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Abstract

To constrain the behavior of chalcophile (sulfide-loving) elements during arc magmatic differentiation and to understand
the formation conditions of Earth’s continental crust, the partition coefficients (D) of Mn, Co, Cu, Zn, As, Se, Mo, Ag, Cd,
Sn, Sb, Te, Re, Au, Pb, and Bi between monosulfide-solid-solution (MSS), Cu-rich sulfide liquid (SL; containing 11-45 wt.%
Cu), and hydrous silicate melt (SM) of basaltic to dacitic compositions were determined at 1000-1200 °C, 0.5-1.0 GPa, and
fO, 1-1.5 log units above the fayalite-magnetite—quartz (FMQ) buffer. The D™ values are 16-160 for Co, 1100-8400 for
Cu, 50-220 for Se, 1200-5900 for Ag, 50-1800 for Cd, 700-3300 for Te, 15-510 for Re, 5700-90,000 for Au, 20-440 for Pb,
and 140-3300 for Bi. The D™ values for Mn, Zn, As, Mo, Sn, and Sb are below 1-40. The D"55/S™ yalues are 55-260 for
Co, 530-1700 for Cu, 74-110 for Se, 30-110 for Ag, 4-40 for Cd, 15-70 for Te, 200-5900 for Re, and 140-270 for Au. The
DYSSISM yalues for Mn, Zn, As, Mo, Sn, Sb, Pb, and Bi are below 1-3. The D" of Au increase with increasing Cu content of
the sulfide liquid, but the D%*/** of the other elements little affected by the Cu concentration in the sulfide liquid. Because of
their distinct dissolution mechanisms in the silicate melt, the D" and D"SS/SM of Mn, Co, Zn, Cd, Sn, and Pb are mainly
controlled by the silicate melt FeOy,, content ([FeOyy]); the DS/ and D¥S5/SM for Re, Mo, As, Sb, and Bi are mainly con-
trolled by [FeO,.,] and fO,; the DS*/*™ and D"SS/M for Cu, Ag, and Au are mainly controlled by [FeO,,] and the content of
reduced sulfur in the silicate melt; and the D/ and DS/ for Se and Te are mainly controlled by fO,. Using all available
DSESMand DMSSISM data, a partitioning model was developed for predicting D" and DM5/*M of chalcophile elements as a
multi-function of temperature, pressure, fO,, and silicate melt and sulfide compositions. Sulfide phase relations suggest that
the sulfides precipitating from arc magmas containing >100 pg/g Cu in the silicate melt occur as Cu-rich sulfide liquid,
whereas the sulfides precipitating from arc magmas containing 30-70 pug/g Cu in the silicate melt occur as mixed MSS and
Cu-rich sulfide liquid. Modeling the Cu evolution trends of global arc magmas illustrates that the precipitating sulfides are
dominantly MSS in continental arcs with a crustal thickness of >30 km, with the proportion of sulfide liquid being less than
20%; whereas, in island arcs with a crustal thickness of <20 km, the proportion of sulfide liquid may reach up to 90%. Apply-
ing the model to predict the evolution trends of Ag, As, Sn, Sb, Se, Mo, Re, Mo, Au, Pb, and Bi in global arc magmas under
various fO, conditions, we find that when no more than 10% of the precipitating sulfides are sulfide liquid, the chalcophile
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element patterns of oxidized magmas (0-1 log unit above FMQ) in continental arcs match that of Earth’s bulk continental
crust, which implies that Earth’s continental crust formed mainly in oxidized continental arcs.

© 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Earth is unique among the rocky planets in the inner
solar system in that it has an andesitic continental crust
(Taylor and McLennan, 2009). Comparisons of the geo-
chemical data of Earth’s continental crust with the
present-day composition of lavas in different tectonic set-
tings indicate that Earth’s continental crust formed in
subduction-related volcanic arcs, or via a geochemical pro-
cess very similar to the arc magmatic process today
(Rudnick, 1995; Hawkesworth et al., 2010; Rudnick and
Gao, 2014; Jagoutz and Kelemen, 2015). However, the
net flux from Earth’s mantle into arc crust is basaltic rather
than andesitic. Therefore, additional mechanisms are
required to transform Earth’s mantle-derived basaltic melt
into andesitic continental crust. Relamination of buoyant
subducting felsic materials (Kelemen and Behn, 2016),
and delamination of dense cumulates from the base of arc
crust (Jagoutz and Behn, 2013; Lee, 2014), are proposed
to be the two main mechanisms to account for this transfor-
mation. Nevertheless, the physical and chemical conditions
for relamination or delamination remain unclear. Conse-
quently, the conditions for the formation of Earth’s conti-
nental crust remain an unresolved issue.

Chalcophile element systematics of arc magmas are
powerful tools to constrain a range of processes and param-
eters, including the differentiation of Earth’s mantle and
crust (Li and Audétat, 2012, 2015; Jenner, 2017, Wang
et al., 2018), and the oxidization state of the mantle and
mantle-derived magmas (Lee et al., 2012; Feng and Li,
2019). However, these constraints rely on knowledge of
the chemical behavior of chalcophile elements in arc mag-
mas under various pressure (P), temperature (7), and oxy-
gen fugacity (fO,) conditions, which is largely controlled by
sulfides. Therefore, to better understand the chemical
behavior of chalcophile elements in arc magmas, and the
formation conditions of Earth’s continental crust as an
application, partition coefficients of chalcophile elements
between sulfides and silicate melt need to be known for var-
ious P-T-fO,—composition conditions. Previous studies
have shown that sulfides are ubiquitous in variably evolved
arc magmatic rocks (Wallace and Edmonds, 2011; Parat
et al., 2011; Lee et al., 2012; Chang and Audétat, 2018;
Williams et al., 2018). For example, during arc magmatic
differentiation, the decrease of the Cu content with decreas-
ing MgO (wt.%) is caused by segregation of sulfides (Lee
et al, 2012; Li and Audétat, 2013; Chiaradia, 2014).
Depending on pressure, temperature, and sulfide composi-
tion (Cu and/or Ni contents), magmatic sulfides can occur
as monosulfide solid solution (MSS) and/or sulfide liquid
(Kullerud et al., 1969; Kullerud, 1970; Bockrath et al.,
2004; Li and Audétat, 2012, 2015; Zhang and

Hirschmann, 2016). MSS was proposed to be qualitatively
more abundant than sulfide liquid during arc magmatic dif-
ferentiation (Li and Audétat, 2013; Wang et al., 2018).
However, the presence of up to 250 pg/g Cu in differenti-
ated arc magmas (Lee et al., 2012; Chiaradia, 2014; Li,
2014a; Agangi and Reddy, 2016) and consequently, the
presence of a few to a few tens wt.% of Cu in the coexisting
sulfides can potentially stabilize Cu-rich sulfide liquid. The
coexistence of MSS and Cu-rich sulfide liquid has indeed
been observed in many oxidized arc magmas (Hattori,
1993; Audetat and Pettke, 2006; Agangi and Reddy, 2016;
Chang and Audétat, 2018; Georgatou et al., 2018). There-
fore, in order to quantitatively understand the behavior of
chalcophile elements in arc magmas, partition coefficients
of chalcophile elements between sulfide phases including
both MSS and sulfide liquid and silicate melt of various
compositions should be determined under various P-T-
fO, conditions.

Early studies measuring the partition coefficients of Cu,
Ni, Co, Pb, Mo, and Zn between sulfide liquid and simpli-
fied silicate melt (D) were performed under dry and/or
ambient pressure conditions (Rajamani and Naldrett, 1978;
Gaetani and Grove, 1997; Ripley et al., 2002). A few later
studies determined the partitioning of Cu, Au, Ag, W,
and Mo between pyrrhotite and basaltic to rhyolitic melt
(Simon et al., 2008; Bell et al., 2009; Mengason et al.,
2011; Botcharnikov et al., 2011; Zajacz et al., 2013;
Botcharnikov et al., 2013). More recently, Kiseeva and
Wood (2013, 2015) investigated the effects of temperature
and silicate melt FeO content on D/ for Cu, In, TI,
Pb, Ag, Mn, Zn, Cr, Co, Ni, Sb, and Cd at 1300-1700 °C
and 1.5 GPa. Li and Audétat (2012, 2013, 2015),
Botcharnikov et al. (2013), and Feng and Li (2019) reported
DSHSM and DMSSISM for V, Mn, Co, Ni, Cu, Zn, As, Mo, Ag,
Sn, Sb, W, Re, Au, Pb, and Bi in the hydrous
basanitic/basaltic to rhyolitic melt systems at 900-1300 °C
and 0.5-3 GPa. Brenan (2015) measured D*/¥ and
DMSSISM for Se and Te at 1200-1300 °C and 0.9-1.5 GPa.
Li et al. (2019) measured D"/ for Au at 950-1050 °C
and 0.5-3 GPa at various fO,. However, previous experi-
ments do not contain sulfide liquid at temperatures below
1100 °C, and none of the previous studies has focused on
measuring the partition coefficients of chalcophile elements
between Cu-rich sulfide phases and silicate melt under con-
ditions appropriate for oxidized arc magmatism.

Here we perform experiments to measure the partition
coefficients of Mn, Co, Cu, Zn, As, Se, Mo, Ag, Cd, Sn,
Sb, Re, Au, Te, Pb, and Bi between Cu-rich sulfide phases
and hydrous basaltic to dacitic melts under conditions
appropriate for oxidized arc magmatism. In conjunction
with literature data, the new partitioning data are used to
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place constraints on the fate of chalcophile elements during
arc magmatic differentiation and the formation conditions
of Earth’s continental crust.

2. EXPERIMENTAL METHODS
2.1. Starting materials

Starting materials include natural rocks and synthetic
silicate glasses, synthetic Cu—Fe-S sulfides, distilled water,
and reagent-grade CaSO, (anhydrite). The synthetic silicate
glasses have major element composition similar to that of
average mid-ocean ridge basalt (MORB) and arc dacite
and were prepared from analytical-grade oxides (MgO,
FCO, MnO, NIO, SiOZ, TiOz, A1203, Cr203, and P205)
and carbonates (Na,CO;, K,CO;, and CaCOj). The
natural rock was a partly glassy andesite. The starting
Cu-Fe-S sulfides with 1045 wt.% Cu were synthesized
from mixtures of FeS, CuS, and Fe powder at 1250 °C
and 1.0 GPa for 20 minutes in a graphite-lined PtosRhys
capsule. Before synthesis, trace amounts of Co, Zn, As,
Se, Mo, Ag, Cd, Sn, Sb, Te, Re, Au, Te, Pb, and Bi were
doped in the FeS-CuS-Fe mixtures by adding metallic
powder or metal sulfides. Major and trace element compo-
sitions of the starting silicates and sulfides are given in
Table 1. All silicates and sulfides were ground into powder
and mixed before loading into sample capsules.

2.2. Sample capsule and P-T conditions

Starting mixtures of ~67-70 wt.% silicate, ~20 wt.% sul-
fide, and ~5 wt.% anhydrite were loaded into olivine cap-
sules, which were then placed into PtosRhys capsules that
were eventually sealed by arc welding. Approximately 5
wt.% distilled water relative to the mass of the silicate
was also added into the olivine capsules using a syringe to
generate hydrous silicate melt. The use of olivine capsules
was to effectively minimize the reaction between samples
and the PtosRhos sample capsules (Li and Audétat, 2012,
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2013). The addition of ~5 wt.% anhydrite was to obtain
sample fO, associated with oxidized arc magmatism
(Parat et al., 2011; Chang and Audétat, 2018). The experi-
ments were performed at 1100-1200 °C and 1 GPa for the
sulfide-basalt system, and at 1000-1100 °C and 0.5 GPa
for the sulfide-dacite/andesite system. Detailed P-T condi-
tions and starting mixture for each individual experiment
are summarized in Table 2.

The experimental durations were 20-24 hours for
experiments at 1200 °C, 24-45 hours for experiments at
1100 °C, and 42-90 hours for experiments at 1000 °C.
These experimental durations have been shown to be suf-
ficiently long for reaching equilibrium partitioning of chal-
cophile elements between sulfide phases and silicate melt
(Mengason et al., 2011; Li and Audétat, 2012; Kiseeva
and Wood, 2013; Zajacz et al., 2013; Li and Audétat,
2015). The homogeneous distribution of major and trace
elements in the sulfide phases and silicate melt, and the
consistence in the partition coefficients obtained in this
study and previous studies, as will be shown below, also
demonstrate the attainment of equilibrium partitioning in
this study.

2.3. High-pressure equipment

All experiments were conducted in an end-loaded, solid-
media piston cylinder apparatus (Max Voggenreiter
LPC250), using 0.5-in. diameter MgO-NaCl assemblies
with stepped graphite heaters as described in previous stud-
ies (Li and Audétat, 2012, 2013, 2015). A friction correction
of 5% was applied to the nominal pressure based on a cal-
ibration of the quartz—coesite transition (Li and Audétat,
2012), and the hot piston-in method was used to pressurize
the assembly. The total pressure uncertainty was less than
0.1 GPa. Experimental temperatures were monitored by
S-type thermocouples with an uncertainty of ~10 °C. All
experiments were quenched to below 100 °C within 10-20
seconds by switching off the electric power to the graphite
heaters.

Table 1
Major and trace element compositions of the starting silicates and sulfides.
Silicates Sulfides

MORB Andesite Dacite Sulf (Cul0) Sulf (Cu30) Sulf (Cud5)
Si0, 50.07 59.1 65.74 Cu 10.0 30.0 45.0
TiO, 1.66 0.94 0.5 Fe 55.0 40.0 25.0
ALO; 15.38 17.8 16.68 S 35.0 30.0 30.0
FeO 10.8 6.43 5.33 Total 100.0 100.0 100.0
MnO 0.02 0.1 0.02 Trace elements doped in sulfides
MgO 6.8 3.05 2.13 Ni 2000 Cd 400
CaO 11.61 6.85 4.09 Co 1000 Sb 300
Na,O 2.83 427 3.31 Zn 200 Sn 300
K,O 0.23 1.08 1.69 As 500 Pb 300
P,0s 0.3 0.22 0.06 Se 1000 Bi 1000
NiO 0.03 n.a 0.04 Te 1000 Re 700
Cr,0; 0.01 n.a 0.06 Ag 1000 Mo 300
Total 99.74 100.12 99.69 Au 2000

Oxides in silicates and Fe, S, and Cu in sulfides are in wt.%; trace elements in sulfides are in pg/g.



Table 2

Summary of experimental conditions and products.

Exp. Temperature Pressure “Starting composition ®Sample capsule Run “Run products dSample  °NBO/T *$ in silicate #S57/S 0

No duration 1O, melt

°C GPa Hours AFMQ neg/g

Cu02-1 1200 1.0 MORB + ~5%Anhy + 30%Sulf(Cul0) PtysRhys + Olivine 23 Glass + MSS + SL >1-1.5 0.57 5566 + 246 0.77 + 0.09
+ ~5%H,0 + Anhy + Crystal

Cu02-2 1200 1.0 MORB + ~5%Anhy + 30%Sulf(Cu45) PtysRhys + Olivine 23 Glass + SL + Crystal >1-1.5 0.69 4139 + 140 0.68 + 0.07
+ ~5%H,0

Cu05 1200 1.0 MORB + ~5%Anhy + 30%Sulf(Cu45) PtysRhys + Olivine 20 Glass + SL + Anhy >1-1.5 0.82 6232 + 368 0.73 £+ 0.07
+ ~5%H,0 + Crystal

Cu06 1100 1.0 MORB + ~5%Anhy + 30%Sulf(Cul0) PtysRhys + Olivine 24 Glass + MSS + SL >1-1.5 0.64 9747 + 117 0.69 + 0.08
+ ~5%H,0 + Anhy + Crystal

Cu07 1100 1.0 MORB + ~5%Anhy + 30%Sulf(Cu45) PtgsRhys + Olivine 24 Glass + SL + Anhy >1-1.5 0.82 6232 + 368 0.76 £+ 0.06
+ ~5%H,0 + Crystal

Cu08 1000 0.5 Dacite + ~5%Anhy + 30%Sulf(Cul0) + PtgsRhys + Olivine 45 Glass + MSS + SL >1-1.5 0.11 260 + 20 nd.
~5%H,0 + Fluid + Crystal

Cu09 1000 0.5 Dacite + ~5%Anhy + 30%Sulf(Cud5) + PtgsRhys + Olivine 45 Glass + SL + Crystal >1-1.5 0.12 519 + 105 0.62 + 0.15
~5%H,0

Cul0 1100 0.5 Dacite + ~5%Anhy + 30%Sulf(Cul0) + PtysRhys + Olivine 45 Glass + MSS + SL >1-1.5 0.29 949 + 91 0.63 £+ 0.06
~5%H,0 + Fluid + Crystal

Cull 1000 0.5 Andesite + ~5%Anhy + 30%Sulf(Cul0) PtosRhys + Olivine 45 Glass + MSS + SL >1-1.5 0.09 730 + 89 nd.
+ ~5%H,0 + Anhy + Crystal

Cul2 1100 0.5 Dacite + ~5%Anhy + 30%Sulf(Cud5) + PtgsRhys + Olivine 24 Glass + SL + Anhy >1-1.5 0.31 1003 + 218 0.57 £ 0.15
~5%H,0 + Crystal

Cul3 1200 1.0 MORB + ~5%Anhy + 30%Sulf(Cu30) PtysRhys + Olivine 24 Glass + SL + Anhy >1-1.5 0.93 8801 + 171 086 + 0.09
+ ~5%H,0 + Crystal

Cul4 1100 1.0 MORB + ~5%Anhy + 30%Sulf(Cu30) PtysRhys + Olivine 25 Glass + SL + Anhy >1-1.5 0.73 12,944 + 810 091 £ 0.07
+ ~5%H,0 + Crystal

Culs 1000 0.5 Dacite + ~5%Anhy + 30%Sulf(Cu30) + Pt9sRhys + Olivine 90 Glass + SL + Anhy >1-1.5 0.12 720 + 100 n.d.
~5%H,0 + Crystal

Cul6e 1100 0.5 Dacite + ~5%Anhy + 30%Sulf(Cu30) + PtosRhys + Olivine 42 Glass + SL + Fluid >1-1.5 0.32 1430 + 212 0.55 + 0.16

~5%H,0

+ Crystal

a:Anhy = anhydrite; Sulf(Cul0) = Fe-Cu-S sulfide with 10 wt.% Cu. b: an inner olivine capsule plus an outer Pt9SRh05 capsule.
c: Glass = silicate glass; MSS = crystalline monosulfide solid solution; SL = Cu-rich sulfide liquid; Crystal = silicate crystals of clinopyroxene =+ olivine 4+ amphibole; Fluids means that the sample

was saturated with a fluid phase.

d: see text for the estimation of sample fO-. e: Silicate melt NBO/T = 2Total O/T — 4 (T =Si + Ti+ Al + Cr + P).
n.d: not determined because of the low S content in the silicate melt. The errors for S in silicate melt and S°"/S, are 1o standard deviation based on the replicate analyses.
# lo standard deviation was based on the replicate analyses.
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2.4. Analytical methods

2.4.1. Electron microprobe

Major element compositions of the quenched sulfide
phases and silicate melts were measured with a JEOL
JXA-8200 microprobe, using wavelength-dispersive mode
and a PAP matrix correction. Sulfides were analyzed with
20kV acceleration voltage and 20nA beam current,
whereas quenched silicate melts were analyzed with
15kV/10nA. Natural and synthetic standards were used
to calibrate the instrument. For sulfide analysis, Fe and S
were calibrated on a synthetic pyrrhotite with well-known
Fe: S ratio, Ni, Co, and Cu were calibrated on pure metals,
and O was calibrated on magnetite. For silicate melts, Na
was calibrated on albite, Ca on wollastonite, K on
orthoclase, Ti and Mn on ilmenite, Si on enstatite, Mg on
forsterite, Al on spinel, P on GaP, and Fe on metallic Fe.
Sulfur in quenched silicate melts was analyzed with 50 nA
beam current and 60 s peak counting time using barite as
standard. A defocused beam of 30 um diameter was used
for all the standardizations and sample measurements.

The oxidation state of S in the silicate melt was deter-
mined with 30 nA beam current and a defocused beam of
20 um based on the shift of the SK, lines with respect to
the BaSO, (S6+) and the ZnS (S*7) standards (Carroll
and Rutherford, 1988). The ratio S®*/S,ou is given by:

S6+ A;“(SKx)glmv
—=—""x 100 1
Srota/ AA(SKLX) X % ( )

sul fate

where AA(SK,),,,., 18 the wavelength shift of the measured
glass sample relative to ZnS and AA(SK,)

glass
suljue 1S the wave-
length shift of BaSOy, relative to the same reference. Mea-
surements of the SK, position were carried out on a PETJ
spectrometer, which was moved over a range of ~3.12 *
1072 A in 100200 steps, using 500 ms counting time for each

step (total acquisition time was between 50 s and 100 s).

2.4.2. LA-ICP-MS

Major and trace elements of the quenched sulfide phases
and silicate melts were analyzed by laser—ablation ICP-MS,
using a GeolasPro 193 nm ArF Excimer laser (Coherent/
Lambda Physik) attached to an Elan DRC-e quadrupole
mass spectrometer (Perkin Elmer Instruments). The laser
with beam sizes of 20-50 pm was operated at a frequency
of 10 Hz and an energy of 80 mJ for quenched silicate
melts, and at 7 Hz and 70 mJ for sulfides. The sample
chamber was flushed with He at a rate of 0.4 L/min, to
which 5 ml/min H, was added on the way to the ICP-MS.
Dwell times were 10 ms for the isotopes 2Na, 24Mg, 27Al,
296 PK, #Ca, “Ti, Mn, S'Fe, %Co, 2Ni, Cu, %Zn,
75As, $2Se, %Mo, 'Ag, 111Cd, 18sn, 121sb, 125Te, 20pp
and 2*Bi, and 20 ms for *’Au. At these analytical condi-
tions, Se, Te, and Au in silicate melts of most of our exper-
iments were below the detection limit. We later carried out
further analyses of 23Na, 24Mg, 2TAL, 2Si, ¥K, “Ca, T,
3Mn, YFe, Co *°Cu, As, ¥Se, "''Cd, '*°Te, and
Y7Au in silicate melts using an Agilent 7900 Quadrupole
ICP-MS coupled to a Photon Machines Analyte HE
193-nm ArF Excimer Laser Ablation system (Li, 2018).

Helium was applied as the carrier gas (0.9 L/min) and
mixed with the Ar carrier gas (0.85L/min) via a T-
connector before entering the ICP. After measuring the
gas blank for 20 s, each analysis was performed by a laser
beam of 60-100 pm diameter, at 8§ Hz with an energy of
~2J/em? for 40s for silicate melts. The dell times for
82Ge, 125Te, and 197 Au were increased to 30 ms, so that we
were able to push the detection limit down to 2.5 pg/g for
8Se, 0.1pug/g for '*Te, and 0.01 pg/g for '7Au,
respectively. The respective contributions of °'Zr'®O and
“0Ca*Ca to our measured '“’Ag and ¥’Se are negligible
because of the relatively high Ag and Se concentrations in
our samples. NIST SRM 610 glass was used as external
standard for all analyses, whereas Si and Fe determined
by electron microprobe were used as internal standard for
silicate melts and sulfides, respectively. Overall uncertain-
ties arising from the internal and external standardization
procedures are estimated at 15-20% for all elements 2-3
times above the detection limit (Li and Audétat, 2012).
Elements that were analyzed in both LA-ICP-MS facilities
agreed within 5% relative.

3. RESULTS
3.1. Sample petrography

Experimental conditions and products are summarized
in Table 2, and representative textures are shown in
Fig. 1. Sulfide and silicate melt coexisted in all experiments.
A few % to up to ~50% of olivine and clinopyroxene crys-
tals were produced in the experiments starting with basalt
at 1100-1200 °C, and a few % of clinopyroxene =+ olivine
4+ amphibole crystals were produced in the experiments
starting with dacite and andesite. A fluid phase occurred
in the experiments at 0.5 GPa (runs Cu08, Cul0, Cul2,
and Cul6), as evidenced by the presence of vesicles in the
quenched silicate melt. Anhydrite crystals were not found
in the experiments saturated with a fluid phase, which could
be due to the strong partitioning of S into the fluid phase
(Zajacz et al., 2013; Masotta et al., 2016).

Two different sulfide phases were produced (Fig. 1). One
was crystalline Fe—Cu-S sulfide and the other was Cu-rich
Fe-Cu-S sulfide liquid, both with size up to 1000 um.
The crystalline Fe-Cu-S sulfide will be referred to as
MSS hereafter because the Cu content in the crystalline sul-
fide is <5 wt.% (see below). MSS is a homogeneous solid
with smooth surface (Fig. 1b and c). During experimental
quench, sulfide liquid always unmixed into fine-grained
phases of Cu-poor MSS (5-30 pm) and chalcopyrite/chal-
cocite when the sulfide liquid contained <30 wt.% Cu
(Fig. lc), and into intermediate solid solution and Cu,S
when the sulfide liquid contained ~45 wt.% Cu (Fig. 1d).
As shown in Fig. lc, the MSS grains exsolved from sulfide
liquid during quench are irregular in shape and embedded
in chalcopyrite/chalcocite, and they are in texture clearly
distinct from the crystalline MSS. Crystalline MSS and
Cu-rich sulfide liquid coexisted in the experiments starting
with sulfide containing 10 wt.% Cu, whereas only Cu-rich
sulfide liquid existed in the experiments starting with sulfide
containing 30 or 45 wt.% Cu (Table 2).



66 Y. Li et al./ Geochimica et Cosmochimica Acta 302 (2021) 61-82

’

, Silicate melt

—

e

P

Cu-rich sulfide liquid

Anhydrite

Fig. 1. Reflected-light photomicrographs of typical run products in olivine-lined PtyosRhgs capsules. (a) The coexistence of dacitic melt, silicate
crystals, sulfide liquid with ~31.5 wt.% Cu, and a large vesicle (Run Cul6 at 1100 °C and 0.5 GPa). The large vesicle indicates saturation in a
fluid phase during the run. (b) The coexistence of basaltic melt, silicate crystals, crystalline MSS with 3.9 wt.% Cu, sulfide liquid with 12.3 wt.
% Cu, and anhydrite crystals (Run Cu06 at 1100 °C and 1 GPa). (¢) The coexistence of crystalline MSS with 4.0 wt.% Cu and sulfide liquid
with 11.2 wt.% Cu (Run Cu02-1 at 1200 °C and 1 GPa). Note that crystalline MSS is quenched into homogeneous solid with size up to a few
hundreds of um, whereas sulfide liquid always exsolves minor phases. The MSS grains (5-30 pm) exsolved from sulfide liquid during quench
are irregular in shape and are clearly different from the crystalline MSS in texture. (d) The texture of sulfide liquid with 44.6 wt.% Cu (Run
Cu07 at 1100 °C and 1 GPa). The high-Cu sulfide liquid unmixed into intermediate solid solution and Cu,S during quench. Also note that the
sulfide liquid with 44.6 wt.% Cu is purplish, but the sulfide liquid with 11.2-31.5 wt.% Cu is yellowish.

3.2. Major and trace element compositions of silicate melts

Major and trace element compositions of the quenched
silicate melts are summarized in Tables S1 and S2. Major
elements of the silicate melts were similar those of the start-
ing silicates. Most major elements changed less than 20%
relative, except for FeO and MgO in the dacitic and ande-
sitic melts, where they decreased up to 50% in the runs
Cu08, Cu09, and Cull due to olivine crystallization. Sili-
cate melt NBO/T calculated based on a hydrous basis ran-
ged from 0.57 to 0.93 for the experiments starting with
basalt, whereas it was between 0.09 and 0.32 for the exper-
iments starting with dacite and andesite.

Based on the deficit of the EMPA totals (90.4-97.6 wt.
%) from 100 wt.% (Table S1), the silicate melts contained
~3-10 wt.% H,O. The S content ranged from 4100 to
12,900 pg/g in basaltic melts, and from 260 to 1430 pg/g
in andesitic to dacitic melts (Table 2). The S content in
the silicate melts increases with increasing NBO/T, as has
been observed for anhydrite solubility in silicate melts
(Masotta and Keppler, 2015). The S®"/So ranged from
0.68 to 0.91 in basaltic melts, and from 0.55 to 0.63 in ande-
sitic to dacitic melts (Table 2). The S®*/S,., in silicate melts
of runs Cu08, Cull, and Cul5 could not be determined

because of the relatively low S content. The measured
S%t/S,.; values are consistent with previous results obtained
from basaltic to dacitic melts that were saturated with both
sulfide and anhydrite (Feng and Li, 2019; Li et al., 2019).

Most trace elements were homogeneously distributed in
the silicate melts. As found in previous studies (Li and
Audétat, 2012; Feng and Li, 2019), the reaction between
olivine capsule walls and silicate melts was negligible with
respect to major and trace elements, which is probably
due to the low experimental temperatures and/or the crys-
tallization of olivine from the silicate melts. The silicate
melts that were saturated with both MSS and sulfide liquid
contained 28-66 pg/g Cu. In the experiments that were sat-
urated with sulfide liquid only, the basaltic melts contained
168-338 pug/g Cu, and the andesitic to dacitic melts con-
tained 57-316 pg/g Cu.

3.3. Major and trace element compositions of sulfides

Major and trace element compositions of the quenched
sulfides are given in Table S3. Crystalline MSS, which
was present in runs Cu02-1, Cu06, Cu08, Cul0, and
Cull, contained 3.9-5 wt.% Cu, 0.22-0.34 wt.% Ni, and
37.4-39.2 wt.% S. The corresponding sulfide liquid con-
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tained 10.6-23.2 wt.% Cu, 0.17-0.37 wt.% Ni, and
31.8-34.5 wt.% S. In experiments where only sulfide liquid
was present, the sulfide liquid contained 31.3-44.6 wt.% Cu,
0.22-0.41 wt.% Ni, and 29.2-32.8 wt.% S. Compared to
MSS, sulfide liquid contained more Cu but less Fe and S.

Most of the trace elements were homogeneously dis-
tributed in sulfides at the scale of our laser beam sizes
applied (20-50 um). Sn in MSS was below the detection
limit of our LA-ICP-MS (Table S4). The relatively large
1-o error for Bi in the sulfide liquid of runs Cu08, Culs5,
and Cul6, and for Pb in the sulfide liquid of run Cu08
should be caused by the heterogeneous texture of sulfide
liquid produced during quench. In each experiment, Co,
Mo, and Re occurred at higher concentrations in MSS than
in sulfide liquid, whereas all other trace elements such as
Au, Ag, Bi, Te, and Pb were more concentrated in the sul-
fide liquid. These observations are consistent with previous
results on Cu-poor sulfide systems (Brenan, 2002; Li and
Audétat, 2012; Brenan, 2015; Li and Audétat, 2015; Liu
and Brenan, 2015).

3.4. Estimation of sample fO,

Sulfide and anhydrite coexist in basaltic melt in a rather
narrow range of fO, (~FMQ + 1.5 to FMQ + 2), and the
fO, for stabilizing anhydrite in basaltic melt is usually lar-
ger than FMQ + 1.5 (Jugo, 2004; Jugo et al, 2010;
Botcharnikov et al., 2011). Therefore, the fO, of our
sulfide- and anhydrite-saturated experiments should be
above FMQ + 1.5. The S°7/S,,, in basaltic to dacitic melts,
determined using AMSKa) of electron microprobe, is
mainly a function of fO, (Jugo et al., 2005; Wilke et al.,
2011). Several studies have calibrated S%7/S.c in the
quenched silicate melts as a function of fO, varying from
FMQ-2 to FMQ+ 6 (Carroll and Rutherford, 1988;
Wallace and Carmichael, 1994; Jugo et al., 2005; Wilke
et al., 2011), and these calibrations have been used to esti-
mate the fO, of natural and experimentally synthesized
samples of different compositions by determining S®/So
in the sample glasses (Metrich and Clocchiatti, 1996;
Rowe et al., 2007; Rowe et al., 2009; Beermann et al.,
2011). During the analysis using AA(SKa) of electron
microprobe, significant changes of the S®*/S,, in the sili-
cate glass have been observed (Rowe et al., 2007; Klimm
et al., 2012), and it has also been well demonstrated that
the S®/S,o; determined by AA(SKa) of electron microprobe
is less precise than the S¢*/S,o, determined by sulfur K-edge
XANES (Jugo et al., 2010). However, when the calibration
of S®7/S,o¢ vs. fO, was based on the S®*/S,,, determined by
AMSKa) of electron microprobe, and if the sample fO, is
above FMQ, the estimated fO, values should approach
the actual values within 0.5 log units (Rowe et al., 2009;
Beermann et al., 2011). Our measured high S®*/S,., values
(0.68-0.91) for the basaltic samples (runs Cu02-1, Cu02-2,
Cu05, Cu06, Cu07, Cul3, and Cul4) reveal that the sample
SO, must be higher than FMQ + 1 (Table 2; Fig. S1). The
SO, for the coexistence of Cu-bearing sulfide and anhydrite
in natural andesitic to rhyolitic arc magmas is higher than
FMQ + 1.5 (Parat et al., 2011; Chang and Audétat,
2018). Previous experimental studies also show that at

2-3 GPa and 1050 °C, the fO, that stabilizes coexisting pyr-
rhotite and anhydrite phases in rhyolitic to dacitic melts is
~FMQ + 2 (Jégo and Dasgupta, 2014; Li et al., 2019). We
therefore concluded that the fO, of our experiments that
were saturated with both anhydrite and sulfide should not
be lower than FMQ + 1.5. For the samples which were
not saturated with anhydrite because of the presence of a
fluid phase, their fO, should not vary considerably relative
to the fO, of the anhydrite-saturated samples. The mea-
sured S®Y/S. values (0.55-0.63) in andesitic to dacitic
melts also imply that the fO, of these samples must be
higher than FMQ + 1 (Table 2; Fig. S1). Accordingly,
our experiments were overall under oxidized conditions
(fO, > FMQ + 1 to FMQ + 1.5) corresponding to the fO,
range required for the sulfide-sulfate transition in silicate
melt and the oxidation state of typical arc magmas.

3.5. Partition coefficients

Nernst partition coefficients of Mn, Co, Cu, Zn, As, Se,
Mo, Ag, Cd, Sn, Sb, Te, Re, Au, Pb, and Bi between
crystalline MSS and silicate melt (D"S/), and between
Cu-rich sulfide liquid and silicate melt (D5*/5"), were calcu-
lated from their weight proportions in the related phases
(Table 3). Fig. 2 shows D" as a function of the Cu con-
tent of the sulfide liquid. Figs. 3 and 4, and Figs. S2 and S3,
show DM$S/SM and DM as a function of the content of
total Fe oxides in the silicate melt, [FeOyo]. D**/*¥ range
from 16 to 160 for Co, from 1100 to 8400 for Cu, from
50 to 220 for Se, from 1200 to 5900 for Ag, from 50 to
1800 for Cd, from 700 to 3300 for Te, from 15 to 510 for
Re, from 5700 to 90,000 for Au, from 20 to 440 for Pb,
and from 140 to 3300 for Bi. The DS/ for Mn, Zn, As,
Mo, Sn, and Sb are below 1-40. D¥5/5™ range from 55 to
260 for Co, from 530 to 1700 for Cu, from 74 to 110 for
Se, from 30 to 110 for Ag, from 4 to 40 for Cd, from 15
to 70 for Te, from 200 to 5900 for Re, and from 140 to
270 for Au. The DM/ for Mn, Zn, As, Mo, Sn, Sb, Pb,
and Bi are below 1-3. In each individual experiment, Co,
Re, and Mo partitioned preferentially into MSS relative
to the sulfide liquid, whereas the other elements partitioned
preferentially into the sulfide liquid. Under the presently
investigated conditions, Cu, Au, Ag, Cd, Te, and Bi are
strongly compatible in the sulfide liquid, Co, Se, Re, and
Pb are moderately compatible in the sulfide liquid, and
Mn, Zn, As, Mo, Sn, and Sb are incompatible to mildly
compatible in the sulfide liquid. Whereas, Cu and Re are
strongly compatible in MSS, Co, Se, Te, Ag, and Au are
moderately compatible in MSS, and Mn, Zn, As, Cd,
Mo, Sn, Sb, Pb, and Bi are incompatible to mildly compat-
ible in MSS.

4. DISCUSSION

4.1. Parameters that affect sulfide/silicate melt partitioning of
chalcophile elements

Fig. 2 shows that the D/ of Co, Cu, Zn, As, Mo, Ag,
Cd, Sn, Sb, Re, Te, Pb, and Bi is not significantly affected
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Table 3

Partition coefficients (D) of trace elements between monosulfide solid solution (MSS), sulfide liquid (SL), and silicate melt (SM).

Exp. No Mn Co Cu Zn As Se Mo Ag Cd Sn Sb Te Re Au Pb Bi
Cu02-1 DMSSSM g4 55 533 06 005 95 04 30 5 <0.5 0.05 20 280 233 02 08
l-c 00 2 54 0.1 002 11 00 8 1 0.02 2 11 59 01 02
Cu06 DMSS/SM g3 57 644 0.6 <004 110 02 49 4 <03 00 25 197 165 0.1 1.0
l-c 00 1 100 0.1 18 00 16 1 00 3 8 52 00 0.1
Cu08 DMSS/SM 19 259 1063 29 2.1 82 13 53 42 <03 01 32 5928 200 0.3 26
l-c 02 19 363 03 0.2 6 04 20 5 00 5 752 38 01 1.7
Cul0 DMSSSM 99 124 1204 1.6 0.1 74 17 107 16 <04 0.04 69 808 268 02 1.9
l-c 00 5 106 0.1 0.0 16 01 7 2 0.02 35 48 54 01 03
Cull DMSSSM 10 188 1710 1.8 0.1 nd 07 99 23 04 005 15 324 140 02 2.7
l-o 02 32 399 0.5 0.0 02 23 5 0.1 002 1 99 9 0.1 1.1
Cu02-1 DSYSM 06 36 1754 22 08 185 03 1169 82 59 28 843 79 16,116 30 241
l-c 00 1 214 0.1 0.1 21 01 305 10 05 06 125 5 4147 16 55
Cu02-2 DSMM 04 24 1336 1.8 0.7 47 0.1 1248 68 64 24 1728 34 39,726 26 218
l-o 01 2 125 0.1 0.1 29 00 301 9 1.0 05 1097 12 5222 4 48
Cu05 DSYSM 05 18 1267 1.6 0.7 160 02 1436 55 50 3.0 1623 33 18,023 24 178
l-o 01 1 107 0.1 0.1 38 00 176 6 02 05 293 5 8402 3 29
Cu06 DSYSM 06 36 1905 22 0.6 221 0.2 1830 83 64 33 921 53 10,121 41 327
l-o 00 1 114 0.1 00 39 01 170 7 09 01 131 8 1233 5 26
Cu07 DSYSM 03 17 1737 12 04 108 0.1 2034 56 3.3 1.7 1724 15 89,995 25 194
l-o 00 1 70 0.2 0.1 18 00 158 4 0.1 00 276 3 26,290 3 9
Cu08 DSYSM 28 164 8450 19 18 210 0.2 5923 1767 39 17 1798 507 48,653 444 3358
l-o 03 16 3218 4 2 3201 2292 339 10 2 361 142 9471 138 2275
Cu09 pSL/SM 1.0 63 1382 6.6 0.8 135 02 1490 475 9.6 32 2569 34 5718 80 777
l-o 00 2 35 0.6 0.1 49 01 171 12 05 00 618 2 637 3 32
Cul0 DSYSM 16 90 2848 62 1.6 143 0.8 2401 306 129 5.0 2434 237 12,730 96 1090
l-o 00 4 194 07 0.1 32 01 172 21 08 03 1216 18 2540 5 148
Cull pSL/SM 1.7 96 6442 8.6 1.6 nd 0.5 5393 565 19 72 709 70 12,125 173 1936
l-o 03 16 1540 23 0.5 01 974 127 5 20 51 22 724 47 142
Cul2 DSYSM 08 44 1302 40 1.1 154 03 1722 232 83 34 3302 72 33,744 31 1091
l-o 00 3 583 04 0.2 68 0.0 557 45 09 04 2221 28 2867 5 446
Cul3 DSYSM 04 20 1125 15 05 174 02 1393 54 5.1 22 742 34 34,846 31 208
l-o 01 1 28 0.1 0.2 47 0.1 190 3 02 02 124 4 9031 4 27
Cul4 DSYSM 03 16 2054 12 0.3 104 0.1 1998 51 29 1.5 827 16 29.621 20 141
l-o 00 1 210 0.0 0.1 2 00 442 3 01 02 154 1 2030 4 31
Culs pSL/SM 1.2 82 5678 42 3.0 111 1.1 3768 443 12 3.5 3015 204 14,862 100 934
l-o 01 14 201 0.1 1.0 26 0.1 455 55 2 14 1363 28 7497 27 412
Cul6 DSYSM 09 41 1247 34 038 143 03 1779 141 8 32 2464 54 10,359 60 623
l-o 00 2 197 03 0.1 29 00 273 25 1 02 814 3 1522 8 105
n.d. not determined.

by the amount of Cu in the sulfide liquid over the investi- MS,p(sulfide) +y/40, = MO,)>(SM) + x/4S, (2)

gated range of 2-45 wt.% Cu. This observation is consistent
with the results of Kiseeva and Wood (2015) who showed
that the presence of ~0.3-17 wt.% Cu in the sulfide liquid
has a negligible effect on D%*/** for a large number of chal-
cophile elements at temperatures of 1400-1700 °C. An
exception is the DS/ for Au, which increase from 3700
to 90,000 with increasing the Cu content in the sulfide liquid
(Fig. 2a). The presence of Cu in the sulfide liquid thus
appears to favor the dissolution of Au. A previous study
showed that Au solubility in Cu-rich sulfide (intermediate
solid solution and bornite) is higher than in pyrrhotite
under otherwise identical conditions (Fraley and Frank,
2014). The role played by Cu in the sulfide may be qualita-
tively consistent between this study and Fraley and Frank
(2014).

Assuming an element M dissolves as M-oxide in the sil-
icate melt, the partitioning of M between a sulfide phase
and silicate melt can be described as:

wherex and y refer to the average valence state of M in the
sulfide and silicate melt, respectively. From the equilibrium
constant (K) of Eq. (2), the following equation can be ther-
modynamically derived for describing the partitioning of M
between a sulfide phase and silicate melt (Feng and Li,
2019):

logDy"“/* = x/Alogf s, — y/Alogf o, + logK
VMS x/2

e

—lo
g))MOy/z

3)
where yMS,;, and yMO,are the activity coefficients of
MS, > and MO, ,in the sulfide and silicate melt, respectively,
and C is a constant. If M has a same valence state n in both
sulfide and silicate, i.e., x =y =n, and the activity of FeS in

the sulfide is close to one, the FeO content in the silicate
melt is a function of —1/2(logfS, — logf0,), and Eq. (3)
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Fig. 2. Sulfide liquid/silicate melt partition coefficients (D*/*) of chalcophile elements as a function of the Cu content in sulfide liquid. In (a),
the D™ of Cu, Mo, Sb, Au, Pb, and Bi are shown, and in (b) the D" of Ag, Cd, Sn, Te, Re, Co, and Zn are shown. Note that only D=/

in (a) increases with increasing the Cu content in sulfide liquid, but the

DSESM of other chalcophile elements remains nearly constant, as

indicated by the dashed lines. The D*/S™ values were taken from runs Cu02-1, Cu02-2, Cu05, Cul3, Cu06, Cu07, and Cul4. Literature data
from runs LY28, LY29, and LY31 in Li and Audétat (2012) were also plotted. Note that all the shown experiments had similar FeOy,

concentrations in the silicate melt and fO, > FMQ.

can be written as below (Kiseeva and Wood, 2013; Feng
and Li, 2019):

lOgDYAZUide/SM _ —n/210g[ngo} +C (4)

where [X o] refers to the FeO content in the silicate melt,
and C is a constant. In case of x#y, i.e., where two or more
valence states of M are present in the silicate melt or sulfide,

the following equation can be used to describe D}/ /"
(Li and Audétat, 2015; Feng and Li, 2019):
logD™ /% — 4 logfO,(AFMQ) + b log[kRe0] ()

where a and b are coefficients. It has been found that the
presence of O and Ni in the sulfide liquid could consider-

ably affect D/ /M (Kiseeva and Wood, 2013, 2015),
although Cu has a very weak effect as discussed above. Fol-
lowing the approach of Kiseeva and Wood (2013, 2015)
that was used to describe the effects of O, Ni, and Cu in
the sulfide liquid on Dj;,'}’ﬁde/ M and also considering the
effects of temperature and pressure, we obtain the following

equation to describe D4/ /SM.

long/fide/SM _ a/T +b- P/T +c- log[AXFeO,,,J
+d-logfO2(AFMQ)

corr

1273
N = [Sﬁo -log(1 — xr0)
+£AN;'S -log(1 — xwis)
+8}€Iu$o_5 . log(l — xCuS()s)] + C (6)

where T is temperature in K; P is pressure in GPa; eﬁo, gﬁ’s s
and /" refer to non-ideal interaction between trace ele-
ment M and matrix; xgo, Xnis, and xcq,s, ;are mole fractions
of FeO, NiS, and CuSy s in the sulfide; and [X r.0,, lorr 18 the
total Fe oxides in the silicate melt corrected for the ideal

activity of FeS in the sulfide as follows:
[)(Fﬂ‘omr]corr = [XFBOmI}/[Fe/(Fe + Ni + Cu)]szllﬁde (7)

It should be noted that if M dissolves as M-sulfide spe-
cies, or as anions, in the silicate melt, Df\,';l/ 1@e/SM qoes not fol-
low Eqs. (4)—(6). Taking Au as an example, which dissolves
dominantly as Au-sulfide species in the sulfide-saturated sil-
icate melt, D"/ can be described as (Li et al., 2019):
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Fig. 3. Sulfide liquid/silicate melt partition coefficients of chalcophile elements (D) as a function of the FeO,,, content of the silicate melt.
The data are color-coded for temperature. The arrow lines indicate the various evolution trends of D/ versus FeOy, because of the
variation of fO,. Note that DSY/SM for Mo, Se, Te, Re, As, Sb, and Bi decreases with increasing fO,. Literature data were taken from Li and

Audétat (2012, 2015), Brenan (2015), and Feng and Li (2019).

log D} /SM — A logfS, — B - log[S, ppmlg,, + C (8)

in which [S, ppm],, is the content of reduced S in the sulfide-
saturated silicate melt.

The presently determined D*/* and DM/*M vyalues
were plotted as a function of [FeO.,] (Figs. 3 and 4;
Figs. S2 and S3). The literature partitioning data obtained
at similar temperatures were classified into two groups: one
group obtained at fO, of ~FMQ-1.6 and the other group
obtained at fO, of ~0.3-1 log units above FMQ. In this
manner, we can distinguish the effect of fO, on DS/
and DVSS/SM The sparse DS/ data for Cu, Ag, and Au
(Simon et al., 2008; Botcharnikov et al., 2011; Zajacz
et al., 2013; Botcharnikov et al., 2013), which have been dis-
cussed extensively in our recent studies (**Li and Audétat,
2012, 2013, 2015; Li et al., 2019) and are generally consis-
tent with the present results, were not plotted for further

comparison and discussion. Figs. 3 and 4, and Figs. S2
and S3, show that D%/** and DYS/SM generally increase
with decreasing [FeOy], but in a distinct manner for each
element.

(1) The DSY/SM and DMSS/SM of Mn, Co, Zn, Cd, Sn, and
Pb increase strongly with decreasing [FeO], and the vari-
ation of DM and DMS/M at a given [FeO] can be
ascribed to the temperature variation. The sulfide/silicate
melt partitioning behavior of Mn, Co, Zn, Cd, Sn, and
Pb therefore follows Eq. (4) generally, because the valence
states of these elements do not change with varying exper-
imental conditions.

(2) At a given [FeOyo], the DM and DYSS/SM of Re,
Mo, As, Sb, and Bi vary by up to four orders of magnitude,
with high fO, values causing low D*/** and D"SS/$M yalues.
The fO,-dependence of DM and DYSS/M indicates that
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the DMSS/SM of Mo, Se, Te, Re, As, Sb, and Bi decrease with increasing fO,. Literature data were taken from Li and Audétat (2012, 2015),

Brenan (2015), and Feng and Li (2019).

the valence states of Re, Mo, As, Sb, and Bi vary as a func-
tion of fO,. The partitioning behavior of Re, Mo, As, Sb,
and Bi thus follows Eq. (5) generally.

(3) The DS“/SM and DMS/SM of Cu, Ag, and Au show a
weak, or no, correlation with [FeO,]. Cu and Ag dissolve
as both sulfide and oxide species in S*-bearing silicate melts
(Zajacz et al., 2012; Zajacz et al., 2013; Lanzirotti et al.,
2019). An additional complication arises from the fact that
the relative proportion of Cu-sulfide and Cu-oxides species
changes non-linearly with the S* content of the silicate melt
(Lanzirotti et al., 2019). Lanzirotti et al. (2019) showed that
more than 50% of Cu dissolves as Cu-sulfide species in
basalts with >800 pug/g S*>~, but less than 30% of Cu dis-
solves as Cu-sulfide species in basalts with <600 pg/g S.
How the Ag species changes with S> in the silicate melt
remains unknown, but it may behave similarly as Cu.

Therefore, the sulfide/silicate melt partitioning behavior
of Cu and Ag may not be fully described by Eq. (4) or
Eq. (5). The weak correlations between D°Y/SM_  DMSS/SM
and [FeO,] observed for Cu and Ag can be partly
explained by the variation of the relative proportion of
Cu-, and Ag-sulfide species in the silicate melt. In
S*~-rich silicate melt, Au forms mainly Au-sulfide species
(Botcharnikov et al., 2011; Zajacz et al., 2013; Li and
Audétat, 2013; Li et al., 2019), and a strong correlation
between fouss/ M and reduced S in the silicate melt was
found (Li et al, 2019). Accordingly, the D/ and
DYSSISMof Au should not be expected to correlate with
[FeOyo] only, because the content of reduced S in sulfide-
saturated silicate melt is a multiple function of P-T, silicate
melt composition, silicate melt water content, and fO,
(Jugo et al., 2010; Smythe et al., 2017). Therefore, all other
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parameters, in addition to fS, as shown in Eq. (8), that
affect the content of reduced S in the sulfide-saturated sili-
cate melt, could potentially affect DS/ and DM$S/M of
Cu, Ag, and Au.

(4) The DY/SM and DMSS/5M of Se and Te do not show
considerable variation with [FeOy], and the D™ and
DMSSISM yalues obtained in this study are much lower than
those obtained at fO, of FMQ-1.3 by Brenan (2015). The
valence states of Se and Te in silicate melts may change with
fO,, probably from Se*~ and Te* to Se*'/Se®t and
Te*"/Te®" in a manner like S. Therefore, none of
Egs. (4)-(8) can sufficiently describe the sulfide/silicate melt
partitioning behaviors of Se and Te, although increasing
O, decreases the D™ and DM/*M of Se and Te.

In summary, we classified the elements Mn, Co, Cu, Zn,
As, Se, Mo, Ag, Cd, Sn, Sb, Te, Re, Au, Pb, and Bi into
four groups. Group-1 elements include Mn, Co, Zn, Cd,
Sn, and Pb, the D/ and DM/ of which are mainly
controlled by [FeOy]. The valence states of Group-1 ele-
ments appear to not change within the investigated fO,
range of FMQ-1.6 to FMQ + 1.5. Group-2 elements
include Re, Mo, As, Sb, and Bi, the D2/S™ and DYSS/sM
of which are mainly controlled by [FeO,] and fO, because
of changing element valence states. Group-3 elements
include Cu, Ag, and Au, which dissolve as both sulfide
and oxide species in silicate melts. Group-4 elements
include Se and Te, which may dissolve as anions under
reduced conditions but as cations under oxidized
conditions.

To further understand quantitatively all parameters that
potentially affect D}“"“/ 'we have updated the parameter-
ization of Li and Audétat (2015) and Kiseeva and Wood
(2015) by fitting all available D“/S" and DS/ data into
our Eq. (6) (Peach and Mathez, 1993; Gaetani and
Grove, 1997; Brenan, 2008; Li and Audétat, 2012;
Kiseeva and Wood, 2013; Zajacz et al., 2013; Mungall
and Brenan, 2014; Kiseeva and Wood, 2015; Li and
Audétat, 2015; Brenan, 2015; Feng and Li, 2019). The used
DPL/SM and DMSS/ISM data were obtained at 800 to 1700 °C,
1 bar to 3 GPa, and ~FMQ-3 to FMQ + 1.5; the silicate
melts contain 0.1-40 wt.% FeO and the sulfides contain
0-45 wt.% Cu, 0-59 wt.% Ni, and up to 10 wt.% O. The
obtained fitting coefficients are tabulated in Table 4. Note
that, since the content of reduced S in the silicate melt is
not known, we do not consider the effect of reduced S in
the silicate melt when fitting DS/ and DSS/M for Cu
and Ag. The D¥S/M of Au, and probably the DS/SM of
Au as well, depend more strongly on the content of reduced
S in the silicate melt, as indicated by Eq. (8). The parame-
terization of Li et al. (2019) for Au is thus not updated
using the present data obtained under both anhydrite-
and sulfide-saturated conditions. In addition, [FeO,] is
not corrected when fitting DYS/" | because MSS usually
contain only a few wt.% Cu and Ni, and we do not find
any considerable difference in the obtained fitting coeffi-
cients when fitting DM/™ with or without correcting
[FeOyo]. Furthermore, a fO, value of FMQ + 1.5 was used
for all experiments in this study. The obtained fitting coef-

ficients (Table 4) indicate that the DMS/™ and DS/SM of
many elements, such as Co, Ni, Cu, and Ag, decrease with
increasing temperature. However, temperature has an
opposite role for the D/ of Mn and Zn. There is a large
uncertainty in the effect of temperature on the DYSS/SM of
Ag, Sn, Cd, As, Mo, and Re, and on the D/ of As,
Re, and Mo. In Table 4, the temperature effect was thus
not considered for the DY/ and DS“/*™ of Re and Mo,
although Li and Audétat (2015) and Feng and Li (2019)
suggested a positive effect of temperature on the DYSS/SM
and D™ of Mo. The DM of Co, Ni, Zn, Ag, Sn, and
Cd decrease with increasing pressure, but the DS/ of
Re appear to increase with increasing pressure. The pres-
ence of Ni in the sulfide is considerably important for the
DMSSISMand DSYSM of many elements, but the effect of Cu
is negligible for most of the elements. We suggest that Eq.
(6) together with the fitting coefficients listed in Table 4
can be used to predict D¥S/M and DM of chalcophile
elements in magmas at the shallow upper mantle to crust
conditions. However, to fully describe D/S¥ or DMSS/SM
for each of the above trace elements, in particular those
from Group-3 to Group-4, future work is needed to inves-
tigate the effect of each single parameter on D*/ and
DMSSISM and parameterize DM and DYSS/M as a multiple
function of all relevant parameters.

4.2. Magmatic fractionation of chalcophile elements

DSLSM of certain elements are rather

A shown above, the
different from the corresponding DYSS/M hence specific
chalcophile element ratios can be used to identify which sul-
fide phase(s) segregated during magmatic differentiation,
and at which fO, conditions this happened. Fig. 5 shows
the variation of several partition coefficient ratios as a func-
tion of [FeOyy]. The D‘éf/ SM/Di;/ M ratio remains nearly

constant at ~1 under oxidized conditions (Fig. 5a). Under

reduced conditions, the D/ /Dii,/ M ratio appears to

increase slightly with decreasing [FeO,] at <4 wt.%
[FeOyo, but it is always below 4. Thus, saturation and seg-
regation of sulfide liquid does not significantly change the
Cu/Ag ratio in the residual magma. However, the
ijfs/ M /DZ,SS/ M ratio is significantly larger than 5 and
increases up to 100 with decreasing [FeO,] (Fig. 5a).
Therefore, saturation and segregation of MSS can cause a
significant Cu-Ag fractionation in the residual magma.
The DM ) DSL/SM and DYSS/SM / DSSISM ratios are between
6 and 60 under oxidized conditions, but they are below
unity under reduced conditions (Fig. 5b). Therefore, satura-
tion and segregation of sulfides at different redox states can
cause contrasting Cu-Se fractionations in the residual
magma. Fig. 5¢ shows a similarly strong effect of fO, on
the Cu-Mo fractionation in magma, and the
DM DS and DYSS/SM /DS ratios can be up to
10° under oxidized conditions. The Djf/ M /Diﬁ/ M ratio is
1-60 but the DYSS/SM /p¥SSISM ratio is 0.04-1 (Fig. 5d).
Therefore, as has been shown previously (Li and Audétat,



Table 4

Fitting coefficients obtained for Eq. (6).

No. of data (n) a lo b lo c lo d lo gheo lo gNis lo gCus0s lo C lo R? “SEE (o)

pSLISM

Mn n =90 -2110 219 —178 35 -1.10  0.06 -3.20 045 1.30 022 -1.30 0.19 225 0.15 092 0.10
Co n =80 460 210 —133 60 —-0.99  0.06 0.76 045 —0.67 0.23  0.60 020 2.54 0.15 093 0.09
Cu n=128 4745 228 Insign. -0.43  0.06 3.37 0.51  0.50 0.26  Insign. 0.36 0.16 0.85 0.15
Ni n=91 2969 445 —325 52 -0.94  0.06 Insign. Insign. Insign. 2.34 027 0.78 0.19
Zn n=179 —1967 269 —553 76 -1.13  0.08 —1.74 0.58  0.75 029 —1.15 0.25  3.06 0.19 090 0.11
Ag n =80 3559 254 —162 75 -0.17  0.07 3.84 0.54 1.05 0.31  Insign. 1.02 0.19 0.86 0.13
Sn n =231 Insign. —227 80 —-0.84 0.09 Insign. 1.25 0.76  Insign. 1.88 0.09 085 0.11
Cd n=062 1679 308 —439 130 —0.99 0.04 Insign. 0.43 022 -0.42 020 2.14 025 094 0.09
Pb n =288 483 237 —159 65 -1.04 0.04 Insign. 0.30 024 —-0.33 0.18 242 0.17 0.89 0.11
Sb n =39 2741 987 Insign. -0.66 0.13 —-023 0.03 424 2.14  Insign. Insign. -039 076 082 0.18
Re n=36 Insign. 331 179  -129 029 —-0.69 0.06 Insign. Insign. Insign. 4.00 0.31 0.81 0.37
As n=30 5864 2050  Insign. —1.03 030 —045 0.06 Insign. Insign. Insign. —-2.66 162 082 0.32
Mo n =38 Insign. Insign. —142 030 —0.57 0.07 Insign. 6.50 3.00 Insign. 1.74 0.31 0.80 0.40
Bi n =31 6202 1043 Insign. —-093 0.5 —0.18 0.03 5.68 2.82  Insign. Insign. -0.51 0.84 089 0.17
DMSSISM

Mn n=32 1299 569 Insign. -0.90  0.06 6.43 1.34  Insign. -045 043 095 0.11
Co n=32 2134 484 Insign. —1.00  0.05 Insign. Insign. 1.20 036 095 0.10
Cu n=>52 2260 484 Insign. —0.69  0.06 Insign. Insign. 1.64 0.38 0.86 0.15
Ni n=24 3872 916 Insign. —1.06 0.18 6.19 2.63  Insign. 1.39 0.66 0.88 0.14
Zn n =31 Insign. —228 83 —-1.27  0.07 Insign. Insign. 1.00 0.06 095 0.12
Ag n=233 1969 973 Insign. —-042 0.12 —6.43 2.61  Insign. 0.40 0.77 0.54 0.23
Sn n=10 —5483 3382  Insign. —1.41 0.25 Insign. Insign. 4.06 2.54  0.80 0.30
Cd n=>5 -3015 1808  Insign. —-1.69 0.25 Insign. Insign. 4.41 149 097 0.04
Pb n =31 Insign. Insign. —0.63  0.07 Insign. Insign. —-0.38  0.06 0.71 0.16
As n=17 5465 2643  Insign. -0.36 023 -0.51 0.07 17.31 5.73  Insign. -3.80 2.00 084 0.30
Mo n=37 Insign. Insign. -0.88 021 —-0.51 0.05 11.50 5.00 Insign. 1.50 0.17 0.81 043
Sb n =21 Insign. Insign. —-1.00 0.16 —0.23 0.05 Insign. Insign. -0.44 0.13 076 0.32
Re n=18 Insign. Insign. —-2.00 0.10 -0.56 0.10 Insign. Insign. 5.20 040 0.70 0.48
Bi n=24 4283 1080  Insign. —-0.40 0.10 -0.26 0.03 Insign. Insign. -234 081 091 0.15

1o is the standard deviation of each coefficient reported.

R? is the correlation coefficient, which provides a measure of how well the observed results are reproduced by the equation. _
¥ For the equation of the form log(D%"/3M, DMSS/SM) — C + a/T + b-P/T + c-log[FeOyo,] + d-AFMQ + 1273/T [7°° -log(1-Xreo) + €™V -log(1-Xnis) + €5 log(1-Xcuso.s)],

where T is temperature in K, P is pressure in GPa, and X referes to mole fraction, and [FeO] is the total Fe oxides in the silicate melt in wt.%.

For log(D%3M) in Eq. (6), [FeOy] is corrected for ideal activity of FeS in the sulfide (see the main text).

Insign. means the coefficient has an uncertainty significnalty larger than 50%, and we consider the effect of the assocated parameter is insignificant.
# SEE = Standard error of estimates.
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Fig. 5. Ratio of various sulfide/silicate melt partition coefficients as a function of the FeO,, content in silicate melt. (a) Dif/ s /DSL/ M is nearly
constant at a value of 1, but DMSS/ M /DMSS /SM g always higher than 5 and increases with decreasing the FeO,,, content of the silicate melt. (b)
D¢, /Ds, is below 1 under reduced conditions, but >5 under oxidized conditions. (¢) D¢, /Dy, is below 100 under reduced conditions, but up to
10% under oxidized conditions. (d) D SL/ M /DSL/ M is 1-70 whereas DMSS/ M /D”SS/ M is 0.04-1. (€) Dre/Du, remains constant for both SL and
MSS and is higher than 100 under all 1nvest1gated conditions. (f) Di- S / DYL/ S is about 10 under oxidized conditions, but increases to 30-100
under reduced conditions.

2012), the Cu/Au ratio in the residual magma is strongly liquid from reduced magmas can thus cause significant
controlled by the type of segregating sulfide phase. Bi-Pb fractionation. In summary, magmatic fractionations
Although the DSE/SM and DMSS/SM for Re and Mo are between Cu, Ag, Mo, Se, Re, Au, Pb, and Bi are controlled
strongly controlled by fO, (Fig. 3d and f; Fig. 4d and f), not only by the type of segregating sulfide phase, but also
the Dié/SM / DSL/SM and DKSS/SM / DAAQS/SM ratios appear to by the fO, conditions under which the sulfides saturate
be constant values of ~200-800 (Fig. Se). Therefore, the and segregate.

Re/Mo ratio decreases in the residual magma if any sulfide

phase is segregated, but particularly so if the sulfide phase is 4.3. Sulfide phase relations during arc magma differentiation
MSS. Under oxidized conditions the D,ng/ M /DSL/ M ratio is

constant at ~10, but it increases to 100 under reduced con- Nearly all arc magmas reach sulfide saturation at some

ditions (Fig. 5f). The saturation and segregation of sulfide point during their evolution (e.g., Lee et al., 2012; Chang
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and Audétat, 2018; Jenner et al., 2010; Williams et al.,
2018). The saturating sulfide phase has been suggested to
be sulfide liquid or Cu-rich crystalline sulfide in the case
of the back-arc magmas of the Eastern Manus Basin
(Jenner et al., 2010; Park et al., 2013). However, based on
the observation that Cu is more depleted than Ag and Au
in the evolved back-arc magmas, it has been suggested that
MSS was the main sulfide phase (Li and Audétat, 2012; Li,
2014a). Furthermore, based on the observation that the
continental crust is depleted in Cu, less depleted in Au,
and slightly enriched in Ag, compared to the global average
MORB, Li and Audétat (2013) proposed that the main sul-
fide phase that segregated during the formation of the con-
tinental crust was MSS, which view is also supported by the
study of Wang et al. (2018).

The present experiments can be used to place further
constrains on the nature of the sulfide phase segregating
during arc magma differentiation. Whether the sulfide phase
exsolved from arc magmas occurs as MSS or sulfide liquid
depends not only on P-T but also on the Cu content in
the sulfide phase, which in turn depends on the Cu content
of the arc magma. Fig. 6 shows that at temperatures of
1000-1200 °C the Fe—Cu-S sulfide occurs in the form of
MSS if the Cu content is not higher than 5 wt.%, whereas
it occurs as sulfide liquid if the Cu content is higher than
11 wt.%. Fig. 6 also shows that the silicate melts that
contain more than 100 pg/g Cu are saturated with Cu-rich
sulfide liquid only, whereas the silicate melts that contain
30-70 pg/g Cu are saturated with both MSS and Cu-rich
sulfide liquid. At even lower Cu concentrations (the thresh-
old value being unconstrained), only MSS precipitates.
These observations imply that sulfides that exsolve from
basaltic to dacitic arc magmas with >100 pg/g Cu should
be Cu-rich sulfide liquid, whereas the sulfides exsolving from
basaltic to dacitic arc magmas with 30-70 pg/g Cu should be
coexisting MSS and Cu-rich sulfide liquid.

In unaltered rocks from island arcs with crustal thick-
nesses of <20 km, Cu first increases from ~50-120 pg/g in

50

basalts to a maximum of ~110-210 pg/g in magmas with
~4.3 wt.% MgO, but then drops to ~30-90 pg/g at ~3
wt.% MgO (Chiaradia, 2014). However, in continental arcs
with crustal thicknesses of >30 km, Cu decreases directly
from ~36-80 pug/g in basalts to ~15-35 pg/g in magmas
with ~3 wt.% MgO. The drop of Cu in magmas at ~4.3
wt.% MgO in the island arcs, and the direct decrease of
Cu in magmas in continental arcs, are ascribed to sulfide
saturation (Chiaradia, 2014). According to Fig. 6, the pre-
cipitating sulfide phase should have been coexisting MSS
and Cu-rich sulfide liquid in island arcs, and it should have
been mainly MSS in continental arcs. The present experi-
mental temperatures (1000-1200 °C) match well the arc
magmatic differentiation temperatures; however, the exper-
imental pressures (0.5-1 GPa) are generally lower than the
arc magmatic differentiation pressures, in particular for
continental arcs. This is because arc magma differentiation
takes place mainly in a hot zone at the root of the crust
(Annen et al., 2006). High pressure favors the stabilization
of MSS under otherwise equivalent conditions (Li and
Audétat, 2012, 2013). Accordingly, it has been concluded
that during magmatic differentiation in continental arcs
MSS is the dominant sulfide phase. These inferences are
supported by available observations on natural arc mag-
matic rocks (Hattori, 1993; Agangi and Reddy, 2016;
Chang and Audétat, 2018; Georgatou et al., 2018). For
example, in the Sunda arc of Indonesia, Cu reaches
~250-300 pug/g in arc magmas with ~4 wt.% MgO, but
then it drops abruptly to below 50 pg/g as soon as satura-
tion in a Cu-rich sulfide liquid was reached (Agangi and
Reddy, 2016). In contrast, Chen et al. (2020) found that
during magmatic differentiation in the deep continental
arc of Arizona, the precipitating sulfide phase in garnet-
pyroxenite cumulates was dominantly MSS. Chang and
Audétat (2018) also found a dominant presence of MSS
over sulfide liquid in cumulate xenoliths from the Santa
Rita and Cerrillos continental-arc magma systems in New
Mexico (USA).
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Fig. 6. Type of precipitating Fe—Cu-S sulfide as a function of the Cu content of the silicate melt. This figure shows that when the Cu content
of the silicate melt is above ~100 pg/g, the precipitating sulfide is a Cu-rich sulfide liquid, whereas when the Cu content is between 30 and
70 ug/g, both MSS and Cu-rich sulfide liquid precipitate. The dashed lines connect pairs of coexisting crystalline MSS and Cu-rich sulfide
liquid in individual experiments. The experimental pressures are 0.5-1 GPa and temperatures are 1000-1200 °C, and the experimental fO,

values are above FMQ + 1 to FMQ + 1.5.
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4.4. The fate of chalcophile elements in arc magmas and the
formation of continental crust

Since arc magmatism is ultimately related to the forma-
tion of Earth’s continental crust (Hawkesworth et al., 2010;
Jagoutz and Kelemen, 2015; Rudnick, 1995), we focus on
the fate of chalcophile elements during arc magmatic differ-
entiation in order to constrain the formation conditions of
Earth’s continental crust. Most of the chalcophile elements
are incompatible in common silicate and oxide minerals
(Mallmann and O’Neill, 2007; Li, 2014b; Leitzke et al.,
2017), and as mentioned above, sulfide saturation is almost
inevitable in evolved arc magmas. We used the sulfide/sili-
cate melt partitioning data presented in Figs. 3 and 4 and
as described by Eq. (6), and a differentiation model
described below, to predict the evolution trends of several
typical chalcophile elements during arc magmatic differenti-
ation. For this purpose, we first compiled a global dataset
from GEOROC (http://georoc.mpch-mainz.gwdg.de/ge-
oroc/Entry.html), using the same approach as used by
Chiaradia (2014), in order to obtain the major element con-
tents (median values) of arc basalts to rhyolites at arcs with
a crustal thickness of >30 km and at arcs with a crustal
thickness of <20 km. The compiled dataset is given in
Table S5. The corresponding Cu contents in global arc
magmas were taken from Chiaradia (2014). The water con-
tent in the parental basalt was set to 1.5 wt.% and water was
assumed to be perfectly incompatible during crystallization.
The magmatic differentiation pressure was set to 1 GPa for
arcs with a crustal thickness of >30 km, and 0.3 GPa for
arcs with a crustal thickness of <20 km. The degree of crys-
tallization (F) and magma temperature were calculated
using the correlations between silicate melt SiO, content,
T, and F, calibrated by Chang and Audétat (2018) using
experimental data obtained at 0.4-1.3 GPa. The liquidus
temperatures of the arc basalts to rhyolites were also calcu-
lated using MELTS (Ghiorso et al., 2002). We used the
SCSS model of Smythe et al. (2017) to determine the S con-
tent of the silicate melt, and then used the change of SCSS
in the silicate melt at each step of crystallization to deter-
mine the mass of S precipitated as Fe-Cu-Ni-O-S sulfide.
In the Fe-Cu—Ni-O-S sulfide, the Ni content was fixed at 2
wt.% considering that the Ni conents of sulfides in arc mag-
matic rocks are rather low (Chang and Audétat, 2018;
Georgatou et al., 2018), the O content was calcualted using
the FeO, content of the arc magmas when the
Fe-Cu-Ni-O-S sulfide is sulfide liquid (Kiseeva and
Wood, 2015), and the Cu content was calcualted using
the partitioning of Cu between sulfide and silicate melt by
an iterative appoach. When the Fe—-Cu-Ni—O-S sulfide is
MSS, the O conent in the sulfide was not considered. The
mass of precipitating sulfides at each step of crystallization
does not much depend on the initial water content or
magma temperature. Both a fractional and an equilibrium
crystallization model, and both MSS and sulfide liquid,
were considered during arc magmatic differentiation, and
perfect incompatibility of Cu, Ag, As, Sn, Sb, Re, Mo,
Pb, Bi in silicate and oxide minerals were assumed
(Mallmann and O’Neill, 2007; Li, 2014b; Leitzke et al.,
2017). The used D/™ and DYSS/M of Cu, Ag, As, Sn,

Sb, Re, Mo, Pb, and Bi were calculated using Eq. (6) and
the associated fitting coefficients given in Table 4. The used
DSLSMand DMSS/SM of Se are 200 and 100, respectively, at
fO,>FMQ + 1 to FMQ + 1.5, and 1500 and 1200, respec-
tively, at fO, of FMQ-1.3 (Brenan, 2015). The used D"S5/¥
of Au was varied from 200 to 500 with magma differentia-
tion (Fig. 4c), and the used D**/*™ of Au was fixed at 10,000
(Fig. 3c). To model the chalcophile elements of variable
valence states, the fO, of the arc magmas was varied from
~FMQ-1.3 to FMQ + 1.5, with the effects of magmatic
degassing and/or crystallization on fO, (Jenner et al.,
2010) not considered.

Fig. 7a and b show that when the crustal thickness is
>30 km, the Cu content of arc magmas decreases with
decreasing MgO dure to sulfide saturation. In contrast,
when the crustal thickness is <20 km, the Cu content first
increases with decreasing MgO due to sulfide undersatura-
tion, and then starts to decrease at ~4.3 wt.% MgO due to
sulfide saturation (Fig. 7c). Since the behavior of Cu in arc
magmas depends on the nature of the precipitating sulfide
phase(s), we tested which phase(s) best reproduce(s) the
Cu evolution trends recorded in natural arc magmas.
Fig. 7a shows that if the precipitating sulfides are domi-
nantly MSS, our model reproduces well the Cu evolution
trend shown by arcs with a crustal thickness of >30 km,
while already the presence of 20% sulfide liquid leads to dis-
tinctly lower trends than those observed. For Honshu, Cas-
cades, and the Central Andes arcs, the mass of sulfides
precipitated at >4 wt.% MgO needs to be only about half
of that calculated based on the SCSS variation during crys-
tallization (Fig. 7b). This could be due to the oxidization of
those arc magmas during early differentiation, which sup-
presses the mass of precipitating sulfides. Fig. 7c shows that
in order to reproduce the Cu evolution trend in arcs with a
crustal thickness of <20 km, the precipitating sulfides at
<~4.3 wt.% MgO need to be a mixture of MSS and sulfide
liquid, with the mass proportion of sulfide liquid ranging
from 50% up to 90%. It is worth noting that if a fraction
of $°" is converted into S*>~ and precipitated as sulfides dur-
ing magmatic differentiation at continental arcs, the pro-
portion of MSS in the precipitating sulfides would
increase; if a fraction of $*>~ is degassed during magmatic
differentiation at island arcs, then the proportion of sulfide
liquid in the precipitating sulfides would increase.

Using the same models that successfully reproduce the
Cu evolution trends in the investigated arc magmas
(Fig. 7), and also considering the effect of fO,
(AFMQ = —1.3 to 1.5) on DS/™ and D¥SS/5M for Se, Sn,
As, Bi, Re, and Mo, we predicted the evolutionary trends
of Ag, Au, Re, Se, Pb, Bi, Mo, As, Sn, and Sb (Fig. 8).
The initial concentrations of these elements in the arc basalts
(75 pg/g Cu, 38 ng/g Ag, 3.8 ng/g Au, 5 ug/g Pb, 0.015 pg/g
Bi, 0.13 pug/g Se, 0.15pg/g Sb, 1 pg/g Sn, 0.5 pg/g Mo,
1.1 pg/g As, 0.5-1.5 ng/g Re) were taken from (Sun et al.,
2003; Jenner et al., 2010; Jenner et al., 2012; Park et al.,
2013; Cox et al., 2019). Fig. 8 shows the predicted results
for arcs with a crustal thickness of >30 km, from which it
can be seen that when the precipitating sulfides are pure
MSS, Ag, Se, and Bi behave incompatibly and become
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Fig. 7. Observed vs. modeled Cu evolution trends in arc magmas. (a) The trends displayed by the Luzon, New Zealand, and the Mexico arc
can be reproduced with an initial Cu content of 50-100 pg/g in the basalt, and with the precipitating sulfide being dominated by MSS (i.e., less
than 20% sulfide liquid). (b) The trends displayed by the Honshu, Cascades, and the Central Andes arc can be reproduced with an initial Cu
content of 40-65 pg/g in the basalt, and with the mass of precipitating sulfides at >4 wt.% MgO being only about half of that in (a). (c) The
trends displayed by the Mariana, Izu-Bonin, Kermadec, and the Aleutians arc can be reproduced with an initial Cu content of 90-160 pg/g in
the arc magmas when sulfide saturation occurs at ~4.3 wt.% MgO, and with 50-90% of the precipitating sulfide being sulfide liquid. Note that
in (a) and (b), the crustal thickness is >30 km and sulfide saturation occurred at the beginning of magmatic differentiation, whereas, in (c) the
crustal thickness is <20 km and sulfide saturation occurred at ~4.3 wt.% MgO. In the model calculations, both fractional (Fr.) and
equilibrium (Eq.) segregation of the precipitating sulfides, and both MSS and sulfide liquid, were considered. See the main text for details of
the setup of the model. BCC denotes Earth’s bulk continental crust. The error bar shown in (a) is the typical error (+3 ppm) of the calculated
Cu contents in arc magmas, based on the standard deviation of the fitting (Table 4).

enriched in the residual magmas under oxidized conditions mas (Fig. 8d). As, Sn, and Pb behavior similarly as Mo
(AFMQ = 1-1.5). However, the occurrence of 10-20% sul- mainly due to their low values of DM and DMSS/SM,
fide liquid, relative to the total mass of sulfides precipitated, Fig. 8¢ shows the predicted results for arcs with a crustal
would dramatically deplete the residual magmas in Au thickness of <20 km. It can be seen from Fig. 8e that all
(Fig. 8a). Under oxidized conditions (AFMQ =1), Re chalcophile elements including Ag, Au, Re, Se, Cu would
decreases moderately with decreasing the MgO content in get enriched and not fractionated in magmas at >~4.3 wt.
arc magmas, but drops abruptly at fO, of FMQ-1 to % MgO because of sulfide-undersaturation. However, the
FMQ (Fig. 8b). Under reduced conditions (AFMQ = —1.3 magmas at <~4.3 wt.% MgO are saturated with sulfides,
to —1), Se and Bi would also be depleted in the residual mag- and Ag, Au, and Re in the magmas drop significantly.

mas (Fig. 8¢ and d). In contrast, Mo always behaves as an Fig. 8 also shows the comparisons of our predicted

incomptabile element and get enriched in the residual mag- results with the data obtained from natural arc/back-arc
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Fig. 8. Modeled evolution trends of the chalcophile elements Ag, Au, Re, Mo, Bi, and Se in arc magmas using the same fractional (Fr.) and
equilibrium (Eq.) crystallization models as those used in Fig. 7 to model the evolution of Cu. Note that for Re, Mo, Bi, and Se also the effect of
reduced conditions (AFMQ = —1.3 to 0) vs. oxidized conditions (AFMQ = 0-1.5) was considered, because the D5/ and DS“/M for these
elements vary as a function of fO,. Note that Au decreases significantly with increasing the proportion of sulfide liquid (a). Re decreases with
decreasing MgO (b). Bi and Se decrease with decreasing MgO under reduced conditions (c, d), but Mo is less affected by fO, (d). The Au, Ag,
Mo, and Bi contents in magmas of continental arcs (Cox et al., 2019; Kunz et al., 2020; Bai et al., 2020), and the Au, Ag, Re, and Se contents
in back-arc (eastern Manus basin) magmas (Sun et al., 2003; Jenner et al., 2010; Park et al., 2013), were plotted for comparison with the
modeling results. Note that the Au, Ag, Re, and Se data of the back-arc samples are systematically shifted from the modeling results, because
the sulfide saturation occurred in these back-arc magmas at ~3 wt.% MgO, rather than at ~4.3 wt.% MgO as modeled for global arcs with a
crustal thickness of <20 km. Available literature data of Re and Se in arc magmas of continental arcs were not plotted due to their loss during
magmatic degassing. Note that the errors of the calculated element contents in arc magmas, caused by the standard deviation of the fitting
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(Table 4), are up to 50% relative for Re, as shown in (b), but are <10-15% for the other elements (not shown).
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magmatic rocks for Au, Ag, Se, Mo, Re, and Bi. Overall, setup and the reliability of our estimated mass and propor-
the natural sample data are consistent with the predicted tions of different sulfide phases precipitated during arc mag-
results at fO, of FMQ to FMQ + 1. However, note that matic differentiation.
the data obtained for back-arc (eastern Manus basin) sam- The predicted Cu, Au, Ag, Re, Se, Se, Mo, Pb, Bi, As,
ples are systematically shifted from the predicted results, Sn, and Sb contents in arc magmas are also compared with
because the sulfide saturation occurred in these back-arc their counterparts in Earth’s bulk continental crust (BCC)
magmas at ~3 wt.% MgO, rather than at ~4.3 wt.% withs similar MgO content of ~4.7 wt.% (Rudnick and
MgO as modeled for global arcs with a crustal thickness Gao, 2014), as illustrated in Fig. 9. Fig. 9a shows that the
of <20 km. The large consistence between the predicted predicted element contents in oxidized magmas
results and the observations for different chalcophile ele- (AFMQ =1-1.5) at arcs with a crustal thickness of
ments (Figs. 7 and 8) justifies the validity of our model >30 km match well with those in the BCC, if the saturating
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Fig. 9. Parental-MORB normalized chalcophile element abundance in arc magmas at ~4.7 wt.% MgO. Note that the abundances of all
plotted chalcophile elements in arc magmas were calculated using the same approach as used in Figs. 7 and 8, but only the data obtained from
the fractional crystallization model were plotted. Using the results from the equilibrium crystallization model would not change the general
pattern. (a) The chalcophile element abundance in oxidized arcs (AFMQ = 1-1.5) with a crustal thickness >30 km matches well with the
composition of the bulk continental crust if the precipitating sulfides are dominantly MSS in a proportion between 90% and 100%. (b) The Cu,
Au, and Re abundance in reduced arcs (AFMQ < 0) with a crustal thickness of >30 km, or in arcs with a crustal thickness of <20 km, does not
match with the composition of the bulk continental crust. Under reduced conditions (AFMQ < 0), Se and Re are too depleted in continental
arcs to match with their abundance in the bulk continental crust. Due to sulfide undersaturation, Cu, Au, and Re are too enriched in island
arcs to match with their abundance in the bulk continental crust. Note that 0.5-1.5 ng/g Re was considered in the parental arc basalt when
modeling the behavior of Re during magmatic differentiation in continental arcs, but only 0.5 ng/g Re was used when modeling the behavior
of Re during magmatic differentiation in arcs with a crustal thickness of <20 km. Also note that the errors for the plotted data of Cu, Ag, As,
Mo, Sn, Sb, Pb, and Bi, caused by the standard deviation of the fitting (Table 4), are <10-15% relative, but are up to 50% for Re. The
parental-MORB data used for normalization were taken from Jenner (2017).
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sulfides are MSS in a proportion between 90% and 100%.
The presence of sulfide liquid in a proportion more than
10% would deplete the magma in Au, compared to that
in the BCC, whereas the presence of sulfides as 100%
MSS would enrich the magma in Au. Fig. 9b further shows
that Se and Re are significantly depleted in arc magmas if
the fO, is below FMQ. Fig. 9b also shows that the Cu,
Au, and Re contents in oxidized magmas at arcs with a
crustal thickness of <20 km are much higher than their
counterparts in the BCC because of sulfide-
undersaturation in magmas at >~4.3 wt.% MgO.

The above results demonstrate that the main component
of the BCC must have been formed in continental arcs and
under oxidized conditions (AFMQ = 0-1), rather than in
thin island arcs or under reduced conditions (AFMQ < 0).
This conclusion is consistent with the constraints placed
by Nb and Ta, that deep-seated magmatic differentiation
in continental arcs is necessary to produce the low Nb/Ta
signature of Earth’s continental crust (Tang et al., 2019).
The above results also demonstrate that during the forma-
tion of Earth’s continental crust, magmatic Cu, Au, and Re
are sequestered mainly by MSS and a small fraction of sul-
fide liquid in the deep continental crust, probably in deep
crustal hot zones (Annen et al., 2006). Therefore, delamina-
tion of such sulfide-bearing mafic rocks from deep crustal
hot zones into the convecting mantle can explain the
observed Cu-Au-Re depletion in the BCC (Lee et al.,
2012; Li and Audétat, 2013; Jenner, 2017; Feng and Li,
2019; Chen et al., 2020). However, under oxidized condi-
tions this MSS + sulfide liquid assemblage sequesters only
very limited amounts of the other chalcophile elements
including Ag, Pb, Bi, Se, Mo, As, Sn, and Sb, which,
together with the contributions of the subducting slab
(Jenner, 2017), can explain the enrichments of these ele-
ments in the BCC.

5. CONCLUSIONS

We performed experiments at 1000-1200 °C, 0.5-1.0
GPa, and fO, 1-1.5 log units above FMQ to determine
the partition coefficients of Mn, Co, Cu, Zn, As, Se, Mo,
Ag, Cd, Sn, Sb, Te, Re, Au, Pb, and Bi between MSS,
Cu-rich sulfide liquid, and hydrous silicate melt of basaltic
to dacitic compositions. The D**/™ of Au increase with
increasing Cu content of the sulfide liquid, but the DS/
of the other elements are not considerably affected by the
Cu concentration in the sulfide liquid. We parameterized
the DM and DMSS/SM of Mn, Co, Ni, Cu, Zn, As, Mo,
Ag, Cd, Sn, Sb, Re, Pb, and Bi as a multi- function of tem-
perature, pressure, fO,, and compositions of the silicate melt
and sulfide. This partitioning model can be used to predict
DSLSMand DMSSISM. for chalcophile elements in magmas
under the shallow upper mantle to crust conditions. Our sul-
fide phase relations suggest that the sulfides precipitating
from silicate melts containing >100 pg/g Cu occur as
Cu-rich sulfide liquid, whereas the sulfides precipitating
from silicate melts containing 30-70 pg/g Cu occur as mixed
MSS and Cu-rich sulfide liquid. Our partitioning model was
used to understand the behavior of chalcophile elements

during arc magmatic differentiation. Modeling the Cu, Ag,
As, Sn, Sb, Se, Mo, Re, Mo, Au, Pb, and Bi evolution trends
of global arc magmas illustrates that the precipitating sul-
fides are dominantly MSS in continental arcs with a crustal
thickness of >30 km, with the proportion of sulfide liquid
being less than 20%; whereas, in island arcs with a crustal
thickness of <20 km, the proportion of sulfide liquid may
reach up to 90%. We find that when no more than 10% of
the precipitating sulfides are sulfide liquid, the chalcophile
element patterns of oxidized magmas (AFMQ = 0-1) in
continental arcs well match with that of Earth’s bulk conti-
nental crust, implying that Earth’s continental crust formed
mainly in oxidized continental arcs.
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