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Abstract

The partitioning of silver in a sulfur-free rhyolite melt–vapor–brine assemblage has been quantified at 800 �C, pressures of
100 and 140 MPa and fO2

� NNO (nickel–nickel oxide). Silver solubility (±2r) in rhyolite increases 5-fold from 105 ± 21 to
675 ± 98 lg/g as pressure increases from 100 to 140 MPa. Nernst-type partition coefficients ðDi;j

Ag � 2rÞ describing the mass
transfer of silver at 100 MPa between vapor and melt, brine and melt and vapor and brine are 32 ± 30, 1151 ± 238 and
0.026 ± 0.004, respectively. At 140 MPa, values for Di;j

Agð�2rÞ for vapor and melt, brine and melt, and vapor and brine are
32 ± 10, 413 ± 172 and 0.06 ± 0.03, respectively. Apparent equilibrium constant values (±2r) describing the exchange of sil-
ver and sodium between vapor and melt, Kv=m

Ag;Na, at 100 and 140 MPa are 105 ± 68 and 14 ± 6. The average values (±2r) for
silver and sodium exchange between brine and melt, Kb=m

Ag;Na, at 100 and 140 MPa are 313 ± 288 and 65 ± 12. These data indi-
cate that the mass transfer of silver from rhyolite melt to an exsolved volatile phase(s) is enhanced at 100 MPa relative to
140 MPa, suggesting that decompression increases the silver ore-generative potential of an evolving silicate magma. Model
calculations using the new data suggest that the evolution of low-density, aqueous fluid (i.e., vapor) may be responsible
for the the silver tonnage of many porphyry-type and perhaps epithermal-type ore deposits. For example, Halter et al. (Halter
W. E., Pettke T. and Heinrich C. A. (2002) The origin of Cu/Au ratios in porphyry-type ore deposits. Science 296, 1842–1844)
used detailed silicate and sulfide melt inclusion and vapor and brine fluid inclusions analyses to estimate a melt volume on the
order of 15 km3 to satisfy the copper budget at the Bajo de la Alumbrera copper-, gold-, silver-ore deposit. Using their melt
volume estimate with the data presented here, model calculations for a 15-km3 felsic melt, saturated with pyrrhotite and mag-
netite, suggest that a low-salinity magmatic vapor may scavenge on the order of 7 � 1012 g of silver from the melt. This quan-
tity of silver exceeds the discovered 2 � 109 g of Ag at Alumbrera. Calculated tonnages for numerous other deposits yield
similar results. The excess silver in the vapor, remaining after porphyry formation, is then available to precipitate at lower
PTconditions in the stratigraphically higher epithermal environment. These data suggest that silver, and perhaps other ore
metals, in the porphyry-epithermal continuum may be derived solely from the time-integrated flux of dominantly low-salinity
vapor exsolved from a series of sequential magma batches.
� 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Porphyry- and epithermal-type ore deposits together
contain on the order 1011 tons of Ag (Singer, 1995). Fluid

inclusion homogenization temperatures and alteration min-
eralogy (Simmons et al., 2005; Seedorff et al., 2005) have
been used to constrain the pressure–temperature (PT) con-
ditions at which Ag deposition occurs in the porphyry (50–
100 MPa and 300–500 �C) to epithermal (10–50 MPa and
100–300 �C) continuum. To build predictive models for
Ag deposition from circulating magmatic–hydrothermal
aqueous fluids, there have been numerous experimental
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studies performed with the unifying goal of quantifying the
behavior of Ag in aqueous fluids at these PT conditions
(Seward, 1976; Kozlov et al., 1983; Webster, 1986; Gam-
mons and Barnes, 1989; Levin, 1994; Gammons and Wil-
liams-Jones, 1995a,b; Margolis and Britten, 1995;
Spilsbury, 1995; Nokleberg et al., 1995; Gammons and
Yu, 1997; Migdisov et al., 1999; Akinfiev and Zotov,
2001; Stefánsson and Seward, 2003). These studies have
constrained the behavior of Ag in low-temperature aqueous
fluids. Nonetheless, it is accepted that magmatic–hydro-
thermal fluids, evolved from silicate magma, are responsible
for scavenging and transporting the silver (and other met-
als) from shallow level magma chambers (i.e., 4–10 km
depth) upward to the epithermal and porphyry environ-
ments (Hedenquist et al., 1998; Redmond et al., 2004). In
order to model quantitatively the behavior of silver across
the continuum from the magma chamber to the porphyry
and epithermal environments (and volcanic degassing),
thermodynamic data constraining the behavior of silver
over a range of PT conditions is required. Currently, how-
ever, there are no data that constrain the behavior of silver
during the evolution of magmatic–hydrothermal fluids.
Processes affecting the mass transfer of silver from the ‘‘par-
ent” melt to an exsolved volatile phase (i.e., vapor, brine,
supercritical fluid) control the absolute quantity of silver
scavenged from a silicate melt and transported to the over-
lying environment where deposition occurs owing to
changes in extensive and intensive parameters of the aque-
ous fluid. This study focuses on the behavior of silver at the
PT conditions attending degassing of shallow-level (�4 to
6 km) felsic melt.

The genetic link between magmatic–hydrothermal fluids
and shallow-level metal-rich ore deposits has been demon-
strated in a plethora of field, analytical and experimental
studies (Emmons, 1927; Sillitoe, 1979, 1989, 1993a,b,
2000; Burnham, 1979; Titley, 1981; Singer and Cox, 1986;
Dilles, 1987 Richards et al., 1991; Vila and Sillitoe, 1991
Heinrich et al., 1992, 1999; Vennemann et al., 1993; Heden-
quist and Lowenstern, 1994; Shinohara and Kazahaya,
1995; Thompson et al., 1995; Gammons et al., 1997; Shino-
hara and Hedenquist, 1997; Audétat et al., 1998, 2000
Hedenquist et al., 1998; Pettke et al., 2001; Muntean and
Einaudi, 2001; Ulrich et al., 2001; Marschik and Fontboté,
2001; Frank et al., 2002; Requia et al., 2003; Rusk et al.,
2004; Redmond et al., 2004; Halter et al., 2005; Rainbow
et al., 2005; Camprubi et al., 2006a,b). Silicate melts exsolve
an aqueous volatile phase owing to the attainment of H2O
saturation in the melt as a result of both decompression
(first boiling) and crystallization (second boiling; Burnham,
1979). Data from natural and experimental fluid inclusion
assemblages indicate that the composition of the volatile
phase(s) exsolved a from upper crustal felsic silicate melts
is dominated by chloride salts such as NaCl, KCl, FeCl2,
CaCl2, etc. (Roedder, 1984; Audétat et al., 2000; Audétat
and Pettke, 2003; Heinrich et al., 2003; Sirbescu and Nab-
elek, 2003; Simon et al., 2004; Candela and Piccoli, 2005).
Thermodynamic studies of the phase relations in high-tem-
perature aqueous fluids have concentrated on the PT–com-
position (X) relations in model systems such as NaCl–H2O
(Sourirajan and Kennedy, 1962; Henley and McNabb,

1978; Roedder, 1984; Bodnar and Sterner, 1985, 1987; Ster-
ner and Bodnar, 1984; Bodnar et al., 1985; Anderko and
Pitzer, 1993; Bodnar and Vityk, 1994), NaCl–KCl–H2O
(Roedder, 1984; Chou, 1987a; Chou et al., 1992; Sterner
et al., 1988, 1992), NaCl–CaCl2–H2O (Vanko et al., 1988)
and more complex fluids (Heinrich, 2007; Liebscher and
Heinrich, 2007; Webster and Mandeville, 2007). Examina-
tion of the phase relations at magmatic PTX conditions
indicates that a wide miscibility gap exists such that both
vapor and brine coexist over much of the PT regime at
which silicate melts evolve in Earth’s upper crust. Data
from natural fluid inclusion boiling assemblages demon-
strate that silver is transported by both low- and high-salin-
ity aqueous fluids in magmatic–hydrothermal systems
(Audétat et al., 2000; Ulrich et al., 2001). Audétat et al.
(2000) report up to several hundred lg/g silver in vapor
and brine inclusions associated with ore mineralization in
the Mole Granite, Australia. The fluid inclusions in their
study exhibit homogenization temperatures (Thtot) which
range from 350 to 528 �C and the measured silver concen-
trations are greatest in brine inclusions which exhibit the
highest Thtot and salinity. One notable exception to this
trend is a silver concentration of 590 lg/g in a low-density
aqueous inclusion which contains 4.2 wt% NaCl equiv and
has a Thtot of 350 �C. Ulrich et al. (2001) report silver con-
centrations in boiling assemblages, trapped in minerals
associated intimately with ore-stage mineralization at Bajo
de la Alumbrera, Argentina, which suggest that silver par-
titions favorably into the brine; calculated Nernst-type par-
tition coefficients for silver between vapor and brine, Dv;b

Ag,
are on the order of 0.1 or lower. Homogenization tempera-
tures reported for natural immiscible assemblages range
from approximately 400–600 �C and, thus, these inclusions
may be recording unmixing processes which may be unre-
lated to degassing from the ore-generative melt at depth.
The apparent positive correlation between silver and salin-
ity (i.e., wt% NaCl equiv) in natural aqueous fluid inclu-
sions agrees with data for other transition metals (e.g.,
Au, Fe, Zn, Pb) from natural Audétat and Pettke, 2003)
and S-free experimental studies (Holland, 1972; Candela
and Holland, 1984; Williams et al., 1995; Frank et al.,
2002; Simon et al., 2004, 2005). To date, there are no data,
experimental or natural, which constrain the behavior of
silver at magmatic conditions. However, experimental data
collected at lower temperature do provide insight into the
expected behavior of silver at the depositional stage of the
magmatic–hydrothermal regime.

Data constraining the behavior of silver in low-temper-
ature (i.e., <500 �C) aqueous fluids suggest that, depending
on the pH and fHCl=fH2S ratio of the aqueous fluid, silver
solubility is dominated by either Ag–S complexes or Ag–
Cl complexes (Akinfiev and Zotov, 2001). Seward (1976),
based on experiments in a S-free assemblage, reports that
AgCln

1�n describes the stoichiometry of silver in S-free
NaCl–H2O vapor and that the ligand number, n, increases
with temperature up to at least 353 �C, at saturated vapor
pressure. Further, the coefficient n increases as total chlo-
rinity of the volatile phase increases. The species AgCl2

�

dominates silver speciation in aqueous vapor at tempera-
tures from 277 to 353 �C (cf. Seward, 1976). Other studies
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have examined the properties of silver in more complex
NaCl–KCl–HCl–H2O fluids (Levin, 1994; Gammons and
Williams-Jones, 1995a,b; Akinfiev and Zotov, 2001). Data
from these studies are consistent with AgCln

1�n as the dom-
inant silver-species in S-free fluids at temperatures up to
500 �C. Silver is a soft metal and is predicted to complex
with bisulfide in a S-bearing volatile phase (Pearson,
1963). However, Wood et al. (1987) quantified experimen-
tally the solubility of argentite (Ag2S) in NaCl–H2O–CO2

aqueous solutions (0.5–5.0 M NaCl) from 200 to 350 �C
and determined that Ag0 and AgCl2

� dominate silver-speci-
ation in the S-bearing NaCl–H2O–CO2 aqueous solutions.
Stefánsson and Seward (2003) report that AgHS0 is domi-
nant and that with increasing pH silver-speciation is con-
trolled by AgðHSÞ2� and Ag2SðHSÞ22� at neutral to
alkaline conditions at temperatures between 25 and
400 �C at saturated water vapor pressure and 50 MPa.
The sum of all data constraining the behavior of silver in
low-temperature aqueous fluids suggests that both Ag–Cl
and Ag–S complexes are important in the redistribution
of silver during processes associated with and driven by
magmatism in Earth’s upper crust. The critical need to de-
velop a comprehensive model for silver mobility in the en-
tire magmatic–hydrothermal regime is for data at
magmatic conditions.

In this study, we report data from a rhyolite melt +
vapor + brine + Ag0± magnetite ± cerargyrite (AgCl)
assemblage at 800 �C and pressures of 100 and 140 MPa.
These conditions span the PT regime (i.e., 4–6 km depth) in
which many silver-ore-generative magmatic–hydrothermal
fluids evolve. They are consistent with data from natural fluid
inclusion assemblages that demonstrate the evolution of ore-
bearing aqueous fluids in many porphyry-ore systems from
the causative magma at a depth on the order of 6 km. The
data are presented as Nernst-type partition coefficients and
apparent equilibrium constants for silver between vapor
and brine, vapor and melt, and brine and melt.

2. PROCEDURES

2.1. Starting materials

The starting phase assemblage for all runs is provided in
Table 1. A synthetic rhyolite minimum melt, Qz0.38A-
b0.33Or0.29 on an anhydrous basis at 100 MPa, was used
in all experiments (Table 2). Aqueous solutions were pre-
pared with reagent grade NaCl and KCl and aqueous
HCl. The molar ratio of Na:K:H was set to unity in all
starting aqueous solutions. The ratio of H to Na controls
not only the pH of the aqueous fluid(s), but the extent of
hydrolytic alteration. In this study, this ratio was set to
unity to explore the effect of high HCl concentrations,
hence high degrees of hydrolytic alteration, on metal parti-
tioning. Future experiments will explore the effect of low
HCl concentrations. Silver was added either as a 1:1 mix-
ture of Ag:AgCl or as reagent grade elemental silver. Mag-
netite was added to two runs (19 and 22) to elucidate the
silver-sequestering capacity of magnetite; these data are
presented here, but are part of a larger study on crystal–
melt equilibria being published separately.

Synthetic fluid inclusions were trapped either as glass-
hosted fluid inclusions, formed as the melt cooled through
the glass transition temperature (Tg), or as fluid inclusions
in pre-fractured quartz cores (cf., Orville and Shelton,
1980 Sterner and Bodnar, 1984; Bodnar and Sterner,
1985, 1987; Bodnar et al., 1985). The glass-hosted fluid
inclusions were present as discrete phases at run conditions
prior to quenching and do not represent fluids formed dur-
ing quench. Simon et al. (2007a) discuss extensively the
ability to trap equilibrated aqueous fluids in pre-fractured
quartz, owing to self-healing at run conditions, and glass,
as the melt cools through the Tg. They conclude that both
fluid-trapping techniques provide reasonable estimates of
fluid solute loads at experimental conditions similar to
those in the current study. Cores of natural quartz (Minas
Gerais, Brazil) were cut to dimensions of approximately
1.5 cm length by 2- to 3-mm wide. The quartz cores were
heated at 350 �C for 30 min and then fractured thermally
by immersing them into a beaker of doubly-deionized, dis-
tilled water. The temperature to which the cores are heated
is based on Sterner and Bodnar (1984) and Bodnar and
Sterner (1985, 1987). Cores were kept at 120 �C until just
prior to use and were allowed to come to room temperature
before loading to prevent volatilization of the aqueous solu-
tion during the loading stage.

2.2. Experimental design

Bottom-welded platinum capsules (4.8 mm ID, 5 mm
OD, 30 mm length) were loaded with rhyolite, 100 lL
NaCl-, KCl- and HCl-bearing aqueous solution, powdered
silver ± powdered AgCl ± magnetite crystals ± a quartz
core as detailed in Table 1. Glass was loaded first followed
by silver and cerargyrite to ensure that the latter two phases
were not in contact with the platinum capsule. This was
done to minimize direct contact between silver and plati-
num to prevent alloying of the two metals which would
effectively reduce the activity of silver in the charge. Loaded
capsules were immersed bottom down in dry ice and the
capsule tops were welded shut. The capsules were then
placed in a drying oven (120 �C) for 4 h, and maintenance
of capsule mass (±3 mg) was used to verify the integrity
of welded capsules. Capsules were placed inside René-41
cold-seal pressure vessels and pressurized to 50 MPa at
room temperature. Pressure was imposed by a Haskell
air-driven water-pressure intensifier and monitored with
Bourdon-tube gauges (±2 MPa) calibrated against a fac-
tory-calibrated Heise gauge. The vessels were then heated
to 800 �C with the pressure line left open. Once at 800 �C,
pressure was raised to the desired run pressure. Tempera-
tures were measured with type K (Chromel–Alumel) exter-
nal thermocouples that were calibrated against internal
thermocouples in the presence of the water-pressure med-
ium for each experimental vessel.

An oxygen fugacity at approximately the nickel–nickel
oxide (NNO) buffer was imposed by the composition of
the experimental vessel (�53 wt% Ni) and the use of a buf-
fer capsule containing elemental Ni and NiO placed behind
the experimental charge (at the cold end of the charge) in-
side the pressure vessel. Following each run the presence
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of both elemental Ni and NiO were noted in each buffer
capsule. An fO2

� NNO is imposed via thermal dissociation
of the water pressure medium, reaction of oxygen with the
nickel pressure vessel and osmotic equilibration of hydro-
gen with the pressure medium and charge owing to the dif-
fusion of hydrogen through the Pt capsule walls (Chou,
1987a). The fO2

in experimental vessels was verified once
during the study in each pressure vessel by using the hydro-
gen sensor technique (Ag–AgCl; H2O–AgCl; Chou, 1987b);
these experiments yielded log10fO2

values of �14 ± 1.0. To
minimize variation of the intrinsic vessel fO2

over the course
of the experimental study, we mechanically abraded the
interior of the vessel following each run by using a gun bar-
rel brush to remove scaling and expose a clean vessel sur-
face. The presence of both Ni and NiO in the buffer
capsule after each run serves as evidence that each run
was at an fO2

� NNO.
The hot end of each vessel was oriented in the furnace at

a positive 10� angle from the horizontal lab bench to min-
imize the temperature gradient (Charles and Vidale,

1982). The temperature variation in all experiments is
65 �C along the length of the 3-cm capsule. The diameter
of glass recovered from all runs is approximately 2 mm
indicating that the temperature variation over the entire
melt, at run conditions, is on the order of 0.4 �C. Quartz
cores are 1.5 cm long and are located inside the capsule
such that the quartz core lies across the hot spot. The tem-
perature profile across the quartz core is about 799 �C at
the cold end and 801 �C at the hot end. Thus, the tempera-
ture gradients are 1.7 �C/cm across the length of the capsule
and 1.3 �C/cm across the length of the quartz core. This low
thermal gradient minimizes the potential for quartz over-
growths; no overgrowths are recognized optically in the
run products. The combination of a low-temperature gradi-
ent and tilted vessel position minimizes also the potential
for thermally-induced convection gradients which, in turn,
retards the premature healing of pre-fractured quartz chips
(Simon et al., 2007a). The lack of premature healing is crit-
ical for trapping equilibrated aqueous fluids.

Experiments were quenched isobarically by using a com-
pressed air stream from 800 to 200 �C followed by immer-
sion in an ambient-temperature water bath. Capsules were
removed from the vessels, cleaned with lab-grade H2O
and ethyl alcohol, examined optically and weighed to deter-
mine if the capsules remained sealed during the experiment.
Only capsules that exhibited mechanical integrity, evinced
by essentially no mass change, and yielded a strong hiss
when pierced with a hypodermic syringe, evincing high
internal capsule pressure, were processed for analysis.

2.3. Description of run products

All run products were examined petrographically to
determine the stable phase assemblage upon quench. All
capsules contained aqueous fluid at room temperature. In
all runs, the melt quenched to a single bead of glass. Silver
metal and cerargyrite were observed in runs 4 through 14
and only silver metal in runs 19 through 25; cerargyrite
was not added to these latter runs. Fluid inclusions were

Table 2
Starting composition of synthetic rhyolite as determined by XRF
(analysis performed by Activation Laboratories)

Oxide Weight (%)

SiO2 75.18
Al2O3 11.09
K2O 4.43
Na2O 3.67
CaO 0.17
Fe2O3 0.04
MnO 0.01
MgO 0.10
TiO2 0.03
P2O5 0.03
LOI 4.51

Total 99.26

LOI, loss on ignition. From Lynton et al. (1993).

Table 1
Summary of experimental conditions

Run
No.

P

(MPa)
Run time
(h)

Mass of
haplogranite (g)

aBulk salinity wt%
NaCl equiv

Mass of Ag
added (g)

Mass of AgCl
added (g)

Mass of Mt
added (g)

Quartz core
added

4 140 206 0.04192 5.5 0.02130 0.02130 NAc No
5 140 110 0.04334 5.5 0.01960 0.01960 NA No
6 140 377 0.04398 5.5 0.02295 0.02295 NA No
7 130b 205 0.04020 20 0.02057 0.02057 NA No

14 140 160 0.04077 20 0.02269 0.02269 NA No

19 100 117 0.04080 5.5 0.00850 NAc 0.04726 Yes
22 100 116 0.04118 1.8 0.00672 NA NA Yes
23 100 450 0.03980 1.8 0.00474 NA 0.04173 Yes
24 100 375 0.04054 1.8 0.00473 NA NA No
25 100 560 0.04098 5.5 0.00895 NA NA Yes

Replicate mass determinations of dry phases indicate that uncertainties in reported masses are no greater than 0.5%. One hundred microliters
of aqueous solution was added to each run.

a This is the bulk salinity of the starting aqueous solution which contains equimolar quantities of NaCl, KCl and HCl.
b This run was stable at 140 MPa for 157 h, but it slowly bled in total pressure to 130 MPa over the last 48 h.
c NA, not added.
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observed in both glass and quartz cores (Fig. 1). Low-den-
sity vapor fluid inclusions contain a vapor bubble sur-
rounded by liquid and in some inclusions contain a small
opaque particle. These particles are inferred to be elemental
silver owing to their bright white color when viewed under
reflected light. High-density brine fluid inclusions contain a
vapor bubble, liquid, several salt crystals, typically one or
more opaque particles, hypothesized to be silver based on
their color when viewed under reflected light. The ratio of
liquid to vapor in two-phase low-density vapor inclusions
and the size of the vapor bubble are approximately constant
in all runs. Magnetite was recovered from runs 19 and 22
indicating that it was a stable phase at run conditions. All
run products are saturated in elemental silver and, thus,
the measured concentrations represent the solubility of sil-
ver in all phases.

2.4. Analytical procedures

2.4.1. Analyses of experimental glasses

Glass samples were analyzed by using a JEOL JXA 8900
electron probe microanalyzer (EPMA) equipped with five
wavelength dispersive spectrometers (WDS). The major ele-
ment and Cl concentrations of run-product silicate glasses
were quantified by using the following operating condi-
tions: 15 keV accelerating potential, 5 nA beam current,
and a 15-lm beam size with a minimum counting time of

twenty seconds (sum of peak and background). Multiple
line traverses were performed on each glass to evaluate
the homogeneity of Cl and major elements. Following Mor-
gan et al. (1996) and Acosta-Vigil et al. (2003), we per-
formed several analyses to evaluate the effects of Na
diffusion and concomitant Si and Al burn-in. No migration
was observed during EPMA analyses. Standardization for
Si, Al, Na and K was performed with a Yellowstone rhyo-
lite (National Museum of Natural History, NMNH 72854
VG568). Kakanui hornblende was used to standardize iron.
Scapolite (Meionite, Brazil, USNM R6600-1) was used to
standardize chlorine. Detailed information for standards
can be found in Jarosewich et al. (1980).

The concentration of silver in silicate glasses and fluid
inclusions (described in Section 2.4.3) was quantified by
using laser ablation inductively coupled plasma mass spec-
trometry (LA-ICPMS) with the setup described in Section
2.4.3. NIST-610 was used as the reference silicate glass.
Absolute silver abundances were calculated by using the
EPMA-determined Al2O3 concentration as the internal
standard. NIST-610 is not a NIST certified silver standard;
however, the NIST informative value of 254 lg/g agrees
well with the globally accepted value of 239.4 ± 18.6 lg/g
(1 standard deviation of the preferred average) as reported
in Pearce et al. (1997). Thus, we suggest that NIST-610 can
be used as a silver standard for the analysis of silicate
glasses. In all runs, 4–8 large-beam (i.e., 60, 75, 80, 90 or

Fig. 1. Photomicrographs of synthetic fluid inclusions. (a) and (b) are vapor and brine, respectively, trapped at 100 MPa in silicate glass. (c)
and (d) are vapor and brine, respectively, trapped at 100 MPa in pre-fractured quartz. Top scale bar is for (a) and (b). Bottom scale bar is for
(c) and (d). All fluid inclusions in this figure were trapped in run 23.
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100 lm spot size) analyses were performed on each glass.
These glass analyses targeted multiple regions (i.e., core
vs. rim) of each glass to elucidate potential gradients in
the concentration of silver; no compositional gradients were
detected. In addition to these large-beam analyses, the silver
concentrations of glass volumes directly above and below
analyzed fluid inclusions were quantified. Thus, the data re-
ported here reflect 12–24 analyses per experimental glass.
Transient analytical signals were integrated and isotope
sensitivity ratios were calculated by using the NIST SRM-
610 glass.

2.4.2. Absence of silver–platinum alloys

The phase diagram for the silver–platinum binary sys-
tem indicates that silver and platinum form a single alloy
Ag15Pt17 at temperatures from 400 to 803 �C at atmo-
spheric pressure (Okamato, 1997). At temperatures at and
above 803 �C a broad solvus exists extending from 30 at.
% Ag and 93.9 at. % Pt at 803 �C to 40.0 at. % silver and
87.0 at. % platinum at 1188 �C. This indicates that silver
and platinum are immiscible over this temperature range.
Our experiments were performed with the center of the cap-
sule at 800 �C and the hot and cold ends at 798 and 803 �C,
respectively. To test whether alloying of silver and platinum
occurred at run conditions, the capsule material from sev-
eral runs was analyzed by energy dispersive spectrometry
(EDS) EPMA. Silver was observed in some analyses, but
was not ubiquitously distributed. Therefore, minimal to
no alloying of silver and platinum appears to have
occurred.

2.4.3. Fluid inclusion microthermometry

Following EPMA, the carbon coat was removed by dia-
mond polishing and all probe mounts were cut into wafers
on the order of 1 mm thick to expose glass on both sides.
Quartz cores were mounted in epoxy and polished on both
sides to permit optical examination and analysis of fluid
inclusions. The quartz cores were mounted with the long
axis parallel to the polished surface. This geometry allows
us to analyze fluid inclusions along the length of the ther-
mal gradient (1.7 �C/cm) to evaluate the homogeneity
(i.e., bulk salinity expressed as wt% NaCl equiv) of trapped
inclusions as discussed below. Fluid inclusions from multi-
ple healed cracks along the length of the quartz core were
analyzed. Variable salinities of fluid inclusions in either
glass or quartz would indicate trapping on non-equilibrated
aqueous fluids (cf. Krüger and Diamond, 2001). Individual
fluid inclusions range in glass range in size from �10–
100 lm with the majority of fluid inclusions in the 10- to
30-lm range. Quartz-hosted fluid inclusions range in size
from �2–30 lm with the majority of inclusions in the 2-
to 10-lm range. A USGS-type, gas-flow heating-freezing
stage (Fluid, Inc.) was used to measure Tmice (final melting
temperature of ice) and TdNaCl (final dissolution tempera-
ture of NaCl; Bodnar and Vityk, 1994). The thermocouple
was placed directly on top of the sample to prevent sample
movement and to minimize the distance between the ther-
mocouple and fluid inclusions; both serve to decrease
uncertainties in temperature measurements. The heating-
freezing stage was calibrated at �56.6 �C (pure CO2 melting

temperature), 0 �C (pure H2O melting temperature) and
374.1 �C (pure H2O critical temperature). Uncertainties in
Tmice and TdNaCl on the order of ±0.2 �C and ±1.5 �C,
respectively, were estimated by performing replicate mea-
surements on individual fluid inclusions.

2.4.4. LA-ICPMS analyses of fluid inclusions

The concentrations of silver, sodium, potassium and iron
in individual fluid inclusions were quantified by LA-ICPMS
using NBS-610 as the external standard and sodium as the
internal standard, corrected to a true sodium concentration
as described below. We analyzed fluid inclusions which
yielded bulk salinities, expressed as wt% NaCl equiv, that
were consistent with expected salinities based on known
phase relations in the NaCl–KCl–FeCl2–HCl–H2O system.
We analyzed quartz-hosted fluid inclusions from multiple
healed cracks to evaluate the homogeneity of fluid inclu-
sions across the quartz host (cf. Simon et al., 2007a).
Glass-hosted fluid inclusions were also analyzed across the
entire volume of glass to evaluate homogeneity. The use of
Na as an internal standard has been evaluated previously
(Heinrich et al., 2003; Simon et al., 2007a). Quadrupole
ICPMS (Elan 6100, Perkin Elmer) settings were similar to
those reported in Pettke et al. (2004). An energy-homoge-
nized (Microlas) pulsed 193-nm ArF Excimer laser (Compex
102, Lamda Physik) was used to allow the controlled abla-
tion of fluid inclusions and their host (Günther et al.,
1997, 1998; Heinrich et al., 2003). The diameter of the laser
beam was set slightly greater than the maximum diameter of
each fluid inclusion such that the entire fluid inclusion was
ablated together with a minimal volume of surrounding ma-
trix glass. The transient signal is deconvoluted and pro-
cessed to remove the addition of elements present in the
host from the fluid inclusion signal interval such that the re-
ported composition of the fluid inclusion represents only
those elements contained in the fluid inclusion with no con-
tribution from the host (cf. Heinrich et al., 2003). A dwell
time of 10 ms was used for Si, Al, Na, K and Fe. The dwell
time for silver was 20 ms. These short dwell times ensure
representative sampling of the short, transient signals (Pet-
tke et al., 2000), notably from glass-hosted inclusions. The
transient signal for each analysis was integrated, and ele-
ment ratios (e.g., Fe:Na) were quantified using a National
Institute of Standards and Technology (NIST) SRM 610 sil-
icate glass. Element ratios determined by LA-ICPMS were
transformed into absolute element concentrations using so-
dium as the internal standard. Absolute concentrations of
sodium in each fluid inclusion were determined by correct-
ing the wt% NaCl equiv determined by microthermometry
(Section 2.4.3.) for the presence of KCl, AgCl and FeCl2
via the equation NaCltrue = NaClequiv � 0.5 � RXn+Cln
which assumes that all major cations in the fluid inclusion
were present as chloride salts (Heinrich et al., 2003). The ab-
sence of sulfur in the experiments justifies this assumption.
Note that element ratios, and hence partition coefficients,
are independent of this assumption. Data reduction fol-
lowed procedures outlined in Longerich et al. (1996) and
Günther et al., 1997, 1998). The reported uncertainties for
fluid inclusion and glass analyses represent the standard
deviation of multiple analyses per experiment.
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3. RESULTS

3.1. Composition of the rhyolite melt

3.1.1. Major element and chlorine concentrations in the melt

The major element, chlorine and silver concentrations
of glasses are presented in Table 3. The consistent results
across a range of run times from 111 to 560 h suggest that
the melts reached equilibrium with respect to major ele-
ments and chlorine in less than 5 days, consistent with
previous experimental studies (Carmichael and MacKen-
zie, 1963; Thompson and MacKenzie, 1967; Bailey et al.,
1974; Bailey and Cooper, 1978; Baker and Rutherford,
1996; Gaillard et al., 2001; Scaillet and MacDonald,
2001; Clemente et al., 2004). The calculated aluminum sat-
uration index (ASI = the molar ratio of Al2O3/(Na2O + -
K2O)) ranges from 1.19 to 1.31 indicates that all glasses
are peraluminous. Most magmas associated with por-
phyry-ore deposits have ASI values which are below those
of the melts in this study. Future experiments will be per-
formed to evaluate the effect of ASI on silver partitioning.
The decrease in the Na2O concentration of the quenched
melt, relative to the starting melt (Table 2), results from
the exchange of Na in the melt for H in the volatile phases
(vapor + brine). The concentration of K2O does not
change systematically which suggests that K2O is not af-
fected in a similar fashion to Na2O. This effect has been
documented in other studies of melt–volatile phase equi-
libria (Frank et al., 2002). EPMA glass totals on the order
of 94–96 wt% are consistent with the expected water sol-
ubility of 4–6 wt% in rhyolite melt at 100–150 MPa
(McMillan and Holloway, 1987).

3.1.2. Silver solubility in rhyolite melt and processing signals

in light of the metal nugget controversy

The concentrations of silver in silicate glasses (Table 3)
exhibit more variability than major elements and chlorine.
The low and high silver concentration (±2r of the mean)
at 140 MPa are 322 (94) lg/g and 1250 (170) lg/g yielding
an average of 322 (94) lg/g. The low and high silver con-
centration (±2r) at 100 MPa are 40 (9) lg/g and 228
(74) lg/g yielding an average of 105 ± 21 lg/g. Each LA-
ICPMS transient signal was evaluated critically for the
presence of silver nuggets (cf. Borisov and Palme, 1997; Er-
tel et al., 1999; Fortefant et al., 2003; Cottrell and Walker,
2006; Simon et al., 2007b) and their presence was detected
in approximately 5–10% of all analyses. Including the silver
nuggets in the signal invariably results in a higher silver
concentration and, thus, the origin of the nuggets and
whether or not to include or remove them during signal
processing is critical not only for the determination of silver
solubility in the melt, but for the calculation of partition
coefficients and equilibrium constants.

The silicate melt in all runs was in intimate contact with
a silver source and at run conditions this silver diffused into
and through the melt until the melt reached silver satura-
tion. To calculate the approximate time required for the
melt to reach silver saturation via diffusion, note that the
small thermal gradient should minimize if not eliminate
convection in the melt, we estimated a reasonable diffusivity
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for silver in haplogranite by using diffusion data for sodium
and cesium in haplogranite melts at 800 �C. Watson (1994)
reports diffusion coefficients of approximately 10�9.5 m2 s�1

and 10�12 m2 s�1 for univalent sodium and cesium, respec-
tively. Univalent silver has a radius (0.126 nm) that is
approximately halfway between that of sodium (0.095 nm)
and cesium (0.169 nm) and, thus, a reasonable estimate
for the diffusion coefficient of silver is 10�11 m2 s�1. Using
a diffusion coefficient for silver of 10�11 m2 s�1 and a melt
diameter of 2 mm, the calculated timescale for diffusional
equilibration of silver in the melt is approximately 110 h.
Note that silver is also transported via the vapor to the
vapor–melt interface; thus, the calculated time is a
maximum. Based on the homogeneity of major elements
and chlorine in the silicate glass and run durations of
110–560 h, the melt should contain a homogeneous distri-
bution of silver at run conditions.

Two hypotheses can be put forth to explain the presence
of silver nuggets in silicate glasses in the present study: (1)
the silver nuggets existed as discrete silver particles (Ag0)
which were present at run conditions; and (2) silver was
homogeneously dissolved in the melt at run conditions
and the silver nuggets formed during quench owing to
decreased silver solubility in the melt with decreasing tem-
perature. The first hypothesis is based on the experimen-
tally-determined relationship between metal solubility in
silicate melts and oxygen fugacity. Ertel et al. (1999) present
and discuss solubility data for platinum metal in haploba-
salt and conclude that metal solubility is a function of
fO2

. Their results and those from Borisov and Palme
(1997) and Fortefant et al. (2003) indicate that platinum
solubility in haplobasalt decreases from approximately
1 � 104 ng/g to 1 � 101 ng/g (three orders of magnitude)
as log fO2

decreases from 0 to �6 (six orders of magnitude).
Ertel et al. (1999) attribute the observed scatter in a linear
regression of platinum concentration vs fO2

to the presence
of platinum micronuggets in the quenched melt (i.e., glass).
If their hypothesis is correct, then metal nuggets observed
in LA-ICPMS transient signals should not be included dur-
ing data reduction.

The second hypothesis to explain the origin of metal
nuggets in experimental glasses has been discussed by
Cottrell and Walker (2006). They quantified experimen-
tally the solubility of platinum in basalt and presented
back-scattered electron (BSE) images of the run product
glasses which show the presence of platinum nuggets in
the recovered basalt glass. The nuggets in their glasses
range in diameter from 50 nm to 2 lm. Cottrell and
Walker (2006) attribute the nuggets to the expected rapid
decrease in platinum solubility in the basalt melt as the
run is quenched. If this second hypothesis is correct, then
metal nuggets observed in LA-ICPMS transient signals
should be included during data reduction. Thus, a conun-
drum exists with respect to the treatment of LA-ICPMS
data which display evidence for the presence of metal
nuggets.

The experimental charges in the present study were ini-
tially at atmospheric fO2

. Once the experiment reaches the
desired run conditions, it takes on the order of 24 h for
hydrogen diffusion to establish osmotic equilibrium

between the charge and the vessel and reach the desired fi-
nal fO2

� NNO (Chou, 1987b). Thus, based on the results
discussed in Ertel et al. (1999), it is expected that the ability
of silver to dissolve into the silicate melt is greatest over this
first day. As the fO2

decreases to its final equilibrium value
of fO2

� NNO, the solubility of silver should decrease, if
the same relationship holds for silver as for platinum in
the basalt melts, resulting in the precipitation of silver nug-
gets in the melt. The size of these nuggets is presumed to re-
main small enough (cf. Cottrell and Walker, 2006) that the
nuggets remain neutrally buoyant in the melt for the dura-
tion of the run and, thus, are observed in the LA-ICPMS
signals. We examined glasses for the presence of micronug-
gets by using BSE imaging and observed no silver nuggets
even though, based on the laser ablation rate during LA-
ICPMS analysis, the diameter of the silver nuggets in some
signals should have approached several microns. This is
attributed to the fact that glass-hosted nuggets observed
in the present study were located at least several microns
beneath the glass surface, determined from the amount of
time required to ablate into the glass before a nugget is ob-
served in the transient signal. In the 5 to 10 % of all LA-
ICPMS signals in this study which display evidence for
the presence of a silver nugget, manually removing the sil-
ver nugget(s) from the single transient glass signal results
in a decrease in the calculated silver concentration of the
melt of at most one order of magnitude. This is less than
the third order of magnitude concentration variation ob-
served for platinum in the Ertel et al. (1999) study. How-
ever, the results reported here do not falsify their
hypothesis in light of the fact that the melt would not have
reached diffusional equilibrium with silver during the initial
24 h period required to establish the desired fO2

as the fO2
of

the charge was continually decreasing to the final value of
fO2
� NNO. In this case, based on the diffusion length scale

over the first 24 h, one might expect to see a greater density
of nuggets near the outer portion of a glass bead relative to
the center of the glass bead. We did not observe this in any
run-product glass.

To address hypothesis two, we calculated the hypo-
thetical diameter of a silver nugget which may form dur-
ing quench. The experiments in this paper were quenched
from 800 to 400 �C over a total time of 35–40 s, resulting
in a quench rate of approximately 10 �C s�1 through the
Tg. Using a reasonable silver diffusivity in haplogranite of
10�11 m2 s�1 and a time of 40 s for the melt to cool to
the Tg yields a diffusion distance of 20 lm. Thus, a silver
particle could scavenge silver from a spherical volume of
approximately 3.2 � 104 lm3(4 �x3 with x = diffusion
length) during quench, admittedly assuming unrealisti-
cally that the diffusivity remains constant. This should re-
sult in the growth of a silver nugget on the order of
several microns, assuming a single nucleation site and
growth of this one nugget, consistent with the size of
the particles observed in LA-ICPMS signals in the pres-
ent study. This model calculation is consistent with a
quench origin for the obersved silver nuggets. Thus, data
in the present study can not be used to falsify either
hypothesis for the formation of metal nuggets in silicate
melt.
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We suggest that both hypotheses may be correct; how-
ever, this would require the ability to determine the propor-
tion of silver in each nugget present as a stable phase at run
conditions and the proportion which was added to the nug-
get (i.e., nucleation site) during quench. Analysis of all tran-
sient signals in this study indicates that the higher silver
concentrations in silicate glasses within and among individ-
ual runs do not correspond to a disproportionate number
of silver nuggets in the glass; i.e., there is no correlation be-
tween the number of silver nuggets in silicate melt and the
reported concentration of silver in the melt. Manually
removing a silver nugget from a transient glass signal re-
sults in a decrease in the calculated silver concentration of
the melt of up to one order of magnitude. Retaining all sil-
ver nuggets during signal processing increases the final cal-
culated average silver concentration of the melt by less than
10%. For example, the silver concentrations in silicate glass
from run 19 vary from 32 to 84 lg/g with a mean concen-
tration of (±2r) 59 ± 17 lg/g. The mean silver concentra-
tion represents the average of 12 LA-ICPMS glass
analyses on the single glass bead recovered from the run.
Six LA-ICPMS analyses were performed using a 75-lm la-
ser spot size while the other analyses used spot sizes varying
from 35 to 60 lm. There are no observed statistical differ-
ences in silver concentrations and laser diameter. Silver
nuggets were observed in one transient signal from this
glass and removing the silver nugget results in a decrease
in the average silver concentration that is within the 2r re-
ported in Table 3. As such, in the absence of conclusive evi-
dence that the entire mass of each silver nugget was a stable
phase at run conditions, we have included all nuggets dur-
ing signal processing. While this may overestimate slightly
the true silver solubility in felsic melt, it is the statistically
honest approach. This results in an underestimation of
the calculated vapor/melt and brine/melt partition coeffi-
cients, hence the modeling results presented below place a
minimum on the silver-scavenging ability of both vapor
and brine.

3.2. Major and trace element concentrations in vapor and

brine

The concentrations of sodium, potassium, iron and sil-
ver in glass- and quartz-hosted aqueous vapor and brine
fluid inclusions are listed in Tables 4 and 5, respectively.
Major element concentrations and bulk salinities in all runs
agree with published phase relations in the NaCl–KCl–
FeCl2–H2O system and previous experimental studies at
similar conditions (Frank et al., 2002; Simon et al., 2004,
2005, 2006, 2007b). There are no systematic data on the ef-
fect of cerargyrite on phase relations in the NaCl–KCl–
FeCl2–H2O system. Krüger and Diamond, 2001 report that
saturating a 6-wt% NaCl equiv CO2–H2O–NaCl fluid with
cerargyrite depresses Th by ±2–3 �C from the Th value ex-
pected from a chlorargyrite-free CO2–H2O–NaCl fluid.
This translates into a change in salinity of 0.5 wt% NaCl
equiv. A change of 0.5 wt% NaCl equiv (e.g., from 45 to
44.5 NaCl equiv) changes the silver concentration in a brine
inclusion by 1.2%. Changing the salinity of a low-density
vapor by 0.5 wt% NaCl equiv changes the concentration

of silver in the vapor by 4.5%. Based on the data presented
in Krüger and Diamond (2001) and our microthermometric
measurements we suggest that the presence of chlorargyrite
in both vapor and brine does not modify significantly the
experimental estimate for the position of the solvus in the
NaCl–KCl–FeCl2–H2O system (See Table 5).

The molal ratios (±2r) of sodium to potassium in va-
por and brine at 100 MPa are 3.7 ± 0.4 and 2.5 ± 0.2,
respectively and at 140 MPa are 2.5 ± 0.3 and 1.9 ± 0.2,
respectively. The increase in the Na/K ratio of the aque-
ous fluids reflects the exchange of sodium in the melt for
hydrogen and potassium in the starting aqueous solution.
Fig. 2a shows the transient analytical signal for a typical
glass hosted fluid inclusion wherein the intensity for so-
dium, potassium and silver all parallel one another and
rise and fall over the same time interval. The presence
of anomalous jumps in silver intensity was noted in some
transient glass signals for vapor and brine analyses. We
interpret these jumps to represent the entrapment of sil-
ver micro-nuggets (Borisov and Palme, 1997; Ertel
et al., 1999; Fortefant et al., 2003; Cottrell and Walker,
2006) in the fluid inclusion during quench. Silver concen-
trations from such anomalous inclusions were not in-
cluded in the average concentrations used to calculate
partition coefficients and equilibrium constants. The con-
centration (±2r) of silver in vapor ranges from 1.2 (0.1)
mg/g to 5.1 (0.7) mg/g and from 7.0 (2.6) mg/g to 30.7
(20.0) mg/g at 140 MPa. These data suggest that the sol-
ubility of silver in vapor increases with increasing pres-
sure and salinity of the aqueous fluid. Likewise, the
concentration (±2r) of silver in brine ranges from 83.8
(26.6) mg/g to 112.9 (8.1) mg/g and from 161.4 (8.8)
mg/g to 491.0 (51.1) mg/g at 140 MPa. It should be
noted that the concentrations of silver in some glass-
and quartz-hosted vapor fluid inclusions differ by as
much as a factor of two; however, we suggest that the
data constrain well the solubility of silver at the reported
experimental conditions (see Figs. 3–5).

3.3. Fugacity and concentration of HCl

The fugacity of HCl, fHCl, was buffered in the runs at
140 MPa owing to saturation with elemental silver and sil-
ver chloride. The fHCl can be described by the equilibrium

Ag0 + HClmvp = AgClmvp + 0.5H2 ð1Þ

where mvp stands for magmatic volatile phase. The activ-
ities of Ag0 and AgCl are unity and the value for fH2

is
6.2 bars at 140 MPa; fH2

was calculated by using equa-
tions of Huebner and Sato (1970) and Belonoshko et al.
(1992). These data yield a value for fHCl equal to 4.1.
The fugacity of water, fH2O, at 140 MPa is 1147 bars and
the molar ratio of HCl to H2O, according to the Lewis
and Randall rule, is 4 � 10�3 yielding a calculated log
HCl concentration (wt. %) in the vapor at 140 MPa of
4. The value for the equilibrium constant for Eq. (1) is
0.6. The lower pressure runs did not contain AgCl. To cal-
culate the concentration of HCl in volatile phases at
100 MPa and brine at 140 MPa, we followed Williams
et al. (1997) and used their equation:
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Table 4
LA-ICPMS data (±2r) for S-free vapor fluid inclusions and melt

Run No. P (MPa) Type of
inclusion

Numbera of inclusions
analyzed

Matrixb Bulkc wt%
NaCl equiv

Finald wt%
NaCl equiv

HCle mg/g
(±2r)

Na mg/g
(±2r)

K mg/g
(±2r)

Fe mg/g
(±2r)

Ag mg/g
(±2r)

4 140 Vapor 11 Glass 20 8.3–8.9 42.8 (8.2) 25.0 (1.6) 17.0 (1.8) NAh 19.5 (8.3)
5 140 Vapor 8 Glass 20 8.5–9.7 42.6 (4.2) 25.0 (2.2) 13.0 (1.8) NAh 23.1 (8.6)
6 140 Vapor 8 Glass 20 9.1–9.4 38.6 (3.9) 22.0 (4.3) 12.5 (3.0) NAh 30.7 (20.0)
7 140 Vapor 7 Glass 20 8.7–9.3 28.7 (9.9) 24.0 (1.2) 14.0 (4.0) NAh 7.0 (2.6)

14 140 Vapor 8 Glass 20 8.5–9.3 25.6 (9.0) 24.5 (1.6) 23.0 (1.9) NAh 10.5 (4.4)

19 100 Vapor 3 Quartz 5.5 1.3–2.1 7.1 (1.3) 5.2 (1.0) 4.1 (0.7) 1.9 (1.2) 2.1. (0.33)
19 100 Vapor 1 Glass 1.4–1.9 5.6 (1.3) 2.9 (0.5) 1.0 (0.6) 1.8 (0.30)
22 100 Vapor 10 Quartz 1.8 1.4–1.9 3.5 (0.6) 2.4 (0.7) 2.2 (0.5) NAh 5.0 (1.2)
22 100 Vapor 2 Glass 1.5–2.0 4.53 (0.2) 2.2 (0.1) 2.5 (0.6)
23 100 Vapor 4 Quartz 1.8 1.6–2.2 3.2 (0.9) 4.8 (0.5) 3.1 (1.1) 2.4 (1.0.) 2.5 (0.5)
23 100 Vapor 4 Glass 1.3–2.1 5.0 (0.05) 2.9 (0.4) 3.2 (0.09) 1.2 (0.1)
24 100 Vapor 14 Glass 1.8 1.4–2.0 15.6 (0.5) 6.1 (0.5) 1.7 (0.8) NAh 3.3 (0.8)
25 100 Vapor 7 Quartz 1.8 1.4–2.2 4.4 (0.9) 3.8 (0.2) 2.6 (0.3) NAh 2.8 (0.2)
25 100 Vapor 3 Glass 1.5–2.1 5.4 (0.5) 2.2 (0.2) 5.1 (0.7)

aThis column provides the total number of inclusions analyzed by LA-ICPMS.
bThis is the matrix from which the fluid inclusions were liberated.
cThis is the bulk salinity of the initial starting aqueous solution.
dThis is the final range of salinities, expressed as wt% NaCl equiv.
eHCl concentrations calculated following Williams et al. (1997).
fNI, none identified: the bulk salinity of these runs lies just inside the solvus of the NaCl–KCl–H2O model system; however, brine inclusions were not found.
gNS, none suitable: several glass-hosted brine inclusions were identified; however, their significant depth inside the glass matrix prevented us from analyzing them during the analytical session.
hNA, not added to the experiment.
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log
NaClmvp

HClmvp ¼ log
1

Kmvp=m
H=Na

� Cm
NaP

AlkaliesmeltðASI� 1Þ
; ð2Þ

where mvp stands for magmatic volatile phase, ASI is the
aluminum saturation index of the melt (i.e., the molar ratio
Al2O3/(Na2O + K2O)) and Kmvp=m

H=Na is defined as

Kmvp=m
H=Na ¼

ðCmvp
H � Cmelt

Na Þ
ðCmelt

H � Cmvp
Na

ð3Þ

(Holland, 1972). Model values for Kmvp=m
H=Na were taken from

Williams et al. (1997). The calculated log HCl concentra-
tions (wt%) in vapor and brine are 3.7 and 4.8 at
140 MPa, respectively. At 100 MPa, the average HCl con-
centrations in vapor and brine are 3.7 and 4.8 lg/g, respec-
tively The calculated HCl concentrations and the increase
in the aluminum saturation index (ASI) of the melt to
>1.19 from the starting value of 1.00 agree with the model
presented in Candela (1990) which hypothesized that highly
peraluminous silicate melts should evolve and be in equilib-
rium with HCl-rich aqueous fluids.

3.4. Silver concentration in magnetite

The concentration of silver in magnetite crystals recov-
ered from experiments 19 and 23 was determined by LA-
ICPMS. Analyses were calibrated externally by using the
NIST SRM 610 silicate glass standard (Heinrich et al.,
2003; Simon et al., 2003). The absolute concentration of sil-
ver in magnetite was calculated by using the stoichiometric
concentration of iron in end-member magnetite; no ele-
ments (e.g., titanium) were present which could have
formed a solid-solution with magnetite. The measured con-
centrations of silver range from below detection limit
(Longerich et al., 1996) to 0.16 lg/g. Based on the fact that
the majority of the analyses yielded concentrations below
the LOD, we suggest that a value of 0.01 lg/g represents
an upper bound for the solubility of silver in magnetite at
the experimental conditions described herein.

3.5. Demonstration of equilibrium

Equilibrium was evaluated by noting the invariance of
calculated Nernst-type partition coefficients as a function
of run time and also by evaluating the homogeneity of fluid
inclusion salinities throughout the charge. The partitioning
behavior of silver between vapor and brine, vapor and melt,
and brine and melt remains relatively constant over
run durations varying from 111 to 560 h as shown in
Figs. 3–5. The time invariance of the partitioning data is in-
ferred to reflect the achievement of equilibrium in agree-
ment with previous experimental studies (Giggenbach,
1975, 1992; Candela and Holland, 1984; Webster, 1992;
Gammons and Williams-Jones, 1995a,b; Gammons and
Yu, 1997; Gammons et al., 1997; Jugo et al., 1999; Archi-
bald et al., 2002a,b; Frank et al., 2002; Simon et al., 2004,
2005, 2006, 2007a,b; Repel et al., 2006; Zezin et al.,
2007). The synthetic fluid inclusions have bulk salinities
which agree with predictions based on extant data (Sourira-
jan and Kennedy, 1962; Henley and McNabb, 1978; Roed-
der, 1984; Bodnar and Sterner, 1985; Sterner and Bodnar,T
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1984; Bodnar et al., 1985; Bodnar and Sterner, 1987; Bod-
nar et al., 1985; Anderko and Pitzer, 1993; Bodnar and Vi-
tyk, 1994), NaCl–KCl–H2O (Roedder, 1984; Chou, 1987a;
Chou et al., 1992; Sterner et al., 1988, 1992). No salinity
gradients were observed in fluid inclusions trapped either

in glass or quartz; this is consistent with the low thermal
gradient across the charge. The consistent salinities of all vapor
and brine fluid inclusions and the consistent partition coeffi-
cients are interpreted to suggest that equilibrium was attained
and preserved in quenched run products in all experiments.

Fig. 2. (a) LA-ICPMS transient signal of a glass-hosted fluid inclusion analysis. Gas background is analyzed from 0 to 60 s at which time the
laser is turned on and the glass ablation begun. The ablation interval is highlighted in (b). The signals for other elements (Al and Fe) have been
omitted for clarity. (b) The signal from (a) focusing only on the time interval for the fluid inclusion ablation and glass above and just below the
fluid inclusion. The signal for silver parallels those of sodium and potassium indicating that the silver is contained within the ablated fluid
inclusion. The concentration of silver in the fluid inclusion was calculated by subtracting the average concentration (counts per second) of
silver in the fluid interval from 61.8 to 63.3 s from the concentration (counts per second) of silver in the glass calculated from the interval from
64 to 88 s and using the microthermometrically determined sodium concentration of the fluid inclusions as described in the text.
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4. DISCUSSION

4.1. The effect of pressure on silver solubility in melt, vapor

and brine

The measured silver concentrations in rhyolite glass sug-
gest that pressure affects the solubility of silver in silicate
melt at 800 �C. The most likely cause for the observed
behavior of silver with pressure is the change in the water
content of the melt. As pressure decreases from 140 to
100 MPa, water solubility in the melt decreases and the melt
becomes more polymerized (Mysen, 1991). As melt poly-
merization increases, the chemical potential of silver in
the melt increases and this enhances the partitioning of sil-
ver from the melt to an exsolved aqueous phase. This

behavior has also been observed for copper (Williams
et al., 1995).

In order to evaluate the relationship between Na and
Ag, apparent exchange constants were calculated as

K i=m
Ag;Na ¼

Ci
Ag � Cm

Na

Cm
Ag � Ci

Na

ð4Þ

where i stands for vapor (v) or brine (b) and m represents
melt. These data are presented in Table 6 The average val-
ues for Kv=m

Ag;Nað�2rÞ at 100 and 140 MPa are 105 ± 68 and
14 ± 6. The average values for Kb=m

Ag;Nað�2rÞ at 100 and
140 MPa are 313 ± 288 and 65 ± 12. The observed in-
creases in the exchange constant values with decreasing
pressure are consistent with the enhanced mass transfer of

Fig. 3. The experimentally-determined partition coefficients for silver between coexisting vapor and melt as a function of run duration at
800 �C and fO2

� NNO. Uncertainties represent twice the standard error of the mean.

Fig. 4. The experimentally-determined partition coefficients for silver between coexisting brine and melt as a function of run duration at
800 �C and fO2

� NNO. Uncertainties represent twice the standard error of the mean.
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silver from the silicate melt to the aqueous phases, both va-
por and brine, during decompression. The calculated K va-
lue for run 7 does not follow this trend. Run 7 was held at
140 MPa for 157 h, but it slowly depressurized to 130 MPa
over the final 48 h of the run lost pressure at the end of the
experiment; the total run time was 205 h. The concentration
of silver in run 7 vapor and sodium in the glass are lower
than all other runs at 140 MPa and this may be attributed
to the pressure drop and result in the decrease in the calcu-
lated Kv=m

Ag;Na value. The general trend of increasing values of
Kv=m

Ag;Na with decreasing pressure has been observed in other
experimental studies of copper, iron and gold and rare
earth elements (Urabe, 1985; Webster et al., 1989; Williams
et al., 1995; Simon et al., 2005). The enhanced partitioning
of silver from rhyolite melt to both vapor and brine at
100 MPa, in agreement with the extant experimentally-

determined partitioning behavior of gold and copper, sug-
gests that the ore potential of an evolving silicate melt is
maximized at depths on the order of 4 km which corre-
sponds to the depth range over which many porphyry–gold,
–silver, and –copper deposits form (Hedenquist and Lowen-
stern, 1994; Seedorff et al., 2005). It should be noted that
data from many natural porphyry–ore systems suggests
that ore–metal-carrying aqueous fluids do evolve from
magma at depths greater than 4 km (Seedorff et al., 2005),
potentially up to 10 km (e.g., Butte; Rusk et al., 2004). Fur-
ther, as discussed below, it is emphasized that the depth at
which metal-carrying aqueous fluids evolve from a causa-
tive magma does not correspond to the depth at which
ore deposition occurs. In many porphyry deposits (Ballan-
tyne et al., 1997; Singer et al., 2005) the ratio of silver-to-
gold exceeds unity and the data presented here, in combina-
tion with gold solubility data from Simon et al. (2005),
demonstrate that the high silver to gold ratios may be a
function of the higher solubility of silver relative to gold
in both vapor and brine.

The mass transfer of silver from the silicate melt to va-
por and brine, in the S-free system studied here, may be
controlled by an equilibrium such as

AgOm
0:5 þHClmvp ¼ AgClmvp þ 0:5H2Omvp ð5Þ

where m and mvp stand for melt and magmatic volatile
phase, respectively. The hypothesized presence of silver as
the neutral AgCl species in the volatile phase and the positive
correlation between HCl and silver is based on previous
experimental studies which have demonstrated such a trend
for metals such as Cu (Candela and Holland, 1984; Williams
et al., 1995), Au (Frank et al., 2002 Simon et al., 2006, 2007b)
and Fe (Simon et al., 2004, 2005). Apparent equilibrium con-
stants for Eq. (5) were calculated and are presented in Table
7. The average vapor–melt values for Kv=m

Ag ð�2rÞ at 100 MPa
and 140 MPa are 24 ± 38.5 and 2.2 ± 1.5, respectively. The
average brine–melt values for Kb=m

Ag ð�2rÞ at 100 MPa and
140 MPa are 81 ± 101 and 29.5 ± 28, respectively. The

Fig. 5. The experimentally-determined partition coefficients for silver between coexisting vapor and brine as a function of run duration at
800 �C and fO2

� NNO. Uncertainties represent twice the standard error of the mean.

Table 6
Calculated values (±2r) for the apparent exchange constant
describing silver–sodium exchange between the aqueous fluid and
the silicate melt

Run No. P (MPa) Kv=m
Ag;Na Kb=m

Ag;Na

4 140 17 (7.5) 74 (28)
5 140 14 (6.4) 62 (15)
6 140 16 (4.3) 67 (24)
7 130 9 (4.3) 59 (17)
14 140 14 (8.6) 61 (25)

Mean 14 (6) 65 (12)

19 100 84 (37) 234 (152)
22 100 59 (24) NC
23 100 132 (59) 472 (280)
24 100 141 (98) NC
25 100 108 (58) 225 (103)

Mean 105 (68) 313 (288)

NC, not calculated; brine inclusions were not analyzed in these
glass run products.
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increase in equilibrium constant values for both vapor and
brine agrees with our earlier conclusion that the mass transfer
of silver from silicate melt to exsolved volatile phases is en-
hanced during decompression from 140 to 100 MPa. The ob-
served behavior may be attributed to an increase in the avapor

HCl

with decreasing pressure as observed in natural systems by
Giggenbach (1975) among others and experimentally by
Shinohara and Fujimoto (1994) and Williams et al. (1997)
among others. Williams et al. (1997) found that the ratios
of HCl/NaCl and HCl/KCl are higher in low-salinity vapor
relative to brine implying preferential partitioning of HCl
into vapor. We suggest that the silver-carrying capacity of va-
por may increase with increasing peraluminosity of the melt,
hence increasing HCl content of the vapor. Future experi-
ments at lower ASI values are planned to test this hypothesis.

4.2. The effect of pressure on the partitioning of silver

between vapor and brine

The partitioning of silver between vapor and brine is
evaluated here by comparing calculated partition coeffi-
cients, Dv=b

Ag , which are presented in Table 8 and shown in
Fig. 5. The average calculated partition coefficients,
Dv=b

Ag ð�2rÞ, at 100 and 140 MPa are 0.026 ± 0.004 and
0.06 ± 0.03, respectively. The increase in Dv=b

Ag with increas-
ing pressure agrees with the constraint that the value of Dv=b

Ag

must trend toward and become unity at the critical pres-
sure, �160 MPa at 800 �C. The data demonstrate that pres-
sure, hence total salinity, of the volatile phase, plays a
determinant role in the partitioning of silver between vapor
and brine in agreement with predictions based on the exper-
imentally constrained partitioning of other ore metals (Can-
dela and Holland, 1984; Frank et al., 2002; Simon et al.,
2005, 2006). This finding has important implications for
ore deposit genesis.

The exsolution of either a low-density or high-density
chlorine-bearing aqueous fluid from a silicate melt is con-
trolled by the ratio of H2O to Cl in the melt (cf. Candela
and Piccoli, 1995; Webster, 2004). Silicate melts may satu-
rate with and exsolve either a low-density Cl-bearing aque-
ous fluid, if the melt has a high initial H2O/Cl ratio, or a
high-density Cl-rich fluid (i.e., a brine or salt melt) if the
melt has a low initial H2O/Cl ratio. In the case where the
melt has a high H2O/Cl ratio, the melt will exsolve a low-
density chlorine-bearing aqueous fluid. As this fluid evolves
and ascends through the magma column and into the over-
lying country rock, the fluid may separate into immiscible
vapor and brine if the single-phase aqueous fluid intersects
the solvus during adiabatic decompression (cf. Bodnar
et al., 1985; Candela and Piccoli, 1995). Following phase
separation, silver will be partitioned between the low-den-
sity phase (i.e., vapor) and high-density phase (i.e., brine).
If phase separation does not occur in the magma chamber,
the low-density aqueous fluid (i.e., vapor) may achieve crit-
ical percolation and form an interconnected vapor plume
which advects to the apical portions of the magma chamber
(Candela, 1991). If this low-density aqueous fluid accumu-
lates near the top of the magma chamber and significant
overpressure of the gas phase occurs (Burnham, 1967),
the fluid may hydrofracture the earlier formed igneous

Table 7
Calculated values (± log 2r) for the apparent equilibrium constant
describing silver partitioning between aqueous vapor and/or brine
and melt

Run No. P (MPa) Matrix Kv=m
Ag ð�2rÞ Kb=m

Ag ð�2rÞ
4 140 Glass 2.2 (0.4) 19.5 (0.4)
5 140 Glass 1.9 (0.2) 15.0 (0.3)
6 140 Glass 1.9 (0.2) 20.6 (0.8)
7 140 Glass 1.9 (0.7) 45.6 (2.7)
8 140 Glass 1.5 (0.3) 27.2 (1.2)
14 140 Glass 3.7(1.3) 48.8 (3.3)

Mean 2.2 (1.5) 29.5 (28)

19 100 Quartz 18.4 (3.3) 50.7 (1.0)
19 Glass 15.8 (2.8) NC
22 100 Quartz 22.8 (4.1) NC
22 Glass 11.3 (2.0) NC
23 100 Quartz 69.5 (20.7) 139.4 (16.3)
23 Glass 28.4 (8.5) NC
24 100 Glass 8.2 (0.3) NC
25 100 Quartz 22.4 (4.5) 52.5 (2.3)

Mean 24 (38.5) 81 (101)

NC, not calculated; brine inclusions were not analyzed in these
glass run products.

Table 8
Calculated Nernst-type partition coefficients (±2r) for silver
between coexisting vapor, brine and melt

Run
No.

P

(MPa)
Matrix Dv=m

Ag ð�2rÞ Db=m
Ag ð�2rÞ Dv=b

Ag ð�2rÞ

4 140 Glass 33 (16) 452 (240) 0.07 (0.04)
5 140 Glass 26 (10) 374 (77) 0.07 (0.03)
6 140 Glass 25 (16) 393 (67) 0.06 (0.04)
7 140 Glass 22 (10) 505 (156) 0.04 (0.02)
14 140 Glass 30 (16) 471(166) 0.07 (0.03)

Meana 23 (10) 413 (172) 0.06 (0.03)

19 100 Quartz 31 (10) 1288 (531) 0.025
(0.008)

19 Glass 31 (10) NC NC
22 100 Quartz 20 (8) NC NC
22 Glass 11 (6) NC NC
23 100 Quartz 61 (19) 2140 (676) 0.028

(0.008)
23 Glass 21 (4) NC NC
24 100 Glass 35 (16) NC NC
25 100 Quartz 27 (8) 1095 (339) 0.025

(0.002)
25 Glass 49 (24) NC NC

Meana Glass 29 (28)a

Meanb Quartz 40 (36)b 1151
(238)2

0.026
(0.004)2

Run conditions as given in Table 1. NC, not calculated because
brine inclusions, while present, were not analyzed in these glass run
products (see text for discussion). The uncertainty in the mean
reflects two times the deviation of the mean.

a This is the mean for glass-hosted fluid inclusions and melt for
runs 19 through 25.

b This is the mean for quartz-hosted fluid inclusions and melt for
runs 19 through 25.
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solidification front and overlying country rock and ascend
along self-propagating fractures. During ascent, ore metal
precipitaition will take place either in the solification front
or in the country rock owing to decompression, loss of heat
and/or water–rock reaction.

The evolution of a single-phase, low-density, aqueous
fluid from a magma chamber has been documented in nat-
ural fluid inclusion assemblages at the Butte (Montana,
U.S.A.; Rusk et al., 2004) and Bingham (Utah, U.S.A.;
Redmond et al., 2004) porphyry-Cu deposits. In both of
these ore systems, the authors conclude that the causative
magma evolved a single-phase aqueous fluid which scav-
enged and transported metals from the melt upward in
the overlying porphyry environment where deposition oc-
curred owing to changes in PTX. The low-density fluids
at Butte have salinities ranging from approximately 3 to
4 wt% NaCl and those at Bingham from approximately 2
to 7 wt% NaCl equiv The silver solubility data presented
here suggest that magmatic, low-density, chlorine-bearing
aqueous fluid may scavenge enough silver, and other met-
als, to form a silver-rich porphyry ore deposit over the
time-integrated life of a large magmatic system (cf. Rich-
ards, 2005); see discussion below. The presence of sulfur
in the magmatic aqueous fluid (cf. Heinrich et al., 1999; Si-
mon et al., 2006) may act to amplify the silver-carrying
capacity of the aqueous fluid.

4.3. Estimating the total mass of silver carried by the volatile

phases

The data presented above allow us to calculate the to-
tal tonnage of silver which may be delivered by the vapor
to the porphyry environment for the case wherein melt
degasses low-density vapor at 100 MPa, the upper pres-
sure limit for porphyry deposits. According to Candela
and Piccoli (1995), a melt with a chlorine/water ratio
equal to or greater than 0.05 will exsolve a brine. For
melts with lower chlorine to water ratios, only a vapor
or supercritical gas would be exsolved from the melt.
The calculated tonnage of silver which may be scavenged
and transported from the magma chamber to the por-
phyry regime is based on the equation

EðAgÞ ¼
Cl:0

H2O

Cl;s
H2O

" #DAg

� 1þ DAg

Cl;s
H2O � Dv=m

Ag

" #�1

ð6Þ

originally presented and discussed in Candela and Holland,
1986. Eq. (6) allows one to calculate the efficiency with
which vapor and brine can scavenge silver from a silicate
melt as a function of the bulk partition coefficient DAg,
the ratio of the initial water concentration ðCl;0

H2OÞ to the sat-
uration water concentration ðCl;s

H2OÞ, and the Nernst-type
partition coefficient for silver between vapor and melt
ðDv=m

Ag Þ and brine and melt ðDv=m
Ag Þ. The equation assumes a

constant partition coefficient value; if the partition coeffi-
cients varies as a function of the concentration of Cl,
HCl, H2S, inter alia, as is the likely the case for natural sys-
tems, then the accuracy of the calculation is reduced. Note
that if some proportion of silver in the silver nuggets in the
silicate glass represents a stable phase at run conditions,

then the calculated partition coefficients used in the model-
ing underestimate the total quantity of silver which may be
scavenged by the vapor or brine. The experiments described
here did not address the role of sulfides; these experiments
are in progress. The presence of reduced sulfur in the vapor
phase may increase the mass transfer of silver from the melt
to the vapor (Pearson, 1963; Heinrich et al., 1999; Simon
et al., 2006). Therefore, to calculate properly the ability of
the volatile phase(s) to scavenge and advect silver from
the silicate melt, we used pyrrhotite/melt partition coeffi-
cients from Englander (2005), Dpo=m

Ag ¼ 2000 at 800 �C and
saturated vapor pressure( svp). Using this value for Dpo=m

Ag

and the value for Dmt=m
Ag ¼ 10�4 calculated from data re-

ported here, the quantity of silver scavenged by vapor from
a 10 km3 melt, which contains 1 lg/g silver (Gao et al.,
1998) and crystallizes at 100 MPa, is 2 � 1012 g silver if
magnetite and pyrrhotite constitute 2 and 0.02 mass % of
the fractionating assemblage. Increasing the mass abun-
dances of both magnetite and pyrrhotite to 10 and 0.1 %,
respectively, affects only minimally the silver-scavenging
capacity of the vapor; 1 � 1012 g of silver is scavenged in
this case.

A melt volume of 10 km3 most likely underestimates sig-
nificantly the total, time-integrated volume of melt involved
in the formation of porphyry- and epithermal-ore deposits.
Richards (2005) suggests that epithermal- and porphyry-
type ore deposits result from the punctuated differentiation
of melt volumes on the order of tens to hundreds of km3.
Thus, the metal content of bonanza-type ore deposits is
not the product of degassing of a single, static magma
chamber, but rather the time-integrated flux of a magmatic
centre which may degas for 104–105 years (cf. Arribas et al.,
1995; Simmons and Brown, 2006). Halter et al. (2002) esti-
mate a melt volume on the order of 15 km3 to supply the Cu
budget at Bajo de la Alumbrera. Using their melt volume
estimate, a low-density vapor phase may scavenge on the
order of 7 � 1012 g of silver from the melt; this is far greater
than the 2 � 109 g (Singer et al., 2005) of silver in the depos-
it. Data from other deposits yield similar results. For exam-
ple, the La Escondida (Chile), Bingham Canyon (Utah) and
Batu Hijau (Philippines) porphyry deposits contain on the
order of 2 � 1010, 1 � 1010 and 1 � 109 g of silver, respec-
tively (Singer et al., 2005). These model calculations above
suggest that the low-density vapor maintains high silver
concentrations as it ascends through the porphyry environ-
ment. Thus, it is reasonable to explore the possibility that
the quantity of silver remaining in the vapor after porphyry
formation may be responsible for the development of struc-
turally higher, silver-rich high-sulfidation epithermal ore
deposits.

Some high-sulfidation epithermal deposits have recently
been proposed to represent the lower temperature and pres-
sure near-surface component of a porphyry-epithermal con-
tinuum (cf. Muntean and Einaudi, 2001; Heinrich et al.,
2004; Williams-Jones and Heinrich, 2005). Possible type
localities for this continuum are found in the Refugio Dis-
trict in the Maricunga Belt, Northern Chile (Muntean and
Einaudi, 2001) and at the Lepanto epithermal–Far South-
east porphyry deposits in northern Luzon, Philippines
(Mancano and Campbell, 1995; Hedenquist et al., 1998).
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Evidence for a magmatic origin for the aqueous fluid
responsible for mineralization at both deposits includes
spatial association, fluid inclusion characteristics and over-
lapping mineralization ages and stable isotope systematics.
Muntean and Einaudi (2001) propose a model wherein low-
density, aqueous fluid evolves from the causative magma at
a depth on the order of 6 km (lithostatic pressure of
150 MPa) and temperatures in excess of 800 �C; note that
this PT regime is closely constrained by the experiments
in the current study. This low-density, magmatic aqueous
fluid ascends adiabatically and intersects the solvus at a
depth on the order of 5 km where phase separation occurs
at a temperature of approximately 700 �C yielding low(er)
density aqueous vapor and high-density aqueous brine.
As these fluids continues to ascend, the rupturing of the
brittle-ductile boundary causes the vapor and brine to flash
to vapor and salt driving the precipitation of gold at PT

conditions appropriate for the formation of a porphyry
ore deposit. Sulfur is partitioned dominantly into the low-
density vapor phase during the flashing process minimizing
the precipitation of sulfides from the aqueous fluids. The
sulfur- and metal-rich low-density aqueous fluid continues
to ascend across the brittle-ductile boundary where decom-
pression and phase separation at hydrostatic pressure re-
sults in metal deposition at PT conditions appropriate for
the formation of an epithermal ore deposit. Fluid inclusion
data from Lepanto indicate that mineralization occurred as
ascending low-density magmatic vapor (salinities on the or-
der 2–4 wt% NaCl equiv and Th ranging from 295 to
166 �C), which has been proposed as the metal-carrying
fluid responsible for the Far Southeast porphyry deposit
at depth, mixed with overlying meteoric water which caused
precipitation of silver (Mancano and Campbell, 1995;
Hedenquist et al., 1998). Mancano and Campbell (1995)
and Hedenquist et al. (1998) conclude that the low-density
vapor alone, in the absence of brine, was responsible for
mineralization at Lepanto. While the current hypotheses
for the development of the Far Southeast and Lepanto sys-
tems remain controversial, owing to the need for low-den-
sity aqueous fluid to migrate laterally, the data in this
study lend plausibility to the hypothesis that their metal
endowments are consistent with the evolution of a single
magmatic, low-density aqueous fluid.

The ability of low-density aqueous vapor to transport
significant quantities of silver, as species such as AgCl2

�

(Gammons and Williams-Jones, 1995a,b) or AgClðH2OÞv3
(Migdisov et al., 1999) at epithermal conditions has been
confirmed by several experimental studies (Seward, 1976;
Zotov et al., 1987; Levin, 1991; Gammons and Williams-
Jones, 1995a,b; Gammons and Yu, 1997; Migdisov et al.,
1999). For example, Gammons and Williams-Jones,
1995a,b report concentrations of silver up to 4 � 104lg/g
in aqueous HCl–NaCl solutions at 300 �C and saturated va-
por pressure. Model calculations using data from the cur-
rent study suggest that low-density vapor may scavenge
on the order of 7 � 1012 g of silver from 15 km3 of melt.
If the vapor loses on the order of one-half of this silver dur-
ing cooling and decompression through the porphyry re-
gime, there remains sufficient silver to satisfy the budget
of typical silver-rich, high-sulfidation epithermal deposits.

There are no published data constraining the total silver
budget at Lepanto. Combined, the deposits at Lepanto
and Far Southeast contain on the order of 685 Mt of ore
grade rock. Assuming that the deposits contain equal quan-
tities of ore, and using the grade of 11 g/tons silver for
Lepanto reported in Hedenquist et al. (1998), we calculate
that Lepanto may contain on the order of 8 � 109 g silver.
Thus, the calcualted mass of low-density vapor which may
evolve from 15 km3 of silicate melt could contain approxi-
mately three orders of magnitude more silver, by mass, than
that present discovered at the combined Lepanto-Far
Southeast deposits. Larger silver -rich, high-sulfidation
deposits such as the Au–Ag–Cu Pascua deposit, containing
approximately 2 � 1016 g silver, in the El Indio belt of
north-central Chile and Argentina require a greater melt
volume. Chouinard et al. (2005) conclude, on the basis of
detailed field relations, geochronology and fluid inclusion
data, that silver mineralization at Pascua may be attributed
solely to ascending magmatic vapor. The integrated lifetime
of the hydrothermal system responsible for gold, copper
and silver deposition at Pascua was on the order of 106 mil-
lion years (Bissig et al., 2001; Deyell et al., 2005). Silver
mineralization is dominated by chloride salts and associ-
ated intimately with mercury, an element which displays a
strong affinity for the low-density volatile phase during deg-
assing (Chouinard et al., 2005). A melt volume on the order
of 100 km3, consistent with Richards (2005), is required to
satisfy the silver budget of Pascua. Based on the protracted
lifetime of hydrothermal activity of Pascua, it is feasible
that degassing from such an integrated melt volume is
mechanistically plausible.

5. CONCLUSIONS

Pressure affects strongly the partitioning of silver in a
melt–vapor–brine assemblage. At 800 �C, fO2

� NNO the
solubility of silver in rhyolite decreases as pressure de-
creases from 140 to 100 MPa. Nernst-type partition coeffi-
cient values calculated from the new experimental data
suggest that the mass transfer of silver from rhyolite to ex-
solved vapor and brine is enhanced with a pressure drop
from 140 to 100 MPa at magmatic temperatures. These
data suggest that the potential for an evolving magmatic
system to generate silver-rich porphyry and epithermal
deposits is maximized when aqueous fluid saturation of
the ‘‘parent” melt occurs at lower pressures; i.e., 100 MPa
relative to 150 MPa. Model calculations suggest that low-
density aqueous vapor alone, in the absence of magmatic
brine, may transport a sufficient quantity of silver to satisfy
the silver budget of many world-class porphyry and epither-
mal deposits. If low-density aqueous vapor ascends from a
shallow-level magma (i.e., the causative intrusion) and
undergoes phase separation owing to decompression, then
this may be a highly efficient mechanism to continually sup-
ply silver, and other metals, to the porphyry and epithermal
environments. We do not minimize the potentially impor-
tant role that brine may play in transporting metals from
a causative pluton to the porphyry and epithermal environ-
ment. Rather, we highlight that the new data for the
silver-carrying capacity of low-density aqueous fluid, when
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coupled with field (Redmond et al., 2004) and modeling
(Heinrich et al., 2004) studies suggest a potentially signifi-
cant role for low-density aqueous fluids in the development
of silver-rich porphyry- and epithermal-ore deposits.
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Marschik R. and Fontboté L. (2001) The candelaria-punta del
cobre iron oxide Cu–Au (–Zn–Ag) deposits. Chile. Econ. Geol.

96, 1799–1826.

McMillan P. F. and Holloway J. R. (1987) Water solubility in
aluminosilicate melts. Contrib. Miner. Petrol. 97, 320–332.

Migdisov A. A., Williams-Jones AE. and Suleimenov O. M. (1999)
Solubility of chlorargyrite (AgCl) in water vapor at elevated
temperatures and pressures. Geochim. Cosmochim. Acta 63,

3817–3827.

Morgan, VI, G. B. and London D. (1996) Optimizing the electron
microprobe analysis of hydrous alkali aluminosilicate glasses.
Amer. Miner. 81, 1176–1185.

Muntean J. L. and Einaudi M. T. (2001) Porphyry–epithermal
transition: Maricunga belt, northern Chile. Econ. Geol. 96, 743–

772.

Mysen B. O. (1991) Volatiles in magmatic liquids. In Progress in

Metamorphic and Igneous Petrology (ed. L. L. Perchuk).
Cambridge University Press, Cambridge.

Nokleberg W. J., Bundtzen T. K., Brew D. A. and Plafker G.
(1995) Metallogenesis and tectonics of porphyry copper,

molybdenum (gold, silver), and granitoid-hosted gold deposits
of Alaska. In: Porphyry Deposits of the Northwestern Cordillera

of North America, vol. 46 (ed. T. G. Schroeter). Canadian
Institute of Mining, Metallurgy and Petroleum Special Volume,
pp. 103–141.

Okamato H. (1997) Ag–Pt (Silver–Platinum). J. Phase Equilib. 18,

485.

Orville K. L. and Shelton P. M. (1980) Formation of synthetic fluid
inclusions in natural quartz. Amer. Miner. 65(11–12), 1233–

1236.

Pearce N. J. G., Perkins W. T., Westgate J. A., Gorton M. P.,
Jackson S. E., Neal C. R. and Chenery S. P. (1997) A
compilation of new and published major and trace element data
for NIST SRM 610 and NIST SRM 612 glass reference
materials. Geostandard. Newslett. 21, 115–144.

Pearson R. G. (1963) Hard and soft acids and bases. J. Am. Chem.

Soc. 85, 3533–3543.

Pettke T., Heinrich C. A., Ciocan A. C. and Gunther D. (2000)
Quadrupole mass spectrometry and optical emission spectros-
copy: detection capabilities and representative sampling of
short transient signals from laser-ablation. J. Anal. Atom.

Spectrom. 15(9), 1149–1155.

Pettke T., Halter W. E., Driesner T., von Quadt A. and Heinrich C.
A. (2001) The porphyry to epithermal link: preliminary fluid
chemical results from the Apuseni Mountains, Romania, and
Famatina, Argentinian Andes. In: Eleventh Annual V.M.

Goldschmidt Conference.
Pettke T., Halter W. E., Webster J. D., Aigner-Torres M. and

Heinrich C. A. (2004) Accurate quantification of melt inclusion
chemistry by LA-ICPMS: a comparison with EMP and SIMS
and advantages and possible limitations of these methods.
Lithos 78, 333–361.

Rainbow A., Clark A. H., Kyser T. K., Gaboury F. and
Hodgson C. J. (2005) The Pierina epithermal Au–Ag
deposit, Ancash, Peru: paragenetic relationships, alunite
textures, and stable-isotope geochemistry. Chem. Geol.

215(1–4), 235–252.

Redmond P. B., Einaudi M. T., Inan E. E., Landtwing M. R. and
Heinrich C. A. (2004) Copper deposition by fluid cooling in
intrusion-centered systems: new insights from the Bingham
porphyry ore deposit, Utah. Geology 32(3), 217–220.
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