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Abstract

XANES analyses at the sulfur K-edge were used to determine the oxidation state of S species in natural and synthetic
basaltic glasses and to constrain the fO2 conditions for the transition from sulfide (S2�) to sulfate (S6+) in silicate melts.
XANES spectra of basaltic samples from the Galapagos spreading center, the Juan de Fuca ridge and the Lau Basin showed
a dominant broad peak at 2476.8 eV, similar to the spectra obtained from synthetic sulfide-saturated basalts and pyrrhotite.
An additional sharp peak at 2469.8 eV, similar to that of crystalline sulfides, was present in synthetic glasses quenched from
hydrous melts but absent in anhydrous glasses and may indicate differences in sulfide species with hydration or presence of
minute sulfide inclusions exsolved during quenching. The XANES spectra of a basalt from the 1991 eruption of Mount Pina-
tubo, Philippines, and absarokitic basalts from the Cascades Range, Oregon, USA, showed a sharp peak at 2482.8 eV, char-
acteristic of synthetic sulfate-saturated basaltic glasses and crystalline sulfate-bearing minerals such as hauyne. Basaltic
samples from the Lamont Seamount, the early submarine phase of Kilauea volcano and the Loihi Seamount showed unequiv-
ocal evidence of the coexistence of S2� and S6+ species, emphasizing the relevance of S6+ to these systems. XANES spectra of
basaltic glasses synthesized in internally-heated pressure vessels and equilibrated at fO2 ranging from FMQ � 1.4 to
FMQ + 2.7 showed systematic changes in the features related to S2� and S6+ with changes in fO2. No significant features
related to sulfite (S4+) species were observed. These results were used to construct a function that allows estimates of
S6+/RS from XANES data. Comparison of S6+/RS data obtained by S Ka shifts measured with electron probe microanalysis
(EPMA), S6+/RS obtained from XANES spectra, and theoretical considerations show that data obtained from EPMA mea-
surements underestimate S6+/RS in samples that are sulfate-dominated (most likely because of photo-reduction effects during
analysis) whereas S6+/RS from XANES provide a close match to the expected theoretical values. The XANES-derived rela-
tionship for S6+/RS as a function of fO2 indicates that the transition from S2� to S6� with increasing fO2 occurs over a nar-
rower interval than what is predicted by the EPMA-derived relationship. The implications for natural systems is that small
variation of fO2 above FMQ + 1 will have a large effect on S behavior in basaltic systems, in particular regarding the amount
of S that can be transported by basaltic melts before sulfide saturation can occur.
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1. INTRODUCTION

Sulfur is a trace element in silicate melts (typically below
0.2 wt%) but it is a key element in several magmatic pro-
cesses. For example, sulfide phases control the behavior
of most metals of economic interest either because of the
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chalcophile nature of these metals (e.g., Cu, Ni, Co) or be-
cause of the association of highly siderophile elements (Ru,
Rh, Pd, Re, Os, Ir, Pt, Au) with sulfide phases (e.g., Mitch-
ell and Keays, 1981; Alard et al., 2000). Some of these chal-
cophile and siderophile elements (e.g., Pb, Re, Os) are often
used as tracers of petrogenetic processes (e.g., Roy-Barman
et al., 1998; Rehkamper et al., 1999; Hart and Gaetani,
2006). Therefore, understanding the factors controlling sul-
fide saturation in silicate melts has received significant
attention (Haughton et al., 1974; Mavrogenes and O’Neill,
1999; O’Neill and Mavrogenes, 2002; Clemente et al., 2004;
Liu et al., 2007; Li and Ripley, 2009). Sulfur (as SO2) is an
essential magmatic volatile component, along with H2O
and CO2, and some explosive volcanic eruptions can release
large amounts of sulfur into the stratosphere significantly
affecting global climate. The Permian–Triassic extinction,
for example, has been linked to major sulfur emissions
caused by the eruption of basalts in the Siberian Traps large
igneous province (e.g., Campbell et al., 1992; Rampino and
Self, 1992; Renne et al., 1995; Self et al., 1996; Reichow
et al., 2009).

Several aspects make S a complex element to understand
in magmatic systems. First, S may occur as sulfide (S2�), sul-
fate (S6+), or a combination of both in silicate melts (e.g.,
Carroll and Rutherford, 1988; Wallace and Carmichael,
1994; Paris et al., 2001). Second, sulfite (S4+), as SO2, is the
dominant S species in volcanic gases, followed by H2S and
minor amounts of S2 and COS (e.g., Carroll and Webster,
1994; Symonds et al., 1994). Third, as for other multivalent
elements (e.g., Fe) variations in fO2 determine the oxidation
state and the proportion of coexisting species; however, the
transition from S2� to S6+ in silicate melts occurs over a very
narrow fO2 interval (roughly between FMQ and FMQ + 2)
whereas the transition from Fe2+ to Fe3+ expands over 16
log fO2 units (Jayasuriya et al., 2004). Because of the rela-
tively high S contents required to form anhydrite (or an
immiscible sulfate liquid) from basaltic silicate melts, S be-
haves mostly as an incompatible element when it is present
as S6+ in mafic magmas. In contrast, relatively low S con-
tents (as S2�) are required to reach sulfide saturation (e.g.,
Carroll and Rutherford, 1985, 1987; Luhr, 1990; Jugo
et al., 2005a; Liu et al., 2007; Moune et al., 2009). For silicate
melts containing a combination of S6+ and S2�, Jugo (2009)
predicted that small changes in fO2 strongly affect the S con-
tent at sulfide saturation (SCSS) and the changes are ex-
pected to occur in fO2 interval that is relevant for magmas
in several tectonic regimes.

Since the development of electron microprobe tech-
niques to estimate the sulfate proportion (S6+/RS) in silicate
glasses by the shift in energy of the S Ka X-ray emissions
(Carroll and Rutherford, 1988; Wallace and Carmichael,
1994), several studies have documented the dominance of
sulfate species in some subduction-related magmas (Mat-
thews et al., 1999; De Hoog et al., 2004; Rowe et al.,
2007; Vigouroux et al., 2008). The development of X-ray
Absorption Near Edge Structure (XANES) spectroscopy
as a tool to identify different S species (Li et al., 1995; Paris
et al., 2001; Mckeown et al., 2004; Fleet, 2005; Fleet et al.,
2005) has provided significant insights into the complexities
of S behavior in silicate melts. One significant aspect is the
potential presence of several S species in silicate glasses.
Although Paris et al. (2001) suggested that S6+ and S2�

were the only S species relevant to S dissolution in silicate
melts, Métrich et al. (2002) documented the presence of
S4+ in basaltic glasses and discussed the implications of this
additional species for S transfer from the silicate melt to a
magmatic volatile phase. However, Wilke et al. (2008)
showed that S4+ detected with XANES is an analytical arti-
fact and the result of photo-reduction of sulfate species in
the quenched glasses due to beam–sample interaction dur-
ing prolonged microprobe exposure or during high-flux
XANES analyses. Although Métrich et al. (2009) showed
evidence that S4+ was present in Fe-free synthetic glasses,
they concluded that the proportion of S4+, compared to
S2� and S6+, is insignificant in silicate melts. Thus, it is rea-
sonable to assume that S behavior in silicate melts can be
described in terms of S2� and S6+, which allows for the
development of models to explain how S content at sulfide
saturation (SCSS) or sulfate content at anhydrite saturation
(SCAS) change in silicate melts with changes in fO2 (Jugo,
2009). Métrich et al. (2009) highlighted another potential
problem: self-oxidation of sulfide to sulfate during quench-
ing by simultaneous reduction of ferric iron to ferrous iron
according to the reaction:

S2� þ 8Fe3þ ¼ S6þ þ 8Fe2þ ð1Þ

Métrich et al. (2009) argued that the real (S6+/S2�) is
unquenchable because electron transfer is expected to hap-
pen very fast and may occur even below the glass transition
temperature, and concluded that (S6+/S2�) or S6+/RS (as
more commonly determined by EPMA) measured in sili-
cate glasses are not reliable indicators of S6+/RS in the sil-
icate melt at magmatic conditions.

The purpose of this contribution is to present XANES
analyses of natural and experimental samples and use them
to: (a) provide information about S speciation in natural
magmatic systems; (b) show that S6+ and S2� can coexist
in silicate melts (both natural and experimental) and that
features related to S4+ are absent or insignificant; (c) show
that S6+/RS is quenchable; (d) demonstrate that S6+/RS ob-
tained by EPMA tend to overestimate S6+/RS, particularly
in oxidized samples; (e) derive a method to estimate S6+/RS
from XANES data; and (f) refine models for the SCSS and
SCAS in basaltic melts that account for the presence of S6+

and S2� in silicate melts.

2. SAMPLES AND METHODS

Natural samples from several localities were analyzed
(Table 1). The samples include basaltic submarine glasses
from the Galapagos Spreading Center, Juan de Fuca Ridge,
Lamont Seamounts, Lau Basin, Loihi Seamounts, basanites
from the early submarine phase of Kilauea volcano, melt
inclusions in olivine from the western Oregon Cascades
(Quartzville basalt), and melt inclusions in hornblende from
the 1991 eruption of Mount Pinatubo (of andesitic compo-
sition as documented in De Hoog et al. (2004)). Experimen-
tal samples are quenched glasses of basaltic composition
synthesized in piston-cylinder (Jugo et al., 2005a,b) and
internally-heated pressure vessels (Tables 2 and 3).



Table 1
Summary of locations and references for the natural samples
analyzed.

Sample Locality References

D1-4G Juan de Fuca Ridge [1]

1540-4 Galapagos Spreading Center, 95.5�W [1]
10-3-1 Lau Basin [1]

1560-1843Z Lamont Seamounts [1]
1567-2019Z Lamont Seamounts [1]
1564-1857 Lamont Seamounts [1]

F2-2 Lamont Seamounts [1]

KK-15-4 Loihi Seamount [1]
KK-15-5 Loihi Seamount [1]
KK-16-1 Loihi Seamount [1]
KK-19-21 Loihi Seamount [1]
KK-21-1 Loihi Seamount [1]
KK-29-10 Loihi Seamount [1]
S508 Kilauea volcano

(early submarine phase)
[2]

P-bas-1 Pinatubo basalt from 1991 eruption [3]
QV04-3B Quartzville basalt (Oregon Cascades) [4]

References: [1]: Wallace and Carmichael (1992, 1994); [2]: Sisson
(2003); [3]: de Hoog et al. (2004); [4]: Rowe et al. (2007).
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The oxygen fugacity in experiments conducted in inter-
nally-heated pressure vessels was nominally fixed using
Ar–H2 gas mixtures; fH2 was controlled with a Shaw mem-
Table 2
Summary of conditions and references for experimental sam

Sample Composition and run conditions

PJ-004 Basaltic sulfide-saturated, 1300 �C, 1 G
PJ-026 Basaltic sulfate-saturated, 1300 �C, 1 G
PJ-052 Basaltic sulfate-saturated, 1300 �C, 1 G
SB-5 Basaltic, internally-heated vessel, 200 M
SB-6 Basaltic, internally-heated vessel, 200 M
SB-15 Basaltic, internally-heated vessel, 200 M
SB-19 Basaltic, internally-heated vessel, 200 M
SB-35 Basaltic, internally-heated vessel, 200 M
SB-36 Basaltic, internally-heated vessel, 200 M
SB-41 Basaltic, internally-heated vessel, 200 M

[1] Jugo et al. (2005a,b).
a Sample SB-41 was synthesized in the presence of graph

model of Churakov and Gottschalk (2003) for fluid mixture

Table 3
Composition (in wt%) of experiments synthesized in internally-heated pr

Sample SiO2 TiO2 Al2O3 FeO MnO M

SB-5 47.48 1.61 16.52 7.90 0.02 5.
SB-6 45.72 1.70 15.67 9.56 0.18 5.
SB-15 45.64 1.69 15.73 9.46 0.14 5.
SB-19 45.41 1.71 15.39 9.90 0.17 5.
SB-21 45.42 1.70 15.33 9.90 0.28 5.
SB-30 44.99 1.66 15.19 9.91 0.16 5.
SB-35 45.06 1.67 15.22 9.70 0.12 5.
SB-36 45.33 1.68 15.69 8.38 0.13 5.
SB-41 47.97 1.97 17.39 7.95 0.17 3.
brane (e.g., Berndt et al., 2002; Botcharnikov et al., 2005).
Thus, the fO2 in each experiment depends on hydrogen dif-
fusion through the capsule walls (and osmotic equilibration
between charge and the pressure media), water activity, and
water dissociation. Water activity was calculated using the
expression aH2O = H2Omelt/H2Omax, where H2Omelt is
water content of the melt in an individual experiment and
H2Omax is the water solubility in given basaltic melt at given
P and T. In the calculation we assumed that the activity
coefficient of H2O in water-rich basaltic melts is close to
unity. This assumption is expected to be valid for basaltic
compositions at 200 MPa total pressure and close to water
saturation (e.g., Botcharnikov et al., 2005; Shishkina et al.,
in press). The fO2 was calculated using thermodynamic con-
siderations on water dissociation reaction at given T, P and
fH2:

log f OðcapsuleÞ
2 ¼ log f Oðat aH2O¼1Þ

2 þ 2 logðaH2OÞ ð2Þ

where log f O
ðcapsuleÞ
2 is oxygen fugacity of each experiment;

log f Oðat aH2O¼1Þ
2 is the oxygen fugacity expected in the cap-

sule with water activity equal to one at given T, P and fH2;
aH2O is water activity in the capsule.

XANES spectra at the S K-edge were collected at the
European Synchrotron Radiation Facility (ESRF; Greno-
ble, France) using the scanning X-ray microscope (SXM)
of the ID21 (X-ray microscopy) beamline. The beamline
uses a fixed-exit, Si(111) double-crystal monochromator
to scan the energy of the incoming beam and two plane-par-
ples analyzed.

Notes, References

Pa, anhydrous [1]
Pa, anhydrous [1]
Pa, anhydrous [1]
Pa, 1050 �C, hydrous FMQ + 2.7
Pa, 1050 �C, hydrous FMQ + 0.9
Pa, 1050 �C, hydrous FMQ + 1.8
Pa, 1050 �C, hydrous FMQ + 1.6
Pa, 1050 �C, hydrous FMQ + 1.3
Pa, 1050 �C, hydrous FMQ � 0.1
Pa, 1050 �C, hydrous FMQ � 1.4a

ite; the fO2 for this sample was determined using the
s.

essure vessels (determined by EPMA).

gO CaO Na2O K2O P2O5 S Total

44 9.90 3.49 1.95 0.54 0.60 95.44
48 10.31 3.33 1.88 0.53 0.28 94.64
34 10.25 3.40 1.90 0.56 0.60 94.71
21 10.15 3.43 1.89 0.49 0.52 94.27
25 10.12 3.18 1.88 0.34 0.47 93.87
24 10.12 3.27 1.90 0.52 0.47 93.43
40 10.13 3.20 1.83 0.47 0.41 93.21
39 10.09 3.32 1.78 0.58 0.12 92.50
68 7.90 4.28 2.58 0.72 0.07 94.68
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Fig. 1. XANES spectra used to define the peak positions and
intensities for sulfide (S2�), sulfite (S4+) and sulfate (S6+) species.
Synthetic pyrrhotite is from quenched sulfide liquid. Hauyne was
collected from the Eifel volcanic field (Germany). Reagent-grade
sodium sulfite was used as sulfite reference but because the material
was significantly oxidized, the sulfite peak likely has a much lower
intensity than if the reference material were pure sulfite. Suitable
sulfite reference material without oxidation was not available for
this study. The vertical lines indicate the energy of the main
features: 2469.8 eV for a sharp sulfide peak; 2476.8 eV as the center
of a broad sulfide peak; 2478.3 eV for the sulfite peak; 2482.8 eV
for the sulfate peak.
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allel mirrors with an adjustable angle of incidence to reject
higher harmonics. The energy of the monochromator was
calibrated to the position of the white line of the spectrum
of gypsum (2482.84 eV). The incident beam intensity was
measured using a photodiode and the spectra were collected
in fluorescence mode using an energy dispersive Si-drift
chamber solid-state detector. Two types of beam were used:
(a) beams ranging from 50 to 200 lm in diameter (“broad”

beams) were obtained using pinholes of the desired diame-
ter on Au foil of 100 lm thickness to collimate the beam be-
fore the sample; (b) focused beams of 0.4 � 0.8 lm were
obtained using an arrangement consisting of a Fresnel zone
plate and a central stop (to focus the beam to sub-microm-
eter sections without significant loss in beam flux) in combi-
nation with an order-selecting aperture to reject undesired
harmonics (Susini et al., 2002). The XANES spectra were
acquired by continuously scanning the monochromator
and changing the gap of the undulator to produce an en-
ergy step size of 0.23 eV. The samples were typically
scanned quickly from 2450 to 2550 eV (400 steps) with a
dwell time of 0.1 s. The quick-scans were stacked until an
appropriate signal-to-noise ratio was achieved (typically
in groups of 40 scans). Spectra were normalized by fitting
the energy region before the edge with a polynomial func-
tion and subtracting this function to the spectra to elimi-
nate the background. The edge jump was normalized to
unity by fitting an arctangent and a Gaussian function to
the spectra. Crystalline material was used as reference to
define the features of the main S species: a hauyne crystal
from the Eifel volcanic field (Germany) was used as refer-
ence for sulfate, a synthetic pyrrhotite formed upon
quenching of an immiscible sulfide liquid (Jugo et al.,
2005a) was used as reference for sulfide and reagent-grade
sodium sulfite powder was used as reference for sulfite.
Samples that had been analyzed previously by electron
probe microanalysis (EPMA) were re-polished to expose
fresh surfaces and to avoid the presence of sulfite species
caused by beam–sample interaction (Wilke et al., 2008).

3. RESULTS

3.1. Reference material

Fig. 1 shows the results of the XANES analysis of the ref-
erence material used to define the position and characteristic
of the features associated with S2�, S4+ and S6+ species. Two
features characterize the S2� spectrum of the synthetic pyr-
rhotite: a broad peak at 2476.8 eV and a sharp peak at
2469.8 eV. A single peak at 2482.8 eV that has very high
intensity relative to the normalized edge jump characterizes
the S6+ spectrum of hauyne. The spectrum of the sulfite sam-
ple (synthetic Na-sulfite) has two peaks: a small peak at
2478.3 eV and a sharp peak at 2482.8 eV. The second peak
matches the position and shape of the sulfate peak and was
interpreted to be the result of partial oxidation of the sodium
sulfite to sodium sulfate (this is unavoidable because crystal-
line sulfite is very unstable and oxidizes very fast). Therefore,
the peak at 2478.3 eV was used as the only criterion to estab-
lish the presence of sulfite in the samples analyzed. This
assignment is consistent to previous work on S speciation
by XANES (Métrich et al., 2002, 2009; McKeown et al.,
2004; Fleet, 2005; Fleet et al., 2005; Backnaes et al., 2008).

3.2. Reduced, sulfide-dominated samples

Fig. 2 shows the XANES results spectra of sulfide-dom-
inated samples. The XANES spectra of the crystalline sul-
fide and sulfate reference materials are also shown.
Sample PJ-004 is a synthetic, sulfide-saturated basaltic glass
and shows the characteristic broad peak centered at
2476.8 eV observed in pyrrhotite. However, the relative
intensity of this peak is higher in the basaltic glass than in
the Fe-sulfide reference. At lower energies (ca. 2470–
2471 eV) a clear shoulder is visible. The spectrum of the
sample from Lau Basin looks very similar to the synthetic
one. Two further natural glass samples (Juan de Fuca,
Galapagos) show an additional sharp feature at
2469.8 eV, which is quite similar in position to the one
found in pyrrhotite but different in intensity. Data from
Fleet (2005) indicate that this low energy feature in the
XANES spectra depends strongly on the neighboring
atoms of S. For crystalline model compounds, its position
shifts in energy depending on whether S is present as
CaS, MgS or FeS. Only FeS shows a peak at 2469.8 that
is clearly separated from the edge. In addition, the sample
D1-4G (Juan de Fuca) shows a small shoulder at
2482.8 eV that is consistent with minor amounts of sulfate
in the sample.
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Fig. 2. XANES spectra of sulfide-dominated samples. The spectra
of the sulfide (pyrrhotite) and sulfate (hauyne) reference material
are shown for reference. The broad sulfide peak centered at
2478.3 eV is common for all spectra; it is higher in the glass samples
than in the sulfide reference. The sharp peak at 2469.8 eV shows
marked variability among the analyzed glass samples, being almost
absent in the experimental glass (PJ-004) and the Lau basin sample
but well defined in the Juan de Fuca and Galapagos samples. Of
the samples analyzed only the Juan de Fuca (D1-4G) sample shows
some small features corresponding to sulfite and sulfate.
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3.3. Oxidized, sulfate-dominated samples

Fig. 3A and B summarize the results of sulfate-domi-
nated samples. The experimental samples in Fig. 3A are
all anhydrous and sulfate-saturated. All the samples
showed the intense 2482 eV peak characteristic of sulfate
species. No significant features associated with other S spe-
cies were recorded. Fig. 3B shows the results for sulfate-
dominated natural samples. The spectra of sample QV04-
3B are from three different melt inclusions in olivine. The
spectrum of sample P-bas-1 is from a melt inclusion in
hornblende (see De Hoog et al. (2004) for further details).
The signal to noise ratio in these samples is lower than in
the synthetic samples (Fig. 3A) because the S content is
much lower. However, the spectra show that sulfate is the
dominant species in all the samples. No sulfide species were
detected in QV04-3B. A feature resembling the sharp peak
at 2469.8 eV is present in the spectrum of P-bas-1 but the
lack of a feature matching the broad peak at 2476.8 eV is
an indication that no sulfide is present. The samples shown
in Fig. 3B have a small peak at 2478.3 eV, corresponding to
sulfite. However, all the melt inclusion samples were ana-
lyzed with a focused beam (because of their small size)
and the presence of small amounts of sulfite is most likely
caused by photo-reduction of sulfate during analysis, which
is unavoidable when a focused beam is used (Wilke et al.,
2008).
3.4. Natural samples with coexisting sulfide and sulfate

species

XANES spectra in natural samples from the Lamont
Seamount (Fig. 4), the early phase of Kilauea (Fig. 5)
and the Loihi Seamount (Fig. 6) showed coexistence of
S2� and S6+. No S4+ species was detected in these glasses.
The S2� component of the spectra is similar in all the sam-
ples, showing the broad peak at 2476.8 eV and a minor
peak at 2469.8 eV. The intensities of the S2� features are
essentially identical in the samples. However, the intensities
of the S6+ peak differ. In the Lamont Seamount samples the
intensity of the S6+ peak is similar to the intensity of the
broad S2� peak and there is no significant variation among
the samples. In the Kilauea samples the intensity of the S6+

peak is higher and more variable than in the Lamont Sea-
mount samples. The samples from the Loihi Seamount
showed the largest variability in the intensity of the S6+

peak. Sample KK-15-4 was an anomaly and showed only
S2� features.

3.5. Synthetic basaltic glasses with coexisting sulfide and

sulfate species

XANES spectra of water-bearing basalts synthesized at
200 MPa and 1050 �C under different fO2 conditions illus-
trate the effect of fO2 on the intensity of S6+ and S2� fea-
tures. Fig. 7A shows the spectra of four basaltic glasses.
The spectra are overlapped rather than stacked to illustrate
the differences in the intensities of the S6+ peak. Fig. 7B is a
detail of the spectra in Fig. 7A scaled to show the variations
in the features corresponding to S2� in the basaltic glasses.
Both figures illustrate the increase in sulfide species with
decreasing fO2. At FMQ + 2.7 (sample SB-5), no S2� was
detected and S is present only as S6+. The spectrum for
SB-5 is similar to the spectra of basaltic and andesitic
glasses synthesized in piston-cylinder at higher pressures
(Fig. 3A). At FMQ + 1.6 (sample SB-19) S6+ is still domi-
nant but minor S2� was inferred, based on comparison with
the shoulder of sample SB-5 (Fig. 7B). The spectra of sam-
ples synthesized at FMQ + 1.3 (sample SB-35) and at
FMQ + 0.9 (sample SB-6) show a progressive decrease in
the relative intensity of the S6+ peak with decreasing fO2

that is matched by a progressive increase in the relative
intensities of the S2� features. The most reduced sample
(SB-41), which equilibrated at fO2 = FMQ � 1.4 does not
show the separated peak at 2469.8 eV, in contrast to sul-
fide-saturated basaltic glasses synthesized in the piston-cyl-
inder (Fig. 2 sample PJ-004), which shows the feature
although with very low intensity. Comparison of the inten-
sities at 2476.8 eV consistently indicates a systematic de-
crease of this sulfide-related feature with decreasing fO2.

4. DISCUSSION

4.1. Dominant S species in silicate melts

Sulfide (S2�) and sulfate (S6+) were the dominant species
in the spectra of all samples analyzed. Some spectra (e.g.,
Fig. 3B) show the presence of small features characteristic
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Fig. 3. XANES spectra of sulfate-dominated samples. (A) Spectra of anhydrous sulfate-saturated samples synthesized in a piston-cylinder at
1 GPa and 1300 �C. (B) Spectra of arc-related melts inclusions. P-bas-1 is a melt inclusion in hornblende from the products of the 1991
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sulfite. However, sulfite in these samples is likely an analytical artifact.
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of sulfite (S4+). Wilke et al. (2008) showed that beam–sam-
ple interaction produces S4+ by photo-reduction of S6+,
especially under high photon flux. Because the melt inclu-
sion samples were analyzed with a focused beam, we inter-
pret the S4+ features in these samples as analytical artifacts.
Even if S4+ were assumed to be real, the small intensity of
the S4+ peaks in the analyzed glasses indicates that, at best,
the amount of S4+ present is minor compared to the
amounts of S2� and S6+. Thus, we suggest that S4+ can
be safely ignored when modeling the behavior of S in sili-
cate melts (although S4+ is the dominant oxidation state
of S in the volatile phases exsolving from the melt). The re-
sults shown here are consistent with the results of Paris
et al. (2001) who first proposed that only S2� and S6+ are
relevant in silicate melts. Backnaes et al. (2008) also found
that S2� and S6+ were the only S species present in silicate
glasses, even in samples synthesized in equilibrium with SO2

gas and sodium sulfite. Backnaes et al. (2008) concluded
that in their experiments S4+ disproportionated into S2�

and S6+. Métrich et al. (2009) documented sulfite species
in Fe-free and Fe-poor silicate glasses. However, they state
that “the solubility of S4+ is insignificant at low pressure”

and “it is likely to remain insignificant at higher pressures”

(Métrich et al., 2009, p. 2395). Furthermore, in the basaltic
glasses synthesized at various fO2 (Fig. 7) only sulfide and
sulfate species were detected. However, a conclusive answer
regarding whether S4+ is present or not in silicate melts will
require in situ XANES analysis of molten silicate as sug-
gested by Backnaes et al. (2008).
4.2. Estimates of S6+/RS from XANES spectra

The signals of the normalized spectra at the energy posi-
tions for sulfide and sulfate were used to estimate S6+/RS.
The signal window for sulfide (henceforth I(S2�)) was inte-
grated between 2475.7 and 2480 eV. The signal window for
sulfate (henceforth I(S6+)), was integrated between 2481.5
and 2484 eV. To define the relationship between the relative
variation of the two signal windows and S6+/RS, a sequence
of spectra (Fig. 8A) was calculated by combining the spec-
tra of a completely oxidized glass and a completely reduced
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Fig. 8. Estimates of S6+/RS from XANES spectra. (A) The spectra of completely oxidized (SB-5) and completely reduced (SB-41) basaltic
glasses used, respectively, as reference for S6+/RS = 1 and S6+/RS = 0 (bold curves). The thinner curves show the spectra of proportional
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calculate I(S6+) and I(S2�). (B) The relationship between I(S6+)/RS and S6+/RS for the spectra shown in (A). This relationship was used to
calculate S6+/RS in samples showing combinations of S6+ and S2� features (Tables 4 and 5).

Table 4
Estimates of S6+/RS of synthetic basaltic samples from Eq. (3).

Spectrum I(S2�) I(S6+) I(S6+)/RI S6+/RS (%)

Basaltic glasses (IHPV)
SB-5 0.52 15.62 0.97 100.83
SB-15 0.84 14.49 0.95 94.44
SB-19 1.02 14.38 0.93 91.33
SB-35 2.16 12.26 0.85 71.87
SB-6 3.99 7.93 0.67 40.41
SB-36 6.59 2.77 0.30 0.19
SB-41 6.27 2.57 0.29 �0.24
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glass (SB-5 and SB-41, with only S6+ or only S2� present,
respectively). The I(S2�) and I(S6+) parameters were deter-
mined from this calculated sequence and the trend of I(S6+)
over the sum of the two signals (RI = I(S2�) + I(S6+)) was
plotted against S6+/RS (Fig. 8B). In this protocol, we as-
sume that mixtures of the two end-members match the
spectra of samples with mixed oxidation state. Within the
energy windows used for integration this assumption is va-
lid as was checked by comparison. The trend in Fig. 8B was
fitted by an exponential function:

S6þ=RS ¼ �C � lnf½IðS6þÞ=RI� A�=Bg ð3Þ

where the fit parameters A, B, and C are 1.2427, �0.94911,
and 0.81354, respectively (Fig. 8B). This relationship can be
used to estimate S6+/RS in samples showing S2� and S6+

features in XANES spectra. For the samples synthesized
in internally-heated pressure vessels, variation in fO2 clearly
results in systematic variations in the intensities of the sul-
fate and the sulfide features (increase in the intensity of the
sulfate feature and decrease in the intensity of the sulfide
feature, which are the basis for the model shown in
Fig. 8A). These samples cover the complete range of S6+/
RS (Table 4) as expected in the range of fO2 used for this
set of experiments. The natural samples for which XANES
spectra showed coexistence of sulfide and sulfate species
(Fig. 4–6) have well defined sulfide peaks with no discern-
ible variations in the intensity of the sulfide features within
each suite in the figures. The variation in S6+/RS is most
noticeable in the variations in the sulfate feature because
the intensity of the S6+ and S2� have very different sensitiv-
ity per unit of S6+/RS as illustrated in Fig. 8A (i.e. minute
changes in the concentration of S6+ will cause significant
changes in the intensity of the sulfate feature but noticeable
changes in the intensity of the sulfide feature requires larger
changes in the concentration of S2�). In general the samples
analyzed from Kilauea, and the Lamont and Loihi Sea-
mounts are towards the reduced end of the S6+/RS range
(S6+/RS < 0.3) and have limited variation in S6+/RS. How-
ever, it is significant than these samples show clear evidence
of the presence of S6+, in contrast to the samples from Juan
de Fuca, Galapagos and the Lau Basin which are clearly
dominated by S2� with negligible S6+ (Table 5).

4.3. Changes in S speciation as a function of fO2

As discussed by Wallace and Carmichael (1994), Mat-
thews et al. (1999) and Métrich et al. (2009), the oxidation
of S2� to S6+ can be expressed as:

S2� þ 2O2 ¼ SO4
2� ð4Þ

which can be rearranged as:

log f O2 ¼ 0:5 logðða½SO4�2�Þ=ða½S�2�ÞÞ � 0:5 log K ð5Þ

where K is the equilibrium constant (therefore a function of
T and P) and a[i] is the activity of component “i” in the sil-



Table 5
Estimates of S6+/RS of natural samples from Eq. (3).

Spectrum I(S2�) I(S6+) I(S6+)/RI S6+/RS (%)

Sulfide-dominated samples

Juan de Fuca D1-4G 6.57 3.02 0.31 1.84
Galapagos 1540-4 6.75 2.72 0.29 �0.53
Lau Basin 10-1-3- 6.96 2.68 0.28 �1.32
Lau Basin 20-5-1 6.50 2.52 0.28 �1.21

Lamont Seamounts

1560-1843Z 5.76 3.81 0.40 9.51
1567-2019Z 5.89 3.82 0.39 9.05
1564-1857 6.27 3.63 0.37 6.49
F2-2 5.73 3.36 0.37 6.79

Kilauea

Hw S508_6 4.49 5.25 0.54 24.32
Hw S508_1 5.62 4.62 0.45 14.76
Hw S508_2 4.99 4.45 0.47 16.86
Hw S508_4 5.46 4.32 0.44 13.77
Hw S508_3 5.55 4.29 0.44 13.22
Hw S508_5 5.80 3.77 0.39 9.08

Loihi Seamount

KK-21-1 4.69 6.88 0.59 31.02
KK-19-21 4.57 6.25 0.58 28.90
KK-15-5 4.90 6.22 0.56 26.75
KK-29-10 5.07 4.93 0.49 19.19
KK-16-1 5.31 4.53 0.46 15.75
KK-15-4 6.31 2.45 0.28 �1.21
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icate melt. Subtracting the log fO2 value for the FMQ buffer
at the appropriate P–T conditions (written below as
“log(fO2)FMQ”) so that fO2 is expressed in terms of the
Oxygen fugacity (ΔFMQ)
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Fig. 9. Log(S6+/S2�) vs. DFMQ. (A) A compilation of data of sample
regression to all data. The bold line has a slope = 2, as predicted by t
log(S6+/S2�) = 0.0 at DFMQ = 1 to illustrate the discrepancy of the av
Rutherford (1988), Wallace and Carmichael (1992, 1994); Nilsson and Pe
et al. (2005a). Fig. 9B shows linear regressions to the XANES-derived data
(shown in (A)). The bold line is the regression obtained though all the da
excluded in the regression.
FMQ buffer and solving for log((a[SO4]2�)/(a[S]2�)) we
obtain:

logðða½SO4�2�Þ=ða½S�2�ÞÞ ¼ 2DFMQ

þ ðlog K þ 2 logðf O2ÞFMQÞ
ð6Þ

Eq. (4) defines a straight-line, y = 2x + b, with a slope of
2 and an intercept that is a function of the equilibrium con-
stant and the reference FMQ buffer (as discussed by Mat-
thews et al. (1999) and Métrich et al. (2009)). If the ratio
of the activity coefficients does not deviate significantly
from unity, then:

logðða½SO4�2�Þ=ða½S�2�ÞÞ � logðS6þ=S2�Þ ð7Þ

where (S6+/S2�) is the ratio of the S6+ and S2� content.
Electron probe microanalysis provides data of total S

and (using the method of Carroll and Rutherford (1988))
estimates of the proportion of S6+ species. Because most
available data are expressed as S6+/RS, the following con-
version is needed to assess the fit of available data to the
predicted linear trend:

ðS6þ=S2�Þ ¼ ðS6þ=RSÞ=ð1� ðS6þ=RSÞÞ ð8Þ

Fig. 9A shows log(S6+/S2�) against DFMQ using the
data compiled in Jugo et al. (2005b). The trend is essentially
identical to that obtained by Matthews et al. (1999; see their
Fig. 4) but we chose DFMQ for the abscissa to ease com-
parison with published S speciation diagrams. An arbitrary
line with a slope of 2 was drawn passing trough S6+/S2� = 1
at fO2 = FMQ + 1 to evaluate the fit of the data obtained
from EPMA (S Ka shifts; Carroll and Rutherford, 1988)
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with the slope predicted by Eq. (6). As discussed by Mat-
thews et al. (1999) and Métrich et al. (2009) the compiled
data (natural and experimental) show a large spread (espe-
cially at high fO2) and define a general trend with a slope
(m = 0.5351) significantly shallower than the slope
(m = 2) predicted by Eq. (6). Two different processes, one
affecting oxidized samples and the other affecting mostly re-
duced samples, could potentially explain the discrepancies.
In the case of oxidized (S6+-dominated) samples, photo-
reduction during EPMA analysis to form S4+ (Wilke
et al., 2008) explains why log(S6+/S2�) in samples above
FMQ + 1 is lower than expected (as shown in Jugo et al.
(2005b)). In the case of reduced (S2-dominated) samples,
electron exchange between Fe3+ and S2� resulting in pro-
duction of S6+ (as proposed by Métrich et al., 2009) ex-
plains why sulfide-dominated samples have more S6+ than
predicted by Eq. (6).

Fig. 9B shows the fit to the XANES-derived data. Sulfur
speciation (as S6+/S2�) was calculated from the parameters
shown in Fig. 8B (Table 3; except for samples SB-5 and SB-
41, which were used to define S6+/RS = 1 and S6+/RS = 0,
respectively). A linear regression to the data (bold line)
yields a slope (m = 2.16) closely matching the slope
(m = 2) predicted by Eq. (6). The regression is heavily influ-
enced by sample SB-36. If sample SB-36 is not included in
the regression (thin solid line) the slope (m = 1.64) is not as
close to the theoretical value but still significantly better
than the fit obtained for the EPMA-derived data. This close
match implies that S oxidation during quenching (as sug-
gested by Métrich et al. (2009)) did not occur and, there-
fore, the S6+/RS can be preserved (at least for the samples
synthesized in internally-heated pressure vessels equipped
with a rapid-quench system). Moreover, only the small sul-
fate-related feature observed in Fig. 2 for the Juan de Fuca
sample could be interpreted as product of electron exchange
between S and Fe. The lack of such feature in the basaltic
samples from the Galapagos spreading center or the Lau
Basin, indicate that, if it indeed happens, not all natural
basalts undergo such electron exchange on quenching. Un-
less the quench rate of the glasses from Juan de Fuca glass
is significantly different than the quench rate of the Galapa-
gos or Lau Basin glasses (or the rest of the natural samples)
one can conclude that the Juan de Fuca glass quenched
from a melt at relatively more oxidizing conditions.

Fig. 10A compares the S6+/RS vs. DFMQ curves derived
from XANES data with the curve derived from EPMA
(Jugo et al., 2005b). The new curves (solid lines in
Fig. 10A) were constructed using a function derived by
combining Eqs. (6) and (8):

S6þ=RS ¼ 1 1þ 10ðA�BDFMQÞ� ��
ð9Þ

where “A” is the translation parameter that controls the po-
sition of the curve along the DFMQ axis, and “B” is a scaling
parameter that controls the steepness of the sigmoidal curve
(which correspond to the slope of the lines shown in Fig. 9).
Two sets of parameters were obtained for Eq. (9). The first
set (bold line in Fig. 10A) was obtained by forcing B to be
equal to 2 (as predicted from the theoretical considerations
summarized by Eq. (6)). Coefficient “A” for this approach
was A = 2.1 ± 0.1 (v2 = 0.007). The second set (thin solid line
in Fig. 10A) did not put any constraints for coefficient “A”,
resulting in A = B = 1.6 ± 0.1 (v2 = 0.001). The results were
essentially identical (within error) regardless of whether
sample SB-36 was or not included because the curves were
forced (by definition) to vary between S6+/RS = 0 and
S6+/RS = 1. As shown in Fig. 10A, the two curves essentially
overlap each other (except for a small gap between FMQ and
FMQ + 1). Because the results are consistent with the predic-
tions of equation 4, the best parametrization for S6+/RS as a
function of fO2 can be expressed as:

S6þ=RS ¼ 1 1þ 10 2:1�2DFMQð Þ� ��
ð10Þ

The curve predicts: (a) an even narrower interval for the
change from S2� to S6+ than the curve derived from EPMA
data (from S6+/RS = 0.1 to S6+/RS = 0.9 in slightly less
than 1 log unit, rather than 2 log units), and (b) higher
S6+/RS at lower fO2 above FMQ + 1. This has significant
implication for S behavior in magmatic systems because
as shown in Fig. 10B the range in fO2 for the transition
from S2� to S6+ overlaps the range in fO2 at which arc mag-
mas are thought to be generated (Parkinson and Arculus,
1999) and the fO2 estimated for island-arc basalts (IAB),
ocean island basalts (OIB), and backarc basin basalts
(BABB) erupted on the seafloor (Ballhaus, 1993).

4.4. Sulfur content at sulfide saturation as a function of fO2

A shown in Jugo (2009) variations in S6+/RS above
fO2 = FMQ drastically affect how S behaves in magmatic
systems because the presence of S6+ in a silicate melt en-
hances the S content at sulfide saturation (SCSS), meaning
that as fO2 increases (and S6+ becomes dominant) SCSS
will increase exponentially hampering the saturation of sul-
fide phases and potentially dissolving any sulfides present.
This is consistent, for example, with the hypothesis of Sis-
son (2003) for the occurrence of native gold in a sample
of Kilauea basanite (from the same suite of samples shown
here in Fig. 5). Sisson (2003) explained the presence of na-
tive Au in the basanite as a residue from resorption of a Au-
bearing sulfide entrained in the melt. Fig. 11 shows the ex-
pected increase in SCSS calculated from the curves shown
in Fig. 10. As shown in Jugo (2009):

SCSS ¼ ½S2��=ð1� ðS6þ=RSÞÞ ð11Þ

Substituting (10) in (11) and rearranging the resulting
expression to its simplest form, we obtain:

SCSS ¼ ½S2�� 1þ 10ð2DFMQ�2:1Þ� �
ð12Þ

The S content when only S2� is present, [S2�] depend on
many parameters (e.g., T, P, and FeO content in the melt;
Haughton et al., 1974; Wendlandt, 1982). For basaltic melts
at P, and T appropriate for subduction zones (for example)
[S2�] is about 0.15 wt% (Jugo et al., 2005a); this value rep-
resents the SCSS for reduced samples at any fO2 for which
sulfate species in the melt are negligible. The exponential in-
crease in SCSS is determined by the increase in S6+/RS with
increasing fO2 and it is limited by the fO2 at which a sulfate
phase (e.g., crystalline anhydrite) saturates the melt (other-
wise the exponential increase in SCSS would tend to infi-
nite). For the curves shown in figure (11) the S content at
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Fig. 11. Sulfur content at sulfide saturation (SCSS; exponentially
increasing curves) and sulfur content at “anhydrite” (sulfate)
saturation (SCAS) as predicted by the model derived by Jugo
(2009) and comparing the curve derived from EPMA (thinner line)
and the curve derived from the XANES-derived data (bold line).
The fO2 of the fields shown in Fig. 10 are shown for reference. The
expected exponential increase in SCSS with increasing fO2 is
steeper (happening over a narrower fO2 range) than estimated with
the model based on S speciation estimated by EPMA. The most
significant aspect of this model is that it indicates that only reduced
magmas (i.e. MORB) are dominated by sulfide species and S
behavior, in particular SCSS, in all other environments may change
significantly with small variations in fO2.
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sulfate saturation, [S] = 1.2 wt% was used based on the
data from Jugo et al. (2005a) for experiments at 1300 �C
and 1 GPa. Thus, the curves shown mostly represent condi-
tions expected during partial melting. As shown by Luhr
(1990), the contrast between SCSS and SCAS (for the
end-members; i.e. sulfide-dominated and sulfate-domi-
nated) depends mostly on changes in SCAS, which is a
function of P and T (SCAS increases linearly with increas-
ing P and exponentially with increasing T). Thus, for sili-
cate melts at lower P and T (or more felsic in
composition) the exponential growth will still exist but
the maximum SCSS will be lower and sulfate saturation
should occur at lower fO2 (see Jugo, 2009, for example,
for a comparison between the relative behavior between
basalts at 1300 �C and 1 GPa and trachyandesites at
1025 �C and 200 MPa). In any case, the recalculated SCSS
curve shows an even steeper curve with increasing fO2, such
that at fO2 > FMQ + 1 basaltic melts are capable of to
transporting much larger amounts of S than reduced (e.g.,
typical MORB) basalts (which also implies that lower de-
grees of partial melting would be required to eliminate sul-
fides present in the melt source).

5. CONCLUSIONS

XANES analysis of natural samples showed that basalts
from spreading centers (e.g., Lau Basin, Galapagos) are
dominated by S2� with little or no detectable S6+. Analysis
of samples from arc magmas (e.g., Cascades, Pinatubo)
show that dissolved S6+ dominated in those magmas, with
essentially no detectable S2� in the samples. This does not
imply that S2� is not present in arc magmas because the
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samples analyzed are from the most oxidized samples avail-
able to us (De Hoog et al., 2004; Rowe et al., 2007). Sam-
ples from ocean island basalts and basanites (Kilauea,
Loihi, Lamont) show that these magmas contain variable
proportions of S2� and S6+, which is consistent with esti-
mates of the fO2 of plume-related magmas indicating that
the range in fO2 of ocean island basalts is intermediate be-
tween MORB and arc magmas (Ballhaus, 1993). If variable
S6+/RS is a feature relatively common to plume-related
magmatism it may have significant implications for the
behavior of S (and as consequence chalcophile and sidero-
phile elements) in those systems. XANES spectra from
basaltic glasses synthesized in internally-heated pressure
vessels also showed variable proportions of S2� and S6+.
The relationship between S6+/RS and fO2 (as DFMQ) indi-
cates that S6+/RS were not significantly affected during
quenching. We found no evidence for S4+ species, further
confirming that sulfite is mostly an analytical artifact (Wil-
ke et al., 2008) or restricted to specific melt compositions
(Métrich et al., 2009). Thus, it can be safely concluded that
S4+ is not relevant to natural systems. Photo-reduction of
S6+ to S4+ during microprobe analysis is most likely the
cause of the discrepancy between the S6+/RS vs. fO2 curves
derived from EPMA data and XANES data (the EPMA
data showing a significant deviation from theoretical con-
straints and the XANES-derived data closely matching
them). Improvement of the EPMA technique would require
characterization of glass samples analyzed by XANES and
revision of analytical protocols to minimize photo-reduc-
tion during analysis by minimizing exposure time and probe
current density (Morgan and London, 2005). The approach
used by Vigouroux et al. (2008) for example, using 15 kV,
30 nA, 5 lm beam diameter (for a probe current density
of �1.5 nA/mm2) and moving the beam every 20 s seems
to minimize the photo-reduction problem (they were able
to obtain S6+/RS values up to 0.95). The XANES spectra
shown here and the results of our modeling emphasize the
importance of estimating S6+/RS to assess the geochemical
behavior of S in arc magmas, in particular to estimate the
amount of S that can be transported by silicate melts and
the conditions that allow sulfide precipitation. A refinement
of the model of Jugo (2009) for the changes in SCSS with
increasing fO2 (Fig. 11) indicates that changes in fO2 above
FMQ + 1 will strongly affect the S content required to sat-
urate an immiscible sulfide melt in basaltic magmas and in
silicate melts in general.
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