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INTRODUCTION
An understanding of the behavior of S is 

relevant for the understanding of magmatic 
processes for several reasons. Sulfur content 
in fumarolic emissions is often used to detect 
renewed volcanic activity (Symonds et al., 
1994). Volcanic activity can produce large SO

2
 

emissions, which can be carried to the strato-
sphere during explosive eruptions and have 
severe short-term impact on global climate 
(Robock, 2000). The behavior of chalcophile 
and siderophile elements (e.g., Ni, Cu; Au, Pt, 
Pd) in magmatic systems is dictated by S as sul-
fi de (S2–), and sulfi de saturation exerts a primary 
control on the genesis of metalliferous deposits 
(Imai et al., 1993; Sillitoe, 1997). Early studies 
(e.g., Fincham and Richardson, 1954; Haugh-
ton et al., 1974; Wendlandt, 1982) focused 
on sulfi de-bearing and sulfi de-saturated sys-
tems because sulfi des are the most commonly 
observed S-bearing phases in magmatic systems 
(Desborou et al., 1968; Mitchell and Keays, 
1981). However, the anhydrite-bearing erup-
tions of El Chichón volcano in 1982 (Luhr et al., 
1984) and Mount Pinatubo in 1990 (Bernard et 
al., 1991) demonstrated that sulfate species (S6+) 
are signifi cant in some magmatic systems. Fur-
thermore, estimates of S content and speciation 
in magmas (e.g., Metrich and Clocchiatti, 1996; 
Rowe et al., 2007) show that sulfate species are 
more common in magmatic systems than pre-
viously acknowledged. Experimental determi-
nation of the S content in silicate melts shows 
unequivocally that magmas can carry more S 

when S6+ is the dominant species (Carroll and 
Rutherford, 1985, 1987; Luhr, 1990; Jugo et al., 
2005a). Estimates of S speciation in natural and 
experimental samples showed that the transition 
from sulfi de-dominated to sulfate-dominated 
systems occurs over a narrow fO

2
 interval 

(roughly from fayalite-magnetite-quartz [FMQ] 
to FMQ + 2; Wallace and Carmichael, 1994; 
Jugo et al., 2005b). This fO

2
 range is signifi -

cant because it overlaps with the fO
2
 conditions 

prevalent during magma generation in arc set-
tings (Parkinson and Arculus, 1999) and the fO

2
 

conditions prevalent in backarc, island arc, and 
oceanic-island magmas at the time of eruption 
(Ballhaus, 1993). Despite these advances, there 
is little understanding of (1) how mixed specia-
tion controls the S content in silicate melts that 
are sulfi de- or sulfate-saturated, (2) the fO

2
 con-

ditions under which sulfi de and sulfate phases 
can coexist in equilibrium, and (3) the potential 
implications of the above for the behavior of S 
in magmatic systems.

Part of the problem in understanding the role 
of S in magmatic systems is caused by what has 
been commonly referred to in the literature as 
“the sulfur solubility minimum” (e.g., Kress, 
1997; Moretti and Ottonello, 2005). The con-
cept is based on experiments in which a S-bear-
ing gas is equilibrated with silicate melts but 
in the absence of crystalline sulfi de or sulfate 
phases (e.g., Katsura and Nagashima, 1974). As 
discussed in detail in Jugo et al. (2005a), such 
“S solubility minimum” describes the distribu-
tion of a trace element (S) between two coex-
isting phases (a gas phase and a silicate melt) 
but does not describe the S contents required to 

saturate a silicate melt in either sulfi des or sul-
fates. In this contribution I present a model that 
integrates changes in S speciation as a function 
of fO

2
 (Jugo et al., 2005b; Wilke et al., 2008) 

and S content data at sulfi de and sulfate satura-
tion (Carroll and Rutherford, 1985, 1987; Jugo 
et al., 2005a) to predict changes in the S content 
at sulfi de saturation with changes in fO

2
.

RATIONALE
In contrast to other polyvalent cations (such 

as Fe), which can form minerals containing both 
ferrous (Fe2+) and ferric (Fe3+) species (such as 
magnetite), sulfi de (S2–) and sulfate species (S6+) 
do not coexist in any mineral. The only relevant 
phases in which S2– and S6+ species can coexist 
are silicate melts and volatile phases. Because 
here the main goal is to understand the behav-
ior of S in silicate melts prior to the exsolution 
of gas phases, only three S-bearing phases are 
taken into account: sulfi de, sulfate, and silicate 
melt. Sulfur speciation in silicate melts changes 
from sulfi de to sulfate in the fO

2
 range of FMQ 

< fO
2
 < FMQ + 2. Within that range, the total 

S content below saturation with any condensed 
phase can be expressed as

 {S}
T
 = {S2–} + {S6+}, (1)

where {S}
T
 refers to the total S content; {S2–} is 

the contribution from sulfi de species dissolved 
in the melt; and {S6+} is the contribution from 
sulfate species dissolved in the melt. Because 
S2– and S6+ species are the only S species present 
in silicate melts, the sulfi de and sulfate fractions 
relative to the total dissolved S, X(S2–) = {S2–}/
{S}

T
 and X(S6+) = {S6+}/{S}

T
, satisfy the relation

 X(S2–) + X(S6+) = 1. (2)

For silicate melts representative of natural 
magmas, the S content at sulfi de saturation is 
always lower than the S content at sulfate satura-
tion (Carroll and Rutherford, 1985, 1987; Luhr, 
1990; Jugo et al., 2005a). Therefore, it is reason-
able to assume that for X(S2–) > 0.5 (i.e., when 
sulfi des are the dominant species), increasing 
the total S content will eventually trigger sulfi de 
saturation, and the total S content in the melt can 
be expressed as

 {S}
T
 = SCSS = [S2–] + {S6+}, (3)

where SCSS is the S content at sulfi de saturation, 
and [S2–] is the S2– contribution to the melt at sul-
fi de saturation. (The squared brackets, [S2–], are 
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ppm (at FMQ + 1.7). Disequilibrium experiments show textural evidence that is consistent 
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sulfate species are present, even if sulfi des are the stable S-bearing phase.
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used to distinguish from {S2–}, the S contribution 
from sulfi de species below sulfi de saturation.)

As equation 3 shows, the total S content in 
the melt at sulfi de saturation has a contribu-
tion from sulfate species dissolved in the melt, 
even if a condensed sulfate phase is not present. 
However, the contribution from sulfate species 
is dependent on fO

2
, and for any given fO

2
 the 

following relationship must be satisfi ed:

 {S6+}/[S2–] = X(S6+)/X(S2–). (4)

Using equations 4 and 2, the SCSS (equation 
3) can be expressed as

 SCSS = [S2–]/(1 – X(S6+)). (5)

As shown in Jugo et al. (2005b), the change 
in X(S6+) as a function of fO

2
 is best described 

by a sigmoidal function of the form

 X(S6+) = A/(1 + exp(B – CΔFMQ)), (6)

where ΔFMQ is fO
2
 relative to the FMQ oxy-

gen buffer, and A, B, and C are the coeffi cients 
controlling the shape of the sigmoidal curve. For 
S speciation in basaltic melts, those coeffi cients 
were determined to be A = 0.86, B = 2.89, and 
C = 2.23 (Jugo et al., 2005b). The ideal behavior 
of a system in which S dissolves only as sulfi de 
or sulfate species should result in a coeffi cient 
A = 1, but the nonlinear regression of the avail-
able data in Jugo et al. (2005b) converged to A = 
0.86. Jugo et al. (2005b) interpreted this devia-
tion from ideal behavior as the result of sulfi te 
(S4+) species present in the melt, as suggested 
by Metrich et al. (2002). However, Wilke et 
al. (2008) conducted systematic X-ray absorp-
tion near-edge structure (XANES) studies and 
showed that the presence of sulfi te species in 
quenched glasses is an analytical artifact caused 
by beam-sample interaction. Therefore, S is 
present in the silicate melts solely as a combi-
nation of S2– and S6+ species, and coeffi cient A 
should converge to unity (A = 1). Combining 
equations 5 and 6 and using A = 1 in equation 6, 
we can now calculate how the SCSS increases 
solely as a function of increasing fO

2
:

SCSS = [S2–](1 + exp(2.23ΔFMQ – 2.89)). (7)

A similar expression can be derived for a 
sulfate-dominated system (in which we assume 
that sulfate saturation is reached fi rst):

SCAS = [S6+](1 + exp(2.89 – 2.23ΔFMQ)), (8)

where SCAS (S content at anhydrite saturation) 
is used for simplicity, even though the saturat-
ing sulfate phase may be a sulfate liquid and not 
crystalline anhydrite at high temperature (e.g., 
Jugo et al., 2005a).

The exponential curves defi ned by equations 7 
and 8 increase in opposite directions and intersect 
at a critical fO

2
 value that defi nes the conditions 

at which magmas could be simultaneously satu-
rated with sulfi de and sulfate (crystalline or as 
immiscible liquids). At this fO

2
 the magma can 

be expected to dissolve the maximum possible 
amount of S. This critical fO

2
 value, for simulta-

neous sulfi de and sulfate saturation, is defi ned by

ΔFMQ
C
 = 1.29 + 0.45(ln[S6+] – ln[S2–]), (9)

where ΔFMQ
C
 refers to the critical fO

2
 for 

simultaneous saturation of sulfi de and sulfate. 
The main limitation of this approach is that 
equations 7, 8, and 9 use parameters that were 
derived from S speciation data in quenched 
basaltic melts (natural and experimental), and 
application to melts of different composition 
assume that composition does not affect S spe-
ciation signifi cantly.

COMPARISON OF THE MODEL TO 
EXPERIMENTAL DATA

Figure 1 shows experimental data of the S 
content as a function of fO

2
 for trachyandesitic 

melts similar to those erupted by El Chichón 
volcano (Carroll and Rutherford, 1985, 1987) 
and for basaltic melts (e.g., similar to those 
thought to be feeding the magmatic system at 
Mount Pinatubo; Jugo et al., 2005a). The curves 
shown were generated using equations 7 and 
8 above. The two curves are different because 
differences in melt composition (basalts ver-
sus andesites/trachyandesites), water content 
(anhydrous versus hydrous), pressure (1.0 GPa 
versus 200 MPa), and temperature (1300 °C 
versus 1025 °C) affect the S content. The values 

used for [S2–] and [S6+] are the averages of the 
experimental data for sulfi de-saturated runs and 
sulfate-saturated runs in each study and corre-
spond to the horizontal parts of the curves in the 
fi gure. Only the averages of sulfi de-saturated 
data at fO

2
 ≤ FMQ and sulfate-saturated data at 

fO
2
 > FMQ + 3 were used ([S2–] = 0.037 wt% 

and [S6+] = 0.213 wt% for the trachyandesitic 
melts at 1025 °C and 200 MPa; [S2–] = 0.13 wt% 
and [S6+] = 1.28 wt% for the basaltic melts at 
1300 °C and 1.0 GPa). The data at intermedi-
ate fO

2
 (FMQ < fO

2
 < FMQ + 3) were not used 

to construct the curve, and the fi t of the curve 
with the data also validates the approach used 
(to merge S speciation with data of the S content 
at saturation). The vertical lines are the critical 
fO

2
 values (ΔFMQ

C
) calculated from equation 

9 and do not coincide (ΔFMQ
C
 = +2.08 for the 

trachyandesites and ΔFMQ
C
 = +2.32 for the 

basalts) because ΔFMQ
C
 depends on the differ-

ence between [S2–] and [S6+].

EXPERIMENTAL TESTS FOR THE 
S CONTENT AT SATURATION FOR 
TRANSITION FROM SULFIDE TO 
SULFATE

As a test to verify this model, disequilibrium 
experiments were designed and completed in 
a piston-cylinder apparatus. The experimental 
charges consisted of a synthetic andesitic glass 
mixed with anhydrite and loaded into graphite 
capsules. The capsules were heated to 1300 °C 
to ensure that no silicate crystals would form 
and pressurized to 1 GPa to enhance S dissolu-
tion in the silicate melt. The capsules were kept 
at run conditions for short periods, ranging from 
15 min to 1 h, in order to prevent equilibrium. 
Carbon from the graphite capsules initiates a 
reduction reaction:

2C + CaSO
4
sulfate + FeOmelt 

= FeSsulfi de + CaOmelt + 2CO
2
. (10)

Thus, carbon-sample interaction creates a 
reduction front that moves toward the center of 
the capsule. This likely involves CO

2
 (and CO) 

moving inwards and other species moving out-
wards. Quenching prior to complete equilibra-
tion preserved the reduction profi le, recording 
the continuum from sulfi de to sulfate speciation 
in each experiment. Figure 2 shows the textures 
caused by the advance of the reduction front in 
one of those disequilibrium experiments. The 
change in S speciation across these reduction 
fronts is documented in Wilke et al. (2008). 
Between the sulfi de- and sulfate-saturated 
domains there is a narrow gap with higher glass 
content than the sulfi de-saturated or the sulfate-
saturated regions. Microprobe analyses to mea-
sure changes in S contents in this narrow gap 
were attempted. However, the gap is ~25 μm 
wide, and tests with a 15-μm-diameter beam 
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Figure 1. Experimental data of the S content 
at sulfi de and sulfate saturation as a function 
of fO2 and fi t of the curves described in equa-
tions 7, 8, and 9. The data from Carroll and 
Rutherford (1985, 1987) are for hydrous tra-
chyandesitic melts at ~1025 °C and ~200 MPa. 
The data from Jugo et al. (2005a) are for anhy-
drous basaltic melts at 1300 °C and 1 GPa.
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showed that crystalline S-bearing phases were 
almost invariably included within the activation 
volume and did not allow estimation of the S 
content across the gap. The experiment is not 
identical to the conditions stated for Equation 10 
because sulfi de precipitation and sulfate disso-
lution likely cause local changes in melt com-
position. However, the gap can be interpreted 
as the region in the moving reduction front that 
causes the maximum possible S content in the 
melt, thus dissolving sulfate droplets such as 
those seen at the right of the picture, prior to 
causing sulfi de saturation (left side of the pic-
ture). A decrease in S solubility in this transi-
tion region is not consistent with the textures 
observed because it would result in the opposite 
texture: a band with more concentration of crys-
talline S-bearing phases.

DISCUSSION AND CONCLUSIONS
The most signifi cant aspect of the calcula-

tions is that equation 7 predicts that the SCSS 
will increase exponentially in the fO

2
 range in 

which sulfi de and sulfate species coexist (from 
fO

2
 = FMQ to the fO

2
 at which a sulfate phase 

can saturate from the melt, at about fO
2
 = FMQ 

+ 2). Below fO
2
 = FMQ, sulfate species contrib-

ute less than 5% to the total S in the silicate melt 
and are negligible. Thus, relative to systems in 
which S2– accounts for more than 95% of the S 
species (i.e., at fO

2
 ≤ FMQ, e.g., MORB), the 

SCSS doubles at FMQ + 1.3, increases fourfold 
at FMQ + 1.8, and fi vefold at FMQ + 1.9. Above 
fO

2
 = FMQ + 2, sulfate dominates and the con-

tribution to the SCAS from sulfi de species is 
trivial. This change in S behavior has signifi cant 
implications for magmatic systems formed and 
evolving at fO

2
 > FMQ + 1. For example, sulfi de 

elimination at the source during partial melting 
of the mantle is thought to be the main require-
ment for incorporation of highly siderophile 
elements (HSE) in silicate melts (because in the 
absence of a metal phase these elements show 
strong chalcophile behavior). Under reduced 
conditions, a large degree of partial melting 
would be required to eliminate sulfi des by dis-
solution. Keays (1995), for example, estimated 
that a mantle source would require ~25% melt-
ing before sulfi de phases could be eliminated 
by dissolution (based on a bulk S content of the 
mantle of 250 ppm and a SCSS in the melt of 
1000 ppm). Alternatively, it has been proposed 
that magmas generated at fO

2
 ≥ FMQ + 2 would 

result in Cu and Au (and HSE) enrichment in 
silicate melts because sulfi de phases would not 
be stable (Mungall, 2002). This is signifi cant 
because elimination of sulfi des by oxidation 
should produce magmas rich in HSE at low 
degrees of partial melting (Jugo et al., 2005a; 
Mungall et al., 2006). However, because of the 
exponential increase in the SCSS with increas-
ing fO

2
, elimination of sulfi de phases in the 

mantle source does not require partial melting in 
excess of 25% (Keays, 1995) or fO

2
 conditions 

exceeding FMQ + 2 (Mungall, 2002). Figure 3 
illustrates this by outlining the expected SCSS 
and SCAS for different tectonic settings. For 
example, if island arc magmas are formed in the 
mantle wedge in the range FMQ + 0.5 < fO

2
 < 

FMQ + 1.7 as estimated by Parkinson and Arcu-
lus (1999) we should expect the SCSS to range 
from 1500 ppm (at FMQ + 0.5) to 4500 ppm (at 
FMQ + 1.7; white box in Fig. 3). The low end of 
the range is not signifi cantly different from the 
SCSS in reduced (e.g., MORB) magmas (SCSS 
= 1300 ppm). However, the SCSS at the upper 
fO

2
 end is three times higher than in MORB 

magmas. If Keays’ (1995) approach is used, only 
6% melting would be required to eliminate man-
tle sulfi des by dissolution if melting occurs at 
FMQ + 1.7 (assuming a mantle with 250 ppm S; 
McDonough and Sun, 1995). Metasomatism is 
thought to increase the amount of S in the mantle 
wedge to ~500 ppm (de Hoog et al., 2001). Even 
assuming that all S added during metasomatism 
is stabilized as sulfi des, ~11% melting would be 
required to eliminate sulfi des by dissolution if 
melting occurs at FMQ + 1.7. As a consequence, 
partial melting in metasomatized sources should 
result in (1) the release to the melt of the HSE 
inventory trapped in sulfi des, or (2) a change to 
conditions in which HSE content in the silicate 
melt is controlled by metal-melt, oxide-melt or 
silicate-melt equilibria. Furthermore, Alard et 
al. (2000) showed that mantle sulfi des in meta-
somatized sources are either interstitial (along 
grain boundaries) or enclosed (mostly in oliv-
ine). They showed that the interstitial sulfi des 
(Cu-rich pentlandite) have higher Cu and higher 
Pd/Ir than the enclosed sulfi des (mostly mono-
sulfi de solid solution). Because low degrees of 
partial melting would preferentially eliminate 
interstitial sulfi des, melting of metasomatized 
sources should result in Cu-rich magmas with 
high Pd/Ir and would likely cause fractionation 
of HSE. Thus, the total inventory of HSE in the 
melt will depend on the relative proportion of 
enclosed sulfi des that are shielded during melt-
ing and retained in the mantle residue.

Application of the model to magmas from 
several tectonic settings at different fO

2
 ranges 

(Ballhaus, 1993) indicates that sulfate species 
will dominate in island arc basalts (IAB), back-
arc basalts (BAB), and oceanic-island basalts 
(OIB) compared to mid-oceanic-ridge basalts 
(MORB), and therefore the SCSS should be high 
in IAB, BAB, and OIB (Fig. 3). For example, in 
MORB, the SCSS increases from 1300 ppm (at 
FMQ – 1) to 1500 ppm (at FMQ + 0.5; black 
band in Fig. 3); in BAB and OIB, the SCSS 
increases from 1400 ppm (at FMQ) to 7500 
ppm (at FMQ + 2; dark-gray box in Fig. 3); and 
in IAB, the SCSS increases from 2000 ppm (at 
FMQ + 1) to 1.4 wt% (at FMQ + 2.3) where sul-

fate saturates (light-gray box in Fig. 3). Above 
FMQ + 2.3, sulfi des are not stable and the maxi-
mum S content is controlled by the SCAS. These 
values were calculated using experimental data 
for basaltic melts at 1300 °C and 1.0 GPa (Jugo 
et al., 2005a). Further work is needed to fully 
evaluate the role of pressure and composition (in 
particular, alkalinity). However, the exponential 
trend is likely to remain and therefore should be 
taken into account when estimating the amount 
of S that can be transported in magmas.
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Figure 2. Detail of one of the disequilib-
rium experiments quenched to preserve 
the reduction front imposed by enclosing a 
sulfate-saturated andesitic melt in a graph-
ite capsule. A gap with few visible sulfi des 
or sulfates separates the sulfate-saturated 
region (right) from the sulfi de-saturated re-
gion (left).

Figure 3. Predicted S content at sulfi de and 
sulfate saturation for the mantle wedge 
above subduction zones and for basaltic 
melts from different tectonic settings. Oxi-
dation states for the fi elds shown are from 
Ballhaus (1993) and Parkinson and Arculus 
(1999). The curve is the same curve shown 
in Figure 1. IAB—island arc basalts; BAB—
backarc basalts; OIB—oceanic-island ba-
salts; MORB—mid-oceanic-ridge basalts. 



418 GEOLOGY, May 2009

ACKNOWLEDGMENTS
I thank the Natural Science and Engineering 

Research Council of Canada (NSERC; Discovery 
grants) for funding. I thank Phil Candela, Elisa-
beth Ronacher, Max Wilke, David Dolejs, and Alan 
Woodland for feedback and comments on some of 
the concepts discussed or earlier versions of this 
manuscript. I thank Jim Mungall, Hugh O’Neill, 
Malcolm Rutherford, and two anonymous reviewers 
for their constructive comments and suggestions. All 
errors and omissions remain my own.

REFERENCES CITED
Alard, O., Griffi n, W.L., Lorand, J.P., Jackson, S.E., 

and O’Reilly, S.Y., 2000, Non-chondritic dis-
tribution of the highly siderophile elements in 
mantle sulphides: Nature, v. 407, p. 891–894, 
doi: 10.1038/35038049.

Ballhaus, C., 1993, Redox states of lithospheric and 
asthenospheric upper mantle: Contributions to 
Mineralogy and Petrology, v. 114, p. 331–348, 
doi: 10.1007/BF01046536.

Bernard, A., Demaiffe, D., Mattielli, N., and Punong-
bayan, R.S., 1991, Anhydrite-bearing pumices 
from Mount Pinatubo—Further evidence for the 
existence of sulfur-rich silicic magmas: Nature, 
v. 354, p. 139–140, doi: 10.1038/354139a0.

Carroll, M.R., and Rutherford, M.J., 1985, Sul-
fi de and sulfate saturation in hydrous silicate 
melts: Journal of Geophysical Research, v. 90, 
p. C601–C612.

Carroll, M.R., and Rutherford, M.J., 1987, The sta-
bility of igneous anhydrite—Experimental 
results and implications for sulfur behavior in 
the 1982 El Chichon trachyandesite and other 
evolved magmas: Journal of Petrology, v. 28, 
p. 781–801.

de Hoog, J.C.M., Mason, P.R.D., and van Bergen, 
M.J., 2001, S and chalcophile elements in sub-
duction zones: Constraints from a laser abla-
tion ICP-MS study of melt inclusions from 
Galunggung Volcano, Indonesia: Geochimica 
et Cosmochimica Acta, v. 65, p. 3147–3164, 
doi: 10.1016/S0016-7037(01)00634-2.

Desborou, G.A., Anderson, A.T., and Wright, T.L., 
1968, Mineralogy of sulfi des from certain 
Hawaiian basalts: Economic Geology and the 
Bulletin of the Society of Economic Geolo-
gists, v. 63, p. 636.

Fincham, C.J.B., and Richardson, F.D., 1954, The 
behaviour of sulphur in silicate and alumi-
nate melts: Proceedings of the Royal Society 
of London, ser. A, Mathematical and Physical 
Sciences, v. 223, p. 40–62.

Haughton, D.R., Roeder, P.L., and Skinner, B.J., 
1974, Solubility of sulfur in mafi c mag-
mas: Economic Geology and the Bulletin of 

the Society of Economic Geologists, v. 69, 
p. 451–467.

Imai, A., Listanco, E.L., and Fujii, T., 1993, Petro-
logic and sulfur isotopic signifi cance of highly 
oxidized and sulfur-rich magma of Mt. Pina-
tubo, Philippines: Geology, v. 21, p. 699–702.

Jugo, P., Luth, R., and Richards, J., 2005a, An ex-
perimental study of the sulfur content in basal-
tic melts saturated with immiscible sulfi de or 
sulfate liquids at 1300 °C and 1.0 GPa: Journal 
of Petrology, v. 46, p. 783–798, doi: 10.1093/
petrology/egh097.

Jugo, P., Luth, R., and Richards, J., 2005b, Experi-
mental data on the speciation of sulfur as a 
function of oxygen fugacity in basaltic melts: 
Geochimica et Cosmochimica Acta, v. 69, 
p. 497–503, doi: 10.1016/j.gca.2004.07.011.

Katsura, T., and Nagashima, S., 1974, Solubility of sul-
fur in some magmas at 1 atmosphere: Geochim-
ica et Cosmochimica Acta, v. 38, p. 517–531.

Keays, R.R., 1995, The role of komatiitic and picritic 
magmatism and S saturation in the formation 
of ore deposits: Lithos, v. 34, p. 1–18, doi: 
10.1016/0024-4937(94)00029-2.

Kress, V., 1997, Magma mixing as a source for Pina-
tubo sulphur: Nature, v. 389, p. 591–593, doi: 
10.1038/39299.

Luhr, J.F., 1990, Experimental phase relations of wa-
ter-saturated and sulfur-saturated arc magmas 
and the 1982 eruptions of El Chichon volcano: 
Journal of Petrology, v. 31, p. 1071–1114.

Luhr, J.F., Carmichael, I.S.E., and Varekamp, J.C., 
1984, The 1982 eruptions of El Chichon vol-
cano, Chiapas, Mexico—Mineralogy and pe-
trology of the anhydrite- bearing pumices: Jour-
nal of Volcanology and Geothermal Research, 
v. 23, p. 69–108.

McDonough, W.F., and Sun, S.-s., 1995, The compo-
sition of the Earth: Chemical Geology, v. 120, 
p. 223–253.

Metrich, N., and Clocchiatti, R., 1996, Sulfur abun-
dance and its speciation in oxidized alkaline 
melts: Geochimica et Cosmochimica Acta, 
v. 60, p. 4151–4160, doi: 10.1016/S0016-7037
(96)00229-3.

Metrich, N., Bonnin-Mosbah, M., Susini, J., Menez, 
B., and Galoisy, L., 2002, Presence of sulfi te (S-
IV) in arc magmas: Implications for volcanic 
sulfur emissions: Geophysical Research Let-
ters, 1538, v. 29, doi: 10.1029/2001GL014607.

Mitchell, R.H., and Keays, R.R., 1981, Abundance and 
distribution of gold, palladium and iridium in 
some spinel and garnet lherzolites—Implications 
for the nature and origin of precious metal–rich in-
tergranular components in the upper mantle: Geo-
chimica et Cosmochimica Acta, v. 45, p. 2425–
2442, doi: 10.1016/0016-7037(81)90096-X.

Moretti, R., and Ottonello, G., 2005, Solubility and 
speciation of sulfur in silicate melts: The con-
jugated Toop-Samis-Flood-Grjotheim (CTSFG) 
model: Geochimica et Cosmochimica Acta, v. 69, 
p. 801–823, doi: 10.1016/j.gca.2004.09.006.

Mungall, J.E., 2002, Roasting the mantle: Slab melting 
and the genesis of major Au and Au-rich Cu de-
posits: Geology, v. 30, p. 915–918, doi: 10.1130/
0091-7613(2002)030<0915:RTMSMA>2.0.CO;2.

Mungall, J.E., Hanley, J.J., Arndt, N.T., and De-
becdelievre, A., 2006, Evidence from mei-
mechites and other low-degree mantle melts for 
redox controls on mantle-crust fractionation of 
platinum-group elements: Proceedings of the 
National Academy of Sciences of the United 
States of America, v. 103, p. 12,695–12,700, 
doi: 10.1073/pnas.0600878103.

Parkinson, I.J., and Arculus, R.J., 1999, The redox 
state of subduction zones: Insights from arc-
peridotites: Chemical Geology, v. 160, p. 409–
423, doi: 10.1016/S0009-2541(99)00110-2.

Robock, A., 2000, Volcanic eruptions and climate: 
Reviews of Geophysics, v. 38, p. 191–219, doi: 
10.1029/1998RG000054.

Rowe, M.C., Kent, A.J.R., and Nielsen, R.L., 2007, 
Determination of sulfur speciation and oxida-
tion state of olivine hosted melt inclusions: 
Chemical Geology, v. 236, p. 303–322, doi: 
10.1016/j.chemgeo.2006.10.007.

Sillitoe, R.H., 1997, Characteristics and controls of 
the largest porphyry copper-gold and epithermal 
gold deposits in the circum-Pacifi c region: Aus-
tralian Journal of Earth Sciences, v. 44, p. 373–
388, doi: 10.1080/08120099708728318.

Symonds, R.B., Rose, W.I., Bluth, G.J.S., and Ger-
lach, T.M., 1994, Volcanic gas studies—Meth-
ods, results, and applications: Volatiles in mag-
mas: Reviews in Mineralogy, v. 30, p. 1–66.

Wallace, P.J., and Carmichael, I.S.E., 1994, S-speci-
fi cation in submarine basaltic glasses as deter-
mined by measurements of Ska X-ray wave-
length shifts: American Mineralogist, v. 79, 
p. 161–167.

Wendlandt, R.F., 1982, Sulfi de saturation of basalt and 
andesite melts at high pressures and tempera-
tures: American Mineralogist, v. 67, p. 877–885.

Wilke, M., Jugo, P.J., Klimm, K., Susini, J., 
Botcharnikov, R., Kohn, S.C., and Janousch, 
M., 2008, The origin of S4+ detected in silicate 
glasses by XANES: American Mineralogist, 
v. 93, p. 235–240, doi: 10.2138/am.2008.2765.

Manuscript received 28 September 2008
Revised manuscript received 11 December 2008
Manuscript accepted 19 December 2008

Printed in USA


