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aBstract

Sulfur is an important component in volcanic gases at the Earth surface but also present in the deep 
Earth in hydrothermal or magmatic fluids. Little is known about the evolution of such fluids during 
ascent in the crust. A new optical cell was developed for in situ Raman spectroscopic investigations on 
fluids allowing abrupt or continuous changes of pressure up to 200 MPa at temperatures up to 750 °C. 
The concept is based on a flexible gold bellow, which separates the sample fluid from the pressure 
medium water. To avoid reactions between aggressive fluids and the pressure cell, steel components 
in contact with the fluid are shielded by gold foil.

The cell was tested to study redox reactions in fluids using aqueous ammonium sulfate solutions 
as a model system. During heating at constant pressure of 130 MPa, sulfate ions transform first to 
HSO4

– ions and then to molecular units such as H2SO4. Variation of pressure shows that the stability 
of sulfate species relies on fluid density, i.e., highly charged species are stable only in high-density 
fluids. Partial decomposition of ammonium was evident above 550 °C by the occurrence of a nitrogen 
peak in the Raman spectra. Reduced sulfur species were observed above 700 °C by Raman signals 
near 2590 cm–1 assigned to HS– and H2S. No clear evidence for the formation of sulfur dioxide was 
found in contrary to previous studies on aqueous H2SO4, suggesting very reducing conditions in our 
experiments. Fluid-mineral interaction was studied by inserting into the cell a small, semi-open cap-
sule filled with a mixture of pyrite and pyrrhotite. Oxidation of the sample assembly was evident by 
transformation of pyrite to pyrrhotite. As a consequence, sulfide species were observed in the fluid 
already at temperatures of ~600 °C.
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introDuction

Aqueous fluids, especially when containing sulfur, play an 
important role in the degassing of magmas and in the forma-
tion of hydrothermal ore deposits. Large quantities of sulfur 
are released to the atmosphere by active and passive degassing 
of magmas, which has an important impact on global sulfur 
budget and, hence, on the evolution of climate. Furthermore, 
the potential of hydrothermal fluids to transport ore-forming 
metals is affected by sulfur species, which may strongly increase 
the solubility of metals by formation of complexes (Pokrovski 
et al. 2008). Sulfur-bearing gases are also of technical inter-
est, e.g., in fining of melts during industrial glass production 
the temperature-induced decomposition of sulfate in the melt 
(reaction: SO4

2– = SO2 + ½ O2 + O2–) is used to enlarge bubbles 
and thus to increase their buoyant rise, enhancing the removal 
of bubbles (Müller-Simon 2011).

For modeling of melt degassing and formation of magmatic 
ore deposits, knowledge of the speciation of sulfur in gases and 
fluids in function of temperature, pressure, oxygen fugacity 

(fO2), sulfur fugacity (fS2, often difficult to constrain), and fluid 
composition is needed (Burgisser et al. 2010, 2011). The Earth’s 
surface and shallow crust are characterized by a large variation 
in sulfur speciation, with sulfide (SII–; as H2S, HS–, or S2–), 
sulfur dioxide (SIV+ as SO2), and sulfate (SVI+; as H2SO4, HSO4

–, 
and SO4

2–) being the most common (e.g., Symonds et al. 1994; 
Self 2005; Self and Blake 2008; de Moor et al. 2013). Other 
sulfur species (for instance, elemental sulfur, sulfite, thiosulfate, 
polysulfides, polythionates, and organic sulfur) form as reaction 
intermediates in the sulfate-sulfide redox cycle but are relatively 
minor or thermodynamically metastable at near surface condi-
tions (Pokrovski and Dubrovinsky 2011). The sulfur speciation 
in deep and hot fluids from hydrothermal magmatic systems and 
subduction zones hosting the major part of metallic resources 
on Earth is far less constrained because such data are difficult to 
access experimentally. Recent studies of Pokrovski and Dubessy 
(2015) indicate that intermediate-valence sulfur species such 
as S3

– and S2
– are stable and quite abundant in high-temperature 

hydrothermal fluids.
Sulfur-bearing fluids are often not quenchable, and therefore 

in situ observation at high pressure and temperature is required to 
get insight to the prevailing species in the fluid. Raman spectros-* E-mail: h.behrens@mineralogie.uni-hannover.de




