”. These CC
meteorites experienced heating processes by thermal metamorph-
ism after the accretion of their parent body**~?2. During these pro-
cesses, light Zn isotopes might be volatilized, leaving the residual
solid phase enriched in heavy Zn isotopes”. Heavy Zn isotope
enrichments related to evaporation have been observed in lunar
mare basalts, martian meteorites, impact melt sheets, impact glas-
ses and tektites, and nuclear detonation materials*>*. Previous
studies indicate that, compared to theoretical predictions, actual
evaporation is likely to generate a subdued isotopic fractionation®.
A limited fractionation model for Zn isotopes was further proposed
to explain various planetary evaporation events under impact-
related conditions®*. However, extremely high 6°Zn values reported
in heated CC chondrites (up to 16.7%.; Fig. 1) exceed those pre-
dicted by these models.

To address this discrepancy and further explore the behavior of
Zn during volatilization from a solid state, we analyzed the Zn isotopic
compositions of eight heated CC meteorites from Antarctica, includ-
ing heated CM chondrites and CY (Yamato-type) chondrites. These
meteorites record extensive aqueous and thermal alteration, followed
by relatively short-lived thermal metamorphism'**>**, CY chondrites, a
recently recognized group of CCs, are considered to potentially be
thermally metamorphosed CI chondrites***°, as documented to exhi-
bit notably heavy O isotopic compositions similar to the CI field
(Fig. S1). We also estimate the relative evaporation of Zn, Cd, Fe, and
Mg from solid materials from first-principles calculations. Altogether,
we demonstrate that evaporative loss by impacts significantly con-
tributes to the volatile depletion in chondritic parent bodies.

Results and discussion

Samples

We analyzed a set of heated carbonaceous chondrites, including
heated CM [Pecora Escarpment (PCA) 02010 and PCA 02012], CY
[Yamato (Y)-86789, Y-86720, Belgica (B)-7904, among which Y-86789
is paired with Y-86720], CV [Asuka (A)-881655], CR (Y-793495) and CO
(Y-790992) meteorites***°*, to provide a diverse contextual frame-
work. Our study primarily focuses on CM and CY samples, which dis-
play evidence of heating events, as indicated by their depleted volatile
element abundances and water contents'>”**, Two heated CM
meteorites, PCA 02010 and PCA 02012, previously analyzed for their
Zn isotopic compositions’, were reassessed using different sample
fractions. The two meteorites underwent significant heating at tem-
peratures >900 °C**, as indicated by their extremely heavy isotopic
compositions of Zn, K, and Rb, resulting from evaporation from post-
accretionary heating events®***, The CM and CY samples were sub-
jected to much shorter heating durations (ranging from hours to
several years) compared to the prolonged thermal processing of CO
and CV chondrites, which lasted millions of years*. The estimated
temperature order of the other heated chondrites, based on open
system heating severity, is 500 °C < A881655 < B-7904 < Y-86720 =Y-
86789 (=700 °C), with Y-86720 and Y-86789 specifically exhibiting
thermal metamorphism above 700 °C**%, Notably, B-7904 and, to a
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Fig. 1| Zinc isotopic compositions of the investigated carbonaceous chon-
drites. Also shown are the reported materials in the literature'? 252633496970 The
green shadow area represents the Cl range (0.46 + 0.08%o)'>**°. The gray shadow
area represents the BSE range (0.16 + 0.06%o)"°.

lesser extent, Y-86789 and Y-86720 differ from other CYs by clearly
preserving chondrules or chondrule pseudomorphs®**’. Metamorph-
ism has modified their mineralogy, with phyllosilicates recrystallizing
into olivine and pyroxene®’.

Zinc contents and isotopic compositions

In this study, the analyzed carbonaceous chondrites show a wide range
of Zn concentrations from 1.77 to 162 pg/g, with 5°Zn values ranging
from 0.07 to 24.2%. (Fig. 1; Table S1). The CY chondrite samples exhibit
lower Zn concentrations (31.0-162ug/g) and higher 6°°Zn values
(1.36-24.2%0) compared to the CI chondrites, which have relatively
high Zn contents of 309 + 44 ug/g and homogeneous 5°°Zn values of
0.46 + 0.08%0>**°, Among the CYs, the paired CY samples display
extremely high 6°°Zn values (18.2 + 0.04%o and 24.2 + 0.01%.), which
represent the highest 8%Zn ever measured across all meteorites,
including EL chondrites (a subgroup of enstatite chondrites known for
heavy Zn isotope signatures)*°. By comparison, B-7904, which is rela-
tively rich in chondrules”, displays a markedly lower §°Zn value,
closer to the CI chondrite range. The heated CV, CR, and CO samples
have 6°°Zn of 0.27 +0.01%o, 0.07 + 0.02%., and 0.17 + 0.02%o, respec-
tively, aligning within the typical ranges previously reported for these
groups (Fig. 2). The two heated CM chondrites display significant
depletion in Zn contents (1.77-14.9 pg/g) and enrichment in heavy Zn
isotopes (6°°Zn=10.5-16.7%.). Two separate fragments of the CM
chondrite PCA 02010 show slight differences in Zn contents (1.77 pg/g
and 2.79 ug/g) and 6°Zn (10.5 +0.09%0 and 11.3 + 0.01%o0). The 6°Zn
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Fig. 2| A plot of 6°°Zn against the Mg/Zn ratio. The ranges for various sub-groups
of carbonaceous chondrites are after reference’*. The colored arrows indicate the
anticipated trends: one showing an increase in §°°Zn values due to evaporation, and
the other showing a decrease in §°°Zn values resulting from incomplete con-
densation or sulfide separation.

values measured in this study also diverge from the previously
reported value of 5.42%. for PCA 02010%. This suggests isotopic het-
erogeneity within the individual PCA 02010 chondrite aliquots. Sample
PCA 02012 exhibits a Zn content of 14.9 ug/g and 6°Zn of 16.7%o,
aligning with the earlier study®”.

Origin of elevated 6°°Zn in carbonaceous chondrites

This study demonstrates that the analyzed carbonaceous chondrites
display a wide range of 6°Zn values, extending beyond the typical
range previously reported for these meteorites (Fig. 1). The CO, CV,
and CR samples analyzed here exhibit 6°Zn values consistent with
those of their respective chondrite groups. In contrast, the paired CY
(Y-86720 and Y-86789) and heated CM chondrites show exceptionally
high 6°Zn values relative to both CI chondrites and the typical car-
bonaceous chondrite range. Notably, the chondrule-rich CY sample
B-7904 exhibits a significantly lower 8°Zn value than other CYs,
although it remains elevated relative to the broader carbonaceous
chondrite trend (Fig. 1). Terrestrial contamination could influence
isotopic compositions, however, no terrestrial samples, including
continental crustal rocks (-0.28 + 0.05%.)"", reach the elevated levels
observed in the measured samples. Additionally, the chondritic Sr/Mg
and Ba/Mg ratios and REE patterns of the samples, which contrast with
the typical light-REE enrichment and negative Eu anomaly of the upper
continental crust (Fig. S4), further exclude terrestrial contamination as
a contributing factor.

Although some carbonaceous chondrites (e.g., PCA samples)
exhibit evidence of terrestrial weathering?°>*, terrestrial chemical
weathering and alteration fail to account for the observed high 6°Zn,
given the resistance of Zn isotopes to aqueous alterations. For
instance, weathered igneous rocks display 6°°Zn slightly lower or
comparable to their unaltered igneous protoliths®**. Furthermore,
there is no correlation between fluid-mobile element concentrations
(Pb/Th and Rb/Th) and 6°Zn (Fig. S3). Aqueous alteration may also
have preceded thermal metamorphism in the precursors of many CC
chondrites?®?'. However, aqueous alteration does not exert a first-
order effect on volatile element concentrations*. In addition, no sig-
nificant enrichment of heavy Zn isotopes was observed in those pre-
viously reported CC chondrites with aqueous alteration imprints', as
well as the CR (Y-793495) and CO chondrites (Y-790992) in this study.
The high 6°°Zn values are intrinsic signatures of these meteorites.

Fractionation of stable isotopes in multi-isotope space (e.g.,
6%Zn-6°Zn) follows different mass-dependent laws that can be used
to distinguish between kinetic and equilibrium fractionation

mechanisms”*%, Equilibrium fractionation typically occurs when dif-
ferent substances reach thermodynamic equilibrium, whereas kinetic
fractionation takes place under nonequilibrium, unidirectional pro-
cesses (such as rapid evaporation or diffusion). In three-isotope plots,
the slopes or curves corresponding to kinetic and equilibrium pro-
cesses marginally differ. For Zn isotopes, theoretical calculations pre-
dict the equilibrium fractionation slope in 8*Zn-8°Zn space to be
~1.942, compared to 1.971 for kinetic fractionation of vapor-phase Zn.
Furthermore, for ZnS and ZnCl, (common species involved in Zn loss
during vaporization), the calculated kinetic fractionation slopes are
1.981 and 1.986, respectively, while the equilibrium fractionation
slopes are 1.961 and 1.972. Detailed calculation methodologies are
provided in the Supplementary Materials. The measured §°®Zn-8Zn
mass-dependent slope for our samples is 1.985 + 0.003 (Fig. S2), con-
sistent, within analytical error, with theoretical predictions for kinetic
evaporation. These CC chondrites offer the first evidence of purely
kinetic Zn isotope fractionation occurring during volatilization.

Zinc isotopic fractionation mechanisms of carbonaceous
chondrites

The increase in Mg/Zn ratios, coupled with decreasing §°°Zn has been
observed across different groups of carbonaceous chondrites?”. The
results from samples analyzed in this study also follow this pattern
(Fig. 2). The compositional gradient from Cl-like to CR chondrites, the
latter marking the endpoint of volatile depletion, is indicative of the
accretionary history involving the mixing of chemically and iso-
topically distinct reservoirs'>'#*4¢°, The correlation of §*Zn with
stable Cr isotope anomalies £*Cr” supports the idea of mixing
between isotopically heavy/volatile-rich matrix material and iso-
topically light/volatile-poor chondrule material, where either partial
condensation following near-complete evaporation of Zn*>° or sulfide
segregation during chondrule formation® leads to a predominance of
light Zn isotopes in chondrules.

By contrast, in heated CM and CY samples, 8§°Zn values are
elevated and Zn depletion is pronounced. This indicates that eva-
poration processes control Zn isotopic fractionations. Under high
ambient pressures or in effectively closed systems, Zn evaporation
yields only minimal isotopic fractionation***>*', The presence of a
confining gas allows vapor to recondense onto solids (a back-
reaction)®®, and limited Zn diffusion within the condensed phase
further suppresses isotopic shifts*>**. As a result, in near-equilibrium
evaporation at high temperatures, the fractionation factor (a) is
approximately 1°>. Experiments and natural analogs support this
trend. In a 1-bar furnace, an experimental study observed a =-0.996
in the air (rising to -0.9978 under more reducing conditions)®,
whereas silicate melt glass from the Trinity nuclear test (formed at
~latm) recorded a=-0.999-0.9995%%, Similar high fractionation
factors (mostly ranging from 0.999 to 0.9999)** are also inferred for
lunar mare basalts, diogenites, tektites, and terrestrial impact
glasses? 29306064 (Fig 3). Such high fractionation factors are
inconsistent with rapid unidirectional evaporation and instead indi-
cate near-equilibrium or diffusion-limited volatilization conditions.

In contrast, under low-pressure or vacuum conditions, evapora-
tion follows a kinetic regime that strongly fractionates Zn isotopes®.
With negligible recondensation, lighter isotopes escape preferentially,
and the fractionation factor is controlled by mass differences of the
evaporating species. Theoretical a values in free evaporation are far
below unity: on the order of 0.9753 for atomic Zn vapor, 0.9897 for
ZnS, and 0.9927 for ZnCl, (by taking the square root of the ratio of the
mass numbers of the light and heavy isotopologues of the vaporizing
species). This yields extremely heavy residual Zn isotope compositions
(high 8°Zn) in the remaining solids, as observed in the most volatile-
depleted meteorites'. Indeed, heated carbonaceous chondrites that
lost large fractions of Zn and other volatiles are highly enriched in
heavy Zn isotopes, indicating an open-system evaporation process.
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Fig. 3 | Plots showing Zn isotopic variation (A*Zn = 8°Znsmpte ~ 8°ZMinitiar)
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Dashed lines represent the Zn isotopic fractionation factors. In (A), the « values
range from 0.9999 to 0.9990, indicating the limited Zn isotopic fractionation
expected under high-P conditions associated with impact events. The data sources
of reported materials are summarized in reference®. In (B), theoretical fractiona-
tion factors for evaporation into a high vacuum are displayed (0.9753 for elemental
Zn, 0.9897 for ZnS, and 0.9927 for ZnCl,). The CI chondrites ([Zn] =309 ug/g;
8°Zn = 0.46%0)'>'*** are used to represent the starting material for CY chondrites.
The initial material for CM chondrites is based on the water- and volatile-rich CM
sample Lonewolf Nunataks 94101 (LON 94101; [Zn] = 144 ng/g; 8°°Zn=0.32%o)".
Small colored dots in the background represent results from a Monte Carlo
simulation. The simulation follows the Rayleigh distillation model:

8°Zn = (1000 + 8°Zny) x f** - 1000, where §°Zn, is the initial Zn isotopic com-
position, a is the fractionation factor, and f'is the evaporative loss ratio of Zn. The
8°Zny is assigned randomly following a normal distribution (mean + gsp). The
simulation incorporates isotopic fractionation under different scenarios char-
acterized by o values of 0.9847 (+0.00005), 0.9897 (+0.00005), 0.9927
(x0.00005), and 0.9990 (+0.00005). Each scenario is simulated over 10,000 trials
to ensure robust statistical outcomes. The fis randomly selected between O and 1in
each trial.

Using Monte Carlo simulations (modeling details in the caption of
Fig. 3), we reproduce the elevated §%Zn in B-7904 (and to a lesser
extent in PCA 02010) with an evaporation fractionation factor of
a=0.9990 + 0.00005 (SD) (Fig. 3), consistent with an impact-induced
volatilization under elevated pressure (although still in the kinetic
regime). Under a more plausible limited-fractionation scenario, the
isotopic heterogeneity observed among individual PCA 02010 chon-
drite aliquots may be governed by back-reactions and limited Zn dif-
fusion within the condensed phase. Notably, other thermally
metamorphosed chondrites (e.g., PCA 02012, Y-86789, and Y-86720)
plot along expected Rayleigh fractionation trajectories, reinforcing
that open-system kinetic evaporation with minimal back-reaction
governed their Zn loss. Therefore, the collective evidence points to
extensive Zn evaporation at high temperatures and relatively low

ambient pressure, with only limited recondensation. Such conditions
would produce pronounced kinetic isotope effects and leave the
residual solids substantially enriched in heavy Zn isotopes.

Evaporation of zinc from the solid phase

Kinetic Zn isotope fractionation during volatilization observed here is
distinctly different from the more subdued or mixed processes
involving partial recondensation or melt-phase interactions. By con-
trast, the exceptionally high 6°°Zn values, along with the linear mass-
dependent trend, demonstrate predominantly open-system kinetic
evaporation. Thermal events responsible for heating CM chondrites
occurred hundreds of millions (possibly even billions) of years after
the formation of the Solar System, with a recent study suggesting an
age of at least 3 Ga?. This timing rules out short-lived radionuclides as
the heat source and instead points to collisions, which aligns with the
collision ages associated with asteroid families™. Similarly, recent work
suggests the CI parent body may have undergone collisional heating,
producing partially dehydrated, “CY-like” materials that were then
ejected’. A single impact could explain both the chemical similarities
in non-volatile elements between CY and CI and their differences in
water content and volatile inventories. Notably, these heated chon-
drites show no evidence of large-scale melting. Their mineral struc-
tures are consistent with solid-state metamorphism?-*%, This raises the
likelihood that Zn can be lost via evaporation from the solid state
during impact heating and without extensive melting.

In this study, we performed first-principles calculations to evalu-
ate the feasibility of Zn evaporation from a solid phase (Mg,SiO,4)
under vacuum and compared Zn loss with that of Cd, Mg, and Fe
(Fig. 4). Our results indicate that both Zn and Cd can readily escape
from the solid phase without melting, requiring less energy—and thus
having a higher likelihood—to vaporize compared to Fe and Mg.
Among these elements, Cd is lost most efficiently, followed by Zn, then
Fe and Mg. An earlier study reported substantial Zn loss from CM2
chondrite (Murchison) under low-pressure (-10 Pa) heating between
400 and 1000 °C, most notably around 700 °C®. Taken together,
these observations support that Zn can undergo significant vaporiza-
tion from solid phases in the absence of melting. These findings also
align well with observations in chondrites, where Cd generally exhibits
stronger depletion relative to Zn, and Zn shows more pronounced
depletion than less volatile elements*®, In fact, carbonaceous chon-
drites are highly porous and volatile-rich. Compared with ordinary
chondrites, they can reach higher post-shock temperatures under
moderate shock pressures, and their threshold for partial melting is
lower®”. For instance, under shock pressures of ~20-30 GPa, local
materials may be momentarily heated to ~600-800 °C*, which is still
below the melting threshold, consistent with the observation that not
all heated CM chondrites show melting features. The vapor pressure of
Zn is relatively high under low-pressure regimes®-*°°, Once tempera-
tures exceed ~600 °C in near-vacuum conditions (as on the surface of
an asteroid), Zn becomes prone to sublimation.

Although the high temperatures generated by impact shocks may
last only milliseconds to seconds, this interval can still suffice for Zn
volatilization. The evaporation rate at these temperatures is rapid, and
shock-induced fracturing accelerates outgassing. Moreover, sulfide
(strong affinity of Zn for sulfide phases such as troilite and sphalerite)
decomposition above ~500 °C liberates sulfur gases that carry Zn and
form Zn oxide or metal vapor (Fig. 3). Zinc does not require complete
lattice-scale diffusion to be lost; instead, thermal decomposition and
the creation of fracture surfaces can directly transfer Zn into pore
spaces or thin melt layers, where it then evaporates. In an open system
(e.g., near the surface where ejecta are dispersed), newly formed Zn
vapor readily diffuses into space®®. Consequently, recondensation of
light Zn isotopes back into the rock is minimal, leading to an enrich-
ment of heavy Zn isotopes in the residue. In our samples, pronounced
heavy Zn isotopic compositions indicate that Zn vapor did not fully
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omitted because the energy differences in that region primarily reflect surface
rearrangement structures rather than actual dissociation energies. The calculations
show that Cd and Zn have lower AE values than Mg and Fe, indicating that Cd and
Zn are more readily lost from the solid during evaporation. At the M2 site, AE for
both Cd and Zn is extremely low, suggesting these elements can rapidly evaporate
from the solid under high-temperature conditions.

recondense in situ. Nevertheless, §°Zn in PCA 02010 and B-7904 is
notably heavy but not as extreme as in other samples, possibly because
evaporation was partly restricted, allowing some vapor to be trapped
or re-equilibrated. Alternatively, slightly higher local pressures (e.g.,
from abundant volatiles released at shallow burial depth) may have
partially suppressed isotopic fractionation, resulting in more moder-
ate 8°Zn.

Impact-driven volatile depletion in asteroid parent bodies
The investigated carbonaceous chondrites provide the first unequi-
vocal evidence of purely kinetic Zn isotope fractionation during
volatilization from a solid state. By inducing sublimation, impacts
facilitate evaporation in near-surface regions, even in the absence of
melting, thereby driving extensive depletion of MVE such as Zn.
Crucially, these collisions produce open-system conditions conducive
to strong volatile escape. By comparison, internal heating processes
(e.g., radioactive decay of 2°Al or *°Fe) operate over much longer
timescales (10*-10° years) and tend to occur in more closed-system
environments, enabling volatiles to be redistributed or sequestered
internally. As impact-driven sublimation is effectively unconfined, the
vapor rapidly escapes into space rather than recondensing locally. On
a larger scale, the frequent high-energy impacts characteristic of the
early Solar System would progressively strip volatiles from asteroidal
surfaces (particularly given low gravity and an open escape path),
eventually altering both the surface composition and deeper differ-
entiation pathways. Notably, our findings reveal that even undiffer-
entiated bodies likely show MVE depletion through purely kinetic,
solid-state evaporation, emphasizing impacts as a key driver of vola-
tile loss and heavy-isotope enrichment. Therefore, if volatile-poor,
MVE-depleted chondritic material (resulting from collisional proces-
sing) contributed significantly to a growing planet’s mass, the
resulting bulk volatile budget might mask the expected signals from
fully differentiated planetesimals. In other words, rather than MVE
depletion being solely attributed to differentiation and core-mantle
segregation processes, collisional history must also be considered as
a fundamental mechanism that alters the initial volatile inventory.
Overall, collisional heating is capable of inducing extreme iso-
topic shifts and permanently depleting near-surface volatiles on
parent bodies. Future models of planetary assembly should thus
include the possibility that even undifferentiated chondritic pre-
cursors underwent substantial impact-driven volatilization, poten-
tially imprinting the volatile inventories and isotopic compositions of
terrestrial planets.

Methods

Major and trace elements

The elemental content of samples was analyzed using an Agilent
7900 Quadrupole Inductively Coupled Plasma Mass Spectrometry
instrument at the Institut de Physique du Globe de Paris (IPGP),
France. The sample was introduced into a Scott spray chamber
through a MicroMist nebulizer at an uptake rate of 0.2 mL/min.
Polyatomic interferences were mitigated by analyzing atomic masses
from 23 (Na) to 75 (As) in a collision-reaction cell, utilizing helium gas
at a flow rate of 5 mL/min. Internal standards, including Sc, In, and Re,
were added to the sample solutions to correct for any signal drift and
matrix effects. A mixture of certified standards was measured across
a range of concentrations to convert count measurements into
solution concentrations.

Zinc isotopes

Zinc isotopic measurements were conducted at IPGP using a Thermo
Scientific Neptune Plus Multi-Collector Inductively-Coupled-Plasma
Mass-Spectrometer. Approximately 35mg of homogenized bulk
powder from each sample (derived from a larger homogenized por-
tion) was dissolved in a 1:3 mixture of concentrated HNO5 (500 pL) and
HF (1.5mL) and heated at 120 °C for -48 h. The acids were then eva-
porated, and the residues were processed with a 3:1 mixture of con-
centrated HCI (3 mL) and HNO3 (1 mL) to dissolve any residual fluoride
complexes. Samples were then evaporated to dryness and re-dissolved
in 1.5 mol/L HBr (1 mL) for chemical purification. Procedures of sample
pretreatment, chemical purification, and analytical methods are
detailed in prior publications”. Isotope ratios were determined using
the standard-sample-standard bracketing method with JMC-Lyon as
the Zn isotope standard, expressed in the §*Zn notation:

(;LZ?'I) Sample
(s7%)
647Zn/ JMC—Lyon

8Zn= { - 1} x1000

where X=66 and 68. The precision and reproducibility of chemical
separation and isotopic analyses were monitored using terrestrial rock
standard BHVO-2 and BCR-2, yielding &°Zn values of 0.29 +0.06%o
(2SD, n=4) and 0.25+ 0.03%. (2 SD, n=3), respectively, aligning with
published values". The analytical results for Zn isotopes and bulk
major and trace elements are detailed in Tables S1, S2.

Data availability
All data are available in the Supplementary Materials.
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