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Abstract
Piston cylinder experiments are used to investigate the effect of oxygen fugacity (fO2)

on sulphur speciation and phase relations in arc magmas at 0.5 to 1.5 GPa and 840-
950°C. The experimental starting composition is a synthetic trachyandesite
containing 6.0 wt% H20, 2880 ppm S, 1500 ppm Cl and 3880 ppm C. Redox
conditions ranging from 1.7 log units below the Ni-NiO buffer (NNO-1.7) to NNO+4.7
were imposed by solid state buffers: Co-CoO, Ni-NiO, Re-ReO and Hematite-
Magnetite. All experiments are saturated with a COH-fluid. Experiments produced
crystal-bearing trachydacitic melts (SiO2 from 60 to 69 wt%) for which major and
volatile element concentrations were measured. Experimental results demonstrate a
powerful effect of oxidation state on phase relations. For example, plagioclase was
stable above NNO, but absent at more reduced conditions. Suppression of
plagioclase stability produces higher Al,03 and CaO melts. The solid sulphur-bearing
phases and sulphur speciation in the melt are strong functions of fO2, as expected,
but also of pressure. At 0.5 GPa the anhydrite stability field is intersected at NNO=+2,
but at 1.0 and 1.5 GPa experiments at the same fO2 produce sulphides and the
stability field of sulphate moves towards higher fO; by ~1 log unit at 1.0 GPa and
~1.5 log units at 1.5 GPa. As a result, models that appeal to high oxidation state as an
important control on the mobility of Cu (and other chalcophiles) during crustal
differentiation must also consider the enhanced stability of sulphide in deep- to mid-
crustal cumulates even for relatively oxidised (NNO+2) magmas. Experimental
glasses reproduce the commonly observed minimum in sulphur solubility between

the S2- and S¢* stability fields. The solubility minimum is not related to the Fe content



(Fe?*/Fe3* or total) of the melt. Instead we propose this minimum results from an

unidentified, but relatively insoluble, S species of intermediate oxidation state.

Keywords: sulphur solubility and speciation, oxygen fugacity, phase relations,

hydrous magma, porphyry copper deposit

1. Introduction

The vast majority of porphyry copper deposits (PCDs) form in metallogenic belts
sub-parallel to subduction-related volcanic arcs (e.g. Camus and Dilles 2001; Sillitoe
2012). As a result, there has been considerable speculation that their origin might be
a consequence of the oxidized nature of arc magmas and/or the sub-arc mantle
environment (see Fig. 1a), possibly influenced by the increased stability of sulphate
relative to sulphides (e.g. Mungall 2002; Jugo 2009; Sato 2012). Copper itself is much
less sensitive to variable oxidation state and is monovalent for most magmatic
conditions (Candela and Holland 1984). However, copper is considered a chalcophile
element! and can form solid sulphide phases or partition strongly into immiscible
sulphide liquids. As sulphur is multivalent, its speciation is strongly controlled by the
oxidation state of magma, often expressed in terms of the oxygen fugacity (fO2). At
reduced conditions Fe-sulphide saturation during magmatic differentiation
sequesters copper into a sulphide-bearing cumulate assemblages, depleting the
evolved silicate melts in copper. At more oxidized conditions, calcium sulphate
(anhydrite) forms instead of sulphides. Copper does not partition into anhydrite,
consequently in oxidised systems copper behaves as an incompatible element during
differentiation, becoming enriched in the evolving silicate melt.

Previous experimental studies on basalts at 200 MPa (Jugo et al. 2010; Botcharnikov
et al. 2010) suggest that the transition from sulphide to sulphate stability (and S?- to
S042- species in the melt) occurs as fO: is increased from the nickel-nickel oxide
buffer (NNO) to 1.5 log units above, such that sulphate is the only stable S-species at
fO2 > NNO+1.5 (Fig. 1b). This is at the high end of the fO2 range observed in most
basalts erupted at the Earth's surface, but within the range of arc magmas (Figure

1a). At a given pressure, the fO2 of the sulphide-sulphate transition has been shown

I Technically chalcophile means “copper-loving”, although it is widely used to
indicate a “sulphur-loving” (thiophile) element and that is the meaning intended here



to increase slightly with increasing silica (by ~0.1 log units) for a trachyandesite and
by a further 0.5 log units for rhyolite (Massota and Keppler 2015), although Carroll
and Rutherford (1987) report anhydrite stability by NNO+0.8 for a trachyandestite.
It has also been established that oxidized conditions produce a sulphate solubility
(Sé* species in the melt) that is 2-5 times higher compared to the sulphide solubility
(S% species in the melt) prevalent at reduced condition (e.g. Carroll and Rutherford
1987; Luhr 1990; Massota and Keppler 2015). The higher sulphur solubility and the
inhibition of dense sulphide precipitation implies that high oxidation state can
promote both S and Cu enrichment in evolving silicate melts favouring the eventual
formation of porphyry copper deposits (e.g. Mungall 2002; Sun et al. 2013).

One main line of evidence that arc magmas are on average more oxidised than those
produced at mid-ocean ridges or in other settings (Fig. 1a) is based on a comparison
of Fe3* and Fe?* ratios in lavas erupted at the Earth’s surface (e.g. Carmichael 1991;
Ballhaus 1993; Kelley and Cottrell 2009; Lee et al. 2010, Foley 2011). This is further
supported by the occurrence of anhydrite in many oxidized, erupted arc magma such
as Pinatubo, Philippines (Bernard et al. 1991) or El Chich6n, Mexico (Luhr, 1990).
However, there is considerable debate regarding the mechanism that produces these
oxidized conditions (e.g. Kelley and Cottrell 2009, 2012; Humphreys et al. 2015). It
has long been believed that the transfer of hydrous fluids (* sulphur) from the
‘oxidized’ subducting slab was the primary cause and the addition of this fluid to the
mantle wedge must lead to a higher fO; for the sub-arc mantle compared with more
‘normal’ mantle that is the source of MOR basalts (Evans et al. 2012; Crabtree and
Lange 2012). This view is supported by comparison between mantle xenoliths from
the various tectonic environments, also shown in Fig. 1a (Wood et al. 1990; Brandon
and Draper 1992; Johnson et al. 1996; Parkinson and Arculus 1999). However, an
alternate view has been put forward recently based on redox-sensitive element
partitioning or isotope fractionations that are inconsistent with melt generation from
an oxidized, sub-arc mantle source (see Fig. 1a; Dauphas et al. 2009; Lee et al. 2005;
2010; Mallmann and O’Neill 2009). The proponents of this view reason that arc
magmas must acquire their oxidized character en route from their mantle source to
the Earth's surface. In particular they appeal to major differences in magmatic

processes and timescales between dry MORB and volatile-rich arc systems.



As noted by Humphreys et al. (2015) an intriguing point in support of a change in
oxidation state during crustal processes is the occurrence of Cu-Fe-sulphide
inclusions in early-stage phenocrysts (or ‘antecrysts’) that are found in magmas
erupted with an oxidation state apparently too high to stabilize sulphide phases (e.g.
Shiveluch Volcano, Kamchatka, Humphreys et al. 2006; Santiaguito, Guatemala, Scott
et al. 2013; Satsuma-Iwojima, Japan, Ueda and Itaya 1981; and Popocatépetl, Mexico,
Schaaf et al. 2005), and sometimes also in the associated cumulates (Lee et al. 2012).
This even seems to be true for Mount Pinatubo, where sulphate is clearly the stable
sulphur-bearing phase in the final erupted magma (Pallister et al. 1996; Hattori
1993). Humphreys et al. (2015) suggest this behavior might be related to a change in
water activity (aH20), but note that magnetite crystallisation has been proposed as
an alternative option (Carmichael and Ghiorso 1986; Sun et al. 2004; Jenner et al.
2010), leading to a complex interplay between Fe3*/Fe2* and S6*/S?- ratios in the
melt (Sun et al. 2004; Moretti and Papale 2004). Unfortunately, our understanding of
the relationship between fO2 and sulphur oxidation state is limited to relatively
shallow conditions (<500 MPa) making interpretation of any early, deeper
differentiation processes very difficult.

The aim of this study is to explore the behaviour of sulphur at high-pressure
conditions representing lower to middle crustal magmatic processes. We use
experiments performed in piston cylinder apparatus and fO2 conditions imposed by
solid-state buffers (Fig. 1b); Cobalt-Cobalt Oxide (Co-CoO), Nickel-Nickel Oxide
(NNO), Rhenium-Rhenium Oxide (Re-ReO:), and, Haematite-Magnetite (H-M or
Fe;03-Fe304). In particular we determine the fO; required to transition from the
sulphide-dominated to the sulphate-only stability fields at pressures up to 1.5 GPa,
by varying the fO2 from NNO-1.5 to NNO+2 and in some cases up to NNO +4.7. This
encompasses almost the entire fO; range of subduction zone magmas (Fig 1a). The
influence of deep crustal sulphur speciation on Cu mobility and subsequent PCD
formation is assessed. In addition we present some basic textural observations,
phase relations and melt composition for each fO; investigated, to identify
differences between oxidized and reduced fractionation trends in hydrous arc

magmas.

2. Experimental methodology



2.1 Starting composition

The starting composition (Table 1) was prepared from various synthetic materials
(albite, anorthite, orthoclase, fayalite, quartz, rutile and hematite). Its chemistry (on
an a volatile-free basis) approximates that of aphyric basaltic trachyandesite ‘FM37’
(Frey et al. 1984) from Laguna del Maule, an active volcanic caldera complex on the
Chile-Argentina boarder in the Andean Southern Volcanic Zone. The ratio of fayalite
(Fe?*) to hematite (Fe3*), was used to fix the Fe3*/) Fe of the starting mix at ~0.3
corresponding to ANNO = +1.2 at 200 MPa and 1000 °C (Carmichael 1991). The
starting mix was doped with 1500 ppm Cl added as NaCl and 2880 ppm S, one half of
which was added as FeS (S?-) and the other as CaSO4¢2H20 (S¢*). In addition, 3800
ppm carbon was added as CaCOs by controlled reaction of Ca(OH); with CO; in air.
This amount of carbon is at the high end of concentrations expected for arc magmas
(see Lowenstern 2001; Blundy et al. 2010), but was designed to ensure excess fluid
was present in all runs (see Results). Final concentrations of carbon and sulphur in
the starting mix were determined using an ELTRA CS800 analyser at Leibniz
Universitdit Hannover. In order to examine the homogeneity of S and C, three
different batches of starting material were analysed; the concentrations are identical
within the measurement uncertainty (*30 ppm). Water contents of 6 wt.% were
added as hydroxides Mg(OH)2, Al(OH)s3, Ca(OH).. Batches of 10-20 capsules were
prepared at one time, whilst the remaining material was stored in a sealed glass vial

to prevent further reaction with atmospheric COz.

2.2 Experimental set-up

High-pressure experiments were carried out in an end-loaded piston cylinder
apparatus at University of Bristol. Runs at 1.0 and 1.5 GPa were performed using a
12.5 mm salt-Pyrex assembly, whilst the run at 0.5 GPa (nominal) used a 19 mm
"Kushiro" talc-Pyrex assembly (see McDade et al. 2002). Capsule configuration
followed the design of Matjuschkin et al. (2015) to maintain the required fOo.
Information about quench-rate, attainment and maintenance of fO; equilibrium and
its high accuracy and precision, as well as detailed sketches of the experimental
setup are provided in Matjuschkin et al. (2015). The triple capsule assembly consists
of (i) an outer 10 mm-long gold outer capsule (#=3 mm) containing crushable

alumina powder and 6 pl H20, (ii) an inner 5 mm-long platinum capsule (@ = 2 mm)



containing solid redox buffer and 3 pl H20 and (iii) an inner 3mm-long gold capsule
(@ = 2 mm) containing 5 mg of starting material. The reason for such a small amount
of starting material was to ensure early achievement of fO2 equilibrium between the
buffer and the sample (see Matjuschkin et al. 2015, experiment MTB/RRO-24L). All
capsules were pre-annealed at 1000°C for about 1 hour, then loaded with the
relevant material, wrapped in a wet paper tissue, cooled with freezer spray and
welded shut using a micro-spot welder. Finally, this capsule assembly was checked
for water leakage by weighing before and after storing in a 200 °C drying oven. The
capsule assembly was placed into a solid Pyrex sleeve, with any space filled with
Pyrex powder and g = 3mm, 0.1 mm-thick solid Pyrex discs were placed at both ends.
Pyrex is used in order to minimize both hydrogen exchange with the pressure cell
and carbon infiltration from the furnace (Brooker et al. 1998; Matjuschkin et al.
2015). Experiments were carried out at 0.5, 1 and 1.5 GPa and temperatures from
840-950 °C. Further experiments at temperatures >975° all failed, probably as a
result of the formation of an immiscible sulphide melt that attacks the capsule
material, unlike at lower temperature where a solid sulphide phase forms. The
resulting loss of sulphur in failed experiments produced a strong H:S smell when
opening the outer Au capsule. Further attempts to run experiments replacing Au
with AuPd capsules failed due to formation of PdS, which removes almost the entire
sulphur content of the experiment within <1 hour (even shorter than the <6 hr
reported by Jugo et al. 2005). It appears unlikely that shorter runs would reach
equilibrium, especially using our particular solid-state buffer technique.

Our approach was to control the redox state of each experimental charge by using
the different solid redox buffers described above (Fig. 1b). Buffer materials were
placed into Pt capsules in proportion 1 mol metal to 1 mol metal oxide, with the
exception of the most reduced Co-CoO buffered experiments, where the decision to
use only Co metal was justified by relative high fO, difference between the starting
material and buffer itself. Pt is used for its high melting point and its high H:
permeability allowing the buffer to rapidly impose the required fO2 (more correctly,
the fHz).

Experimental temperatures were monitored with type D W3Reg7-W2sRe7s
thermocouples. These thermocouples showed evidence of oxidation in the HM

experiments leading to erroneous temperatures. For those runs the temperature was



controlled by the power output alone. The actual temperature of these experiments
was cross-checked using the hornblende-plagioclase thermometer of Holland and
Blundy (1994) applied to the run products.

Pressure was controlled automatically within of #3 MPa of the set point and a 3%
friction correction was applied following McDade et al. (2002) for the 12.5 mm
assembly (1.0 and 1.5 GPa). The 19 mm assembly is not calibrated at 0.5 GPa and
although there is no correction required at 1.0 GPa (McDade et al. 2002) it is likely
the true pressure was as low as 0.43 GPa (see below), so the quoted 0.5 GPa is
'nominal’. Run durations were ~4 days. Experiments were quenched by cutting-off
power to the furnace. Recovered capsule assemblies were embedded in epoxy resin,
pierced with a sharp blade to ensure the presence of water in the outer and inner
capsules, then ground with silicon carbide and finally polished, all using oil rather
than water-based lubricants to prevent dissolution of any run-product sulphate
minerals. Redox buffers were examined and only runs with both metal and metal

oxide components present at the conclusion of the run are reported here.

2.3 Fluid composition and experimental redox conditions
In our experiments the fO; of the sample is only equal to the fO; of the buffer if the

activity of water (a,, ,) in the sample is 1. Otherwise, the deviation is given by

Alog fO, = 2log(a””"’”e) (e.g., Sisson et al. 2005; Matjuschkin et al. 2015).

In this study, all run products are fluid-saturated, but due to the presence of COz in

mmple

the starting mix, the a,y <1 and must be estimated from

f JH0 TH,0 sz

" fo
where f; H,07 y};’zo are fugacity and activity coefficient of H0 in mixed fluid and f}, , is
the fugacity of pure H20 at pressure and temperature of interest. fﬁzo can be
calculated for each run via

fZ20=P'XZ20'FH20'
where P is pressure; X/ 0 is the mol fraction of water in fluid; and T}, is the

fugacity coefficient of H20 at pressure, temperature conditions. The latter was

calculated using the equation of state (EOS) of Churakov and Gottschalk (2003) for



each experimental pressure and temperature. Depending on the oxygen buffer used,

Xy, and a, , in fluid were either calculated by mass balance, estimated from H:0-

CO2 solubility relationships, or determined from phase diagrams provided by
Woermann and Rosenhauer (1985). The following volatile components were
calculated to be stable at the various experimental run conditions: Hz, H20, CO2, CO,
CH4, SO2 and H;S. Concentrations of other element oxides (e.g. SiO2, Al203) in fluids
are not well known for our system at these conditions (Newton and Manning 2008;

Sverjensky et al. 2014), but are thought to be relatively low, given that ay, and a L0,

in runs are less than one (quartz and corundum are not present). Nevertheless, error
bars on fO; values were extrapolated in a conservative manner and give some idea of

the effect of minor fluid components (incl. S, Cl).

2.3.1 Runs buffered at Re-ReO; and H-M.

The Churakov and Gottschalk (2003) model suggests that COz and H0 are the
dominant constituents of fluids at fO,2NNO+2. Hence, the masses (m) of H20 and CO>
in fluid (fl) can be estimated by mass balance calculations knowing: the amount of
H>0 and CO; added to the starting mix (st); the concentrations of H,0 and CO: in
quenched glasses (gl); the amount of H20 in hydrous phases (hydr); and the fractions
(X) of melt and hydrous phases:

mH,0”" = mH,0" - mH,0% - X* =¥ mH,0"™" - X" (1)
mCOJ = mCO;' —-mCO%' - X* (2)
X} o/ XLy, =(mH,0" I mCO;')-2.44 (3)

The fractions of minerals, melt and fluid for each run were calculated using MINSQ

(Hermann and Berry 2002).

2.3.2 Runs buffered by Ni-NiO and Co-CoO.
Equilibrium reactions at fO;<NNO suggest the composition of COH-fluid shifts

towards increasing f, ,, fcu,» feor e With decreasing f ., owing to increasing f,,

in the sample:

C + 2H,0 = CO2 + 2H; (4)

where K, =(f ¢, 'fi,z)/(ac 'firzo)



C+ 2H2=CH4 ©)
where K =(fq, )/ (ac" f3,)

C+CO2=2CO ©)
where K, =(f¢o)/ (ac " feo,)

K4, Ks and Ke are equilibrium constants of reactions 4, 5 and 6 respectively.

According to EOS calculations for fluid compositions stable at f,, corresponding to

NNO buffer conditions, the total mol fractions of CHs4 and CO in the fluid do not
exceed 0.05%. These results are corroborated by high-pressure studies of Luth
(1989) and Armstrong et al. (2015), who demonstrated that CHs only becomes
significant at fO; below NNO-3. Although CO2 and H:0 are still the dominant
constituents of these COH-fluids, their mol fractions cannot be calculated by mass

balance as a result of CO; breaking down to graphite and H»0 via reaction 4. Hence,

molar fractions of COz and H20 in the fluid were obtained from Xf,’za isobars

estimated from CO2-H20 solubility curves calculated at f022NNO+2 (see Results).

The most reduced experiments performed at Co-CoO buffer conditions differ from
other runs in their proximity to the graphite-C-H-O equilibrium field (Ulmer and Luth
1991) leading to extensive crystallization of graphite. In those runs the activity of
H20 was determined from graphite-fluid equilibrium diagrams of Woermann and
Rosenhauer (1985). However, the amount of CH4 and CO in these fluids is more

difficult to calculate.

2.4 Analytical Methods

2.4.1 Electron microprobe (EPMA)

Compositions of experimental run products were determined using a Cameca SX-100
electron microprobe. Glasses were analysed with 10 um defocused 4 nA beam,
operating at 15 kV accelerating voltage. Minerals were analysed with 1pum beam
operating at 15 kV and 10 nA. All elements were measured on their K, emission lines
with 10 seconds integration time for Na, Si, K, Al; 20 seconds for Mg and Ca, 20 or 30
seconds for Ti, Fe, Cl, S. The integration time for low and high backgrounds was set at
half the time of the peak value. Albite, Mg-rich olivine, sanidine, wollastonite, BaSO4
(sulphate), FeS: (sulphide), ilmenite and NaCl were used as standards. The calculated

detection limit for S in glasses at the analytical conditions is about 90 ppm. Some of



the lower S measurements in reduced condition experiments were cross-checked at
20 kV and 50 nA. For one particular NNO run at 1.0GPa, 900°C the S value was

confirmed to be around the detection limit of 90 ppm.

2.4.2 Secondary ion mass spectrometry (SIMS)

Secondary ion mass spectrometry (SIMS) analysis of H20 and COz (as 'H and 12C) in
the glasses was carried out using the NERC Cameca IMS 4-f ion microprobe at the
University of Edinburgh with a primary beam of negative 1°0- ions, a beam current of
5 nA and a total impact energy of 14.5 keV. CO2 was measured with a mass resolution
of 1200 to differentiate between 24Mg?* and 12C*. Filtering of the secondary beam led
to detection of only ions with 50+20 eV. H20 analyses on the same spots were
performed separately at lower mass resolution (500) with an energy window of 75
+20 eV. Working curves were established using calibrations on basaltic, andesitic
and rhyolitic glass standards with volatile contents up to 10.5 wt % H20 and 1.1 wt
% CO2.

3. Results

Experimental conditions, composition of fluids, and phase proportions are presented
in Table 2. Compositions of mineral phases and quenched glasses are listed in Table
3. The euhedral habit of solid phases, lack of observable zoning, and presence of
metal+oxide in the buffer all suggest the runs reached equilibrium in the 3-4 day run
duration (the required equilibrium time is discussed at length in Matjuschkin et al.
2015). Although no reversals were attempted, the clear shift of the sample from the
loaded fO; and S2-/S®* ratio to both higher and lower values also gives confidence

that equilibrium was achieved.

3.1 Run Products

3.1.1Textures.

Representative images of run products are presented in figure 2a-c. All runs have
crystals and glass (quenched silicate melt), and are fluid-saturated. The presence of
excess fluid is indicated by vesicles (bubbles), whose distribution in the capsule is

not homogeneous and shows a clear tendency to nucleate near crystals or capsule

10



walls, sometimes forming voids. In the oxidized (HM) runs the vesicles are bigger (up
to 50 pm), whilst in the graphite-bearing runs they are rarely > 5 um. With increasing
temperature melt fraction increases and fluid fraction decreases, as best seen in Fig.
2d. The size of mineral grains varies from 5 to ~35 um (Fig. 2a,b). Silicates and
oxides exhibit euhedral/subhedral crystal forms and are homogeneous in chemical
composition. Sulphides occur as anhedral, rounded or subangular 1-3 pm grains and
occasionally as bigger 5-20 um aggregates (Fig. 2a). Most of the EPMA analyses made
on small sulphide grains had to be screened for contamination by neighbouring
crystals or melt. Anhydrite forms ~10 um long and 0.5-1 pm wide lath-shaped
crystals (Fig. 2b), that are difficult to analyse. Retaining anhydrite during sample
preparation requires special attention and it can easily be lost. The anhydrite
composition is not reported here but its presence was confirmed by EDS analyses
and Raman spectroscopy. Amphibole and plagioclase are present, sometimes
forming mineral clots (Fig. 2a,c). In reduced runs, graphite forms platy, acicular
crystals that are difficult to polish and, in a similar fashion to fluids, tend to form

around silicate crystals especially near the capsule wall (Fig. 2c).

3.1.2 Phases Relations.

Phase relations are plotted as a function of temperature and fO2 at 1.0 GPa in figure
3a and at 1.5 GPa in figure 3b. Modal proportions of phases are shown in figure 4 and
are discussed below for each fO2 series.

The most oxidized experiments were buffered by HM (ANNO = +4.75) and only run at
1.0 GPa. These are characterised by abundant amphibole, plagioclase and magnetite
(Fig. 4). Anhydrite (CaSO4) is present, associated with sulphur-rich melt (see Melt
Composition). Melt fraction increases from 47 to 49 wt% with increasing
temperature, whilst the fluid fraction was calculated to be ~2.5 wt% for all three
runs.

A single 0.5 GPa run was performed at Re-ReO: buffered conditions (ANNO = +2) and
900°C (not included in Fig. 3). The run product is similar to the HM series and
consists of amphibole, plagioclase, magnetite, and anhydrite. However, this run has a
higher melt fraction (60 wt%) and higher exsolved fluid content (~3 wt%). The
sulphur content in the melt is the highest value observed in this study (see Melt

Composition). It should be noted that the occurrence of anhydrite at this fO2 and

11



higher (HM runs) is consistent with previous studies at similar or lower pressures
(Jugo et al. 2010; Botcharnikov et al. 2010).

The higher pressure Re-ReO: experiments produced surprising results. Those
performed at 1.0 GPa demonstrate the presence of amphibole, plagioclase and
magnetite, but are saturated with pyrrhotite (FeS) instead of anhydrite, which was
unexpected. With increasing temperature from 850 to 950 °C melt fraction increases
from 34 to 67 wt% and fluid fraction decreases from 3.9 to 2.2 wt%. The Re-ReO:
runs at 1.5 GPa have clinopyroxene at 950°C, garnet at 900, 950°C (and presumably
at 850°C), but both plagioclase and amphibole are absent at 950°C. Magnetite is
absent at all temperatures owing to the presence of garnet; instead ilmenite was
found to be present, but only at 850°C. Re-ReO2 runs at 1.5 GPa have pyrrhotite, and
lack anhydrite. Melt fractions are higher compared to 1.0 GPa runs and decrease
from 80 to 47 wt% with decreasing temperature. Owing to increasing solubility of
water and CO; in the melt (e.g. Ghiorso and Gualda 2015), the calculated fluid
fraction at 1.5 GPa is lower than at 1.0 GPa and varies from 1 to 2.5 wt% with
decreasing temperature.

The runs buffered at NNO (ANNO = 0) resemble the more oxidized runs in their
mineral assemblage, although magnetite is absent and Ti-rich ilmenite occurs in all
1.0 GPa runs. At 1.0 GPa and 950°C plagioclase crystallisation is suppressed resulting
in ~14 wt% higher melt fraction compared to more oxidized runs performed at the
same temperature and Re-Re0>. A feature of the NNO experiments is the appearance
of titanite at 850°C and 1.5 GPa. All NNO-buffered runs have pyrrhotite (sulphide-
saturated), as expected from previously published experiments (e.g. Carroll and
Rutherford 1987; Jugo et al. 2010).

The most reduced experiments in this study, buffered at Co-CoO (ANNO = -1.7) differ
significantly from other runs in terms of mineral assemblage, crystallinity and fluid
composition. At these pressures the calculated Co-CoO buffer should lie close to the
graphite-C-O-H fluid equilibrium (C-CHO), although the latter is more pressure
sensitive (see Melt Composition). Due to the close proximity of these two buffers, the
entire suite of 1.5 GPa experiments contains aggregates of acicular graphite, but at
1.0 GPa, graphite was identified only in one run performed at 900°C (Fig. 2c),
suggesting other two other runs may have experienced an imposed fO; lying at or

just above the graphite-C-H-O boundary. A further distinctive feature of the Co-CoO

12



experiments is the absence of plagioclase at all pressure and temperature conditions,
and an associated high proportion of melt, 70 to 88 wt% (Figure 4). This is consistent
with the observations of Freise et al. (2009) suggesting that the stability field of
plagioclase becomes more sensitive to melt water content with decreasing fOo.
Hence, at a given pressure, temperature and melt composition, crystallisation of
plagioclase can be suppressed by reducing fO.. Titanite is present below 900°C at
both pressures. [Imenite was identified for the entire suite of 1.0 GPa runs and in a
single run at 850°C at 1.5 GPa. Owing to the formation of graphite at the expense of
CO2, the amount of fluid at NNO-1.7 is significantly less than the more oxidized runs;

estimated to be <1 wt% (Fig. Ze).

3.1.3 Solid Phase Compositions

Amphibole and Plagioclase. Even though the experiments span a wide range of
temperatures and fO2, the composition of amphibole appears to be sensitive only to
pressure. Thus, Al contents increase from 1.76 cations per formula units (c.p.f.u.) at
0.5 GPa to 2.25 at 1.0 GPa and 3.05 at 1.5 GPa. With increasing pressure K and Na
contents increase and Mg decreases. In comparison to 1.5 GPa runs, experiments
performed at 1.0 GPa demonstrate lower Ti and higher Ca values.

Anorthite content of plagioclase varies from 26 to 42 mol% and increases with
increasing temperature. Temperatures calculated using the plagioclase-hornblende
thermometer (Holland and Blundy 1994) are in excellent agreement with
experimental temperatures and deviate by <7°C with exception of one Re-ReO:
experiment at 1.5 GPa, 850 °C where temperature is underestimated by 26°C. Given
the apparent high accuracy and precision, this thermometer was favoured to the
thermocouple temperature in HM-buffered runs where, as noted above, the high fO.

conditions caused partial oxidation of the thermocouple wire.
Clinopyroxene is limited to runs at 1.5 GPa and 950 °C. They are Al-Na-rich augites
with Mg# from 0.64 to 0.75 with a minimal range in Na, Ca, Mg, Ti and Fe. Total Al

contents range from 0.29 to 0.42 c.p.f.u. and increase with increasing fOo.

Garnet is only observed at 1.5 GPa, where it is present in almost all runs apart from

the melt-rich, higher temperature runs at the lowest fO2 (see Fig. 3). In NNO runs,
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garnet is a significant phase at 950°C with 14 wt%. In contrast, at 850°C it is only
present as a minor component (<5 wt%). All garnets have high Fe contents (1.27 to
1.54 c.p.f.u.) increasing with decreasing temperature along with Ca, whose content
ranges from 0.6 to 1.12 c.p.fu.. Mg contents vary from 0.52 to 1.24 c.p.fu. and

increase with increasing temperature.

Oxides. At 1.0 GPa ilmenite is stable at reduced conditions (fO2<NNO) and is
characterized by high TiOz/FeO ratios, whilst magnetite is stable at fO,=NNO+2 with
a much higher FeO content. At fO,<NNO+2 magnetite and ilmenite are minor phases
and comprise less than 1 wt% of run products. Only at NNO+4.7 is the magnetite
fraction higher, ranging from 2.1 to 3.6 wt%. Hematite is not observed in these run
products as ay,o < 1 leads to a fO; value slightly below the HM buffer. At 1.5 GPa
ilmenite is present at all fO2 conditions at 850°C, but not at higher temperatures,
whereas magnetite is absent due to the presence of garnet. Similar to 1.0 GPa runs,

the Fe-content in ilmenite increases with increasing fOo.

3.1.4 Melt Composition

Major Elements. On a total alkali-silica (TAS) diagram (Le Bas et al. 1986) the volatile-
free composition of the starting material is trachyandesite (57.2 wt% SiOz), whilst
the compositions of quenched silicate glasses are trachydacitic, with SiO;
concentrations increasing from 60 to 69 wt% with decreasing temperature (Fig. 5).
The total concentration of Na;0+Kz0 ranges from 7.4 to 9.3 wt% and increases with
decreasing temperature with the exception of one Co-CoO-buffered experiment at 1.0
GPa and 850 °C, where the total alkali concentration decreases by 0.5 wt% relative to
the 900 °C run. Overall, irrespective of fO2, the concentrations of TiO;, Al>03, FeO,
MgO, CaO decrease with decreasing temperature owing to crystallization of silicate
phases (amphibole, plagioclase, garnet, clinopyroxene) and oxides (magnetite,
ilmenite). As plagioclase stability is sensitive to fO2 (Figs. 3 and 4), the concentrations
of Al203 and CaO in the melt demonstrate a clear tendency to follow distinct redox
trends. At any given temperature, the most reduced runs exhibit the highest Al;03
and CaO concentrations, whereas in the more oxidized runs these are lower by 1.3-
2.3 and 0.5-1.7 wt% respectively. For runs at intermediate fO2 (NNO) Al>03 and CaO

concentrations lie between these extremes (Fig.6).
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Dissolved Volatiles.

The H20 and CO2 contents in silicate glasses as analysed by ion probe are shown in
figure 7a for 1.0 and 1.5 GPa runs. The water content of the melt increases with
decreasing temperature owing to progressive crystallization of dominantly

anhydrous minerals, even when amphibole is stable. COz decreases as fluid X, ,

increases (see below). In general, oxidized melts exhibit somewhat lower H20
concentrations compared to more reduced experiments. This is related to formation
of CaSO4 and/or increase in ferric iron, both sequestering oxygen from the melt, and
liberating hydrogen. In reduced experiments increasing FeO content and the
stabilization of sulphides and graphite lead to higher H20 values, consistent with the
observed destabilisation of plagioclase at lower fO2. As bulk water content is a
function of fOz.and phase composition its deviation from run to run can be estimated

by the following mass balance:

Fe,0{" + H, =2FeO™" + H,0™"

CaSO;mhydrite + FeOmelt + 4H;mﬁ‘er — FeSsu/phzde + CaOmelt + 4H20melt

Ferric-ferrous ratios in melt can be estimated using Kress and Carmichael (1991).
Thus, the bulk H20 content in the NNO+4.8 suite of experiments is 0.5 wt% lower
compared to NNO+2 and 1.45 wt% higher at NNO-1.7, assuming that for these
graphite-saturated runs a substantial part of CO: is reduced to C+H:0 via equation 4.
The covariation of H20 with CO; is illustrated in figure 7b and the oxidized
experiments at 0.5 and 1.0 GPa fall approximately on isobars calculated from the
solubility model of Ghiorso and Gualda (2015). The 0.5 GPa runs yield calculated
pressures of 0.43 GPa, suggesting that the true pressure of these runs is lower than
their nominal 0.5 GPa value (Pistone et al. 2016). Some of the more reduced 1.0 GPa
experiments at Co-CoO fall well below the H20-COz isobar. Some of the 1.5 GPa data
fall in the region expected for higher pressure, but again the reduced runs at Co-CoO
(all graphite-saturated) fall well below the expected CO2 and H:0 values. This
suggests an insoluble species (CO or CH4) dilutes these components in the fluid.

The concentration of Cl in melts increases slightly with decreasing temperature in
response to the increasing crystal fraction (Fig. 6). However, when the relative mass

of residual melt is taken into account, a significant amount of Cl appears to be lost to
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the fluid. It should be noted that we did not include P05 in the starting composition,
so apatite cannot form to sequester the Cl, although some Cl is incorporated in
amphibole in concentrations from below detection up to 1400 ppm with decreasing
temperature (table 3).

Sulphur contents of the melts (Figure 6) are controlled dominantly by the fO, and
buffering by solid S-bearing phases and temperature (at high fO2) rather than the
proportion/composition of melt or fluid. The 1.0 GPa experiments at HM (ANNO =
+4.75) have anhydrite as the stable S-bearing phase. This is associated with high
dissolved sulphur contents in melt; 390, 680 and 600 ppm at 841, 870 and 875°C
respectively.

The single anhydrite-bearing Re-ReO2-buffered run at 900°C and 0.5 GPa has a melt
sulphur content of ~1030 ppm, which is the highest value of all runs in this study.
The Re-ReO: experiments performed at 1.0 GPa, and saturated with pyrrhotite (FeS)
instead of the expected anhydrite, have a sulphur content strongly increasing with
temperature from 480 ppm at 850°C to 970 ppm at 950°C, suggesting some influence
of a sulphate species in the melt. At 1.5 GPa the Re-ReOz. pyrrhotite-bearing runs had
melts with lower sulphur contents restricted to a range from 460 to 340 ppm
suggesting less influence of any sulphate species.

NNO-buffered experiments have the lowest S concentrations with an average of
150+£74 and 165+43ppm at 1.0 and 1.5 GPa respectively. This is approaching the
detection limit using EMPA and it is difficult to identify any pressure- or
temperature-related trends. Experimental glasses at the Co-CoO buffer have slightly
higher sulphur contents of 217+56 and 315+75ppm at 1.0 and 1.5 GPa, respectively,

with a tendency to increase with increasing temperature.

3.1.5 Fluid composition

Measuring the H:0 and COz contents of the melt allows an estimate of the
experimental fluid compositions by mass balance (see Methods). Excess C-O-H fluid
was indicated by the presence of vesicles and voids in run products, with size, form
and quantity varying with pressure, temperature and oxygen fugacity. The estimated

molar X, , ranges from 0.70 to 0.85 and increases with decreasing temperature due

to crystallisation of anhydrous phases (Fig. 7a). Calculated activity of water (a,,,)
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varies between 0.75 and 0.87 (see table 2); hence, the fO; is reduced by -0.25 to -0.12
log units relative to the buffer.

In contrast to the oxidized runs, experiments at NNO and Co-CoO approach or lie
within the graphite stability field respectively. Graphite formation is driven by
continuous breakdown of CO; owing to increasing fH: (decreasing fOz) (see Luth
1989). Graphite was not identified in any NNO runs or in NNO-1.7 runs at 1.0 GPa
and 850, 950°C. However, it is present in the entire set of NNO-1.7 experiments at 1.5
GPa and in a single run at 900°C, 1.0 GPa. In those, the fO; must lie below the
graphite-C-O-H fluid equilibrium (Ulmer and Luth 1991). As carbon partitions into

graphite, less is available for fluid species and X, , increases. Water content of
reduced fluids at NNO was reconstructed from X, ,-X., solubility isopleths,

previously determined at Re-ReOz and HM buffered conditions (ignoring any minor
CO or CH4). Fluid compositions of NNO runs are similar to those reported for
ANNO+2.

At fO2 conditions corresponding to the Co-CoO buffer a different approach has
been used to determine the composition of fluid. The run at 1.0 GPa and 950°C lacks
graphite, which is perhaps not surprising as the calculated Co-CoO buffer only lies
0.1£0.35log units below the graphite-COH fluid equilibrium. The lack of graphite
means the ratio of water and CO2 that dominate the fluid can be estimated using the

method described for NNO runs giving X, , =0.78 and a solubility that falls on the

1.0 GPa isobar in figure 7b. In contrast, at 900 and 850°C Co-CoO buffered runs
should lie further into the graphite stability field at 0.3£0.35 and 0.4+0.35 log units
below graphite-C-0-H fluid equilibrium. At 900°C graphite is indeed observed, whilst
at 850°C it was not identified, although the measured amount of CO in the melt is
less than at 950°C (see Fig.7a). Hence, the 1.0 GPa 900°C run lies in the graphite
stability field, whilst the 850°C run might lie slightly above it. The estimated a,, , at

850 and 900°C is 0.72 (+0.18/-0.25) and was calculated from

ay o =10"°411%) (Matjuschkin et al. 2015),
where the AlogfO; is the deviation of Co-CoO buffer from graphite-C-O-H fluid
equilibrium. Overall, the measured C content in these lower temperature Co-CoO

buffered melts is much lower in comparison to 950°C (Fig.7a) and well below the 1.0

GPa isobar in Figure 7b. This suggests that the excess fluid contains a significant
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amount of an insoluble species, either CO or CHs, reducing the CO: fugacity (Pawley
et al. 1992; Thibault and Holloway 1994; Morizet et al. 2010).

The 1.5 GPa suite of experiments is 0.7 to 1 log units more reduced than the
graphite-COH buffer, contains graphite, and has an estimated water activity of
~0.7£0.2. Again the measured C in melt (expressed as CO2) is even lower than the
value estimated from the oxidized 1.5 GPa experiments in Fig. 7b, falling well below
even the 1.0 GPa isopleths. This cannot be explained by an even higher activity of
water and again appears to reflect high activities of insoluble CO or CH4 in the fluid.

Unfortunately, it was not possible to estimate the amount of sulphur entering the
fluid using the mass balance calculations due to the large amount of S incorporated in
solid S-bearing phases. Thus, errors in estimating the small amounts of sulphide or
sulphate have significant effect on the mass balance. However, we were able to make
an estimate of sulphur partition coefficient between fluid and melt for a single super-
liquidus run (Table 1) at 1.0 GPa, ~1120 °C and NNO+4.7 and with a resulting high S
content. This suggests a calculated Df/melt~(.1. Using this value for oxidized
conditions ANNO=+2 the mol fraction of S in the fluid (Xs) is negligible. For reduced,
Co-CoO buffered conditions the fluid/melt partition coefficient of sulphur has been
reported as 468 at 0.2GPa and 850°C (Keppler 2010) and using this value our
reduced fluid S may be as much as Xs<0.026 mol%. Other partition coefficients are
reported in the literature (e.g. Scaillet et al. 1998), but using any of these still
suggests the amount of S-species in the fluid remains insignificant in the context of
this study. The systematics of S-partitioning in fluid as a function of fO; at high-

pressure conditions requires further experimental investigation.

4. Discussion

Sulphur content and speciation in silicate melts are often used as monitors of
magmatic fO2 conditions (e.g. Kress 1997), but this is only really possible when the
bulk S concentration are in the lower ppm range. As concentrations reach weight per
cent levels, sulphur can itself act as a strong oxygen buffer rather than a sensor
owing to its high redox capacity, i.e. eight electron transfer from S%- to Sé*. It is for
this reason that subducted sulphate has been suggested as a potential oxidant of the

mantle wedge in sub-arc environments (Evans and Tomkins 2011). Buffering with
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sulphur at magmatic conditions operates via various heterogeneous equilibria such

as:

Fequlphide + Caomelt + 2502 — CaSO::nhydrite + FeOmelt
s 7 . ~ywollastonii hydri i H z
3FeSmlphtde + 3CCZSZ0;0H“WMW + 6502 - 3CClS0;m ydrite + Fe30;nagneme + 3Slozquart

(Carroll and Rutherford 1987)
FeS™"" + Fe,Si0)""™ +2.50, =SO;" + Fe,0;""™ + Si0;" (Jugo et al. 2005)

In this study, fO2 is set by an external buffer and sulphur speciation is forced to
conform to the imposed fO2 conditions, although its concentration is in the range
expected for natural magmas (Wallace 2005). Redox conditions clearly affect the
solubility of sulphur (sulphate and sulphide species) in the melt, but it should be
noted that solubility is also a function of melt composition, sulphur fugacity, activity
of water and CO2 in the melt and pressure, temperature conditions (Mavrogenes and
O’Neill 1999; Liu et al. 2007; Beermann et al. 2011; Masotta and Keppler 2015). As a
result, our experiments are not directly applicable to all natural magma systems, but
are relevant to subduction zone magmas and, more importantly, illustrate some key
principles, as outlined below. As all run products are saturated either in pyrrhotite or
anhydrite; the measured sulphur content also establishes the Sulphur Concentration
at Sulphide Saturation (SCSS) or Anhydrite Saturation (SCAS) for a trachydacite melt
generated from a basaltic trachyandesite parent by mid to lower -crustal

differentiation.

4.1 Effect of pressure and fO: on sulphur speciation and solubility

Published experimental data on sulphur speciation in silicate melts at 0.2 GPa
suggest the sulphate-only stability field is reached at ANNO=1.5 and the transition
from sulphide to sulphate takes place over a narrow fO2 window of 2 log units (Jugo
et al. 2010; Botcharnikov et al. 2010; Masotta and Keppler 2015). Whilst our 0.5 GPa
experiment at NNO+2 (Re-ReO: buffer) contains anhydrite consistent with these
previous studies, our higher pressure results show pyrrhotite persists above NNO+2.
Evidently the sulphide stability field expands towards higher fO> with increasing
pressure.

In order to reconstruct the new sulphide-sulphate stability fields at 1.0 and 1.5 GPa,

knowledge of sulphate content and fO: of the melt for each run is required. Whereas
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the latter parameter is well constrained, our experimental samples are not amenable
to determination of sulphur speciation using EPMA (Carroll and Rutherford 1988), as
low sulphur content in the melt leads to high measurement uncertainties (Matthews
et al. 1999) not to mention other problems such as S-peak migration and sulphide
oxidation with a static beam. It also proved impossible to fit our data to the SCSS
algorithm of Mavrogenes and O’Neill (1999) and Liu et al. (2007) to calculate
dissolved sulphate content by difference. The problem of this approach is the
unexplained minimum in SCSS at fOxNNO#0.5, which was found in all the
experimental series in this study and is apparent from the datasets of other workers
in Fe-bearing systems (e.g. Katsura and Nagashima 1974; Carroll and Rutherford
1985, 1987; Jugo et al. 2005; Clemente et al. 2004; Botcharnikov et al. 2010) and Fe-
free (e.g. Nagashima and Katsura, 1973). This phenomenon is often ascribed to the
changing Fe?* content in melt, yet in our experiments (and others) it has little
correlation with silicate melt composition, Fe?*/Fe3*, fH.S or fS; (Carroll and

Rutherford 1985; Clemente et al. 2004; Nagashima and Katsura 1973).

One possible explanation for the minimum in the SCSS value is the formation of an
'intermediate’ oxidation state sulphur-species existing in the fO> range between
sulphide (S?-) and sulphate (S¢*). If this species has low solubility in the silicate melt
and lacks an equivalent magmatic solid phase then it will partition strongly into the
fluid producing a minimum in the solubility curve. Moreover, if this species is present
at low concentrations (low solubility) or is kinetically difficult to retain during
quenching, it may be undetectable by common spectroscopic methods. For algebraic
simplicity in the following we consider this intermediate species to be S° (i.e.
elemental sulphur), but we stress that any relatively insoluble species with an
intermediate oxidation state between S?- to Sé*oxidation will suffice (S**, S or S3-, see
below and the example in Fig. S3). For the case of S, equilibrium can be described by
the following reactions and equilibrium constants (K):

2H,S,,, +0,,,=2H,0,, +2S,,, (A)

(m)
2 2 2 2
Is Tuo _ Xy,

APT) = f02 'firzs = f02 'stz’

28, +30,,, =280, (B)
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SO

where S%m, is the proposed intermediate oxidation state S-species.

If the proportions of all sulphur species, S¢*, S2- or S, are now defined, the ratios Re,
Rz and Ro give their amount in respect to the total sulphur content in the melt and are

defined as follows:

Substitution of sulphide and sulphate parameters from equations A and B
XSm:KngO;/ZXSU and

X, =K;"”f0;"Xay,, yield:

1
1+aH20(KAKB)—l/2f02—2 +Kl;1/2f02_3/2

R

-12 -12
R = aHZOKA fOz
2 -1/2 -1/2 172 312
1+aH20KA fO; " +K; fO;

1
R =
0 1+K113/2f03/2 +aH20K;1/2f02_”2

Since a, , and fO2 are known for each run, the ratios of S+, §2- or 5° are functions of

Ka and Kg, which can be estimated from the experimentally obtained S-solubility
data. Calculation of Ka and Kg using thermodynamic data by Robie et al. (1978) and
Holland and Powell (1998) yields constant logKg/logKa=1.78, with values of both Ka

and Kg increasing with the decreasing temperature.
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The resulting sulphur speciation model is displayed in figure 8a and illustrates the
stability fields of sulphide, sulphate and intermediate sulphur species at different
pressure-temperature conditions. The model was obtained by fitting both Ka and Kg
to measurements of S-contents in melt (Fig. 8b; for calculated Kap values and
uncertainty see supplementary materials Fig.S2). Note that calculations can be
equally performed using other sulphur species with intermediate oxidation state,
such as S or S%. The algebraic treatment is similar and the calculated speciation
curves have broadly similar shape, although S** persists to a high fO2. Our
preliminary tests with a variety of S-species suggest that S° gives the closest fit to our
experimentally obtained data (for comparison S**-fit see Fig.S3). However, other
intermediate sulphur species, or indeed multiple other species, could be invoked.

Our sulphur speciation model (Fig.8¢) illustrates the strong effect of pressure on the
stability fields of sulphide and sulphate. With increasing pressure the stability field of
sulphide expands towards oxidized conditions. Thus, the sulphate-only stability
fields at 1.0 and 1.5 GPa now lie at NNO+3 and NNO+3.5, respectively, 1 and 1.5
logfO2 units higher than at 0.2 GPa (Jugo et al. 2010, Botcharnikov et al. 2010).

4.2 Evidence for an intermediate sulphur species

Although the model presented to explain the minimum in dissolved sulphur content
at NNO%0.5 is based, for simplicity, on the presence of S° as the intermediate
oxidation state species, it is useful to explore other possible species. The most
obvious candidate currently proposed in the literature is sulphite (S%+), which is the
equivalent of SO in the fluid, but has no obvious magmatic solid expression, i.e. there
are no known magmatic sulphite minerals. This species is predicted by molecular
simulation (Machacek et al. 2010) and S** has been identified in quenched silicate
melts using XANES. Much of the initially identified S** in melt inclusions has now
been ascribed to beam-induced reduction of Sé* (Backnaes et al. 2008; Wilke et al.
2008; Métrich et al. 2009). However S** has been unambiguously identified, together
with S6+, in some Fe-free experimental glasses in equilibrium with CaSO4 at 0.4 to 1.6
GPa (Métrich et al. 2009). Although not strictly performed under controlled fO3, their
results suggest that there may be an fO2 window near NNO where S** has a low, but
finite, solubility in silicate melts at high pressure, perhaps dissolved as molecular

SO2. S** might be absent at higher fO; (or in high-Fe samples) because only Sé+ is
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stable. Alternatively it may remain unidentified due to an electron exchange reaction
with Fe3+ (§% + 2Fe3* = S§6+ + 2Fe?*) that proceeds readily upon quenching (Berry et
al. 2006).

An alternative intermediate oxidation state sulphur species is the trisulphur S3ion,
which is known to be stable in aqueous solutions at temperatures =2250°C and
pressures above 0.01 GPa breaking down to S+, S?- and native S° at lower pressure-
temperature conditions (Pokrovski and Dubrovinsky 2011; Pokrovski et al. 2015). It
remains unclear if the trisulphur ion can exist at magmatic conditions and, if so, what
its solubility in silicate melts might be. Experimental observations clearly indicate
S3 coexistence with pyrrhotite, and S5 has been shown to form an ionic complex
with Au in aqueous fluids (Pokrovski et al. 2015). Interestingly a recent experimental
study by Botcharnikov et al. (2010) reported a sharp increase in gold solubility in
silicate melt over a narrow range of fO; corresponding to the sulphide-sulphate
transition at 0.2 GPa, which may indicate the stability of AuSz complexes in the melt
at ppb levels. Preliminary measurements for Au on the samples of this study also
suggest a similar maximum coinciding with our S solubility minimum. The tendency
for trisulphur to break down to other S-species at low temperature conditions might
be responsible for the formation of anhydrite-bearing, water-rich melts, which are
often found as melt inclusions in epithermal gold deposits (e.g. Chamberfort et al.
2008). Such deposits might represent a quench product of AuSs complexes. The
partitioning of trisulphur between fluid and silicate melt is unknown, so our
proposed effect on S solubility in the melt is speculative. It also remains unclear how
this species might affect the composition of sulphides, which are often used to
estimate sulphur fugacity at magmatic P-T conditions (e.g. Froese and Gunter 1976;
Clemente et al. 2004).

Note that it is a simple matter to recast equations (A) and (B) above in terms of S3
(or S**) rather than S9; the essential form of Figure 8 will remain unchanged. If the
modelled intermediate species in Fig. 8 is trisulphur this suggest a narrow fO--

window of stability.
4.3 Implication for the formation of porphyry copper deposits

Experimental evidence for the shift of the sulphide stability field towards oxidized

conditions with increasing pressure has consequences for the behaviour of
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chalcophile elements in magmatic reservoirs at mid- to deep-crustal depths (=15
km). In particular, Cu is likely to be depleted even in the more oxidized magmas
found in arc systems, due to strong partitioning into any dense immobile sulphide
phase (sulphide melt or solid pyrrhotite) that remains trapped in deep cumulates.
The prevention of deep sulphide saturation via oxidation alone would require either
very high fO2 conditions ANNO=3. This may be unrealistic even for sub arc magmas
(Fig. 1a, and 9), although the extreme requirements of this condition could be linked
to the rarity of PCDs.

An alternative means to suppress sulphide formation in the roots of volcanic arcs is if
the parental magmas remain S-poor (<100 ppm S). This requires that the primary
magmas themselves are S-poor, again an unusual situation for arc basalts (Wallace
2005) again perhaps explaining for the rarity of PCDs. Even if the magmas start with
low S, the concentrations are likely to increase through extensive crystallisation to
eventually approach the critical SCSS level. A more plausible mechanism for
maintaining low S contents is via degassing during early stages of magmatic
differentiation, as would be expected for arc magmas that are initially very rich in
other volatile species, such as H20 and, particularly, CO2. These species will exsolve
to produce a fluid phase into which sulphur can partition (Muntean et al. 2011). The
earlier a magmatic volatile phase separates during differentiation, the greater the
ensuing depletion in S. Although, our understanding of sulphur degassing is limited
to experiments at lower pressures (<0.5 GPa), it is known to be a strong function of
melt composition and oxygen fugacity, with Ds fluid/melt jncreasing with increasing
degree of silicate melt polymerization and decreasing fO. respectively (Keppler
2010; Webster and Botcharnikov 2011; Zajacz 2015). Regardless of the exact value of
Ds the amount of S quantitatively stripped from the melt during degassing will be a
function of the total exsolved gas budget. Thus, unusually volatile-rich, evolving
magmas that begin degassing at high pressures (perhaps at CO; saturation) can
maintain dissolved S contents that are sufficiently low to preclude sulphide
saturation. The recent suggestion that arc magmas may have higher initial CO>
contents than would be suggested on the basis of melt inclusions alone (Blundy et al.
2010) would favour early volatile exsolution. As is evident from our experimental
results, preventing sulphide saturation is easier at elevated fO, (>NNO), but the

increased stability of sulphide species to high fO; at high pressure means that it is the
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abundance of other volatiles, rather than fO2, that could play the key role in keeping S
below sulphide saturation.

We suggest that it is the combination of very high initial volatile contents coupled
with the oxidized nature of arc basalts that provides the most favourable conditions
for the formation of porphyry copper deposits through suppression of any early
sulphide saturation that would otherwise remove Cu. In some locations the sub-arc
environment favours both these conditions with subduction of sulphur- carbon- and
water-rich sediments releasing S and CO:-H:0 fluids that dissolve in and later
exsolve from the ascending magmas buffering their fO; above the graphite-C-H-O
reaction (Ulmer and Luth 1991; Connolly 2005; Fig.9). This mechanism at least
maintains the melts above a ‘minimum’ fO2 at the graphite-CHO buffer (Fig. 1a, 9). In
other locations the mantle might be more reduced and early (deep) exhaustion of
CO2 might result in formation of graphite or the subducted sediments are relatively
COz-poor. Both situations might lead to the formation of Cu-poor ‘barren’ magmatic
systems.

Our findings also provide a potential solution to the problem of sulphide inclusions
being trapped in early-formed phenocrysts in magmas that appear to have a high fOo,
and sulphate as a stable melt phase (e.g. Mt Pinatubo, Pallister et al. 1996; Hattori
1993). If the early phenocrysts grew at high pressure, the magma could have had an
initially high fO2 (above NNO+2) and yet still crystallise sulphide (or form immiscible
sulphide melt). As the magma ascends to lower pressure anhydrite becomes the
stable sulphur phase without any change in the fO; simply because of the pressure-
sensitive change in the sulphide-sulphate equilibrium. In addition any sulphide that
is carried by the melt (depending on bleb size and ascent rate) will become unstable
during ascent and start to dissolve in the melt, which, due to the increasing stability
of Sé* species in the melt, can also accept more total S. Consequently, the record of
early, high-pressure sulphide saturation will only be preserved as isolated inclusions

in early-formed crystals.

5. Conclusions
High-pressure piston cylinder experiments reveal the effect of pressure and fO; on
phase relations and sulphur speciation in quenched silicate melts. At the most

reduced conditions imposed by the Co-CoO buffer (NNO -1.7) run products are
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graphite-saturated and exhibit low amounts of fluid (<0.8 wt%), but high dissolved
H20 contents owing to breakdown of COz to C which increases the water activity of
the fluid. Silicate melts in these experiments exhibit high CaO and Al203 contents due
to the suppression of plagioclase crystallization. This also results in an 8-30% higher
melt fraction compared to more oxidized runs. Co-CoO buffered runs are
characterised by the occurrence of Ti-rich phases such as titanite and ilmenite.

At NNO buffered conditions fluids are COz-saturated, although they lie close to the
graphite stability field. Plagioclase is stable at temperatures <900°C and its presence
yields lower Al;03 and CaO contents in the melt for a given temperature relative to
Co-CoO (NNO-1.7). Ti-rich ilmenite is the typical oxide phase for reduced conditions.
The series of Re-ReO2 experiments (NNO+2) differ in many respects from those at
lower fO: including the presence of CO:-rich fluids, formation of Fe-rich magnetite,
and absence of Ti-rich ilmenite and titanite. Plagioclase is stable in almost all runs,
suggesting that its stability field increases with increasing fO2 and becomes less
sensitive to water content in the melt. As a result the Al203 and CaO contents in the
melt are lower in comparison to NNO.

The most oxidized experiments buffered at hematite-magnetite (NNO+4.75) are
similar to those buffered by Re-ReO; with the main distinguishing feature being the
low Ti and very high Fe contents of magnetite.

The most surprising result is related to the stability of the sulphur-bearing phases in
these experiments. At 0.5 GPa the anhydrite stability field was encountered at
NNO+2 in agreement with other low-pressure studies (e.g. Masotta and Keppler
2015). In contrast, the 1.0 and 1.5 GPa NNO+2 runs contained pyrrhotite defining, for
the first time, expansion of the sulphide stability field to higher fO2 with increasing
pressure. At 1.0 and 1.5 GPa, the transition to anhydrite stability is shifted ~1 and 1.5
log fO2 units higher than at 0.5 GPa.

Implication for the formation of PCDs. Porphyry copper deposits are widely
considered to be the result of copper enrichment in arc magmas during
differentiation. This is most readily achieved with the suppression of any sulphide
phase, which would strongly sequester Cu (partitioning values in the region of 500
for solid sulphide or 1000 for sulphide melt; Lee et al. 2012; Li and Audétat 2012;
Zajacz et al. 2013). We show that suppression of sulphide is most readily achieved by

deep S-degassing, which in turn requires the presence of substantial dissolved
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volatiles (H20 and COz) in primary magmas. In this case S partitions into the exsolved
fluid phase, maintaining S contents below sulphide saturation (SCSS). Elevated fO: is
also favourable to preventing sulphide saturation, but may be subordinate to the
effect of high initial volatile contents (Fig.9). We agree with many previous authors
that it is the volatile-rich nature of arc magmas makes them conducive to PCD
formation, rather than simply their elevated fO2, as claimed by others (e.g. Sun et al.
2014). Although both are typical features of arc magmas (Humphreys et al., 2015)

we highlight the importance of volatile processes even in the deep arc crust.
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Figure Captions

Figure 1: The oxidation states of magmas, their mantle sources and some solid-state
buffers. In (a) the fO2 is shown for a variety of tectonic settings. The main histograms
for shallow mantle peridotites are from the dataset of Foley (2011) with additional
individual samples from Avachinsky, Arai et al., (2003); Japan-Ichinomegata, Wood
and Virgo (1989); Izu-Bonin, Parkinson and Pearce (1998); Cascades, Brandon and
Draper, (1996); Grenada, Parkinson et al., (2003); Shiveluch, Bryant et al.,, (2007);
Mexico, Blatter and Carmichael (1998). Redox state of the arc mantle, as implied
from geochemical features of lavas, from Mallmann and O’Neill (2009), Lee et al.
(2005, 2010) and Evans et al. (2012). Arc basalt range from Carmichael (1991),
Eggins (1993), Heath et al. (1998), Macdonald et al. (2000), Hoog et al. (2004),
Crabtree and Lange (2011). Specific examples include: Mexico, Carmichael (1991);
Shiveluch, Humphreys et al (2006); Grenada, Parkinson et al. (2003). Sulphate-
bearing andesites and dacites as listed in Scaillet et al. (1998). MORB range from
Christie et al. (1986), Ballhaus et al. (1991), Cottrell and Kelley (2011). In (b) log fO2
range of various solid-state buffers as a function of temperature and pressure. The
upper edge of each range represents 2.0 GPa, the lower edge 0.1 MPa (1 bar). This
illustrates the small effect of depth from the top to bottom of the crust. The log unit
variation from the Ni-NiO buffer is expressed as ANNO and here the 1.0 GPa lines are
shown. A typical change from sulphide (S?-) to sulphate (S°*) as a function of fO; is
shown for the condition 0.2 GPa and 950°C (Botcharnikov et al. 2010) to illustrate

the relative scale of this effect.

Figure 2: Secondary (SE) and backscattered (BSE) electron images of run products
produced at various pressure, temperature and fO2 conditions. (a) Experiment at
NNO, 1.5GPa and 950°C with garnet (grt) as a main phase and sulphides (sulph)
present as <3 um spherical grains in silicate melt and also as inclusions in garnet and
amphibole (amph). (b) An example of highly oxidized experiment at NNO+4.7, 1GPa
and 841°C showing the presence of anhydrite (anh) and absence of sulphides. (c)
Graphite flakes around amphibole agglomerates in reduced NNO-1.5 run at 1.0 GPa
and 900°C. Like the COH-fluid, graphite tends to nucleate near crystals or capsule
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walls. (d) The decrease in fluid and increase in melt proportions with decreasing
temperature for a fixed fO2 and pressure (NNO+2, 1.5GPa). (e) Effect of oxygen
fugacity on fluid speciation. CO2-rich fluids are stable at f0;=NNO and produce large
vesicles <50 um in diameter. In contrast, with graphite present at NNO-1.5 vesicles

are ~3 um (note change in scale).

Figure 3: Phase relations as a function of oxygen fugacity and temperature for
experiments performed at (a) 1.0 and (b) 1.5 GPa. All runs contain fluid and silicate
melt. Red line illustrates the transition from CO2-H;0 to graphite-COH fluid
calculated using Ulmer and Luth (1991). Note that at 1.0 and 1.5 GPa and NNO+2 run

products are saturated with pyrrhotite at all temperatures.

Figure 4: Graphic representation of phase proportions demonstrating the effect of
temperature and oxygen fugacity on the phase relations in hydrous magmas. Overall,
the melt fraction increases with decreasing fO; owing to the suppression of
plagioclase crystallisation and/or the increasing stability of H20 due to redox

reactions.

Figure 5: Bulk starting composition and the range of experimental silicate melts

plotted on a total alkali-silica diagram (Le Bas et al. 1986).

Figure 6: Compositional trends for selected components that show distinctive
variation with experimental fO2. Data are presented on an anhydrous basis and
presented in wt% and ppm concentrations with 10 uncertainty. Plots of other

elements are provided in supplementary materials (Fig.S1).

Figure 7: Ion-probe measurements of water and CO: contents in quenched silicate

melts as a function of temperature. (a) With decreasing temperature there is a
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general increase in dissolved water and decrease in CO2. Reduced Co-CoO-buffered
runs exhibit highest water and lowest CO2 contents owing to breakdown of CO2 to
graphite+H;0(*CH4£CO). (b) A comparison of the volatile contents of fluid-saturated
melts in this study and isobars for oxidized (CO2-H;0) fluid-saturated melts
calculated using the model of Ghiorso and Gualda (2015) at 0.5 and 1.0 GPa. The

position of the 1.5 GPa reduced data is discussed in the text.

Figure 8: (a) Sulphur speciation in melt as a function of oxygen fugacity. The
modelled speciation includes an intermediate oxidation S-species between S?- and S+
transition and is labelled as S°. (b) Experimental (symbols) and modelled (grey lines)
S-contents in melt for the entire range of studied fO;. Note that temperature has a
strong effect on the Sulphur Content at Anhydride Saturation (SCAS) but only a
minor effect on Sulphur Content at Sulphide Saturation (SCSS). The red symbols
represent experiments within a narrow temperature range from 841 to 875°C but
with unreliable thermocouple readings (see section 2.2). (c) Illustration of the
pressure effect on sulphur speciation in Fe-bearing silicate melts expressed as X o+
The 0.2 GPa line is based on the basaltic data of Jugo et al. (2010) and Botcharnikov
et al. (2011). The 0.5 GPa line is estimated from a single run in this study; the other
trachydacite data at 1.0 and 1.5 GPa lines are constructed from the data in (a). With
increasing pressure the stability field of sulphide shifts significantly towards more
oxidized conditions. It should be noted that the 0.2 GPa/800-1000°C data of Masotta
and Keppler (2015) suggest there is a minor effect of melt composition on the
estimated position of the S6*-S2- between basalt, trachyandesite and dacite. This shift

is much smaller than the pressure effect illustrated here.

Figure 9: Possible pressure and fO; controls on Cu-enrichment in silicate magmas.
Grey area delimits the field of graphite saturation at which >80% of CO2 breaks down
to C+H20(xCH4£CO) leading to significant reduction in the amount of exsolved fluid.
At fO; above the graphite stability field the magmatic fluid is composed mainly of
H20+CO2. In relatively 'dry', water under-saturated magmatic systems Cu-

enrichment in the absence of sulphide requires very high fO, values ANNO=2 at
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0.5GPa (mid crust) but an extremely high value ANNO=3.5 (see Fig 1a) towards the
deeper crust (or upper mantle) at pressures approaching 1.5 GPa. In contrast, fluid-
saturated magmas would facilitate Cu-enrichment at more realistic, fO2 as sulphur
partitioning into exsolving magmatic fluids limits the potential for sulphide

saturation and Cu removal.

Figure S1: Composition of silicate melts in experiments performed at 1.0 and 1.5GPa.
The values are calculated on anhydrous melt basis and represent mean values of 7-

21 analyses; error bars refer to +1o reproducibility.

Figure S2: Calculated values for Ka and K constants at 1.0 and 1.5GPa. Whilst Kz

mostly controls the position of Xgs+*, Ka determines the position of X2- and X;: lines.

Figure S3: Alternative model to Fig. 8, with (a) S-speciation and (b) S-contents in
silicate melts at 1.0 GPa assuming the presence of S#*-intermediate species instead of
SO, Note the maximum for S** is closer to the oxidized field compared to S° (Fig.8).
This would limit the stability field of S?-to below NNO +1 which contradicts the

experimental observations.
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1  Table 1 Composition of the starting material (in wt.%).

2
Si02 TiOz2 | Al203 | FeO Fe203 | MgO | CaO Naz20 | K20 S SO3 Cl H20 CO2 Total
52.63 | 1.18 | 17.13 | 4.52 | 2.06 271 | 5.74 | 4.38 1.74 | 014 | 0.27 | 0.15 | 6.00 | 1.36 100
3
4  Table 2 Experimental conditions, composition of fluids and proportions of run
5 products.
6
Pressur | Tempera | Xuzoin aH20 logf02ANNO Run products
e, GPa ture, °C fluid
Hematite-magnetite buffer
1.0 841 | 0.81(2) | 083 | 477 gl (43.1),11 (2.9), hbl (21.8), plag (27.2), mag (3.6),
anh(1.4)
1.0 870 | 0.78(3) | 0.81 | 4.76 gl (47),f1 (2.5), hbl (23.9), plag (23.3), mag (2.1), anh(1.1)
1.0 895 | 0.80(2) | 0.82 | 4.77 gl (49),11 (2.7), hbl (20.3), plag (23.1), mag (3.5), anh(1.3)
Rhenium-rhenium oxide buffer
05 900 | 0.79(2) | 0.81 | 1.95 gl (65.2), 1 (3), hbl (11.4), plag (17), mag (3.2), anh(0.3)
1.0 850 | 0.85(2) | 0.87 | 221 gl (34.4),1 (3.9), hbl (28.5), plag (31.9), mag (0.6), sulph
(04)
1.0 900 | 0.76(2) 0.80 | 2.06 gl (55.7), 11 (2.4), hbl (23.9), plag (16.1), mag (0.7), sulph
(0.6
1.0 950 | 0.76(2) 0.79 | 1.98 gl (67.3),1l (2.2), hbl (20.5), plag (9.4), mag (>0.1), sulph
(0.6
15 850 | 0.80(2) | 0.83 | 2.30 gl (46.6), 11 (2.5), hbl (30.6), plag (20.3), mag (>0.1), sulph
(<0.1)
1.5 900 | 0.78(4) 081 | 2.19 gl (59.3),11 (2.1), hbl (26), plag (9.8), grt (2.8), sulph
(<0.1)
1.5 950 | 0.70(4) 0.75 | 2.05 gl (80.3),fl (1), grt (11), cpx (11), sulph (<0.1)
Nickel-nickel oxide buffer
1.0 850 | 0.80(5) | 0.83 | -0.16 ol (49.8), fl (2.8), hbl (26.4), plag (19.4), ilm (0.8), sulph
07
1.0 900 | 0.75(5) 0.79 | -0.21 gl (64.4),11 (1.7),hbl (23.9), plag (8),ilm (0.2), sulph (1)
1.0 950 | 0.73(5) | 0.77 | -0.23 gl (83.8), f1 (0.8), hbl (13.4), ilm (0.1), sulph (1.9)
15 850 | 0.80(5) | 0.83 | -0.15 gl (44.4),1 (2.9), hbl (26.6), plag (20.9), grt (4.2), ilm
(>0.1), sulph (>0.1), ttn(1)
1.5 900 | 0.80(5) 082 | -0.17 gl (67.7),11 (1.3), hbl (21.5), plag (2.6), grt (6.8), sulph
(0.1)
1.5 950 | 0.75(5) 0.79 | -0.29 gl (77.3),11 (1), hbl (<0.1), grt (13.9), cpx (7.1), sulph (0.6)
Cobalt-cobalt oxide buffer
1.0 850 090 | -1.74 gl (75.6),11 (0.7), hbl (21), ilm (0.2), sulph (1), ttn (1.1)
1.0 900 091 | -1.74 gl (74.6),11 (0.7), hbl (21.3), ilm (0.1), sulph (1.6), ttn
(1.4), gr
1.0 950 | 0.75(5) 0.78 | -1.53 gl (84),11 (0.2), hbl (15), ilm (0.6), sulph (1)
15 850 091 | -1.74 gl (69.7), 11 (0.3),hbl (25.5), grt (2.6),ilm (>0.1), sulph
(>0.1), ttn(1.3), gr
1.5 900 091 | -1.74 gl (74.5),11 (0.1), hbl (24), sulph (1), ttn(0.4), gr
1.5 950 091 | -1.75 gl (87.9),11 (0.2), cpx (7.7), sulph (3.9), gr

Quenched glass (gl), fluid (fl), hornblende (hbl), plagioclase (plag), garnet (grt),

1

7
8
9 clinopyroxene (cpx), magnetite (mag), Fe-sulphide (sulph), titanite (ttn),
0  anhydrite (anh).




Table 3 Composition of run products in wt.%, except where indicated.

Phases Si0; TiOy Al 03 FeO, or MgO Ca0 Na;0 K0 S Cl Total Mgt H,0 CO; S, ppm
#) Fe (in
sulphide)
Hematite-magnetite buffer (NNO+4.75)
1.0GPa, 841°C (+anh)
GI(10) 68.58(37) 0.16(2) 17.39(26) 1.63(10) 0.54(6) 2.06(9) 6.11(25) 3.19(11) 0.04(1) 0.26(2) 100.00 0.37 7.22 0.48(12) 387+127
HbI(8) 40.19(53) 2.70(40) 13.94(23) 13.69(52) 11.75(72) 10.94(13) 3.16(10) 0.72(4) b.d.L b.d.l 97.09 0.6 7.22 0.48(12)
Plag(8) 60.31(63) 0.04(3) 24.52(38) 0.58(6) b.d.L 6.33(42) 8.27(22) 0.44(3) b.d.L b.d.L 100.49
Mag(5) 0.08(3) 15.40(50) 1.18(2) 73.14(56) 1.15(10) 0.11(5) b.d.l b.d.L b.d.L b.d.lL 91.06
1.0GPa, 870°C (+anh)
GI(10) 66.87(39) 0.28(3) 18.13(22) 2.42(12) 0.55(4) 2.48(4) 5.95(13) 2.98(6) 0.07(1) 0.19(1) 100.00 0.29 7.47(16) 0.53(1) 680+£146
HbI(10) 40.45(69) 2.34(28) 12.87(57) 16.71(42) 10.38(28) 10.49(14) 3.05(8) 0.81(5) b.d.L 0.08(1) 97.18 0.53
Plag(12) 60.29(53) 0.03(1) 25.14(44) 0.50(9) b.d.L 6.47(51) 7.93(28) 0.46(6) b.d.L b.d.lL 100.82
Mag(9) 0.13(3) 24.34(27) 1.05(6) 65.13(34) 1.01(3) 0.15(3) b.d.l b.d.L b.d.L b.d.lL 91.81
1.0GPa, 875°C (+anh)
GI(13) 67.71(40) 0.21(2) 17.68(19) 2.07(9) 0.70(3) 2.45(6) 5.99(23) 2.88(7) 0.06(1) 0.20(2) 100.00 0,38 6.92(11) 0.52 599+134
HbI(9) 40.33(66) 2.86(23) 13.90(56) 13.68(69) 11.68(42) 10.89(8) 3.16(8) 0.72(5) b.d.L 0.06(1) 97.28 0.6
Plag(9) 58.83(35) 0.03(2) 25.75(23) 0.55(8) b.d.L 7.47(12) 7.57(15) 0.35(2) b.d.L b.d.lL 100.55
Mag(10) 0.07(2) 14.28(44) 1.36(8) 73.95(38) 1.08(4) 0.09(2) b.d.l b.d.l b.d.l b.d.l 90.83
Rhenium-rhenium oxide buffer (NNO+2)
0.5GPa, 900°C (+anh)
Gl(10) 64.00(21) 0.75(3) 18.09(19) 3.70(10) 1.32(6) 3.58(8) 5.85(6) 2.33(8) 0.10(1) 0.18(2) 100.00 0.39 5,87(23) 0.13(1) 10324137




HbI(14) 42.78(83) 2.63(40) 10.62(58) 11.91(42) | 14.24(56) 11.18(49) 2.67(13) 0.48(4) b.dl b.dl 96.51 0.68

Plag(4) 51.86(53) 0.29(7) 27.40(91) 1.96(4) 0.57(9) 11.72(49) 2.93(18) 0.69(10) b.dl 0.07(2) 97.49

Mag(3) 0.55(11) 6.00(12) 4.68(37) 77.77(63) | 3.33(19) 0.17(2) b.dl b.dl b.dl b.dl 92.50

7.0GPa, 850°C

GI(8) 67.86(35) 0.31(3) 17.60(9) 2.31(10) 0.36(4) 2.51(8) 5.77(17) 2.97(9) 0.05(1) 0.22(2) 100.00 | 0.22 7.88(11) 0.47(2) 4782112
HbI(9) 40.67(41) 2.36(13) 12.67(29) 17.96(43) | 9.42(49) 10.57(16) 3.16(10) 0.88(6) b.dl 0.11(1) 97.8 0.48

Plag(10) | 61.61(33) 0.04(1) 24.03(41) 0.47(7) 0.03(1) 556(37) 8.62(21) 0.56(9) b.dl b.dl 100.92

Mag(2) 0.44(40) 29.36(14) 0.77(7) 62.32(55) 0.84(2) 0.1(2) b.dl 0.06(2) b.dl b.dl 93.89

Sulph(2) 0.21(2) 0.06(1) 0.03(1) 59.91(11) b.d.l 0.11(1) b.dl b.d.l. 37.64(25) b.dl 97.96

1.0GPa, 900°C

GI(9) 64.51(28) 0.47(5) 18.65(19) 3.40(10) 0.65(4) 3.59(6) 5.84(19) 2.58(8) 0.06(1) 0.18(1) 100.00 | 0.25 7.47(29) 0.59(4) 622%115
HbI(9) 40.26(70) 2.61(17) 13.71(15) T6.41(44) | 10.14(40) 10.7121) 3.19(8) 0.79(4) b.dl 0.06(1) 97.43 052

Plag(10) 57.72(44) 0.05(2) 26.52(34) 0.54(11) 0.03(3) 8.48(22) 7.06(19) 0.37(9) b.dl b.dl 100.77

Mag(6) 0.12(8) 30.15(48) 0.99(4) 61.66(58) 1.22(4) 0.15(4) b.dl b.d.l b.dl b.dl 94.29

Sulph(2) 0.22(0) 0.09(1) 0.08(6) 59.95(12) b.dl 0.15(6) b.dl b.dl 37.65(20) b.dl 98.14

1.0GPa, 950°C

GI(10) 62.46(39) 0.63(4) 18.67(16) 757011 1.08(3) 1107 581(23) 2.30(7) 0.10(1) 0.19 100.00 | 0.30 6.39(22) 0.56(1) 971288
HbI(10) 39.61(60) 2.99(9) 14.86(42) 15.51(37) | 10.18(34) 10.63(16) 3.13(6) 0.79(4) 0.03(1) 0.07(1) 97.80 0.54

Plag(10) 56.97(38) 0.05(4) 26.71(48) 0.59(15) 0.05(5) 8.87(32) 6.84(16) 0.35(9) b.d.l b.dl 100.43

Mag(@) 0.1505) 28.94(43) 12312 61.10(62) 145(3) 017(4) b.dl 0.042) b.dl b.dl 93.08

Sulph(1) 0.18 b.dl 0.04 59.78 b.dl 0.1 b.dl b.dl 37.72 b.dl 97.82

1.5GPa, 850°C




GI(10) 66.78(18) 0.44(5) 18.10(18) 2.59(13) 0.44(3) 3.01(5) 5.70(8) 2.67(8) 0.05(1) 0.17 100.00 0.24 8.05(7) 0.77(2) 46393
HbI(9) 39.32(30) 2.55(32) 15.01(45) 17.97(73) 8.00(34) 9.52(18) 3.00(10) 1.04(4) 0.03(1) 0.10(2) 96.54 0.44
Plag(11) 60.69(88) 0.03(2) 24.36(59) 0.40(8) b.d.l 5.82(62) 7.62(41) 0.44(5) b.d.l b.d.l 99.36
IIm(5) 0.06(2) 40.84(5) 0.67(4) 57.22(12) 1.78(2) 0.09(3) b.d.l b.d.l b.d.l b.d.l 100.66
Sulph(3) 0.15(16) 0.04(1) b.d.l 60.04(98) b.d.l 0.08(3) b.d.l b.d.l 39.61 b.d.l 99.92
1.5GPa, 900°C
Gl(10) 65.60(30) 0.55(7) 18.35(17) 3.04(10) 0.66(4) 3.07(5) 6.03(25) 2.47(8) 0.03(1) 0.16(2) 100.00 0.28 7.34(1) 0.96(2) 35282
HbI(12) 38.83(22) 3.28(8) 15.62(22) 16.91(34) 8.28(13) 9.44(16) 3.04(7) 0.89(3) 0.04(1) b.d.l 96.33 0.47
Plag(8) 59.52(59) 0.03(1) 25.07(31) 0.4(5) b.d.l 6.53(33) 7.29(18) 0.36(2) b.d.l b.d.l 99.20
Grt(8) 37.94(27) 1.25(5) 19.92(13) 23.02(17) 6.45(8) 9.89(29) 0.11(2) b.d.L b.d.L b.d.l 98.58 0.33
Sulph(3) 0.13(12) 0.04(2) b.d.l 60.28(21) b.d.l 0.1(2) b.d.l b.d.l 39.36 b.d.l 99.91
1.5GPa, 950°C
Gl(10) 59.95(38) 1.22(12) 18.61(23) 5.77(13) 1.75(6) 4.53(10) 5.77(20) 2.15(6) 0.03(1) 0.17(2) 100.00 0.35 6.81(13) 0.99(10) 338+112
Grt(10) 39.23(21) 1.03(16) 20.91(19) 19.92(31) 10.92(31) 7.35(14) 0.04(2) b.d.l b.d.l b.d.l 99.40 0.49
Cpx(5) 47.36(35) 1.22(10) 9.41(24) 10.26(53) 10.82(18) 17.38(48) 1.69(4) 0.04(1) b.d.l b.d.l 98.18 0.65
Sulph(1) 0.18 0.06 0.04 59.52 b.d.l 0.19 b.d.l b.d.l 38.2 b.d.l 98.19
Nickel-nickel oxide buffer (NNO)
1.0GPa, 850°C
GI(8) 65.74(13) 0.50(2) 18.50(8) 2.63(11) 0.51(2) 3.12(1) 6.07(21) 2.73(9) 0.02(1) 0.17(1) 100.00 0.26 7.76(18) 0.58(1) 164456
HbI(10) 41.28(61) 1.94(53) 13.34(97) 16.33(85) 10.34(47) 10.11(30) 3.23(15) 0.73(4) b.d.l 0.07(1) 97.37 0.53
Plag(8) 59.23(82) 0.03(2) 25,52(58) 0.31(6) b.d.l 7.08(57) 8.03(25) 0.38(6) b.d.l b.d.l 100.58
IIm(5) 0.51(42) 48.66(31) 0.40(15) 44.29(40) 2.89(8) 0.25(5) b.d.l 0.06(2) b.d.l b.d.l 97.06
Sulph(4) 0.65(20) 0.13(4) 0.22(14) 62.31(18) b.d.l 0.23(9) b.d.l b.d.l 38.69(11) b.d.l 102.05




1.0GPa, 900°C
GI(7) 63.78(29) 0.63(2) 19.11(18) 3.33(9) 0.73(5) 3.94(10) 5.87(19) 2.40(5) b.dl 0.19 100.00 | 0.28 7.79(19) 0.55(1) (b.dl)
HbI(10) 40.47(83) 3.01(31) 14.45(37) 15.26(83) | 10.08(60) 10.70(26) 3.06(10) 0.81(7) b.dl 0.06(1) 97.9 0,54
Plag(10) 57.13(66) 0.0709) 27.02(55) 0.43(15) 0.042) 9.01(50) 6.56(37) 0.31(6) b.dl b.dl 100.57
TIm(1) 0.16 4955 0.35 44.28 32 0.21 b.dl 0.05 b.dl b.dl 97.80
Sulph(5) 0.25(23) 0.05(2) b.d.l 60.88(99) b.d.l. 0.11(5) b.dl b.d.l. 38.18(114 b.dl 99.47
)
7.0GPa, 950°C
GI21) 60.59(37) 1.11(4) 19.30(18) 4.24(10) 1.76(7) 5,00(10) 5.66(18) 2.11(6) 0.02(1) 0.19(1) 100.00 | 0.42 7.40(8) 0.64 217297
HbI(11) 41.39(67) 2.79(53) 14.69(66) 11.26(70) | 12.94(70) 10.76(36) 3.05(10) 0.72(6) b.dl 0.05(1) 97.65 0.67
Tim(1) 0.48 50.68 0.56 394 6.19 0.56 0.11 0.04 b.dl b.dl 98.02
Sulph(4) 0.28(2) 0.09(1) 0.09(6) 60.95(51) b.dl. 0.17(3) b.d.l. b.dl. 36.72(19) b.dl 98.30
1.5GPa, 850°C
GI(13) 68.57(25) 0.35(2) 17.80(16) 1.99(10) 0.31(2) 2.42(5) 5.63(14) 2.71(10) 0.01(1) 0.21(2) 100.00 | 0.22 8.26(11) 0.67(2) 116259
HbI(9) 39.71(56) 2.62(38) 14.81(61) 18.79(76) | 7.26(53) 9.41(36) 3.07(13) 0.96(8) b.dl 0.14(2) 97.77 0.41
Plag9) 61.06(50) 0.04(3) 24.06(60) 0.32(6) .l 5.42(54) 8.02(32) 0.44(9) b.dl b.dl 99.36
Gre(3) 37.57(53) 1.24(26) 20.39(38) 23.36(55) | 4.16(14) 12.06(59) 0.14(1) b.dl. b.dl b.dl 98.92 0.24
TIm(1) 0.21 514 0.34 42.02 1.97 0.27 b.dl b.dl b.dl b.dl 96,21
Sulph(1) 0.29 0.04 0.08 61.48 b.dl 0.08 b.dl b.dl 38.21 b.dl 100.18
Ttn(3) 30.19(5) 35.98(19) 2.33(20) 0.97(8) b.dl. 28.00(21) b.dl. 0.06(2) b.dl. b.dl 97.53
1.5GPa, 900°C
GI(10) 64.74(16) 0.71(3) 18.99(23) 2.75(10) 0.74(4) 3.43(6) 6.02(10) 2.41(5) 0.02(1) 0.18(2) 100.00 | 0.32 7.42(38) 0.92(8) 188+135
HbI(5) 39.17(64) 3.35(34) 16.31(53) 15.76(76) | 8.48(65) 10.00(21) 3.06(14) 0.93(7) b.dl 0.09(1) 97.15 0.49




Plag(5) 58.24(30) b.d.l 25.78(35) 0.35(10) b.d.l 7.43(23) 6.76(10) 0.34(9) b.d.l b.d.l 98.90
Grt(9) 37.93(29) 1.52(13) 20.57(23) 21.90(52) 6.26(27) 10.74(43) 0.12(2) b.d.L b.d.L b.d.l 99.04 0.34
Sulph(1) 0.57 0.16 0.35 60.9 b.d.l 0.15 b.d.l 0.06 38.42 b.d.l 100.61
1.5GPa, 950°C
Gl(10) 62.18(25) 1.12(4) 19.16(21) 3.61(10) 1.34(5) 4.18(8) 5.99(11) 2.21(10) 0.02(1) 0.18(1) 100.00 0.4 7.43(8) 1.07(9) 191+112
Hbl(4) 39.78(42) 3.44(39) 16.21(76) 12.91(55) 10.67(65) 9.83(17) 3.05(22) 0.81(4) b.d.l 0.08(0) 96.87 0.6
Grt(17) 38.53(26) 1.39(17) 21.13(28) 20.65(33) 8.66(30) 9.21(22) 0.09(4) b.d.l b.d.l b.d.l 99.66 0.43
Cpx(5) 47.91(53) 1.16(17) 8.62(63) 10.73(99) 10.90(90) 17.58(90) 1.93(17) 0.05(5) b.d.l b.d.l 98.88 0.64
Sulph(1) 0.25 0.11 b.d.l 61.38 b.d.l 0.3 b.d.l b.d.l 38.31 b.d.l 100.35
Cobalt-cobalt oxide buffer (NNO-1.7)
1.0GPa,
850°C
Gl(9) 64.52(24) 0.49(2) 19.94(13) 2.40(12) 0.62(5) 4.25(7) 5.53(12) 2.25(8) 0.03(1) 0.16(2) 100.00 0.28 9.48(43) 0.33(9) 277+122
HbI(8) 42.58(84) 1.91(24) 13.84(75) 13.48(80) 12.38(49) 10.56(42) 3.02(10) 0.63(2) b.d.l 0.03(2) 98.43 0.62
IIm(7) 0.18(7) 50.31(84) 0.23(3) 43.24(27) 3.01(9) 0.18(5) b.d.L b.d.L b.d.L b.d.L 97.15
Sulph(4) 0.45(33) 0.08(1) 0.16(11) 62.24(29) b.d.l 0.21(10) b.d.l b.d.l 37.76(30) b.d.l 100.9
Ttn(1) 31.6 36.7 2.6 0.9 0.1 27.6 b.d.l b.d.l b.d.l b.d.L 99.5
1.0GPa, 900°C (+gr)
GI(8) 63.81(28) 0.62(3) 20.09(29) 2.17(12) 0.74(2) 4.30(8) 5.79(14) 2.27(6) 0.02(1) 0.17(2) 100.00 0.34 8.99(14) 0.23(1) 208+109
Hbl(6) 42.29(82) 2.36(92) 13.89(33) 13.05(92) 12.44(93) 10.26(68) 3.20(8) 0.66(7) b.d.l 0.05(1) 98.29 0.63
IIm(1) 0.48 51.06 0.39 40.62 4.64 0.23 0.1 0.07 b.d.l b.d.l 97.59
Sulph(3) 0.07(6) b.d.l b.d.l 63.17(22) b.d.l 0.08 0.06(1) b.d.l 38.29(2) b.d.L 101.67
Ttn(5) 30.69(75) 36.10(57) 2.37(27) 0.50(70) 0.09(2) 27.55(16) 0.05(2) 0.05(2) b.d.L b.d.l 97.35




1.0GPa,

950°C

GI(1D) 60.85(23) 0.91(2) 20.52(20) 3.42(13) 0.98(4) 511(9) 5.77(14) 2.21(7) 0.02(1) 0.20(1) 100.00 | 034 | 8.44(14) 0.57(2) 166£100
HbI(7) 40.46(40) 3.01(64) 15.97(55) 10.54(32) | 12.72(31) 11.00(24) 317(8) 0.78(3) b.dl 0.04(1) 97.69 0.68

TIm(2) 0.78(40) 49.3(40) 0.6(14) 42.09(13) | 4.10227) 0.43(6) 0.09(3) 0.07 b.dl b.dl. 97.46

Sulph(4) 0.80(73) 0.10(3) 0.32(31) 61.50(44) b.dl 0.24(10) b.dl b.dl 37.47(52) b.dl 100.43

1.5GPa, 850°C (+gr)

GI(10) 66.09(25) 0.41(3) 19.39(13) 1.85(11) 0.45(4) 337(5) 5.88(16) 2.32(5) 0.03(1) 0.18(2) 100.00 03 931(3) 0.10 2582113
HbI(7) 39.76(49) 2.95(11) 15.87(52) 17.28(88) | 7.34(35) 9.86(23) 3.16(12) 0.9705) b.dl 0.13(2) 97.32 0.43

Gre(8) 38.00(18) 1.53(16) 20.63(42) 20.96(79) | 4.44(29) 13.42(53) 0.12(3) b.dl. b.dl b.dl 99.10 0.27

TIm(2) b.dl 50.93(38) 0.39(6) 41.91(3) 2.76 0.97(13) b.dl b.dl b.dl b.dl 96.96

Sulph(3) 0.12(6) 0.06(3) 0.05(3) 62.03(30) b.dl 0.11(3) b.dl b.d.l. 38.13 b.dl 700.50

Ttn(4) 30.46(20) | 35.73(44) 2.67(27) 0.96(5) 0.05(3) 27.92(9) 0.04(3) 0.07(3) b.dl b.dl 97.92

1.5GPa, 900°C (+gr)

GI(10) 62.24(19) 0.73(2) 19.81(25) 2.32(10) 0.80(7) 3.98(12) 5.65(10) 2.25(7) 0.03(1) 0.17(1) 100.00 | 0.38 9.26(32) 0.14(1) 287:138
HbI(9) 39.16(62) 3.44(19) 17.56(33) 13.95(99) | 9.19(63) 10.58(22) 3.09(9) 1.03(4) 0.04(1) 0.08(1) 98.12 0.54

Sulph(6) 0.34(10) 0.08(3) 0.09(2) 61.87(19) .l 0.18(3) b.dl b.dl 38.26031) b.dl 100.82

Tn(1) 31.54 35.62 3.03 0.84 0.1 27 0.28 0.16 b.dl b.dl 98.57

1.5GPa, 950°C (+gr)

GI(10) 61.83(29) 1.28(3) 20.01(18) 1.85(5) 2.36(8) 5.00(9) 5.40(16) 2.03(7) 0.04(1) 0.15(2) 100.00 | 0.70 8.49(28) 0.21(1) 39961
Cpx(9) 50.45(32) 0.9(12) 6.55(69) 7.86(89) | 13.49(49) 18.83(59) 1.32(16) 0.05(2) b.dl b.dl 99.45 0.75

Sulph(4) 0.22(5) 0.07(2) 0.05(1) 61.66(24) b.dl 0.17(4) b.dl b.dl 38.39(12) b.dl 100.56




Composition of quenched glasses (gl) is presented as anhydrous normed to 100wt.%. Anhydrite analyses are not present due to
interferences caused by neighboured crystals and melt during analyses (see text). Detailed concentrations of S in glass in ppm are given
on the rightside.
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Figure S1: Composition of silicate melts in experiments performed at 1.0 and
1.5GPa. The values are calculated on anhydrous melt basis and represent mean

values of 7-21 analyses; error bars refer to +1o reproducibility.
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Figure S2: Calculated values for Ka and Kg constants at 1.0 and 1.5GPa. Whilst Kz
mostly controls the position of X¢e+*, Ka determines the position of Xs2- and

Xs; lines.
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Figure S3: Alternative model to Fig. 8, with (a) S-speciation and (b) S-contents in
silicate melts at 1.0 GPa assuming the presence of S#*-intermediate species
instead of SO. Note the maximum for S#* is closer to the oxidized field compared
to SO (Fig.8). This would limit the stability field of S?-to below NNO +1 which

contradicts the experimental observations.
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