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Chalcogen isotopes reveal limited volatile contribution
from late veneer to Earth
Wenzhong Wang1,2,3,4*, Michael J. Walter3, John P. Brodholt4,5, Shichun Huang6, Michail I. Petaev7

The origin of Earth’s volatile elements is highly debated. Comparing the chalcogen isotope ratios in the bulk
silicate Earth (BSE) to those of its possible building blocks, chondritic meteorites, allows constraints on the origin
of Earth’s volatiles; however, these comparisons are complicated by potential isotopic fractionation during pro-
toplanetary differentiation, which largely remains poorly understood. Using first-principles calculations, we find
that core-mantle differentiation does not notably fractionate selenium and tellurium isotopes, while equilibrium
evaporation from early planetesimals would enrich selenium and tellurium in heavy isotopes in the BSE. The
sulfur, selenium, and tellurium isotopic signatures of the BSE reveal that protoplanetary differentiation plays a
key role in establishing most of Earth’s volatile elements, and a late veneer does not substantially contribute to
the BSE’s volatile inventory.
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INTRODUCTION
Understanding how Earth accreted its volatile elements, particularly
its life-essential elements, is key to understanding the evolution and
habitability of terrestrial planets. One group of hypotheses suggests
that proto-Earth accreted mainly from volatile-poor materials from
the inner Solar system, with subsequent addition of volatile ele-
ments supplied by volatile-rich materials from the outer Solar
system to the bulk silicate Earth (BSE) after core formation had
ceased (1–4).

The late-addition model, often referred to as a “late veneer,” was
originally proposed to explain the abundances of highly siderophile
elements (HSEs) in the BSE (5, 6), as metal/silicate partitioning in-
dicated their near complete segregation into the metal phase during
Earth’s core formation (7). This model was subsequently adopted to
account for chalcogen [sulfur (S), selenium (Se), and tellurium (Te)]
abundances in the BSE (3) because their concentrations in the
Earth’s mantle are much higher than expected from their metal/sil-
icate partition coefficients (8, 9). Further, mantle peridotites were
found to have chalcogen/HSE abundance ratios similar to those
of carbonaceous chondrites, providing evidence for the late delivery
of carbonaceous chondrite–like material to Earth’s mantle (3), al-
though it remains debated whether the chalcogen/HSE ratios mea-
sured in peridotites are representative of the BSE’s signatures given
their complicated geological history (10). However, recent experi-
ments suggest that S metal/silicate partition coefficients at core-
forming conditions (~20 to 60 GPa and >3000 K) (11) are much
smaller than that at low pressures, and the modeled S abundance
in the BSE after core formation could even be higher than the mea-
sured value for the Earth’s mantle. Thus, a late veneer is not needed

to explain the S abundance, and possibly volatile elements more
generally, in the BSE.

An alternative possibility is that the proto-Earth accreted from
volatile-rich materials, and the present-day volatile element abun-
dances in the BSE were set primarily by protoplanetary differentia-
tion processes including planetesimal evaporation and core
formation (12–14). Chalcogen isotopes can provide independent
constraints on the origin and evolution of Earth’s volatile elements.
Earth’s mantle has a lighter S isotope composition (δ34S =
[(34S/32S)sample/(34S/32S)std − 1] × 1000, where std. refers
to the standard sample) than any type of chondritic meteorite
(fig. S1) (15, 16), whereas its Se and Te isotopic compositions
(δ82/76Se = [(82Se/76Se)sample/(82Se/76Se)std − 1] × 1000; δ128/126Te =
[(128Te/126Te)sample/(128Te/126Te)std − 1] × 1000) are similar to those
of carbonaceous chondrites but significantly heavier than those of
enstatite chondrites (17–19), a postulated dominant isotopic com-
ponent of Earth’s building materials (20).

The subchondritic δ34S of the BSE, which cannot be a result of a
late veneer, is plausibly explained by evaporation frommolten plan-
etesimals, with negligible S isotope fractionation during core forma-
tion (21). This suggests that protoplanetary differentiationmay have
played a key role in establishing Earth’s volatile element inventory
(12–14), rather than a late veneer. In contrast, the similarity in
δ82/76Se between the BSE and carbonaceous chondrites was
argued to be the result of the late addition of carbonaceous chon-
drite–like material to Earth (17), which can also explain the
δ128/126Te of the BSE (19). Such a conclusion can be drawn only if
protoplanetary differentiation processes did not fractionate Se and
Te isotopes. However, Se and Te have cosmochemical and geo-
chemical characteristics similar to S (22, 23), and it is important
to assess their isotope fractionation during evaporation and core
formation.

RESULTS
Structural properties of Se and Te in melts
We conducted first-principles calculations (see details in Materials
and Method) to obtain the equilibrium Se and Te isotope fraction-
ation factors between silicate and metal and between vapor and
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silicate. Selenium and Te are redox-sensitive elements, but there is
no literature study investigating the Se and Te species in silicate
melts under different redox conditions. By analogy to S, which pre-
dominantly occurs as S2− at log fO2 < FMQ − 1 [1 log unit lower
than the fayalite-magnetite-quartz (FMQ) buffer] in silicate melts
(24, 25), the Se and Te species are likely dominated by Se2− and
Te2− in silicate melts at the fO2 conditions of core formation for
Earth (log fO2 < FMQ − 4) (26, 27), respectively. We model the sil-
icate melts using Mg32Si32O95Se, Mg30NaCa2Fe4Si24Al3H2O89Se
(model “pyrolite”), and Mg30NaCa2Fe4Si24Al3H2O89Te composi-
tions. The metallic melts are modeled by two multicomponent
alloys, Fe87Ni4Si10C2O2H2S2Se and Fe87Ni4Si10C2O2H2S2Te.

The structures of Se-bearing melts at 5 to 100 GPa and 3000 K
were derived from first-principles molecular dynamics (FPMD)
simulations. The FPMD results show that Se is mainly bonded to
Mg and Si atoms in Mg32Si32O95Se melt with a Se─Si distance of
2.25 to 2.29 Å and a Se─Mg distance of 2.47 to 2.57 Å
(fig. S2; see details in the Supplementary Materials), while it
is primarily bonded to Fe atoms with a Se─Fe distance
of ~2.2 Å in Mg30NaCa2Fe4Si24Al3H2O89Se melt (fig. S3). In
Fe87Ni4Si10C2O2H2S2Se metallic melt, Se is dominantly bonded to
Fe atoms with a Se─Fe distance of 2.20 to 2.30 Å
(fig. S4). Similarly, Te is also mainly bonded to Fe atoms in
Mg30NaCa2Fe4Si24Al3H2O89Te and Fe87Ni4Si10C2O2H2S2Te melts
(fig. S5). The bonding configurations of Se and Te in silicate and
metallic melts are similar to those of S under relatively reducing
conditions (21).

Equilibrium Se and Te isotope fractionation between
silicate and metallic melts
The average force constants, <F>, of Se and Te in melts are con-
trolled by their bonding structures and were calculated using snap-
shots from the FPMD simulations based on the harmonic
approximation (see Materials and Methods). The <F> of Se in
Mg32Si32O95Semelt increases from~133 N/m at 5 GPa to ~365 N/m
at 82 GPa (fig. S6) because the coordination numbers of Se─Si and
Se─Mg bonds substantially increase with pressure (fig. S2). The <F>
of Se in Mg30NaCa2Fe4Si24Al3H2O89Se melt falls on the <F> versus
pressure trend of Mg32Si32O95Se melt, suggesting a negligible com-
positional effect on <F> of Se in silicate melts (fig. S6). Similarly, the
<F> of Se in the metallic melt increases by ~1.6 times from 11 to 100
GPa due to the considerable increase in the coordination number of
the Se─Fe bond with compression (fig. S4). However, the <F> dif-
ference between silicate and metallic melts does not notably change
with pressure, which is only 5 to 25 N/m at 10 to 80 GPa (fig. S6).
The <F> difference of Te between Mg30NaCa2Fe4Si24Al3H2O89Te
and Fe87Ni4Si10C2O2H2S2Temelts is <10 N/m at ~44 GPa. For com-
parison, the <F> difference of S between the reducing silicate melt
and the metallic melt is <30 N/m at <80 GPa (21).

The equilibrium fractionation value (103lnαsilicate-metal) of 82/76Se
and of 128/126Te between silicate and metallic melts is derived from
the <F> differences using the high-temperature approximation of
the Bigeleisen-Mayer equation (see the Supplementary Materials)
(28). The silicate melt is only marginally enriched in heavy Se and
Te isotopes relative to the metallic melt. For example, at 3000 K, the
103lnαsilicate-metal of 82/76Se is <+0.012 ‰ at 10 to 60 GPa (Fig. 1),
and the 103lnαsilicate-metal of 128/126Te is essentially zero at ~44 GPa.

We further model the Se and Te isotope fractionation during
Earth’s core formation using two endmember models, equilibrium

and Rayleigh distillation models. Residual Se and Te abundances in
the BSE after core formation are determined by their metal-silicate
partition coefficients. Previous experiments (8) report a large Se
partition coefficient (up to ~120 at 3000 K) between silicate and
metal (DSe

metal/silicate) at low pressures (<20 GPa), which is similar
to the silicate-metal S partition coefficient (DS

metal/silicate). However,
subsequent experiments (29) at >40 GPa suggest that S becomes
much less siderophile at Earth’s core-forming conditions than pre-
viously estimated from extrapolation of low-pressure data (8). If this
applies to Se, then DSe

metal/silicate would also be smaller than the low-
pressure data at Earth’s core-forming conditions. Given this uncer-
tain behavior at high pressures, we model a large range of DSe

metal/

silicate (30 to 120). Our results show that core-mantle differentiation
can only shift the BSE’s δ82/76Se by at most +0.01 and + 0.05‰ for
equilibrium and Rayleigh distillation models (Fig. 1), respectively,
indicating that core formation cannot explain the BSE’s δ82/76Se if
Earth accreted predominantly from enstatite chondrite–like materi-
al (20). Similarly, core formation can only shift the BSE’s δ128/126Te
by at most +0.005‰ even if DTe

metal/silicate is ~300 and δ34S by <+0.1
‰ (21), which cannot explain the δ34S difference between the BSE
and enstatite chondrites.

Isotope fractionation during planetesimal evaporation
We now consider the effect of evaporative loss from molten plane-
tesimals that formed proto-Earth. Previous studies (30, 31) suggest
that the net isotope fractionation between vapor and melt during
planetesimal evaporation strongly depends on the evaporative con-
ditions (30), e.g., the vapor pressure or the degree of vapor satura-
tion. If the degree of vapor saturation is far lower than 100%, the
kinetic effect dominates the net isotope fractionation (30, 31), and
the residual melt is always enriched in heavy isotopes after evapo-
ration. This might plausibly explain the heavy 82/76Se ratio in the
BSE relative to enstatite chondrite–like material (17), but it
cannot explain the BSE’s negative δ34S value relative to chondrites
(15, 16).

When planetesimals undergo evaporation in the presence of
nebular H2 under a total pressure of ~10−4 bar, the vapor saturation
degree approaches 100%, and the net isotope fractionation is equal
to the equilibrium isotope fractionation between vapor and melt
(103lnαvapor-silicate) (30, 31). Our previous thermodynamic calcula-
tions using the GRAINS code show that S mainly occurs as H2S in
the vapor phase (Fig. 2), which is enriched in heavy S isotopes rel-
ative to the silicate melt (21). Modeling indicates that the subchon-
dritic δ34S signature in the BSE can be explained by the evaporative
loss of ~90% S mainly as H2S from molten planetesimals due to the
positive 103lnαvapor-silicate of S isotopes (Fig. 2D).

Following the framework for S isotopes, we conducted thermo-
dynamic calculations with solar abundances (22) under 1e−4 bar
using GRAINS to determine the Se and Te species in the vapor
phase. The results show that Se in the vapor phase mainly occurs
as atomic Se (g), whose fraction increases from ~83% at 1300 K
to ~97% at 1500 K (Fig. 2A). The dominant species for Te in the
vapor phase is also atomic Te (g), whose fraction is >99% at 1300
to 1500 K. In contrast, S in the vapor phase mainly occurs as H2S
(g) and/or HS (g) at 1300 to 1500 K (Fig. 2B). The different species
for Se and S in the vapor phase reflect a higher electronegativity for
S, leading to a negative Gibbs free energy of formation of H2S (g),
whereas the Gibbs free energy of formation is positive for H2Se (g)
and H2Te (g) (fig. S7). That is, at 1300 to 1500 K and 10−4 bar total
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pressure, H2S (g) is a stable phase, but H2Se (g) and H2Te (g) are
not. We also conducted thermodynamic simulations with solar el-
emental abundances, but the H concentration decreased by one
order of magnitude, which corresponds to a more oxidizing condi-
tion than the solar nebula. The results show that the fractions of
major Se and Te species in the vapor phase do not substantially
change compared with the foregoing case (see Supplementary
Materials).

To determine the 103lnαvapor-silicate, we conducted first-princi-
ples calculations to derive the <F> in all species and estimated the
<F> in the vapor phase based on their fractions. The vapor phase is
enriched in light Se and Te isotopes relative to the silicate melt with
the 103lnαvapor-silicate of 82/76Se ranging from−0.1 to−0.2‰ and the
103lnαvapor-silicate of 128/126Te from −0.031 to −0.023‰ at 1300 to
1500 K (Fig. 2C and fig. S8). Thus, Se and Te isotopes show an op-
posite fractionation direction to that of S (Fig. 2D), such that evap-
orative loss of S, Se, and Te from molten planetesimals will enrich
the residual melt with light S isotopes but heavy Se and Te isotopes.

DISCUSSION
Combining the isotope fractionation data from our study and the
literature metal/silicate partition coefficients (8, 9, 29), we model
the abundances and isotopic compositions of S, Se, and Te in the

BSE after early planetesimal evaporation followed by late-stage
core formation.

The nature of Earth’s building materials, which is required to es-
timate the initial abundances and isotopic compositions of S, Se,
and Te, remains highly debated. Dauphas (20) used a large database
to model the isotopic evolution of multiple elements (including O,
Ca, Ti, Cr, Ni, Mo, Ru, andNd) in Earth’s mantle and found the best
match if Earth accreted from materials dominated by enstatite
chondrite–like (~71%) and ordinary chondrite-like (~24%) compo-
sitions, with relatively minor contributions from carbonaceous
chondrite–like material (~5%). That is, Earth’s accreting materials
originate from both CC (carbonaceous) and NC (noncarbona-
ceous) reservoirs, which is also supported by Earth’s nucleosynthet-
ic K and Zn isotope anomalies (32–35). In addition, the mass-
independent Mo and Nd isotopic composition of Earth’s mantle
may reflect a mixture between NC and unsampled s-process–en-
riched CCmaterial compared to known chondrites (36–38). In con-
trast, Schiller et al. (39) found that the mass-independent μ54Fe of
Earth’s mantle overlaps with the value of CI chondrite but is lower
than other chondrites, indicating that most of Fe in Earth’s mantle
derived from inward-drifting CI-like material. If so, large fractions
of Cr and Ni in Earth’s mantle would also be delivered by the same
material, but this is inconsistent with Earth’s Ni and Cr isotopic sig-
natures (40–43). We use the Dauphas model in this study as our
baseline for Earth’s building materials because it provides a

Fig. 1. Selenium isotope fractionation during core formation. (A) Equilibrium Se isotope fractionation factors (103lnα of 82/76Se) between silicate and metallic melts.
Error bars represent ±1σ deviation derived by the propagation of ±1σ deviation on the force constant. (B) Modeled δ82/76Se difference between the bulk silicate part
(δ82/76SeBS) and the bulk Earth (δ

82/76SeBE) caused by mantle-core differentiation. The Se partition coefficient (DSe
metal/silicate) determines the remaining Se fraction in the

silicate part after core formation. Equilibrium and Rayleigh distillation models are considered as two endmember models.
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plausible mixture of components based on well-defined isotopic
signatures for many refractory elements.

The initial δ34/32S, δ82/76Se, and δ128/126Te of Earth’s building
material are estimated to be ~−0.21,−0.35, and +0.02‰, respective-
ly. The initial S, Se, and Te abundances in the accreting material are
~4.5 wt %, 20 ppm (3), and 1.8 ppm (18, 19), respectively. Our
models show that approximately 85 to 95% early evaporative loss
can reproduce the present-day BSE’s δ34/32S, δ82/76Se, and
δ128/126Te, as well as the S, Se, and Te abundances after core
formation over the modeled DS

metal/silicate, DSe
metal/silicate, and

DTe
metal/silicate ranges, without the need for a late veneer (Fig. 3).
If the evaporative loss of S, Se, and Te is greater than 95%, then

the BSE would have S, Se, and Te abundances lower than the
present-day BSE’s values after core formation, and its δ34/32S,
δ82/76Se, and δ128/126Te would deviate from the current BSE’s
values. In this case, a late veneer is required to increase the S, Se,
and Te abundances to the level of the current BSE, but the final
δ34/32S, δ82/76Se, and δ128/126Te of the BSE would also be affected
by the late-veneer material. To evaluate the late-veneer effect on
the δ34/32S, δ82/76Se, and δ128/126Te of the bulk silicate reservoir,
we conduct Monte Carlo simulations with a late veneer character-
ized by carbonaceous chondrite–like material. The models show
that the δ82/76Se and δ128/126Te of the BSE can always be reproduced,
nomatter howmuch Se and Te in the present-day BSE was added by
a late veneer (fig. S9). However, the δ34/32S of the BSE will be close to
the late-veneer value if the amount of S added by the late veneer is
too high, and no more than ~30% of the present-day BSE’s S budget

is allowed to be added by the late veneer to reproduce the BSE’s
δ34/32S (fig. S9).

Our modeling suggests that the abundances and isotope compo-
sitions of S, Se, and Te in the BSE can be explained by protoplane-
tary differentiation rather than a late veneer. Although a late veneer
is allowed, the amounts of S, Se, and Te added by the late veneer
should not exceed ~30% of the present-day BSE’s budgets. If the
late-veneer volatile-rich material is sourced from the outer Solar
System, e.g., carbonaceous chondrite (1–4), our result constrains
that the mass of late veneer cannot exceed 0.2% of the mass of
Earth’s mantle. This allows an estimate of the maximum budgets
of other volatile elements delivered along with chalcogens by the
late veneer. Using the elemental abundances in carbonaceous chon-
drite (3, 44–46) and the BSE (47), we find that the late veneer con-
tributes at most 5% of the H and 40% of the C in the current BSE
(45, 47–49). The limited amount of H contributed by a late veneer
indicates that Earth obtained most of its water during early accre-
tion and differentiation (50) from its major building block—ensta-
tite chondrite–like material (51), inherited possibly through the
interaction between primordial hydrogen-rich atmosphere and
proto-Earth (52). Further, the allowed mass of late veneer would
not substantially contribute to the budgets of moderately volatile el-
ements in the BSE, which is supported by the mass-dependent Zn
and Cu isotopic signatures of Earth’s mantle (53, 54).

In contrast, the maximum mass of late veneer constrained from
S, Se, and Te isotopes can supply 100% of the N in the current BSE
[2.2 ± 1.2 ppm, (45, 47, 55)]. The pre–late-veneer BSE would have a

Fig. 2. Sulfur, selenium, and tellurium species in the vapor phase and the isotope fractionation between vapor and melt. (A to C) the fractions of S, Se, and Te
species in the vapor evaporated from molten planetesimals with the presence of nebular H2. At 1300 to 1500 K, Se and Te predominantly occur as Se (g) and Te (g),
respectively, while S mainly occurs as H2S (g). (D to F) the equilibrium S, Se, and Te isotope fractionation factors between vapor and melt. The residual melt is enriched in
light S isotopes and heavy Se and Te isotopes relative to the vapor phase due to the different species of S, Se, and Te in the vapor phase.
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higher C/N ratio than the present-day BSE, which is also supported
by metal-silicate partition coefficients (14, 56). In addition, at most,
30% of the HSEs in the current BSE were added by a late veneer.
This is consistent with recent experiments (57, 58) yielding low
metal-silicate partition coefficients for Pd and Pt and hinting for
possible higher concentrations of platinum-group elements in the
mantle after core formation. The contribution of a late veneer in
establishing high abundances of other HSEs in the BSE can be in-
dependently assessed by further research on the metal-silicate par-
tition coefficients of these HSEs under the conditions of core
formation for Earth. Overall, our results show that protoplanetary
differentiation may play a dominant role in establishing Earth’s
most volatile element inventory, and the late veneer would have a
limited contribution to the BSE’s volatiles, with the possible excep-
tion of N.

MATERIALS AND METHODS
Equilibrium isotope fractionation factor
The reduced partition function ratio (β) of element X in phase A,
which represents the equilibrium isotope fractionation factor of
element X between phase A and an ideal gas of X atoms, can be
derived from the Bigeleisen-Mayer equation (28). On the basis of
the harmonic approximation and the Teller-Redlich rule (59), the

Bigeleisen-Mayer equation can be written as

β ¼
Qh

Ql
¼
Y3N

i

uih

uil

e� 1
2uih

1 � e� uih

1 � e� uil

e� 12uil
ð1Þ

where h and l represent the heavy and light isotopes, respectively,
and Qh and Ql refer to the vibrational partition function for the
heavy and light isotopes, respectively. The running index i refers
to the vibrational frequency mode, and N is the number of atoms
in the unit cell. Parameters uih and uil are defined as uih or il =
ℏωih or il/kBT, where ωih or il is the vibrational frequency and T is
the temperature in Kelvin. ℏ and kB are the reduced Planck and
Boltzmann constants, respectively.

Under the high-temperature approximation, the β factor can be
expressed as

β ¼ 1þ
1
m
�

1
m0

� �
ħ2

8kB2T2 hFi ð2Þ

where m and m0 refer to the light and heavy isotopes, respectively.
<F> is the force constant of the atom of interest. Thus, the equilib-
rium isotope fractionation factor (103lnα) between phases A and B

Fig. 3. Abundances and isotopic compositions of S, Se, and Te in the bulk silicate part established by planetesimal evaporation followed by core formation. The
Se and Te isotopic compositions of the BSE were inferred from mantle peridotites (17, 19). The previous estimate of BSE’s δ82/76Se from mid-ocean ridge basalts (10) is
consistent with the value from peridotites within uncertainties. (A) δ34/32SBS, (B) δ82/76SeBS, and (C) δ128/126TeBS as a function of the residual fraction after evaporation, as
core formation does not induce resolvable S, Se, and Te isotope fractionation. The initial δ34/32S, δ82/76Se, and δ128/126Te of the building material (71% enstatite chondrite
+ 24% ordinary chondrite + 5% carbonaceous chondrite) (20) are estimated to be ~−0.21,−0.35, and +0.02‰ (fig. S1), respectively. (D) S, (E) Se, and (F) Te abundances in
the bulk silicate part after evaporation followed by core-mantle differentiation. The initial S, Se, and Te abundances in the build material are set as ~4.5 wt %, 20 ppm (3),
and 1.8 ppm (18, 19), respectively. The blue shades represent the modeled results with DS

metal/silicate, DSe
metal/silicate, and DTe

metal/silicate ranging from 30 to 120 (8, 9, 29), in
which the results at DS

metal/silicate, DSe
metal/silicate, and DTe

metal/silicate ~ 70 are highlighted by the blue lines.
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can be derived from

103lnαA� B ¼ 103lnβA � 103lnβB

¼
1
m
�

1
m0

� �
ħ2

8k2T2 ðhFiA � hFiBÞ ð3Þ

Equation 3 has been also successfully applied to predict the equilib-
rium barium isotope fractionation between minerals and aqueous
solution at low temperatures (60) and the S and nickel isotope frac-
tionation between silicate and metallic melts (21, 42).

First-principle molecular dynamics simulations
We calculated equilibrium Se isotope fractionation factors between
silicate and metallic melts using Eq. 2. To obtain the structures of
Se-bearing silicate and metallic melts, we conducted FPMD simu-
lations based on density functional theory using Vienna Ab initio
Simulation Package (VASP) with the projector-augmented wave
method (61). The generalized-gradient approximation (62) was se-
lected to describe the exchange-correlation functional and the PBE
pseudopotentials were used. The energy cutoff for the plane wave
was set as 600 eV, and the Brillouin zone summations over the elec-
tronic states were performed at the gamma point. We used the NVT
thermodynamic ensemble to perform all FPMD simulations with a
fixed temperature of 3000 K, which is controlled by a Nosé thermo-
stat. The time step is 1 fs, and the total simulation time is ~60 ps.
The initial melt structures were obtained by melting the starting
configurations at 6000 K for 20 ps. Pressures can be derived by av-
eraging the pressure over time after equilibration.

We first conducted FPMD simulations on silicate melts with a
chemical composition of Mg32Si32O95Se, in which Se has a
valence state of −2. Selenium is a redox-sensitive element with
four valence states: −2, 0, +4, and +6. Until now, there is no
study in the literature investigating the Se species in silicate melts
at variable fO2 conditions. Previous experiments show that S2− is
the dominant species in silicate melts at log fO2 < FMQ − 1
(1 log unit lower than the FMQ buffer) (24, 25). By analogy to S,
the dissolved Se species in silicate melts could be also dominated
by Se2−, at least under redox conditions of core formation for
Earth, Mars, and Moon (log fO2 < FMQ − 4) (26, 27). The chemical
composition of MgSiO3 was chosen for silicate melts because it has
similar MgO and SiO2 contents to primitive chondrites. To check
the effect of melt composition on the calculated results, we also per-
formed FPMD simulations on a pyrolitic melt with a chemical
formula of Mg30NaCa2Fe4Si24Al3H2O89Se. For metallic melts, we
used a multicomponent alloy (Fe87Ni4Si10C2O2H2S2Se) to do the
simulations. We did not introduce a Hubbard U correction for Fe
atoms in our calculations, as previous calculations suggest that a +U
correction does not substantially affect the calculated results (63).
The pressures from FPMD simulations on Se-bearing melts
range from ~5 to 100 GPa. Similar to Se, we also performed
FPMD simulations on Mg30NaCa2Fe4Si24Al3H2O89Te and
Fe87Ni4Si10C2O2H2S2Te melts at 3000 K to constrain the equilibri-
um Te isotope fractionation factor between silicate and metal-
lic melts.

The structural properties of melts can be inferred from the radial
distribution function (RDF). The RDF between two species A and B

was calculated from

gA� BðrÞ ¼
N

ρNANB
h
XNA

i¼1

XNB

j¼1
δð r!� R!

A
i þ R!

B
j Þi ð4Þ

where A and B refer to two species of interest, N is the total number
of atoms, ρ is the atomic number density, andNA andNB refer to the
total number of species A and B atoms, respectively. R! represents
the coordinates of these atoms. The coordination number, which
represents the number of B atoms that are distributed around A
atoms, can be derived from the RDF.

To obtain the <F> of Se and Te in melts, we extracted large
numbers of snapshots from the FPMD trajectories every 250 steps
after equilibration and relaxed the Se and Te atomic positions in
each snapshot. Then, we applied seven different small displace-
ments to the Se and Te atomic positions along each direction and
calculated the energies of these strained configurations. The force
constant matrix of Se and Te can be obtained by fitting the relation-
ship between static energies and small displacements with a second-
order polynomial, and the <F> of Se and Te in each snapshot is the
average value of diagonal elements of the force constant matrix. The
statistical average on all snapshots is the average <F> in melts
(fig. S6).

Vapor-melt se and Te isotope fractionation
Estimating the Se and Te isotope fractionation between vapor and
melt during planetesimal evaporation requires understanding the Se
and Te species in the vapor phase. Similar to previous work on S
species (21), we conducted thermodynamic calculations using the
GRAINS code (64) with solar abundance for the elements (22) at
various temperatures and 1e−4 bar. This code calculates the
minimum Gibbs free energy of a given system and outputs all the
species when the system achieves chemical equilibrium. The condi-
tions adopted here correspond to the case that the solar nebular
would not have completely dissipated during planetesimal evapora-
tion in the first several million years (65). Also, planetesimal evap-
oration in the presence of nebular H2 is key to explaining the
subchondritic δ34S signature of the BSE (21). To check the effect
of H concentration on the Se and Te species in the vapor phase,
we also conducted thermodynamic calculations with solar elemen-
tal abundances but with H concentration decreased by one order of
magnitude, conditions that are more oxidizing than the
solar nebular.

We further calculated the <F> of Se and Te in all these species
using first-principle calculations. The atomic positions of molecules
in a cubic box (20 Å by 20 Å by 20 Å) were relaxed, and then the <F>
was derived using the small displacement method. When planetes-
imals undergo evaporation in the presence of nebular H2 under a
total pressure of approximately 10−4 bar, previous numerical simu-
lations (30) demonstrate that the net isotope fractionation will be
equal to the equilibrium isotope fractionation between vapor and
melt. Thus, the Se and Te isotope fractionation between vapor
and silicate melt during planetesimal evaporation can be derived
from the <F> difference between vapor and silicate melt using
Eq. 3.
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Isotope fractionation during planetesimal evaporation and
core formation
Similar to S, Se, and Te would have undergone violent vaporization
during planetary accretion. We use the residual Se fraction ( fres) to
describe the degree of Se loss during planetesimal evaporation. The
Se concentration of planetesimals that formed proto-Earth (CBP)
after evaporation is CBP = Cinit × fres, where Cinit refers to the
initial Se concentration of the building material. Following a Ray-
leigh distillation model, the Se isotope composition of the bulk
planetary embryo (δ82/76SeBP) after evaporation is given by

δ82=76SeBP ¼ δ82=76Seinit þ Δ82=76Sevapor� melt � lnðf resÞ ð5Þ

where δ82/76Seinit is the initial Se isotope composition of building
material and Δ82/76Sevapor-melt is the net Se isotope fractionation
between vapor and melt. When the nebular H2 is present under a
total pressure of approximately 10−4 bar, the Δ82/76Sevapor-melt will
be equal to the 103lnαvapor-silicate of 82Se/76Se.

During core formation, a large amount of Sewould be segregated
into the metallic core. Equilibrium between the core and mantle is
given by the Se partition coefficient between metallic and silicate
melts (13)

DSe
metal� silicate ¼ Ccore=CBS ð6Þ

where CBS and Ccore represent the Se concentrations in the bulk sil-
icate part and core, respectively. On the basis of the mass balance,
the total mass of Se in a bulk planet is conserved in these two res-
ervoirs

CBP ¼ MBS � CBS þ ð1 � MBSÞ � Ccore ð7Þ

where MBS is the mass fraction of the bulk silicate part. Following
the Rayleigh distillation model, the Se isotope composition of the
bulk silicate part (δ82/76SeBS) is given by

δ82=76SeBS ¼ δ82=76SeBP � 103lnαsilicate� metal � lnðfBSÞ ð8Þ

where 103lnαsilicate-metal is the equilibrium Se isotope fractionation
between silicate and metallic melts. fBS is the Se fraction remaining
in the bulk silicate reservoirs, which can be derived from Eqs. 6 and
7. If adopting the equilibrium model, then the δ82/76SeBS can be
written as

δ82=76SeBS ¼ δ82=76SeBP þ ð1 � fBSÞ � 103lnαsilicate� metal ð9Þ

By substituting the data of Te for those of Se, the abundance and
isotopic composition of Te in the bulk silicate reservoir can be also
derived using Eqs. 5 to 9.

Monte Carlo simulations for the isotope compositions of
the bulk silicate reservoir
Our models do not require a late veneer, but a late addition of S, Se,
and Te is still allowed if these elements undergo serious evaporative
loss, e.g., their residual fractions are lower than 10%. In this case, the
bulk silicate reservoir may have S, Se, and Te abundances lower than
the present-day BSE’s values after early planetesimal evaporation
followed by late-stage core formation, and late delivery of S, Se,
and Te is required to promote the abundances to the present-day
values. Meanwhile, the S, Se, and Te isotope compositions of the
bulk silicate reservoir would be also affected by the late veneer.

Here, we conductedMonte Carlo simulations to show how the S,
Se, and Te isotope compositions of the bulk silicate reservoir are af-
fected by the late veneer. The initial δ34/32S, δ82/76Se, and δ128/126Te
of the building material (71% enstatite chondrite + 24% ordinary
chondrite + 5% carbonaceous chondrite) (20) are set as ~−0.21,
−0.35, and, +0.02‰, respectively. The initial S, Se, and Te abun-
dances in the build material are set as ~3.3 to 5.8 weight % (wt
%), 15 to 25 parts per million (ppm) (3), and 1.6 to 2.3 ppm (18,
19), respectively. DS

metal/silicate, DSe
metal/silicate, and DTe

metal/silicate

during core formation range from 30 to 120. The residual fractions
of S, Se, and Te after planetesimal evaporation, which measure the
evaporation effect on the abundances, range from 0.01 to 0.2. The
input parameters are randomly distributed in these ranges. The
δ34/32S, δ82/76Se, and δ128/126Te of the bulk silicate reservoir after
early planetesimal evaporation followed by late-stage core forma-
tion aremainly affected by the evaporation process because core for-
mation does not notably fractionate S, Se, and Te isotopes. Some
input combinations produce the S, Se, and Te abundances in the
bulk silicate reservoir exceeding the present-day BSE’s values after
planetesimal evaporation followed by core formation. These cases
are ruled out as they cannot reproduce the S, Se, and Te abundances
in the present-day BSE, regardless of the late-veneer effect. When
the S, Se, and Te abundances in the bulk silicate reservoir are
lower than the present-day BSE’s values after planetesimal evapora-
tion followed by core formation, a late veneer is required to increase
their abundances to the present-day BSE’s values. Meanwhile, the
δ34/32S, δ82/76Se, and δ128/126Te of the bulk silicate reservoir will
be changed by the late veneer, which is characterized by the carbo-
naceous chondrite (fig. S1). The less S, Se, and Te remain after ac-
cretion, the more S, Se, and Te are required to be added by the late
veneer, and the δ34/32S, δ82/76Se, and δ128/126Te of the bulk silicate
reservoir are closer to those of late-veneer material.
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