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Abstract
The concentration and distribution of Pt and Au in a fluid-melt system has been investigated by reacting the metals with S-free, single-phase aqueous brines (20, 50, 70 wt% eq. NaCl) ± peraluminous melt at a confining pressure of 1.5 kbar and temperatures of 600 to 800 °C, trapping the fluid in synthetic fluid inclusions (quartz-hosted) and vesicles (silicate melt-hosted), and quantifying the metal content of the trapped fluid and glass by laser ablation ICP-MS. HCl concentration was buffered using the assemblage albite-andalusite-quartz and 
was buffered using the assemblage Ni-NiO. Over the range of experimental conditions, measured concentrations of Pt and Au in the brines (, ) are on on the order of 1–103 ppm. Concentrations of Pt and Au in the melt (, ) are ∼35–100 ppb and ∼400–1200 ppb, respectively. Nernst partition coefficients (, ) are on the order of 102–103 and vary as a function of (non-Henry’s Law behavior). Trapped fluids show a significant range of metal concentrations within populations of inclusions from single experiments (∼ 1 log unit variability for Au; ∼2–3 log unit variability for Pt). Variability in metal concentration within single inclusion groups is attributed to premature brine entrapment (prior to metal-fluid-melt equilibrium being reached); this allows us to make only minimum estimates of metal solubility using metal concentrations from primary inclusions. The data show two trends: (i) maximum and average values of and in inclusions decrease ∼2 orders of magnitude as fluid salinity () increases from ∼4 to 40 molal (20 to 70 wt % eq. NaCl) at a constant temperature; (ii) maximum and average values of increase approximately 1 order of magnitude for every 100°C increase temperature at a fixed . The observed behavior may be described by the general expression: 
where x (slope of the solubility curve) is similar for both Au and Pt (−2), and y increases with increasing T. The strong negative correlation between salinity and metal concentration may result from (i) the “salting-out” of neutral hydrogen chloride complexes [e.g., PtCl3H] as NaCl is added to the solution and free H2O is consumed during the production of HCl0 by the buffer assemblage, or (ii) the consumption of free H2O by the hydration of non-chloride-based metal complexes such as hydroxides [e.g., Pt(OH)2 · (H2O)n]. The proposed solubility mechanisms would be enhanced if activity coefficients for HCl and/or metal complexes decrease significantly with increasing fluid salinity. Identification of the exact dissolution mechanism at such extreme conditions and confirmation of the equilibrium metal concentrations awaits future study. The results of this pilot study demonstrate that single-phase hypersaline fluids which exsolve from or interact with residual magmatic liquids, partially crystallized rocks, or small volumes of PGE (platinum-group element)-Au-bearing sulfide can potentially dissolve and transport economically-significant amounts of Pt and Au across the magmatic-hydrothermal transition at moderately oxidizing conditions.
Introduction
There has been considerable debate about the role played by chloride-bearing hydrothermal fluids in concentrating or redistributing the PGE (platinum-group elements) and Au in mafic igneous systems. Fluid inclusion, alteration, and mineral chemical studies have shown that a continuum of late-stage magmatic, NaCl-rich aqueous brines (up to 95 wt% eq. NaCl containing ∼102–103 ppm HCl) and lower-salinity hydrothermal fluids were present during the evolution of many large magmatic Ni-Cu-PGE-Au deposits and may have played a role in the deposition or redistribution of the precious metals at, for example, Sudbury (Farrow, 1994; Molnar et al., 2001), the Bushveld Complex (Schiffries, 1982; Boudreau et al., 1986; Ballhaus and Stumpfl, 1986), and the Stillwater Complex (Boudreau et al., 1986; Boudreau and McCallum, 1986; Meurer et al., 1998; Boudreau, 1999).
While extensive field evidence suggests that saline fluids were important in deposit development, experimental evidence is lacking. The solubility of Pt, Pd, Os, and Au in sulfide-bearing solutions, low salinity (up to 3m Cl−) chloride- and mixed sulfide-chloride-bearing fluids has been studied up to ∼500°C using a variety of classical hydrothermal experimental methods (e.g., Seward, 1973; Shenberger and Barnes, 1989; Gammons et al., 1993; Gammons et al., 1992; Pan and Wood, 1994; Wood et al., 1994; Gammons and Williams-Jones, 1995; Gibert et al., 1998; Fleet and Knipe, 2000; Xiong and Wood, 2000; Archibald et al., 2001). The results of these studies show that although significant (greater than 10 ppb) hydrothermal Au transport by chloride is possible over a wide range of geologically-realistic conditions, the PGE are significantly soluble as chloride complexes at temperatures less than 500°C only under highly oxidizing, acidic, and saline (
greater than 1.0 m) conditions and that a lack of low-pH, high- alteration assemblages in any of the deposits listed above makes it unlikely that chloride played any significant role in the remobilization of precious metals at temperatures less than ∼500°C. However, at higher temperatures where neutral species are expected to predominate in solution, extreme pH and 
are suggested to be less critical for significant metal transport by chloride (Wood et al., 1992; Fleet and Wu, 1993). A critical review of all available experimental data for PGE solubility with application to large magmatic Ni-Cu-PGE-Au deposits can be found in a recent summary paper by Wood (2002).
The role of Cl-bearing, moderate- to high-temperature fluids (greater than ∼500°C) deposit development has largely been speculative because a very limited amount of experimental solubility data for Au and Pt exists demonstrating adequate control over conditions of 
, acidity (), T, P and fluid salinity (
). Only two studies at T >500°C adequately controlled these parameters (Ballhaus et al., 1994; Frank et al., 2002); both studies employed synthetic fluid inclusion methods. The results of these two studies are discussed in a later section for comparison to this study.
To our knowledge, the present study is the first investigation of Pt solubility and partitioning behavior in S-free, chloride-bearing fluids at temperatures exceeding 500°C in which thermochemical conditions of 
, , , T and P were controlled simultaneously. Our study also extends the range of conditions examined by Frank et al. (2002) in their experimentation on Au solubility. The objectives of this study were (i) to quantify the distribution of Au and Pt between a silicate melt and hypersaline aqueous fluid (brine) trapped in various types of synthetic fluid inclusions by in situ analysis to assess the usefulness of synthetic inclusion methods in studying precious metal solubility at postcumulus conditions, and (ii) to determine the effects of varying 
and T on the solubility of Au and Pt in hypersaline fluid and fluid-melt mixtures.
Section snippets
Experimental Design
Fluid inclusions (in quartz) and vesicles (in glass) were synthesized in sealed precious metal capsules placed in cold-seal pressure vessels. The capsule assembly (Fig. 1) consisted of Pt or Au capsules loaded with prefractured synthetic quartz cylinders (Hoffman Materials Inc.; heated to 800°C; quenched in cold, demineralized [18Ω-cm] H2O). Variable amounts of powdered NaCl (−200 mesh, 99.99% purity, Aldrich Chemical Co.) were added to the capsules along with 50 μL of demineralized H2O in the
Experimental Products
The buffer assemblage melted partially during the 800°C experiments to produce a mush of crystals and a small amount of melt (10–15% of the total buffer volume) attached to one end of the quartz cylinder or as thin films within fractures in the quartz (Fig. 3a). The melt, which formed a glass on quench, trapped the immiscible metal-bearing brine phase in vesicles (see below). Petrographic examination and X-ray mapping of the recovered HCl buffer assemblage confirmed that grains (not quench
Gold and platinum behavior in the melt phase
Gold concentrations in the glasses are comparable to recent measurements in a haplogranitic melt system at similar conditions (∼ 1 ppm; Frank et al., 2002). Platinum concentrations in the glass are ∼ 1 order of magnitude lower than in a 1400°C basaltic melt at a comparable 
(Borisov and Palme, 1997). Within single experiments, some variation in metal concentrations within the melt phase was observed. Campbell (1989) and Borisov and Palme (1997) point out that attempts to measure the
Application
Based on the results of this study, the ability of a high-temperature, moderately oxidizing NaCl-rich brine to dissolve both Pt and Au is great enough to deplete these metals from any residual or interstitial silicate melt phase in a layered intrusion; all of the Pt or Au present in a system not saturated in Pt- or Au-bearing minerals or base-metal sulfide should therefore reside in the brine phase. The magnitude of Dmetalfluid/melt depends only on the Cmetalfluid, which in turn is controlled
Conclusions
This study has shown that high-T, high-salinity aqueous brines may contain very high concentrations (up to 103 ppm) of both Au and Pt at geologically-realistic 
values, independent of the concentration of S-bearing ligands. The concentrations of Au and Pt observed in synthetic fluid inclusions and vesicles are considerably variable at a single, controlled thermochemical condition; this result agrees well with similar studies and may be attributed to the premature sampling of fluids prior to
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