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Abstract

The distribution of sulfur in the system Na2O-K2O-CaO-Al2O3-SiO2-H2O-S was investigated at 2 
kbar, 750–950 °C, and oxygen fugacities ranging from the Co-CoO to the Re-ReO2 buffer. Anhydrite 
(CaSO4) crystallized in all the experiments conducted at oxidizing conditions (Ni-NiO + 0.5 to 1 and 
above). Under otherwise equal conditions, an inverse relationship between sulfur and CaO concentra-
tion was observed in melts coexisting with anhydrite, with the solubility product K = [CaO][SO3] being 
constant, where [CaO] and [SO3] are the molar fraction of CaO and SO3 in the quenched glasses. This 
suggests that anhydrite dissociates upon dissolution in the melt according to CaSO4 anhydrite = Ca2+

melt + 
SO4

2–
melt. The solubility product strongly depends on temperature, with lnK = – (28 573 ± 917)/T + (11.26 

± 0.80). This corresponds to an enthalpy of dissolution of DHR = 237.5 ± 7.6 kJ/mol. Under reducing 
conditions (Co-CoO and Ni-NiO buffer), CaO has no effect on the fluid/melt partition coefficient of 
sulfur Ds

fluid/melt. At 850 °C, 2 kbar partition coefficients were 519 ± 30 at the Ni-NiO buffer and 516 ± 
11 at the Co-CoO buffer, for CaO contents in the melt up to 1 wt%. These data are virtually identical 
to those measured in the CaO-free haplogranite system under reducing conditions. However, under 
more oxidizing conditions, the fluid/melt partition coefficient of sulfur appeared to have increased 
somewhat in the presence of CaO. This increase may, however, also be related to the fact that the 
final melt compositions in these runs were distinctly peraluminous. Our data show that calcium has 
no effect on the degassing of sulfur at reducing conditions, but it greatly reduces the amount of sulfur 
available for rapid degassing under oxidizing conditions by stabilizing anhydrite.
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Introduction

The behavior of sulfur in magmatic-hydrothermal systems 
has received considerable attention in recent years. Explosive 
volcanic eruptions may inject large amounts of SO2 and other 
sulfur compounds into the atmosphere, where they are photo-
chemically oxidized to sulfate aerosols (McCormick et al. 1995; 
Robock 2000). These aerosols are believed to be responsible for 
the global cooling of the atmosphere, which was observed after 
several recent and historical eruptions (Briffa et al. 1998). Sulfur 
release from giant flood basalt eruptions may be linked to mass 
extinction events through the production of acid rain, ocean 
acidification, and resulting anoxia (Black et al. 2014). Measure-
ments of sulfur emissions from active volcanoes are routinely 
used for the assessment of volcanic hazards (e.g., Duffell et al. 
2003; Aiuppa et al. 2007; Oppenheimer et al. 2011). Finally, the 
formation of some hydrothermal ore deposits is likely closely 
linked to the behavior of sulfur (e.g., Wilkinson 2013), which 
may under some circumstances precipitate insoluble sulfides, but 
that may also facilitate metal transport, e.g., by the formation of 
hydrosulfide complexes.

Under reducing conditions, the precipitation of pyrrhotite 

(FeS) often limits the amount of sulfur that may remain in the 
silicate melt (Baker and Moretti 2011; Parat et al. 2011). At 
more oxidizing conditions, anhydrite (CaSO4) may crystallize 
(e.g., Luhr et al. 1984; Bernard et al. 1991), yet the stability of 
anhydrite has been much less studied than for pyrrhotite (e.g., 
Carroll and Rutherford 1987; Luhr 1990, 2008; Li and Ripley 
2009; Beermann et al. 2011; Parat et al. 2011; Baker and Moretti 
2011). Sulfur generally partitions strongly into a hydrous fluid 
phase coexisting with silicate melts, but fluid/melt partition co-
efficients reported in the literature vary by orders of magnitude 
(Scaillet et al. 1998; Keppler 1999, 2010; Botcharnikov et al. 
2004; Webster et al. 2009, 2011; Webster and Botcharnikov 2011; 
Lesne et al. 2011; Zajacz et al. 2012). Most studies now agree 
that redox state is a prime variable controlling sulfur partitioning 
and that the fluid/melt partition coefficient increases about one 
order of magnitude with decreasing oxygen fugacity. Yet, even 
at the same oxygen fugacity, partition coefficients vary signifi-
cantly between different studies and it is not clear whether this 
variation is real or an experimental artifact and what parameters 
may control this variation.

The generally strong partitioning of sulfur into a hydrous 
fluid phase is likely responsible for the “sulfur excess” com-
monly observed in large explosive volcanic eruptions, i.e., the 
observation that more sulfur is released in volcanic gases than 
can be attributed to the degasing of the erupted magma. The 
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most plausible explanation for this phenomenon is that before 
the eruption, a hydrous fluid coexisted with the silicate melt in 
the magma chamber and therefore extracted sulfur from a much 
larger magma reservoir (Wallace and Gerlach 1994; Westrich and 
Gerlach 1992; Wallace 2001; Keppler 1999, 2010).

As noted above, the behavior of sulfur in magmatic systems 
is very sensitive to redox conditions, which control the stability 
of different sulfur species. In silicate melts, sulfur is believed to 
occur either as sulfide S2– under reducing conditions or as S6+ 
under oxidizing conditions, with the boundary between these 
two regimes being close to the Ni-NiO buffer (Carroll and Ruth-
erford 1988). H2S and SO2 are widely believed to be the most 
important sulfur species in high-temperature, hydrothermal fluids 
coexisting with silicate melts, with SO2 usually being the most 
important sulfur species in volcanic gases (Fischer 2008). How-
ever, recent studies suggest that S6+ may become an important 
sulfur species in hydrous fluids already at moderately oxidizing 
conditions near the Re-ReO2 buffer (Binder and Keppler 2011; 
Ni and Keppler 2012).

In this study, we investigate the behavior of sulfur in a hap-
logranitic system to which variable amounts of CaO have been 
added, (1) to better understand the factors controlling anhydrite 
stability and (2) to study the effect of CaO on the partitioning 
of sulfur between fluid and melt. The haplogranite-CaO system 
is particularly well suited for these studies, as it is probably the 
simplest system in which anhydrite stability can be thoroughly 
studied and the fluid/melt partitioning of sulfur in the CaO-free 
system is well documented. Keppler (1999, 2010) reported fluid/
melt partition coefficients of sulfur in this system ranging from 
47 under oxidizing to 468 under reducing conditions at 0.5 to 
3 kbar and 750 to 850 °C. Very similar partition coefficients, 
ranging from 50 to 359 were reported by Webster et al. (2011) 
at 2 kbar and 900 °C.

Experimental methods

Starting materials and preparation of sample capsules
Starting materials in all experiments were aqueous solutions of H2SO4 (0.5 

to 2.5 mol/L) and synthetic haplogranitic glasses with a base composition of 40 
wt% NaAlSi3O8, 35 wt% SiO2, and 25 wt% KAlSi3O8, to which up to about 5 
wt% of CaO were added. The solutions were prepared by diluting commercially 
available standard solutions (Titrisol, Merck). The glasses were prepared from 
mixtures of high-purity SiO2, K2CO3, Na2CO3, Al2O3, and CaCO3. The mixtures 
were decarbonated by heating in an electrical box furnace from ambient temperature 
to 1100 °C in 12 h and annealing at 1100 °C for 12 h. The resulting glasses were 
then re-melted in a high-temperature furnace at 1600 °C and ambient pressure for 
two hours. After quenching in distilled water, the glasses were finely ground and 
homogenized. Glass compositions are given in Table 1.

H2SO4 solution (10 mg) and glass powder (10 mg) were sealed into 20 mm 
long gold capsules with 2.5 mm outer diameter and 0.2 mm wall thickness by arc 
welding. The amount of H2SO4 solution and glass powder added to each charge 
is listed in Table 2. Capsules were checked for leaks before and after the experi-
ments by heating in an oven at 150 °C for several hours. Capsules that showed 
any signs of leakage were discarded. A double-capsule technique was used for 
samples buffered with Re and ReO2 powder. Around 420 mg buffer mixture (2:1 
weight ratio of Re and ReO2) and 60 mg distilled water were loaded together with 
the inner capsule into an outer gold capsule with 5.0 mm outer diameter, 0.2 mm 
wall thickness, and 4 cm length.

High-pressure experiments
High-pressure experiments were conducted in vertical rapid-quench cold-seal 

pressure vessels made of the Ni-based super-alloy IN713LC, using water as pres-
sure medium. Sample capsules were mounted on top of a filler rod, which was 

held in the hot spot of the vessel by means of an external magnet. Run durations 
were mostly around seven days. For quenching, the external magnet was dropped, 
which caused the sample to fall into a water-cooled zone within 1–2 s. Temperatures 
were measured by a Ni-NiCr (type K) thermocouple in an outer drill hole of the 
autoclave close to the sample position. The accuracy of temperatures is believed 
to be better than ±10 °C, including the effects of thermal gradients, as calibrated 
by internal thermocouples. Pressure was measured with a pressure gauge and is 
accurate to ±50 bar or less. The oxygen fugacity inside the vessel was buffered 
by the reaction of water with the autoclave material, and is 0.5–1 log unit above 
Ni-NiO. Some experiments were carried out without buffer at the intrinsic oxygen 
fugacity of the autoclave. For experiments at the Re-ReO2 buffer, a conventional 
double-capsule technique was used, as described above. For experiments at the 
Ni-NiO buffer, two sample capsules were placed into an unsealed gold capsule 
with 5.0 mm outer diameter, 0.2 mm wall thickness, and 40 mm length, together 
with about 0.7 g Ni powder and a trace of NiO. A small gold piece was used to 
separate the gold capsules from the buffer mixture. For experiments at the Co-CoO 
buffer, about 0.5 g Co powder was loaded into an unsealed gold capsule with 5.0 
mm outer diameter, 0.2 mm wall thickness, and ~2 cm length, which was placed 
below another unsealed gold capsule containing the two sample capsules. These 
techniques were used to avoid diffusion of Ni or Co into the sample capsule, which 
does occur if the sample capsules are in direct contact with Ni or Co powder. A few 
unbuffered experiments at 950 °C were carried out in rapid-quench titanium and 
zirconium reinforced molybdenum (TZM) vessels with argon as pressure medium. 
The intrinsic oxygen fugacity of these vessels is about 2 log units above Ni-NiO.

Analytical methods
Quenched glasses were analyzed with a JEOL JXA-8900 electron microprobe 

at 20 kV accelerating voltage, 50 nA beam current, using a defocused beam (20 
mm). The peak counting time was 10 s for Na, K, and Si, 20 s for Ca and Al, and 
60 s for S. Albite, orthoclase, enstatite, diopside, and spinel standards were used 
for analyses of Na, K, Si, Ca, and Al, respectively. Due to the use of a defocussed 
beam, alkali loss during measurement was minimal. Since the position of the SKa 
line depends on the oxidation state of sulfur (Carroll and Rutherford 1988), both 
barium sulfate (BaSO4) and zinc sulfide (ZnS) standards were used for S analyses. 
The SKa position of the samples in this study was located between that of BaSO4 
and ZnS. The difference of the sulfur contents measured using these two standards 
and their respective peak positions did not exceed the statistical uncertainty.

The valence state of sulfur in the quenched glasses was determined from the 
wavelength shift of the SKa line as observed by the electron microprobe (Carroll 
and Rutherford 1988). As suggested by Klimm et al. (2012), measurements were 
carried out with different exposure times (100, 200, and 300 ms per step) and the 
observed peak positions were extrapolated to zero exposure time, to compensate for 
changes in oxidation state induced by beam damage. Operating conditions for these 
measurements were 15 kV, 50 nA, 20 mm defocused beam, PETH monochromator, 
scan from 2318 to 2295 eV in 860 steps.

The sulfur content of the fluid phase was calculated by mass balance. In 
experiments that did not crystallize anhydrite (CaSO4), the sulfur concentration 
in the fluid was essentially the same as in the starting solution, as only traces 
of sulfur were found in the quenched glasses and any loss of sulfur to the gold 
capsule is negligible (Keppler 2010). In experiments that crystallized anhydrite, 
the amount of sulfur locked up in anhydrite was calculated from the difference 
in the CaO contents of the quenched glass and the starting glass composition. An 
implicit assumption in this calculation is that the amount of anhydrite dissolving 
into the aqueous fluid is negligible. Indeed, Newton and Manning (2005) found a 
solubility of anhydrite in pure water of 0.03 mol/kg at 10 kbar and 800 °C. This 
would translate into 0.1 wt% of S in the solution, very small compared to the 
sulfur contents used in the starting solutions (up to 7 wt%). For lower pressures 
and temperatures (500 °C and 1 kbar), Moorey and Hesselgesser (1951) reported 
even lower anhydrite solubilities, equivalent to about 5×10–4 wt% S in solution.

Table 1. 	 Compositions of glasses used as starting materials (in wt%)
	 Glass 1	 Glass 2	 Glass 3	 Glass 4	 Glass 5
SiO2	 76.58(48)	 75.86(33)	 75.92(41)	 74.21(57)	 73.69(39)
CaO	 0.84(05)	 2.01(04)	 2.78(07)	 3.98(12)	 4.79(07)
Na2O	 4.60(14)	 4.71(10)	 4.54(09)	 4.65(13)	 4.44(09)
K2O	 4.15(07)	 4.14(12)	 3.99(08)	 4.08(9)	 3.95(06)
Al2O3	 12.61(30)	 12.35(13)	 12.43(23)	 12.15(28)	 11.99(05)
  Total	 98.78(33)	 99.08(35)	 99.65(28)	 99.08(25)	 98.85(41)
Notes: Compositions were determined by electron microprobe. Numbers in 
parentheses are one standard deviation.
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Table 2. 	 Summary of hydrothermal experiments
Sample no.	 T (°C)	 P (kbar)	 Oxygen fugacity	 Bulk CaO (wt%)	 Glass (mg)	 H2SO4 (M)	 Solution (mg)	 Run duration (days)	 Run productsa

HR64	 750	 2	 Ni-NiO + 0.5	 2.01	 10.31	 0.5	 10.5	 10	 Gl, Fl, An
HR65	 750	 2	 Ni-NiO + 0.5	 2.79	 10.5	 0.5	 10.49	 10	 Gl, Fl, An
HR10	 850	 2	 Ni-NiO + 0.5	 0.85	 10.48	 0.5	 9.85	 11	 Gl, Fl, An
HR18	 850	 2	 Ni-NiO + 0.5	 0.85	 11.02	 1	 10.52	 9	 Gl, Fl, An
HR01	 850	 2	 Ni-NiO + 0.5	 0.85	 10.17	 1.5	 11.24	 9	 Gl, Fl, An
HR08	 850	 2	 Ni-NiO + 0.5	 0.85	 10.28	 2	 11.22	 7	 Gl, Fl, An
HR03	 850	 2	 Ni-NiO + 0.5	 0.85	 10.43	 2.5	 11.79	 10	 Gl, Fl, An
HR19	 850	 2	 Ni-NiO + 0.5	 2.01	 10.32	 0.5	 10.34	 9	 Gl, Fl, An
HR17	 850	 2	 Ni-NiO + 0.5	 2.01	 10.95	 1	 10.65	 9	 Gl, Fl, An
HR29	 850	 2	 Ni-NiO + 0.5	 2.01	 11.37	 1.5	 10.18	 6	 Gl, Fl, An
HR20	 850	 2	 Ni-NiO + 0.5	 2.01	 11.00	 2	 10.82	 8	 Gl, Fl, An
HR84	 850	 2	 Ni-NiO + 0.5	 2.01	 10.10	 2	 11.00	 6	 Gl, Fl, An
HR79	 850	 2	 Ni-NiO + 0.5	 2.01	 10.68	 2.5	 11.36	 9	 Gl, Fl, An
HR05	 850	 2	 Ni-NiO + 0.5	 2.01	 10.45	 2.5	 11.81	 9	 Gl, Fl, An
HR30	 850	 2	 Ni-NiO + 0.5	 2.79	 10.76	 1	 9.51	 6	 Gl, Fl, An
HR16	 850	 2	 Ni-NiO + 0.5	 2.79	 10.91	 1.5	 10.82	 9	 Gl, Fl, An
HR21	 850	 2	 Ni-NiO + 0.5	 2.79	 10.76	 2	 11.15	 8	 Gl, Fl, An
HR85	 850	 2	 Ni-NiO + 0.5	 2.79	 10.46	 2	 10.86	 6	 Gl, Fl, An
HR80	 850	 2	 Ni-NiO + 0.5	 2.79	 10.86	 2.5	 11.21	 9	 Gl, Fl, An
HR06	 850	 2	 Ni-NiO + 0.5	 2.79	 10.39	 2.5	 11.68	 9	 Gl, Fl, An
HR09	 850	 2	 Ni-NiO + 0.5	 4.85	 10.33	 0.5	 10.13	 11	 Gl, Fl, An
HR02	 850	 2	 Ni-NiO + 0.5	 4.85	 10.44	 1.5	 11.08	 9	 Gl, Fl, An
HR07	 850	 2	 Ni-NiO + 0.5	 4.85	 10.28	 2	 11.08	 7	 Gl, Fl, An
HR04	 850	 2	 Ni-NiO + 0.5	 4.85	 10.46	 2.5	 11.63	 10	 Gl, Fl, An
HR60	 850	 2	 Re-ReO2	 0.85	 10.71	 0.5	 10.74	 6	 Gl, Fl, An
HR73	 850	 2	 Re-ReO2	 0.85	 11.68	 2	 11.72	 6	 Gl, Fl, An
HR81	 850	 2	 Re-ReO2	 2.01	 10.55	 0.5	 10.56	 6	 Gl, Fl, An
HR82	 850	 2	 Re-ReO2	 2.79	 10.65	 0.5	 10.57	 5	 Gl, Fl, An
HR22	 950	 2	 Ni-NiO +2	 0.85	 10.17	 0.5	 9.84	 6	 Gl, Fl, An
HR24	 950	 2	 Ni-NiO +2	 0.85	 10.74	 1	 10.51	 6	 Gl, Fl, An
HR13	 950	 2	 Ni-NiO + 2	 0.85	 11.32	 1.5	 10.13	 7	 Gl, Fl, An
HR11	 950	 2	 Ni-NiO + 2	 0.85	 10.48	 2.5	 11.52	 7	 Gl, Fl, An
HR12	 950	 2	 Ni-NiO +2	 4.85	 10.9	 2.5	 11.44	 7	 Gl, Fl, An
HR14	 890	 2	 Ni-NiO + 0.5	 2.79	 10.61	 0.5	 10.27	 7	 Gl, Fl, An
HR15	 890	 2	 Ni-NiO + 0.5	 0.85	 10.84	 0.5	 9.7	 7	 Gl, Fl, An
HR31	 850	 2	 Ni-NiO	 0.85	 11.10	 0.5	 10.50	 6	 Gl, Fl,Wo
HR36	 850	 2	 Ni-NiO	 0.85	 10.69	 1	 10.58	 6	 Gl, Fl, Wo
HR27	 850	 2	 Ni-NiO	 0.85	 10.80	 1.5	 10.50	 6	 Gl, Fl, Wo
HR34	 850	 2	 Ni-NiO	 0.85	 10.23	 2	 10.98	 6	 Gl, Fl, Wo
HR66	 850	 2	 Ni-NiO	 0.85	 11.06	 2.5	 11.45	 6	 Gl, Fl, Wo
HR32	 850	 2	 Ni-NiO	 2.01	 10.87	 0.5	 10.41	 6	 Gl, Fl, Wo
HR83	 850	 2	 Ni-NiO	 2.01	 10.32	 0.5	 10.00	 7	 Gl, Fl, Wo
HR25	 850	 2	 Ni-NiO	 2.01	 11.2	 1	 10.7	 6	 Gl, Fl, Wo
HR54	 850	 2	 Ni-NiO	 2.01	 10.57	 1	 10.42	 6	 Gl, Fl, Wo
HR28	 850	 2	 Ni-NiO	 2.01	 10.29	 1.5	 10.90	 6	 Gl, Fl, Wo
HR35	 850	 2	 Ni-NiO	 2.01	 10.43	 2	 11.15	 6	 Gl, Fl, Wo
HR67	 850	 2	 Ni-NiO	 2.01	 10.56	 2.5	 11.46	 6	 Gl, Fl, Wo
HR33	 850	 2	 Ni-NiO	 2.79	 10.49	 0.5	 10.31	 6	 Gl, Fl, Wo
HR26	 850	 2	 Ni-NiO	 2.79	 10.59	 1	 10.42	 6	 Gl, Fl, Wo
HR55	 850	 2	 Ni-NiO	 2.79	 10.65	 1	 10.53	 6	 Gl, Fl, Wo
HR39	 850	 2	 Ni-NiO	 2.79	 10.49	 1.5	 10.97	 6	 Gl, Fl, Wo
HR68	 850	 2	 Ni-NiO	 2.79	 11.45	 2.5	 11.37	 6	 Gl, Fl, Wo
HR37	 850	 2	 Ni-NiO	 4.02	 10.04	 1	 9.61	 6	 Gl, Fl, Wo
HR40	 850	 2	 Ni-NiO	 4.02	 11.50	 1.5	 11.04	 6	 Gl, Fl, Wo
HR43	 850	 2	 Ni-NiO	 4.02	 11.29	 2	 11.61	 7	 Gl, Fl, Wo
HR69	 850	 2	 Ni-NiO	 4.02	 10.75	 2.5	 11.27	 6	 Gl, Fl, Wo
HR38	 850	 2	 Ni-NiO	 4.85	 10.28	 1	 10.36	 6	 Gl, Fl, Wo
HR41	 850	 2	 Ni-NiO	 4.85	 10.22	 1.5	 10.70	 7	 Gl, Fl, Wo
HR44	 850	 2	 Ni-NiO	 4.85	 10.60	 2	 11.11	 7	 Gl, Fl, Wo
HR62	 850	 2	 Co-CoO	 0.85	 10.1	 1	 10.89	 6	 Gl, Fl, Wo
HR70	 850	 2	 Co-CoO	 0.85	 10.74	 1.5	 11.39	 6	 Gl, Fl, Wo
HR75	 850	 2	 Co-CoO	 0.85	 10.28	 2	 11.14	 6	 Gl, Fl, Wo
HR77	 850	 2	 Co-CoO	 0.85	 10.17	 2.5	 11.36	 6	 Gl, Fl, Wo
HR61	 850	 2	 Co-CoO	 2.01	 10.73	 0.5	 10.47	 6	 Gl, Fl, Wo
HR71	 850	 2	 Co-CoO	 2.01	 10.25	 1.5	 11.44	 6	 Gl, Fl, Wo
HR76	 850	 2	 Co-CoO	 2.01	 10.06	 2	 11.55	 6	 Gl, Fl, Wo
HR78	 850	 2	 Co-CoO	 2.01	 10.32	 2.5	 11.93	 6	 Gl, Fl, Wo
Notes: a Gl: glass, Fl: fluid, An: anhydrite, Wo: wollastonite. The glasses used as starting material are identified by their CaO content; for full compositions, see Table 1.

Results
Run products

The run products of all experiments (Table 2; Fig. 1) con-
tained a quenched glass phase, a quenched fluid phase and usually 
one crystalline phase, which was anhydrite CaSO4 at oxidizing 

conditions (in the unbuffered runs and runs at the Re-ReO2 buffer) 
or wollastonite (CaSiO3) at more reducing conditions (Ni-NiO 
and Co-CoO buffers). The identity of anhydrite and wollastonite 
was confirmed both by electron microprobe analyses and by 
Raman spectroscopy. Quenched glasses often contained numer-
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CaSO4 (crystal) = Ca2+ (melt) + SO4
2– (melt)

or
CaSO4 (crystal) = CaO (melt) + SO3 (melt)

For the first case, the solubility of anhydrite is independent on the 
CaO content of the melt, while it depends on the CaO content of 

Figure 1. Images of run products as seen in transmitted light under a 
microscope. (a) Unbuffered experiment HR 29, showing blocky crystals of 
anhydrite together with dark fluid inclusions in a glass matrix. (b) Experiment 
HR61 at the Co-CoO buffer, showing needles of wollastonite together with 
two-phase fluid inclusions in a glass matrix. (Color online.)

Figure 2. Raman spectra of the liquid phase of fluid inclusions 
in quenched glasses (a) unbuffered experiment HR08, (b) experiment 
HR27, buffered at Ni-NiO.

ous two-phase fluid inclusions. Raman spectra (Fig. 2) of these 
fluid inclusions showed that under oxidizing conditions (as defined 
above), sulfur was mostly present as sulfate SO4

2– in the liquid phase, 
while for experiments at reducing conditions, H2S was detected both 
in the liquid and the gas phase. This is consistent with the strong 
smell of H2S that was often noticed when opening capsules from 
reduced experiments; a slight odor of SO2 was sometimes noticed 
for the experiments that had been run without buffer (i.e., 0.5 to 1 
log unit above Ni-NiO). The pH of the quenched fluid, as measured 
by a pH indicator paper, was 0.5 for the oxidized runs and 10 for 
the reduced runs. The compositions of quenched silicate glasses 
are compiled in Table 3. Glass compositions were always found to 
be homogeneous, indicating attainment of equilibrium. Due to the 
crystallization of anhydrite and wollastonite, measured CaO contents 
were lower than in the starting materials, 0.05 to 1.19 wt% for runs 
with anhydrite and 0.88–1.28 wt% for runs with wollastonite. Due to 
the partitioning of alkalis into the fluid, the glasses from experiments 
at oxygen fugacities above Ni-NiO became distinctly peraluminous, 
with molar Al2O3/(CaO+Na2O+K2O) ratios usually ranging between 
1.1 and 1.2. For the run products from experiments at the Ni-NiO 
and the Co-CoO buffer, this ratio was usually slightly below 1. For 
unbuffered runs 0.5 to 1 log unit above the Ni-NiO buffer, a S6+/
Stotal ratio of 0.83 was observed in the quenched glasses, while for 
the runs conducted in TZM vessels about 2 log units above Ni-NiO, 
the ratio was 0.90.

Stability of anhydrite
In principle, anhydrite could dissolve in the silicate melt in 

two different ways. If there were some strong association between 
SO3 and CaO in the melt, forming some kind of molecule-like 
unit, the dissolution may be described by the equation

CaSO4 (crystal) = CaSO4 (melt)

However, if calcium and sulfur dissociate in the melt, the dis-
solution could be described by
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Table 3. 	 Composition of silicate glasses from hydrothermal experiments (in wt%)
	 na	 SiO2	 Al2O3	 CaO	 Na2O	 K2O	 S	 Total	 A/NKb	 A/CNKc

HR64	 25	 72.22(22)	 11.95(13)	 0.14(1)	 3.57(9)	 3.87(6)	 0.0062(11)	 91.77(32)	 1.19	 1.16
HR65	 24	 71.85(18)	 11.91(11)	 0.50(3)	 3.62(5)	 3.90(4)	 0.0032(8)	 91.80(19)	 1.17	 1.07
HR10	 9	 71.98(41)	 12.63(22)	 0.28(1)	 4.01(14)	 3.99(5)	 0.014(1)	 92.93(27)	 1.2	 1.11
HR18	 15	 73.67(25)	 12.10(6)	 0.102(4)	 3.88(10)	 3.78(4)	 0.026(1)	 93.60(35)	 1.16	 1.14
HR01	 9	 71.83(17)	 11.91(5)	 0.14(1)	 4.01(5)	 3.90(3)	 0.019(1)	 91.83(22)	 1.1	 1.08
HR08	 10	 72.95(40)	 12.01(13)	 0.23(1)	 3.92(21)	 3.87(6)	 0.015(1)	 93.03(57)	 1.13	 1.09
HR03	 12	 71.44(35)	 12.39(19)	 0.16(1)	 4.23(8)	 3.99(2)	 0.021(1)	 92.27(27)	 1.1	 1.07
HR19	 14	 73.65(22)	 12.07(4)	 0.26(1)	 3.92(8)	 3.79(5)	 0.010(1)	 93.71(29)	 1.14	 1.09
HR17	 16	 72.52(35)	 11.97(6)	 0.17(1)	 3.63(13)	 3.90(4)	 0.015(2)	 92.24(50)	 1.17	 1.14
HR29	 35	 72.99(48)	 12.05(28)	 0.084(9)	 3.92(16)	 3.83(6)	 0.035(3)	 92.95(29)	 1.14	 1.12
HR20	 21	 73.15(31)	 11.85(12)	 0.05(1)	 3.43(18)	 3.75(14)	 0.066(5)	 92.34(39)	 1.22	 1.21
HR84	 20	 72.98(39)	 12.01(7)	 0.092(6)	 3.78(6)	 3.81(3)	 0.031(2)	 92.77(42)	 1.16	 1.14
HR79	 19	 72.23(85)	 12.20(59)	 0.090(15)	 3.66(22)	 3.85(12)	 0.038(4)	 92.10(35)	 1.2	 1.18
HR05	 12	 72.94(42)	 12.09(26)	 0.22(2)	 3.98(10)	 3.90(5)	 0.015(1)	 93.17(30)	 1.12	 1.08
HR30	 23	 73.10(26)	 12.02(11)	 0.14(1)	 3.93(6)	 3.87(3)	 0.019(1)	 93.10(23)	 1.13	 1.10
HR16	 15	 72.35(17)	 11.87(4)	 0.16(1)	 3.50(18)	 3.93(12)	 0.018(1)	 91.86(21)	 1.19	 1.15
HR21	 24	 72.55(82)	 12.04(37)	 0.055(8)	 3.27(21)	 3.88(13)	 0.064(5)	 91.92(53)	 1.26	 1.24
HR85	 21	 72.99(40)	 12.06(6)	 0.095(6)	 3.74(7)	 3.86(5)	 0.031(3)	 92.80(45)	 1.17	 1.15
HR80	 26	 72.92(37)	 12.04(18)	 0.085(7)	 3.58(11)	 3.86(6)	 0.035(2)	 92.58(39)	 1.2	 1.18
HR06	 10	 72.97(31)	 12.15(8)	 0.067(5)	 3.92(5)	 3.87(3)	 0.045(2)	 93.09(32)	 1.14	 1.13
HR09	 10	 70.99(14)	 12.19(3)	 1.19(5)	 3.85(4)	 3.90(3)	 0.013(1)	 92.16(21)	 1.15	 0.96
HR02	 10	 71.88(37)	 11.93(7)	 0.24(8)	 3.99(7)	 3.90(5)	 0.013(1)	 91.99(25)	 1.11	 1.06
HR07	 10	 72.78(24)	 12.05(6)	 0.27(1)	 4.00(7)	 3.84(6)	 0.013(1)	 92.98(34)	 1.12	 1.07
HR04	 11	 70.86(26)	 12.14(6)	 0.24(1)	 3.67(31)	 3.98(9)	 0.018(6)	 90.93(27)	 1.17	 1.13
HR60	 15	 72.30(25)	 12.11(15)	 0.20(1)	 3.90(10)	 3.98(7)	 0.013(1)	 92.50(40)	 1.13	 1.09
HR73	 20	 72.53(80)	 12.34(48)	 0.13(1)	 3.92(18)	 3.92(9)	 0.032(4)	 92.92(43)	 1.15	 1.13
HR81	 19	 72.64(39)	 12.06(14)	 0.30(1)	 3.83(8)	 3.86(4)	 0.010(2)	 92.72(36)	 1.15	 1.09
HR82	 20	 72.81(35)	 12.14(9)	 0.50(2)	 3.92(8)	 3.87(4)	 0.0062(9)	 93.26(40)	 1.14	 1.05
HR22	 16	 72.74(23)	 12.36(5)	 0.160(5)	 3.52(4)	 3.70(2)	 0.122(4)	 92.54(25)	 1.26	 1.23
HR24	 23	 73.45(17)	 12.24(5)	 0.095(4)	 3.05(16)	 3.07(3)	 0.350(34)	 92.50(34)	 1.47	 1.44
HR13	 15	 74.14(30)	 11.93(4)	 0.091(1)	 2.80(4)	 2.94(2)	 0.42(3)	 92.95(20)	 1.53	 1.50
HR11	 8	 81.29(14)	 7.83(8)	 0.051(4)	 1.48(4)	 1.71(2)	 0.41(1)	 93.39(8)	 1.83	 1.79
HR12	 11	 77.07(25)	 10.07(13)	 0.067(6)	 2.16(6)	 2.37(3)	 0.46(2)	 92.89(11)	 1.65	 1.61
HR14	 12	 72.06(27)	 11.93(5)	 0.68(1)	 3.75(6)	 3.89(2)	 0.012(1)	 92.34(36)	 1.15	 1.03
HR15	 14	 73.01(33)	 12.18(12)	 0.21(1)	 3.90(6)	 3.88(5)	 0.019(2)	 93.23(28)	 1.15	 1.11
HR31	 22	 72.19(33)	 12.95(45)	 0.90(2)	 4.05(19)	 3.91(4)	 0.0051(12)	 94.00(36)	 1.19	 1.03
HR36	 21	 71.02(65)	 12.31(34)	 0.88(4)	 4.29(13)	 3.97(6)	 0.0082(19)	 92.56(26)	 1.08	 0.95
HR27	 23	 72.78(25)	 11.83(7)	 0.89(3)	 3.95(29)	 3.85(3)	 0.0099(10)	 93.32(24)	 1.11	 0.96
HR34	 24	 72.60(30)	 12.81(32)	 0.90(2)	 3.99(28)	 3.88(3)	 0.010(1)	 94.20(42)	 1.19	 1.03
HR66	 25	 72.80(25)	 12.01(17)	 0.88(2)	 4.03(6)	 3.89(4)	 0.010(1)	 93.64(21)	 1.11	 0.97
HR32	 25	 72.06(32)	 13.08(39)	 0.98(2)	 4.09(25)	 3.98(3)	 0.0042(9)	 94.19(44)	 1.19	 1.02
HR83	 20	 72.12(41)	 12.17(6)	 1.02(1)	 3.94(7)	 3.89(3)	 0.0044(14)	 93.17(48)	 1.14	 0.97
HR25	 22	 72.29(19)	 11.91(6)	 1.00(2)	 4.07(6)	 3.86(3)	 0.0075(18)	 93.13(24)	 1.1	 0.94
HR54	 25	 72.35(52)	 12.07(5)	 1.02(1)	 4.07(6)	 3.89(4)	 0.0065(15)	 93.42(60)	 1.11	 0.95
HR28	 24	 72.37(33)	 12.01(20)	 1.00(3)	 4.09(13)	 3.87(4)	 0.012(1)	 93.37(22)	 1.1	 0.94
HR35	 23	 71.43(32)	 12.04(13)	 1.06(4)	 4.18(7)	 3.89(3)	 0.011(2)	 92.68(23)	 1.09	 0.93
HR67	 31	 72.45(23)	 12.08(11)	 1.03(3)	 4.09(4)	 3.91(3)	 0.012(1)	 93.59(23)	 1.1	 0.94
HR33	 24	 71.99(34)	 13.20(31)	 1.03(2)	 4.20(6)	 3.98(3)	 0.0039(11)	 94.40(49)	 1.18	 1.01
HR26	 23	 71.94(33)	 12.16(15)	 1.01(4)	 4.15(8)	 3.96(4)	 0.0074(19)	 93.23(18)	 1.09	 0.94
HR55	 25	 72.03(12)	 12.26(6)	 1.03(1)	 4.10(5)	 3.96(2)	 0.0061(11)	 93.39(15)	 1.11	 0.95
HR39	 20	 71.43(49)	 12.22(17)	 0.99(1)	 4.29(7)	 3.96(5)	 0.0086(10)	 92.97(57)	 1.08	 0.93
HR68	 31	 72.12(18)	 12.23(11)	 1.03(17)	 4.20(6)	 3.99(4)	 0.011(1)	 93.59(21)	 1.09	 0.93
HR37	 21	 70.83(32)	 12.52(6)	 1.07(2)	 4.30(5)	 4.03(4)	 0.0073(13)	 92.86(34)	 1.09	 0.94
HR40	 8	 71.16(34)	 12.55(9)	 1.05(2)	 4.43(6)	 4.00(5)	 0.0093(9)	 93.27(38)	 1.08	 0.93
HR43	 11	 70.69(15)	 12.44(7)	 1.03(1)	 4.29(7)	 4.04(3)	 0.011(1)	 92.55(12)	 1.09	 0.94
HR69	 31	 71.81(18)	 12.51(10)	 1.07(3)	 4.25(6)	 4.02(3)	 0.012(1)	 93.68(14)	 1.1	 0.94
HR38	 21	 70.48(32)	 12.63(9)	 1.11(2)	 4.33(6)	 4.05(3)	 0.0063(9)	 92.68(36)	 1.1	 0.93
HR41	 21	 70.54(22)	 12.60(5)	 1.04(1)	 4.36(5)	 4.06(3)	 0.0087(11)	 92.68(24)	 1.09	 0.94
HR44	 20	 70.66(61)	 12.65(11)	 1.08(2)	 4.15(21)	 4.01(7)	 0.011(1)	 92.59(69)	 1.13	 0.96
HR62	 22	 72.43(25)	 12.05(10)	 0.89(2)	 4.02(9)	 3.90(5)	 0.0047(10)	 93.31(25)	 1.11	 0.97
HR70	 30	 72.65(45)	 12.04(12)	 0.88(2)	 4.06(22)	 3.88(6)	 0.0086(11)	 93.52(52)	 1.11	 0.96
HR75	 12	 71.66(29)	 12.27(21)	 0.88(5)	 4.08(6)	 4.01(7)	 0.011(1)	 92.90(16)	 1.11	 0.97
HR77	 20	 72.01(39)	 11.89(8)	 0.86(3)	 3.88(8)	 3.84(7)	 0.014(3)	 92.52(49)	 1.13	 0.98
HR61	 26	 71.86(34)	 12.27(11)	 1.07(2)	 4.08(9)	 3.95(4)	 0.0033(9)	 93.23(32)	 1.12	 0.95
HR71	 31	 71.91(25)	 12.37(7)	 1.28(3)	 4.14(7)	 3.89(4)	 0.0084(13)	 93.61(35)	 1.12	 0.93
HR76	 15	 71.61(33)	 12.19(12)	 1.02(2)	 4.03(6)	 3.96(4)	 0.010(1)	 92.82(37)	 1.12	 0.95
HR78	 19	 71.12(44)	 12.40(13)	 1.09(4)	 4.03(10)	 3.90(5)	 0.014(1)	 92.59(49)	 1.14	 0.97
Note: a Number of electron microprobe analyses; b molar Al2O3/(Na2O+K2O) ratio of the glasses; c molar Al2O3/(CaO+Na2O+K2O) ratio of the glasses; numbers in 
parentheses are one standard deviation in the last digits.

the melt if dissociation occurs. The SO3 content of the quenched 
glasses correlates negatively with the CaO content (Fig. 3), while 
the solubility product of anhydrite in the melt is constant for 
experiments conducted at the same temperature and pressure 

(Fig. 4). The solubility product of anhydrite can be expressed as

K = [CaO][SO3]

where [CaO] and [SO3] are molar fractions of CaO and SO3 in the 
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quenched glasses, respectively. Molar fractions were calculated 
on an anhydrous base, from converting analyses of quenched 
glasses into oxide components of SiO2, Al2O3,CaO, Na2O, K2O, 
and SO3. The concentration of SO3 in the melt was calculated 
from the bulk sulfur contents of the glasses in Table 3 and the 
S6+/Stotal ratio (see above). Thus, anhydrite dissolves in the melt 
by dissociating into Ca2+ and SO4

2– or into CaO and SO3; the latter 
two cases cannot be distinguished from a thermodynamic point 
of view. Figure 5 shows the temperature dependence of anhydrite 
solubility in the melt as a plot of lnK vs. inverse temperature. All 
data can be described by one single regression line

lnK = (11.26 ± 0.80) – (28 573 ± 917)/T 

(R2 = 0.92), where T is temperature in Kelvin. According to dlnK/
d(1/T) = –DH/R, his corresponds to a reaction enthalpy of DHR = 
237.5 ± 7.6 kJ/mol. If the solubility product is expressed in wt% CaO 
and SO3 of the hydrous glasses, linear regression of the data yields

lnK(wt%) = (19.5 ± 1.4) – (27 372 ± 1635)/T

Only the data at 750 °C plot somewhat above these regression 
lines, which could imply incomplete crystallization of anhydrite 
at these relatively low temperatures.

The observation of a constant solubility product of anhydrite 
at high oxygen fugacities and constant pressure and temperature 
reported here is similar to the solubility behavior of fluorite CaF2 
in haplogranitic melts, as observed by Dolejs and Baker (2006).

Fluid/melt partitioning of sulfur under reduced conditions
Data on the partitioning of sulfur between silicate melt and 

aqueous fluid at 850 °C and 2 kbar are compiled in Table 4. 
At reducing conditions (i.e., at the Co-CoO and the Ni-NiO 
buffer), wollastonite crystallized. This caused the CaO content 
in the glasses to be nearly constant around 1 wt% (Table 2), 
independent of the bulk CaO content in the starting material, as 
all runs were carried out at the same pressure and temperature 
(2 kbar and 850 °C). As no sulfur-bearing phase crystallized in 
these runs and as the sulfur contents in the glasses are very low, 
the equilibrium sulfur concentration in the fluid is essentially 
the same as for the starting solution. Figure 6 shows a plot of 
the sulfur content in the melt vs. the sulfur content in the fluid 
for all experiments at the Co-CoO buffer. All data points follow 
a straight line through the origin of the diagram, implying that 
the fluid/melt partition coefficient is independent of sulfur con-
centration; linear regression yielded Ds

fluid/melt = 509 ± 20. Figure 
7 shows similar data for Ni-NiO buffer conditions. Again, the 
fluid/melt partitioning of sulfur can be described by one single 
partition coefficient Ds

fluid/melt = 505 ± 19. The close agreement 
between the partition coefficients found for Ni-NiO and Co-CoO 
buffer conditions implies that sulfur speciation in melt and fluid 

Figure 3. Inverse correlation between SO3 and CaO contents in 
silicate melts coexisting with anhydrite at 850 °C and 2 kbar. Ni-NiO 
+ 0.5 refers to an oxygen fugacity 0.5 to 1 log unit above the Ni-NiO 
buffer. Errors (1s) are from microprobe measurements.

Figure 4. Solubility product [CaO][SO3] (in molar fractions) in 
silicate melts coexisting with anhydrite. All data are from experiments 
at 850 °C and 2 kbar. Ni-NiO + 0.5 refers to an oxygen fugacity 0.5 to 
1 log unit above the Ni-NiO buffer. Errors (1s) are from microprobe 
measurements.

Figure 5. Temperature dependence of anhydrite solubility at 2 kbar and 
750–950 °C. K is the solubility product [CaO][SO3] (in molar fractions).
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does not change in this range of oxygen fugacity. Indeed, Raman 
measurements of quenched aqueous fluids (Binder and Keppler 
2011) and the sulfur Ka shift of quenched glasses (Carroll and 
Rutherford 1988) suggest the prevalence of S2– at these condi-
tions. Moreover, the data obtained here for melts containing about 
1 wt% of CaO in equilibrium with wollasonite are within the 
combined errors indistinguishable from the partition coefficients 
of sulfur (Ds

fluid/melt = 468 ± 32) in the Ca-free haplogranite system 
at the Co-CoO buffer under otherwise equal conditions (Keppler 
1999, 2010). This suggests that CaO has no effect on the fluid/
melt partitioning of sulfur under reducing conditions and S2– or 
H2S do not form any close association with Ca in either the fluid 
or the silicate melt.

Figure 6. Distribution of sulfur between fluid and melt at 2 kbar, 850 
°C and the Co-CoO buffer. The data can be described by a single fluid/
melt partition coefficient. Runs for starting materials with different bulk 
CaO content are shown, but due to the crystallization of wollastonite, the 
quenched melts always contained about 1 wt% of CaO.

Figure 7. Distribution of sulfur between fluid and melt at 2 kbar, 850 
°C and the Ni-NiO buffer. The data can be described by a single fluid/
melt partition coefficient. Runs for starting materials with different bulk 
CaO content are shown, but due to the crystallization of wollastonite, the 
quenched melts always contained about 1 wt% of CaO.

Table 4. 	 Fluid/melt partitioning of sulfur at 2 kbar and 850 °C
Run no.	 S in fluid (wt%)	 S in melt (wt%)

Co-CoO buffer, 0.85 wt% bulk CaO
HR62	 3	 0.0051(12)
HR70	 4.35	 0.0079(10)
HR75	 5.61	 0.011(1)
HR77	 7.01	 0.014(3)

Co-CoO buffer, 2.01 wt% bulk CaO
HR61	 1.55	 0.0033(9)
HR71	 4.35	 0.0084(13)
HR76	 5.61	 0.010(1)
HR78	 7.01	 0.014(1)

Ni-NiO buffer, 0.85 wt% bulk CaO
HR31	 1.55	 0.0051(10)
HR36	 3	 0.0082(19)
HR27	 4.35	 0.0098(9)
HR34	 5.61	 0.010(1)
HR66	 7.01	 0.010(1)

Ni-NiO buffer, 2.01 wt% bulk CaO
HR32	 1.55	 0.0042(9)
HR25	 3	 0.0072(19)
HR54	 3	 0.0065(15)
HR28	 4.35	 0.011(1)
HR35	 5.61	 0.011(2)
HR67	 7.01	 0.012(1)

Ni-NiO buffer, 2.79 wt% bulk CaO
HR33	 1.55	 0.0041(12)
HR26	 3	 0.0074(19)
HR55	 3	 0.0061(11)
HR39	 4.35	 0.0086(10)
HR68	 7.01	 0.010(1)

Ni-NiO buffer, 3.98 wt% bulk CaO
HR37	 3	 0.0073(13)
HR40	 4.35	 0.0092(8)
HR43	 5.61	 0.011(1)
HR69	 7.01	 0.012(1)

Ni-NiO buffer, 4.79 wt% bulk CaO
HR38	 3	 0.0063(9)
HR41	 4.35	 0.0087(11)
HR44	 5.61	 0.011(1)

Ni-NiO + 0.5 (unbuffered), 0.85 wt% bulk CaO
HR10	 1.19(4)	 0.012(1)
HR18	 2.53(3)	 0.026(1)
HR01	 3.97(3)	 0.019(1)
HR08	 5.28(3)	 0.015(1)
HR03	 6.65(3)	 0.021(1)

Ni-NiO + 0.5 (unbuffered), 2.01 wt% bulk CaO
HR19	 0.55(3)	 0.010(1)
HR17	 1.91(3)	 0.015(2)
HR29	 3.08(3)	 0.036(2)
HR20	 4.40(3)	 0.068(3)
HR84	 4.58(3)	 0.031(2)
HR05	 5.98(2)	 0.047(1)
HR79	 5.95(3)	 0.038(4)

Ni-NiO + 0.5 (unbuffered), 2.79 wt% bulk CaO
HR30	 1.27(5)	 0.019(1)
HR16	 2.83(3)	 0.018(1)
HR21	 4.04(3)	 0.064(6)
HR85	 4.10(3)	 0.031(3)
HR06	 5.59(3)	 0.045(2)
HR80	 5.48(3)	 0.035(2)

Ni-NiO + 0.5 (unbuffered) 4.79 wt% bulk CaO
HR02	 1.87(8)	 0.013(1)
HR07	 3.18(4)	 0.013(1)
HR04	 4.64(4)	 0.015(2)

Re-ReO2 buffer, 0.85 wt% bulk CaO
HR60	 1.18(3)	 0.013(1)
HR73	 5.17(4)	 0.032(4)
Notes: “Ni-NiO + 0.5” refers to an oxygen fugacity 0.5 to 1 log units above the 
Ni-NiO buffer. Errors are given in parentheses (±1s). For runs without anhydrite 
crystallization, the sulfur content of the fluid is assumed to be equal to that of 
the standard solution and no error is given.
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Fluid/melt partitioning of sulfur under oxidizing 
conditions

In unbuffered runs (0.5 to 1 log unit above the Ni-NiO buffer), 
the crystallization of anhydrite reduced the initial CaO content 
in the melt. The resulting quenched glasses mostly have CaO 
contents between 0.05 and 0.3 wt%. To better separate out the 
effect of CaO on the behavior of sulfur, the data were divided into 
two groups, one with a CaO content in the quenched melt below 
0.2 wt% and one with CaO above 0.2 wt%. Figure 8 shows the 
sulfur partitioning for experiments with melt CaO contents below 
0.2 wt%. Although there clearly is some scatter, possibly related 
to variations in CaO content, the data can still be reasonably 
described by a constant partition coefficient of Ds

fluid/melt = 104 ± 
13. This value is, however, already significantly higher than the 
partition coefficient of 47 ± 4 found by Keppler (2010) for the 
CaO-free haplogranite system under otherwise equal conditions. 

A further increase of partition coefficients is obvious in the data 
for melts with a CaO content of more than 0.2 wt% (Fig. 9), with 
Ds

fluid/melt exceeding 200 for high sulfur concentrations in the fluid. 
However, the data also suggest that that the partition coefficient 
is not constant, but increases with the sulfur content in the fluid. 
The data from four experiments at the Re-ReO2 buffer (Fig. 10) 
can be described by a constant partition coefficient of Ds

fluid/melt 
= 157 ± 15, similar to the values measured in the unbuffered 
experiments. Figure 11 shows a comparison of the sulfur partition 
coefficients measured in this study and of those in the CaO-free 
haplogranite system (Keppler 2010).

A conceivable explanation for the effect of Ca on the par-
titioning of sulfur could be the formation of ion pairs between 
Ca2+ and the sulfur species in the fluid. However, the very low 
solubility of anhydrite in water (Moorey and Hesselgesser 1951; 
Newton and Manning 2005) makes it questionable, whether 
the Ca2+ concentration in the fluid is high enough for such an 
effect. Indirect effects, such as changes in the pH of the fluid 
upon addition of excess CaO to the system, or changes in the 
partitioning of Na and K upon addition of Ca, could also be 
involved. Moreover, the data shown in Figure 9 may imply that 
at high Ca concentrations, there is significant non-ideality in 
the sulfur-rich aqueous fluids coexisting with the silicate melts, 
as the sulfur content in the melt increases only slightly with the 
sulfur content in the fluid. The apparent increase of the fluid/
melt partition coefficient of sulfur in the presence of CaO cannot 
be a caused by errors in the mass balance calculation. The main 
assumption here is that the solubility of anhydrite in the fluid 
is negligible, in line with experimental studies by Moorey and 
Hesselgesser (1951) and Newton and Manning (2005). However, 
if one allowed some solubility of anhydrite in the fluid, this 
would only increase the sulfur concentration in the fluid and 
therefore further increase the fluid/melt partition coefficient. It 
is conceivable, however, that the fluid/melt partition coefficient 
is influenced by the distinctly peraluminous composition of the 
melts in these experiments. Indeed, Binder (2007) found that in 
the CaO-free haplogranite system, the fluid melt partition coef-
ficient of sulfur increases from 74 ± 5 to 246 ± 9 when Al2O3/

Figure 9. Distribution of sulfur between fluid and melt at 2 kbar, 
850 °C and an oxygen fugacity 0.5 to 1 log unit above the Ni-NiO buffer, 
for experiments with more than 0.2 wt% CaO in the quenched melt.

Figure 10. Distribution of sulfur between fluid and melt at 2 kbar, 
850 °C and the Re-ReO2 buffer. The data can be described by a single 
fluid/melt partition coefficient.

Figure 8. Distribution of sulfur between fluid and melt at 2 kbar, 850 
°C and an oxygen fugacity 0.5 to 1 log unit above the Ni-NiO buffer, for 
experiments with less than 0.2 wt% CaO in the quenched melt. The data 
can be described by a single fluid/melt partition coefficient.
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sulfur in anhydrite is not available for release into the gas phase 
during an eruption, the sulfur yield can readily be calculated. 
Figure 12 shows such model calculations for a magmatic system 
with rhyolitic composition under oxidizing conditions and a bulk 
sulfur content of 1000 ppm S, equivalent to 0.25 wt% of SO3. This 
value is comparable to the SO3 content in whole-rock pumices 
from the 1991 Mt. Pinatubo eruption (0.37–0.48 wt%; Bernard 
et al. 1991), but smaller than for El Chicón (1.2 wt%, Luhr et al. 
1984). In the calculations, it was assumed that all sulfur in the 
melt is in the S6+ state and that the sulfur concentration in the 
melt is controlled by the solubility product of anhydrite. Figure 
12 shows clearly that the main effect of CaO is to precipitate 
anhydrite and thereby to greatly reduce the fraction of the total 
sulfur that enters the fluid phase. Increasing the fluid/melt parti-
tion coefficient would only slightly reduce this effect.

Our data therefore show that CaO is a main factor in con-
trolling the sulfur yield of explosive eruptions under oxidizing 
conditions. For rhyolitic compositions, the data on anhydrite 
solubility presented here can be directly applied. However, for 
dacitic and andesitic compositions, independent calibrations 
are required as the solubility product likely also depends on the 
bulk composition of the melt. Indeed, the data of Luhr (1990) 
suggest that for more depolymerized melts, the solubility of 
anhydrite increases. Empirical models for anhydrite solubility 
have been proposed by Li and Ripley (2009) and by Baker and 
Moretti (2011). The latter model does include a term with the 

Figure 11. Dependence of the fluid/melt partition coefficient of sulfur 
on oxygen fugacity at 2 kbar, 850 °C. Data for the Ca-free haplogranite 
system are from Keppler (2010), the data for the haplogranite system 
with added CaO are from the present study. Note that the effect of CaO 
on partition coefficients seen under oxidizing condition (above the Ni-
NiO buffer) may also be related to the peraluminous composition of the 
melts. See text for further discussion.

Figure 12. Effect of calcium on the behavior of sulfur in felsic melts 
under oxidizing conditions. The calculations assume a bulk concentration 
of sulfur in the system of 1000 ppm (equivalent to 2500 ppm SO3), which 
is assumed to be completely in the S6+ state in the melt. D is the fluid/
melt partition coefficient of sulfur.

(Na2O+K2O) rises from 0.93 to 1.18 (at 2 kbar, 850 °C and the 
Re-ReO2 buffer). A similar effect could be responsible for the 
apparent increase of the fluid/melt partition coefficient with CaO 
content observed here.

Implications

Our study clearly shows that the presence of calcium does not 
affect the behavior of sulfur at all if oxygen fugacity is low (Ni-
NiO or below). No sulfur-bearing phases are being stabilized and 
the fluid/melt partition coefficient of sulfur remains unaffected. 
However, already small amounts of calcium have a major effect 
on sulfur under more oxidizing conditions, because on one hand, 
part of the sulfur is locked up by the crystallization of anhydrite, 
while on the other hand, the fluid/melt partition coefficient of the 
remaining sulfur possibly increases. Obviously, these two effects 
would tend to act in the opposite direction on the sulfur yield in 
volcanic eruptions. Increasing the fluid/melt partition coefficient 
should increase the amount of sulfur entering the fluid phase, 
while locking up sulfur in anhydrite should reduce it. Here, we 
will argue that the second effect is much more important and 
that the main effect of calcium is to reduce the sulfur yield of 
explosive eruptions. This conclusion depends very much on the 
stability of anhydrite during an eruption.

Kinetic data on the decomposition of anhydrite (Hanic et 
al. 1985) suggest that during the short timescales of explosive 
eruptions, very little sulfur may be released by decomposition 
of anhydrite. At 1310 °C, far above the expected eruption tem-
perature, 10% decomposition requires more than 3 h. This is 
consistent with the fresh appearance of anhydrite phenocrysts in 
Mt. Pinatubo pumices (Bernard et al. 1991; see also Wallace and 
Gerlach 1994 for further discussion). With the assumption that 
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molar fraction of CaO. However, the exponent of this CaO term 
in the equation of sulfur solubility of Baker and Moretti (2011) 
is only –0.21, not –1, as one would expect from the constancy 
of the solubility product. Very likely, two effects are mixed here: 
On one hand, CaO reduces the solubility of S in the melt accord-
ing to the solubility product, which should remain constant at 
given bulk composition, pressure, and temperature, as shown in 
this study. However, CaO may also act as a network modifier 
that depolymerizes the melt, an effect that likely increases the 
solubility product. We therefore suggest that models of anhy-
drite solubility may require some recalibration, which fit the 
solubility product as a function of pressure, temperature, and 
some compositional parameter, such as NBO/T (non-bridging 
oxygen per tetrahedron).
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