
12400003–004X/98/1112–1240$05.00

American Mineralogist, Volume 83, pages 1240–1245, 1998

Invisible gold: Comparison of Au deposition on pyrite and arsenopyrite
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ABSTRACT

X-ray photoelectron spectroscopy (XPS), field emission scanning electron microscopy
(FESEM), and open circuit potentials were used to compare the size, chemical state, and
distribution of adsorbed and reduced gold from Au31 chloride solution on pyrite and ar-
senopyrite. Many small Au0 particles grow on the arsenopyrite surface, whereas few, much
larger, gold particles appear on pyrite. These results mimic the differences in distribution
of gold in some coexisting natural pyrites and arsenopyrites. The rate-limiting step in
deposition of gold from Au31 chloride solutions is the reduction of Au31 to Au1, whereas
the open-circuit potential for deposition is determined by the reduction of Au1 to Au0. The
open-circuit potential of pyrite or arsenopyrite is a corrosion potential. Presence of Au31

shifts the corrosion potential to a value that depends on the relative rates of the reduction
of Au31 and the oxidation of the mineral. Open-circuit potential measurements indicate
that the rate of deposition of gold on pyrite is controlled almost entirely by the rate of
reduction of Au31. By contrast, the rate of reduction of gold on arsenopyrite is controlled
significantly by the rate of oxidation of arsenopyrite.

INTRODUCTION

Gold is commonly associated with sulfide minerals
such as pyrite and arsenopyrite (Boyle 1980, 1987). Ar-
senopyrite usually contains more gold than pyrite, and the
gold content of arsenian pyrites generally increases with
arsenic content (Fleet et al. 1993). Much of this gold is
present as ‘‘invisible’’ gold (particles less than 0.1 mm),
and many studies (Cabri et al. 1989, 1991; Cathelineau
et al. 1989; Cook and Chryssoulis 1990; Friedl et al.
1995; Fleet and Mumin 1997; Genkin et al. 1998) have
shown that the gold consists either of submicroscopic me-
tallic particles or is incorporated as ‘‘chemically bound’’
gold. It has been assumed that gold deposits by precipi-
tation induced by changes in temperature, pressure, or pH
of the gold-bearing fluid (Romberger 1988; Bowers
1991). Deposition from gold sulfide complexes was pro-
posed as being of importance in these processes (Shen-
berger and Barnes 1989; Benning and Seward 1996), but
in many cases gold chloride complexes also appear to be
involved (Helgeson and Garrels 1968; Goleva et al. 1970;
Henley 1973). Recent laboratory studies (Jean and Ban-
croft 1985; Bancroft and Hyland 1990; Mycroft 1993;
Möller and Kerstein 1994; Mycroft et al. 1995; Scaini et
al. 1997) have shown, however, that adsorption-reduction
reactions on surfaces are important in accounting for the
existence of some gold deposits (Bakken et al. 1989; Ca-
bri et al. 1989; Cook and Chryssoulis 1990; Knipe et al.
1991, 1992; Fleet et al. 1993; Genkin et al. 1998).

For ease of experiment, most of our previous studies,
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as well as this study, used the stable AuCl species in2
4

aqueous solutions at 25 8C; AuCl disproportionates.2
2

Most natural systems at 25 8C do not contain significant
Au31 complexed with chloride (Vlassopoulos and Wood
1990), but the AuCl complex provides a simple stable2

4

precursor for the Au1 to Au0 reduction.
Measured open-circuit potentials of pyrite and arseno-

pyrite in contact with aqueous solutions are used to pro-
vide evidence for the mechanism of the deposition pro-
cess and a partial explanation of the XPS and SEM
observations. This interpretation is based on the electro-
chemistry of both mineral surfaces and of Au31 and Au1

in chloride solutions. It has been recognized within the
last decade that (incongruent or congruent) dissolution of
many semiconducting mineral electrodes, which involves
redox processes, also involves solid-state electrochemical
processes (Crundwell 1988; Osseo-Asare 1992). Conse-
quently, for pyrite (Mycroft 1993) and arsenopyrite
(Maddox 1996) the open-circuit potential is a mixed (or
corrosion) potential. A mixed potential results from a bal-
ance of spontaneous oxidation and reduction processes to
produce no net consumption or production of electrons
or holes. A mixed potential is necessarily far from equi-
librium under conditions where active corrosion is taking
place. The proof that this is the case for pyrite in contact
with aqueous solutions at room temperature, and a pro-
posed mechanism for establishment of the mixed poten-
tial involves extensive electrochemical investigation and
will be presented elsewhere. Here, the details of the
mechanism are not of primary importance; recognition of
the existence of a mixed potential is sufficient. In pyrite


