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Anhydrite stability and the effect of Ca on the behavior of sulfur in felsic magmas†
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The distribution of sulfur in the system Na2O-K2O-CaO-Al2O3-SiO2-H2O-S was investigated at 2 
kbar, 750–950 qC, 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 r 917)/T + (11.26 

r 0.80). This corresponds to an enthalpy of dissolution of 'HR = 237.5 r 7.6 kJ/mol. Under reducing 
FRQGLWLRQV��&R�&R2�DQG�1L�1L2�EXIIHU���&D2�KDV�QR�HIIHFW�RQ�WKH�ÀXLG�PHOW�SDUWLWLRQ�FRHI¿FLHQW�RI�
sulfur Ds

ÀXLG�PHOW. At 850 q&����NEDU�SDUWLWLRQ�FRHI¿FLHQWV�ZHUH�����r 30 at the Ni-NiO buffer and 516 r 
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 
PRUH�R[LGL]LQJ�FRQGLWLRQV��WKH�ÀXLG�PHOW�SDUWLWLRQ�FRHI¿FLHQW�RI�VXOIXU�DSSHDUHG�WR�KDYH�LQFUHDVHG�
somewhat in the presence of CaO. This increase may, however, also be related to the fact that the 
¿QDO�PHOW�FRPSRVLWLRQV�LQ�WKHVH�UXQV�ZHUH�GLVWLQFWO\�SHUDOXPLQRXV��2XU�GDWD�VKRZ�WKDW�FDOFLXP�KDV�
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.

Keywords: Anhydrite, sulfur, haplogranite, solubility, partitioning, oxygen fugacity

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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