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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-
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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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1. Materials and Methods
1.1. Summary

We have developed a method to quantify the partitioning of different sulfur species between coexisting aqueous fluid and
silicate melt using Raman spectra of these species acquired from each coexisting phase in situ at high temperatures and
pressures in a diamond-anvil cell (DAC). The investigated silicate glasses (Section 1.2; Table S-1) span wide ranges of silica
content (50 < SiO2 <75 mass %) and alkalinity (0.6 < (Na + K) / Al <3.0), and include a natural rhyolite (MAC, an obsidian from
the Macusani volcano; Borisova et al., 2010), two synthetic glasses in the Na20-Al2Os-SiO:z system (NAS75:75 and NAS60:55,
equivalent to a peralkaline rhyolite and a phonolite, respectively; Toplis et al., 1997) and a synthetic haplogranite glass doped
with boron (HAPLO-B, representative of granitic rocks associated with Sn(-W) mineralisation; Pichavant, 1987; Heinrich, 1990).
Aqueous sodium thiosulfate (Na25:0s), sulfuric acid (H2SOs), and sodium sulfate (Na2504) solutions of 0.2 to 3.5 molal were
used as the source of sulfur. The use of thiosulfate constrains the redox potential (fOz) in the system and the acidity (pH) in the
fluid phase via equilibria among the abundant sulfide and sulfate species (HS/H2S and HSO4+7/SO4*), which are produced by
503> breakdown on heating (Jacquemet et al., 2014). A chip of silicate glass of controlled size and thickness, a pressure sensor
(zircon), and an S-bearing aqueous solution were loaded in an externally heated Bassett-type DAC equipped with ultra-low
fluorescence diamond anvils and an iridium gasket (Bassett et al., 1993; Schmidt and Chou, 2012; Schmidt et al., 2013). The
loaded S and salt concentrations were accurately determined by measuring the vapour-saturated liquidus temperature of the
aqueous solution frozen in the cell (Section 1.3). The cell was heated until melting of the silicate glass at T of 700 °C and P of
~0.3-1.5 GPa (Fig. 1). Raman spectra were acquired through the diamond window from the coexisting fluid and melt phases
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using 473 and 532 nm excitation lasers to better quantify the radical species whose Raman signal is strongly wavelength-
dependent due to a resonance phenomenon (Ledé et al., 2007; Pokrovski and Dubessy, 2015). Raman intensities were corrected
as described by Schmidt and Seward (2017) to allow quantification based on spectra recorded at different conditions. The
partition coefficient D/(i) of each sulfur species (i) between the coexisting fluid and silicate melt was determined from the
ratio of relative integrated intensities of the most intense Raman band of each species in the fluid and melt phases, corrected
for the phase densities and absorbance of the Raman signal by the chromophore S radical ions, and adopting the same Raman
scattering cross sections for a given species in both phases (Sections 1.4-1.6). Furthermore, in selected DAC experiments, the
silicate melt, quenched at the end of the run, was recovered and analysed with electron probe micro analyzer (EPMA) for
major element and sulfur content. In addition, independent experiments between the same silicate melts and S-bearing
solutions were performed at 0.3 GPa and 700 °C using a traditional ex situ batch-reactor method employing quenching. Ex situ
total sulfur partition coefficients were derived from EPMA analyses of the quenched glasses and mass balance calculations for
S content of the fluid phase (Section 1.7; Tables S-6 and S-7). Chemical equilibrium calculations using recently derived and
updated thermodynamic properties of aqueous sulfur species (Pokrovski and Dubessy, 2015; Pokrovski ef al., 2019) have been
conducted to predict the abundance of the different sulfur species in the aqueous thiosulfate solutions used in this study and
compare these estimations with the Raman-derived values (Section 1.8).

1.2. Silicate glass choice, synthesis and composition

The silicate glass samples chosen for this exploratory study respond to the three major criteria: i) technical and experimental
feasibility, ii) pertinence and representativeness to the geodynamic settings of magma generation in subduction zones, and iii)
possibility to cover a large range of magma compositions, in particular the silica content and alkalinity, which are the major
parameters controlling sulfur partitioning patterns as has been shown in numerous ex situ studies. To avoid intrinsic technical
difficulties related to the use of in situ DAC methods at high temperatures, we used relatively simple felsic and alkaline
silicate glass compositions having relatively low melting temperatures (700 °C), to be able to accurately produce and keep the
melt phase in the experiments. These compositions are, nevertheless, typical of those produced by partial melting of
subducted sediments of pelitic compositions and basalts in the presence of water as found in previous work (Section 2.2). To
allow accurate method development, which is aimed to set up novel approaches for in situ Raman spectroscopy
measurements in fluid-melt systems, we intentionally use relatively simple melt compositions, which were Fe- and Ca-free to
avoid eventual formation of FeS and CaSOs that might complicate the straightforward interpretation of our exploratory
measurements. Nevertheless, our compositions cover a wide range of SiO2 contents and alkalinity allowing us to establish first
in situ trends in partition coefficients and to accurately compare them with available previous work. The detailed
characteristics of each chosen glass sample are given below.

Four silicate glasses were used for sulfur partitioning experiments (Table S-1): two synthetic glasses of Na20-Al:Os-SiO:
composition, analogous to a peralkaline rhyolite (NAS75:75) and a phonolite (NAS60:55), a natural obsidian from Macusani
volcano, SE Peru (MAC) and a synthetic haplogranite glass doped in boron (HAPLO-B). NAS75:75 and NAS60:55 glasses were
synthesised from reagent-grade oxides mixed in an agate mortar, melted in a platinum crucible for 1 h above the liquidus,
quenched, crushed, and then reheated at 1700 °C for 2 h while stirring to eliminate residual air bubbles and, finally, quenched
(Toplis et al., 1997). MAC glass is a natural aphyric obsidian of rhyolitic peraluminous composition, representative of anatectic
melts derived from metasedimentary crustal protoliths and analogous to highly differentiated Li-rich pegmatites, which are
the ultimate products of fractionation of S-type granitic magmas enriched in B, P, and F (Borisova et al., 2010). HAPLO-B is a
peraluminous haplogranite glass doped in boron whose composition has the lowest liquidus temperature in the quartz-albite-
orthoclase system at H>O-saturated conditions (640 °C, 0.1 GPa, 4.5 mass % B20s; Pichavant, 1987). Its composition is typical of
granitic rocks enriched in B that host hydrothermal Sn(-W) ore deposits (Heinrich, 1990). The glass was synthesised by
grounding appropriate amounts of reagent grade SiO2, Al2Os, K2COs, Na2COs and B20s in an agate mortar and melting the
mixture twice during 2 h at 1400 °C. Part of the product ground into powder was dissolved in HF and analysed by Inductively
Coupled Plasma - Atomic Emission Spectroscopy (ICP-AES) for P, Na, B and K; then the composition of the product was
adjusted by addition of oxides to compensate for some loss of the volatile elements, and the mixture was melted again for 2 h
at 1400 °C. A chip of the final glass was analysed for SiO2, Al203, Na2O and KzO by electron microprobe (EPMA), and B20s
content was estimated as the difference between the totals and 100 mass % (Table S-1).
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1.3. DAC setup and in situ Raman spectroscopy experiments
1.3.1. Experimental setup

An externally heated Bassett-type diamond anvil cell (DAC; Bassett et al., 1993; Schmidt, 2009; Fig. S-1), equipped with ultra-
low fluorescence grade diamond anvils with a culet diameter of 0.9 mm, was used in this study. The diamonds are inserted
into the heaters, which consist of NiCr wires wound around tungsten carbide seats and insulated with alumina cement. The
temperature was continuously measured by K-type thermocouples attached to the anvils and controlled using Eurotherm
2408 temperature controllers. The thermocouples were calibrated by measuring the temperature of the a- transition of quartz
at 574 °C, 0.1 MPa (Schmidt and Chou, 2012). The Raman spectra were recorded with a HORIBA Jobin Yvon LabRAM HR800
Vis Raman spectrometer (grating 1800 lines/mm, focal length 800 mm, confocal pinhole 1000 pm, slit aperture 100 pm),
equipped with a Synapse back-illuminated CCD detector (2048 x 512 pixels) and an Olympus BXFM microscope with a
motorised XYZ sample stage. The unpolarised spectra were acquired in backscattering geometry using an Olympus SLMPlan
N 20x objective with a working distance of 25 mm. A COBOLT Blues™ DPSS laser (wavelength 473 nm, power stability <2 %),
or a Laser Quantum Torus 532 DPSS laser (wavelength 532 nm, power stability <1 %), were used for Raman scattering
excitation. The 473 nm and 532 nm laser power measured at the microscope objective before each analytical session was ~10
mW and ~25 mW, respectively.

1.3.2. Experimental protocol

A chip of silicate glass was loaded into an iridium gasket hole (internal diameter 400 um, thickness 125 pm), together with a
small chip of synthetic Hf-doped zircon for pressure determination (ZrosHfo0SiOs; Schmidt et al., 2013), and a droplet of
sulfur-bearing aqueous solution. Special attention was paid to load a piece of glass with a thickness close to that of the iridium
gasket, to allow the resulting melt to fill the full cell thickness without the aqueous fluid phase on top. For this purpose,
doubly polished, ~100 um thick glass sections were cleaned with acetone and ethanol to remove any residual organics, and cut
in square shapes either using a UV femtosecond pulsed laser ablation system (experiments GP1-GP8) or a diamond cutter
(GP9-GP17). After loading, the cell was loosely closed to allow an air bubble to grow to a volume of 15-50 % of that of the
solution. Taking the solute concentrations into account, the resulting fluid density is 0.9-1.2 g/cm? in the range 0.3-1.5 GPa at
700 °C, as estimated using the PVTX properties of the fluid phase (see below). The cell was then sealed and the salt content of
the loaded solution, which usually significantly deviated from that of the original solution, was determined by cryometry.
This determination is required because it is difficult to avoid significant solution evaporation during the cell loading and
bubble growth, as the volumes are extremely small. For cryometry measurements, the fluid was frozen at —40 °C using liquid
nitrogen. Then the cell was allowed to slowly warm up and the temperature of disappearance of the last crystals in the
solution (measured to +0.2 °C) was used to determine the salt concentration using the known freezing temperature versus
molality (m) dependences for aqueous sodium pentahydrate thiosulfate (Picon, 1924) and sodium sulfate (Linke and Seidell,
1965) solutions. The uncertainty of the concentration determination for our solute compositions is less than + 0.1 m.

The DAC was flushed with an Ar + 1% H: gas mixture to prevent oxidation of the diamonds and the heating resistances
at high temperature. Raman spectra were acquired from the coexisting fluid and melt phases in the 200-1200 cm and 2500-
4000 cm ranges, which contain the studied known vibrational modes of sulfur species and water while avoiding the intense
C-C band from the diamond anvils. The laser focus was consistently set to 20 pm below the surface of the top anvil to
maximise the Raman signal (Everall, 2000; Schmidt and Chou, 2012). During a typical experiment, a Raman spectrum of the
aqueous solution was recorded at room temperature; then the temperature was first slowly increased to the homogenisation
point identified by the disappearance of the air bubble clearly visible under the microscope, and then the temperature was set
at 700 °C (Table S-2). During the heating, the Ss*~ ion in the fluid was clearly identified by its characteristic intense blue color.
Once the temperature reached 700 °C, a Raman spectrum of zircon was acquired to determine the pressure based on the P-
dependent shift of the Raman band from antisymmetric SiOs stretching vibration at ~1000 cm (Schmidt et al., 2013). In four
experiments where zircon was absent (GP1_a, GP1_b, GP6, GP7), P was estimated based on the homogenisation temperature
during heating and using the PVTX properties of the NaCl-H2O system (Driesner, 2007), and assuming that the density of a
thiosulfate solution is similar to that of a NaCl solution of the same mass concentration; this approximation induces an error of
less than 10 % of the total P value at our salt concentrations (e.g., Pokrovski et al., 2009). Then spectra of the fluid and melt
were recorded (typically 5 accumulations of 20 s each) over a 0.5-2.0 h interval to check for the attainment of equilibrium. Care
was taken to avoid nucleation of fluid bubbles while recording the melt spectrum by decreasing the laser power by a factor of
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10 compared to that used for the fluid phase spectrum (and accordingly increasing acquisition time). It was found that Raman
integrated intensity peak ratios recorded successively for a given species in the coexisting fluid and melt were constant within
errors (see below) over the run time, suggesting a fast equilibrium attainment (few minutes), favoured by strong fluid-melt
convection, systematically observed in the cell and likely induced by small T gradients (<1 °C). The convection was visible via
the microscope camera during the experiment and consisted in bubbles of fluids continuously nucleating in the melt and then
growing and coalescing with the rest of the fluid in a timescale of 10s sec. The fluid/melt Raman peak ratios for a given S
species measured within a short time interval (<10 min) were insensitive to the eventual decrease of the S3*- and H>S Raman
peak intensities in the fluid phase observed in some experiments (GP15, GP17) over much longer time intervals (1-2 h), likely
due to a slow reaction of reduced sulfur species with the iridium gasket. Thus, even though quantification of the species
absolute concentrations in the two phases is difficult in these experiments, the peak ratios fairly accurately reflect the
distribution of the sulfur species between the two phases. Upon completion of measurements at 700 °C, the temperature was
dropped in a few seconds to ~400 °C to quench the melt and limit water exsolution, followed by slower cooling to vapor-liquid
immiscibility temperature, which was always reproducible within <10 °C with the value obtained on heating. The quenched
glass phase was recovered in some experiments (where possible) for ex situ analyses of total S content (Section 1.7).

1.3.3. Raman bands of the detected sulfur species

Raman spectra of the fluid phase in most experiments show a prominent band of the OH vibrations of water (2800-3800 cm),
Si-O-Si and Si-OH vibrations of dissolved silica species, such as Si(OH)s and its dimer (400-800 cm™) (Steele-MacInnis and
Schmidt, 2014), and the symmetric stretching vibration of sulfate (960-980 cm, corresponding to the SO+~ ion and its ion pairs
with Na*, Schmidt and Seward, 2017), and sulfide (HS-, HzS, 2570-2590 cm; Schmidt and Seward, 2017) (Table S-2). In runs
with coexisting aqueous sulfate and sulfide, the fluid phase displays a bright to dark blue color above 400 °C (Fig. 1),
demonstrating the presence of the blue chromophore Ss*- ion (Pokrovski and Dubrovinsky, 2011; Chivers and Elder, 2013).
The Raman spectrum of the fluid shows a clear signature of Ss*~ with a resonant symmetric stretching vibration band at 535+5
cm ! and its overtone at 1070£10 cm™ (Fig. 2). The Ss*- band has a shoulder at 585+5 cm! that belongs to the stretching vibration
of the disulfur radical ion S2*- whose resonance signal is favoured with 473 nm excitation (e.g., Pokrovski and Dubessy, 2015).
The spectra of silicate melts have a pronounced water band (2800-3800 cm-?), different in shape and position from that in
aqueous fluid, and two broad low-intensity features in the range 500-600 cm™ arising from the silicate network, similar to
those reported in quenched glasses (Le Losq et al., 2014) but distinct from those in the aqueous fluid (Fig. 2, Fig. S-3),
confirming negligible contribution of the fluid in the melt spectra. The species H2S (and HS") and SO4* are present in melt,
with similar Raman band positions but lower intensities compared to those in the coexisting fluid (Fig. 2 and Table S-2). Note
that the fully deprotonated sulfide ion S suggested to form in silicate melts by some ex situ studies cannot directly be probed
by Raman spectroscopy; however, it is virtually non-existent in aqueous solution (Pokrovski and Dubessy, 2015) and thus is
unlikely to be important in the H2O-saturated silicate melts of the present study. The Ss*~ Raman signal is clearly detected in
the melt in two experiments with the highest S concentrations (>10 mass % S; runs GP1, GP16 in Fig. S-3) using the 532 nm
laser, enhancing the Ss*- resonance signal. The signals of S3*~ in melts from experiments with lower S concentration and of Sz*-
in melts from most experiments were below detection (Table S-2).

1.4. Derivation of D"t values of individual sulfur species from in situ measurements
1.4.1. Definition of Raman spectra corrections and partition coefficient Dfmt

Raman spectra were corrected following Schmidt and Seward (2017):

I _ lics.o (Eq. S-1)
corr,m
tx P xF, x(B+1)

laser a

where [icswis the intensity corrected for the response function of the spectrometer (as determined from the manufacturer) at
the given Raman shift w (i.e. the wavenumber difference of the scattered radiation relative to the excitation light wuser, in cm1),
t is the acquisition time (s), Puser is the laser power at the objective (mW), Fo is the frequency-dependent scattering factor F,, =
(@ser — @)**x @1, and (B + 1) is the temperature dependence function of the Stokes Raman scattering intensity (B +1)=1/(1 - ¢
hXCXuv/(kBXT)), where h is the Planck constant, ¢ is the speed of light, ks is the Boltzmann constant, and T is the temperature in

Kelvin. These corrections are important for comparisons of spectra recorded at different temperatures and with different
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lasers and acquisition times, and furthermore facilitate the comparison with literature data acquired at different conditions
(Schmidt and Seward, 2017).

The corrected spectra were used to calculate the partition coefficient D"(i) of the sulfur species i between the fluid and
the silicate melt, i.e. the ratio of the species concentration in the fluid over its concentration in the silicate melt:

D fimt (I) _ Ci fuig ~ A tia % Der X 7 (Eq. 5-2)
Ci et - A et ¥ i

where Ciis the species mass concentration in each phase, Ai is the integrated intensity of the most intense Raman band of i-th
species in fluid or melt, d is the fluid or melt density, and y: is a factor correcting for the absorbance of the chromophore
species S3*~ (where present) at the given Raman shift @ with Ao excitation.

No correction was applied for the difference of refractive indexes at the silicate melt-diamond and fluid-diamond
interfaces, since solute-rich aqueous fluids and water-saturated silicate melts have relatively close refractive indexes. Details
on the determination of the integrated Raman intensities, phase densities, and absorbance are given below.

1.4.2. Raman peak fitting

Spectra were processed using the Fityk 1.2.0 software (Wojdyr, 2010) (Fig. S-2). A cubic spline was manually defined to fit the
baseline far from the peak areas and was subtracted from the spectrum. Then Raman bands were fitted using pseudo-Voigt
models (that are a convolution of a Cauchy-Lorentz distribution and a Gaussian distribution). The peak shape (ratio
Gaussian/Lorentzian) was arbitrary fixed at 0.5, which is a common choice for Raman peaks and has a very minor impact on
the fitted peak areas (e.g., Dargent ef al., 2013). Small bands are difficult to extract in regions where the baseline is not linear or
multiple bands overlap. For instance, the main Raman bands of sulfur radical ions occur in the same wavenumber region as
those of 5i-O-Si groups. In cases where the Raman band of interest was close to or below detection limit, in particular in the
melt, the main overlapping peaks were fitted first and subtracted from the overall signal; then a range of acceptable values for
the area of the small peak of interest was defined by manually adjusting the height of a pseudo-Voigt peak with parameters
(Full Width at Half Maximum, FWHM, and pseudo-Voigt peak center) identical to those determined in the fluid in which the
sulfur species peaks are usually far more pronounced. For example, in experiment GP3, S radicals were below detection limit
in the melt (Fig. S-3), which was defined as the integrated intensity of the largest S3*~ and S:*- bands at 532 cm™ and 585 cm,
respectively, that would reasonably match the spectral background dominated by the Si-O-Si signal. When the Raman peak
was not easily extractable from the baseline, like in case of sulfide whose Raman peak is situated on the shoulder of the
diamond overtone (~ 2500 cm™), the curvature of the baseline was manually varied within reasonable positions based on
baselines in sulfide-free experiments to define a maximum area for H25/HS- bands; FWHM and peak centers were also taken
identical to those in the phase (usually the fluid) where the peaks are well defined. An example of the peak fitting procedure is
shown in Figure S-2, and examples of baseline-corrected Raman spectra in the low-frequency region (<1200 cm™) of the fluid
and melt phases are given in Figure S-3.

Identifying the dissolved silicate Raman signals is necessary for accurate background corrections of the spectra of sulfur
species whose bands overlap. Dissolved silicate are systematically identified in the 400-700 cm™ region by broad Raman bands
that belong to bending vibrations of the bridging oxygen Si-O-Si groups. The main bands are centered at ~450, 550 and 600 cm-
1, in agreement with the data of Steele-MacInnis and Schmidt (2014) on H20-Na20-SiO: fluids (Fig. S-3, see experiment GP7,
where Si-O-Si bands are unambiguously identified in the transparent, Ss*~-free fluid). The presence of vibration bands of sulfur
species in the 700-1000 cm™ region, and the low Raman intensities in concentrated colored solutions containing large amounts
of Ss*-ion donot allow unambiguously identifying silicate species in such fluids. In contrast, in the Raman spectra of more S-
dilute fluids equilibrated with felsic melts (NAS75:75, MAC, HAPLO-B), a peak was clearly visible at 770 cm™ (e.g., experiment
GP1, Fig. S-3) and was assigned to the Si-OH symmetric stretching vibration of Si(OH)s+ monomers (Qo). In fluids equilibrated
with the melt of intermediate composition (NAS60:55), the fluid spectra exhibit a broad band at 770-870 cm™! (e.g., experiment
GP7, Fig. S-3) that might be due to a contribution of Q1—Qs silicate species. According to Steele-MacInnis and Schmidt (2014),
the predominance of Qo monomers is typical for fluids with relatively low SiO2 concentrations (< 7 mol %) whereas the
dominant presence of Q1-Qs species indicates polymerised and thus more silica-concentrated fluids.
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1.4.3. Density correction

In the melt phase, the molar volume of the silicate melt at the run conditions (700 °C, 0.3-1.5 GPa) was calculated as the
weighted average of the molar volumes of an equivalent anhydrous melt and of water dissolved in high pressure silicate melts.
For anhydrous melts, the Glass Density Calc v3.2 Excel spreadsheet (Lange and Carmichael, 1990; Iacovino, 2017) was used,
considering the initial composition of the glasses. Boron was not considered in the calculations, because its effect on the
haplogranite density is negligible (4.5 mass % B20s at 750 °C, 0.1 MPa, would decrease the haplogranite density by about 1 %
according to Knoche et al., 1992). Water solubility in NAS75:75 and NAS60:55 melts was estimated using an existing model
based on experimental data in the Na:0-Al20s-SiO2 system at 1100 °C and 0.8-2.0 GPa (Mysen, 2007), with water fugacity
calculated using the Loner HGK solver (Haar et al., 1984), and the T dependence for similar compositions (Mysen and Wheeler,
2000). For MAC and HAPLO-B samples, an existing model for a granitic system at 800 °C and 0.3-0.7 GPa was used (Holtz et
al., 2001). The partial volume of water at high P and T in silicate melts was adopted from Malfait ef al. (2014), measured for
rhyolitic melts, but assumed to be independent of silicate melt composition, in agreement with Ochs and Lange (1999) and
Bouhifd et al. (2015). At 700 °C and 0.2-1.5 GPa, a range of densities of 2.05-2.35 g/cm? for the four melt compositions was
obtained. Overall, because the literature database at high P-T is incomplete, a 5 % error is assumed on the density estimate to
account for possible deviations among different compositions not explicitly covered by the present models.

In the fluid phase, the determination of the density is more uncertain and requires knowledge of the composition of the
fluid phase and corresponding equations of state. For sodium thiosulfate or sodium sulfate solutions, the solute concentration
at the start of the experiment was precisely derived from cryometry measurements. At the high T of the experiment, some
water dissolves in the melt, while some silicate melt dissolves in the aqueous fluid. Because our starting aqueous solutions are
quite concentrated in salt (5-30 mass %), the effect of dissolved silicate is expected to be weak. Thus, the density of the fluid
phase was approximated by that of the NaCl-H20 system (Pokrovski et al., 2009) at the same mass % NaCl concentration as
that of the thiosulfate or sulfate solutions determined by cryometry, corrected for water dissolution in the melt, and using the
T of homogenisation during heating and cooling of the fluid and assuming that the experimental cell volume was constant
during the experiment (Table S-3). The estimated fluid densities at the experimental T and P are in the 0.9-1.2 g/cm? range
with a typical uncertainty of ~10 % of the value.

1.4.4. Absorbance correction

Absorbance definition. The sulfur radical ions are chromophores, Ss*- being blue and Sz*- yellow (Chivers and Elder, 2013). This
property is well known in ultramarine pigments, where S3*- and S:*- have been identified as responsible for blue and yellow-
to-green colorations. The electronic absorption bands of S:*~and S:*-are centered at 600 nm and 390 nm respectively (Seel,
1984; Chivers and Elder, 2013). Similarly, aqueous solutions containing Ss*~ are blue when observed under the microscope (Fig.
1). With the 473 and 532 nm excitation lights, Raman bands of the two S radical species are thus enhanced (resonance Raman);
this enhancement is stronger with the 532 nm laser than with the 473 nm laser for Ss*-and the inverse for S>*- (Ledé et al., 2007;
Pokrovski and Dubessy, 2015). As the coloration increases, the laser light and the Raman scattering light are more and more
absorbed by the solution, resulting in an apparent decrease of the intensity of the Raman spectrum, which is wavelength
dependent (i.e. the signal absorption is greater for the species whose Raman band wavelengths are closer to the maximum of
electronic absorption of the radical species; Schmidt and Seward, 2017). This effect is clearly observed for the most
concentrated thiosulfate solutions (~3 molal) of the present study on the usually strong Raman band of water at ~3500 cm-!
that almost vanishes in those deep-blue solutions. As a result, the integrated intensities of the Raman bands of sulfur species
in Ss*~-bearing fluids need to be corrected for this effect in order to obtain accurate fluid/melt partition coefficients. In the
following, absorbance correction factors y: at the wavelength of the most intense Raman band of the i-th species with the Ao
excitation are defined as:

Leorr,abs,w; = Vi X lcorr,w; (Eq. S-3)
where o, is the intensity of the Raman band at the given Raman wavenumber w; (Eq. S-1) and leomabs.«; is the theoretical

intensity that would have the Raman band if the solution was not absorbing laser and Raman scattering lights.

Absorbance correction factor for O-H stretching band of water (yvon). The effect of the absorption in colored solutions on the Raman
band from O-H stretching vibrations of water is defined by the ratio of the molar scattering factor of water in the fluid phase
at the temperature T of the experiment over that at ambient temperature at which the solution is fully transparent:
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20°C v 20°C
_ OH, fluid H,0, fluid

vOH = AT V T
AVOH,quid H,0, fluid

where A1T,0H, fluia is the integrated intensity of the O-H stretching band at ~3500 cm in the intensity-corrected Raman spectra

(Eq. S-4)

acquired at the temperature T, and ngo,f[uid is the partial molar volume of water at the temperature T and pressure P,
calculated according to Driesner (2007). The values of Rvon are reported in Table S-3. In Ss*~-free experiments (GP6-8, GP13,
GP15) the average Rvon value is 1.6 + 0.4 (1 standard deviation, s.d.). This value is somewhat higher than the theoretical value
of 1.0 likely due to changes in hydrogen bonds and the symmetry of the water molecules at high T, and the resulting
proportion of water monomers and polymers that might have different Raman scattering cross-sections. The R.on values in
Ss*~-bearing fluids vary between 1.5 and 35.0, with the highest ones being found in the most S-concentrated fluids (Table S-3),
clearly indicating that the OH stretching band of water in blue Ss*~-rich fluids is significantly absorbed. The absorbance
correction factor yvon may be defined as the ratio between Rvon values in the colored fluid and in Ss*~-free solution:

Vvou ®R oy 1(1.6+0.8) (Eq. S-5)

Estimation of the wavelength-dependent Ss*~ ion absorbance. The absorption correction for the Raman signal of sulfur species
requires knowledge of the Ss*~ absorption envelope as a function of wavelength (Schmidt and Seward, 2017). The
measurements of the absorption envelope were performed using a Bassett-type DAC installed at an Xplora Raman
spectrometer equipped with a dispositive allowing light absorption measurements (CEMES, Toulouse) to quantify the
absorbance of a 50 um thick doubly polished section of a deep-blue crystal of natural lazurite from the American Museum of
Natural History (sample n° 110457, courtesy of G. Harlow and J. Newman) mounted between the two diamond anvils. The
DAC was illuminated from below with a white light, at the maximum intensity of the lamp, and a spectrum of the transmitted
light was recorded for 0.2 s x 2, in the 400-800 nm range (spectrum I1). Two ‘blank’ spectra were acquired: one without any
sample between the two diamonds (spectrum Io) and a second through a Ss*~-free sodalite sample mounted between the two
diamonds (spectrum Io’). The Ss*~-free sodalite was a powder of synthetic ultramarine pigment (courtesy of B. Ledé) heated for
4 days at 750 °C in air until it became colorless (all S3*- is oxidised to sulfate) and pressed between the two diamond anvils of
the DAC to a thickness of a few pm. Because there was no significant difference between Io and Io” spectra (i.e. Ss*-free sodalite
itself does not absorb), the absorbance (Abs_ref) of S3*~ may be defined as follows

Abs _ref =—log,, (1,/1,) (Eq. 5-6)

The absorption spectrum shows a maximum at ~600 nm (Fig. S-4) due to the Ss*- ion well known in ultramarine
pigments (Ledé et al., 2007). There is also a low intensity absorption peak at ~450 nm, which might be the tail of the absorption
band of S:*- or some other minor S species like polysulfides, which usually accompany Ss*- both in natural and synthetic
lazurites. This low intensity portion of the spectrum was ignored in the following treatment, since it is outside the range of
Raman wavelengths acquired with 473 nm and 532 nm excitation. At 400 and 800 nm, measured absorbance is zero within the
spectral noise, implying that refractive index corrections of Ss*~-bearing phases are negligible.

Calculation of absorbance correction factors yi of sulfur species. Combining the absorption correction factors of H20 and the
absorption spectrum of Ss*~ described above allows for estimation of the absorption correction factors of each species in the
colored fluid phase. In the following analysis, we assume that the absorbance of the Ss*~-bearing fluids investigated in this
study (Abs) follows the Beer-Lambert law:

Abs = £x C(S3™) x | (Eq. S-7)

where ¢ is the molar extinction coefficient of Ss*~ (mol'xcm?), C(Ss*-) is the concentration of Sz*~ (molxem?), and [ is the optical
path defined by the distance (cm) between the two diamond anvils in the DAC. The laser light intensity is attenuated when it
goes through the colored fluid to the focal point. The intensity of the Raman scattering is similarly attenuated when it goes
from the focal point out of the fluid to the spectrometer. As a result, a double correction on Raman scattering intensities has to
be applied:

kxAbs _ref,,
I

}/I — 10k><Abs_refO Xlo (Eq~ 8_8)

where Abs_refo is the absorbance of the reference lazurite at Ao and Abs_refo, is the absorbance of the reference lazurite at the

wavenumber wi of the Raman band of the species i, and k is a proportionality constant (i.e. the ratio of the fluid absorbance to
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the reference absorbance). For each Sz*~-bearing fluid in the present study, the k value was calculated with Eq. S-8, using the
absorbance correction factors yvon from Eq. S-5. The resulting k values for Ss*~-bearing fluids vary between 0 and 1. Thus,
Raman spectra can accurately be corrected for absorbance effect at any wavenumber shift based on Eq. 5-8 and the obtained k
value.

The yi values at the wavenumbers of each sulfur species and water bands, for k of 0.25, 0.5 and 1 (i.e. 3 different
concentrations of the chromophore species S3*~ that cover the range of the Ss*~-bearing aqueous fluids of the present study) for
Raman spectra acquired with 473 and 532 nm excitation, are reported in Table S-4. Several observations can be made from
these calculations. First, for a given concentration of Ss*~ chromophore, the decrease in the integrated intensity of the O-H
stretching band due to S3*-absorbance is similar for both excitation wavelengths. Second, within our experimental range of Sa*-
concentrations, integrated intensities of Raman bands of sulfur species are almost unaffected by Ss*- absorbance at 473 nm
excitation, except the HS-/H2S band whose integrated intensity is reduced by up to a factor of ~4 in the most concentrated
solution compared to an Sz*~free fluid. Third, integrated intensities of Raman bands of sulfur species decrease by a factor
similar to or higher than that of the water band with the 532 nm laser, and y: values are highly variable depending on the
sulfur species; e.g., the HS/H:S integrated band intensity can be up to 5 times more affected than the integrated intensity of
the O-H stretching band of water in the most concentrated solutions. Thus, the use of the 473 nm laser is a better choice for the
determination of fluid/melt partition coefficients of sulfate, sulfide and S:*- species in Ss*~-bearing solutions, because errors
associated with absorbance corrections are small even in the most concentrated thiosulfate solutions. However, the use of the
532 nm excitation light is advantageous to determine the fluid/melt partition coefficient of Ss*- itself, because of the larger Ss*-
signal enhancement by the resonance phenomenon. Since the S3*~ ion strongly partitions into the fluid, and has thus a very
low abundance in the melt, it could only be detected in the melt if the 532 nm laser was used. In the Sz*~-rich experiments
analysed with the 532 nm laser (GP1_a, GP15-GP17), the absorbance correction factor is similar for the O-H and Ss*- bands.
Due to the large variations of the ywon value (Table S-4) and the strong dependence of absorbance corrections on that value,
absorbance corrections based on R values are very uncertain (e.g., see values of ywon” for GP1_b, GP16, and GP17 in Table S-4).
Therefore, a different approach was applied for such S-rich solutions analysed using 532 nm excitation. The correction factors
for Raman spectra of Ss*~-bearing solutions acquired with the 532 nm laser were adjusted to match the D/ values obtained
with the 473 nm laser in the same experiments. For S2*- and other S species for which the signal was below the detection limit
with the 473 nm laser, this adjustment was made using the D" values obtained for SO, H25/HS- and H20O species in Sz*—-
poor experiments. This approach was applied to 3 experiments (GP1, GP16 and GP17, see footnote of Table S-3 for details).
Note that for these experiments, the derived Ss*- fluid/melt partition coefficients are minimum values; they might be higher if
absorbance corrections are underestimated for these three concentrated solutions.

1.5. Error analysis

The major source of error on the fluid/melt partition coefficient values (Table S-5) stems from the determination of the
integrated intensities of the Raman peaks of the sulfur species in the melt phase, being often close to the detection limit. For
more abundant and thus clearly quantifiable sulfate and sulfide species in the melt (and for Ss*~ in few experiments), this
source of error yields a factor of 2 for the Raman band integrated intensity value in the melt, whereas for S2*- and Ss*- (in other
experiments) only a minimum D/ values could be determined. Another source of error is from the absorbance corrections in
blue Sz*~-bearing solutions, based on the O-H stretching band of water and thus conditioned by the reproducibility of its
intensity at high T in different experiments. The integrated intensity of the O-H stretching band is typically reproducible
within 50 % of the value, yielding a rather small impact on the resulting absorption correction factors with 473 nm excitation
(<10 % of yi value for the radical ions and sulfate and <30 % of yi value for sulfide), and a somewhat larger effect on spectra
acquired with 532 nm excitation due to the stronger Raman signal absorbance (~50% of yi value). Additional smaller sources of
uncertainties stem from the fluid and melt density estimations due to a lack of corresponding equations of state for our
specific compositions, and uncertainties on the solute concentrations (alkalis, silica) due to partial dissolution of the melt in the
fluid phase. However, phase densities usually evolve in a rather systematic and predictable fashion, so that our density
assumptions are not expected to produce errors greater than 20 % of the final partition coefficient value. Uncertainties
reported for D/ coefficients obtained in this study are 1 s.d. (standard deviation) and estimated by combining the different
sources of errors discussed above.
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1.6. Estimation of sulfur radical ion concentrations in the fluid and melt phase from in situ experiments

Rough estimations of Ss*~ absolute concentrations in the aqueous fluid phase from our Raman spectra in Ss*~-bearing
experiments can be made by using ratios of relative molar scattering factors of sulfur and water Raman bands published in the
literature (Schmidt and Seward, 2017), coupled with the measured integrated intensities of S species Raman peaks and the
spectral and absorption corrections applied in this study (section 1.4, Tables S-3 and S-4). Such estimations yield a range of
absolute S3*~ concentrations of ~5 to ~50% of total sulfur (e.g., experiments GP17and GP1_b, respectively), for the 1-3 molal
thiosulfate solutions at 700 °C and 0.3-1.5 GPa, employed in this study. Despite large variations, these estimates are within the
range of S3*~ values predicted in such solutions using the thermodynamic properties reported in Pokrovski and Dubessy
(2015), as outlined in section 1.8 below. We, however, remain cautious about these spectroscopic estimations, since accurate
quantification of each species concentration in such DAC experiments would require a different type of measurements
employing tedious calibrations with standard solutions coupled with direct UV-Vis absorption measurements during high T-P
experiments to properly correct for Raman signal absorption, in particular in the Ss*~-rich solutions evidenced in this study
(e.g., Fig. 1). Such measurements may be performed in near future with on-going improvements of our method. Note that the
Raman peak ratios are much better constrained and allow far more accurate assessment of partition coefficients, which is the
main strength of our novel approach. Similar rough estimates for species relative fractions made for the silicate melt phase in
experiments where Ss3*- was detectable (e.g., GP1_a, GP16) indicate radical ion fractions of 1 to 5 mol % of total S.

1.7. Derivation of total sulfur D/t from ex situ experiments

The partitioning of S species measured in situ in this study was compared with that of total sulfur from a few quenched glass
samples that could be recovered after the DAC experiments and with quench-based batch-reactor measurements on the same
fluid-melt systems as those in DAC runs at 700 °C and 0.3 GPa. The conditions and system compositions of the batch-reactor
experiments are reported in Table S-6. Gold capsules (3.9 mm inside diameter, 0.25 mm wall thickness, 10 mm length) were
loaded with ~20 mg of glass powder and ~30 pL of sulfur-bearing solution, and sealed using an electric arc. Sealing was
carefully checked by the absence of weight loss after heating the capsules at 110 °C for 0.5 h. The capsules were placed in cold-
seal pressure vessels made of a Ni-based alloy (UDIMET-500, NiCr19Co18Mo4Ti3Al3), heated in horizontal furnaces and
connected to a water pressure line (Jacquemet et al., 2014). The alloy material of the vessel with water imposes redox
conditions within ~1 log fO: unit of the nickel-nickel oxide buffer. The vessel was pressurised to 0.05 GPa at ambient
temperature, then heated to 700 °C, and the final pressure was adjusted to 0.30 GPa. At the end of the experiment lasting from
1 to 10 days, the reactor was removed from the furnace, turned upside down to allow the capsule to fall in the colder part
close to the reactor head (~300 °C), and cooled down in air stream, reaching T <100 °C in less than 10 min. Pressure was kept
constant during the quench, by keeping the reactor connected to the pressure line. The retrieved gold capsules were weighed
to check for eventual leaks and opened to recover the quenched silicate glass. Opening was always accompanied by the escape
of the aqueous liquid phase and a typical H2S smell. The glass was rinsed several times with distilled water to remove
eventual sulfur and sulfate precipitates, and polished for microprobe and Raman analyses.

Analyses of quenched glasses both from hydrothermal reactor and DAC experiments by EPMA were performed at the
University Paul Sabatier (Toulouse, France) using a Cameca SXFive microprobe. For S contents higher than 1000 ppm, the
following operation conditions were applied: acceleration voltage 15 kV, beam current 10 nA, beam diameter 10 pm. All
elements were measured for 10 s (5 x 2 s) on the peak and background. The short analysis duration and defocused beam were
used to limit the Na migration during the beam exposure and avoid glass dehydration (Borisova et al., 2005). The following
standards were used: albite (Na), wollastonite (Si, Ca), corundum (Al), sanidine (K), periclase (Mg), hematite (Fe) and celestine
(5). The detection limit and the standard deviation for sulfur were ~300 ppm S. For S contents lower than 1000 ppm, the beam
current was increased to 40 nA, Na was measured first for 3 s followed by S for 30 s. Both detection limit and standard
deviation for S at these analytical conditions were ~80 ppm S. No S-bearing minerals were observed in the experimental
products. The total S partition coefficient was calculated as the ratio of the fluid S concentration derived from mass balance to
the S concentration measured in the silicate glass (Table S-7).

Raman analyses on few quenched glasses were performed at CEMES laboratory, using an Xplora spectrometer and 532
nm excitation wavelength. All glasses from batch-reactor and DAC experiments show only detectable sulfate species
demonstrating that neither radical ions nor sulfide may accurately be preserved in quenched glasses, at least at our
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experimental conditions (see Section 2.2 for comparison with in situ data).

1.8. Thermodynamic predictions of sulfur speciation in the fluids used in this study

Sulfur speciation and radical ion concentrations may be estimated in the thiosulfate solutions used in this study, which are
also a good proxy of the sulfur-rich fluids in subduction zones at the sulfide-sulfate transition, using the thermodynamic
parameters of S3*~ derived from extensive data at temperatures of <500 °C (see Pokrovski and Dubessy, 2015 for details and
uncertainties). These parameters are based on the revised and extended HKF equation of state incorporating improved
estimations of the dielectric constant of water at pressures to 6 GPa and temperatures to 1000 °C (Sverjensky et al., 2014).
Calculations were performed using the HCh computer code and associated databases, and based on the minimisation of the
Gibbs free energy of the system and accounting for non-ideality of aqueous saline solution using the extended Debye-Hiickel
model (Shvarov, 2008, 2015). The calculations indicate that, along with sulfate and sulfide species, Ss*~ is a dominant redox
form and may account for as much as 50% of total dissolved sulfur in the fluids of this study at 700 °C and 0.5-1.5 GPa (Fig. S-
8). These predictions are in agreement with direct estimations of absolute concentrations of Ss*- from the Raman signal
(Section 1.6). At present, we cannot predict the S2*- contents at these conditions, because the stability constants for this ion are
currently available only at 450 °C and pressures <0.15 GPa (Pokrovski ef al., 2019), and thus cannot be reliably extrapolated to
the much higher T-P of this study. Note that in the presence of silicate melts, the abundances of both radical ions may be
significantly affected compared to the melt-free thiosulfate solution, with low-alkalinity melts (HAPLO-B, MAC) imposing
more acidic fluid pH further increasing the Ss*~ abundance compared to that shown in Fig. S-8, and with more alkaline melts
(NAS 75:75 and 60:55) imposing more basic pH and, consequently, favouring S2*- formation (see Eqs. 1 and 2 in the main text).

2. Supplementary Text: Additional Notes

2.1. Overview of the strengths and limitations of the existing ex situ measurements of S fluid/melt partitioning versus the
in situ method developed in this study

Most ex situ data on bulk sulfur fluid/melt partitioning published in the literature have been mostly obtained by measuring
the total sulfur content in the quench silicate glass after the experiment with electron microprobe. Usually, the fluid phase is
not recovered and its sulfur content is estimated by mass balance difference between the initially loaded S amount, the S
amount contained in the quenched glass and the S amount eventually contained in crystals (if present). This approach usually
gives reliable data with a standard deviation of 10-50 %. The major limitations are the following: 1) the estimation of the
volume of sulfur-bearing crystals in the melt, in some studies, might potentially have large uncertainties because of their
inhomogeneous nucleation and distribution in the glass; 2) the large sensitivity of the D/ values to eventual losses of sulfur
during the experiment (for instance to the capsule made of metals other than gold or of gold alloys with metals easily forming
sulfides like Cu, Pd, Ag, Fe); 3) the limited pressure range that can be attained in most studies (typically <0.5 GPa, Table S-8),
except few studies that were conducted at pressures of 2-3 GPa (e.g., D’Souza and Canil, 2018; Jégo and Dasgupta 2013, 2014),
but in those high-P works the question arises of whether the volatile species are quenchable in the highly hydrated glass; and
4) the impossibility to determine the sulfur speciation in the fluid (and in most cases in the melt) for better interpretation of
bulk S partition coefficients, becausee some of the high T-P sulfur species are not quenchable (e.g., SO, radical ions,
polysulfides, molecular sulfur; Pokrovski and Dubessy, 2015; Kokh et al., 2020).

In situ data were obtained in this study by measuring simultaneously by Raman spectroscopy the signal of each
individual S species in both melt and fluid phase directly at elevated T-P conditions. This method has the advantage of 1)
allowing direct in situ observation of what happens in the experiment (melting, nucleation, crystallisation); 2) directly
investigating sulfur chemical speciation; 3) enabling rapid attainment of equilibrium (<minutes) due to the small experimental
chamber volume (~10° times smaller than the volumes of capsules/containers commonly used in most ex situ experiments) and
efficient convection; 4) being much less sensitive to eventual loss of sulfur during the experiment and to the presence of S-
bearing crystalline phases (that may easily be identified optically and detected by Raman spectroscopy); 5) allowing
measurements across a larger P-range (from Psat to several GPa) pertinent to magma generation and evolution in subduction
zones; and 6) avoiding the pitfalls of quench effects particularly significant in high-pressure (> 0.4 GPa) experiments involving
hydrous melts. The current limitations of our in situ method are the following: 1) quantitative Raman analysis requires several
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corrections, in particular for light absorption by strongly colored sulfur radical species (e.g., see Section 1.4.4); 2) run durations
are currently limited to several hours and temperatures of <750 °C due to degradation of heating elements and diamonds at
higher temperatures; 3) the difficulties to recover the quenched phases after the run due to the intrinsically small DAC
volume; 4) the difficulties to accurately buffer or impose the desired redox conditions; and 5) lower accuracy for pressure
determination in single-phase systems than that for large-volume reactors used in ex situ studies. Future developments of the
DAC setup (e.g., laser heating, gasketless designs) will allow the actual temperature range to be largely extended offering
possibilities to study silicate melts of mafic to ultramafic compositions (i.e. with liquidus temperatures of >1000 °C).

2.2. Comparison of in situ with ex situ data on sulfur fluid-melt partition coefficients

Our first in situ data on S species partitioning in fluid-melt systems may be compared with ex sifu data on bulk sulfur
distribution obtained from quenched products in this and previous work on intermediate to felsic melts.

Because the fluid phase is partly lost upon the experiment termination, D""(Swt) values in ex situ studies were retrieved
from total S concentrations analysed in quenched silicate glasses and using sulfur mass balance with the initially loaded S. The
Dfmt(Sior) values, estimated using this approach, for a few glasses that could be recovered after DAC experiments of this study
(Table S-7), are more than a factor of 10 higher than those measured in situ for sulfate and sulfide in these DAC experiments
(Table S-5 and Figure S-5). Even though these data are subject to significant uncertainties, they point to the major potential
pitfall of the ex situ approach related to (partial) loss of sulfur from melt during the quench, at least at the high pressures
investigated here (>0.5 GPa).

To better evaluate the advantages and limitations of our novel in situ method, we also have performed a small series of
experiments on the same fluid-melt systems as those in the in situ DAC measurements using quench-based batch reactors
(section 1.7). The derived D"t values for total sulfur (Swt) (Tables S-6, S-7) display a significant variability, spanning from ~20
to 200 at 700 °C and 0.3 GPa in the systems with NAS75:75 and HAPLO-B melts and a thiosulfate solution. This variability is
likely due to large changes in sulfur speciation and, in particular, in radical ion concentrations in the fluid in response to small
changes in oxygen fugacity across the sulfate-sulfide transition in the reactors through time (e.g., run HTM4 vs HTM9, lasting
<1 and 6 days, respectively, Table S-6). Other factors that possibly contribute to the variability of our ex situ batch-reactor data
are changes in melt composition (alkalinity) during the run. For example, the D/"(Set) value is the lowest in an experiment
where the final quenched glass is the most peralkaline (run HTM2, Table S-7), which is also consistent with known alkalinity
trends (e.g., Zajacz, 2015).

Our in situ partitioning data on sulfate and sulfide may further be compared with numerous available literature data on
bulk D/!(Siot) values for felsic and ‘intermediate” melt compositions from ex situ experiments performed at redox conditions
corresponding to the domains of predominance of sulfide (generally <NNO) and sulfate (generally >NNO+2), depending on T-
P and melt composition (Fig. S-5 and S-6, Table S-8). Even though our own in situ data at redox conditions beyond the sulfide-
sulfate boundary (<NNO to >NNO+2, Fig. S5-5) are rather scarce, such a comparison is allowed because the partition coefficient
of a given sulfur redox form (sulfate or sulfide) is independent of oxygen fugacity. In contrast, they are expected to be
dependent on alkalinity, since the exact speciation of sulfate (5042, HSO«, and their alkali ion pairs) and sulfide (H2S, HS- and
its alkali ion pairs) strongly depends both on pH and alkali content of the system. The in situ values (D" ~ 6-34; Table S-5)
obtained in this study are situated in the lower part of the large range of values (from <1 to >2000) reported in the literature at
T of 750-1300 °C and P of <0.5 GPa over a wide range of alkalinity. The fact that ex situ studies indicate higher D" values may
be the result of more contrasting properties (i.e. density, viscosity, dielectric constant and hydration extent) between melt and
fluid favouring sulfur partitioning into the more volatile, water-rich and less dense fluid phase at the higher-T and lower-P
conditions covered by those ex situ studies. Furthermore, the sensitivity of D?"(Swt) values to the melt alkalinity is expected to
be amplified at such more contrasting fluid-vs-melt properties compared to our measurements. Some available literature data
show D/"(Set) values decreasing with increasing melt alkalinity in the redox domain of sulfate predominance (Zajacz et al.,
2012, 2013; Zajacz, 2015; Masotta et al., 2016; Binder et al., 2018), whereas others (e.g., Scaillet and Macdonald, 2006) do not
confirm such trends (Fig. 5-6). These discrepancies may partly be related to the presence of SO: in the fluid phase, in addition
to sulfate, in some of those works (SO:2 being far more volatile than SO+* and its ion pairs). Furthermore, in the vicinity of the
sulfate-sulfide redox transition, interpretation of ex situ data is complicated by large changes in S speciation, over a narrow
range of fO», from sulfide to Ss*~ and S2*~ and to sulfate (NNO to NNO+2; Fig. 4). Our study reveals, for the first time, that the
radical ions, inaccessible by ex situ approaches, may also contribute to the large variability of existing D" (Siwot) values (Fig. S-
5). Thus, our data highlight the importance of knowing, when interpreting bulk S partitioning trends, detailed S speciation in
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the fluid, which may only be directly assessed via in situ measurements.

Furthermore, our in situ data may offer direct insight into sulfide speciation in the fluid and melt phase, with HS- (and
its ion pairs with alkali ions, Na* and K*) being favoured at the expense of H:S in more alkaline fluids, leading to somewhat
more elevated D/i(sulfide) values with increasing alkalinity (Fig. 3), at least at the relatively low T (700 °C) and high P (>0.2
GPa) conditions covered by our measurements. Even though our in situ data are at present quite limited, they point to
potentially large changes in S speciation in the fluid phase with T and P that may result in opposite changes in D" values.
For example, the presence of high NaCl concentrations (60 mass %) in the fluid was shown to lead to a strong decrease of
Dfimi(sulfide) in a haplogranite system at 850 °C and 0.2 GPa (Binder et al., 2018), which was interpreted by the growing
fraction of the NaHS ion pair at the expense of the more volatile HzS in the fluid with increasing Na content. Our in situ data
acquired at 700 °C and 0.3-1.5 GPa show a weak opposite trend for D¥(sulfide) values with Na content of the fluid
(proportional to alkalinity, Fig. 3), which does not confirm such an interpretation. Note that the initial range of alkalinity in
our experiments, plotted in this figure, may be larger compared to equilibrium melt compositions due to enhanced solubility
of Na in the fluid (Table S-7). Therefore, more accurate evaluation of alkalinity trends would require detailed investigations at
different specific compositions. Indeed, variations of S species exact distribution within the same S redox form (e.g., SOs%,
HSOx«, NaSOy) as a function of melt and fluid compositions (especially in a large range of alkalinity) may have a significant
effect on the total S melt/fluid partition coefficient (e.g., Zajacz, 2015), in some cases comparable to the effect of variations
between the abundance of the different S redox forms (sulfate, sulfide and radical ions) of very contrasting volatile properties.

Finally, our in situ data may be compared with the few existing ex situ measurements of sulfur partitioning using
quench-based methods at higher P (2-3 GPa) and T (800-1050 °C) in aqueous fluid-rhyolite melt systems produced by partial
melting of pelite and basalt (Jégo and Dasgupta, 2013, 2014; D’Souza and Canil, 2018; Table S-8). Remarkably, our in situ D/
values of sulfide and sulfate are lower, by at least a factor of 10 to 100, than those measured ex situ in these studies. This
systematic discrepancy likely reflects the difficulty to quench high-pressure hydrous melts (>10 mass% H:0) relevant to deep
magma generation in subduction zones, compared to silicate melts at lower pressures (<0.5 GPa) which are easier to quench in
ex situ experiments (see above). Our study highlights the necessity for in situ methods to obtain robust partitioning data in
fluid-melt systems at depth.
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3. Supplementary Tables

Table S-1 Starting compositions in mass % of the silicate glasses investigated in this study.

Sample MAC®) HAPLO-B" NAS 60:55 NAS 75:75
SiO: 72.4+0.5 75.3+0.4 50.9+0.4 71.4+0.5
Al;03 15.8+0.2 11.7+0.2 26.4+0.2 10.1+0.2
Na20 3.7£0.6 4.7+0.2 20.6+0.2 18.5+0.5
K20 3.7£0.1 4.0£0.1
B.0s3 0.6 4.2+0.2*
F 1.6+0.2
FeO 0.6+0.1
P20s 0.6+0.1
Total 98.8 100.0 97.9 100.0
Alkalinity® 0.6 11 13 3.0
Natural rhyolite haplogranite | phonolite peralkaline
rock rhyolite
equivalent

(a) ICP-AES as reported in Borisova et al. (2010).
(b) EPMA analyses, this study (CAMECA SXFive, 15 keV, 10 nA, beam size 10 um, 3 s per element).

(c) EPMA analyses as reported in Toplis et al. (1997); all errors are 1 s.d.
(d) Alkalinity = (Na + K) / Al (mol/mol).
* B203 content was calculated as the difference between 100 % and total mass % determined by EPMA.
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Table S-2 Experimental conditions of the DAC experiments and detected S species in each phase.

Run Solution Molality | Swea® | Ao pe T Observed species in the fluid Observed species in the melt
(x0.1) (x0.1) (x0.1) (+2)
mass % | nm GPa °C
MAC
GP3 NazS:03 3.1 13.3 473 1.0 700 S, S2', S04, HoS/HS, H.0 S04, HS/HS', H0
GP4 NazS:03 0.6 35 473 1.3 700 S, S2', S04, HoS/HS™, H.0 H.O
GP9 NazS,03 3.5 144 473 0.3 700 S3™, S27, SO47, HaS/HS, H20 S04, H0
GP10 H2SO04 0.9 2.7 473 1.5 700 None; crystals cover the entire cell
GP11 H>SO04 3.4 8.2 473 14 700 S0427, H2S04, SOz, H,0 None; melt sticks to the bottom of the cell
HAPLO-B
GP15® Na>SO4 3.2 7.1 532 0.3 700 S04>", H,0 S04, H,0
GP16® Na>S,03 3.0 13.0 532 0.6 700 S5, SO4%7, HS™, H,0 S37, H0
GP17® Na>S,03 0.8 4.6 532 0.8 700 S5, SO4%7, H,S/HS™, H,0 H.O
NAS60:55
GP6 NaS,03 + CxHy 14 7.4 473 0.4" 700 HS™, CHa4, H,O HS™, CHa4, H20O
GP7 Na.S,03 0.4 2.4 473 | 07" 700 SO, HS™, H,0 S04+, H20
GP8 NayS,03 0.6 35 473 0.7 700 S04%7, HS", H,0 S04, HS ©
GP13 Na,SO4 1.0 2.8 473 1.1 700 S04, HS™, H,0® H.0
GP13 NazSO4 1.0 2.8 473 0.8 700 S04, HS™, H,0® H.0
NAS75:75
GP1 a Na>S,03 1.9 9.4 532 0.8" 700 S3™, SO4%7, HS™, H,0 S37, SO427, HS™, H,0
GP1 b® Na>S,03 1.9 9.4 473 0.8" 700 S35, S2'7, SO4*7, HS™, H,0 S04>", HS™, H,0
@) The quenched glass was recovered for ex situ EPMA analyses.
(b) Concentration of sulfur in the loaded solution determined by cryometry.
(c) Determined from Raman spectra of zircon, unless specified as *, that means estimated from EoS of NaCl-H20 solution (Driesner, 2007) of equivalent solute content (mass %) and from homogenisation
temperature of the fluid.
(d) For simplification, bands corresponding to silicate and boron dissolved in the fluid are not reported. The term ‘sulfide’ is used when it was not possible to distinguish between HS™ and H2S based on
the wavenumber shift.
(e) Sulfate melt present.

f The presence of HS™ bands of low intensity in experiments in which sulfur was loaded as sulfate, could be due to a contamination during the loading of the silicate glass or S-bearing solution; since the
samples are so tiny, any trace of remaining glue or plastic from the sample container might contribute to the reduction of a small fraction of sulfate. In addition, reactions with the diamond windows or
diffusion of the surrounding gas (Ar + Hz) would also reduce sulfate. However, this reduction has no impact on fluid/melt partition coefficients, because we identify and measure each individual
species independently, using our in situ method.

@ Geochem. Persp. Let. (2020) 14, 31-35 | doi: 10.7185/geochemlet.2020 Sl-14



Geochemical Perspectives Letters — Supplementary Information

Table S-3 Values of correction factors used in this study to calculate D™ partition coefficients from in situ experiments at 700 °C.

(@)
(b)
(©
(d)
)

®

@)

Run rmen® driuia® Total o Ros ® V.on * () yi applied in this study®
(£0.05) | (0.1) | dissolved !
gcm® | gcem? | load (1) | nm
mass % )
7S 7Sy YSOE | YHyS/HS )
585cm? | 532cm? | 980 cm? | 2585 cm? | 3500 cm
MAC
GP3 2.12 1.23 42 473 12.8 8 1.240.1 1.240.1 1.320.1 2.9+0.8 8+4
GP4 2.06 1.10 15 473 2.5 1.6 1 1 1.1+0.1 1.3x0.3 1.6x0.8
GP9 2.16 0.96 39 473 22.2 14 1.240.1 1.240.1 1.3x0.1 3.8+1 14+7
HAPLO-B
GP15 2.13 1.04 39 532 3.6 1 1 1 1 1
GP16 2.12 1.14 40 532 35.0 22 6.1+0.4 5.8+0.4 9.0+0.7 16.3+1.7 7.1£0.5
GP17 2.11 0.97 15 532 2.9 1.90 1 1 1 1 1
NAS60:55
GP6 2.23 0.89 21 473 1.6 1 1 1 1 1
GP7 2.29 0.92 6 473 1.3 1 1 1 1 1
GP13 2.35 1.06 15 473 1.9 1 1 1 1 1
GP13 2.31 0.97 15 473 2.1 1 1 1 1 1
NAS75:75
GP1_a 2.21 1.09 28 532 4.8 3.1@ 1.5+0.1 1.4+0.1 1.6+0.1 1.8+0.2 1.5+0.1
GP1 b 2.21 1.05 27 473 1.5 1.0 1 1 1 1 1

dmeit and duia are the calculated densities of the melt and the fluid at the temperature of the experiment (Section 1.4.3).

Rvon is the ratio of the molar scattering factor of water in the fluid phase at given T over that at ambient temperature; Ryon values for S3*-free experiments are in italic.

won "~ is the theoretical value of the absorbance correction factor calculated based on R values (see Section 1.4).

For experiments GP16, GP17 and GP1, yi values applied to obtain sulfur partition coefficients are not calculated based on y,0n" (see notes (e), (f) and (g) below).

Applying this absorbance correction would give D"™(H,0) = 18+10 compared with the value of 6+1 obtained in GP17 (same silicate melt HAPLO-B, but lower S3™ content) at similar P (0.6 and 0.8
GPa, respectively). Therefore, y,0n Was adjusted to get the similar D"™(H,0) value for the two experiments, and the corresponding yi for the sulfur species were calculated using Eq. S-8.

Within uncertainties it was impossible to determine if the presence of S3*~ has a significant effect on the integrated intensity of the O-H stretching band of water. In addition, the intensities of the Sz~ and
H2S Raman bands in the fluid decreased by a factor of 4 between two spectra acquired at 700 °C and 2 h of interval, probably due to sulfur reaction with the iridium gasket. However, the integrated
intensity of the O-H stretching band of water remained unchanged between the two fluid Raman spectra. Thus, we assumed y,on = 1.

The value of y,0n at 532 nm excitation was adjusted to match the value of D"™(H20) obtained at 473 nm excitation; this value was used to calculate yi for the sulfur species using Eq. S-8.
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Table S-4 Values of the absorbance correction factors y; at the indicated wavenumbers for 3 different absorbances of S;°~ and the two excitation lights (Ao) used

in this study.
k@ Ao=473 nm Ao=532 nm
¥Sg” ¥ S0,% ¥ H,S/HS™ YvOH ¥Sg ¥ S0,% ¥ H,S/HS™ YvOH
532 cm® | 980 cm 2585cm? | 3500cm™ | 532¢m? | 980cm® | 2585cm? | 3500 cm’
0.25 1.0 1.1 14 2.0 2.0 2.3 2.9 2.1
0.5 1.1 1.2 2.0 3.9 3.8 5.4 8.4 45
1 1.2 14 3.9 151 14.7 28.7 70.7 19.9
(a) k is the ratio between the absorbance of the Ss"-bearing solution and that of a reference blue lazurite (AMNH).
Table S-5 Fluid/melt partition coefficients calculated in this study for individual sulfur redox forms at specified T-P conditions (errors 1 s.d.).
Run® Seor® P D/mi(s,")9) | DVmi(Sy)@ | D/m(sulfate) | D™ (sulfide)
mass % °C GPa
MAC
GP3 13.3 700 1.0 >45 >50 6+2 6+2
GP4 3.5 700 1.3 >40 >85 >27 >8
GP9 14.4 700 0.3 >10 >45 1447
HAPLO-B
GP15®@ 7.1 700 0.3 915
GP16®@ 13.0 700 0.6 155 (100-450) >25
GP17@ 4.6 700 0.8 >380 >40 >12
NAS 60:55
GP6 7.4 700 0.4 33x17
GP7 2.4 700 0.7 31+18 1819
GP13 2.8 700 1.1 1645
700 0.8 18+9
NAS75:75
GP1 a 9.4 700 0.8 150 (80-320) 2443 34+15
GP1 b®@ 9.4 700 0.8 >70 >20 18+3 31+8

(a) The quench glass was recovered for ex situ EPMA analysis.

(b) Concentration of sulfur in the loaded solution determined by cryometry.
(c) Only minimum values are given for S*~ as this species was not detected in the melt.
(d) When error bars are not symmetric, because S species is close to detection limit in the melt, minimum and maximum values are also given in
parentheses: (D"™min-D"mmax).
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Table S-6 Conditions of batch-reactor experiments for bulk sulfur D/™ determination.
Run Glass loaded | Solution | Molality | Siotq® T | PGPa | Glass:Fluid Duration
loaded mass % °C mass ratio (day)
HTM2 | NAS75:75 K2S:03 1.0 54 700 | 0.31 1.0:1.0 7
0.30
HTM4 | NAS75:75 | NaxS:0s 2.0 9.7 700 | 0.31 1.0:1.9 0.8
HTM9 | NAS75:75 | NaxS:03 2.0 9.7 700 | 0.31 1.0:1.8 6
HTM8 | HAPLO-B | NaxS:0s; 0.60; 5.3 700 | 0.31 1.0:1.7 4
K2S.03 0.30

@)

Concentration of sulfur in the loaded solution.

Table S-7 Electron probe microanalyses (EPMA) of quenched glasses (batch reactor experiments and DAC experiments) and calculated bulk sulfur partition

coefficient (error 1 s.d.).

Run Swt@ | nb pts® Si0,-Al,03-Na,0-K,0 composition® H.O Stotmeit | D"™(Stor)
mass % SiO; AlO3 Na.O K20 +B205© Ha/g
HAPLO-B
GP17 4.6 10 78.9£0.6 12.4+0.3 | 5.2£0.3 | 3.5£0.1 | 13.1+£0.3 89+31 6801240
GP15 7.1 12 77.5%£2.3 12.4+1.2 | 6.3x0.8 | 3.9+0.5 | 13.8£0.8 | 170+25 520%80
GP16 13.0 15 80.9t2.4 11.3+0.9 | 4.9£0.3 | 2.9+0.5 | 11.720.9 | 478+25 340x25
HTMS8 5.3 19 77.9£0.9 12.9+0.8 | 3.8+0.2 | 5.4+0.9 | 10.8+1.5 | 297+89® | 200+70
NAS75:75
GP1 b 94 13 81.1+1.2 8.9+0.8 9+0.7 1.0£0.1 | 11.4+£0.9 | 720+160 | 160+40
HTM2 54 6 72.4+£0.9 10.9+0.2 | 8.6x0.8 | 8.1+1.1 | 12.8+0.8 | 2429+374 2314
HTM4 9.7 51 79.4+£1.8 11.2+1.8 | 9.320.6 - 12.3+1.8 | 1000+315 | 102+33
HTM9 9.7 9 80.3+£0.7 11.4+0.2 | 8.3x0.2 - 11.8+0.7 | 542436 | 189+16
(@) Concentration of sulfur in the loaded solution (as determined by cryometry in the DAC experiments labelled ‘GP”).
(b)  Number of EPMA analyses for major elements.
(c) Normalised to 100 mass % of EPMA analyses.
(d) Deduced from difference to 100 mass %.
() Number of EPMA analyses for sulfur = 48.
() Number of EPMA analyses for sulfur =19.
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Table S-8 Compilation of ex situ data on bulk sulfur fluid/melt partitioning obtained from quenched products in previous work on felsic and intermediate melts
(shown in Fig. S-5 and S-6) and the corresponding experimental conditions.

Type of glass investigated, reference P T log(fo2) Melt SiO; D™(Ster) | 15.d.©9

Run name (type of partial melt) GPa °C (ANNO) | alkalinity® | oo o0

White dacite, Scaillet et al. (1998)

17 0.22 776 -0.01 0.6 75.9 1

19 0.22 776 1.04 0.6 76.2 6

21 0.23 776 1.71 0.6 77.1 689

42b 0.23 899 1.20 0.6 68.8 72

52 0.22 781 2.27 0.6 75.4 691

53 0.22 781 2.27 0.6 77.6 921

58 0.22 781 2.27 0.6 76.6 1564

69 0.40 780 2.63 0.6 74.6 729

75J 0.22 778 1.40 0.6 79.2 1310

Haplogranite, Keppler (2010)
0.20 850 05 1.0 80.3 47 4
0.20 850 -15 1.0 80.1 468 32
0.30 850 0.5 1.1 80.3 68 5
0.20 850 05 11 80.3 47 4
0.10 850 0.5 1.0 80.4 94 9
0.05 850 0.5 1.0 80.7 58 3
0.30 750 0.5 1.1 80.0 137 7
0.20 750 0.5 1.1 80.0 51 2
0.20 850 4.4 1.1 80.3 49 2

Rhyodacite, Botcharnikov et al. (2004)

S$100-S102 0.20 850 0 0.7 70.1 1430 400

Phonolite, Webster et al. (2009)

1-02-28a 0.20 1022 nr® 1.6 55.4 93

1-02-21a 0.20 992 nr 1.7 58.1 339

1-03-02a 0.20 984 nr 1.6 60.5 2

1-02-21b 0.20 1000 1.19 1.7 59.2 69

1-02-44b 0.20 991 1.19 1.7 60.5 12

1-02-44c 0.20 991 1.63 1.6 60.4 47

1-02-45a 0.20 998 1.00 1.7 59.9 41

1-02-45b 0.20 998 1.10 1.7 59.6 47

1-03-02b 0.20 984 1.16 1.7 60.0 45

1-04-07b 0.20 927 0.99 1.7 59.2 54

1-04-07c 0.20 927 1.44 1.8 61.0 128

1-04-08a 0.20 927 1.50 1.8 59.3 89

1-04-08b 0.20 927 1.56 1.8 61.3 46

1-04-08c 0.20 927 0.79 1.8 62.3 133

1-05-16a 0.20 925 0.88 1.7 62.7 155

1-05-16b 0.20 925 0.75 2.0 64.0 168

1-05-16¢ 0.20 925 0.99 1.8 61.0 134

1-05-17 0.20 920 0.67 2.0 61.9 232

1-05-18a 0.20 920 nr 1.8 61.1 282

1-05-18b 0.20 920 1.12 1.8 63.5 155

1-05-18c 0.20 920 nr 1.8 63.3 271

1-05-19a 0.20 920 nr 2.0 62.1 745

1-05-19b 0.20 920 0.80 1.7 61.1 66

1-05-20a 0.20 920 0.69 2.0 64.2 285

1-05-20b 0.20 920 nr 2.0 60.0 364

1-05-20c 0.20 920 0.54 2.0 60.8 271

1-05-21a 0.20 920 0.99 1.8 61.7 263

1-05-21b 0.20 920 0.76 1.9 63.2 214

1-05-21c 0.20 920 0.62 2.0 64.4 277

1-05-23 0.20 920 0.76 2.0 62.1 146

1-05-24a 0.20 920 nr 1.9 63.4 176

1-05-24c 0.20 920 0.86 1.9 64.0 189
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Table S-8 continued

Type of glass investigated, reference P T log(fo2) Melt SiO; D™(Ster) | 15.d.©9

Run name (type of partial melt) GPa °C (ANNO) | alkalinity® | oo o0

1-05-25 0.20 915 0.80 1.8 62.5 169

1-06-01 0.20 915 0.97 1.7 62.4 62

1-06-02 0.20 898 nr 1.6 58.8 258

1-06-03 0.20 905 0.54 1.7 60.8 162

1-06-04 0.20 910 1.08 1.7 61.3 169

1-06-05 0.20 896 nr 1.7 58.3 983

1-06-07 0.20 908 1.19 1.7 60.1 1096

1-06-08 0.20 904 0.60 1.6 57.3 172

Haplogranite, Webster et al. (2011)

1-08-03A 0.20 900 0.89 1.0 78.0 278

1-08-03B 0.20 900 0.37 1.0 77.8 185

1-08-03C 0.20 900 0.15 1.1 76.8 266

1-08-04A 0.20 900 nr 1.0 77.3 149

1-08-04B 0.20 900 nr 1.0 77.1 153

1-08-04C 0.20 900 0.69 1.0 76.4 359

1-08-05B 0.20 900 0.33 1.0 77.3 226

1-08-05C 0.20 900 0.51 1.0 77.6 195

1-08-06B 0.20 909 0.11 1.0 77.5 169

1-08-06C 0.20 909 0.51 1.0 7.7 121

1-08-07A 0.20 897 1.45 1.0 77.6 67

1-08-07B 0.20 897 0.48 1.0 77.3 50

1-08-07C 0.20 897 0.38 1.0 77.5 59

1-08-12 0.20 905 0.26 1.0 77.4 271

1-08-14A 0.20 895 0.51 1.0 77.9 161

1-08-14B 0.20 895 0.63 1.0 77.4 156

1-10-02A 0.20 899 -0.39 1.0 77.3 311

1-10-02B 0.20 899 0.53 1.0 77.4 162

Peralkaline rhyolite, Scaillet and

Macdonald (2006)

ND-1, ND-9 0.15 852 -1.62 1.1 77.1 301

ND-2, ND-4 0.15 804 0.33 1.0 77.2 276

ND-3, ND-5, ND-6 0.15 806 2.19 1.0 77.4 223

SMN-1, SMN-9 0.15 852 -1.62 1.3 75.4 228

SMN-2, SMN-4 0.15 804 0.31 1.3 75.2 285

SMN-3, SMN-5, SMN-6 0.15 806 2.17 1.3 76.2 324

EBU-1, EBU-8, EBU-9 0.15 858 -1.73 1.9 75.1 160

EBU-2, EBU-7 0.15 801 -0.09 1.8 75.5 190

EBU-3, EBU-5, EBU-6 0.15 806 2.16 1.8 75.5 413

Haplogranite, Binder et al. (2018)

BHG 0.20 850 0.00 1.1 78.4 323 14

BHG 0.20 850 1.95 1.0 78.8 74 5

BNa® 0.20 850 0.00 1.0 79.0 84 12

BNa® 0.20 850 0.00 1.0 78.8 135 14

BNa® 0.20 850 0.00 1.1 78.5 264 25

BNa@ 0.20 850 1.95 0.9 79.7 128 6

HGP 0.20 850 0.00 0.8 76.9 508 15

HGP 0.20 850 0.00 1.3 80.8 257 17

HGP 0.20 850 1.95 0.8 76.9 246 9

HGP 0.20 850 1.95 1.0 81.8 96 12
SI-19
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Table S-8 continued

Type of glass investigated, reference P T log(fo2) Melt SiO; D™(Ster) | 15.d.©9
Run name (type of partial melt) GPa °C (ANNO) | alkalinity® | oo o0
Trachyte to rhyolite, Masotta et al.
(2016)
Al8 (trachy-andesite) 0.20 950 1.78 0.7 65.1 15 0.3
Al3 (trachyte) 0.20 900 1.86 0.7 63.8 17 3
A15 (trachyte) 0.20 850 1.95 0.9 68.2 21 8
D11 (dacite) 0.20 900 1.86 0.6 67.9 20 11
D5 (rhyodacite) 0.20 850 1.95 0.6 717 95 24
RD11 (rhyolite) 0.20 900 1.86 0.6 73.2 101 19
RD12 (rhyolite) 0.20 800 2.03 0.7 76.6 114 43
NAS®, Zajacz (2015)
248a 0.50 1240 1.33 0.5 73.6 112
279b 0.50 1240 1.33 0.9 68.8 20
251b 0.50 1240 1.33 1.1 65.9 4
250b 0.50 1240 1.33 1.6 60.7 0.9
250a 0.50 1240 1.33 2.3 56.9 0.3
255b 0.50 1240 1.33 2.3 58.7 0.3
Rhyolite, Zajacz et al. (2013)
203 (rhyolite) 0.20 1000 -0.8 1.3 76.4 225 13
213 (rhyolite) 0.20 1000 -0.8 1.1 7.4 294 24
212 (rhyolite) 0.20 1000 -0.8 1.0 7.7 403 25
198 (rhyolite) 0.20 1000 -0.8 0.9 77.5 635 80
204 (rhyolite) 0.20 1000 -0.8 0.8 76.9 776 148
199 (rhyolite) 020 | 1000 -0.8 0.7 69.8 462 73
200 (andesite) 0.20 1000 -0.8 04 59.9 160 9
201 (basaltic andesite) 0.20 1030 -0.8 0.3 55.4 79 4
197 (rhyolite) 0.20 900 -0.8 0.9 778 652 57
196 (rhyolite) 0.20 800 -0.8 0.9 78.2 532 86
Andesite, Zajacz et al. (2012)
145-161, 166, 180, 210-211 0.20 1000 -0.5 04 60.7 166 42
163 0.20 1000 -1.2 0.4 60.6 151 18
184 0.20 1000 -0.1 0.3 60.1 97 23
168, 172 0.20 1000 0.3 0.4 60.6 50.5 1.5
162 0.20 1000 0.6 0.3 60.7 30 3
175 0.20 1000 1.8 0.3 60.2 30 2
178 0.20 1000 4.0 0.4 64.4 19 1
Pelite melt, D’Souza and Canil (2018)
P487a (rhyolite) 3.00 1000 >2.70 08 73.2 72 12
P498bh (rhyolite) 3.00 1000 | -0.5-2.70: 0.9 73.2 138 20
P486a (rhyolite) 3.00 1050 >2.70 0.9 73.1 69 10
P494b (rhyolite) 3.00 950 <-0.50) 0.8 73.3 232 40
P490a (rhyolite) 3.00 1000 <-0.50 0.8 74.0 159 38
P491a (rhyolite) 3.00 1000 <-0.50) 0.7 72.7 49 14
P491b (rhyolite) 3.00 1000 <-0.50 0.8 73.5 102 11
P497b (rhyolite) 3.00 1000 <-0.50 0.8 73.5 111 16
P494a (rhyolite) 3.00 950 <-0.50 1.0 73.5 135 22
P495b (rhyolite) 3.00 950 <-0.50 0.9 72.9 172 51
SI-20
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Table S-8 continued

Type of glass investigated, reference P T log(fo2) Melt SiO; D™(Ster) | 15.d.©9
Run name (type of partial melt) GPa °C (ANNO) | alkalinity® | oo o0
MORB®, Jégo and Dasgupta (2013)
G186 (rhyolite) 2.00 800 nb® ® 0.20 77.5 310 170
G187 (trachy-andesite) 2.00 1000 nb® ® 0.66 62.2 4179 1069
G195 (rhyolite) 2.00 850 -0.69 0.22 78.6 252 128
G190 (rhyolite) 2.00 900 -0.47 0.31 76.7 11 351m
G207 (rhyolite) 2.00 925 -0.52 0.46 75.6 368 203
G193 (rhyolite) 2.00 950 -0.71 0.39 75.9 229 288
B93 (rhyolite) 2.00 1010 -0.75 0.61 73.4 856 328
B85 (rhyolite) 2.00 1050 -0.64 0.56 71.4 646 434
G223 (rhyolite) 3.00 950 -1.08 0.35 78.3 810 363
G224 (rhyolite) 3.00 1050 -0.73 0.58 75.6 1706 708
G218 (rhyolite) 2.00 900 -2.42 0.44 76.8 15 220
G203 (rhyolite) 2.00 950 -2.41 0.68 73.1 1205 162
B87 (rhyolite) 2.00 1000 -2.72 0.72 73.2 1113 162
G202 (rhyolite) 2.00 1050 -2.91 0.81 70.4 1513 336
G225 (rhyolite) 3.00 900 -3.05 0.41 77.6 303 153
G228 (rhyolite) 3.00 975 -2.86 0.49 76.5 400 150
G230 (rhyolite) 3.00 1050 -2.74 0.44 76.7 1189 366
MORB®, Jégo and Dasgupta (2014)
G246 (rhyolite) 2.00 950 4.3 1.29 70.0 75 32
G246 (rhyolite) 2.00 950 43 1.29 70.0 75 32
G243 (trachyte) 2.00 1050 4.1 0.75 61.9 30 3
G249 (trachyte) 3.00 1050 35 1.13 66.4 22 5
G251 (rhyolite) 3.00 950 33 1.22 725 51 9
G280 (trachy-andesite) 3.00 1050 1.8 0.64 54.4 381 90
G261 (trachyte) 3.00 1050 1.25 0.92 61.5 232 99
G277 (trachy-andesite) 3.00 1050 -0.8 0.74 57.1 4282 601
(G281 (trachy-andesite) 3.00 1050 -1.3 0.82 58.1 4636 1837
G264 (trachyte) 3.00 1050 -4.8 0.93 62.4 1777 683

(@  Alkalinity = (Na + K) / Al (mol/mol). () Anhydrite present.

(b)  Anhydrous basis. ()  Pyrrhotite present.

(¢©)  Uncertainty of DMt (where reported in the original studies). (K Mid-oceanic ridge basalt.

(d  X(NaCl) in fluid = 0.3, where X is the mole fraction. () nb =not buffered: nr = not reported. _ )

)  X(NaCl) in fluid = 0.2. (m) These datapoints were omitted from comparisons (Fig. S-5, S-6)

(®  X(NaCl) in fluid = 0.1. because of unphysically large errors yielding negative D™ values.

(@ X(NaCl) in fluid = 0.1 t0 0.3.

(h)  Na20-Al20s-SiO2 system.
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Supplementary Figures
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Figure S-1 (a) Photograph and (b) schematic view of the DAC setup (GFZ, Potsdam) installed at the Raman spectrometer and used in the present study
(modified from Schmidt and Chou, 2012).
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GP17 (HAPLO-B, 0.8 m Na,S,0,), fluid, 700 °C, 0.8 GPa, 532 nm

raw spectrum (a)
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corrected spectrum (Eqg. S1) (b)
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Figure S-2 Illustration of the different steps of Raman spectra processing (correction and fitting), performed in this study. Some spectral regions are scaled by
the factor indicated in the figure to better highlight the details.
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Figure S-3  Example of baseline corrected spectra and their fits in the low wavenumber region (<1200 cm™) for the coexisting fluid (blue) and melt (red). The
zoom in the 350-700 cm™ range of the melt spectra, if the sulfur radicals were detected in the fluid phase, shows least-square fits of the S radical peaks
(experiment GP1 and GP16) or, if the S radicals are below detection limit, the peak areas maximum values (experiment GP3). Some spectra are scaled by x2 to
better compare the melt and fluid spectra for each experiment (e.g., experiment GP3, melt x2).
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Figure S-4 (a) Absorbance spectrum of a 50 um thick doubly polished section of a lazurite crystal (AMNH) containing S3*~ chromophore, acquired in
transmission mode with an Xplora Raman spectrometer. In blue and green are highlighted the wavelength range corresponding to the Raman spectra (0-4000
cm™) with 473 and 532 nm excitation, respectively. (b) Raman spectrum of the same sample (acquisition time 2x10 s, excitation 532 nm).
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Figure S-5 Comparison of in situ fluid/melt partition coefficients of sulfate, sulfide, S3* and S,"", derived in this study for rhyolitic melts (MAC, HAPLO-B) at
700 °C and 0.3-1.5 GPa, with those of total sulfur (S;:) from ex situ literature data on moderately alkaline felsic melts typical of natural settings (SiO, >65 mass %,
alkalinity <1.5) obtained at 0.05-3.0 GPa and 750-1050 °C as a function of fo,. PM = partial melt. Grey area corresponds to the sulfate-sulfide transition at 800 °C
and 0.1-0.5 GPa in water-saturated rhyolite melt according to available theoretical predictions; horizontal dashed line shows partition coefficients for sulfide
extrapolated to more reducing conditions than our in situ measurements. Error bars are given as 1 s.d.; those of literature data points are omitted for clarity (see
Table S-8 for detailed compilation).
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Figure S-6 Comparison of the fluid/melt partition coefficients of (a) sulfide and (b) sulfate species derived in this study (700°C, 0.3-1.5 GPa) with those
reported in the literature (compiled in Table S-8) from quenched experimental products obtained at redox conditions at which either sulfide or sulfate
predominate (750-1250°C, 0.05-3.0 GPa), as a function of melt alkalinity, (K + Na) / Al (mol). Error bars for the data from our study are comparable with the
symbol size; error bars for the literature data are omitted for clarity. PM = partial melt.
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Figure S-7  Estimation of the effect of radical ions on the total sulfur fluid/melt partition coefficient as a function of the (S,"” + S;°7) mole fraction in melt, and
assuming that the mass of the silicate melt reservoir is much bigger than that of the produced aqueous fluid so that the concentrations of S species in the melt
remain almost constant when a small amount of fluid is produced, D"/™(sulfate) = 10; D™ (sulfide) = 10, and D™(S,"", S;*7) = 100 (minimal estimate) or 1000
(reasonably possible) or 10,000 (tentative maximal estimate). It can been seen that even small fractions of S3*~ (and S,*”) in melt (<0.01) may increase the overall
S partitioning into the fluid by a factor of 2 to 10, compared to S;°~ -free melts. Note that this effect of radical ions is, however, limited to sulfur-rich fluids (>
several mass % Sit), in which the radical ions may account for as much as half of total dissolved sulfur (e.g., see Fig. S-8).
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Figure S-8 Abundance of the three major redox forms of sulfur in an aqueous Na,S,0; solution as a function of total sulfur dissolved concentration at 700 °C
and 1 GPa, predicted using the thermodynamic properties of S3*~ and other sulfur aqueous species from Pokrovski and Dubessy (2015) that may be extrapolated
using the revised and extended HKF model (Sverjensky et al., 2014) to the indicated T-P conditions. Vertical dotted lines indicate the total sulfur concentrations
of our selected in situ experiments across the range covered in this study (see Table S-2). Sulfate (S0,>, HSO,~, NaSO,, and NaHSOQ,) and sulfide (H,S, HS™, and
NaHS) stand for the sum of the different (de)protonated species and its alkali ion pairs of the same sulfur redox state. Other redox forms of sulfur (sulfite,
polysulfides, and thiosulfate) represent less than 2 % of Si.. For the S,"” ion, the available thermodynamic data are too limited for predictions to be made at our
conditions.
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