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INTRODUCTION

Understanding the mechanisms responsible for the accu-
mulation of gold is essential for interpreting the history and
genesis of known gold deposits. This information can then be
used to prospect for new reserves. Within gold ores, gold is
often found as submicroscopic grains associated with mineral
surfaces and as inclusions within other minerals and this form
is known as “invisible” gold. It is thought that “invisible” gold
is formed by reduction of aqueous Au+ or Au3+ by sulfide min-
erals and Fe2+ phases.

“Invisible” gold can be found in both primary and second-
ary gold deposits. In primary deposits, formed by hydrother-
mal activity, the “invisible” gold is usually associated with
sulfide minerals (Foster 1984 and references therein). In sec-
ondary deposits, principally those formed by supergene enrich-
ment in lateritic environments, “invisible” gold is primarily
associated with iron (oxy)hydroxides (e.g., Darke et al. 1997).

The origin and nature of this type of gold is of particular
interest because the form and distribution of gold within the
ore affects the design and efficiency of the extraction process
(Cook and Chryssoulis 1990; Hong et al. 1999). Cyanidation
is the principal process by which gold is leached from oxygen-
ated slurries of crushed ore (Fleming 1992) and “invisible” gold
is not as amenable to cyanidation as other forms of gold found
in ores (Spry and Thieben 2000). The effect of the presence of
“invisible” gold on ore processing efficiency is demonstrated
at the Hillgrove gold-antimony deposit (Australia) where it is
estimated that up to 20% of the available gold is lost to tailings
due to being present in this “invisible” form (Ashley et al. 2000).

The concentration and aqueous speciation of gold in
natural solutions

The concentration of gold in natural solutions is typically
10–12 to 10–9 M (McHugh 1988; Vlassopoulos and Wood 1990a).
The aqueous speciation of gold depends on the physico-chemi-
cal properties of the fluid.

Aqueous speciation in primary ore forming fluids. In hy-
drothermal systems the two ligands that are sufficiently abun-
dant to complex gold, increasing its solubility and allowing

transport and subsequent concentration, are sulfide and chlo-
ride (Shenberger and Barnes 1989). Generally, in systems where
the aqueous chloride concentration is low, the solutions are re-
ducing and are up to temperatures of approximately 350 ∞C,
sulfide is considered to be the most important ligand respon-
sible for gold transport (Benning and Seward 1996 and refer-
ences therein). In systems where sulfide concentration is low
compared to chloride, and the solutions responsible for trans-
port are acidic and oxidizing (Murphy et al. 2000) and the
temperature is greater than 350 ∞C (Henley 1973), chloride is
considered to be the most important ligand in transporting gold.
Sulfide is chiefly responsible for gold transport in systems
where the fluids are magmatic in origin (e.g., Matel et al. 2000)
and chloride complexes are responsible for gold transport in
systems where the fluids are meteoric (e.g., Mernagh et al. 1994)
or oceanic in origin (e.g., Muller et al. 2001).

Experimental studies of gold solubility in high temperature
sulfide solutions have shown that gold concentrations can reach
between 10–5 and 10–4 M and that the gold is primarily trans-
ported as AuHS0 and Au(HS)2

– (Seward 1973; Shenberger and
Barnes 1989; Benning and Seward 1996).

Henley (1973) showed that high-temperature (£500 ∞C)
chloride solutions can contain between 10–3 and 10–2 M gold
and a Raman spectroscopy study of gold chloride solutions
showed that up to 300 ∞C the gold forms complexes with the
general formula Au3+ClxOH–

(4–x), with the value of x dependant
on pH (Murphy et al. 2000). It is likely that in chloride-domi-
nated systems that some reduction of gold will occur and there-
fore some of the gold will be present as Au+. The use of Au3+ in
the work presented here is justified because firstly, some gold
in these systems will be present as Au3+ and secondly, since the
reduction of Au3+ by mineral surfaces is a two stage process
(Mycroft et al. 1995; Eqs. 1 to 5 below) Au3+ represents a con-
venient and stable precursor for Au+ (Maddox et al. 1994).

Aqueous speciation in secondary ore forming fluids. The
solubility, and therefore the transport, of gold in oxidizing sec-
ondary ore forming environments has traditionally been attrib-
uted to chloride (Krauskopf 1951; Cloke and Kelly 1964) but
more recent work on the dissolution of metallic gold in sodium
hydroxide solutions by Vlassopoulos and Wood (1990a, 1990b)
suggests that the Au+ species AuOH(H2O)0 is the dominant aque-* E-mail: heasman@geol.uniovi.es
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ABSTRACT

The reactions of Au3+ with green rust, stibnite, pyrite, and chalcopyrite were investigated in the
laboratory and the size of the gold clusters formed was measured using extended X-ray absorption
fine structure (EXAFS) spectroscopy, scanning electron microscopy (SEM), and transmission elec-
tron microscopy (TEM). The individual clusters produced were between approximately 29 Å and 77
Å in diameter and may occur individually or as composite clusters from hundreds to thousands of
angstroms in size. This work shows that it is possible to form “invisible” gold through reduction of
Au3+ by green rust phases and the surfaces of sulfide minerals.




