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INTRODUCTION

The geochemical, environmental, and technological signifi-
cance of pyrite oxidation has resulted in many studies devoted
to understanding this oxidation process. Low temperature aque-
ous solution experiments (e.g., Goldhaber 1983; Wiersma and
Rimstidt 1984; McKibben and Barnes 1986; Moses et al. 1987;
Nicholson et al. 1988; Moses and Herman 1991; Williamson
and Rimstidt 1994) collectively have unraveled the general prin-
ciples of the overall reaction. One of the most notable charac-
teristics of pyrite oxidation is that, in the end products, only S
is oxidized, whereas Fe is divalent in both the crystal and as a
dissolved species in solution. The stepwise oxidation of S from
a –1 state in pyrite disulfide to a +6 state in sulfate involve
very fast reactions and thus attempts to understand the sequen-
tial oxidation of sulfur have met with little success. Stable iso-
tope tracer studies (Taylor et al. 1984; Reedy et al. 1991)
showed that O2 in the end product SO42– is dominantly derived
from H2O; both pH and temperature have minimal effects on
this outcome. Hence, dissociated H2O species play a key role
as reactants in the overall oxidation process and any mecha-
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ABSTRACT

The interaction of gaseous O2, H2O, and their mixtures with clean {100} surfaces of pyrite
(FeS2) were investigated in ultra-high vacuum using scanning tunneling microscopy and spectros-
copy (STM-STS), ultraviolet photoelectron spectroscopy (UPS) and ab initio calculations. He I
UPS spectra of O2 exposed surfaces show that the density of states decreases at the top of the
valence band but increases deeper in the valence band. These changes indicate oxidative consump-
tion of low binding energy electrons occupying dangling bond surface states localized on surface Fe
atoms, and the formation of Fe-O bonds. No such changes in the valence band spectra are observed
for pyrite surfaces exposed to H2O. However, UPS spectra of surfaces exposed to mixtures of O2

and H2O demonstrate that the combined gases more aggressively oxidize the surface compared to
equivalent exposures of pure O2. Atomically resolved STM images of O2 and O2-H2O exposed sur-
faces show discrete oxidation “patches” where reacted surface Fe sites have lost surface state den-
sity to the sorbed species. STS spectra show the removal of highest occupied and lowest unoccupied
surface state density associated with dangling bond states consistent with the interaction of sorbates
with surface Fe sites. Ab initio cluster calculations of adsorption energies and the interaction of O2

and water species with the surface show that O2 dissociatively sorbs and H2O molecularly sorbs to
surface Fe. For the mixtures, the calculations indicate that H2O dissociatively sorbs when O2 is
present on the surface. Charge population analyses also show that the surface S sites become more
electropositive in this environment which should allow for easier formation of S-O surface bonds,
thus promoting the production of sulfate during oxidation.

nistic model must account for this.
Understanding the individual reaction mechanisms at the

pyrite surface is based largely on surface analytical approaches.
Studies of the oxidation of pyrite in air, have mostly relied on
X-ray photoelectron spectroscopy (XPS) data (Buckley and
Woods 1987; Mycroft et al. 1990; Karthe et al. 1993; Nesbitt
and Muir 1994; Schaufuss et al. 1998). Various initial air oxi-
dation products have been documented, including iron oxides
and/or hydroxides and iron sulfate. Many questions remain
regarding formation of these products at the surface.

These questions can be addressed at the atomic scale using
local probe techniques such as scanning tunneling microscopy
(STM). Studies at this scale (Eggleston 1994; Eggleston et al.
1996) are difficult to perform because of the generally rough
surface produced by cleaving, but have given us a great deal of
insight into site-specific oxidation reactions. STM observations
of pyrite focussed on {100} surface formed by cleaving Fe-S
bonds, which were oxidized in air, show the initial develop-
ment of oxidation products across the {100} surface and the
participation and nearest neighbor influence of iron states in
oxidation (Eggleston et al. 1996). Pyrite also presents a simi-
larly reactive irregular surface via cleaving when the fracture
deviates from {100} and when S-S bonds are broken.
Monosulfide states on this surface have been shown to be
quickly quenched by exposure to air as documented using XPS
(Schaufuss et al. 1998).
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