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Anhydrite: An important sulfur binder limiting the climatic impact of subaerial volcanic 
eruptions
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Abstract: Gaseous sulfur compounds are criti-
cal climate active volatile components released by 
volcanoes. Volcanic eruptions can emit massive 
amounts of H2S and SO2 into the atmosphere, which 
react with oxygen and H2O to sulfuric acid. Forma-
tion of H2SO4 aerosols, which have on a geological 
timescale short-term residence times of month or 
years, may have global climatic impact. The phase 
stability of sulfur-bearing minerals such as anhydrite 
in erupting magmas may be a key controlling fac-
tor limiting SO2 emission during subaerial volcanic 
activity (Huang and Keppler, January 2015 issue of 
American Mineralogist). Keywords: Sulfur fluid/
melt partition behavior, anhydrite stability, degas-
sing, volcanic eruptions

Release of sulfur-bearing volcanic gas into the troposphere 
may cause local and distal acid haze and rain leading to crop fail-
ure and disease, e.g., in Europe during the Iceland Laki eruption 
1783-84 (Thordarson and Self 2003). Injection of sulfur-bearing 
gas into the stratosphere followed by formation of sulfuric acid 
aerosols is capable to increase the Earth’s albedo significantly. 
The climatic eruption of Mt Pinatubo in 1991, yielding about 5 
km3 of erupted magma (Dense Rock Equivalent, DRE) (Scott 
et al. 1996) and more than 17 Mt SO2 gas (Bluth et al. 1992), 
decreased the global surface temperature by 0.5 °C for the fol-
lowing two years of eruption (McCormick et al. 1995). Volcanic 
super-eruptions, emitting hundreds of km3 DRE and Gt of SO2, 
are suggested to decrease surface temperatures dramatically (Self 
and Blake 2008). Severe climatic impact due to the formation of 
large igneous provinces accompanied by massive H2S and SO2 
degassing over time periods of a few million years may have 
triggered mass extinctions in Earth’s history (e.g., Courtillot 
1999; Self et al. 2008).

The physicochemical properties of silicate melts coexisting 
with sulfur-bearing phases (minerals, fluids, and gases) have been 
investigated for more than half a century and are summarized in 
Behrens and Webster (2011). Spectroscopic techniques provide 
evidence that sulfur species are dissolved in silicate melts mainly 
as S2– and SO4

2– depending on fO2 (Wilke et al. 2011). Saturation 
of sulfur-species at pre-eruptive P and T conditions depends on 
bulk silicate melt composition, P, T, asulfur-species in the fluid and the 
stability of sulfur-bearing minerals, ranging from 10 to 100 ppm 
level in felsic melts (Keppler 2010; Huang and Keppler 2015) 
to >1 wt% in basaltic melt (Beermann et al. 2011).

Degassing of sulfur components from ascending and erupt-
ing magma depends on numerous physicochemical parameters 
such as bulk melt composition, fO2, sulfur-species content, fluid 
composition, phase stability of sulfur-bearing minerals (e.g., 
anhydrite and pyrrhotite), fluid/melt partitioning, mobility of 
sulfur-species, and decompression rate. Although intensively 
experimentally studied, to date sulfur-species saturation data 
even in simplified rhyolitic melt compositions vary by a factor 
of 10 at oxidized conditions (Huang and Keppler 2015). At P, 
T, X conditions where silicate melt coexists with sulfur-bearing 
minerals, solubility can be defined as sulfur concentration at 
sulfide saturation (SCSS) under reducing conditions and at 
anhydrite saturation (SCAS) under oxidizing conditions (Baker 
and Moretti 2011).

Experimental studies on sulfur-species solubility of silicate 
melts at sulfur-bearing mineral saturation and fluid/melt parti-
tioning are still highly important to improve thermodynamic 
models for the behavior of sulfur-species in silicate melts, hy-
drous fluids and gases. Especially, there is a need for experi-
mental data sets in simplified compositional systems to improve 
rigorous thermodynamic models that describe sulfur-species 
saturation in silicate melts and fluid/melt partitioning quanti-
tatively. Huang and Kepper (2015, this volume) investigated 
systematically sulfur-species saturation in a simplified hydrous 
rhyolitic melt. At reducing conditions, within the stability field 
of wollsatonite, aS2-, fluid and bulk CaO content were varied. At 
oxidizing conditions, within the stability field of anhydrite, 
H2SO4 concentration of fluid as well as bulk CaO content was 
varied (SCAS). At reducing conditions, the sulfur content of the 
melt increases linearly with sulfur content in the fluid, resulting 
in a sulfur fluid/melt partition coefficient (DS

fl/m) of about 500. 
Variation of CaO melt concentration has no measurable effect 
on DS

fl/m. In contrast, at oxidized conditions within the stability 
field of anhydrite, an inverse correlation between sulfur and CaO 
concentration in the melt is observed. Within error, at 850 °C and 
2 kbar the solubility product K = [CaO][SO3] is constant leading 
to a rigorous thermodynamic model based on the simple reaction

CaSO4 anhydrite=Camelt
2+ SO4 melt

2–  

that was suggested by Carroll and Rutherford (1987). Similar 
inverse correlations are observed for S2– and FeO concentration 
in hydrous albitic melt coexisting with FeS at reducing condi-
tions (Bradbury 1983) and F vs. CaO concentrations at fluorite 
saturation in hydrous haplogranite melt (Dolejš and Baker 
2004). The temperature dependence of the solubility product 
K = [CaO][SO3] corresponds to a DHR of 238 kJ/mol. Together 
with a DS

fl/m of 100–150, depending slightly on CaO melt content, 
this enables to model the SO2 degassing potential of felsic melts. 

American Mineralogist, Volume 100, pages 341–342, 2015

0003-004X/15/0203–341$05.00/DOI: http://dx.doi.org/10.2138/am-2015-5169      341 

* E-mail: marcus.nowak@uni-tuebingen.de



NOWAK: ANHYDRITE: AN IMPORTANT SULFUR BINDER342

Huang and Keppler (2015) provide clear evidence that CaO 
limits SO2 degassing potential of felsic magma significantly by 
stabilizing anhydrite.

Magmatic sulfur-bearing minerals are commonly observed 
in volcanic systems. At reducing conditions pyrrhotite and Cu-
Fe sulfides, and at oxidizing conditions anhydrite and haüyne 
are often stable in sub-volcanic magma chambers (Parat et al. 
2011). This limits H2S/SO2 degassing during volcanic eruptions 
and may be an important key factor for the equilibrium of global 
temperature preventing us from a Snowball Earth.

Improvements of thermodynamic models are highly needed 
for a deeper understanding of the complex behavior of sulfur 
components in volcanic systems. It is necessary to investigate 
systematically the effect of melt polymerization on sulfur-
species saturation and fluid/melt partitioning. On top of that, 
the experimental results of Huang and Keppler (2015) motivate 
to determine the solubility product of additional magmatic 
sulfur-bearing mineral phases, e.g., pyrrhotite in basaltic melts 
and haüyne in phonolitic melts, coexisting with aqueous fluids. 
Experimental investigations of the effect of mixed volatiles (e.g., 
H2O and chlorine) on sulfur-species saturation and fluid/melt 
partitioning are in progress and will refine the understanding of 
sulfur species degassing processes (Botcharnikov et al. 2004; 
Stelling et al. 2008; Beermann et al., in review). Additional 
important keys to elucidate H2S/SO2 degassing processes are 
experimental studies on the diffusion of sulfur-species in hy-
drous melts (Behrens and Stelling 2011), the dynamics of fluid 
bubble formation and bubble growth controlled by magma ascent 
rate (Nowak et al. 2011; Fiege et al. 2014; Marxer et al. 2015) 
and potential post-eruptive binding reactions and adsorption 
processes of gaseous sulfur-species with volcanic ash particles 
(Schmauss and Keppler 2014).

references cited
Baker, D.R., and Moretti, R. (2011) Modeling the solubility of sulfur in magmas: 

A 50-year old geochemical challenge. Reviews in Mineralogy and Geochem-
istry, 73, 167–214.

Beermann, O., Botcharnikov, R.E., Holtz, F., Diedrich, O., and Nowak, M. (2011) 
Temperature dependence of sulfide and sulfate solubility in olivine-saturated 
basaltic magmas. Geochimica et Cosmochimica Acta, 75, 7612–7631.

Behrens, H., and Webster, J.D., Eds. (2011) Sulfur in Magmas and Melts: Its 
Importance for Natural and Technical Processes. Reviews in Mineralogy and 
Geochemistry, vol. 73, 578 pp.

Behrens, H., and Stelling, J. (2011) Diffusion and redox reactions of sulfur in silicate 
melts. Reviews in Mineralogy and Geochemistry, 73, 79–112.

Bluth, G.J.S., Doiron, S.D., Schnetzler, C.C., and Krueger, A.J. (1992) Global 
tracking of the SO2 clouds from the June, 1991 Mount Pinatubo eruptions. 

Geophysical Research Letters, 19, 151–154.
Botcharnikov, R.E., Behrens, H., Holtz, F., Koepke, J., and Sato, H. (2004) Sulfur 

and chlorine solubility in Mt. Unzen rhyodacite melt at 850 °C and 200 MPa. 
Chemical Geology, 208, 207–225.

Bradbury, J.W. (1983) Pyrrhotite solubility in hydrous albite melts. Ph.D. disserta-
tion, Penn State University.

Carroll, M., and Rutherford, M.J. (1987) The stability of igneous anhydrite: Ex-
perimental results and implications for sulfur behavior in the 1982 El Chichon 
Trachyandesite and other evolved magmas. Journal of Petrology, 28, 781–801.

Courtillot, V. (1999) Evolutionary Catastrophes, 173 pp. Cambridge University 
Press, U.K. 

Dolejš, D., and Baker, D.R. (2004) Thermodynamic analysis of the system Na2O-
K2O-CaO-Al2O3-SiO2-H2O-F2O–1: Stability of fluorine-bearing minerals in 
felsic igneous suites. Contributions to Mineralogy and Petrology, 146, 762–778.

Fiege, A., Behrens, H., Holtz, F., andAdams, F. (2014) Kinetic vs. thermodynamic 
control of degassing of H2O-S ± Cl-bearing andesitic melts. Geochimica et 
Cosmochimica Acta, 125, 241–264.

Huang, R., and Keppler, H. (2015) Anhydrite stability and the effect of Ca on the 
behavior of sulfur in felsic magmas. American Mineralogist, 100, 257–266. 

Keppler, H. (2010) The distribution of sulfur between haplogranitic melts and 
aqueous fluids. Geochimica et Cosmochimica Acta, 74, 645–660.

Marxer, H., Bellucci, P., and Nowak, M. (2015) Degassing of H2O in a phonolitic 
melt: A closer look at decompression experiments. Journal of Volcanology and 
Geothermal Research, in press.

McCormick, M.P., Thomason, L.W., and Trepte, C.R. (1995) Atmospheric effects 
of the Mt. Pinatubo eruption. Nature, 373, 399–404.

Nowak, M., Cichy, S.B., Botcharnikov, R.E., Walker, N., and Hurkuck, W. (2011) A 
new type of high pressure low-flow metering valve for continuous decompres-
sion: First experimental results on degassing of rhyodacitic melts. American 
Mineralogist, 96, 1373–1380.

Parat, F., Holtz, F., and Streck, M.J. (2011) Sulfur-bearing magmatic accessory 
minerals. Mineralogical Reviews, 73, 285–314.

Schmauss, D., and Keppler, H. (2014) Adsorption of sulfur dioxide on volcanic 
ashes. American Mineralogist, 99, 1085–1094.

Scott, W.E., Hoblitt, R.P., Torres, R.C., Self, S., Martinez, Ma.M.L., and Nillos, 
T. Jr. (1996) Pyroclastic flows of the June 15, 1991, climatic eruption of 
Mount Pinatubo. In C.G. Newhall and R.S. Punongbayan, Eds., Fire and 
Mud: Eruptions and Lahars of Mount Pinatubo, Philippines, p. 545–570. 
Philippine Institute of Volcanology and Seismology, Quezon City/University 
of Washington Press, Seattle. 

Self, S., and Blake, S. (2008) Consequences of explosive supereruptions. Ele-
ments, 4, 41–46.

Self, S., Blake, S., Sharma, K., Widdowson, M., and Sephton, S. (2008) Sulfur 
and chlorine in late Cretaceous Deccan magmas and eruptive gas release. 
Science, 319, 1654–1657.

Stelling, J., Botcharnikov, R.E., Beermann, O., and Nowak, M. (2008) Solubility of 
H2O- and chlorine-bearing fluids in basaltic melt of Mount Etna at T = 1050-
1250 °C and P = 200 MPa. Chemical Geology, 256, 102–110.

Thordarson, T., and Self, S. (2003) Atmospheric and environmental effects of the 
1783-1784 Laki eruption: A review and reassessment. Journal of Geophysical 
Research: Atmospheres, 108, 4011.

Wilke, M., Klimm, K., and Kohn, S.C. (2011) Spectroscopic studies on sulfur 
speciation in synthetic and natural glasses. Mineralogical Reviews, 73, 41–78.

Manuscript received august 21, 2014
Manuscript accepted august 25, 2014
Manuscript handled by Keith putirKa

http://minsocam.allentrack.net/cgi-bin/main.plex?form_type=biblio_dump&j_id=1&ms_id=646&ms_id_key=FJBTRUfVZUGmxF0mLzbJA&auth_id=1641

