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We performed crystallization experiments at 2^3 GPa at 700^

9508C on basaltic and pelitic lithologies with added water and

sulphur to constrain the factors controlling sulphur behaviour in sub-

duction zones and how it may have varied through geological time.

The resulting hydrous silicic melts have up to 20 times more dissolved

sulphur (up to 1wt %) than at 0·2^0·4 GPa, when moderately oxi-
dized conditions prevail. Such high solubilities appear to result from

the combined effects of enhanced solubility of water in high-pressure

silicate melts (10^20 wt % H2O), which acts to decrease silica ac-

tivity, and oxidizing conditions. The results confirm previous find-

ings that high sulphur contents in silicate melts do not necessarily

require iron-rich compositions, suggesting instead that sulphur^

water complexes play a fundamental role in sulphur dissolution

mechanisms in iron-poor silicic melts, in agreement with recent spec-

troscopic data. The experimental melts reproduce Phanerozoic

slab-derived magmas, in particular their distinct Ca- and Mg-rich

composition.The results also show that sulphur increases the degree

of melting of basalt lithologies. Hence, we suggest that subducted

slabs will preferentially melt where sulphur is present in abundance

and that the variability in arc magma sulphur output reflects, in

part, the vagaries of sulphur distribution in the slab source. In con-

trast, comparison with the composition of Archean felsic rocks sug-

gests that, in the early Earth, much less sulphur was present in

subducted slabs, in agreement with a number of independent lines of

evidence showing that the Archean ocean, hence the hydrothermally

altered subducted Archean oceanic crust, was considerably poorer in

sulphur than at present. Volcanic degassing of sulphur was thus

probably much weaker during the Archean than in Proterozoic^

Phanerozoic times.

KEY WORDS: adakite; magma; partial melting; sulphide; subduction;

thermodynamics; igneous petrology; experimental petrology

I NTRODUCTION
The behaviour of sulphur in subduction zones remains
largely unknown. A number of recent eruptions have illu-
strated that arc magmas are important contributors of sul-
phur to the atmosphere (Robock, 2000) with restored bulk
sulphur contents prior to eruption (including those with a
strong slab melt imprint) of c. 0·5wt %, reaching several
wt % in some instances (Scaillet et al., 2003). Experiments
and calculations have shown that most of the S is in
the fluid phase (Scaillet et al., 1998; Keppler, 1999;
Burgisser & Scaillet, 2007; Burgisser et al., 2008), which
exsolves prior to eruption. High sulphur concentrations
(up to 6000 ppm) in silicate-melt inclusions hosted in oliv-
ine from arc harzburgitic xenoliths and primitive basaltic
lava samples (Me¤ trich et al., 1999; De Hoog et al., 2001;
Cervantes & Wallace, 2003) indicate that arc mantle may
be significantly enriched in sulphur (up to 500 ppm)
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relative to mid-ocean ridge basalt (MORB) mantle
(c. 200 ppm), following metasomatism by an H2O-rich
agent with up to several wt % sulphur (Cervantes &
Wallace, 2003). Isotopic studies show that arc mantle
sources are enriched in 34S relative to MORB or ocean
island basalt (OIB) sources (e.g. d34S values between þ4
and þ7ø for the Indonesian arc system; De Hoog et al.,
2001), pointing to the involvement of slab-derived material,
in particular deep-sea sediments, which are on average sig-
nificantly enriched in 34S (d34S¼þ12ø, Alt & Burdett,
1992), although other sources are possible [hydrothermally
altered oceanic crust and serpentinized oceanic peridotites
can have high sulphur contents, up to 1wt % (Alt &
Shanks, 2003)]. Recent high-pressure experiments have
also shown that sulphate solubility is very high in
Cl-bearing hydrous fluids (Newton & Manning, 2005).
Similarly, experiments at 1·5GPa on sulphidesþH2O
phase equilibria (Wykes & Mavrogenes, 2005) have
shown that water depresses the melting temperature of sul-
phide, implying that molten sulphide can dissolve a signifi-
cant amount of water. Thus, during dehydration at depth
of serpentinite, which is the lithology believed to be the
major source of fluids in subduction zones (Ulmer &
Trommsdorff, 1995), sulphur is likely to be scavenged by
percolating fluids, which will trigger melting in the upper
sections of the downgoing slab. Recent thermodynamic
modelling of sulphur behaviour in metamorphosed contin-
ental crust has shown that this element is easily remobi-
lized by pervading metamorphic fluids (Tomkins, 2010).
This scenario is also likely to be valid for oceanic crust at
the deeper conditions imposed by subduction. In addition
to hydrothermally altered basaltic or ultramafic crust,
widespread sulphide accumulation deposits occurring on
the seafloor [the so-called volcanic-hosted massive
sulphide deposits (VHMS); see Huston et al. (2010) for a
review] are another, immediately available, source of
sulphur, with concentrations largely exceeding the wt %
level, which, if subducted, may also be remobilized. All
the evidence points, therefore, to efficient mass transfer of
sulphur in the subduction factory. However, although mas-
sive subduction recycling of sulphur has been advocated
for Phanerozoic times (e.g. Jambon, 1994), whether this
was also the case during the Archean is not known.
Slab-derived melts are generally not considered as the

main transport medium of sulphur (e.g. De Hoog et al.,
2001) because (1) this requires sulphur concentrations of at
least 10 000 ppm, which exceeds by 2^3 orders of magni-
tude the known solubility of sulphur in common siliceous
melts at low pressures, and (2) geothermal gradients in
present-day subduction zones have been long considered
too cold to allow widespread slab melting, except under
restricted conditions (subduction of young hot slabs).
The second limitation is now challenged by the fact that
improved thermal models with temperature-dependent

and/or stress-dependent rheology (e.g. van Keken et al.,
2002; Kelemen et al., 2003), point to top slab temperatures
high enough to allow fluid-saturated melting of the sub-
ducted slab. In support of this are recent findings based
on trace element solubilities in high-pressure fluids and
melts that point to the temperatures at the top of the slab
high enough to allow its melting (i.e.47008C; Plank et al.,
2009). Additionally, sediment partial melting is required
for critical elements such as Th and Be to be efficiently
transferred into the mantle wedge (Johnson & Plank,
1999; Hermann & Spandler, 2008), which calls for partial
melting of subducted slabs to be more common than gener-
ally thought.With respect to the first limitation, no experi-
mental study has yet explored the solubility of sulphur in
hydrous silicic melt at high pressures. Available experimen-
tal constraints on sulphur solubility in silicate melts at
high pressures concern mostly dry basaltic compositions
(e.g.Wendlant, 1982; Mavrogenes & O’Neill, 1999; Holzeid
& Grove, 2002; Jugo et al., 2005), which are not appropriate
to most subduction zone environments.
Within this context we have investigated the sulphur

solubility in melts produced from partial melting of basalt
and sediment, under P^T^fO2 conditions relevant to sub-
duction zones. Our approach consisted of adding sulphur
to basalt^H2O or sediment^H2O charges, whose melting
behaviour without sulphur had been previously deter-
mined (Prouteau et al., 2001; Hermann & Spandler, 2008).
We explored the effect of oxygen fugacity (fO2), owing to
its influence on sulphur behaviour in silicate melts (Carroll
& Rutherford, 1987; Luhr, 1990; Carroll & Webster, 1994;
Scaillet & Evans, 1999; O’Neill & Mavrogenes, 2002; Jugo
et al., 2005), from around NNOþ1 (one log unit above
the solid buffer nickel^nickel oxide) to below NNO ^ 2.
We explored a range of 1^4wt % bulk sulphur content to
determine the maximum sulphur content in silicate melts
under these conditions. It should be noted that we do not
argue that the oceanic crust is everywhere enriched at the
per cent level in sulphur, but rather that such concentra-
tions may locally be reached and exert a first-order control
on the observed variability in the sulphur output of arc
magmas (e.g. Scaillet et al., 2003). We investigated a pres-
sure and temperature range of 2^3GPa and 700^9508C,
respectively. Such conditions include those of the top of
the subducted slab beneath the majority of active volcanic
arcs and are thus supposed to mimic slab melting (Defant
& Drummond, 1990; Schmidt & Poli, 1998; Kelemen et al.,
2003; Hermann & Spandler, 2008). We have not explored
higher pressures primarily to avoid approaching too clo-
sely the second critical end point (Bureau & Keppler,
1999; Kessel et al., 2005a, 2005b; Klimm et al., 2008), which
for the basalt^H2O system is considered to lie between
5 and 6GPa (Kessel et al. 2005b). The experimental pres-
sures are thus sufficiently high to approach slab melting
conditions, but also low enough to avoid H2O contents of
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the experimental melts too high to render them unquench-
able (Klimm et al., 2008). Our results are then applied to
the broad context of oceanic subduction, past to recent, in
an effort to unravel the role of silicate melts produced in
such an environment on the global cycle of sulphur.

EXPER IMENTAL AND
ANALYTICAL PROCEDURES
Apparatus and starting material
Experiments were performed at 2^3GPa and between
700 and 9508C on a representative MORB from the Juan
de Fuca Ridge (Prouteau et al., 2001) and a pelitic sediment
from the Barbados accretionary prism, Lesser Antilles
(Table 1). Experiments were conducted in a ½ inch
piston-cylinder apparatus using talc^Pyrex^graphite fur-
nace assemblies. We used gold capsules (outer diameter
1·8mm; inner diameter 1·6mm; length 10mm) packed
within the graphite furnace with boron nitride powder.
The use of these assemblies and gold capsules produces
fO2 conditions around the Ni^NiO transition (see below).
Capsules were separated from the thermocouple by a
1mm thick MgO wafer. Temperature was controlled using

an S-type thermocouple sitting 1mm above the capsule.
No friction correction was applied and nominal pressures
are reported. Run durations were between 1 and 5 days
(Table 2), depending on temperature.
Basalt experiments were performed using the same dry

glass as in the study by Prouteau et al. (2001) as the starting
product, prepared by fusing twice at 0·001MPa a pow-
dered MORB. We added 5·5^8·0wt % H2O [following
Prouteau et al. (2001)], and 1^2wt % elemental sulphur to
the MORB experimental charges. In one experiment with
basalt (charge MS11), reducing conditions were achieved
by using a graphite capsule lining a platinum capsule,
within which the starting glass powder and water were
loaded.The use of a graphite capsule buffers the redox con-
ditions at c. 2 log units below NNO (see below).
The pelite has an initial mineralogy of mainly quartz

and clay (smectite, kaolinite, illite). We conducted the ex-
periments directly using the powdered pelite, which has
�8·5wt % H2O bound in hydrous minerals, with 1^4wt
% added elemental sulphur.
The use of elemental sulphur as a source of sulphur, in-

stead of pyrrhotite or anhydrite as commonly practised
(e.g. Luhr, 1990; Jugo et al., 2010), needs discussion.We are
interested in a process whereby sulphur is brought to the
system via the ingress of hydrous fluids (i.e. those released
by dewatering of altered oceanic crust). The tested hypoth-
esis is that those hydrous fluids may contain several wt %
dissolved S. Using either pyrrhotite or anhydrite as a
source of S would imply that slab-derived fluids contain S
and Fe (or Ca) in equal proportions, an unjustified as-
sumption, which would also introduce an additional com-
positional bias in the system. In fact, our procedure is
similar to that of adding water or any other volatile whose
effect on phase relations or compositions is being con-
sidered: introduction of water allows crystallization of
hydrous phases, whereas introduction of CO2 allows car-
bonate precipitation. Hence, we believe that our experi-
mental procedure more closely simulates what can happen
at depth in crustal sections flushed by S-bearing fluids
than one in which sulphur is added either as FeS or as
CaSO4. It is clear, however, that our experiments still do
not fully simulate the real system: in particular, the role of
halogens (Cl, F) should be explored in future studies.
A last note concerns the presence of CO2 in the pelite

charges (1wt % in the starting material; Table 1). The pres-
ence of this volatile should increase the potential for fluid
saturation of pelite-based experiments, yet this is difficult
to assess owing to the fact that CO2 solubility trends in
high-pressure hydrous silicic melts are poorly known.
Although there is no evidence, either textural (i.e. large
bubbles) or on capsule opening (hissing), for the coexist-
ence of a separate fluid phase with the silicate melt during
the HP^HTannealing, we cannot fully exclude such a pos-
sibility. In any case, it should be kept in mind that the

Table 1: Starting compositions

Pelite Pelite N-MORB

B-12a B-12a BN06-11

Anhydrous Anhydrous

SiO2 58·49 64·80 49·97

TiO2 0·87 0·97 2·27

Al2O3 19·35 21·43 13·68

FeOtot 5·59 6·19 12·69

FeO 1·67 – –

MnO 0·04 0·04 0·22

MgO 1·95 2·16 6·83

CaO 0·36 0·40 10·56

Na2O 1·31 1·46 2·69

K2O 2·21 2·45 0·27

P2O5 0·09 0·10 0·37

LOI 8·53 – –

Total 100·46 100·00 99·54

CO2 tot % 1·03 – –

H2O tot % 8·53 – –

H2O
– % 2·53 – –

S tot % 0·090 – –

Cl ppm 565 – –

F % 0·056 – –

LOI, loss on ignition.
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geochemical inferrences derived below from pelite experi-
ments correspond to a pelite composition with a significant
amount of CO2.

Analytical techniques
Upon run completion, capsules were recovered and cut in
half. Half of each capsuleþ run products was mounted in
epoxy resin, and polished for scanning electron micros-
copy (SEM) and electron microprobe (EMP) analyses
[Cameca SX 50 (Services Communs BRGM^CNRS^
Universite¤ d’Orle¤ ans, Orle¤ ans) and Cameca SX 100
(Services Communs Camparis, Paris)].
Major elements of both glasses and crystals were deter-

mined with the following analytical conditions: accelerat-
ing voltage of 15 kV, sample current of 6 nA, counting
time of 10 s on peak, with either a defocused (glass,
10^15 mm) or focused (crystal) beam. The measured alkali
concentrations of the glasses were corrected by using sec-
ondary standards of rhyolitic composition with known
alkali and water contents (Scaillet et al., 1995). The water
contents of the experimental glasses were determined by
using the summation deficit from 100% of the EMP ana-
lyses (Devine et al., 1995), using eight rhyolitic standard
glasses containing 2^8·7wt % H2O as determined by
Karl Fisher titration (Martel et al., 1998; Scaillet & Evans,

1999) or ion-microprobe analysis (Scaillet et al., 1995).
Owing to potential volatile exsolution during quench, we
also calculated the amount of dissolved H2O on the basis
of perfectly incompatible behaviour of K2O and H2O in
experimental runs where no hydrous and/or potassic
phases are left in the residue.
After having determined their major element compos-

ition, the sulphur content of the glasses was determined
using the following analytical conditions: accelerating volt-
age of 15 kV, sample current of 50 nA, counting time of
180 s and a focused beam, which ensure a detection limit
of 50 ppm.We used three S-bearing glass standards whose
sulphur contents have been determined by wet chemistry
(Clemente et al., 2004). No attempt was made to determine
the sulphur speciation through the peak-shift method
(Carroll & Rutherford, 1988). However, the occurrence of
anhydrite in several of our charges suggests that significant
sulphate is present (Carroll & Rutherford, 1988).

Redox state of the experiments
It is well known that controlling fO2 in solid-medium pres-
sure devices used to simulate mantle conditions is a hard
task (Holloway et al., 1992; Rosenbaum & Slagel, 1995;
Brooker et al., 1998; Hall et al., 2004). Unlike in gas pressure
vessels, where fH2 (hydrogen fugacity)/fO2 can be strictly

Table 2: Experimental conditions and run products

Run P T fO2 Duration H2O S bulk Run products S melt n

no. (GPa) (8C) (h) (wt %) (wt %) (ppm)

Basalt

MS7 2 800 þ1 66 6·7 1·1 Gl, Hbl, Tmg, Anh 290(22) 7

MS6 2 900 þ1 41 6·6 1·1 Gl, Hbl, Hilm, Po 300(56) 11

MS26 2 900 þ1 48 6·0 2·0 Gl, Hbl, Hilm, Po 1509(94) 12

MS29 2 950 þ1 40 6·5 2·0 Gl, Hbl, Cpx, Opx, Tmg, Hilm, Anh, Po 1912(620) 19

MS5 3 800 þ1 65 6·2 1·1 Gl, Ga, Cpx, Rut, Ap, Po 93(29) 9

MS1 3 900 þ1 42 5·4 1·1 Gl, Ga, Cpx, Rut, Po 1260(113) 7

MS22 3 700 þ1 75 6·8 2·0 Gl, Hbl, Ep, Hilm, Rut, Coe, Anh 570(29) 4

MS10 3 800 þ1 67 6·6 2·0 Gl, Ga, Cpx, Hbl, Rut, Anh, Po 1284(95) 8

MS9 3 900 þ1 43 5·4 2·0 Gl, Ga, Cpx, Rut, Anh, Po 4592(377) 15

MS11 3 900 5–2 50 8·1 2·0 Gl, Ga, Cpx, Rut, Po 228(28) 9

MS24 3 950 þ1 21 7·3 2·0 Gl, Ga, Cpx, Opx, Rut, Hilm, Anh, Po 5031(427) 18

Pelite

PEL1 3 900 þ1 89 8·5 1·0 Gl, Ga, Al Sil, Rut, Po 251(31) 6

PEL2 3 900 þ1 73 8·5 4·0 Gl, Al Sil, Opx, Rut, Po 9768(152) 14

PEL3 3 800 þ1 91 8·5 4·0 Gl, Al Sil, Opx, Phlog, Coe, Rut, Po 2540(81) 11

fO2 is given in log units relative to NNO. Approximate values are indicated only. (See text for explanation.) n corresponds
to the number of analyses of sulphur. Numbers in parentheses correspond to the standard deviation (1s). For basaltic
charges, the amount of H2O is that loaded to the capsule together with the dry glass. For pelitic charges, the amount of
water corresponds to that of sample, as listed in Table 1. Gl, glass; Hbl, hornblende; Cpx, clinopyroxene; Opx, ortho-
pyroxene; Ga, garnet; Phlog, phlogopite; Al Sil, aluminium silicate; Coe, coesite; Ep, epidote; Tmg, titanomagnetite;
Hilm, hemoilmenite; Rut, rutile; Anh, anhydrite; Po, pyrrhotite.
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controlled via H2^Ar mixtures (e.g. Scaillet et al., 1992), in
piston cylinder apparatus, the fO2 is considered to be
largely imposed by the solid-medium assembly. The type
of assembly we used (talc^Pyrex^graphite furnace) has
been shown to impose relatively oxidizing conditions in
hydrous charges, around NNO (Patin‹ o Douce & Beard,
1994; Truckenbrodt et al., 1997; Ratajeski & Sisson, 1999;
Pichavant et al., 2002). For instance, in a phase equilibrium
study performed on hydrous arc basalts, Pichavant et al.
(2002) used the spinel^olivine^liquid equilibrium to show
that the fO2 of charges varies from NNOþ 0·6 up to
NNOþ 2·8. This corresponds to an intrinsic fH2 around
20^40 bar in the investigated P^T range (see below). Our
charges have dissolved H2O contents mostly in the range
10^20wt % (see results), and such a range of variation in
fH2O (water fugacity) induces in turn a range of fO2

(Whitney,1972;Webster et al.,1987; Scaillet et al.,1995).To il-
lustrate this, Fig. 1 shows the results of fO2 variations aris-
ing from different fH2O at 3GPa and for two
temperatures, 700 and 9008C (note that the relationships
shown hold true regardless of the presence or absence of a
separate fluid phase). We have assumed that, at 9008C, a

melt with 15wt % dissolved H2O is at NNOþ1, which
gives an fH2 of 40 bar [using the model of Zhang (1999)
to calculate fH2O from dissolved H2O contents at P and
T]. Under those conditions, a charge with a melt water
content of 10wt % will have an intrinsic fO2 at
NNOþ 0·5, whereas one with 20wt % dissolved H2O
will be at NNOþ1·5. Decreasing temperature to 7008C
would increase the corresponding fO2. Therefore, vari-
ations in melt H2O content induce changes in fO2, which
remains within 0·5 log unit of the average value. Drastic
changes in fO2 will occur only in very water-poor melts;
that is, melts with dissolved water contents much lower
than 5wt % (Fig. 1).
The occurrence of anhydrite in several charges (see

below) is taken as further evidence for the success of the
talc^Pyrex assembly in promoting rather oxidizing condi-
tions. Several studies performed at lower pressures have
shown that anhydrite crystallizes only when fO2 is higher
than NNO, more probably above NNOþ1 (Carroll &
Rutherford, 1987, 1988; Luhr, 1990; Carroll & Webster,
1994; Scaillet & Evans, 1999; Clemente et al., 2004; Costa
et al., 2004; Jugo et al., 2005; Scaillet & Macdonald, 2006;
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Fig. 1. Effect of H2O dissolved in the melt on the fO2 imposed on the charge, calculated at 3GPa for two temperatures using an intrinsic fH2 of
4MPa, assumed to be fixed by the piston cell assembly.Variations of melt water contents in the range 10^30wt % produce only slight variations
in fO2. It is only when the H2O content is below 5wt % that an exponential decrease in fO2 arises. Also shown are the fields of pyrrhotite
(Po) and anhydrite (Anh) stability as determined in low-pressure, low-temperature experiments (Luhr, 1990; Carroll & Webster, 1994; Scaillet
et al., 1998; Clemente et al., 2004; Scaillet & Macdonald, 2006), together with the fO2 domain where they coexist (shaded area). It should be
noted that, relative to a charge in which both anhydrite and pyrrhotite coexist, a charge having a lower content of dissolved H2O may precipi-
tate only pyrrhotite, whereas one with higher H2O will crystallize only anhydrite. Similarly, for the same P, dissolved H2O and bulk S content
(taken as a proxy of fS2), a low-temperature run will impose a slightly higher fO2 on the charge relative to that performed at high temperature
[compare charges MS7 (8008C) and MS6 (9008C)]. At any given P, for a same piston cell assembly, changes in the S-bearing solid phases
may arise from the combined effects of temperature, fH2O (change in melt H2O content) and fS2 (different bulk S content). Horizontal
arrow shows the range of H2O in the melt inferred from mass balancing K2O and H2O, assuming incompatible behaviour for both components.
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Parat et al., 2008), and the fO2 range over which both sul-
phide and sulphate coexist, as in some of our charges, is
narrow, of the order of 0·5 log units or so (e.g. Scaillet
et al., 1998; Jugo et al., 2010). Thermodynamic consider-
ations on sulphide and sulphate stabilities in the Fe^Si^S^
O^Ca^Ti^H system also show that this occurs at around
NNOþ1 (Luhr, 1990). The implication is that a small de-
parture in fO2 resulting from variations in fH2O may
drive the system outside the fO2 range of co-stability,
toward either the anhydrite-only or the sulphide-only
field, as illustrated in Fig. 1. We thus suggest that the lack
of anhydrite in some charges is in part due to this effect,
in addition to changes related to small variations in intrin-
sic fH2 and/or variations in fS2 [caused by varying bulk
amounts of sulphur; see Clemente et al. (2004) and below].
Based on the above lines of evidence we conclude that the
average imposed fO2 in our oxidized experiments was
around NNOþ1.
For the graphite-lined capsule (charge MS11, Tables 2

and 3), various studies have shown that such an assembly
imposes fairly reduced conditions (Holloway et al., 1992).
Ulmer & Luth (1991) have shown that when fH2 is buffered
by the hematite^magnetite solid outer assembly the corres-
ponding fO2 inside a capsule lined with graphite and equi-
librated with a C^O^H fluid is close to NNO (at 3GPa
and 9008C). According to the evidence presented above
(Fig. 1), we estimate that the fH2 imposed by our piston
cylinder assembly is c. 30^40 bars in the investigated P^T

range, which should allow a maximum fO2 of around
NNO ^ 2 (i.e. graphite-saturated conditions and a C^O^
H fluid). It should be noted that the procedure used
implies that C-bearing species are present in the reduced
basaltic charge.

Calculation of fS2
The small size of sulphide phases prevents their accurate
chemical characterization and thus the determination of
fS2 via their composition (Clemente et al., 2004). In our
study we have evaluated the prevailing fS2 by applying
the method of Bockrath et al. (2004), as modified by Liu
et al. (2007).Those workers have derived a simple empirical
expression that allows calculation of the fS2 of a silicate
liquid saturated in sulphide liquid. The master equation is

2 FeOmelt þ S2 gas ¼ 2 FeSsulphide þO2 gas: ð1Þ

Although originally designed and calibrated on basaltic
compositions and within the temperature range 1200^
14008C, Liu et al. (2007) have shown that the empirical
expression of Bockrath et al. (2004) recovers measured fS2
of hydrous and low-temperature melts to within 0·7 log
unit. The expression is

logf S2 ¼ 6 � 7� 12800=T � 2logXFeO þ�FMQ

þ 0 � 904 P � 1ð Þ=2 � 303RT
ð2Þ

whereT is in K, P in bar, XFeO is the mole fraction of FeO
in the melt, �FMQ the fO2 expressed relative to the
fayalite^quartz^magnetite solid buffer [note that a similar
result would be obtained with the expression derived by
O’Neill & Mavrogenes (2002) but for purposes of compari-
son with Liu et al. (2007) we use the modified Bockrath
et al. (2004) equation]. Application of such an equation to
our melts yields log fS2 ranging from ^1 to over 5, most
charges having log fS2 in the range 2^4 (Fig. 2, Table 3),
the higher value being attained in the oxidized and
sulphur-rich charges. Despite some scatter, a broad positive
correlation is observed between fS2 and sulphur content
of the melt [excluding the charges MS5 and PEL1, which
fall clearly outside the main trend (Fig. 2)]. A linear regres-
sion through the remaining dataset yields a correlation co-
efficient r2¼0·7. Such a trend reflects the general increase
in sulphur fugacity that is produced by adding more sul-
phur to the charge. Although approximate, the elevated
fS2 calculated for our charges can be understood in the
following way. Let us consider a silicate melt saturated in
sulphide at a given fO2. The equilibrium constant of reac-
tion (1) is

K ¼ fO2 aFeSð Þ
2=f S2 aFeOð Þ

2
ð3Þ

where aFeS and aFeO stand for the activity of either melt or
solid components FeS and FeO. At fixed fO2, owing to the
restricted range of sulphide composition, variations in
aFeO (thus FeO content) must be largely compensated by
that of fS2 to maintain equilibrium. A variation in FeO
from 10wt % (basalt) down to 1wt % (rhyolite) induces
a decrease in XFeO by an order of magnitude. Because the
activity of ferrous oxide in anhydrous or hydrous silicate
melts is not far from unity (Gaillard et al., 2003) this
implies a similar decrease in aFeO. Assuming ideal behav-
iour and aFeS¼1, it can be easily calculated from equation
(3) that, for a change in XFeO from 0·1 to 0·01, the corres-
ponding increase in fS2 is two orders of magnitude to
maintain sulphide saturation and four orders of magnitude
if XFeO goes down to 0·001. Most of our melts have XFeO

in the range 0·01^0·001. This thus explains the very large
difference observed between fS2 of basaltic melts saturated
in sulphide (Wallace & Carmichael, 1992; O’Neill &
Mavrogenes, 2002; Liu et al., 2007; Moune et al., 2009)
when compared with silicic melts saturated in sulphide.

EXPER IMENTAL RESULTS
Run products
General

Details of the experimental conditions and run products
are listed inTable 2 and illustrated in Fig. 3. Within error,
no systematic variations in most mineral or melt compos-
itions were found across the length of the experimental
charges. Limited mineral zoning was found only in garnet
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Table 3: Experimental garnet compositions

Run no.: MS5 MS1 MS10 MS9

P (GPa): 3 3 3 3

T (8C): 800 900 800 900

H2O (wt %): 6·2 5·4 6·6 5·4

S (wt %): 1·1 1·1 2 2

Core Rim Core Rim Core Rim Core Rim

Analyses: 6 SD 7 SD 5 SD 6 SD 7 SD 9 SD 6 SD 6 SD

wt % oxide

SiO2 37·14 0·29 37·84 0·58 38·04 0·56 38 0·69 37·9 0·45 38·23 0·54 38·34 0·45 38·56 0·56

TiO2 2·09 0·05 1·26 0·16 1·95 0·24 1 0·19 1·21 0·1 1·3 0·45 1·66 0·25 1·05 0·04

Al2O3 19·03 0·19 20·01 0·29 18·9 0·21 19·51 0·36 20·22 0·35 20·21 0·82 19·33 0·18 19·86 0·34

FeO 21·84 0·48 21·02 0·31 20·52 0·23 19·92 0·47 20·94 0·96 20·38 0·39 19·94 0·58 19·44 0·36

MnO 0·64 0·16 0·4 0·04 0·61 0·12 0·49 0·04 1·36 0·35 0·84 0·17 0·61 0·08 0·55 0·07

MgO 6·56 0·54 7·99 0·31 9·56 0·34 8·57 0·23 6·25 0·36 7·26 0·25 10·15 0·56 9·9 0·59

CaO 10·02 0·31 8·79 0·33 8·38 0·25 9·64 0·22 11 0·57 10·54 0·72 8·13 0·38 8·88 0·34

Na2O 0·07 0·03 0·12 0·04 0·09 0·02 0·1 0·05 0·08 0·05 0·08 0·06 0·07 0·03 0·1 0·02

Total 97·39 0·56 97·43 1·3 98·04 0·97 97·23 0·77 98·98 0·83 98·84 0·43 98·24 0·47 98·33 0·75

Structural formula (based on 12 oxygens)

Si 2·962 0·019 2·981 0·01 2·975 0·015 2·994 0·028 2·968 0·022 2·977 0·032 2·979 0·021 2·987 0·021

Ti 0·125 0·004 0·074 0·009 0·115 0·013 0·06 0·011 0·071 0·006 0·076 0·027 0·097 0·015 0·061 0·003

Altot 1·789 0·012 1·859 0·011 1·742 0·007 1·812 0·018 1·867 0·036 1·855 0·07 1·77 0·02 1·813 0·019

Fetot 1·457 0·036 1·385 0·024 1·342 0·026 1·313 0·037 1·371 0·059 1·327 0·025 1·296 0·041 1·26 0·031

Mn 0·043 0·011 0·027 0·003 0·04 0·008 0·033 0·003 0·091 0·023 0·055 0·011 0·04 0·005 0·036 0·005

Mg 0·78 0·06 0·938 0·024 1·114 0·028 1·006 0·035 0·73 0·041 0·842 0·025 1·175 0·061 1·144 0·064

Ca 0·856 0·03 0·742 0·03 0·702 0·027 0·814 0·019 0·923 0·047 0·879 0·063 0·677 0·03 0·737 0·031

Na 0·012 0·004 0·018 0·005 0·014 0·003 0·016 0·007 0·013 0·007 0·013 0·008 0·011 0·005 0·015 0·004

Total 8·024 8·024 8·045 8·048 8·034 8·025 8·044 8·053

Mg# 0·35 0·02 0·4 0·01 0·45 0·01 0·43 0·01 0·35 0·02 0·39 0·01 0·48 0·02 0·48 0·02

Spessartine 1·4 0·3 0·9 0·1 1·3 0·3 1 0·1 2·9 0·8 1·8 0·4 1·3 0·2 1·1 0·1

Almandine 42·1 1·4 41·8 1·6 35·7 1·1 36·2 1·8 40·4 1·9 39·4 2·2 34·8 1·4 34·1 1·7

Pyrope 24·9 1·9 30·3 0·7 34·8 1 31·8 0·7 23·4 1·3 27·1 0·9 36·9 1·8 36 1·8

Grossular 27·3 0·9 24 0·9 21·9 0·7 25·7 0·8 29·6 1·4 28·3 1·7 21·2 1 23·2 1·1

Run no.: MS11 MS24 PEL1

P (GPa): 3 3 3

T (8C): 900 950 900

H2O (wt %): 8·1 7·3 8·5

S (wt %): 2 2 1

Core Rim Core Rim Core Rim

Analyses: 2 SD 4 SD 6 SD 9 SD 9 SD 9 SD

wt % oxide

SiO2 38·55 0·01 38·5 0·58 38·24 0·76 38·09 0·59 38·08 1·02 39·25 0·36

TiO2 1·38 0·32 1·39 0·66 1·8 0·15 1·21 0·08 0·88 0·21 0·61 0·1

Al2O3 20·88 0·6 21·04 0·36 18·98 0·96 19·97 0·34 23·07 1·32 21·89 0·26

FeO 20·72 0·19 20·16 0·86 18·75 0·78 19·3 0·51 23·49 1·3 23·2 0·83

(continued)
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(Table 3). Hydrous silicate glass (quenched liquid) is pre-
sent in all experimental charges, displaying a clean texture.
Glass occurs evenly throughout charges, although some
local concentrations are apparent near the tip of the cap-
sule. Small, micron-sized, vesicles occur in some quenched
glasses, in particular those from crystal-rich basalt charges
(Fig. 3b and c). We interpret these as resulting from fluid
exsolution upon quench. In pelite-derived charges, how-
ever, quench glasses are free of any, even submicroscopic,
bubbles (Fig. 3d), supporting the idea that our run products
have, in general, been cooled at a rate fast enough to
avoid profuse quench effects (Hermann & Spandler, 2008).
In particular, we did not find textures similar to those
described by Klimm et al. (2008), where run products
showed a strongly vesicular, glassy matrix, interpreted as
arising from unmixing upon quenching of a supercritical
fluid or melt. In accord with Schmidt et al. (2004), Her-
mann et al. (2006) and Hermann & Spandler (2008), we
conclude that the pelite experiments are all undersaturated

in water at the conditions investigated and are therefore
fully quenchable to a glass.

Basaltic system

In the basaltic system at 2GPa, phases identified in add-
ition to glass are amphibole, pyroxene, Fe^Ti oxides, an-
hydrite and sulphide (Table 2). Amphibole is stable at all
investigated temperatures (800^9508). In contrast, clino-
pyroxene is present only at 9508C, whereas it is stable at
9008C in sulphur-free basaltic systems at equivalent condi-
tions (Prouteau et al., 2001). At 3GPa, the mineral assem-
blage is dominated by garnet and clinopyroxene
associated with rutile, Fe^Ti oxides, anhydrite and sul-
phide. In addition, apatite, epidote and coesite are present
in the low-temperature runs and orthopyroxene is stable
at 9508C. Amphibole is stable at 700 and 8008C in the
2wt % S experiments.
Phase proportions were determined for the 3GPa at

9008C charges, using average phase compositions and

Table 3: Continued

Run no.: MS11 MS24 PEL1

P (GPa): 3 3 3

T (8C): 900 950 900

H2O (wt %): 8·1 7·3 8·5

S (wt %): 2 2 1

Core Rim Core Rim Core Rim

Analyses: 2 SD 4 SD 6 SD 9 SD 9 SD 9 SD

MnO 0·7 0·05 0·65 0·08 0·7 0·18 0·57 0·1 0·5 0·06 0·41 0·2

MgO 8·92 0·03 8·99 0·16 10·54 0·14 10·39 0·23 12·63 1·36 13·63 0·56

CaO 7·63 0·53 8·24 0·74 8·53 0·83 8·17 0·35 0·39 0·04 0·44 0·05

Na2O 0·13 0·09 0·09 0·05 0·16 0·1 0·09 0·05 0·02 0·02 0·03 0·02

Total 98·9 0·55 99·07 0·69 97·72 0·52 97·8 0·93 99·07 0·6 99·48 0·69

Structural formula (based on 12 oxygens)

Si 2·973 0·005 2·961 0·032 2·979 0·062 2·963 0·029 2·899 0·059 2·968 0·016

Ti 0·08 0·019 0·08 0·038 0·105 0·009 0·071 0·005 0·051 0·013 0·034 0·005

Altot 1·898 0·057 1·907 0·023 1·743 0·084 1·831 0·024 2·07 0·122 1·951 0·015

Fetot 1·336 0·01 1·297 0·063 1·222 0·049 1·255 0·036 1·497 0·097 1·468 0·058

Mn 0·046 0·003 0·042 0·005 0·046 0·012 0·038 0·006 0·032 0·004 0·026 0·013

Mg 1·025 0·005 1·031 0·016 1·225 0·013 1·205 0·028 1·433 0·142 1·536 0·054

Ca 0·63 0·043 0·679 0·058 0·712 0·071 0·681 0·027 0·032 0·003 0·036 0·004

Na 0·019 0·014 0·014 0·007 0·024 0·015 0·014 0·008 0·004 0·004 0·005 0·003

Total 8·008 8·012 8·055 8·057 8·017 8·024

Mg# 0·43 0 0·44 0·01 0·5 0·01 0·49 0·01 0·49 0·04 0·51 0·02

Spessartine 1·5 0·1 1·4 0·2 1·4 0·4 1·2 0·2 1·1 0·1 0·9 0·4

Almandine 42·8 2·1 40·9 1·5 31·8 2·4 33·9 1·3 49·1 4·6 45·7 1·7

Pyrope 33·8 0·7 33·8 0·5 38·2 0·5 37·9 1 47·8 3·8 50·1 1·8

Grossular 20·7 1·1 22·3 2 22·2 2·1 21·4 0·8 1·1 0·1 1·2 0·1

The ‘analyses’ row refers to the number of analyses used to calculate the average. SD, standard deviation. Mg# ¼ Mg/
(Mgþ Fe).

JOURNAL OF PETROLOGY VOLUME 54 NUMBER 1 JANUARY 2013

190



least-squares regressions. Under these conditions, an
increase in the sulphur content in the system leads to an
increase in glass abundance and a decrease in clinopyrox-
ene abundance (Fig. 4).

Pelitic system

In the pelitic system, major silicate phases include alumin-
ium silicate, garnet or orthopyroxene, and rutile and sul-
phide as ubiquitous minor phases. Phlogopite and coesite
are present at 8008C, but absent at 9008C. The lack of
anhydrite is interpreted to result from the CaO-poor char-
acter of the pelite. No phengite was detected.

PHASE COMPOSIT IONS
Garnet
In the basaltic system, all runs performed at 3GPa con-
tained abundant euhedral poikilitic garnet (50^500 mm),

with abundant inclusions of clinopyroxene, sulphide,
rutile, and anhydrite (Fig. 3). Garnets are often enriched
inTi in their cores, whereas Mg (or Ca) is enriched in the
rims (Table 3). These cores are interpreted to represent
garnet growth before complete equilibrium was reached.
Our interpretation is based on garnet rim compositions,
as they are likely to be close to equilibrium with the
matrix. All garnets contain significant amounts of TiO2

(41wt %) and Na2O ranges from 0·08 to 0·12wt %.
The calculation of structural formulae reveals that gar-

nets display essentially almandine^pyrope compositions
(67^75%) with significant (420%) grossular, whereas
spessartine remains low,52%.The most significant feature
is an increase of pyrope content and Mg-number [Mg/
(FetotþMg) in moles, hereafter referred to as Mg#], and
a decrease in grossular content with increasing tem-
perature, for given total sulphur content in the system
(Fig. 5a). At fixedT, the Mg# increases significantly with
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Fig. 2. Co-variation between log fS2 and the sulphur content of the glasses of the experimental charges.The fS2 values are calculated following
the methods of Bockrath et al (2004) and Liu et al. (2007).
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the total sulphur content (Fig. 5a): from 0·36 in a
sulphur-free system at 9008C (Prouteau et al., 2001) to 0·48
with 2wt % S added (Fig. 5a). At 8008C, this effect is,
however, less clear. For a given temperature and total sul-
phur content, decreasing fO2 decreases pyrope and
increases almandine contents (compare MS9 and MS11,
Table 3).
Titanium concentrations are lower than in sulphur-free

experiments (Fig. 5b). In the pelitic composition, garnet is
present only in the charge loaded with 1wt % sulphur at
9008C, displaying a pyrope^almandine composition, with
Mg-number �0·5 and spessartine �1%. Compared with
garnets synthesized at 2·5^3·5GPa in a sulphur-free pelite
(Hermann & Spandler, 2008), the garnet in run PEL1 has
a significantly higher Mg# (Fig. 5a). Titanium concentra-
tion is low (0·61%) and falls in the range observed in
sulphur-free experiments (Hermann & Spandler, 2008)
(Fig. 5b).

Amphibole
Amphibole is stable at all investigated conditions at 2 GPa
in the basaltic system. It is not found at 3GPa with 1·1wt
% S, and is not stable over 8008C in the most sulphur-rich
charges at 3GPa. Amphibole forms subhedral to euhedral
grains ranging from a few microns up to 200 mm for the
higher temperature runs.
The amphibole composition appears to be homogeneous

on the basis of several grains in each charge and an
average amphibole composition is reported inTable 4. It is
a calcic and aluminous amphibole, classified as magnesio-
hornblende or tschermakitic hornblende (Leake et al.,
1997). Structural formulae are calculated on the basis of
23 oxygens. The Mg# ranges between 0·57 and 0·72,
being insensitive to temperature at fixed pressure and
total sulphur content. The effect of bulk sulphur content
on Mg# is difficult to assess. However, at 2GPa and
9008C, the Mg# increases from 0·64 in a sulphur-free
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Fig. 3. Back-scattered electron images of basaltic charges: (a) MS11, 9008C and 3GPa, reducing conditions; (b) MS9, 9008C and 3GPa, oxidiz-
ing conditions; (c) MS10, 8008C and 3GPa, oxidizing conditions. (d) Pelitic charge, PEL2, 9008C and 3GPa, oxidizing conditions. A micro-
metre scale bar is shown in the lower left corner of each image. The clean aspect of the glass in the pelite charge should be noted, whereas the
basaltic ones display sub-micron-sized bubbles of inferred quench origin. Gl, glass; Ga, garnet; Cpx, clinopyroxene; Opx, orthopyroxene; Al
sil, aluminium silicate; Rut, rutile; Anh, anhydrite; Sulf, sulphide.
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system (Prouteau et al. 2001) to 0·72 with 2wt % sulphur
added (Fig. 6a). This suggests a positive correlation of
amphibole Mg# with total sulphur content.
The Ti content varies from 0·12 to 0·28 p.f.u. (per for-

mula unit). Titanium concentrations show no clear correl-
ation with sulphur content (Fig. 6b). At a fixed pressure
and bulk sulphur content, increasing temperature results
in an increase inTi content (Fig. 6b). The partition coeffi-
cient (in wt %) varies between 2·2 and 6·2 (Table 4)
and shows a strong negative correlation with temperature
(Fig. 6c), being relatively insensitive to the presence or ab-
sence of sulphur.

Clinopyroxene
Clinopyroxene, identified only in the basaltic composition,
generally forms small grains (micron-sized to �10 mm)
that are sometimes difficult to analyse (Table 5). Clinopyr-
oxene is present only at 9508C at 2GPa and at tempera-
tures �8008C at 3GPa. Clinopyroxene produced in
oxidizing conditions at 3GPa has a 18^20wt % CaO,

1^2wt % Na2O, and 6·4^7·6wt % Al2O3. Clinopyroxene
in the 2GPa experiment lacking garnet contains more
TiO2 (1·6wt %) and less Na2O (0·6wt %). Clinopyroxene
produced at 3GPa in reducing conditions (MS11) is char-
acterized by significantly higher Al2O3 (11wt %) and
lower CaO (15wt %) contents. Its Mg# ranges between
0·62 and 0·75. At 3GPa and 2wt % bulk S, a rise in tem-
perature produces a significant increase in Mg# (Fig. 7a).
The experimental results also suggest that adding sulphur
increases the clinopyroxene Mg#, as already noticed for
both garnet and, to a lesser extent, amphibole. For
example, clinopyroxene produced at 3GPa and 9008C in
the sulphur-free experiments of Prouteau et al. (2001) has a
lower Mg# (0·58) than those synthesized in the 2wt %
sulphur-added experiments (Mg#¼ 0·70), all other par-
ameters being similar (Table 5, Fig. 7a). In contrast, Na,
Ca, Ti and Al contents show no systematic variations with
varying temperature or bulk S content within analytical
error (Table 5 and Fig. 7b and c).

Orthopyroxene
Orthopyroxene was identified at 9508C in the basaltic
system with 2wt % total sulphur content. Large grains
(450 mm) of orthopyroxene are distributed heteroge-
neously in these experimental charges. Orthopyroxene
produced at 3GPa is more aluminous (Al2O3¼5·7wt %)
at 3GPa than at 2GPa (Al2O3¼3·1wt %). Its Mg#
is 0·80 at 2GPa, slightly decreasing to 0·77 at 3GPa
(Table 6). Orthopyroxene occurs also in the pelitic charges
with 4wt % sulphur added (garnet is absent in these
charges). Orthopyroxene is aluminous (Al2O3¼8·3^9·1wt
%). Its Mg# is high and increases slightly with tempera-
ture (0·92 at 8008C, 0·96 at 9008C).

Biotite
Biotite is present in only one 8008C charge in the pelitic
system (PEL3, Table 7). It contains 1·9wt % TiO2 and
0·2wt % Na2O and has a high Mg# (0·91, Table 7). For
comparison, the Mg# range of biotite produced in the
sulphur-free experiments of Hermann & Spandler (2008)
ranges between 0·71 and 0·78 (2·5GPa, 750^9008C).

Melt
Table 8 presents glass compositions from the experiments
normalized to 100wt % on an anhydrous basis. The water
contents of the quenched glasses estimated by the
by-difference approach (see Analytical techniques) fall in
the range 7^14wt % (Table 8). The occasional presence of
submicron-size bubbles in the basalt charges suggests, how-
ever, that such estimates are minima. Estimation based on
mass-balance calculations using K2O is possible in charges
whose phase assemblages lack K2O-rich and/or hydrous
minerals (amphibole, biotite). In this case, K2O behaviour
is largely incompatible during melting, and its concentra-
tion in the matrix glass can be used to calculate the
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minimum amount of residual glass, which in turn allows us
to retrieve the maximum amount of dissolved water
(again assuming incompatible behaviour for H2O). The
full range of restored dissolved H2O is 11^31wt %
(Table 8), the highest value being close to the H2O solubil-
ity determined at 4GPa (Kessel et al., 2005b). However,
most charges have dissolved water contents of 11^20wt
%, in some cases being considerably higher than that
given by-difference, corroborating the fact that some
water may have been exsolved during quench. It should
be noted that the presence of CO2 may also have promoted
the formation of a fluid phase in the pelite experiments,
which could have scavenged some of the water, and other

elements, particularly Na. Regardless, we stress that this
range of H2O contents is at least twice the solubility of
H2O in silicate melts at 0·2GPa; that is, much higher
than in low-pressure experimental studies of sulphur solu-
bility in silicic melts (Carroll & Rutherford, 1988; Luhr,
1990; Carroll & Webster, 1994; Scaillet & Evans, 1999;
Clemente et al., 2004; Costa et al., 2004; Parat et al., 2008).

Major element characteristics

Glasses produced in basaltic charges are metaluminous to
slightly peraluminous (0·875ASI51·27) with SiO2 con-
tents between 60 and 73wt %. At a fixed pressure and
bulk sulphur content, the glasses show decreasing SiO2
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2 wt% S, 3 GPa, 
(reducing conditions)
S free, 3 GPa 
(Prouteau et al., 2001)
1 wt% S, 3 GPa
S free, 2.5-3.5 GPa 
(Hermann & Spandler, 2008)
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and increasing FeO, MgO and TiO2 with increasing tem-
perature (Table 8, Fig. 8). The melts have low TiO2 con-
tents, generally below 1wt %, and XMg [Mg/(MgþFe)]
ranging from 0·21 to 0·46, in general in the range 0·30^
0·40.
The CIPW (wt %) normative components of the glasses

produced at 2 and 3GPa have been projected into an Ab^
An^Or triangular diagram in Fig. 9. For comparison, the
compositions of melts produced from partial melting of
hydrous basalt (Prouteau et al., 2001) without sulphur are
also shown. Melt compositions from S-bearing basaltic
charges have low orthoclase components, a reflection of
their low K contents, and trend away from the

trondhjemite field towards the tonalite field in this projec-
tion (Fig. 9). Increasing temperature and/or increasing
total sulphur content in the system increases the An con-
tents of the partial melts.
In pelitic charges, all glasses have silicic compositions,

being strongly peraluminous with a very low FeO*/MgO,
and MgO contents up c. 2 wt %. The elevated MgO con-
tent is a remarkable feature of the experimental melts,
with the Mg# ranging from 0·66 to 0·97. Pelite-derived
melts with sulphur fall in the granitic field of the Ab^An^
Or diagram, contrasting with the trondhjemitic com-
positions obtained in similar low-temperature (8008C),
but S-free, experiments (Fig. 9). It should be noted

Table 4: Experimental amphibole compositions

Run no.: MS7 MS6 MS26 MS29 MS22 MS10

P (GPa): 2 2 2 2 3 3

T (8C): 800 900 900 950 700 800

H2O (wt %): 6·7 6·6 6 6·5 6·8 6·6

S (wt %): 1·1 1·1 2 2 2 2

Analyses: 6 SD 11 SD 6 SD 4 SD 9 SD 13 SD

wt % oxide

SiO2 43·92 1·28 40·31 0·58 43·38 0·80 42·53 0·34 45·66 1·51 42·83 0·77

TiO2 1·95 0·37 2·52 0·24 2·10 0·14 2·50 0·14 1·05 0·32 1·38 0·40

Al2O3 10·87 0·72 13·31 0·63 12·50 0·71 12·42 0·54 12·30 0·63 14·27 0·42

FeO 12·41 0·78 14·90 0·71 9·73 0·45 9·77 0·44 12·49 0·74 14·33 0·80

MnO 0·28 0·05 0·26 0·11 0·16 0·07 0·27 0·13 0·23 0·09 0·25 0·11

MgO 11·79 0·81 11·39 0·46 14·14 0·51 14·22 0·66 10·30 0·79 10·84 0·33

CaO 10·79 0·22 10·09 0·39 10·75 0·30 11·37 0·99 9·78 0·64 9·85 0·34

Na2O 1·82 0·12 2·53 0·13 2·51 0·18 2·38 0·20 2·74 0·66 2·34 0·11

K2O 0·15 0·03 0·16 0·05 0·21 0·05 0·15 0·03 0·26 0·07 0·23 0·05

Total 93·99 0·52 95·48 0·91 95·47 0·76 95·62 0·75 94·80 1·36 96·32 0·85

Structural formula (based on 23 oxygens)

Si 6·601 0·186 5·985 0·081 6·333 0·087 6·230 0·109 6·801 0·172 6·254 0·130

Ti 0·220 0·042 0·282 0·027 0·231 0·016 0·276 0·020 0·118 0·036 0·151 0·043

Altot 1·925 0·129 2·329 0·097 2·150 0·122 2·143 0·061 2·159 0·097 2·455 0·073

Fetot 1·560 0·099 1·850 0·091 1·188 0·056 1·197 0·040 1·557 0·098 1·749 0·089

Mn 0·036 0·007 0·033 0·014 0·020 0·009 0·033 0·016 0·029 0·012 0·031 0·014

Mg 2·640 0·178 2·521 0·103 3·077 0·111 3·104 0·092 2·288 0·174 2·360 0·063

Ca 1·738 0·041 1·606 0·067 1·681 0·045 1·787 0·186 1·561 0·108 1·541 0·057

Na 0·531 0·036 0·729 0·036 0·710 0·051 0·677 0·052 0·791 0·195 0·662 0·035

K 0·029 0·006 0·031 0·010 0·038 0·010 0·028 0·006 0·050 0·013 0·042 0·009

�cations 15·280 15·365 15·429 15·475 15·354 15·245

Mg# 0·63 0·01 0·58 0·02 0·72 0·01 0·72 0·01 0·60 0·01 0·57 0·01

DTiO2 (wt %) 4·1 3·5 2·5 2·2 6·2 4·2

DK2O (wt %) 0·17 0·28 0·35 0·34 0·31 0·38

The ‘analyses’ row refers to the number of analyses used to calculate the average. SD, standard deviation. Mg#¼Mg/
(Mgþ Fetot); DK2O¼K2O (wt %) amphibole/K2O (wt %) melt; DTiO2¼TiO2 (wt %) amphibole/TiO2 (wt %) melt.
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that the composition of Hermann & Spandler (2008) has
slightly less H2O: 6·8wt % instead of 8·5wt % H2O
in our pelite, which could affect the phase relationships
(see discussion below). The potassium-rich character re-
flects the lack of phengite in our charges, and perhaps
Na2O scavenging towards the fluid, if any.

Melt sulphur contents

Figure 10 shows the analysed sulphur contents of our
quenched glasses, compared with those of silicic melts
(SiO2 460wt %) also saturated in sulphide and/or sul-
phate phases but synthesized at pressures50·4GPa (Luhr,

1990; Carroll & Webster, 1994; Scaillet et al., 2003;
Wallace, 2005). For the latter, all experimental data indi-
cate that at around 7008C, the sulphur content of silicic
melts is at or below 50 ppm, and hardly exceeds 150 ppm
at 8008C (Fig. 10).
The glasses obtained at 2 and 3GPa, 8008C and

NNOþ1with 1wt % added sulphur have sulphur contents
higher by a factor of two relative to those at lower pressures
(Fig. 10). Increasing temperature to 9008C has no detect-
able effect at 2 GPa, whereas at 3GPa it raises the melt S
content to over 1000 ppm. At both 2 and 3GPa, increasing
the bulk S content to 2wt % increases the amount of
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dissolved sulphur by a factor of 10 relative to experimental
solubilities determined at 0·2GPa at equivalent tempera-
tures. For instance, at 3GPa, the melt in basaltic charges
dissolves nearly 600 ppm sulphur at 7008C, and over
1000 ppm at 8008C.The most extreme sulphur content ob-
tained in our study was achieved with the pelite loaded
with 4wt % sulphur at 3GPa, conditions under which the
silicate melt (with 75wt % SiO2) dissolved nearly 1wt %
sulphur at 9008C (Fig. 10), which is nearly two orders of
magnitude more than at 0·2GPa, under similar fO2 condi-
tions. The critical role of fO2 in sulphur solubility is illu-
strated by the charge synthesized at 3GPa, 2 wt % S
bulk, 9008C and NNO^ 2. In this charge, the silicate melt
has a sulphur content of c. 200 ppm (Fig. 10), whereas that
annealed at NNOþ1 resulted in c. 4600 ppm dissolved sul-
phur (i.e. 20 times more).
Melt sulphur contents are not correlated with melt FeO

contents, as shown in Fig. 11. The lack of clear FeO control
on S solubility in hydrous silicic melts has been already

pointed out by Clemente et al. (2004), and indicates that
an elevated iron content is not crucial to achieve high dis-
solved sulphur (see below).

DISCUSS ION
Effect of sulphur on phase relations and
compositions
The addition of elemental sulphur to the experimental
charges in relatively large amounts generally results in pre-
cipitation of sulphides (as long as fO2 is not too oxidizing);
as a result, a significant part of the iron is ‘locked’ into sul-
phide, thereby decreasing the Fe/Mg of the rest of the
system (liquid and Fe^Mg silicates). This has an impact
on both phase compositions and stabilities. In particular,
experimental ferromagnesian phases have systematically
higher Mg#s, compared with sulphur-free experiments,
an observation previously made for lower pressure experi-
ments (e.g. Scaillet & Evans, 1999; Costa et al., 2004). It is

Table 5: Experimental clinopyroxene compositions

Run no.: MS29 MS5 MS1 MS10 MS9 MS11 MS24

P (GPa): 2 3 3 3 3 3 3

T (8C): 950 800 900 800 900 900 950

H2O (wt %): 6·5 6·2 5·4 6·6 5·4 8·1 7·3

S (wt %): 2 1·1 1·1 2 2 2 2

Analyses: 2 SD 8 SD 9 SD 1 6 SD 10 SD 5 SD

wt % oxide

SiO2 48·55 0·59 49·28 1·45 49·87 1·12 47·61 49·59 0·56 49·45 1·33 49·34 0·43

TiO2 1·64 0·13 0·63 0·28 0·75 0·18 0·91 0·77 0·05 0·91 0·27 0·89 0·13

Al2O3 5·97 0·63 6·41 1·61 7·34 1·20 7·88 7·62 0·46 11·05 1·61 7·27 0·60

FeO 8·79 0·08 8·49 1·48 9·44 0·76 10·54 8·94 0·69 9·36 1·18 7·71 0·48

MnO 0·16 0·15 0·18 0·09 0·16 0·09 0·24 0·24 0·09 0·23 0·11 0·15 0·08

MgO 13·83 0·80 11·40 1·10 10·93 0·54 9·79 11·78 0·40 10·47 0·72 12·97 0·74

CaO 18·48 0·25 18·26 0·85 18·98 1·05 20·15 18·70 0·49 14·88 1·51 18·25 0·44

Na2O 0·62 0·03 1·92 0·63 2·22 0·61 1·30 1·88 0·72 2·08 0·09 1·09 0·15

Total 98·04 0·61 96·58 0·86 99·69 0·96 98·45 99·51 0·77 98·42 0·92 97·67 0·64

Structural formula (based on 6 oxygens)

Si 1·836 0·010 1·889 0·045 1·862 0·031 1·819 1·849 0·016 1·838 0·033 1·857 0·007

Ti 0·047 0·004 0·018 0·008 0·021 0·005 0·026 0·022 0·001 0·026 0·008 0·025 0·004

Al 0·266 0·030 0·290 0·074 0·323 0·054 0·355 0·335 0·019 0·485 0·073 0·323 0·028

Fe 0·278 0·005 0·273 0·049 0·295 0·024 0·337 0·279 0·020 0·291 0·038 0·243 0·015

Mn 0·005 0·005 0·006 0·003 0·005 0·003 0·008 0·008 0·003 0·007 0·003 0·005 0·003

Mg 0·780 0·040 0·651 0·060 0·608 0·027 0·558 0·655 0·025 0·580 0·037 0·728 0·038

Ca 0·749 0·005 0·750 0·032 0·759 0·037 0·825 0·747 0·018 0·592 0·057 0·736 0·018

Na 0·046 0·002 0·143 0·047 0·161 0·045 0·096 0·136 0·052 0·150 0·006 0·080 0·012

Mg# 0·74 0·01 0·71 0·05 0·67 0·02 0·62 0·70 0·02 0·67 0·04 0·75 0·02

The ‘analyses’ row refers to the number of analyses used to calculate the average. SD, standard deviation. Mg#¼Mg/
(Mgþ Fe).
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important to note that the term sulphide is used here for
either a solid or a liquid phase, whose composition is not
necessarily stochiometric FeS. It has long been known
that pyrrhotite adjusts its composition to the prevailing
fS2 and most natural pyrrhotites lie along the FeS^FeS2
(pyrrhotite^pyrite) binary.The quantitative use of pyrrho-
tite as a sensor of fS2 in magmas has been pioneered by
Whitney (1984), following the seminal experimental work
of Toulmin & Barton (1964). For temperatures above
10008C, sulphide melts are stable, allowing the interesting

possibility (relative to pyrrhotite) of dissolving significant
amount of oxygen (e.g. Kress, 1997), which gives the
system an additional degree of freedom from the thermo-
dynamic viewpoint. The implication is that, contrary to
common wisdom, a silicic melt saturated in a sulphide has
no reason to have its sulphur content buffered to a constant
value at fixed P^T, simply because the sulphide phase has
no fixed composition (see also Clemente et al., 2004). The
qualitative effects of sulphur on phase relations and com-
positions can be understood by analogy with that of water
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on plagioclase in silicate liquids: the more water is added,
the more calcic the plagioclase becomes, up to the point
when plagioclase is no longer stable, whereupon the liquid
is the most calcium- and aluminium-rich possible (for a
given bulk composition). For sulphur, the more is added,
the more iron is held by sulphide, and, as a result, the
more Mg-rich the coexisting liquid and ferro-magnesian
silicates. The affinity of sulphur for iron under reducing or
moderately reducing conditions is so high that it forces
other Fe-bearing phases to becomes Mg-rich, as observed
here for garnet, amphibole or clinopyroxene, and as docu-
mented in previous experimental studies (e.g. Popp et al.,
1977; Tso et al., 1979; Scaillet & Evans, 1999; Costa et al.,
2004; Parat et al., 2008).

Basaltic system
An increase in the sulphur content in the basaltic system at
3GPa and 9008C leads to an increase in glass abundance

and a decrease in clinopyroxene abundance (Fig. 4). This
has significant consequences for melt compositions, as dis-
cussed below. A general reaction that may account for the
decrease in clinopyroxene stability in magmas with
increasing fO2 in the presence of sulphur is (Carroll &
Rutherford, 1987)

3FeSþ 3CaSiO3 þ 3=2 O2 ¼ 3CaSO4 þ Fe3O4 þ 3SiO2

ð4Þ

where the sulphur-bearing species may be either solid
(pyrrhotite, anhydrite) or liquid phases, and CaSiO3 is
the wollastonite component in clinopyroxene. An increase
in fO2 drives reaction (4) to the right, leading to clinopyr-
oxene consumption and to an increase of S complexed
with Ca.
At 3GPa amphibole is stable at 700 and 8008C in the

2wt % S experiments, whereas its presence is not docu-
mented above 7508C at pressures exceeding 2·5GPa in

Table 6: Experimental orthopyroxene compositions

Run no.: MS29 MS24 PEL2 PEL3

P (GPa): 2 3 3 3

T (8C): 950 950 900 800

H2O (wt %): 6·5 7·3 8·5 8·5

S (wt %): 2 2 4 4

Analyses: 3 SD 5 SD 7 SD 3 SD

wt % oxide

SiO2 52·99 0·50 51·00 0·31 52·26 0·75 54·02 0·50

TiO2 0·41 0·10 0·36 0·08 0·19 0·04 0·11 0·03

Al2O3 3·14 0·26 5·70 0·27 9·09 0·48 8·34 0·40

FeO 11·99 0·78 13·17 0·41 2·78 0·38 4·95 0·38

MnO 0·42 0·06 0·34 0·12 0·16 0·05 0·32 0·14

MgO 27·58 0·65 24·38 0·45 33·76 0·44 31·86 0·20

CaO 1·56 0·27 1·53 0·24 0·04 0·01 0·01 0·01

Na2O 0·02 0·02 0·10 0·06 0·04 0·02 0·02 0·01

Total 98·12 0·62 96·59 0·78 98·31 0·59 99·62 0·13

Structural formula (based on 6 oxygens)

Si 1·923 0·004 1·889 0·007 1·805 0·014 1·853 0·012

Ti 0·011 0·003 0·010 0·002 0·005 0·001 0·003 0·001

Al 0·135 0·012 0·249 0·012 0·370 0·021 0·337 0·016

Fetot 0·364 0·026 0·408 0·012 0·080 0·011 0·142 0·011

Mn 0·013 0·002 0·011 0·004 0·005 0·001 0·009 0·004

Mg 1·492 0·025 1·346 0·015 1·738 0·013 1·630 0·010

Ca 0·061 0·010 0·061 0·010 0·001 0·000 0·000 0·000

Na 0·002 0·001 0·007 0·004 0·003 0·001 0·001 0·001

Mg# 0·80 0·01 0·77 0·01 0·96 0·01 0·92 0·01

The ‘analyses’ row refers to the number of analyses used to calculate the average. SD, standard deviation. Mg#¼Mg/
(Mgþ Fe).
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sulphur-free basaltic systems, even under high fO2, known
to promote amphibole stability (Prouteau et al., 2001;
Klimm et al., 2008). High Mg# (up to 0·72) amphibole
produced in these experiments compares well with amphi-
bole preserved in sulphur-rich silicate melt inclusions in
Batan mantle xenoliths (Mg# 0·72^0·82) (Schiano et al.,
1995; Me¤ trich et al., 1999). Our experimental results thus
suggest that, at high pressure, amphibole stability in bas-
altic systems is enhanced by high sulphur contents, prob-
ably because of the increased Mg# of the liquid.

Pelitic system
The presence of orthopyroxene instead of garnet in pelite
with 4wt % bulk sulphur at 3GPa is probably linked to
the change in liquid Mg# owing to the addition of high
amounts of sulphur in these charges. No phengite was

detected in our experimental charges. Comparison with
other studies on the behaviour of S-free pelite or grey-
wacke compositions at high pressures shows that phengite
is stable in these compositions at 3GPa up to at least
9008C (Alt & Shanks, 2003; Schmidt et al., 2004;
Hermann et al., 2006; Hermann & Spandler, 2008), regard-
less of the composition of the starting material. Although
we have not worked out in detail the pelite phase equilibria
in the pressure range investigated, we suggest that the lack
of phengite is, inter alia, due to the higher water contents
of our experiments, as compared with other studies (e.g.
Hermann & Spandler, 2008). Because our experiments
investigated fluid-induced melting of metapelite, the fol-
lowing melting reaction applies (Hermann & Spandler,
2008), in which all the reactant phases have been melted
out:

phengiteþ clinopyroxeneþ coesiteþH2O ¼ garnet

þ kyaniteþ rutileþmelt:

ð5Þ

Another possible (but not exclusive) explanation for the
lack of phengite is the presence of sulphur. If sulphur
indeed affects garnet stability, then its presence in pelite
may drive reaction (5) to the right, leading to earlier phen-
gite consumption relative to S-free conditions. However,
disentangling the relative roles of H2O and sulphur in
pelite phase equilibria must await further experimental
work.

Sulphur solubilities in hydrous felsic melts
at high pressure
Our experiments show that high sulphur solubilities in slab
melts are reached by hydrous melting at high fO2, at a
pressure higher than 2GPa, ideally 3GPa, and with a
bulk S content higher than 1wt % in the source. The
main compositional difference between our melts at
NNOþ1 and those obtained at low pressures is the higher
water content of the former, which ranges between 12 and
31wt %, depending on the degree of melting. Previous
work has shown that the solubility of sulphate in felsic
melts increases when the activity of silica decreases
(Ducea et al., 1999). On this basis, we infer that the increase
in sulphur we document in our oxidized charges is in part
controlled by the very high melt water content achievable
in high-pressure silicic melts, which strongly decreases
their silica activity (see below). However, the fact that the
reduced experiment, which has also a high dissolved H2O
content, does not achieve such a high S content, shows
that the enhanced sulphur solubility is also related to speci-
ation effects, as it is well known that fO2 affects sulphur
speciation and solubility in silicate melts (Carroll &
Webster, 1994; Jugo & Luth, 2005).

Table 7: Experimental biotite composition

Run no.: PEL3

P (GPa): 3

T (8C) 800

H2O (wt %): 8·5

S (wt %): 4

Analyses: 5 SD

wt % oxide

SiO2 41·36 0·26

TiO2 1·89 0·08

Al2O3 16·64 0·25

FeO 3·67 0·19

MnO 0·03 0·04

MgO 20·11 0·19

CaO 0·01 0·02

Na2O 0·23 0·02

K2O 9·61 0·13

Total 93·55 0·44

Structural formula (based on 11 oxygens)

Si 2·946 0·015

Ti 0·101 0·004

Al 1·397 0·018

Fetot 0·219 0·012

Mn 0·002 0·002

Mg 2·136 0·020

Ca 0·001 0·001

Na 0·032 0·003

K 0·873 0·012

Mg# 0·91 0·01

The ‘analyses’ row refers to the number of analyses used
to calculate the average. SD, standard deviation.
Mg#¼Mg/(Mgþ Fe).
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The usual proposed dissolution reaction of sulphur in
anhydrous silicate melts can be written as (Carroll &
Webster, 1994)

1
2
S2 þO2� ¼ S2� þO2 ð6Þ

for sulphide, whereas for sulphate it is

1
2
S2 þ 3=2 O2 þO2� ¼ SO2�

4 : ð7Þ

Several experimental investigations have indeed con-
firmed that these two reactions readily account for the
systematics of sulphur dissolution and solubility in a var-
iety of silicate melts (e.g. Carroll & Webster, 1994;
O’Neill & Mavrogenes, 2002; Jugo et al., 2005), most not-
ably in those that are dry and mafic. The O2^ species rep-
resent non-bridging oxygens (i.e. not linked with Al or Si
cations that build the tetrahedral framework), for which
S2^ substitutes in the silicate melt. The strong correlation
between iron content and amount of sulphur dissolved in
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both natural and experimental liquids suggests that such
free oxygens are primarily those complexed with divalent
iron (Carroll & Webster, 1994; O’Neill & Mavrogenes,
2002; Jugo et al., 2005). For sulphate, the case has been
made that Ca is the main divalent element associated
with the free oxygen at high fO2 (Carroll & Webster,
1994; Mavrogenes & O’Neill, 1999; Jugo et al., 2005).
A number of solubility models for magmas saturated

in sulphide have been derived, based on standard
thermodynamic formulations for the above reactions
(Mavrogenes & O’Neill, 1999; Holzheid & Groves,
2002; O’Neill & Mavrogenes, 2002; Liu et al., 2007;
Moretti & Baker, 2008). The most recent of such
models takes explicitly into account the effect of water
(Liu et al., 2007) and is calibrated on basaltic to silicic
melt compositions, with dissolved water contents of up
to 9wt %. The role of fO2 is incorporated indirectly,
via the use of the iron redox ratio as model input.
Application of the Liu et al. (2007) model to our melts,
most of which are sulphide-saturated (Table 2), is
shown in Fig. 12, using an average fO2 of NNOþ1 (or

NNO ^ 2 for the reduced charge) to calculate the iron
redox state (Kress & Carmichael, 1991). Clearly, this
model (and any other one based on the same premise
that iron is the main parameter in controlling sulphur
solubilities) falls short in calculating the measured sul-
phur contents of our hydrous silicic melts; the difference
between observed and calculated S contents is in gen-
eral about two, in some cases more than three, orders
of magnitude. The magnitude of the discrepancy
cannot be due to a poor evaluation of any input param-
eter in the model equation of Liu et al. (2007), which
are essentially compositional or first-order intensive par-
ameters (P and T), all of which are well known in our
experiments. Rather, this suggests that the postulated
dissolution mechanisms on which the modelling ap-
proach is based might not hold for H2O-rich, Fe-poor
and oxidized liquids.
An alternative approach to understand sulphur solubility

in hydrous melts was taken by Burnham (1979) on the
basis of sulphur solubility experiments in hydrous albitic
liquids (thus iron poor). Burnham (1979) proposed that
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sulphur species are essentially in a substitution reaction
with water species dissolved in the liquid such as

H2Ogas þ SH�melt ¼ H2Sgas þOH�melt: ð8Þ

For SO2, Clemente et al. (2004) suggested the following
reaction:

SO2gas þ 2OH�melt ¼ SO2�
4 þH2: ð9Þ

Although the exact nature of the involved species (e.g. hy-
droxyl or molecular water) can be debated, the above re-
actions show that the addition of hydrogen leads to the
incoming of H2S in addition to SO2 and S2 species, and
that water species may offer alternative opportunities for
sulphur dissolution sites in silicate melts, in addition to
complexation reactions with dissolved iron. The occur-
rence of HS^ in Fe-poor, hydrous, reduced silicate melts
has recently been documented by Klimm & Botcharnikov
(2010), using Raman spectroscopy, lending support to
Burnham’s original suggestion. Clemente et al. (2004) used
an extensive set of hydrous experiments with controlled
fO2 and fS2 to propose a thermodynamic model of sulphur
solubility in hydrous silicic melts, in which the sulphur con-
tent is controlled by the fugacities of both H2S and SO2

species (and thus the dissolution of the corresponding spe-
cies), depending on the prevailing fO2. Such a model,
although successfully reproducing the experimental data,
also illustrates that iron is not mandatory to achieve ele-
vated sulphur contents in silicate liquids (Burnham, 1979;
Clemente et al., 2004; Klimm & Botcharnikov, 2010). In
our charges, the relatively high fS2, along with elevated
fO2, implies that high fSO2 prevails in oxidized runs (or
fH2S in reduced runs). Application of the thermodynamic
model of Clemente et al. (2004) to our P^T^fO2^fS2^
fH2O conditions (Fig. 13) shows that such an approach
has no particular problems in generating high sulphur con-
tents in hydrous and low-temperature silicate liquids at
fO2 higher than NNO. For instance, at NNOþ1 and log
fS2¼4, a silicic melt reaches a sulphur content of c.
6000 ppm (Fig. 13), which is within the order of magnitude
of our experimental observations (Table 8, Fig. 10). In the
low fO2 range, predicted sulphur contents are much
lower, also in agreement with experimental data. Thus,
despite the fact that the model is being used well outside
the calibrated range, it rather successfully predicts experi-
mental observations, unlike other modelling approaches
using iron sulphur complexes as a central concept.The dif-
ferences in sulphur contents between calculated and
observed values are for most charges within a factor of
2^4 of each other (i.e. observed values are higher than cal-
culated values). We suggest that this is in part due to the
effect of H2O on the silica activity (aSiO2), an effect not
taken into account in the model of Clemente et al. (2004).

Experiments by Ducea et al. (1999) have indeed shown
that, under oxidizing conditions, felsic but silica-poor (i.e.
nepheline normative) liquids dissolve 2^4 times more sul-
phur than their silicic counterpart. Similarly, experiments
on dry basalts at 1GPa at 1300^13508C under various fO2

conditions indicate that sulphate is stable at lower fO2 as
compared with silicic melts, suggesting that decreasing
aSiO2 shifts the sulphide or sulphate boundary in silicate
melts (e.g. Jugo et al., 2005). This is qualitatively predicted
by equilibrium (4), which is driven to the right when aSiO2

decreases. The Jugo et al. (2005) experiments also show
that the sulphur content in sulphate-saturated dry basalt
under these conditions exceeds 1wt %, or 10 times more
than at low fO2. It is worth stressing that our experiments
at high fO2 achieve sulphur contents comparable with
those of dry basalt at 1GPa, but they do so at temperatures
4008C lower, therefore outlining the instrumental role of
water in enhancing sulphur dissolution in low-temperature
oxidized silicic melts at high pressure. A recent study of
sulphur solubility in iron-rich hydrous basalts and andes-
ites also suggests that water has a positive role in increasing
sulphur solubilities (Moune et al., 2009).
Based on the above lines of evidence, we conclude that in

hydrous silicic melts, sulphur dissolution mechanisms
primarily involve interaction with dissolved water species,
as Burnham (1979) originally suggested, and, everything
else being equal, the sulphur content of hydrous melts is
bound to increase with increasing melt water content. The
elevated H2O content of silicic slab melts lowers their
silica activity, which drives the sulphide or sulphate bound-
ary toward lower fO2, allowing in turn high-pressure
hydrous silicic melts to dissolve more sulphur than at
lower pressures but comparable fO2. Therefore, the key to
high S-solubility is sulphur dissolved as sulphate rather
than as sulphide species.

Effect of sulphur on the composition
of slab melts
A number of petrological and geochemical studies have
shown that melting of the oceanic crust was an essential
mechanism for continental crust production in the Ar-
chean (Martin, 2005) and probably still occurs under cer-
tain circumstances in the modern Earth, producing silicic
melts termed adakites (Defant & Drummond,1990). Ceno-
zoic adakites are tonalitic magmas (Fig. 9) characterized
by a strong depletion in heavy rare earth elements
(HREE), which has been taken as evidence for the pres-
ence of garnet in the melting residue (Defant & Drum-
mond, 1990). Previous experimental studies have shown
that hydrous partial melting of basalt in the eclogite field
(P42·5GPa) at temperatures510008C produces trondhje-
mitic melts with very high contents of alkalis, especially
Na2O, and low contents of MgO and FeO (e.g. Rapp &
Watson, 1995; Winther, 1996; Rapp et al., 1999; Prouteau
et al., 2001; Klimm et al., 2008). Our results show that
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addition of sulphur to the basalt^H2O system produces, for
the same P^T^H2O conditions, tonalitic melts with
progressive enrichment in anorthite parallel to the albite^
anorthite join (Fig. 9), while maintaining an eclogitic
mineral assemblage in the residue that fulfils the HREE
depletion criterion diagnostic of slab melts. This compos-
itional evolution is explained by the decrease in clinopyr-
oxene modal abundance and glass fraction increase
(Fig. 4). Enhanced stability of amphibole in sulphur-rich
systems probably also partly explains this evolution. In
the S-free system, the increase in the sodic character of re-
sidual liquids with pressure is related to the breakdown of
amphibole beyond 2GPa, resulting in the release of all its
Na2O to the liquid (Prouteau et al., 2001). Altogether, the
S-bearing melts are richer in mafic components (CaO,
FeO, MgO, TiO2) than those produced in sulphur-free
charges under the same conditions (Fig. 8). This more
mafic character reflects the significant effect of sulphur on
phase assemblages and proportions, decreasing the abun-
dances of both pyroxene and garnet (Fig. 4). It is worth
pointing out that, in general, the more mafic character of

adakites relative to Archean slab melts is generally attribu-
ted to their greater interaction with mantle rocks
(Martin, 2005). However, the experimental interaction of
slab melts with ultramafic material has been invariably
shown to increase both the MgO and Na2O content of sili-
cic melts, whereas their CaO content remains broadly con-
stant (Sekine & Wyllie, 1983; Carroll & Wyllie, 1989;
Kelemen,1995; Senn & Dunn,1995; Rapp et al.,1999; Prou-
teau et al., 2001); that is, it increases the trondhjemitic char-
acter of slab melts. Thus the displacement toward the
tonalite field of adakites cannot be attributed to mantle
interaction alone. Tonalitic melts derived from partial
melting of hydrous basalt can be produced at pressures
lower than 2GPa, but they are in general too Al2O3-rich
(19^21wt %) compared with adakites (518wt %), and do
not always coexist with garnet, the key mineral for produ-
cing the strong depletion in HREE (Defant & Drum-
mond, 1990; Rapp & Watson, 1995; Rapp et al., 1999;
Prouteau et al., 2001; Martin, 2005; Nair & Chacko, 2008).
On the basis of this evidence we suggest that the tonalitic
character of adakites may witness the enhanced melting
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of localized portions of subducted crust with elevated sul-
phur contents. An important consequence of our experi-
mental observations is the fact that melting degree
increases with sulphur (Fig. 4), which is indicative of the
flushing role of this element at high pressure; in other
words, the presence of sulphur in hydrous systems at high
pressure leads to a depression of solidus temperatures.
Owing the very steep dP/dT slopes of the solidus of the
oceanic crust at high pressure (e.g. Nichols et al., 1994),
this may have a significant effect on the pressure of melting
and its extent relative to portions of crust devoid of sulphur.
The composition of pelite-derived melts also deserves

close scrutiny. One of their most remarkable features is
their elevated MgO content, with XMg ranging from 0·66
to 0·97, a feature shared by modern slab melts (Defant &
Drummond, 1990) and widely believed to reflect mantle
interaction (Sekine & Wyllie, 1983; Carroll & Wyllie,
1989; Kelemen, 1995; Sen & Dunn, 1995; Rapp et al., 1999;
Prouteau et al., 2001). Our results suggest that mixing of
sulphur-rich pelite-derived melts with those from basalt
may also contribute to the production of such slab melts

with a low FeO/MgO ratio, although an increase in MgO
from mantle contamination is certainly an important
factor in modern arcs. The recent finding of some rare,
pristine, high-silica adakites of Miocene age with elevated
MgO contents in the Trans-Mexican Volcanic Belt by
Gomez-Tuena et al. (2008) provides support for such an
hypothesis. A second remarkable feature is the lack of
phengite in pelitic charges, which drives the residual
liquid compositions towards the granitic field, in particular
at low temperatures (8008C, Fig. 9). Although it is unclear
whether this arises from the effect of either water or sul-
phur, or from both, comparison with other studies (e.g.
Hermann & Spandler, 2008) shows that the first melt gen-
erated from an S-free and slightly H2O-poor pelite at
600^8008C is strongly trondhjemitic, a result of the buffer-
ing role of phengite on residual melt compositions [Fig. 9,
Hermann & Spandler (2008); but see Schmidt et al.
(2004)]. Infiltration of such fluids or melts into the overly-
ing mantle will thus impart a sodic character to the meta-
somatized mantle. In contrast, melts produced upon
phengite breakdown (Schmidt,1996) will impart a potassic
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overprint to the sub-arc mantle [note that carbonate^pelite
melting also produces strongly potassic liquids (Thomsen
& Schmidt, 2008; Spandler et al., 2010; Tsuno & Dasgupta,
2011)]. The conditions at which phengite breaks down are
thus critical for determining the Na/K ratio of the fluid or
melt infiltrating the mantle, as amply shown by previous
experimental studies (e.g. Hermann & Spandler, 2008).
Previous studies have mostly emphasized the role of P and
T. Our results show that H2O and sulphur contents may
be additional contributing factors. Melts derived from sedi-
ments rich in water and sulphur have a distinct K- and
S-rich signature, with S/K2O (wt %) ratios ranging from
0·007 to 0·3 (Table 8), which compares well with the range
found in alkali-rich primitive basalts generated in subduc-
tion zones (0·05^0·3) (Me¤ trich & Clocchiatti, 1996;
Johnson et al., 2009).
Altogether, the significant overlap between adakites and

our sulphur-bearing melts provides evidence for the pres-
ence of sulphur in Phanerozoic subduction zones, at least
in those loci where melting of oceanic crust takes place.
Our results also suggest that arc basalts may inherit their

potassium-rich character from a mantle source metasoma-
tized by hydrous partial melts derived dominantly from
the top part of the downgoing slab rich in both water and
sulphur.

Implications for the Archean
Our results can now be viewed in the context of current
geodynamics and petrogenetic models for arc magmas
during the Archean, to evaluate whether sulphur recycling
in Precambrian times via subduction zones was as efficient
as at present. Archean granitoids (80% of exposed
Archean formations), the so-called trondhjemite^tonalite^
granodiorite (TTG) series (Martin, 2005; Condie, 2008),
are interpreted to be melting products of hydrated basalt
protoliths (van der Laan & Wyllie, 1992; de Wit, 1998;
Smithies, 2000; Martin, 2005) from either a slab melting
process (Martin, 2005) or tectonic stacking of oceanic
crust (de Wit, 1998; Smithies, 2000). The common view is
that a hotter geothermal gradient prevailed during TTG
production, with shallow slab melting (around 1GPa;
Martin, 2005). Our results show that, up to 2GPa, the
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solubility of sulphur in slab melts remains low, hence shal-
low (52GPa) partial melting of oceanic crust would
remove a small fraction of its sulphur content, and the
majority would remain locked in residual sulphides or sul-
phates. There is, however, evidence to suggest that condi-
tions for slab melting similar to those of today were
reached in at least some Archean convergence zones
(Hopkins et al., 2008), which implies deep melting of ocea-
nic crust. A recent experimental investigation has also con-
cluded that the minimum pressure for basalt melting
during the Archean is 1·5GPa, or even 1·8GPa if plagio-
clase is not in the residue (Nair & Chacko, 2008). As dis-
cussed above, our melt compositions show that deep slab
melting with sulphur more probably produces tonalite,
not trondhjemite (Fig. 9). Trondhjemite production from
slab melting requires both high pressure (e.g. Winther,
1996; Prouteau et al. 2001) and sulphur-poor conditions.
Hence, because the sulphur-rich character of the modern
oceanic crust is acquired via hydrothermal interaction
with sulphate-rich seawater (Alt & Shanks, 2003), we sug-
gest that the occurrence of Archean trondhjemites is in
agreement with a sulphur-poor ocean as inferred from
Archean sedimentary pyrite isotope systematics (Habicht
et al., 2002), which suggests sulphate levels in the open
ocean c. 1% of present-day concentrations. The paucity of
volcanogenic massive sulphide deposits (VHMS) prior to
2·5 Ga (Bekker et al., 2010; Huston et al., 2010) is also con-
sistent with a sulphur-poor Archean ocean (Farquhar
et al., 2010; Lyons & Gill, 2010). Similarly, the abundance
of iron-rich sedimentary formations [so-called banded
iron formations (BIF) sensu lato] during the Archean sug-
gests that the water columns from which those sediments
formed were poor in dissolved sulphur (Lyons & Gill,
2010); however, the interconnections between VHMS and
BIFare still unclear (Bekker et al., 2010).
The hypotheses advocated above suggest that the mag-

matic sulphur return flux via subduction to the Archean
continental crust and atmosphere was much lower than
that observed today, perhaps by a factor of 100. We note
that, because low fO2 decreases melt sulphur contents
(Fig. 10), one could also argue that a low return flux of sul-
phur reflects that Archean subduction zones were more
reduced than today. We do not favour such an interpret-
ation because current views on the evolution of the litho-
spheric mantle redox state call for limited changes in its
fO2 back to Archean times (Canil, 2002; Li & Lee, 2005).
The low sulphate ocean scenario evidenced by the isotopic
record (Habicht et al., 2002) is thought to reflect the
strongly anoxic character of the Archean atmosphere
(Holland, 2002; Farquhar et al., 2007), which would have
severely limited the oxidative weathering of continental
sulphides and their subsequent delivery to the oceans
through river runoff (Holland, 2002). In the light of our re-
sults, we suggest that, additionally, the low sulphur content

of the Archean ocean also reflects the fact that the volcano-
genic source of atmospheric sulphur was much weaker
than during the Phanerozoic. A sulphur-poor TTG source
and/or P^T conditions of TTG production less prone to
sulphur transfer both imply that the TTG constructs of
the Archean continental crust exposed to surficial weather-
ing must have been poorer in sulphides relative to their
modern equivalents. This would have exacerbated the def-
icit of sulphate produced by any, even limited, oxidative
weathering of surface sulphides during the Archean, as
opposed to during Proterozoic or Phanerozoic times.
Altogether, the results of our study provide support for

the model that, during the Archean, little sulphur was
recycled back to the atmosphere via subduction (Holland,
2002, 2009; Farquhar et al., 2010), in sharp contrast to the
massive sulphur transfer observed in this geodynamic set-
ting today (Jambon, 1994; Me¤ trich et al., 1999; Wallace,
2005). The main parameters controlling sulphur behaviour
appear to be the redox state of both oceanic and atmos-
pheric reservoirs, in addition to subduction style. During
the Archean, the transfer of sulphur from the oceanic
crust to the mantle wedge appears to have been limited,
with S mostly conveyed to the deep mantle during subduc-
tion. Conversely, when the ocean and atmosphere reser-
voirs switched towards oxidizing conditions, and when a
colder thermal regime favoured steeper subduction on a
global scale, a significant part of the downgoing sulphur
was allowed to return to the crust or atmosphere via arc
magmatism, as observed today (Jambon, 1994; Wallace,
2005). A related question is thus why did the fO2 in those
reservoirs rise? The answer to this fundamental issue is
beyond the scope of the present work but we note that our
findings have implications for models giving a pivotal role
to the redox state of volcanic gases (Holland, 2002, 2009;
Catling & Claire, 2005; Gaillard et al., 2011). In particular,
it has been proposed that the abrupt atmospheric rise of
O2 is related to the onset of subaerial arc volcanoes whose
gases are on average more oxidized than those of submar-
ine eruptions (Kump & Barley, 2007; Gaillard et al., 2011).
Such a shift has been tied to a net increase of high-standing
continental landmasses by the end of the Archean, which
allowed the establishment of modern, predominantly sub-
aerial, arc-type volcanism. Within this context, we specu-
late that, in addition to this geomorphological evolution,
the increase in sulphur of volcanic gases altered their
oxygen consumption potential, which contributed directly
to the increase in the redox state of the atmosphere
(Holland, 2002, 2009; Gaillard et al., 2011).

CONCLUSIONS
Our study shows that the sulphur content of high-pressure,
oxidized, silicic melts is at least 10^20 times higher than at
low pressures. Thus elevated sulphur contents can be
achieved in slab melts. This in turn suggests that
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Phanerozoic arc magmas may largely owe their sulphur
content to slab melt contributions. Such a possibility has
been generally dismissed (e.g. De Hoog et al., 2001), essen-
tially because of the low S content of silicic melts obtained
in low-temperature and low-pressure experimental studies.
Our results remove this apparent limitation, although
they do not rule out a fluid contribution for sulphur (when-
ever the system is below the second critical end point).
They also suggest that high concentrations of sulphur may
be reached, at least locally, in subducted slabs. The in-
crease of degree of melting with sulphur content (Fig. 4)
shows that sulphur triggers partial melting earlier (i.e. at
lower temperature) relative to water-only conditions.
We thus suggest that melting of subducted slabs occurs
preferentially in places where sulphur is present in abun-
dance. Moreover, experimental melts compare well with
Phanerozoic slab magmas (adakites), suggesting that sul-
phur is present in abundance at the locus of slab melting
in modern subduction zones. In contrast, the effect of sul-
phur on melt composition shows that, if melting conditions
in Archean subduction zones were similar to those of the
present day, then the sodic character of Archean granitoids
provides evidence for a sulphur-poor source, in agreement
with a sulphate-poor Archean ocean (Habicht et al., 2002;
Farquhar et al., 2010). The volcanic output of sulphur
during the Archean was possibly much weaker than
during Proterozoic^Phanerozoic times, which may have
helped to maintain the strongly anoxic condition of the
Archean atmosphere. Altogether, our results show that
the volcanic contribution to the evolution of Earth’s atmos-
phere^hydrosphere may have varied significantly in style
and composition with time and not only in magnitude
and strength, as widely assumed.
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