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In situ determination of sulfur speciation and partitioning
in aqueous fluid-silicate melt systems
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Current knowledge of sulfur behaviour in magmas is based exclusively on ex situ
analyses. Here we report the first in situ measurement of sulfur speciation and par-
titioning between coexisting aqueous fluids and silicate melts. These data
were acquired using Raman spectroscopy in a diamond anvil cell at 700 °C, 0.3
1.5 GPa, and oxygen fugacity in the vicinity of the sulfide-sulfate transition, condi-
tions relevant to subduction zone magmatism. Results show that sulfate and sulfide
are dominant in the studied systems, together with the S~ and S5~ radical ions that
are absent in quenched fluid and silicate glass products. The derived fluid/melt par-
tition coefficients for sulfide and sulfate are consistent with those from available ex situ
data for shallow crust conditions (<10 km), but indicate stronger partitioning of these
sulfur species into the silicate melt phase with increasing depth. In contrast, both

radical ions partition at least 10 times more than sulfate and sulfide into the fluid phase. Thus, by enhancing the transfer of sulfur
and associated chalcophile metals from melt into fluid upon magma degassing, S;~ and S;~ may be important players in the
formation of economic metal resources within the redox window of the sulfate-sulfide transition in subduction zone settings.
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! Introduction

The solubility, partitioning, and chemical speciation of sulfur in
aqueous fluid-silicate melt systems are controlling factors in the
processes of volatile and metal transfer and ore deposit forma-
tion in geodynamic settings associated with subduction zones.
Our knowledge of these factors is currently based on ex situ
analyses of fluids and melts brought to the Earth’s surface or
recovered in laboratory experiments upon cooling, such as vol-
canic sublimates and gases, fluid inclusions or silicate glasses.
Yet, the complex and highly variable chemical and redox states
of sulfur, spanning from S>~ (sulfide) to S®* (sulfate), raise ques-
tions of how stable the different sulfur species are at tempera-
tures (T) and pressures (P) relevant to magma generation and
evolution, and how representative quenched natural and exper-
imental samples are with regard to sulfur speciation and parti-
tioning across the lithosphere. Indeed, along with coexisting
sulfate and sulfide commonly observed in quenched samples,
other previously disregarded species such as the tri- and disulfur
radical ions, S3~ and Sj~, become increasingly abundant in
aqueous fluids above 200 °C but cannot be preserved upon cool-
ing being unstable at ambient conditions (Pokrovski and
Dubrovinsky, 2011; Schmidt and Seward, 2017). On the other

hand, these radicals can bind to gold in hydrothermal fluids
thereby enhancing the efficiency of gold supply to ore deposits
(Pokrovski et al., 2015; 2019). At shallow crust conditions
(<0.3 GPa, <10 km depth), porphyry Cu-Mo-Re-Au and asso-
ciated epithermal and skarn deposits, which are among the most
significant resources of those metals on Earth, form in the vicinity
of degassing magma bodies emplaced in the upper continental
crust of arcs and back arc settings (Hedenquist and Lowenstern,
1994; Fontboté et al., 2017). Although available natural silicate
glass analyses, experimental data, and resulting models for sulfur
in hydrous silicate melts provide a robust understanding of sulfur
redox and partitioning at such conditions (e.g.,, Moretti and
Baker, 2008; Klimm and Botcharnikov, 2010; Wallace and
Edmonds, 2011; Zajacz et al., 2012; Zajacz, 2015; Binder et al.,
2018), much less is known about S redox and distribution in
fluid-melt systems from lower crustal and upper mantle settings
relevant to magma generation in subduction zones from which
water, sulfur and metals for these deposits are sourced. At such
depths (30-100 km, ~1-3 GPa), dehydration of the subducting
slab generates aqueous fluids that can cause partial melting of
the overlying mantle wedge (Hedenquist and Lowenstern,
1994; Richards, 2003). Such melts that become fluid saturated
at some depth may carry and release significant amounts of
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Figure 1 Insituapproach appliedinthis study to determine sulfur speciation and partitioning in fluid-magma systems. A chip of silicate glass
and aqueous thiosulfate solution are loaded in a diamond anvil cell (left), which is then heated to 700 °C and 0.3-1.5 GPa yielding a silicate
melt and a blue aqueous fluid containing significant amounts of trisulfur radical ion (right). The coexisting phases are directly probed by
micro-Raman spectroscopy and quantification based on Raman band intensities was performed using a method developed in this study

(Supplementary Information).

sulfur-bound metals such as Au, Cuand Mo, whose fate strongly
depends on the redox state and partitioning of sulfur itself
between fluid and melt, during magma storage, evolution and
transport across the subduction zone (e.g, Richards, 2003;
Audétat and Simon, 2012; Chelle-Michou et al., 2017).

In an attempt to probe directly the sulfur chemical speci-
ation and partitioning at the magmatic-hydrothermal transition,
and to assess the impact of non-quenchable sulfur species
such as S3~ and S3~ that cannot be studied using ex situ methods,
we applied an in situ approach. Our method is based on Raman
spectroscopy in a diamond anvil cell (DAC) and provides
an unprecedented direct “window” into the identity, amount,
and distribution of S species in fluid-magma systems
(Supplementary Information). Here, we examined a set of four
natural and synthetic silicate glasses, with SiO, contents from
50 to 75 mass % and alkalinity (Na + K)/Al (mol) from 0.6 to
3.0 (Tables S-1, S-2). Their composition has been chosen in this
exploratory study to respond to three principal criteria: i) exper-
imental feasibility, ii) relevance to the conditions of magma gen-
eration in subduction zones, and iii) possibility to cover a large
range of silica content and alkalinity that are the major param-
eters controlling sulfur partitioning as seen by ex situ studies. The
melts generated upon heating were equilibrated with sulfide/
sulfate-bearing aqueous solutions at 700 °C and 0.3-1.5 GPa

(Fig. 1).

Sulfur Speciation in the Coexisting Fluid
and Melt Phases

Raman spectroscopy is the method of choice to study different
sulfur species in fluids and melts owing to their characteristic
and intense Raman scattering bands (Schmidt and Seward,
2017). The fluid phase at high T-P in all DAC experiments
(Table S-2) shows Raman bands of water, dissolved silica spe-
cies, and sulfate and sulfide (Fig. 2). In experiments with both
sulfate and sulfide, the fluid displays a blue colour under white
light illumination (Fig. 1), demonstrating the presence of the blue
chromophore S;~ ion (Chivers and Elders, 2013). The Raman
spectrum of the fluid phase indeed shows the characteristic
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Figure 2 Raman spectra from representative experiments with
indicated fluid and melt compositions, acquired at 700 °C and
~1 GPa with 473 and 532 nm excitation, and the major identified
species.
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vibrations of S;~ and S3~ ions, with signal intensity from S5~
increasing relative to that from S3~ in fluids in equilibrium with
more alkaline melts (Fig. 2), in agreement with the reactions of
S5~ and S5~ formation that are favoured at low and high proton
activity, respectively:

Eq. 1

13H,S o) + 3805 =885~ + 2H* + 12H,05)

19H,S o) + 5807 + 2H* =883~ + 20H, O Eq. 2

The O-H stretching band of water in the spectra of silicate
melts differs both in shape and position from that in spectra of
the coexisting aqueous fluid. The melt spectra also show low
intensity Si-O and Si—-O-Si bands, similar to those in quenched
glasses but distinct from those in the aqueous fluid (Figs. 2, S-3),
thus supporting a negligible contribution of the fluid to the melt
spectra. The species H,S (and HS™) and SO3~ are systematically
detected in the silicate melt. The Raman signal from S3~ in the
melt was quantified in two experiments (those with the highest S
concentrations of >10 mass % S), whereas Si~ from S-poor
experiments and S3~ in melts from all experiments were below
detection (Figs. S-2, S-3, Table S-2).

In Situ Fluid/Melt Partition Coefficients
of Sulfur Species
Our in situ data allow generation of the first direct set of fluid/

melt partition coefficients, D¥mt(i), of each individual S species
(where i=sulfate, sulfide, S5~, or SJ~; Fig. 3, Table S-5). The
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Figure 3 Partition coefficients (defined as the ratio of the species
concentration in the fluid over its concentration in the silicate
melt) at 700 °C and 0.3-1.5 GPa between fluid and melt for each
sulfur species (S57, 537, sulfate and sulfide) for the indicated silicate
melt compositions as a function of the initial alkalinity (Tables S-1,
S-5; error bars 1s.d.). Data points for the radical ions accompanied
by arrowed vertical bars are minimal estimates corresponding to
their detection limit in the melt.

Dmt(sulfate) values are constant within measurement analytical
uncertainties (1 standard deviation, s.d.) among the four studied
melts, with an average of 17 + 8 (1 s.d. of the mean) at 700 °C and
0.3-1.5 GPa, whereas the D""(sulfide) values range from 6 + 2
to 28 + 8 (1 s.d.) from peraluminous to peralkaline melts, respec-
tively (Fig. 3). Remarkably, the minimum D¥" values of both
radical ions (50-450; Fig. 3) are at least a factor of 10 higher in
favour of the fluid phase than those of sulfate and sulfide (see
Supplementary Information for details of quantification). Thus,
our in situ data reveal a much higher affinity of both radicals
for the fluid phase compared to sulfate and sulfide, an important
new finding that cannot be obtained using ex situ methods (see
Supplementary Information for comparison with ex situ data).

Sulfur and Metal Transfer from Magmas
to Ore Deposits in Subduction Zones

Our new findings provide insight into sulfur behaviour in sub-
duction zone settings where fluid saturated melt generation,
transfer and degassing can occur across a wide range of T-P
and depth.

Firstly, our novel in situ data offer the advantage of direct
estimation of sulfide and sulfate D" values for a given melt
composition across a large fo, range, because fluid/melt
partitioning of an individual sulfur species is independent of
foz. Our extrapolated values for melts of rhyolitic composition
equilibrated with aqueous fluids at 0.3-1.5 GPa (D¥"(sulfate)
~10 and D""(sulfide) <10; Figs. 4, S-5) are a factor of 10 lower
than those inferred from ex situ experiments performed at
pressures of <0.5 GPa (see Supplementary Information) and
analyses of natural glass inclusions trapped in volcanic rocks
(e.g, Wallace and Edmonds, 2011). Our results imply that
felsic magmas, generated at depth and degassing through the
lithosphere (10-45 km) both at highly reducing and highly oxi-
dising conditions (i.e. outside the fo, range within which the
radical ions may be abundant), may retain more sulfur than
was expected from ex situ analyses.

Secondly, our results demonstrate that both S5~ and S5~
ions are abundant in the S-rich fluid phase at the fo, range of the
sulfide-sulfate transition at temperatures of magma generation.
First order estimates of the S5~ fraction in the experimental fluids
of this study (700 °C, 1 GPa, 1-4 molal Na,S,03), amounting
from 5 to 50 % of Sy, are in good agreement with that predicted
(Fig. S-8) using recent thermodynamic models based on in situ
data at <500 °C (Pokrovski and Dubessy, 2015). The fo, range
favourable for both radicals matches that of the mantle wedge
above the subducting slab where partial melting occurs. At these
depths, back and forth changes in fo, across the sulfate-sulfide
transition window are common (Fig. 4). For instance, sulfate-
dominated fluids, derived from subducted oceanic crust at
>100 km depth, have the ability to oxidise the sulfide-bearing
mantle wedge (e.g., Evans, 2012; Walters et al., 2020), by produc-
ing partial melts that rise up further to the mantle-crust boun-
dary (70-40 km depth) and experience multiple phenomena
(e.g., Richards, 2003; Evans, 2012) as outlined in Figure 4. At
higher crustal levels (5-15 km depth), mixing between sulfate-
bearing felsic and FeS-bearing mafic melts may lead to S-rich
magmas and fluids that are the major source of Au, Cu and
Mo in porphyry deposits (Audétat and Simon, 2012). At shal-
lower depths (<5 km), conduit flow modelling shows that
degassing magmas rising to the surface in arc settings may
evolve from reduced to oxidised, or oxidised to reduced, depend-
ing on their S content and initial fo, (Burgisser and Scaillet,
2007). In summary, at different stages of their evolution, arc
magmas are likely to cross the sulfide-sulfate transition
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Figure 4 (Upper panel) /n situ fluid/melt partition coefficients of sulfate, sulfide, S~ and S3~, derived in this study for felsic melts (MAC,
HAPLO-B) at 700 °C and 0.3-1.5 GPa as a function of fo; (error bars 15.d.). Blue area outlines the sulfate-sulfide boundary in water saturated
melt (Moretti and Baker, 2008); horizontal dashed line shows partition coefficients of sulfide extrapolated to the more reduced conditions of
our in situ measurements. (Lower panel) Cartoon of a subduction zone setting (not to scale) schematically illustrating silicate melt and aque-
ous fluid generation and evolution, and the associated sulfur redox changes.

favouring formation of S3~ and S5~ (Fig. 4). Both radical ions par-
tition at least 10 times more than sulfide and sulfate from felsic
magmas into the volatile aqueous phase, thereby potentially
enhancing sulfur degassing, depending on the initial fraction
of sulfur in the form of radical ions in the melt (Fig. S-7) and total
S content (Siop) in the system (Fig. S-8), because S5~ and S5~
respective abundances are roughly a square and a cubic function
of Sior.

Thirdly, the strong enrichment of the fluid in radical ions
compared to melt, coupled with the high affinity of 53~ and S5~
for gold (e.g., Pokrovski et al., 2019), and potentially for critical
metals that have strong chemical bonds with sulfur (Pt, Pd,
Mo, Re; e.g., Laskar et al., 2019), may be a key factor controlling

trace metal transfer from the melt to the S-bearing fluid. Gold
solubility in silicate melts displays a maximum at S¢*/S?~ ratios
between 0.1 and 0.9 (Botcharnikov et al., 2011; Zajacz et al.,
2012), implying enhanced gold extraction from the mantle by
magmas generated by partial melting of the mantle wedge at
such redox conditions. Upon ascent and degassing of such Au
pre-enriched magma, this gold is remobilised and concentrated
by the released S5~ -bearing fluids. According to Egs. 1 and 2, the
concentrations of the di- and trisulfur ions are maximised both in
melt and fluid at sulfide:sulfate ratios of 13:3 and 19:5, respec-
tively (corresponding to ~80 % of Sy as sulfide). Such sulfide-
dominated, yet moderately oxidised, systems are common
in arc magma settings that host major porphyry-epithermal
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Cu-Mo-Au deposits (Fontboté et al., 2017). According to the
most conservative estimates of the Dﬂ/’”’(S;‘) values in this study
(~100), a melt containing only 10 pg/g S in the form of S5~ would
produce 1000 pg/g S as S5~ in the fluid at equilibrium. Such con-
centrations of trisulfur ion are largely sufficient to bind to trace
metals, extract them from the magma, transport them in the fluid
phase to ore deposition sites, and control the deposition due to
S5~ destabilisation upon fluid cooling, boiling or interaction with
rocks. Our study thus reveals that sulfur radical ions may be key
players in the formation of economic metal resources within the
redox window of the sulfate-sulfide transition across subduction
zone settings.
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