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INTRODUCTION

Ore deposits such as porphyry Cu and epithermal Au(Cu) 
form from metals transported as complex ions in hydrothermal 
solutions (Barnes 1979). To understand metal solubilities, the 
partitioning of metals among melt, brine, and vapor, and the 
mechanism of ore deposition, it is necessary to determine the 
nature of the metal complexes and their stability as a function of 
variables such as temperature and ß uid composition.

In magmatic hydrothermal ß uids Cu occurs as Cu+, with 
Cl� and HS� being the most abundant potential ligands (e.g., 
Seward and Barnes 1997). HS� forms complexes with Cu+ 
under reduced, near-neutral to alkaline conditions with high 
total S concentrations (Shea and Helz 1988; Helz et al. 1993; 
Thompson and Helz 1994; Mountain and Seward 1999, 2003). 
The importance of these complexes, however, is probably minor 
in the high-temperature acidic ß uids, containing S as both H2S 
and SO2, which are typically exsolved from volcanic arc magmas 
(Giggenbach 1987). Under such conditions Cu+-Cl complexes 
are likely to be important, and Cu+ speciation in brines has been 
investigated by solubility and spectroscopic experiments, mostly 
at temperatures less than 350 °C (Romberger and Barnes 1970; 
Crerar and Barnes 1976; Varyash and Rekharsky 1981; Hemley 
et al. 1992; Varyash 1991; Seyfried and Ding 1993; Xiao et al. 

1998; Fulton et al. 2000a; Liu et al. 2001, 2002; Archibald et al. 
2002). These studies indicate that [CuCl]0 and [CuCl2]� domi-
nate at most Cl concentrations (e.g., Xiao et al. 1998; Liu et al. 
2001, 2002). Higher order complexes with the stoichiometry 
[CuCln]1�n, where n > 2, are considered insigniÞ cant for all 
but the most saline hydrothermal ß uids (Liu et al. 2002). The 
absence of data for near-magmatic temperatures (500�850 °C) 
limits our understanding of porphyry Cu ore genesis. Whereas 
depositional conditions are fairly well constrained (Hezarkhani 
et al. 1999), little is known about the earliest stages of the 
ore-forming process in which Cu is extracted from the magma 
during degassing and transported hydrothermally to the site of 
deposition (Harris et al. 2003).

Fluid modeling based on low-temperature data for aqueous 
species is commonly used to try and understand high-tempera-
ture processes, but the validity of thermodynamic extrapolations 
into the �supercritical� region (characteristic of many magmatic 
hydrothermal systems) is questionable (Sverjensky et al. 1997; 
AkinÞ ev and Zotov 2001). Furthermore, although generally 
assumed, it is uncertain whether the species described at low 
temperatures remain important at magmatic temperatures.

The paucity of solubility and speciation data for high-tem-
perature and high-pressure ß uids is largely due to the limita-
tions of traditional experimental techniques. For example, in 
situ spectroscopic methods usually are restricted to subcritical, 
vapor-saturated conditions, whereas studies that rely on post-
quench chemical analysis of high-temperature solutions can 
suffer from solute precipitation on cooling and decompression. 
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ABSTRACT

Cu K-edge X-ray absorption near edge structure (XANES) spectra were recorded from individual 
synthetic brine ß uid inclusions as a function of temperature up to 500 °C. The inclusions serve as 
sample cells for high-temperature spectroscopic studies of aqueous Cu-Cl speciation. Cu+ and Cu2+ can 
both be identiÞ ed from characteristic pre-edge features. Mixed oxidation states can be deconvoluted 
using linear combinations of Cu+ and Cu2+ spectra. This work illustrates how complex Cu XANES 
spectra can be interpreted successfully. Cu2+ is the stable oxidation state in solution at room tempera-
ture and Cu+ at high temperatures. The change in oxidation state with temperature was completely 
reversible. Cu+ was found to occur exclusively as the linear species [CuCl2]� in solutions containing 
KCl with Cu:Cl ratios up to 1:6. In the absence of K+, there is evidence for higher order coordination 
of Cu+, in particular the tetrahedral complex [CuCl4]3�. The importance of such complexes in natural 
ore-forming ß uids is yet to be determined, but may explain the vapor-phase partitioning of Cu as a 
Cl complex from a Cl-rich brine.
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