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ARTICLE INFO ABSTRACT

Editor: Claudia Romano This study evaluates the role of mantle-to-core segregation of the “Hadean matte” (sulfide liquids) occurring in

the solidifying magma ocean in determining the chalcophile and siderophile element (CSE) abundances of the

silicate Earth. The partition coefficients of CSEs between sulfide liquid and basaltic to peridotitic melt (D?;%Sil)

were determined at 1-14 GPa and 1300-2100 °C. The variations in the obtained Dies™" (30-160 for Co, 50-1200
for Ni, 40-940 for Cu, 20-210 for Mo, 50-210 for Ag, 20-90 for Cd, 4-60 for In, 30-150 for Sb, 3900-30,000 for
Re, 15-210 for Pb, 140-1700 for Bi, 0.3-7 for Zn, 0.7-7 for Ge, and 0.1-0.9 for Ga) can be explained and
parameterized as a function of the experimental pressure, temperature, and composition of the silicate melt and
sulfide liquid. Application of the D?;lb{sn parameterization to the mantle-to-core segregation of sulfide liquids in a
deep magma ocean at 75 GPa shows that less than 10 % of each of Co, Ni, Cu, Zn, Ga, Ge, Mo, Ag, Cd, In, Sb, Pb,
and Bi in the silicate Earth can be sequestered in the core; whereas, in a shallow magma ocean at 10 GPa, 50-80
% of each of Cu, Ag, and Bi and less than 50 % of the other CSEs can be sequestered in the core. In contrast,
mantle-to-core segregation of sulfide liquids could have extracted more than 90 % of the Re in the silicate Earth
in both cases, requiring the addition of a late veneer to explain the present-day mantle value. Our results
demonstrate that if Earth’s volatile CSEs (Cu, Zn, Ga, Ge, Ag, Cd, In, Sb, Pb, and Bi) were delivered when metal
segregation to the core was largely inactive, the depletion pattern of volatile CSEs relative to the lithophile el-
ements of similar volatility in the silicate Earth cannot be explained by mantle-to-core segregation of sulfide
liquids. Also, previous models that used mantle-to-core segregation of sulfide liquids as an important approach to
explain the depletion of volatile CSEs in the silicate Earth need to be re-examined.
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1. Introduction

As a major host of chalcophile and siderophile elements (CSEs),
sulfide liquids are commonly present in magmas associated with the
large-scale differentiation of the Earth’s core, mantle, and crust. During
the differentiation of the Earth’s crust and mantle, sulfide liquids are
present in both mid-ocean ridge basalts and oxidized arc magmas,
exerting a strong control on the transfer of CSEs from the mantle
(Bockrath et al., 2004; Chang and Audétat, 2018; Jenner, 2017; Jenner
et al., 2010; Kiseeva et al., 2017; Lee et al., 2012; Li et al., 2021; Liu and
Li, 2023; Mungall and Brenan, 2014; Zhang and Li, 2021). During the
differentiation of the Earth’s mantle and core, the delivery of volatiles
during the Earth’s late accretion stages may have resulted in the satu-
ration of sulfide liquids in the proto-mantle, termed the “Hadean matte”
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(O’Neill, 1991). They may have subsequently segregated into the core,
significantly affecting the abundances of CSEs in the silicate Earth
(Ballhaus et al., 2017; Ballhaus et al., 2013; Kiseeva and Wood, 2015;
Laurenz et al., 2016; Righter et al., 2018; Righter et al., 2020; Rubie

et al., 2016; Wood et al., 2008; Wood et al., 2006). The sulfide liquid-

—silicate melt partition coefficients of CSEs (D?;lE/SH) represent a crucial

parameter for quantifying the distribution of CSEs between the mantle
and crust, and between the core and mantle given the mantle-to-core
segregation of sulfide liquids. In combination with the observed
present-day CSE abundances of the silicate Earth, this parameter can be
further employed to constrain the Earth’s accretion process and the
delivery of essential volatile elements for life (Ballhaus et al., 2017;
Ballhaus et al., 2013; Laurenz et al., 2016; Righter et al., 2018; Righter
et al., 2020; Rubie et al., 2016). For example, to explain the relative-
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chondritic platinum-group-element (PGE) abundances of the silicate
Earth, mantle-to-core segregation of sulfide liquids, with sulfide liq-
uid-silicate melt partition coefficients of PGEs (Df,’gfﬂ) > 10°, must have
occurred in the Earth’s deep magma ocean prior to the addition of a
chondritic late veneer (Laurenz et al., 2016; Righter et al., 2018; Rubie
et al., 2016). Such a chondritic late veneer may have not only delivered
PGEs (Dale et al., 2012; Day et al., 2016), but also contributed water,
carbon, and nitrogen to the proto-Earth (Albarede, 2009; Marty, 2012;
Varas-Reus et al., 2019; Wang and Becker, 2013), although the precise
role of the late veneer in the origin of the Earth’s volatiles remains a
topic of contention (Broadley et al., 2022; Labidi et al., 2013; Marty,
2012; Shi et al., 2022; Wang et al., 2021).

In order to gain insights into the role played by sulfide liquids in the
distribution of CSEs between the mantle and the crust, experimental
determinations of D‘Z’%Sﬂ for V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Mo,
Ag, Cd, Sn, Sb, Te, W, Re, Au, T1, Pb, and Bi have been made primarily at
the Earth’s crust-mantle pressure (P) and temperature (T) conditions (P
< 3 GPaand T < 1700 °C), which are more pertinent to the processes of
mantle partial melting and subsequent magmatic differentiation
(Botcharnikov et al., 2013; Brenan, 2008; Brenan, 2015; Brenan et al.,
2015; Feng and Li, 2019; Gaetani and Grove, 1997; Kiseeva and Wood,
2013; Kiseeva and Wood, 2015; Li, 2014; Li and Audétat, 2012; Li and
Audétat, 2015; Li et al., 2021; Li et al., 2019; Mungall and Brenan, 2014;
Peach and Mathez, 1993). The principal findings of these preceding
studies are that DZ’;IE/SH vary within the range of 10-10° and are a robust
function of temperature, the composition of silicate melt and sulfide
liquid, and oxygen fugacity (fO5) for the elements with multiple valence
states. The Df;;lés"l are typically observed to increase with decreasing
FeOqot content of the silicate melt and temperature, although the silicate
melt composition varied from basaltic to rhyolitic; however, there are
exceptions, with some elements, such as Ge and Ga, exhibiting an in-
crease in D?;%Sﬂ with temperature (Kiseeva and Wood, 2013; Kiseeva
and Wood, 2015; Li and Audétat, 2015; Li et al., 2021). In the case of the
CSEs with multiple valence states, such as Re, Mo, and Sn, the D?;lE/SH
have been observed to increase with a decrease in fO, (Brenan, 2008;

Feng and Li, 2019; Li and Audétat, 2015; Li et al., 2021). The experi-

mental determinations of D?;%Sﬂ for PGEs by using the coexisting sulfide

liquid and silicate melt and the in-situ micro-analytical method of
LA-ICP-MS have yielded results that are not entirely consistent with one
another, but which nonetheless offer some intriguing results (Mungall
and Brenan, 2014; Wang and Li, 2024; Zhang and Li, 2021). Mungall and

Brenan (2014) obtained DIS,L(‘;Z}{,SH values greater than 10° at 1 bar and

1200 °C. However, the results of Zhang and Li (2021) demonstrated that

the Di‘t’ﬁﬂ values (ranging from 10%to 10°) increase with the addition of

Pt and Pd to the sulfide liquids at 1 GPa and 1400 °C and fO5 below the
fayalite-magnetite—quartz ~ (FMQ) buffer. Nevertheless, such

concentration-dependence of Df,'#:il was not observed at 1.5 GPa and

1400 °C and at fO2 1.5-2 log units above the FMQ buffer (Wang and Li,

Sul/Sil
D Pt,pd

the non-Henrian law and the formation of Pt- and/or Pd-rich nuggets in
the sulfide liquids at fO5 below the FMQ buffer (Ballhaus and Sylvester,
2000; Liu and Li, 2023; Wang and Li, 2024; Zhang and Li, 2021).
Mantle-to-core segregation of sulfide liquids may have occurred in
the Earth’s deep magma ocean at pressures >30 GPa and temperatures
>2500 °C (Blanchard et al., 2021; Laurenz et al., 2016; Righter et al.,
2018; Righter et al., 2020; Rubie et al., 2016). However, only Laurenz

et al. (2016) have thus far measured D?;lém for Pt, Pd, Ru, and Ir at P-T

conditions (7-21 GPa and 2100-2400 °C) that are more relevant for the
Earth’s deep magma ocean. Using the available D}S,LgéSﬂ (Laurenz et al.,
2016; Mungall and Brenan, 2014), previous authors have shown that the
quantitative interpretation of the relative-chondritic PGE abundances of

the silicate Earth is highly dependent on the mantle-to-core segregation

2024). The concentration-dependance of was explained by using
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of sulfide liquids occurring in the Earth’s deep magma ocean (Laurenz
et al., 2016; Righter et al., 2018; Rubie et al., 2016). Mantle-to-core
segregation of sulfide liquids has also been proposed to explain the
depletion of volatile CSEs (e.g., Cu, Ag, Bi, As, Se, and Te) in the silicate
Earth relative to the lithophile elements of similar volatility (e.g., Li, Na,
K, Rb, and F) (Ballhaus et al., 2017; Ballhaus et al., 2013; Kiseeva and
Wood, 2015; O’Neill, 1991; Righter et al., 2018; Yoshizaki and McDo-
nough, 2021), as well as the isotopic systematics of Cu, Pd-Ag, and U-Pb
in the silicate Earth (Ballhaus et al., 2013; Hart and Gaetani, 2006;
Righter et al., 2020; Savage et al., 2015; Wood et al., 2008). In partic-
ular, it has been suggested that if the Earth’s volatiles were delivered
late, when metal segregation to the core was largely inactive, the large
depletion of sulfur and volatile CSEs in the silicate Earth may have to be
attributed to the core-to-mantle segregation of sulfide liquids occurring
in an oxidized and largely crystalline mantle (Ballhaus et al., 2017;
Kiseeva and Wood, 2015; O’Neill, 1991). However, we note that due to
the lack of relevant experimental D!

thors had to use the D?;%Sﬂ obtained at crust-mantle conditions to assess

the role of sulfide liquids in determining the volatile CSE abundances

and isotopic compositions of the silicate Earth. Indeed, even pressure

and/or temperature have small effects on DZ’;%SH, which may be suffi-

. R
cient to cause the corresponding Dgy

differ significantly from the D?;%Sﬂ values obtained at crust-mantle
conditions. Consequently, this could lead to a very different under-
standing of the role that mantle-to-core segregation of sulfide liquids
had in determining the volatile CSE abundances and isotopic composi-
tions of the silicate Earth. In addition, none of previous studies has
determined D?;%Sil in the sulfide liquid—peridotitic melt systems, where
the mantle-to-core segregation of sulfide liquids could have happened,
and it remains unknown whether high MgO contents of the silicate melts
could influence Dgglfﬂ.

In this study, we present new laboratory experiments that aimed at
determining Dg’;%w for Co, Ni, Cu, Zn, Ga, Ge, Mo, Ag, Cd, In, Sb, Re, Pb,
and Bi in the sulfide liquid-basaltic to peridotitic melt systems at pres-
sures of 1-14 GPa and temperatures of 1300-2100 °C. Combined with
previous partitioning data obtained at crust-mantle conditions as
described above, and following previous partitioning models (Kiseeva
and Wood, 2013; Kiseeva and Wood, 2015; Li and Audétat, 2015; Li
etal., 2021), our new Di‘;%sn are parameterized as a multifunction of P-T
and composition of the silicate melt and sulfide liquid. We then use this
parameterization to quantify the effect that mantle-to-core segregation

of sulfide liquids could have on the CSE abundances of the silicate Earth.

for volatile CSEs, previous au-

values for the magma ocean to

2. Methods
2.1. Starting materials

Starting materials included synthetic silicates and sulfides. The
synthetic silicates had major element compositions similar to those of
average mid-ocean ridge basalt (MORB), the Earth’s mantle pyrolite
(McDonough and Sun, 1995), and Martian olivine-phyric basaltic sher-
gottite (Y98) (Shirai and Ebihara, 2004). The use of these different sil-
icates facilitates the investigation of the effect of silicate melt
composition on D?glés". The starting silicates were prepared from
analytical grade oxides and carbonates. To minimize the amount of
water absorbed, the SiO,, TiO,, Al;03, Cr03, and MgO powders were
each heated overnight at 1000 °C, MnO5, at 400 °C, CaCOs at 200 °C, and
NayCO3 and K,CO3 at 110 °C. All dried oxides and carbonates were
mixed and ground in acetone in a mortar and then dried overnight at
room temperature. Well mixed oxide and carbonate powder was sin-
tered in a high purity alumina crucible at 1000 °C overnight to decar-
bonate. The decarbonated powder was finally mixed with FeO powder
and ground in acetone in a mortar and dried at room temperature.
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The sulfides were prepared from mixtures of analytical grade FeS,
CusS, NiS, and metallic powders of trace elements. The sulfides contain
~0.5-7 wt% Cu and Ni and trace amounts of Co, Zn, Ga, Ge, Mo, Ag, Cd,
In, Sb, Re, Pb, and Bi (< 5000 pg/g in total). The weighed FeS, CusS, NiS,
and trace element powders were mixed and ground in ethanol in an
agate mortar for 1 h and then dried at room temperature. Prior to use, all
the dried powder mixtures were stored in a drying oven at 100 °C to
prevent the introduction of moisture from the air. The major and trace
element compositions of the starting silicates and sulfides are given in
Table 1.

2.2. High-pressure experiments

Thirty-six high-pressure experiments were conducted to determine
D“Z';ZSH as a function of pressure, temperature, and composition of the
silicate melt and the sulfide liquid. Mixtures of ~60-70 wt% silicate and
~ 30-40 wt% sulfide were loaded into graphite capsules or single crystal
MgO capsules. Twenty-five experiments were conducted at 1-3 GPa and
1300-1800 °C in an end-loaded, solid media piston-cylinder apparatus
(Max Voggenreiter LPC250), using 1/2-in. diameter talc-pyrex assem-
blies with graphite heaters. The pressure was calibrated against the
quartz—coesite (Bose and Ganguly, 1995) and kyanite-sillimanite
(Bohlen et al., 1991) transitions and a friction correction of 20 % was
applied to the nominal pressure. The total pressure uncertainty was less
than 0.1 GPa. The temperature of the experiments was monitored using
WoysReps—W74Reyq (type C) thermocouples with an estimated tempera-
ture uncertainty of +10 °C. Eleven experiments were conducted at 4-14
GPa and 2000-2100 °C in a 2500-ton multi-anvil apparatus. The pres-
sure media consisted of Cr,O3-doped MgO octahedra with 14 mm edges.
Cubic tungsten carbide anvils with 8 mm truncations (14/8 configura-
tions) were used to apply pressure to the sample along three primary
axes. Experimental pressures were estimated from the hydraulic pres-
sure using calibrations based on the phase transitions of Bi (I-II) and ZnS
at room temperature, and based on the SiO, (coesite-stishovite) and
MgSiOs (ilmenite-perovskite) phase transitions at 1600 °C (Liu et al.,
2018). A stepped LaCrOs heater was used to minimize temperature
gradients. The octahedron, MgO spacer, and LaCrO3 heater were dried at
1000 °C for 10 h prior to each experiment. The temperatures of the
experiments were monitored using WosReos—W74Reys (type C) thermo-
couples. The temperature fluctuation during the experiments was
approximately +£10 °C.

All experiments were first pressurized at room temperature and then
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heated at a rate of 50 °C/min. To reduce the porosity of the graphite
capsules and thus prevent the leakage of sulfide liquids, the experiments
were first heated to 850 °C and held for 2-4 h before being raised to the
target temperatures. All experiments were quenched by switching off
the electrical power to the heaters. The experimental durations ranged
from 15 min to 48 h, depending on the experimental temperatures.
Many previous studies have shown that these experimental durations
are long enough to reach equilibrium partitioning of CSEs between
sulfide liquid and silicate melt in capsules of similar size (Feng and Li,
2019; Kiseeva and Wood, 2013; Kiseeva and Wood, 2015; Li and
Audétat, 2012; Li and Audétat, 2015; Li et al., 2021). The recovered
samples were mounted in resin and polished for scanning electron mi-
croscopy (SEM) observations, electron probe microanalysis (EPMA), and
laser ablation-inductively coupled plasma-mass spectroscopy
(LA-ICP-MS) analyses.

2.3. Analytical methods

2.3.1. EPMA

The major element compositions of the quenched sulfide liquids and
silicate melts were measured using a JEOL JXA-8530F Plus Field Emis-
sion EPMA. Beam sizes of 10 and 30 pm were used for the analyses of the
quenched silicate melts and sulfide liquids, respectively. The accelera-
tion voltage was 15 kV at a current of 10 nA for all elements in the
quenched silicate melts. The peak counting time was 20 s, except for Na
and K, which were measured for 10 s. Natural and synthetic standards
were used to calibrate the instrument; the used standards were diopside
for Si, Mg and Ca, albite for Na, orthoclase for K, apatite for P, almandine
garnet for Al, magnetite for Fe, CrpO3 for Cr, rutile for Ti, MnTiO3 for
Mn, and pure metals for Cu and Ni. An acceleration voltage of 15 kV, a
beam current of 70 nA, and a beam size of 20 pm were used to measure S
in the quenched silicate melts. Pyrrhotite was used as the standard, and
the peak counting time was 60 s. The quenched sulfide liquids were
analyzed with 20 kV acceleration voltage and 20 nA beam current. Fe
and S were calibrated against a synthetic pyrrhotite with a known Fe: S
ratio, Ni and Cu against pure metals and O against magnetite.

2.3.2. LA-ICP-MS

The major and trace elements of the quenched silicate melts and
sulfide liquids were measured using LA-ICP-MS. These analyses were
carried out on an Agilent 7900 quadrupole ICP-MS coupled to a Photon
Machines Analyte HE 193-nm ArF excimer laser ablation system. The

Table 1
Compositions of the starting silicates (in wt%) and sulfides (in wt% and pg/g).
SiO, TiOy Al,03 Cry03 FeO MnO MgO CaO NayO K,0 P,0s5 Total
MORB 50.50 0.93 15.90 0.20 9.06 0.23 8.63 11.20 3.01 0.10 0.10 99.86
Pyrolite 45.10 0.20 4.45 0.20 7.60 0.13 37.80 3.50 0.35 0.03 0.02 99.38
Y98 Silicate 49.40 0.48 6.00 0.10 17.53 0.52 19.64 6.37 0.48 0.02 0.29 100.20
Fe S(wt Cu Ni Co Zn Ga Ge Mo Ag Cd In(pg/ Sb Re Pb Bi (ug/
(wt %) (wt (wt (ng/g)  (ug/g)  (ng/e)  (ng/g)  (ng/g) (ng/g)  (ng/g) & (ng/g)  (ng/g)  (ng/8) @
%) %) %)
Sulfide
01 54 36 7 3 30 700 800
Sulfide
02 62 36 0.5 0.4 800 700 1000 3000 500 2000
Sulfide
03 58 34 2 5 700 1000 400 700
Sulfide
04 64 36 30 200 50 300 400 700 1000 1000 1500
Sulfide
05 64 36 30 200 50 300 400 700 1000 1000 1500
Sulfide
06 57 34 3 5 50 5000 1500 400 400 700 2000 100 1500
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quenched silicate melts were analyzed with 10 Hz, 80 mJ, and laser
beam sizes of 60-90 pm, while the quenched sulfide liquids were
analyzed with 7 Hz, 70 mJ, and laser beam sizes of 30-50 pm. A typical
time-resolved analysis included ~20 s of background acquisition fol-
lowed by laser ablation for 40 s. Helium was used as carrier gas (0.9 L/
min) and nitrogen gas was used as make-up gas (0.85 L/min), mixed
with the carrier gas via a T-connector before entering the ICP. The iso-
topes 23Na, 2*Mg, 7 Al, 2%si, 32p, 3°K, *2Ca, *°Ti, 52Cr, >*Mn, >"Fe, >°Co,
62N, 65Cu, %6Zn, 71Ga, 7*Ge, %Mo, 7 Ag, 111cd, 1151n, 121sb, 2°8pb, and
209Bi were measured with a dwell time of 10 ms. The detection limits
were ~ 0.2-0.3 pg/g for Pb, 0.03-0.06 pg/g for Co, 0.11-0.21 pg/g for
Cu, 0.36-0.44 pg/g for Ni, 0.43-0.51 pg/g for Zn, 0.06-0.08 ng/g for
Mo, 0.013-0.016 pg/g for Ag, 0.04-0.06 pg/g for Sb, 0.01-0.02 pg/g for
Bi, 0.007-0.01 pg/g for In, 0.40-0.70 pg/g for Ge, 0.03-0.05 pg/g for
Ga, and 0.02-0.05 pg/g for Cd. To accurately measure ®°Re in the sil-
icate melts, 185Re was measured with a dwell time of 50 ms and the
detection limits of Re were ~ 1-3 ng/g. NIST SRM 610 glass was used as
an external standard for all analyses, while Si and Fe determined by
EPMA were used as internal standards for the quenched silicate melts
and sulfide liquids, respectively. The Mass-1 sulfide standard was used
as an unknown sample to check the accuracy of the LA-ICP-MS analyses
of the sulfide liquids. Repeated analyses of the Mass-1 sulfide standard
after analysis of each ten spots yielded CSE concentrations that agreed
with the certified values within 5-16 % relative. The overall un-
certainties resulting from the internal and external standardization
procedures are estimated to be better than 15-20 % for all elements 2-3
times above the detection limit (Li and Audétat, 2012; Li et al., 2021).
LA-ICP-MS signal data were converted to concentration data using the
program of Liu et al. (2008).

Table 2
Summary of the experimental conditions and products.
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3. Results
3.1. Sample texture

An overview of the experimental P-T conditions, starting materials,
sample capsules, run durations, and run products is given in Table 2.
Representative sample textures are shown in Fig. 1. All experiments
produced coexisting sulfide liquid and silicate melt. The silicate melts
with a MORB-like composition were quenched to glasses in the experi-
ments conducted at 1-6 GPa (Fig. 1a). In the other experiments, the
quenched silicate melts show a dendritic texture (Fig. 1d), which is
typical of the quenching of peridotitic melts and the quenching of
basaltic melts from high-pressure multi-anvil experiments. Ferroper-
iclase was observed in the two experiments using MgO capsule. In all
experiments, minute sulfide dots are homogeneously distributed in the
silicate melts (Fig. 1b), which were exsolved during quenching due to
the decrease in sulfide solubility. Furthermore, during the quenching,
the sulfide liquids exsolved into a fine-grained Fe-rich monosulfide-
solid-solution and a Cu-rich sulfide phase (Fig. 1c), which has been
observed in many previous studies on the sulfide liquid-silicate melt
partitioning of CSEs (Ballhaus et al., 2006; Bockrath et al., 2004; Brenan,
2015; Feng and Li, 2019; Li and Audétat, 2012; Li and Audétat, 2013).

3.2. Major and trace element compositions of the silicate melts

The major and trace element compositions of the quenched silicate
melts are given in Tables 3 and 4 and plotted in Fig. 2. The silicate melts
of the experiments starting with MORB contain 48.2-51.2 wt% SiOq,
13.7-17.7 wt% Aly03, 7.5-10.2 wt% MgO, 6.4-9.5 wt% FeOyy, and
10.1-12.4 wt% CaO. The silicate melts of the experiments starting with
peridotite contain 42.1-46.3 wt% SiO,, 4.7-6.8 wt% Al,03, 32.7-38.3

Run. No Pressure (GPa) Temperature (°C) Run duration Starting composition Capsule Run products
ZD01 1 1300 48 h MORB + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD02 1 1400 24h MORB + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD03 1 1500 10h MORB + Sulfide 01 Graphite Sulfide liquid -+ Silicate melt
ZD04 1 1600 3h MORB + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD05 1 1700 2h MORB + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD07 3 1600 3h MORB —+ Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD08 1 1800 30 min MORB + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD13 8 2100 15 min MORB + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD15 3 1800 30 min MORB + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD16 4 2100 15 min MORB + Sulfide 02 Graphite Sulfide liquid + Silicate melt
ZD17 7 2100 15 min MORB + Sulfide 02 Graphite Sulfide liquid + Silicate melt
D01 1 1600 3h MORB + Sulfide 03 Graphite Sulfide liquid + Silicate melt
D02 1 1700 2h MORB + Sulfide 03 Graphite Sulfide liquid + Silicate melt
D03 1 1800 30 min MORB + Sulfide 03 Graphite Sulfide liquid + Silicate melt
BM1-13 1 1300 48 h MORB + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BM1-14 1 1400 24h MORB + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BM1-15 1 1500 10h MORB + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BM1-16 1 1600 3h MORB + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BM1-17 1 1700 2h MORB + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BM1-18 1 1800 40 min MORB + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BM4-21 4 2100 15 min MORB -+ Sulfide 04 Graphite Sulfide liquid + Silicate melt
BM7-21 7 2100 15 min Pyrolite + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BM12-21 12 2100 15 min MORB + Sulfide 05 MgO Sulfide liquid + Silicate melt
ZD18 14 2100 15 min Y98 Silicate + Sulfide 06 MgO Sulfide liquid -+ Silicate melt
ZD09 1 1800 30 min Pyrolite + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD10 3 1700 2h Pyrolite + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD11 5 2000 20 min Pyrolite + Sulfide 01 Graphite Sulfide liquid + Silicate melt
ZD14 8 2100 15h Pyrolite + Sulfide 01 Graphite Sulfide liquid + Silicate melt
D04 1 1700 2h Pyrolite + Sulfide 03 Graphite Sulfide liquid + Silicate melt
D05 1 1800 30 min Pyrolite + Sulfide 03 Graphite Sulfide liquid -+ Silicate melt
BP1-17 1 1700 2h Pyrolite + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BP1-18 1 1800 40 min Pyrolite + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BP3-17 3 1700 2h Pyrolite + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BP3-18 3 1800 40 min Pyrolite + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BP4-21 4 2100 15 min Pyrolite + Sulfide 04 Graphite Sulfide liquid + Silicate melt
BP7-21 7 2100 15 min Pyrolite + Sulfide 04 Graphite Sulfide liquid + Silicate melt
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silicate melt
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Fig. 1. Selected back-scattered electron (BSE) images showing characteristic features of the run products from sulfide liquid-silicate melt partitioning experiments.
(a) BSE image of run DO1 (1 GPa and 1600 °C) showing coexisting sulfide liquid and silicate melt in a graphite capsule. (b) Closer view of the quenched silicate melt
in (a) showing homogeneously distributed small sulfide dots produced during quenching. (c) Closer view of the quenched sulfide liquid in (a), which includes Fe-rich
monosulfide solid solution and chalcopyrite. (d) Closer view of the quenched basaltic melt from run ZD13 at 8 GPa and 2100 °C and peridotitic melt from run BP7-21

at 7 GPa and 2100 °C.

wt% MgO, 4.9-7.8 wt% FeOyo, and 3.8-6.0 wt% CaO. The silicate melt
from an experiment starting with Y98 silicate (run ZD18) contains 46.3
wt% SiOg, 3.5 wt% Al203, 28.2 wt% MgO, 13.2 wt% FeOtot, and 4.8 wt%
CaO. The silicate melts from runs ZD18 and BM12-21 contain signifi-
cantly more MgO but less FeO, SiO5, and CaO compared to the starting
silicates (Y98 silicate and MORB, respectively) due to the dissolution of
the MgO capsules in the silicate melts. The silicate melt NBO/T values
(non-bridging oxygens to tetrahedral cations) are ~0.7-1.0 in the ex-
periments starting with MORB, ~2.2-2.6 in the experiments starting
with peridotite, and ~ 2.2-3.3 in runs BM12-21 and ZD18 (Table 3).
The time-resolved LA-ICP-MS signals of Re and other trace elements
in the silicate melts are smooth and constant, demonstrating that there
was no contamination of the silicate melts by sulfide liquid nuggets
during the analyses. Most of the trace elements are well above the
detection limit of our LA-ICP-MS and are homogeneously distributed in
the silicate melts. The trace element concentrations of the silicate melts
are ~13-200 pg/g for Pb, 0.3-25 pg/g for Co, 0.8-780 pg/g for Cu,
0.1-980 pg/g for Ni, 20-180 pg/g for Zn, 2.5-310 pg/g for Mo, 3.5-15
ng/g for Ag, 2-57 pg/g for Sb, 0.5-13 pg/g for Bi, 15-590 pg/g for In,
35-160 pg/g for Ge, 57-330 pg/g for Ga, and 3-26 pg/g for Cd. The Re
concentrations in silicate melts are ~0.03-0.39 pg/g, which are also
significantly above the detection limits of our LA-ICP-MS (~1-3 ng/g).

3.3. Major and trace element compositions of the sulfide liquids

The major and trace element compositions of the sulfide liquids are
given in Tables 5 and 6. The sulfide liquids contain 33.0-36.4 wt% S,
50.5-62.5 wt% Fe, 0-7.6 wt% Cu, 0-7.3 wt% Ni, and 0.8-3.4 wt% O. All
trace elements analyzed in the sulfide liquids are well above the
detection limits. Most trace elements are homogeneously distributed in
the sulfide liquids at the scale of our applied laser beam sizes (30-50
pm), except that a few elements in the sulfide liquids of some runs have
relatively large uncertainties (e.g., 98 + 24 pg/g Ni in run BP1-18; 1071
+ 201 pg/g Bi in run BP3-18; Table 6). The trace element concentrations
of the sulfide liquids are ~17-850 pg/g for Co, 10-1200 pg/g for Zn,

560-5400 pg/g for Mo, 330-1600 pg/g for Ag, 270-1500 pg/g for Sb,
320-3300 pg/g for In, 540-2200 pg/g for Bi, 90-490 pg/g for Ge, 6-53
ng/g for Ga, 160-550 pg/g for Cd, 420-2800 pg/g for Pb, and 440-2200
ng/g for Re.

S . . Sul/sil
3.4. Sulfide liquid-silicate melt partition coefficients of CSEs (Dcléé )

The sulfide liquid-silicate melt partition coefficients (D?;%Sﬂ) for Co,
Ni, Cu, Zn, Ga, Ge, Mo, Ag, Cd, In, Sb, Re, Pb, and Bi were calculated
from their weight fractions in the respective phases and are given in
Table 7 and plotted in Figs. 3-7. At the conditions presently studied,
DZ’;IE/SH vary by 1-2 orders of magnitude; D‘Z‘S‘%Sﬂ are between 10 and 10*
for Re; 10%-10° for Bi, Cu, Ni, and Ag; 10-10? for Co, Pb, Mo, Cd, and In;
1-10 for Zn and Ge; and < 1 for Ga. Intercorrelations were observed for
the Df;’;lfﬂ of some elements. For example, as illustrated in Fig. 3a,

regardless of the silicate melt composition, Df:'f/Sil and Di';l/ Sl are

Sul/sil

correlated and the D, /Di;d/ S ratios have an average value of 1.0 +

0.18. These observations are consistent with previous results obtained in
the sulfide liquid-basaltic to rhyolitic melt systems and imply similar
partitioning behavior of Cu and Ag (Li et al., 2021). Fig. 3b-d respec-
tively shows that D5/S" and D{/S! are correlated, but D§:/*" are

moderately higher than D3e/S!; pSu/st

Sul/Sil
D In

and Df,;‘l/ Sl are correlated, but

are moderately higher than D§*/5"; D*/S! and D3/SU are corre-

lated, but D§/5! are moderately higher than D3/,

. . Usil
The most important parameters governing DSCLS‘éSl include pressure,

temperature, and/or the silicate melt composition (mainly the FeOyo
content of the silicate melt), but the effect of each of these parameters
can be very different for a different CSE (Kiseeva and Wood, 2013;

Kiseeva and Wood, 2015; Li and Audétat, 2015; Li et al., 2021). In

Figs. 4-6, for a given CSE, we have only plotted its Dglglh{s“ as a function of

a parameter that appears to have the most significant effect on the



Table 3
Major and minor element compositions of the quenched silicate melts (in wt% if not noted).

Run. No Si0, 16 TiO, 106 Al,O3 1-6 FeOyp 1.0 MgO 10 Ca0 1l-c MnO 16 Na,O 1-6 K,0 16 P,0s 10 Cr,03 1o S(ug/g) 1o NBO/T Total 1-0
ZD01 50.6 0.4 0.9 0.03 15.5 0.3 7.5 0.1 8.5 0.12 114 0.04 0.176 0.027 3.0 0.03 0.12 0.02 0.01 0.01 0.03 0.02 2041 482 0.7 97.6 0.1
ZD02 50.7 0.2 0.9 0.03 15.4 0.2 6.8 0.5 8.9 0.18 11.8 0.16 0.146 0.011 3.2 0.09 0.10 0.02 0.02 0.02 0.02 0.02 2546 501 0.7 98.0 0.1
ZD03 49.9 0.2 0.9 0.03 16.7 0.1 6.3 0.2 9.5 0.08 11.2 0.07 0.159 0.019 3.0 0.06 0.10 0.01 0.02 0.02 0.02 0.02 2845 113 0.7 97.9 0.1
ZD04 51.1 0.3 0.9 0.05 15.7 0.1 8.1 0.3 9.0 0.05 108 0.06 0.170 0.026 3.2 0.11 0.10 0.01 0.00 0.00 0.05 0.03 3118 387 0.7 99.0 0.1
ZD05 50.5 04 0.9 0.04 15.1 0.2 6.5 0.2 9.1 0.24 11.3 0.04 0.208 0.030 3.4 0.18 0.09 0.01 0.02 0.02 0.02 0.02 3238 676 0.7 97.1 0.1
ZD07 49.1 0.2 0.9 0.04 15.6 0.1 8.8 0.1 8.4 0.14 11.2 0.04 0.175 0.030 3.0 0.04 0.11 0.02 0.02 0.02 0.03 0.01 2270 593 0.7 97.1 0.1
ZD08 49.8 0.2 0.9 0.00 16.6 0.1 7.0 04 102 0.05 11.4 0.09 0.170 0.001 2.8 0.04 0.11 0.02 0.01 0.00 0.02 0.01 4148 567 0.7 98.9 0.1
ZD13 51.1 0.6 0.5 0.13 15.6 0.5 6.8 04 103 090 11.2 094 0.154 0.019 3.2 0.33 0.03 0.02 0.02 0.01 0.04 0.04 2713 835 0.7 98.8 0.3
ZD15 49.1 0.8 1.0 0.02 16.4 0.4 8.7 0.4 8.3 0.09 10.7 0.14 0.180 0.003 2.8 0.03 0.09 0.00 0.01 0.00 0.03 0.02 2280 256 0.7 97.2 0.2
ZD16 48.2 0.7 0.9 0.09 17.7 0.2 8.4 0.2 8.8 0.14 10.1 0.26 0.124 0.024 2.5 0.11 0.08 0.02 0.02 0.02 0.01 0.01 2719 304 0.7 96.7 0.2
ZD17 485 0.6 0.6 0.10 16.5 0.2 9.5 0.4 9.1 0.8 104 0.57 0.075 0.031 2.6 0.13 0.01 0.01 0.01 0.01 0.02 0.02 2372 396 0.8 97.2 0.3
D01 51.1 0.3 1.0 0.01 15.4 0.2 6.6 0.2 8.9 0.07 11.3 0.07 0.194 0.022 3.2 0.05 0.11 0.01 0.01 0.01 0.03 0.03 3384 581 0.7 97.6 0.1
D02 50.1 0.3 0.9 0.03 15.2 0.2 6.3 0.2 11.8 0.43 11.4 0.10 0.158 0.041 3.3 0.12 0.11 0.01 0.02 0.02 0.02 0.01 3631 786 0.8 99.2 0.1
D03 51.0 0.3 1.0 0.04 15.4 0.1 7.2 0.7 8.9 0.17 11.2 0.13 0.173 0.018 3.2 0.11 0.10 0.01 0.02 0.02 0.04 0.03 3793 1811 0.7 98.2 0.2

BM1-13 50.0 0.5 0.8 0.02 15.7 0.1 8.7 0.1 7.9 0.16 11.2 0.18 0.172 0.012 29 0.10 0.09 0.01 0.01 0.02 0.03 0.01 1673 57 0.7 97.4 0.1

BM1-14 50.6 0.2 0.8 0.03 15.6 0.1 8.6 0.1 7.9 0.14 11.2 0.13 0.158 0.014 3.0 0.09 0.10 0.02 0.02 0.02 0.02 0.01 1833 85 0.7 97.8 0.1

BM1-15 50.0 0.2 0.8 0.02 16.2 0.1 8.7 0.1 7.7 0.09 114 0.05 0.157 0.014 2.9 0.08 0.10 0.01 0.01 0.01 0.01 0.01 3238 123 0.7 97.9 0.1

BM1-16 50.8 0.2 0.8 0.03 15.7 0.1 8.7 0.1 7.9 0.11 11.3 0.13 0.151 0.013 3.0 0.09 0.09 0.02 0.02 0.01 0.01 0.01 4097 521 0.7 98.4 0.1

BM1-17 51.2 04 0.8 0.04 15.6 0.1 8.8 0.3 7.9 0.20 11.0 0.20 0.159 0.014 3.0 0.05 0.08 0.01 0.01 0.02 0.02 0.01 4690 1202 0.7 98.6 0.1

BM1-18 50.2 0.4 0.8 0.07 15.7 0.1 8.7 0.4 7.5 0.81 11.5 0.16 0.159 0.019 2.9 0.35 0.10 0.03 0.02 0.02 0.02 0.01 5280 1040 0.6 97.6 0.2

BM4-21 47.4 0.4 0.7 0.02 14.7 0.1 6.9 0.5 136 0.18 124 0.13 0.086 0.014 2.2 0.12 0.08 0.02 0.02 0.02 0.01 0.01 6280 1520 1.0 98.0 0.2

BM7-21 48.8 1.8 0.6 0.23 13.6 1.3 6.4 0.5 148 1.78 122 0.83 0.103 0.015 2.2 0.36 0.02 0.01 0.01 0.01 0.01 0.01 1960 480 1.0 98.7 0.7

BM12-21 38.2 0.6 0.5 0.12 4.5 0.6 3.9 0.6 422 1.23 7.0 0.69 0.010 0.002 2.6 0.37 0.03 0.01 0.02 0.00 0.14 0.01 1200 360 3.3 99.1 0.4
ZD18 46.3 1.0 0.4 0.09 3.5 0.3 13.2 1.0 282 1.32 4.8 0.26  0.350 0.120 1.5 0.21 0.09 0.01 0.12 0.01 0.22 0.01 1160 160 2.2 98.5 0.4
ZD09 446 0.2 0.2 0.00 4.7 0.0 4.9 06 383 0.28 4.7 0.08 0.009 0.001 0.6 0.02 0.09 0.02 0.01 0.00 0.16 0.03 3998 683 2.5 98.1 0.2
ZD10 44.4 1.0 0.3 0.04 5.8 0.6 7.8 0.1 329 1.33 5.1 0.47 0.003 0.005 0.4 0.04 0.09 0.03 0.02 0.01 0.16 0.03 2563 432 2.2 96.9 0.4
ZD11 47.6 1.2 0.2 0.04 7.1 0.5 5.9 0.4 348 1.21 3.8 0.55 0.034 0.020 0.3 0.12 0.02 0.01 0.02 0.01 0.03 0.02 3450 503 2.2 99.9 0.4
ZD14 44.1 1.3 0.2 0.07 5.0 0.4 6.6 0.3 359 1.05 4.5 0.12 0.017 0.014 0.6 0.16 0.07 0.02 0.01 0.01 0.08 0.03 2906 764 2.5 97.1 0.4
D04 446 1.3 0.2 0.12 4.8 0.4 6.4 0.5 379 1.90 3.8 0.86 0.015 0.016 0.5 0.30 0.05 0.03 0.01 0.01 0.17 0.03 3963 941 2.5 98.3 0.6
D05 46.3 0.5 0.2 0.01 4.7 0.2 4.9 0.2 362 048 4.9 0.15 0.014 0.011 0.8 0.07 0.08 0.01 0.01 0.01 0.05 0.01 4227 685 2.4 98.2 0.2

BP1-17 432 1.4 0.3 0.02 5.4 0.8 6.3 06 352 1.34 5.2 0.43 0.011 0.014 2.6 0.08 0.08 0.04 0.03 0.01 0.19 0.04 3840 920 2.4 98.3 0.5
BP1-18 455 0.6 0.2 0.02 5.5 0.3 7.3 0.2 329 1.00 5.0 0.29 0.012 0.010 2.5 0.12 0.07 0.02 0.01 0.01 0.16 0.03 5640 840 2.4 99.2 0.3
BP3-17 425 2.0 0.2 0.07 6.5 0.3 7.4 06 347 113 5.2 0.75 0.010 0.012 2.0 0.23 0.06 0.03 0.01 0.01 0.15 0.02 3520 640 2.5 98.7 0.6
BP3-18 448 1.7 0.1 0.10 5.0 0.4 6.3 04 353 1.71 4.1 0.68 0.021 0.006 2.2 096 0.04 0.03 0.01 0.01 0.15 0.02 2840 520 2.3 97.9 0.6
BP4-21 43.2 0.6 0.1 0.02 5.7 0.7 7.2 0.5 35.8 1.39 4.5 0.62 0.001 0.002 3.2 0.42 0.04 0.01 0.02 0.01 0.11 0.01 4520 1080 2.6 99.8 0.4
BP7-21 421 0.7 0.4 0.14 6.2 0.5 6.1 04 359 0.01 6.0 0.07 0.005 0.001 2.7 0.36 0.01 0.02 0.03 0.01 0.14 0.02 1520 480 2.6 99.5 0.2

For each sample, 10-15 spots were analyzed by EPMA, and 1-¢ is the standard deviation based on the replicate analyses.
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Table 4
Trace element compositions of the quenched silicate melts (in pg/g).

Run. No Pb 1-c Co 10 Ni 1-c Cu 1-¢ Zn 10 Mo 1-c Ag 1-0 Sb 10 Re 1-c Bi 1-¢ In 1-c Ge 1-¢ Ga 1-¢ Cd 10

ZD01 24 5 81 16 15 1.0 0.03 0.01

ZD02 26 3 107 29 15 0.4 0.03 0.01

ZD03 29 0.5 134 6 10 0.2 0.03 0.01

ZD04 39 1 270 4 8 0.1 0.07 0.01

ZD05 41 3 291 15 7 0.1 0.10 0.01

ZD07 51 3 213 8 13 0.2 0.09 0.01

ZD08 52 4 387 27 6 0.3 0.09 0.01

ZD13 114 14 776 87 9 0.4 0.15 0.03

ZD15 91 5 625 18 13 0.5 0.19 0.02

ZD16 203 21 22 4 15 2 69 30 10 1.6 12 2 0.11 0.03 7 3 200 8

zD17 190 29 25 1 23 2 57 3 14 1.2 15 0.7 0.15 0.06 14 3 592 76

D01 20 0.2 8 0.4 54 2 38 2 168 2 4.3 0.6 1 0.2 3 0.3 0.49 0.04

D02 19 0.3 9 0.3 73 9 72 8 117 3 3.2 0.4 3 0.2 2 0.2 0.58 0.03

D03 23 0.8 13 1 102 13 108 9 97 3 3.1 0.2 3 0.3 2 0.1 0.75 0.12
BM1-13 17 0.6 0.30 0.01 0.25 0.07 59 1 57 0.5 1.7 0.3 27 0.2 140 1 121 2 4 0.1
BM1-14 24 0.6 0.30 0.02 0.31 0.05 23 0 43 0.9 2.1 0.2 30 0.2 135 1 90 1 4 0.1
BM1-15 26 0.1 0.35 0.01 0.27 0.02 130 3 31 0.6 1.8 0.0 29 0.2 93 1 65 1 6 0.3
BM1-16 24 0.6 0.36 0.02 0.39 0.06 22 0.4 26 0.2 2.2 0.2 29 0.3 76 0 58 0 5 0.1
BM1-17 26 0.4 0.40 0.01 0.38 0.05 23 1 23 0.4 2.4 0.1 26 0.4 72 1 87 1 6 0.2
BM1-18 25 0.6 0.43 0.02 0.56 0.04 20 1 17 0.6 2.7 0.3 33 0.6 59 5 72 8 7 0.2
BM4-21 17 2.5 0.34 0.09 0.55 0.12 28 2 15 2 2.3 0.5 27 1 56 2 123 3 11 2
BM7-21 50 3.9 0.32 0.03 0.73 0.12 92 4 39 4 6.2 1.2 140 8 35 6 331 14 26 2
BM12-21 16 3.1 0.24 0.05 1.5 0.2 0.8 0.2 27 0.3 2.5 0.2 13 2 3.1 1.0 71 4 75 2 57 3 7 0.4

ZD18 38 3.7 0.81 0.01 984 102 535 32 31 1 305 55 32 10 20 5 0.39 0.11 11 2 93 11 164 12 265 12 19 5

ZD09 51 6 377 42 4 0.7 0.09 0.02

ZD10 71 8 380 24 18 2 0.18 0.04

ZD11 920 19 596 57 14 4 0.14 0.05

ZD14 105 19 737 65 12 0.5 0.17 0.03

D04 15 1.4 11 1 86 15 78 7 179 17 9.9 1.4 3 0.1 6 0.5 0.45 0.16

D05 9 5.8 5 2 115 21 103 34 161 8 2.7 0.9 4 0.4 4 1.0 0.61 0.01
BP1-17 13 1.2 0.31 0.07 0.22 0.03 52 7 18 2 1.9 0.3 15 2 80 6 128 19 3 0.5
BP1-18 17 1.8 0.37 0.09 0.23 0.05 79 2 18 3 2.5 0.5 20 3 77 7 72 5 6 0.6
BP3-17 18 1.5 0.31 0.05 0.13 0.02 73 2 18 2 1.1 0.3 19 2 83 3 123 5 4 0.3
BP3-18 21 2.4 0.36 0.00 0.24 0.03 76 3 19 3 1.8 0.3 25 2 929 3 63 2 7 0.6
BP4-21 7 0.9 0.32 0.05 0.21 0.05 62 1 16 1 3.9 0.4 39 1 79 14 38 5 7 1
BP7-21 49 3.9 0.42 0.06 0.56 0.11 56 3 20 1 5.5 0.5 109 5 118 6 246 9 17 1

For each sample, 8-12 spots were analyzed by LA-ICP-MS, and 1-c is the standard deviation based on the replicate analyses.
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Fig. 2. The major element compositions of the quenched silicate melts as a function of the SiO, contents in silicate melts. This figure illustrates the variation in the

Si0,, Al,O3, FeO, MgO, and CaO compositions of the silicate melts.

Dé‘;%sa, Fig. 4 shows that the increase in temperature from 1300 to

2100 °C leads to a significant decrease in the DZZ%SH for Ni (1200-50), Cu

(940-40), Ag (310-50), and Re (30000-4000); however, the D/ for
Ga (0.05-0.92) and Ge (0.7-6.8) appear to increase with increasing

temperature. Fig. 5 shows that the increase in pressure from 1 to 14 GPa

also leads to a decrease in the Déélésa for Ni (1200-50), Zn (7-0.5), Bi

(1700-130), Cd (87-20), In (60-3), and Cu (940-40). Fig. 6 shows that
the decrease in FeOy, content of the silicate melt leads to an increase in

the DZ4/5" for Co (30-160), Mo (20—200), Sb (20-150), Pb (15-210), Bi

(130-1700), and Cu (940-40). The scatter of D?;%Sﬂ in each plot of

Figs. 4-6 is due to the fact that the D?;lém are governed by several pa-

rameters. For example, the DSY/SE for Ni show dependence on both
P csE P

temperature (Fig. 4a) and pressure (Fig. 4d), which means that both

parameters can control Dﬁl/ S Similarly, the D?;%Sil for Bi are controlled
by both temperature (Fig. 5b) and the FeO content of the silicate melt
(Fig. 6a). It should be also noted that as illustrated in Figs. 4-6, the
D?;%Sﬂ obtained from the sulfide liquid—peridotitic melt system and the

Dé’;%sa obtained from the sulfide liquid-basaltic melt system are

consistent, and they follow the effects of pressure, temperature, and
FeOyor content of the silicate melt in a similar manner. Furthermore,
Dls;él/ sit appear to increase with pressure (Fig. 4d), although the increase
in temperature clearly leads to a reduction in Dls;e'l/ siL, Df{él/ ST and Df;}/ sl
share a similar temperature-dependence, as evidenced by the data at

pressures lower than 4 GPa (Fig. 4b, d). However, the Dj/St/pSu/si

ratios, ranging from 29 to 106, were observed to be strongly pressure-

dependent (Fig. 7), which indicates that pressure may exert a positive

Sul/Sil

influence on Dy,’”". In the following section, the effects of different

Sul/Sil
parameters on D g

manner.

will be further considered in a quantitative

4. Discussion

. . . N ul/Sil
4.1. Comparison with previous data and parameterization of DSCSE

Despite the fact that all available D‘?;lE/Sﬂ were obtained in the sulfide

liquid-rhyolitic to peridotitic systems, the present observations of the

effects of temperature, pressure, and FeOy,; content of the silicate melt

on D?S‘lfﬂ are systematically and qualitatively consistent with the results

obtained from previous experiments conducted at pressures <3 GPa and

temperatures <1700 °C (Fig. 8). For example, our Dsczqus!;l, together with

previous data (Brenan, 2008; Kiseeva and Wood, 2013; Kiseeva and
Wood, 2015; Li and Audétat, 2012; Li and Audétat, 2015; Li et al., 2021;
Mungall and Brenan, 2014), demonstrate a decline with rising temper-

ature and FeOyy content of the silicate melt (Fig. 8a-b); our D;’;%fﬂ,
together with previous data (Gaetani and Grove, 1997; Kiseeva and
Wood, 2013; Kiseeva and Wood, 2015; Li and Audétat, 2012; Li and
Audétat, 2015; Peach and Mathez, 1993), demonstrate a decline with

rising pressure (Fig. 8c-d). Furthermore, our Dg’;{ﬁﬂ, together with pre-

vious data (Gaetani and Grove, 1997; Kiseeva and Wood, 2013; Kiseeva
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Table 5
Major element compositions of the sulfide liquids (in wt%).

Run. No Fe 10 S 1-0 o l-c Ni 10 Cu 10 Total l-c
ZD01 53.1 2.2 34.1 0.7 1.9 0.7 3.0 0.1 7.6 0.7 99.7 0.7
ZD02 52.2 1.4 34.3 0.3 2.0 0.5 3.0 0.0 7.7 0.2 99.2 0.5
ZD03 53.9 1.3 35.0 1.2 1.1 0.4 3.2 0.1 6.3 0.8 99.5 0.5
ZD04 54.3 1.5 33.6 0.5 1.6 0.5 2.8 0.1 6.6 0.7 99.0 0.5
ZD05 55.0 1.1 34.1 0.7 1.1 0.4 2.9 0.0 6.7 0.5 99.7 0.4
ZD07 52.7 0.7 34.8 0.5 1.3 0.4 3.5 0.0 6.7 0.3 99.0 0.2
ZD08 53.7 1.3 33.9 1.5 1.3 0.4 3.3 0.1 7.5 0.6 99.7 0.5
ZD13 52.7 0.4 35.9 0.3 1.3 0.2 3.2 0.1 6.4 0.2 99.6 0.1
ZD15 51.5 1.6 34.4 0.6 2.5 0.4 2.5 0.1 6.6 0.3 97.5 0.5
ZD16 59.4 0.3 35.6 0.8 1.9 0.1 0.4 0.0 0.5 0.0 97.9 0.3
ZD17 59.7 0.4 35.5 0.4 3.4 0.7 0.4 0.0 0.3 0.0 99.3 0.3
DO1 58.3 0.4 33.7 0.5 1.6 0.2 4.6 0.4 1.4 0.1 99.5 0.2
D02 56.5 0.7 34.0 0.5 1.2 0.3 5.3 0.2 1.9 0.1 99.0 0.2
D03 56.5 0.6 33.7 1.0 1.8 0.7 6.0 0.2 1.7 0.1 99.6 0.3

BM1-13 61.5 0.6 35.1 0.9 1.9 0.9 98.5 0.4

BM1-14 61.5 0.6 34.3 0.9 2.6 0.9 98.4 0.4

BM1-15 61.5 0.4 34.3 1.2 2.6 0.4 98.5 0.4

BM1-16 62.5 0.4 35.4 0.9 2.0 1.0 99.8 0.4

BM1-17 61.9 0.6 34.8 0.9 2.1 0.9 98.9 0.4

BM1-18 61.9 0.6 34.6 0.8 2.1 0.6 98.7 0.3

BM4-21 61.7 0.5 35.7 0.6 1.5 0.5 98.8 0.2

BM7-21 61.7 0.3 35.2 0.5 1.3 0.4 98.2 0.2

BM12-21 60.3 0.3 36.4 0.3 0.8 0.1 97.4 0.1
ZD18 56.6 0.5 34.1 0.3 1.0 0.2 4.5 0.4 2.9 0.1 99.0 0.1
ZD09 53.8 0.3 33.2 0.5 1.4 0.5 3.3 0.2 7.4 1.2 99.1 0.4
ZD10 50.5 2.2 33.2 1.1 2.4 0.9 3.3 0.1 7.2 0.9 96.5 0.7
ZD11 51.4 0.7 34.7 0.7 1.8 0.3 3.3 0.0 7.0 0.2 98.2 0.3
ZD14 52.5 0.5 35.5 0.6 1.3 0.5 3.3 0.1 6.4 0.2 99.0 0.2
D04 54.8 0.9 33.7 1.1 1.6 0.5 7.3 0.3 2.2 0.2 99.5 0.3
DO5 54.4 1.7 34.3 1.6 1.6 0.2 6.8 0.5 1.9 0.2 99.0 0.7

BP1-17 61.3 0.3 33.0 0.1 1.6 0.1 95.9 0.1
BP1-18 60.8 0.2 34.9 0.1 2.0 0.1 97.7 0.1
BP3-17 61.4 0.3 36.3 0.4 1.4 0.4 99.2 0.2
BP3-18 61.5 0.3 35.0 1.1 1.3 0.2 97.9 0.4
BP4-21 61.4 0.6 34.5 1.3 2.0 0.6 98.0 0.5
BP7-21 61.7 0.7 35.1 1.1 1.5 0.6 98.3 0.4

For each sample, 10-15 spots were analyzed by EPMA, and 1-c is the standard deviation based on the replicate analyses.

and Wood, 2015; Li and Audétat, 2012; Li and Audétat, 2015; Li et al.,
2021; Peach and Mathez, 1993), demonstrate a decline with rising
FeOyot content of the silicate melt (Fig. 8e-f).

Previous authors (Kiseeva and Wood, 2013; Kiseeva and Wood,

2015; Li and Audétat, 2015; Li et al., 2021) have demonstrated that the

o sul/Sil
large variation in Digy

describes Dé;%ﬁl as a function of multiple variables, including pressure,
temperature, composition of the silicate melt and sulfide liquid, and fO,
for the elements with multiple valence states. The following equation is

used to represent the model:

can be explained by a partitioning model, which

! P !
logDSls1 _ ¢ +% +biz+clog [Xiélom] _ +dearMQ

#1673 [T. 0 10g(1 ~x3%) + o1 -238) (1)

+eg';‘2°-5‘log(1 ,@%05} + Zei-logxf“
where T is temperature in K; P is pressure in GPa; e, eN5, and elm®
represent non-idea interaction parameters between a CSE and the sulfide
liquid composition; AFMQ is fO relative to the FMQ buffer; x3i  xpik
xgl. are mole fractions of FeO, NiS, and CuS 5 in the sulfide liquid; x;"
is mole fraction of an oxide in the silicate melt; C is a constant; and
[ngom] is the total Fe oxides in the silicate melt (wt%) corrected for

corr
the ideal activity of FeS in the sulfide liquid (Kiseeva and Wood, 2015; Li
et al., 2021):
il

X
Sil _ FeOror
I:XFeOmz} corr [x;gl/( x\;'zl + xg]x;l + xZ’Lllil) } 2

The coefficients a, b, ¢,d, e; and the constant C in Eq. (1) can be ob-
tained through multiple linear regression fitting of the Df:glE/Sil data. The
details of the derivation of Eq. (1) are provided in the Supplementary
Materials. In the case a CSE exhibits a single valence state or if the ex-
periments are conducted at conditions of a narrow fO; range, the term of
d e AFMQ in Eq. (1) can be removed, thereby eliminating the influence of
fOz 0on D?;lE/Sﬂ. As demonstrated by Li et al. (2021), Eq. (1) is capable of
explaining the large range of observed D{/*" values for a large number
of CSEs (Co, Ni, Cu, Zn, As, Mo, Ag, Cd, In, Sn, Sb, W, Re, Pb and Bi)
obtained in the sulfide liquid-rhyolitic to basaltic melt systems.

All available D?S'IE/SH data were incorporated into Eq. (1), including
the present data and the previously published data sets (Table S1)
(Brenan, 2008; Brenan, 2015; Feng and Li, 2019; Gaetani and Grove,
1997; Kiseeva and Wood, 2013; Kiseeva and Wood, 2015; Li, 2014; Li

and Audétat, 2012; Li and Audétat, 2015; Li et al., 2021; Peach and

Mathez, 1993). The utilized D?;lfﬂ data were obtained at 1 bar to 14 GPa

and 1100 to 2100 °C. The silicate melts contain 0.2-40 wt% FeO, and the
sulfide liquids contain 0-45 wt% Cu and 0-59 wt% Ni. However, the
D?gbfs" data obtained at relatively reducing conditions (fO; < IW; IW =
the Fe-FeO bulffer) or oxidizing conditions (fO > FMQ) were excluded
for the trace elements with multiple valence states, namely Re, Mo, Sb,
and Bi (Brenan, 2008; Feng and Li, 2019; Li et al., 2021; Steenstra et al.,

2020a; Steenstra et al., 2020b). The previous D?;%Sﬂ data for Re, Mo, Sb,
and Bi obtained in graphite capsules were utilized exclusively. This is
due to the fact that the majority of our experiments were conducted in
graphite capsules, and the fO, should have been below the C-CO;, buffer
but above the IW buffer (Kiseeva and Wood, 2013; Li and Audétat,
2012). This range of fO is likely to be close proximity to the fO, at
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Table 6
Trace element compositions of the sulfide liquids (in pg/g).

Run. No Co 16 Ni 1l Cu Zn 1-c Mo 1-c Ag 1-¢ Sb 1-0 Re 1-c In 1-¢ Bi 1-¢ Ge 1l Ga 10 Cd 1 Pb 1-c
ZD01 578 32 878 31

ZD02 639 30 828 35

ZD03 607 44 572 45

7ZD04 610 31 725 43

ZD05 599 33 828 35

ZD07 655 25 831 34

ZD08 686 48 649 53

ZD13 787 14 1071 39

ZD15 709 14 790 27

ZD16 846 7 744 20 1165 50 441 7 3324 60 2122 138

D17 757 13 757 19 971 46 573 11 2415 103 1480 68

DO1 651 44 834 79 573 65 328 35 265 61 589 72

D02 675 16 700 96 568 49 768 110 303 25 676 90

D03 740 35 874 39 589 28 617 63 297 26 537 74

BM1-13 18 0.3 166 4 166 14 1196 129 563 76 1454 146 92 9 6 1 314 49 916 97
BM1-14 17 0.6 145 5 75 6 1088 232 730 81 1637 309 143 16 6 1 414 54 1076 106
BM1-15 18 0.4 153 2 401 35 878 82 625 53 1366 138 191 15 10 2 334 44 911 112
BM1-16 18 0.4 154 3 79 6 952 233 806 68 1282 193 247 33 10 2 291 37 795 125
BM1-17 18 0.5 199 6 76 7 1016 114 604 84 1406 198 259 31 20 5 273 32 728 76
BM1-18 19 0.4 187 9 76 6 762 124 788 83 1154 85 333 49 35 10 306 30 626 56
BM4-21 19 1.2 197 5 113 8 1064 147 621 94 1113 119 381 50 52 14 493 74 610 138
BM7-21 17 0.5 45 3 134 15 1108 158 729 87 1983 155 224 52 43 9 411 54 1017 281
BM12-21 18 0.8 76 2 29 59 0 988 164 868 66 1459 167 492 30 52 2 290 15 943 139
ZD18 22 0.3 8 2 5370 1169 1598 15 594 36 2202 336 322 53 1528 156 370 32 44 12 347 15 572 124
ZD09 697 96 495 48

ZD10 688 64 1095 100

ZD11 774 19 895 20

ZD14 765 20 1012 23

D04 854 21 1213 208 572 23 736 39 466 55 747 116

D05 819 8 817 113 565 83 762 125 451 109 741 193

BP1-17 16 0 84 3 312 24 1270 183 892 148 1709 133 247 51 33 9 316 22 2759 398
BP1-18 20 1 99 23 499 111 1100 184 778 155 1829 109 357 65 17 6 376 50 1711 251
BP3-17 17 1 54 1 194 11 890 72 289 11 698 100 239 34 22 6 163 12 632 64
BP3-18 22 1 81 5 192 12 1051 118 473 51 1071 201 391 56 20 6 313 41 855 152
BP4-21 19 1 103 5 241 28 1181 181 865 115 1820 112 359 88 12 6 423 53 419 56
BP7-21 29 1 85 3 129 10 1463 164 978 88 2213 213 400 61 37 6 547 43 1988 227

For each sample, 8-12 spots were analyzed by LA-ICP-MS, and 1-c is the standard deviation based on the replicate analyses.

1T A pup Subyz ‘W

149221 (520Z) 619 301020 ponuay)



1

Table 7
Determined partition coefficients of trace elements between sulfide liquid and silicate melt.
Run. No D 1- D 1-c D 1- D 1- D 1- D 1-0 D 1- D 1-0 D 1- D 1-c D 1- D 1- D 1- D 1-
(Mo) c (Re) (Sb) c (Cu) c (Ag) c (Bi) (Zn) c (Ni) (Co) c (Ga) (Ge) c (Cd) c (Pb) c (In) o

ZD01 38 6 8761 941 31 1222 148 62 4

ZD02 42 6 5874 721 27 1149 192 75 4

ZD03 59 8 7022 467 22 1083 25 85 7

ZD04 76 9 1701 244 16 727 37 52 3

ZDO05 86 9 1085 231 15 704 29 43 4

ZD07 51 7 1431 317 18 676 39 39 1

ZD08 116 11 980 193 14 642 35 49 4

ZD13 84 9 1398 83 9 286 30 43 4

ZD15 54 2 389 106 7 273 16 32 1

ZD16 74 11 475 80 18 97 20 299 131 244 34 39 7

ZD17 53 10 587 54 19 65 8 109 24 166 72 31 2

D01 133 25 95 10 360 28 310 60 1194 181 4.9 0.9 854 80 83 7

D02 176 25 145 12 260 36 280 46 1163 167 6.0 0.8 726 93 73 3

D03 192 16 132 11 153 15 177 23 717 149 4.9 0.4 586 78 59 4
BM1-13 21 2 863 155 2.8 0.2 654 180 60 2 0.05 0.01 0.7 0.1 87 14 53 6 21 3
BM1-14 25 5 786 174 3.3 0.3 466 78 58 4 0.07 0.01 1.1 0.1 93 12 46 5 24 3
BM1-15 28 3 761 80 3.1 0.3 561 50 51 2 0.16 0.02 2.0 0.2 56 8 35 4 22 2
BM1-16 37 9 596 102 3.7 0.3 392 56 50 3 0.18 0.03 3.3 0.4 61 8 33 5 28 2
BM1-17 43 5 590 88 3.4 0.3 531 70 46 2 0.23 0.06 3.6 0.4 46 6 28 3 24 3
BM1-18 44 7 433 60 3.8 0.3 331 29 45 3 0.49 0.15 5.6 0.9 47 5 25 2 24 3
BM4-21 72 15 487 128 4.0 0.4 357 78 57 16 0.42 0.12 6.8 0.9 45 9 36 10 23 4
BM7-21 29 5 320 65 1.5 0.2 61 11 55 5 0.13 0.03 6.5 1.9 16 2 21 6 5 1
BM12-21 76 17 37 9 469 161 2.1 0.0 50 5 75 16 0.92 0.06 6.6 0.4 42 3 58 14 12 1

ZD18 18 5 1880 29 8 54 3 50 16 134 31 0.3 0.1 46 6 27 1 0.16 0.04 2.3 0.3 18 5 15 4 3 1

ZD09 175 13 1391 195 14 639 55 65 9

ZD10 39 6 1336 189 14 457 53 46 5

ZD11 54 7 2231 118 11 363 87 59 12

ZD14 63 8 926 87 9 310 43 60 12

D04 58 9 74 9 283 41 211 46 1661 633 6.8 1.3 846 155 75 7

D05 207 74 115 11 185 64 191 36 1211 317 5.2 0.8 595 116 160 38
BP1-17 70 14 886 154 6.0 0.9 381 59 53 12 0.26 0.08 3.1 0.7 94 15 209 36 59 12
BP1-18 61 15 742 157 6.3 1.4 435 143 55 13 0.23 0.08 4.6 1.0 66 11 103 19 39 9
BP3-17 51 7 623 177 2.7 0.2 417 69 54 9 0.18 0.05 2.9 0.4 37 4 35 5 16 1
BP3-18 56 12 582 147 2.5 0.2 336 46 60 4 0.31 0.09 4.0 0.6 42 6 41 9 19 2
BP4-21 73 13 464 58 3.9 0.5 486 126 59 9 0.30 0.16 4.6 1.4 57 9 60 11 22 3
BP7-21 72 9 405 54 2.3 0.2 152 30 71 11 0.15 0.02 3.4 0.5 32 3 41 6 9 1

1T "X pup Subyz ‘W
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which mantle-to-core segregation of sulfide liquids occurred in the
magma ocean (Wood et al., 2006).

The fitting coefficients obtained for Eq. (1) are presented in Table 8.
The correlation coefficients (Rz) obtained for all studied CSEs are above
0.86, with 1-sigma standard deviation ranging between 0.09 and 0.37.
Figs. S1 and S2 illustrate the correlations between the experimentally
determined Dﬁ?fﬂ and the predicted values obtained through the
application of Eq. (1). These figures demonstrate that Eq. (1) is an
effective tool for capturing the full range of experimental data.

The obtained fitting coefficients (Table 8) indicate that an increase in

temperature would result in a decrease in the DEZIE/SH for Co, Ni, Cu, Ag,
Pb, Cd, Bi, and Re, while an increase in temperature would result in an

Sul/Sil

increase in the D/~ for Zn, Ga, Ge, In, Mo, and Sb. An increase in

pressure would typically result in a decrease in DZ’;IE/SH, but this is not the
case for Re, where Df{;l/ Sl are observed to increase with rising pressure,
consistent with what we discussed previously. The positive effect of
pressure on Dz‘;l/ S is in accordance with the fitting results of Li et al.
(2021), and a positive effect of pressure was also observed on the par-
titioning of Re between monosulfide-solid-solution and silicate melt
(Xue and Li, 2021).

The obtained fitting coefficients (Table 8) also indicate that the
DS for all studied trace elements increase with a reduction in FeOqor

CSE
content of the silicate melt. Although all available D‘Zi’;lE/Sﬂ were obtained

with silicate melt composition ranging from rhyolite to peridotite, the
FeOy.t content of the silicate melt is sufficient to describe the effect of the

12

silicate melt composition on DS/ only D§/5" show some dependence

on the Al;03 and CaO content of the silicate melt. The presence of Cu, Ni,
and O in sulfide liquids exerts a slight to moderate influence on the

DSUWSE for certain elements, including Zn, Cu, and Mo (Table 8). In the

CSE
following section, we will employ Eq. (1) to predict the D?S%Sﬂ at con-

ditions pertinent to the mantle-to-core segregation of sulfide liquids
occurring in a magma ocean.

4.2. Effect of mantle-to-core segregation of sulfide liquids on CSE
abundances of the silicate Earth

In this section, we utilized Eq. (1) to investigate the influence of
mantle-to-core segregation of sulfide liquids on the CSE abundances of
the silicate Earth, as postulated by many previous researchers (Ballhaus
et al., 2017; Ballhaus et al., 2013; Hart and Gaetani, 2006; Kiseeva and
Wood, 2015; O’Neill, 1991; Righter et al., 2018; Rubie et al., 2016;
Savage et al., 2015; Wood et al., 2008; Yoshizaki and McDonough,
2021). The presence of immiscible sulfide liquids in the Earth’s solidi-
fying magma ocean necessitates that the S concentrations in the silicate
magma ocean exceed the sulfur concentration in the silicate melt at
sulfide saturation (SCSS), which is a function of pressure, temperature,
and composition of the silicate melt and sulfide liquid (Blanchard et al.,
2021; Ding et al., 2014; Laurenz et al., 2016; Mavrogenes and O’Neill,
1999; Smythe et al., 2017). Consequently, significant research has been
conducted to elucidate the impact of these variables on SCSS and the
exsolution of sulfide liquids in the Earth’s solidifying magma ocean
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pressure. Note that the
(Blanchard et al., 2021; Laurenz et al., 2016; Righter et al., 2018;
Righter et al., 2020; Rubie et al., 2016; Steenstra et al., 2022; ZhangZhou
et al., 2024). Steenstra et al. (2022) suggested that sulfide liquid exso-
lution may not have occurred in the Earth’s deep magma ocean based on
a few SCSS values obtained directly relevant for a deep terrestrial
magma ocean. However, most of these studies reached a consensus that
sulfide liquid exsolution may have only occurred in the Earth’s deep
magma ocean (> 50 GPa) due to the pressure-suppressed SCSS, or in the
shallow magma ocean (< 10 GPa) until sufficient silicate crystallization
occurred to drive the S content of the silicate magma ocean to values
higher than the corresponding SCSS. In this study, we employed the two
most recent SCSS models (Blanchard et al., 2021; ZhangZhou et al.,
2024) to investigate the exsolution of sulfide liquids in the Earth’s final
solidifying magma ocean. Fig. 9 illustrates that the exsolution of sulfide
liquids occurs at ~75 GPa in the Earth’s magma ocean if it has initial
sulfur concentrations between 400 and 600 pg/g, which are the lower
endmember values used in previous studies (Laurenz et al., 2016; Rubie
et al., 2016; ZhangZhou et al., 2024). This finding is consistent with the
conclusions of previous studies that emphasized the importance of
mantle-to-core segregation of sulfide liquids occurring in the Earth’s
deep magma ocean (Laurenz et al., 2016; Righter et al., 2018; Righter
etal., 2020; Rubie et al., 2016). Fig. 9 also indicates that a small quantity
of sulfide liquids may also exsolve at pressures <30 GPa, contingent on
the SCSS model employed. The mantle-to-core segregation of sulfide

for Ni, Cu, Ag, and Re decrease with increasing temperature, while the D{g/

13
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liquids occurring in a shallow magma ocean is well consistent with the
findings of previous studies that emphasized the potential for the
mantle-to-core segregation of sulfide liquids in a largely crystalline
mantle (Ballhaus et al., 2017; Ballhaus et al., 2013; Kiseeva and Wood,
2015; Wood et al., 2008). The question of whether the exsolved sulfide
liquids in a shallow magma ocean can be segregated into the core
through the upper mantle percolation remains unresolved (Blanchard
et al., 2021; Hart and Gaetani, 2016; Holzheid et al., 2000; Solomatov,
2015). In this study, we evaluate the effects of the mantle-to-core
segregation of sulfide liquids on the CSE abundances of the silicate
Earth, taking both scenarios into account.

In order to evaluate the effect of mantle-to-core segregation of sulfide
liquids in the deep magma ocean, a series of conditions were employed.
First, we employed a pressure of ~75 GPa for the exsolution of sulfide
liquids in the magma ocean, with the corresponding temperature con-
strained by the peridotite liquidus (mean value derived from Andrault
et al. (2011) and Fiquet et al. (2010)). Secondly, the mantle peridotite
composition (Palme and O’Neill, 2014) was employed as the silicate
magma ocean composition. The sulfide liquids were assumed to be Fe-
Ni-Cu-S-O, with the Cu and Ni contents calculated using Eq. (1), and
the O content calculated using the data provided by Kiseeva et al.
(2015). Thirdly, the aforementioned Eq. (1), along with the specified
pressure, temperature, and composition of the sulfide liquid and silicate

Sul/Sil

melt, was employed to calculate Dig;>". Furthermore, it was assumed
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D CSE

temperature. Note that the
that complete equilibrium had been reached between the segregated
sulfide liquids and the silicate magma ocean.

Fig. 10a illustrates the calculated D?;%Sﬂ for a range of elements,
including Ni, Co, Zn, Ga, Ge, Pb, Mo, In, Cd, Sb, Cu, Ag, Re, and Bi. These
values are below 50, with the exception of Re, which is primarily due to
the elevated pressure and temperature conditions at which the sulfide
liquids exsolved. The calculated Df{lél/ ST values are ~1 x 10°. Fig. 10b
illustrates the modeled mantle CSE abundances (normalized by the
observed present-day mantle CSE abundances) as a function of the mass
of the segregated sulfide liquids. As illustrated in Fig. 10b, the concen-
trations of Zn, Ga, Ge, Pb, Mo, Co, In, Cd, Sb, Cu, Ag, Ni, and Bi in the
silicate Earth exhibit a decrease of less than 10 % due to the mantle-to-
core segregation of sulfide liquids with a mass as high as 1 % of the
silicate Earth mass, which was the maximum mass proposed in previous
studies (Laurenz et al., 2016; Righter et al., 2018; Rubie et al., 2016;
Yoshizaki and McDonough, 2021). However, the abundance of Re in the
silicate Earth can be significantly diminished as a consequence of the

elevated Df{;l/ S These findings illustrate that the mantle-to-core segre-
gation of sulfide liquids in the deep magma ocean has a negligible
impact on the abundances of Zn, Ga, Ge, Pb, Mo, Co, In, Cd, Sb, Cu, Ag,
Ni and Bi in the silicate Earth. However, it can result in the sequestration
of a significant portion of Re. In other words, only Re among these
studied elements may serve as a sensitive indicator of the mantle-to-core
segregation of sulfide liquids occurring in the deep magma ocean due to

14

Su/Sly a5 a function of pressure. The data are color-coded for

for Cd, In, Bi, Zn, Ni and Cu decrease with increasing pressure.

Sul/sil

its highly chalcophile nature. Furthermore, the D¢, ;" values (5 and 6,

respectively) predicted at the conditions of the deep magma ocean
(Fig. 10a) are considerably lower than those (100-500 and 40-50,
respectively) required to explain the observed Cu and Pb isotopic com-
positions of the silicate Earth (Savage et al., 2015; Wood et al., 2008).
Therefore, the mantle-to-core segregation of sulfide liquids in the deep
magma ocean cannot explain the observed Cu and Pb isotopic compo-
sitions of the silicate Earth (Fig. S3).

Subsequently, the impact of the mantle-to-core segregation of sulfide
liquids occurring in a shallow magma ocean on the CSE abundances of
the silicate Earth was assessed. In this instance, a pressure of 10 GPa was
employed, and the corresponding temperature was estimated to be
~2200 °C. Furthermore, it was assumed that all elements under
consideration are highly incompatible in mantle minerals, and thus only
present in the residual melt following crystallization. This may be the
case for elements such as Cu and Ag with very low mineral-silicate melt
partition coefficients (Li et al., 2022), but not the case for Co, Ni, Zn, As,
Cd, In, Zn, Ge, and Ga. These elements are more concentrated in mantle
silicate minerals (Bédard, 2007; Davis et al., 2013; Le Roux et al., 2011;
Witt-Eickschen et al., 2009). Nevertheless, this would not affect our
conclusions, which will be presented below. Fig. 11a depicts the calcu-
lated Di‘;lfﬂ, which are less than 50 for Ga, Zn, Co, Sb, Pb, In, Cd, Ge and
Mo, between 80 and 90 for Cu and Ag, between 230 and 280 for Ni and
Bi, and 11,500 for Re. Fig. 11b illustrates the modeled mantle CSE
abundances (normalized by the observed present-day mantle CSE
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CSE

for Sb, Bi, Co, Pb, Mo and Cu decrease with increasing FeOy,; contents of the silicate melts.

abundances) as a function of the mass of the segregated sulfide liquids.
In Fig. 11b, the used maximum mass of the segregated sulfide liquids is
0.07 % of the silicate Earth mass, which is equivalent to 1 % sulfide
liquid relative to the mass of the shallow magma ocean at a depth of 10
GPa. As illustrated in Fig. 11b, the proportions of CSEs extracted by
sulfide liquids from the silicate Earth exhibit variability: < 10 % for Ge,
Ga, In, and Zn; 10-30 % for Cd, Pb, Sb, and Co; 50-70 % for Cu, Ag, Ni,
and Bi; and nearly all the Re. The incorporation of CSEs in mantle
minerals would result in a reduction in the proportions of CSEs extracted
by sulfide liquids. To illustrate, the mantle Ni, Co, Ge, Ga, In, Zn, and Cd
could be largely unaffected by mantle-to-core segregation of sulfide
liquids if their incorporation in mantle minerals is taken into account,
given the significant crystallization of the initial magma ocean at a
magma ocean depth of 10 GPa. However, the proportions of Cu and Pb
extracted by sulfide liquids are sufficiently high to explain the Cu and Pb
isotopic compositions of the silicate Earth, as previously proposed by
several models (Ballhaus et al., 2017; Hart and Gaetani, 2006; Savage
et al., 2015; Wood et al., 2008).

4.3. The accretion of Re and the addition of a late veneer on Earth

As discussed above, Re is more sensitive to the mantle-to-core
segregation of sulfide liquids in comparison to the other CSEs that
were studied. The mantle-to-core segregation of sulfide liquids with a
mass of 0.1 wt% of the silicate Earth would result in the extraction of
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over 90 % of the Re present in the silicate Earth (Figs. 10b and 11b). The
impact of mantle-to-core segregation of sulfide liquids on Re is analo-
gous to that proposed for PGEs (Laurenz et al., 2016; Righter et al., 2018;
Rubie et al., 2016). In order to gain a deeper understanding of the
D]S;él/sil

Earth’s accretion of Re, we applied our and the metal-silicate

partition coefficients of Re (D%:t/ Sil) obtained in a previous study (Mann
et al., 2012) to the accretion model of Rubie et al. (2016). Fig. 12 il-
lustrates that the formation of Earth’s core could have resulted in the
concentration of Re in the silicate Earth reaching 1.1 x 10 *to 7 x 107>
ng/g, based on an initial Re content of either a CI-chondrite (38.1 ng/g)
or an enstatite chondrite (63.9 ng/g) (Day et al., 2016; Fischer-Godde
et al., 2011; Horan et al., 2003). The subsequent mantle-to-core segre-
gation of sulfide liquids could have resulted in an even lower mantle Re
abundance, potentially reaching an extremely low value of less than 2 x
107 ng/g. This value is significantly lower than the observed present-
day value of 0.32 + 0.05 ng/g in the silicate Earth (Wang et al.,
2018). Therefore, the addition of a late veneer with a mass of ~0.5 % of
the Earth was required to elevate the Re abundance of the silicate Earth

16

to its present-day value. Accordingly, the late veneer may have consti-
tuted a significant source of Re in the silicate Earth, as has been proposed
for PGEs (Dale et al., 2012; Day et al., 2016; Laurenz et al., 2016; Righter
et al., 2018; Rubie et al., 2016). The late veneer may have been differ-
entiated (Marchi et al., 2017) or unprocessed chondritic materials
(Albarede, 2009; Wang and Becker, 2013) and may have originated from
the inner or outer solar system (Fischer-Godde and Kleine, 2017; Varas-
Reus et al., 2019). These considerations should not alter the role of the
late veneer in supplying Re and PGEs to the proto-Earth.

4.4. Implications for the accretion of volatile CSEs on Earth

Several models have been put forth to explain the accretion of vol-
atile CSEs on Earth. (I) The initial model proposed that the Earth formed
from homogeneous materials that were partially depleted of volatile
elements (Righter et al., 2011; Righter et al., 2017). All volatile elements
participated in the core-mantle partitioning that occurred in the magma
ocean. The depletion of certain volatile CSEs, such as As, Sb, and Ge, can
be attributed to their preferential partitioning into the core. However,
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Table 8

Fitting coefficients obtained for Eq. (1)*.

R? SD (16)

1o

£Cuso.5 1o e (logAl,05) 16 e (logCa0) 1o

EFEO 16 8NiS 1o

1o 1o

1o

No. of data (n)

0.14
0.14
0.14
0.11
0.09
0.09
0.08
0.13
0.13
0.12
0.32
0.36
0.21
0.37

0.87
0.89
0.88
0.89
0.92
0.93
0.95
0.91
0.89
0.88
0.89
0.86
0.93
0.89

0.18
0.25
0.24
0.13
0.12
0.16
0.12
0.13
0.17
0.18
0.3

2.94
2.58
3.51
2.36
2.40
2.76
1.57
0.51
1.04
2.45
2.26
5.30
3.98
2.47

0.16
0.52
0.44
0.11
0.11
0.33
0.10

-1.16
-1.25
-1.79
—0.36
0.36
-1.23
—0.36

0.51 0.26

0.39
0.58

-1.68
—3.36

0.07
0.12
0.08
0.04
0.05
0.07
0.03
0.07
0.07
0.06
0.16
0.35
0.04
0.24

-1.26
—1.28
—0.96
-1.07

21

—241
-85
—100
-33
-31
-175
—43
-33
—65
—102
-50
-103
-83
114

252
434
429
185
170
259
189

~2061

—4232

—4015
449

n=94
n=45
n =45
n=94
n=94
n=64
n=78
n =145
n=291
n=119
n=22
n=26
n =64

Zn

23
23
11
14
16
14
12
24
19
23
31

Ga

Ge

Pb
Co

—0.57 0.18

0.27
0.32

0.40
0.52

—0.98

—1.05
—0.26
-0.24
-0.76
—0.76
-1.37
-1.13
-1.22

552

—695
2202
4326

In
Cd

0.15
0.24
0.25

0.10

0.36

0.72

0.73
—0.47

0.35
0.38
0.23

2.63
2.14
0.65

189
236

Cu

0.09
0.34

—0.26
0.36

3436
2161
2553
—3295
—2439
4836

Ag

293
365

Ni

Bi

0.38
0.17
0.23

0.46 1.87 0.55

-1.21

217
0.19

—6.33
-1.85

525
286
331

Mo

0.32

—2.18

17
22

Sb
Re

1o is the standard deviation of each coeffient reported.

R2 is the correlation coefficient, which provides a measure of how well the observed results are reproduced by the equation.
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this core-mantle partitioning model is unable to account for the dispa-
rate depletion patterns observed in many other volatile CSEs, including
S, Pb, Cd, and Sn, as well as the non-depletion of In (Ballhaus et al.,
2017; Wang et al., 2016). (II) A second model posits that the volatile
CSEs of the silicate Earth may have been added during very late accre-
tions, by the late veneer (Albarede, 2009), for example, when the
metallic melt segregation to the core had become largely inactive
(Ballhaus et al., 2017; O’Neill, 1991). Mantle-to-core segregation of
sulfide liquids in a largely crystalline mantle was proposed as the
mechanism responsible for the depletion of volatile CSEs in the silicate
Earth (Ballhaus et al., 2017; Ballhaus et al., 2013; O’Neill, 1991). (III) A
third and intermediate model proposed that the Earth formed by the
accretion of volatile-poor materials, followed by a late accretion of
10-15 % of volatile-rich materials, such as CI chondrite-like materials
(Braukmiiller et al., 2019; Marty, 2012; Schonbéchler et al., 2010). This
model can explain the Ag isotopic composition and the “hockey stick”
pattern of volatile lithophile elements of the silicate Earth (Braukmiiller
et al.,, 2019; Righter et al., 2020; Schonbachler et al., 2010). The
experimental studies, which focused on the metal-silicate partitioning
of Cd, Bi, Sb, Tl, and S (Kubik et al., 2021a; Suer et al., 2017) and the
metal-silicate isotope fractionation of Sn (Kubik et al., 2021b), showed
that the depletion of these elements and the Sn isotopic composition of
the silicate Earth can be explained only when volatile CSEs were added
during the Earth’s last 10-20 % accretion. However, experimental
studies have also indicated that the late accretion of volatile-rich ma-
terials to the Earth may result in the overabundance of certain volatile
CSEs, such as Bi, Ag, and Cu, in the silicate Earth after the cessation of
core formation, which necessitates the mantle-to-core segregation of
sulfide liquids in a deep magma ocean to reduce the volatile CSE
abundances (Righter et al., 2018, 2020). (IV) An additional model that
can account for the depletion pattern of volatile CSEs in the silicate
Earth is partial melting and vaporization on the Earth’s precursor bodies
(Norris and Wood, 2017). Similar melting and vaporization models have
also been proposed to explain the S, Se, Te, Mg, and Si isotope compo-
sitions of the silicate Earth (Hin et al., 2017; Li, 2021; Lu et al., 2024;
Wang et al., 2021; Wang et al., 2023; Young et al., 2019). Nevertheless,
based on elemental ratios and stable isotopes (Campbell and O’Neill,
2012; O’Neill and Palme, 2008; Pringle and Moynier, 2017; Siebert
et al.,, 2018), it has been argued that post-nebular volatile loss was
restricted on the Earth and may have not played a major role in deter-
mining the depletion of volatile CSEs in the silicate Earth (Braukmiiller
et al., 2019; Wang et al., 2016).

The results of our modeling allow us to test some of the aforemen-
tioned models. The results of our modeling demonstrate that mantle-to-
core segregation of sulfide liquids in a deep magma ocean has a negli-
gible impact on the abundances of volatile CSEs in the silicate Earth.
Furthermore, our findings indicate that mantle-to-core segregation of
sulfide liquids in a shallow magma ocean is insufficient to extract more
than 75 % of the volatile CSEs present in the silicate Earth. Our modeling
results suggest that volatile CSEs in the silicate Earth cannot have been
as depleted as those observed presently (Fig. 13) if volatile CSEs were
delivered after the Earth’s core formation had been inactive, as proposed
by (Ballhaus et al., 2017; 2013; O’Neill, 1991). Fig. 13 illustrates that
the observed depletion pattern of Bi, Sb, As, Ge, Ag, and Cu in the silicate
Earth is inconsistent with mantle-to-core segregation of sulfide liquids at
P-T conditions corresponding to a deep or shallow magma ocean. Fig. 13
also illustrates that, in order to explain the depletion pattern of volatile
CSEs in the silicate Earth by using the mantle-to-core segregation of
sulfide liquids alone, the order of the D?;%Sﬂ values is as follows: fos‘l/ s>

Sul/Sil __ Sul/Sil__ Sul/Sil _ pySul/Sil _ pSul/Sil _ pSul/Sil _ pSul/Sil _ pSul/Sil _
Dg, "™ =Dy, =Dg,'" >Dg,"" >Dpg; "™ >Dg,'" >Dgg'™ >Dp,"™ =

Sul/Sil Sul/Sil : o ySul/sil :
Dg,”™" > Dg,’”". However, this order in D(g;> is markedly disparate

from our experimental results and the predicted D?;lfﬂ values at the

magma ocean conditions (Figs. 10a and 11a). In light of these consid-
erations, we propose that the model proposed by (Ballhaus et al., 2017;
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Fig. 10. The effect of mantle-to-core segregation of sulfide liquids in a deep magma ocean on the abundances of siderophile and chalcophile elements (CSEs) in the
silicate Earth. (a) The D?;lésn were calculated for a deep magma ocean at 75 GPa and 3550 °C using Eq. (1). The error bars were based on 1-sigma standard deviation

for D?;%Sﬂ (Table 8). (b) Modeled mantle CSE abundances (C;), normalized by the observed present-day mantle CSE abundances (C,), as a function of the mass of
segregated sulfide liquids (Xges, wt%) in the deep magma ocean. The mass of segregated sulfide liquids (Xr.s, wt%) is relative to the mass of the silicate Earth. The

uncertainties of C;/C, are <30 % based on the errors of D?;lésu.

2013; O’Neill, 1991), which assumed the accretion of Earth’s volatile composition of the silicate Earth (Righter et al., 2020).

CSEs following the cessation of core formation and employed the The above discussion illustrates that if the Earth acquired its volatile
mantle-to-core segregation of sulfide liquids to elucidate the depletion CSEs subsequent to the cessation of core formation, the segregation of
pattern of volatile CSEs in the silicate Earth, may not be a viable sulfide liquids alone cannot account for the depletion pattern of volatile
explanation. CSEs in the silicate Earth, irrespective of whether the sulfide liquids

Our modeling results are also inconsistent with the model proposal were segregated from a deep magma ocean or a largely crystalline
by (Righter et al., 2018; Righter et al., 2020), which emphasized the magma ocean. The accretion of Earth’s volatile CSEs during the main
importance of the mantle-to-core segregation of sulfide liquids in a deep accretion phase, or during the last 10-20 % of accretion, is consistent
magma ocean in removing the over-abundant Ag and Bi in the silicate with recent findings that the Earth’s highly volatile elements (hydrogen,
Earth after the cessation of core formation. Righter et al. (2020) carbon, and nitrogen) were primarily delivered during the main accre-
employed a Dg’i’l/Sil value of 500 and a Dﬁ';l/Sﬂ value of 2000, derived from tion phase and participated in the core formation process (Broadley

et al., 2022; Grewal et al., 2019; Li et al., 2016; Marty, 2012; Shi et al.,
2022). However, if we accept that the Earth acquired its volatile CSEs
during the main accretion phase or during the last 10-20 % of accretion,
future research should concentrate on the circumstances under which
the partitioning of volatile CSEs into the core can elucidate the general
depletion pattern of volatile CSEs and their isotopic compositions in the
silicate Earth, with or without invoking the mantle-to-core segregation
of sulfide liquids.

the experimental outcomes obtained at crust-mantle conditions
(Kiseeva and Wood, 2015; Li and Audétat, 2012). These values are
significantly higher than those utilized in the present study (Fig. 10a). It
can thus be concluded that any over-abundant Ag and Bi in the silicate
Earth after the cessation of core formation cannot have been removed by
the mantle-to-core segregation of sulfide liquids occurring in the deep
magma ocean. The issue of the overabundance of Ag and Bi could be
resolved if the Earth formed from less volatile-rich materials; however,
this would require an alternative explanation for the Ag isotopic
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Fig. 12. The evolution of the Re concentration in the silicate Earth with the
accretion time using an initial CI chondrite or enstatite chondrite (EC)
composition. The results show that core formation and a late single-stage sul-
fide liquid segregation at 113 My result in significantly low Re concentration,
and the addition of a late veneer is required to achieve the observed present-day
Re abundance in the bulk silicate Earth (BSE). The observed Re content in the
BSE was taken from Wang et al. (2018). The Earth’s accretion model was
adopted from Rubie et al. (2016).

5. Conclusions

We have experimentally determined DgglE/Sil at 1300-2100 °C and
1-14 GPa for Co, Ni, Cu, Zn, Ga, Ge, Mo, Ag, Cd, In, Sb, Re, Pb and Bi.
The D{/St
perature, and composition of the silicate melt and sulfide liquid. We
used this parameterization to predict the Dé’;%sn during the mantle-to-
core segregation of sulfide liquids that occurred in the Earth’s solidify-
ing magma ocean, and to understand the role of the Hadean matte in
determining the CSE abundances of the silicate Earth. We show that the
mantle-to-core segregation of sulfide liquids occurring in the deep
magma ocean at 75 GPa has a negligible role in influencing the CSE
abundances (except for Re) and the Cu, Ag, and Pb isotopic compositions
of the silicate Earth. Mantle-to-core segregation of sulfide liquids in a

were parameterized as a multi-function of pressure, tem-
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Fig. 13. Abundances of elements in the bulk silicate Earth (BSE) relative to CI
chondrites (Palme and O’Neill, 2014) and Mg = 1.0 plotted as a function of 50
% condensation temperature (Wood et al., 2019) from a gas of solar composi-
tion. The results showed that the segregation of 0.07 wt% sulfide liquids
(shallow magma ocean) or 1 wt% sulfide liquid (deep magma ocean) cannot
explain the observed contents of volatile siderophile and chalcophile elements
(CSEs) in the BSE. Note that the mass of segregated sulfide liquids (Xpes, wt%) is
relative to the mass of the silicate Earth.

shallow magma ocean at 10 GPa can extract 10-70 % of the Pb, Cu, Ag,
and Bi in the silicate Earth, and explain the Cu and Pb isotopic compo-
sitions of the silicate Earth. However, the depletion pattern of volatile
CSEs in the silicate Earth cannot be explained by the mantle-to-core
segregation of sulfide liquids if the Earth’s volatile CSEs were deliv-
ered very late, when the metal segregation into the core remained
largely inactive. This is independent of whether the mantle-to-core
segregation of sulfide liquids occurred in a deep or shallow magma
ocean. With respect to Re, the formation of the Earth’s core and the
subsequent mantle-to-core segregation of sulfide liquids could have
significantly depleted the silicate Earth in Re, and the addition of a late
veneer should have followed to explain the observed present-day Re
abundance of the silicate Earth. Previous models that have used mantle-
to-core segregation of sulfide liquids as an important approach to
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explain the depletion of volatile CSEs in the silicate Earth need to be re-

examined. Finally, we like to point out that the extrapolation of our
D?é%sa parameterization to the Earth’s deep magma ocean necessitates

future experiments at significantly higher P-T conditions.
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