
Water-Rock Interactions, Ore Deposits, and Environmental Geochemistry: A Tribute to David A. Crerar
© The Geochemical Society, Special Publication No.7, 2002

Editors: Roland Hellmann and Scott A. Wood

Vapor-transport of ore metals

ANTHONY E. WILLIAMS-JONES, ARTASHES A. MIGDISOV, SANDY M. ARCHIBALD, AND ZHIFENG XIAO

Dept. of Earth and Planetary Sciences, McGill University, 3450 University St., Montreal, Quebec, Canada, H3A 2A7
e-mail: willyj@eps.mcgill.ca

Abstract-Recent analyses of the trace-element composition of fumarolic gases, sublimates, and vapor-rich
fluid inclusions (rare) suggest that the vapor transport of metals may playa more important role in the forma-
tion of hydrothermal ore deposits than is currently recognized. Vapor transport has been modelled thermody-
namically by a number of researchers who have generally concluded that it plays a relatively minor role in
ore genesis. However, this modelling has been based on the assumption that the transport is controlled almost
entirely by the volatility of the corresponding ore minerals, and ignores the potentially important contribu-
tions of solvation processes, e.g., interactions between water vapor and the volatilized species.

In this paper, we review the available analytical data for fumarolic gases, sublimates and vapor-rich fluid-
inclusions, the experimental data on the volatility of some of the more important ore metals, and some recent
experimental data produced mainly in our laboratory on the solubility of Ag, Au, Sn and Cu in chloride-bear-
ing water vapor at temperatures up to 400°C. Based on this review, and particularly the results of our own ex-
periments, it appears that water vapor is capable of dissolving orders of magnitude higher concentrations of
metals than is predicted from volatility calculations. In the case of several metals, notably Cu and Au, (and
Hg from volatility alone) the concentrations may be comparable to or even higher than those considered nec-
essary for an ore fluid. We conclude that vapor-transport may play an important role in the formation of a va-
riety of ore deposit types, particularly those forming at higher temperature where vapor is a major or
dominant phase in the hydrothermal system.

1. INTRODUCTION

Although there is overwhelming evidence that
metallic minerals are concentrated by their precipita-
tion from aqueous liquids in the vast majority of ore-
forming hydrothermal systems, the widespread
occurrence of boiling has lead some researchers to
suggest that the vapor phase may also play an impor-
tant role in metal transport. This is not a new idea. In-
deed, as early as 1644, Rene Descartes, in his
Principia Philosophae, proposed that silver-, gold-
and lead-bearing veins were produced by the conden-
sation of vapors emanating from the Earth's interior.
Nicolas Steno came to the same conclusion in his De
solido intra solidum naturaliter contento published in
1669. However, the idea was subsequently dismissed
by hydrothermalists, notably Pryce (1778) and Char-
pentier (1778, 1799), who concluded that the main
agent of metal transport is not vapor but water in its
liquid state.

Pryce, from his observations of veins in the Cor-
nish tin mining district, proposed that water, in its
passage through the earth dissolves salts and metals
from the surrounding rock and deposits them in fis-
sures to form ores. Charpentier, from an extensive
study of veins in the Freiberg silver-lead mines, con-
cluded that the ores were the result of reactions be-
tween the country rocks (alteration) and the
mineralizing waters. These ideas were expanded
upon by Daubree (1841) and Elie de Beaumont

(1847) and by the mid 1800's the hydrothermalists'
view of ore formation was firmly entrenched. Inter-
estingly, however, Daubree (1849) remained open to
the possibility that the vapor phase might also deposit
metallic minerals and conducted experiments that in-
volved the transport of metals by vapors.

Twentieth century thinking on the genesis of hy-
drothermal mineral deposits has been very much
dominated by the hydrothermalist perspective, i.e.,
that the medium of metal transport is an aqueous li-
quid (cf. textbooks by Lindgren, 1933; Bateman,
1950; Park and MacDiarmid, 1975; and Guilbert and
Park, 1986; and review articles by Brimhall and Cr-
erar, 1987; Bames, 1997, Wood and Samson, 1998).
In those environments where the vapor phase is volu-
metrically important, e.g., those of porphyry and ep-
ithermal deposits, the vapor is generally considered to
be the product of boiling and to be instrumental in
producing physicochemical changes favorable for
mineralization (Drummond and Ohmoto, 1985).

The first modern papers to seriously attribute a
role to vapor in metal transport were those of Brown
(1948), who proposed that sulfidic ore deposits could
be formed from volatile sulfide species, and Walker
and Walker (1956), who proposed that the metals are
transported predominantly as volatile chloride
species. Krauskopf (1957, 1964) evaluated these pro-
posals quantitatively using thermodynamic data, and
concluded that it is feasible to transport most metals
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by vapor at concentrations sufficient to form eco-
nomic mineral deposits. He also concluded that,
while metals may occur in the vapor as both sulfide
and chloride species, only chloride (as HCl) en-
hances metal solubility. More recently, Wood (1987)
used volatility data to determine whether or not
vapor transport might have been a significant factor
in the formation of the Bushveld PGE deposits, and
determined that the amounts of these metals that
could be transported at the predicted conditions of
ore deposition were insignificant. An important limi-
tation of calculations of vapor-phase solubility based
on volatility data, however, and one recognized by
Wood (1987), is that they ignore the role of water
vapor as a solvent.

One of the first studies to make a convincing geo-
logical case for ore formation from an aqueous
vapor was by Henley and McNabb (1978). Based on
data showing, 1) that intrusions associated with por-
phyry Cu-Mo deposits are typically emplaced at lev-
els sufficiently shallow for the aqueous fluid to
exsolve in the two-phase region, 2) that the mass of
vapor exceeds that of liquid and 3) that the two flu-
ids would be stratified by density, these authors de-
veloped a model in which the metals are transported
to the site of deposition by a plume of vapor. Unfor-
tunately, an important question that was left largely
unanswered in their paper was whether the vapor
phase was capable of transporting Cu and Mo in the
concentrations required to form an ore deposit. The
development of new micro-analytical techniques
(synchrotron XRF, PIXE, LAM ICP-MS) for meas-
uring concentrations of ore metals in fluid inclu-
sions now offers an opportunity to address this
question. Indeed, the first steps in this direction have
already been made. Heinrich et al. (1992) showed,
using PIXE analyses, that primary vapor-rich inclu-
sions in a granite-hosted quartz-cassiterite vein in
the Mole Granite, Australia contain ore level con-
centrations of Fe, Cu, Pb, and Zn (hundreds to thou-
sands of ppm), and that the concentration of Cu
exceeds that of Cu in coexisting brine inclusions.
They attributed this preferential partitioning of Cu
into the vapor to the formation of strong complexes
with sulfur and the relatively high volatility of H2S,
and went on to suggest that, given the strong prefer-
ence of Au for bisulfide over chloride ligands in hy-
drothermal liquids, gold might also concentrate in
the vapor phase. However, instrumental limitations
precluded their analyzing for gold; fortunately this
is now possible using recent advances in LAM ICP-
MS technology (cf. Heinrich et al., 1999).

In view of arguments by some ore deposit modelers
that vapor may play an important role in metal trans-
port, thermodynamic arguments that such transport is

feasible, and recent evidence of high concentrations
of metals in vapor-rich fluid inclusions, it is now
timely to review what is known about the solubility of
ore metals in hydrothermal vapors. Most of the data
on the capacity of natural vapors to transport signifi-
cant quantities of metal come from studies of active
volcanoes, and particularly those reporting analyses
of the condensates of fumarolic gases. Experimental
data are limited largely to measurements of the
volatility of metals but have been used to estimate
metal solubilities in hydrothermal vapors. The few
data that are available on the solubility of ore metals
in water vapor are those on Au, Ag, Cu, and Sn, which
are being collected from experiments performed on
chloride-bearing systems at McGill University. In this
chapter, we review the data that have been accumu-
lated on the metal contents of volcanic gases and their
sublimates, the experimental data that are available
on vapor pressures of metals, and our own experimen-
tal data on the solubility and speciation of Au, Ag, Sn
and Cu chloride-bearing aqueous vapors. Using this
information, we make some tentative predictions of
the possible concentrations of metals in the vapor
phase of chloride-rich hydrothermal systems, and em-
ploy an idealized simulation for silver to illustrate the
potential capacity of this vapor to transport metals in
concentrations sufficient to play an important role in
the ore-forming process.

2. METAL CONTENTS OF VOLCANIC GASES

The principal component of volcanic gases is H20
(typically >90 mole%), which is therefore the domi-
nant solvent for the metals. The next most important
constituent is CO2, which in some cases comprises up
to 10 mole % of the total discharge (Table 2). Carbon
dioxide is followed in tum by S02 and HCI, both of
which have been reported to occur in proportions of
up to 6 mole %. Other gases, the most important of
which are H2, HF, and H2S, comprise <1 mole % of
the bulk gas. Although water is the main constituent
of volcanic gases, it does not necessarily follow that it
entirely controls metal solubility. By analogy with
liquid water, it is likely that metal solubility is greatly
enhanced by complexation reactions involving CO2,
S02' HCI, H2S and HE

In contrast to the volatile species discussed above,
ore metal concentrations in volcanic gases rarely ex-
ceed 10-5 moles (estimated from analyses of fumarole
condensates). Although small by comparison with the
major volatile species, these concentrations, as dis-
cussed below, are potentially significant in the context
of metallic mineralization. In the section that follows
we review the available literature on ore metal abun-
dances in fumarolic gases.
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2.1. Fumarolic Gas Condensates

Vapor-transport of ore metals 283

Analyses of the condensates of volcanic gases indi-
cate that they commonly contain appreciable concen-
trations of a variety of base and precious metals
(Table 1). The distribution of these metals in a given
volcano depends on the composition of the associated
magma. For example, volcanic gases produced by
basaltic magmas will tend to have higher concentra-
tions of copper than those produced by dacitic mag-
mas. By contrast, volcanic gases derived from dacitic
magmas will have relatively high concentrations of
tin and tungsten. As discussed below, temperature is
also an important factor in determining the metal
composition of volcanic vapors.

Examples of basaltic volcanoes include Etna
(Italy), Momotombo and Cerro Negro (Nicaragua),
Poas (Costa Rica), Tolbachik (Russia), and Kilauea
(USA). Concentrations of copper analyzed in fu-
marolic condensates range up to 8.4 ppm, the high-
est value being from Momotombo (Gemmell, 1987).
Significantly, this sample was taken from a fumarole
discharging gases at a temperature of 770°C, the
highest temperature recorded by Gemmell (1987)
for the fumaroles sampled by him at Momotombo;
the other fumaroles had temperatures ranging down
to 456°C and concentrations ranging between 0.2
and 0.4 ppm. Other metals having high concentra-
tions in volcanic gases emanating from basaltic
magmas include, Zn, Pb, Sb, As, Ag, and Au. With
the exception of As, Sb, and Ag, the highest concen-
trations reported for these metals are all from Etna
(Zn, 13 ppm; Pb, 12 ppm; and Au 24 ppb; Le Guern,
1988). It should be noted, however, that Momo-
tombo is tied with Etna in having the highest re-
ported gold concentration (Gemmell, 1987). The
highest concentrations for As (24 ppm) and Sb (13
ppm) are from To1bachik (Menyailov and Nikitina,
1980) and for Ag (250 ppb) are from Po as (Gem-
mell, 1987). It is probably significant that the data
for Etna and Tolbachik were from fumaroles dis-
charging gases at temperatures of 928°C and 1010
DC, respectively, two of the highest fumarole tem-
peratures ever recorded.

Studies of andesitic volcanoes, e.g., Merapi in In-
donesia (Symonds et al., 1987), Kudryavy in Russia
(Taran et al., 1995), White Island in New Zealand
(Tedesco and Totain, 1991), Colima in Mexico (Taran
et al., 2000) and Augustine in Alaska (Symonds et al.,
1992), indicate that the gases are characterized by
high concentrations of Zn, Pb, Mo, W, As, Au, and Hg
(there are no data for Ag). The highest concentrations
of Zn, Pb, and As, are comparable with those of gases
from basaltic volcanoes. However, the concentrations
of Mo and Hg are substantially higher, up to 3 ppm

(Merapi; Symonds et al., 1987) and 340 ppb
(Kudryavy; Taran et al., 1995), respectively.

In contrast to those of basaltic and andesitic volca-
noes, the gases of felsic volcanoes (rhyolitic and
dacitic), e.g., Mount St. Helens in the USA (Bernard
and Le Guern, 1986), Usu (Giggenbach and Matsuo,
1991; Le Guern, unpublished data) and Satsuma Iwo-
jima, both in Japan (Hedenquist et al., 1994), only
have high concentrations of Sn, Mo and Au. Volcanic
gases from Usu have the highest concentration of tin
(7 ppm; Giggenbach and Matsuo, 1991; Le Guern,
unpublished data) and those from Satsuma Iwo-jima
have the highest concentrations of Mo (up to 1 ppm)
and Au (32 ppb) reported from any volcano (Heden-
quist et al., 1994).

2.2. Volcanic Gas Sublimates

Further insights into the role of the vapor phase in
transporting metals can be gleaned from fumarole
sublimates. The first studies of this type were car-
ried out by Bunsen (1853) who described sublimates
from Icelandic volcanoes, and drew attention to the
potential importance of HCl and ammonia as possi-
ble agents of metal transport. Deville (1862) subse-
quently provided detailed observations of
sublimates from Italian volcanoes and noted that the
fumaroles and associated sublimates changed with
distance from the volcanic center. The first study
that attempted to relate sublimate mineralogy to
temperature was that of Lacroix (1907), who re-
ported that fumaroles with temperatures in excess of
650°C deposited mainly halite, sylvite and aphthi-
talite (K3Na(S04)2)' whereas lower temperature fu-
maroles (below 650°C) also deposited sulfides and
oxides. At temperatures ~ 300°C the variety of min-
erals decreased, and the sublimates consisted mainly
of salammoniac (NH4Cl), and below 100 DC only
gypsum, native sulfur and opal. Somewhat different
observations were made by Zeis (1929) in the Valley
of 10,000 Smokes. He noted that the principal
phases in the high-temperature sublimates were
magnetite, ilsemannite (M030S·nH20), sphalerite,
chalcocite, covellite and galena, and that the low-
temperature fumaroles consisted primarily of native
sulfur and a substance, which he described as "or-
ange arsenic sulphide". The most comprehensive
modern studies of volcanic sublimates are those
Naboko (1964), on several Kamchatka volcanoes
and Stoiber and Rose (1974) on Central American
volcanoes. The latter paper also provided an exten-
sive review of sublimate mineralogy for numerous
volcanoes in other parts of the world, and noted the
occurrence of the following ore minerals in addition
to those mentioned above; cassiterite, barite, pyrite,
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pyrrhotite, orpriment, realgar, and galena-bismuthi-
nite. An important mineral not reported by either
Naboko (1964) or Stoiber and Rose (1974) is native
gold. However, Fulignati and Sbrana (1998) have
since reported the presence of prismatic crystals of
this mineral in sublimates of the high-temperature
silica zone of a fumarole near the rim of the La
Fossa volcano, Vulcano, Italy. These researchers
also documented the presence of native tellurium
containing minor quantities of selenium. Finally,
Korzhinsky et al. (1994) reported the occurrence of
rhenium sulfide as 1- to 2-mm thick coatings con-
taining flakes with plate-like morphology on rocks
around some high temperature fumaroles at
Kudryavy volcano.

Some important limitations of the above studies
are that: 1) the fumarole temperatures did not neces-
sarily represent the temperatures at which the subli-
mates formed; 2) the condensates were rapidly
oxidized by the atmosphere, which changed the re-
sulting mineralogy of the sublimates; and 3) interac-
tion of the gases and their condensates with the
wall-rock may have produced sublimates substan-
tially different in composition to those initially in
equilibrium with the fumarolic gases. In order to
overcome these limitations, Le Guern and Bernard
(1982) introduced the silica-tube method, which in-
volved inserting a long (~ 1 m) quartz-glass tube
deep into the fumarole and leaving it there for peri-
ods ranging from days to months. During this time,
sublimates precipitate along the length of the tube,
and are zonally distributed in respect to mineralogy
due mainly to gradients in temperature. These gradi-
ents can be measured accurately, and may corre-
spond to temperatures as great as 1000 °C at the
bottom of the tube, and as low as 100°C at the top.
At temperatures <100 DC, condensation of water
vapor precludes further sublimate formation. These
silica-tube experiments make it possible to reliably
relate sublimate minerals to temperature, and thereby
avoid the contamination problems mentioned above.
In the paragraphs below we document the data avail-
able from silica tube experiments conducted on vol-
canoes of a variety of magma types.

The main high-temperature ore minerals are mag-
netite, molybdenite, greenockite (CdS) and wol-
framite, which precipitate only at temperatures >450
DC(Fig. 1). Several other ore minerals, e.g., chalcopy-
rite, sphalerite, and pyrite, occasionally precipitate at
temperature >450 DCbut generally form at lower tem-
perature. By contrast, galena, native arsenic, tel-
lurium and selenium, and several Pb-bearing
sulfosalts, with rare exception, precipitate at tempera-
tures <450 DC. Some important ore metals, notably
gold and silver, are in such low concentrations that,

although detected chemically, they are rarely ob-
served as minerals in silica-tube experiments. Impor-
tant exceptions are the observations of crystals of
native gold in silica-tube experiments at Colima (550
and 600°C; Taran et al., 2000) and Kudryavy
(Shmulovich and Churakov, 1998). The Kudryavy
volcano is also important as the location of the first
discovery of rhenium sulfide (see above). In an exper-
iment of two months duration, rhenium sulfide (ReSn)
was also observed to form in silica tubes together
with molybdenite and a solid solution intermediate in
composition between the Re sulfide mineral and
molybdenite (Korzhinsky et al., 1994).

Among non-ore minerals, the most important at
high temperature, and the dominant constituent of
many sublimates, is cristobalite. The next most im-
portant non-ore minerals precipitated at high temper-
ature are halite and sylvite. However, in contrast to
the other minerals discussed above they commonly
precipitate along the complete length of a silica tube,
i.e., over a very wide interval of temperature. For ex-
ample, at Momotombo, the range over which these
phases precipitated was 860°C to 200 DC(Quisefit et
al., 1989). Other important non-ore minerals precipi-
tating at high temperature are thenardite (Na2S04),
aphthitalite (K3Na(S04)2) and salammoniac
(NH4Cl), which like halite and sylvite also persist to
low temperature. An observation of possible signifi-
cance with respect to salammoniac is that the variety
of ore minerals is much higher in sublimates contain-
ing this mineral than in sublimates from which it is
absent (Figure 1). The only non-ore mineral restricted
to low temperature is native sulfur, which deposits as
a liquid at temperatures <200°C and as a crystalline
solid at temperatures <120 DC.

Important conclusions that can be drawn from the
sublimate mineralogy are: 1) the deposition of miner-
als like molybdenite, chalcopyrite, sphalerite,
greenockite, and pyrite at high temperature suggests
that only condensates collected from high-tempera-
ture fumaroles provide reliable estimates of the con-
centrations of the corresponding metals in volcanic
gases; 2) the predominance of halite and sylvite sug-
gest that chloride complexation may play an impor-
tant role in metal transport in volcanic gases; 3) the
common occurrence of thenardite and salammoniac
suggest that sulfate and ammonium may also be im-
portant ligands for metal complexation; 4) the varia-
tion in mineralogy with magma type and tectonic
setting is evidence for corresponding changes in the
chemistry of the volcanic gases; and 5) the variety of
ore minerals precipitated with salammoniac and the
limited variety with halite and sylvite may indicate
that ammonium is able to complex a significantly
larger number of metals than chloride.
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3. THERMODYNAMIC MODELING OF
NATURAL GASEOUS SYSTEMS

As discussed in the previous section, measured
concentrations of metals in natural volcanic gases
vary widely, and depend in large part on the metal
considered. Some of this variation is undoubtedly due
to differences in natural abundances of the elements.
However, a large part of the variation relates to the ca-
pacity of a metal to form stable gaseous compounds.

A number of researchers have attempted to esti-
mate metal concentrations in volcanic gases thermo-
dynamically using data on metal volatility and the
initial composition of the fluid (e.g., Symonds et al.,
1987; Wood, 1987; Spycher and Reed, 1989;
Symonds and Reed, 1993; Getahun et al., 1996).
These estimates are based on the assumption that for
any given temperature the concentration of a metal in
the gaseous phase is equal to or less than that required
to saturate the vapor with the least volatile mineral
containing the metal. They also take into account
chemical reactions in the gaseous phase and incon-
gruent evaporation of the minerals. The latter
notwithstanding, it follows that metals of highly
volatile minerals will saturate at relatively low tem-
perature and those of weakly volatile minerals will
saturate at high temperature, leading to a zonation of
metals. The concentration of an element in the gas
phase of a natural system is thus, to a first approxima-
tion, a simple function of the volatility of the corre-
sponding mineral. This volatility can be determined
from experimental studies of the partial pressure and
composition of the vapor over solid or liquid phases.
Data of this type are compiled for many ore and re-
lated elements in handbooks of thermochemical data
such as the Gmelin handbook of inorganic chemistry
(periodical), the Thermodynamic properties tables of
Pankratz (1982, 1984, 1987), The NBS tables of
chemical thermodynamic properties (Wagman et al.,
1982), and Thermodynamic properties of gases by
Rivkin (1988). In the paragraphs below we review
briefly the volatility of a small selection of the more
important elements in hydrothermal systems.

3.1. Highly Volatile Elements

Mercury is the most volatile metal in natural sys-
tems, and its saturated vapor pressure has been experi-
mentally and theoretically determined over a wide
range of temperature using a variety of techniques
(e.g., Shpil'rain and Nikanorov, 1971; Cordes et al.,
1971; Ambrose and Sprake, 1972; Hubbard and Ross,
1982). Several equations of state have also been devel-
oped for mercury vapor (e.g., Alcock et al., 1984). The
partial pressure measured over liquid mercury varies

from 4xlO-3 bar at 150 °C to 0.3 bar at 300 DC, which
is 3-4 orders of magnitude greater than its vapor pres-
sure over cinnabar (Kulakov, 1975; Ferro et al., 1989).

The next most volatile metal among those com-
monly occurring in nature is arsenic. Minerals such as
orpiment (As2S3) and realgar (As4S4) are characteris-
tic of low-temperature hydrothermal processes and are
commonly found in the sublimates of volcanic gases or
post-volcanic fumaroles. The vaporization of realgar
has been investigated by mass spectrometry and mass-
loss torsion-effusion (Brittain et al., 1983; Munir et al.,
1971) as well as by the Knudsen method (Pashinkin et
al., 1982; Steblevskii et al., 1986) and Raman spec-
troscopy (Ozin, 1969; Rogstad, 1972). These studies
showed that the primary constituent of the vapor of
crystalline As4S4 is As4S4gas, but that minor propor-
tions of As4s5gas, As4s3gas, As2s3gas, As2Sias, and
S2gas are also present. The vaporization of orpiment
has been investigated using high-temperature mass
spectrometry (Lau et al., 1982; Pashinkin et al., 1974),
mass spectrometric Knudsen effusion, and thermo-
gravimetric Knudsen effusion (Faure et al., 1973), and
measured using a quartz-membrane manometer
(Ustyugov et al., 1968). As in the case of realgar,
As4S4gas was found to be the dominant component of
the vapor There were also appreciable proportions of
As2s3gas, and S2gas, and minor As4s5gas. The partial
pressure of the vapor over realgar varies from 5xlO-5 to
1 bar at temperatures from 150 to 600 DC, respectively,
and over orpiment varies from 1xlO-5 to 0.5 bar for the
same temperature range (Mills, 1974)

Antimony, like As, is also relatively volatile, and
this volatility has been investigated extensively
through studies of the vaporization of stibnite (Sb2S3)
(e.g., Hsiao and Schlechten, 1952; Sullivan et al.,
1970, Gospodinov et al., 1970). The vapor phase over
crystalline and molten stibnite is composed mainly of
SbSgas, Sb2S3gas, and S2gas. Other components that
are present in the vapor include: Sb2S2gas, Sb3S2gas,
Sb3S3gas, Sb3S4gas, Sb4S4gas, Sb4S5gas (Sullivan et
al., 1970; Faure et al., 1972; Novoselova and
Paschinkin, 1978). The measured vapor pressure over
stibnite varies from 10-10 to 10-3 bar at temperatures
from 150 to 600 DC, respectively.

Among the important non-metallic elements occur-
ring in hydrothermal mineral deposits, sulfur is with-
out question the most volatile. The low temperature
of melting of sulfur at standard pressure (115 "C) and
the low critical temperature of sulfur (444 DC) ensure
its high stability in the gas phase. An important char-
acteristic of sulfur vapor is that it displays a high level
of polymerization. Sulfur polymers up to Sg have
been reported from experimental studies (Steudel,
1984; 1987), with those of higher order (S6 - Sg) pre-
dominating at lower temperature (Rau et al., 1973;
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Steudel, 1984; 1987; Lenian et al., 1988). At higher
temperatures, S2gasis the dominant form of sulfur, al-
though there is some disagreement over the tempera-
ture at which it becomes dominant. Thus, while Rau
et al. (1973) report that the Sias polymer predomi-
nates at temperatures above 800 K (526.85 °C), Len-
ian et al. (1988) concluded that the lower temperature
limit of S2gas predominance is 600 K (326 DC). The
partial pressure of sulfur vapor over liquid sulfur
varies from 10-4 bars at 150 DCto 10-2 bars at 300 DC.

3.2. Weakly Volatile Elements

In comparison with the metals discussed above,
minerals containing copper, gold, and silver have ex-
tremely low volatility at temperatures commonly en-
countered in ore-forming hydrothermal systems
«600 "C). Early studies of Cu(I) chloride volatility
were conducted by Brewer and Lofgren (1950) at
very high temperature (715 DC- 1067 DC)and yielded
partial pressures between 0.5xlO-4 to 6.6x10-4 bar.
However, the data do not vary systematically with
temperature, and total pressure varied significantly.
We have estimated the partial vapor pressures of cop-
per (I) chloride (PCuClgas) over the corresponding
solid based on data presented in Pankratz (1984) as
2xlO-15 and 2x10-7 bar at 300 °C and 600 °C, respec-
tively. The vaporization of copper (II) has been stud-
ied by Dienstbach et al. (1977) using UY/visible and
Raman spectroscopy. These authors showed that at el-
evated temperatures the vapor contains CuClgas,
CuCl2gas, and Cu2Cl4gas.

Owing to the extremely low partial pressure of vapor
over native gold, experimental investigations of gold
volatility have been performed in a chlorine atmos-
phere (James and Hager, 1978; Tagirov et al., 1993)
and the partial pressures obtained can not be related di-
rectly to conditions in natural hydrothermal systems.
Based on the results of these studies, gold generally
evaporates in the form Au2Cl6gas and AuClgas, and at
3000C and PHCI of 0.4 bars, yields vapor pressures on
the order of 10-36 bars. Several groups of researchers
have reported experimental data on the partial pres-
sures of silver chloride compounds over crystalline and
liquid AgCl (e.g., Hildenbrand and Lau, 1996; Tagirov
et al., 1993; Graber and Weil, 1972). Silver chloride
evaporation proceeds mainly with the formation of
AgClgas and lesser proportions of Ag3Cl3gas (Graber
and Weil, 1972; Visnapuu and Jensen, 1970; Chang
and Toguri, 1974). The estimated partial pressures of
AgClgas over liquid (molten) AgCl are 10-7 bar at 500
DCand 5xlO-6 bar at 650 0c.

Owing to the importance of NaCI in natural sys-
tems, we decided to also review briefly the volatility
of halite, which has been investigated extensively

over a wide range of temperatures. These studies have
shown that the vapor over halite contains polymers of
NanClngas dominated by the monomer NaClgas and
the dimer NazCl2gas. (e.g., Kvande, 1979; Ewing and
Stem, 1974; Lukashenko et al., 1970; Pitzer, 1996).
The measured partial pressures of the vapor over
sodium chloride range from 1.9xlO-15 bar at 300 DC,
and 2x10-7 bar at 600 DC.

3.3. Application of Volatility Data

Volatility data provide an important starting point
from which to model vapor-phase transport of ele-
ments in nature, and have been used by numerous au-
thors to estimate the trace-element composition of
volcanic gases and that of the vapor phase in several
active geothermal systems. These models have had
some success in predicting the sequences of mineral
zonation in the sublimates of volcanic gases and in the
case of geothermal systems predicted metals that
could potentially have been deposited predominantly
from the vapor phase instead of from the liquid. Thus,
for example, Quisefit et al. (1989), in simulating the
formation of silica-tube sublimates from Momo-
tombo, were able to correctly predict the high-temper-
ature (>650 DC) deposition of native gold, chalcocite
and molybdenite, if the corresponding metals were
transported as Au-S, Cu-Cl, Cu-Br and Mo-F species.
However, they had difficulty in simulating the se-
quence of mineral deposition at lower temperature.
Similarly, although Symonds et al. (1987) were able to
correctly predict the high-temperature formation of
molybdenite, they overestimated the temperature of
sphalerite deposition and failed to predict the deposi-
tion of galena despite the fact that this was the princi-
pal mineral in sublimates formed at intermediate
temperature.

The principal conclusion that can be drawn from
the application of volatility data to the behavior of
metals in geothermal systems is that, with the excep-
tion of mercury, none of the common ore metals frac-
tionate sufficiently into the vapor phase for the latter
to constitute an important agent of ore metal trans-
port. Although elements with high volatility like ar-
senic and antimony are predicted to achieve high
concentrations in dry systems, and might therefore be
good candidates for vapor-transport in geothermal
systems (liquid-vapor), their much higher solubility
in the liquid phase (Smith et al., 1987; Spycher and
Reed, 1989) precludes their significant fractionation
into the vapor phase. Indeed, Spycher and Reed
(1989) note that at temperatures ~300 DC a Broad-
lands-type geothermal fluid must undergo at least
97% boiling for there to be appreciable concentration
of these elements in the vapor phase.
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3.4. Vapor-Phase Hydration/Solvation

An important limitation of the modeling discussed
in the previous section is that reliance on component
fugacities to describe the behavior of gas species ig-
nores potentially important low-energy interactions
between the components dissolved in the gas and the
gas-solvent. As discussed below, these interactions
can significantly enhance the capacity of the vapor to
transport metals, and, in some cases, ignoring these
interactions may lead to underestimation of the solu-
bility of the metal in the vapor phase by many orders
of magnitude.

One of these interactions is predicted to involve the
formation of ion-water clusters and has been studied
experimentally by several authors (Kebarle, 1975;
Davidson and Kebarle, 1976; Kebarle et al., 1977;
SunneretaI., 1981; Blades etal., 1990; 1995). There-
sults of these studies suggest that the presence of such
clusters may change the properties of dissolved com-
ponents and solvents sufficiently to allow compo-
nents with very low volatility to be relatively soluble
in water vapor. This explains why the solubility of
halite in water vapor, which has been measured by
numerous researchers, is several orders of magnitude
higher than predicted from volatility data
(Styrikovich, 1969; Martynova, 1964; Sourirajan and
Kennedy, 1962; Galobardes et al., 1981; Bischoff and
Rosenbauer, 1986; Alekhin and Vakulenko, 1987; and
Armellini and Tester, 1993). The solubility of NaCI
can therefore be described by the following solvation-
type reaction:

Halite + n·H20gas H NaCl·(H20)ngas (1)

which involves formation of NaCI-H20 clusters; n,
the hydration number, varies between 1 and 4. A more
complex and potentially more accurate cluster-based
statistical mechanical model for NaCl-solvation has
been presented by Pitzer and Pabalan (1986).

4. EXPERIMENTAL INVESTIGATIONS OF
METAL SOLUBILITY IN WATER VAPOR

In view of the need for experimental data on the sol-
vation of metals by water vapor, we have initiated inves-
tigations of a number of systems involving
economically important ore-forming metals and ele-
ments. As a result of this work, preliminary data are
now available for the systems AgCI-HCI-H20, Au-
HCI-HzO, Sn02-HCI-HzO, and CuCI-HCI-NaCI-HzO.

Experimental studies of the speciation of metals in
water vapor can be performed either in dry-vapor sys-
tems, i.e., systems undersaturated in respect to liquid
water, or in liquid-vapor systems. The former systems
involve only solid-vapor interactions, whereas in the

latter systems the metals are partitioned among solid,
liquid, and vapor. Owing to the overwhelming pre-
dominance of molecular species (uncharged) in dry
water vapor, investigation of metallic mineral solubil-
ity in "dry" systems is associated with fewer technical
problems and the number of controlling parameters is
smaller. However, it should be noted that the specia-
tion in "dry" systems may differ significantly from
that in "liquid-vapor" systems unsaturated with re-
spect to a solid. This results from the fact that in sys-
tems unsaturated with respect to solid, the activity of
the vapor species is correspondingly lower. We have
conducted experimental studies in both kinds of sys-
tems. The systems AgCI-HCI-H20, Au-HCI-H20,
and Sn02-HCI-H20 were investigated in the "dry"
state, while the system CuCI-HCI-NaCI-H20 was in-
vestigated along the liquid-vapor saturation curve.
The latter system was also saturated with respect to a
solid. Future experiments are planned to investigate
metal partitioning between liquid and vapor in sys-
tems unsaturated with respect to a solid.

4.1. Methods
4.1.1. Dry systems

The experimental method is similar to that em-
ployed by Migdisov et al, (1998, 1999). Experiments
were carried out at temperatures between 300 and 360
°C in an electric furnace (internal diameter 15 em,
height 50 em) equipped with thick aluminum or cop-
per walls to reduce temperature gradients. A thermal
regulator allowed the temperature to be controlled to
an accuracy of approximately 0.5 °C. Before runs, the
temperature gradient in the experimental system was
measured with 3 thermocouples, located at the top,
bottom and center of the furnace. The vertical temper-
ature gradient was typically in the range 1.0 to 2.5 °C
ml, but during the first 2 to 3 hours it was between 8
and 20 °C m! due to the initially cold state of the au-
toclave. Temperature was measured with two
chromel-alumel thermocouples, located in the top and
bottom of the furnace.

The experiments were performed in titanium auto-
claves, and involved measuring the solubility of syn-
thetic chlorargyrite (AgCl), or cassiterite (Sn02) or
native gold in HC1-bearing water vapor. The auto-
claves were constructed from titanium alloy (grade 2
ASTM B348) obtained from Titanium Industries, Inc.
(Figure 2). Each autoclave was conditioned initially
with nitric acid to produce a protective layer of Ti02
on the internal surface. Autoclave volumes (100 cm ')
were determined by filling the autoclaves with 25 °C_
distilled water from a Teflon flask, and weighing this
flask before and after filling. The weighing was per-
formed to an accuracy ±0.1 g. Autoclaves were
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Figure 2. A section through a titanium autoclave of the
type used in this study. The autoclaves were constructed
from titanium alloy (grade 2 ASTM B348) .

loaded with pre-weighed quartz ampoules containing
several milligrams of one of the above solids (AgCl,
Sn02' or Au).

The ampoule was suspended near the top of the au-
toclave using a quartz holder (Fig. 2). A known mass
of HCl solution, prepared using distilled nanopure
(18-MQ-cm) water and Optima-grade HCl from
Fisher Scientific, was placed in the bottom of the au-
toclave. The HCI was added in quantities that yielded
solutions with pH values of 1.5 to 4.0. Care was taken
to ensure that the quantity of HCl solution was insuf-
ficient to saturate the system with liquid at the experi-
mental conditions, and that dissolution of the metal

was restricted to the vapor. Owing to the extremely
low vapor pressures of silver, gold and tin chlorides,
compared to that of water vapor, the total pressure in a
run was assumed to be equal to the pure water vapor
pressure, and was calculated using the measured au-
toclave volume and the equation of state for water of
Kestin et al. (1984).

The redox potentials of the gold and tin systems
were buffered by a Mo021M003 oxide mixture. One
to two grams of this mixture (Mo02:Mo03 = 1:1)
were placed in a quartz glass tube open at one end,
which was suspended in the autoclave. Thefo2 values
at the experimental conditions were calculated from
data given in Pankratz (1982). This buffer was chosen
because of its higher stability in an HCI atmosphere
compared to more commonly used NilNiO or Fe-con-
taining buffers. Buffer stability calculations were per-
formed using data summarized in Pankratz (1982,
1984). These calculations showed that solid Mo-chlo-
rides are orders of magnitude less likely to form than
Fe and Ni chlorides at the conditions investigated.
However, the HCl concentration may have varied as a
result of interaction between the buffer mixture and
gaseous HC1, and consequent removal of HCl from
the system. The pH of the condensate was therefore
measured after each run. The partial pressure of HCl
at the experimental conditions was calculated using
the measured pH of the condensate and an assump-
tion that HClgas behaves ideally.

Before a run, a stream of nitrogen was passed
through the autoclave for 20 to 40 minutes to remove
atmospheric gases. After the run, the autoclave was
air-cooled to room temperature (20 to 30 minutes),
and the condensates were collected for analysis. The
ampoule was dried at 120°C for 1 to 2 hours to re-
move water condensed on its walls and on the solid,
and was then re-weighed. Chlorargyrite (AgCl) con-
densed on the walls of the autoclave was dissolved
using 3 to 7 ml of nitric acid (pH = 0.5). Gold was dis-
solved by 5 ml of aqua regia, and tin by a 0.5 HCl so-
lution. The concentrations of dissolved silver and tin
in the condensates and washing solutions were deter-
mined by graphite furnace-atomic absorption spec-
troscopy and inductively coupled plasma-mass
spectrometry (Activation Laboratories Ltd.), while
those of gold were determined by neutron activation
at Ecole Poly technique (Montreal).

A potential source of error in the method is pre-
quench condensation of the solid phase on the cold
parts of the autoclave during runs. The latter may
occur if the sample is at a higher temperature than
other internal parts of the autoclave, notably the walls,
and could lead to considerable overestimation of metal
solubility in the vapor phase. However, since the auto-
clave was externally heated, it follows that tempera-
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tures were highest at the walls and lowest in the center,
i.e., the solid reagent was located in the coldest part of
the autoclave. Thus, it is very unlikely that any signifi-
cant condensation occurred during heating and at the
experimental temperature. On the other hand, addi-
tional quantities of metal could have been released
from the solid during quenching, and condensed on
the cooler walls of the autoclave together with metal,
which had been dissolved in the vapor at the end of the
experiment. Another possible source of error is the
partitioning of metal from the vapor phase into the li-
quid (water) during heating or quenching. Owing to
the much higher solubility of AgCl, Sn02 and Au in
the liquid phase (by several orders of magnitude
higher), this could result in gross overestimation of the
solubility of these metals in the vapor phase.

In order to investigate the possibility of significant
experimental error due to condensation of metallic
species on the walls of the autoclave, we undertook a
series of blank experiments in an atmosphere free of
water vapor (nitrogen atmosphere, P = 1-80 bar). The
mass of solid sublimed in each of these experiments
was less than the detection limit of the analytical
technique, thereby eliminating the possibility of error
due to metallic species condensation.

The issue of experimental error, particularly due to
partitioning of components into the liquid water, was
further investigated through a series of "kinetic runs".
Experiments were carried out under constant water
pressure for periods ranging from 1 to 15 days. For all
metal species investigated, equilibrium was attained
in less than 14 days. Once equilibrium was attained,
solubilities were reproducible to approximately ±15-
20 %. If there had been significant condensation of
metallic species onto the autoclave walls or this
species had been partitioned into the liquid water dur-
ing the experiments, none of the experimental results
would have been reproducible, and consequently
equilibrium would never have been attained.

4.1.2. Wet system

Experiments measuring the solubility of Cu in
water vapor were conducted in a subcritical liquid-
saturated CuCI-HCI-NaCI-H20 (NaCl:HCl = 9:1)
system at temperatures of 380 and 400 "C, and total
chloride concentrations from 0.01 to 5 M. In order to
study the partitioning of copper between aqueous
vapor and liquid, it is desirable to sample simultane-
ously the vapor and liquid phases at equilibrium.
However, for a variety of reasons, this was not practi-
cal in the present study. Owing to the low density of
the vapor, a large volume of this phase was needed to
obtain enough condensate for analysis. The with-
drawal of large volumes of vapor from an autoclave

of fixed volume causes the liquid to boil, changing the
concentration of both liquid and vapor drastically
during the time that a sample is being retrieved. Fur-
thermore, boiling can induce precipitation of Cu-
Clsolid in the autoclave or sampling apparatus.

To avoid these problems, experiments were de-
signed to determine copper solubility in the vapor
phase by measuring the copper content of condensate
collected in isolation of the bulk liquid. Experiments
were conducted in the titanium-alloy autoclaves de-
scribed above. A pressed CuC]Solid pellet and copper
foil (this buffered the redox potential of the system:
CuCI + H2 H Cu + HC1) were placed in a quartz-
glass tube sealed at one end to isolate these solids
from the HClINaCI solution. The tube and a measured
amount of solution were then placed in the autoclave,
the tube being oriented vertically with its open end
up. The amount of solution, which corresponded to
that required to maximize the amount of vapor coex-
isting with liquid at the conditions of the experiment,
was determined from the density data of Bischoff
(1991). Three additional quartz-glass tubes (Vycor, 9
mm O.D, 7 mm J.D., volume pre-determined), also
sealed at one end, were placed vertically inside the
vessels, with their open ends up to collect the vapor
condensed at the end of the experiments. At the end of
each series of experiments, the autoclaves were
quenched rapidly by immersing them vertically in
water. This caused vapor occupying the open quartz-
glass tubes to be condensed to liquid, and to collect at
the bottom of the quartz-glass tubes. The latter were
weighed and the solution was then withdrawn and
transferred into pre-weighed high-density polyethyl-
ene (HDPE) bottles. Any precipitates in the quartz-
glass tubes were dissolved with aqua regia, which
was then transferred to the HDPE bottles containing
the quenched solution. The masses of quenched prod-
ucts were determined by weighing the HDPE bottles
and the dried quartz-glass tubes. Other aspects of the
experimental procedure were as discussed above for
the dry runs.

Theoretically, the mass of solution condensed from
vapor in a quartz-glass tube should be the product of
the density of the vapor and the internal volume of the
tube. However, as quenching is never 100% efficient,
some of the high-temperature vapor was lost from the
tubes, and the measured masses of condensate were
typically lower than the theoretical values. It was
therefore necessary to correct for this mass loss to de-
termine the original concentration of copper in the
vapor. The correction factor was determined using the
following equation:

{Cu}eq= {Cu}measX (mass of water
vapor)calJ(mass of condensed water)meas (2)
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Figure 3. Concentration of silver chloride in water vapor versus the partial pressure of HCl gas. The zero
slope of the data distribution indicates that AgCl solubility was independent of PHCl'

where (mass of water vapor)calc is the mass of water
vapor calculated from the internal volume of the
quartz glass tube and the density of water vapor at the
temperature of the experiment.

The total Cu concentration of each sample was de-
termined either by flame atomic absorption spectrom-
etry (FAAS) or graphite-furnace atomic absorption
spectrometry, the latter method being required for
samples containing <0.05 mg/kg, Cu, the detection
limit for FAAS.

4.2. Results
4.2.1. Dry systems

4.2.1.1. AgCl- HCI- H20 system. A series of 31
experiments at temperatures of 300, 310, 330, 340,
350 and 360 DCwere conducted to evaluate the solu-
bility of AgCl in the vapor phase of the AgCI-H20
system, and 9 experiments at 330 and 360 °C to
evaluate its solubility in the AgCI-HCI-H20 system.
Vapor pressure in the AgCI-H20 system varied from
20 to 160 bars, and was close to that of the liquid-
vapor phase boundary in the system AgCI-HC1-

HzO·
The mole fraction of AgCl in the vapor was calcu-

lated from the silver concentration in the quenched
condensate. Owing to the low partial pressure of
AgClgas, the total pressure in the autoclave was effec-
tively that of H20 vapor. Consequently the mole frac-
tion of AgCl;

MH20 +MAgCI

in the vapor could be approximated as:

MH,o'
where M is number of moles of the corresponding
compound.

The dependence of the concentration of silver chlo-
ride in water vapor on the partial pressure of HCl is il-
lustrated in Figure 3. From this diagram, it is evident
that AgCl solubility is independent of PHC1' within
experimental error, at constant temperature and par-
tial pressure of H20. This indicates that there was one
dominant gaseous silver species with a stoichiometry
Ag:Cl = 1:1.

The concentrations of AgCl in the vapor phase de-
termined from our experiments are shown as a func-
tion of PH 0 in Figure 4. From this figure, it can be
seen that t6:e isothermal concentration of AgCl in the
vapor increases sharply with increasing H20 pressure.

4.2.1.2. Au-HCI-H20 system. The solubility of Au
in the vapor phase of the system Au-HCI-H20 was in-
vestigated via 23 experiments carried out at tempera-
tures of 300, 340 and 360°C. Water vapor pressures
were held constant at each isotherm, from 86 bars (at
300°C) to 144 bars (at 340 and 360DC), and were cal-
culated to be within the vapor-only field at the tem-
peratures of interest.
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Figure 4. AgCl concentrations in water vapor versus the pressure in the system. Owing to the low par-
tial pressure of AgClgas, the total pressure in the autoclave was effectively that of the water. The heavy
solid lines show the silver chloride concentration calculated assuming no hydration of AgCI. The calcula-
tions were performed using the data on AgClgas vapor pressure over crystalline chlorargyrite reported by
Tagirov et al. (1993).

creases with increasing PHC1' but decreases with in-
creasing temperature.

4.2.1.3. Sn02-HCI-H20 system. Forty experiments
were conducted in the system Sn02-HCI-H20 to de-
termine the solubility of Sn02 in the vapor phase at
temperatures of 300 and 320°C.

The mole fraction of Sn in the vapor was calculated
in essentially the same way as that of Ag and Au. Its

The mole fraction of Au in the vapor was calcu-
lated from its concentration in quenched condensates
using an equation analogous to that employed for Ag:

MH,o +MAuClm

and is shown as a function of PHC1 in Figure 5. From
this figure, it is apparent that the solubility of Au in-
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Figure 5. Mole fractions of AuClm·HZOn in water vapor as a function of PHC1 in the Au-HzO-HCl sys-
tem at 300, 340 and 360°C. The slope of -1 for the these temperatures suggests the stoichiometry

AuCl(HzO)n'

dependence on HCl pressure is illustrated in Figure 6.
As was the case for the Au-HCI-H20 system, the sol-
ubility of Sn02 increased with increasing PHC" Pre-
liminary data for 300 DC suggest that Sn solubility
also increases with PH 0' as in the AgCI-H20-HCl
system (Fig. 4). 2

4.2.2. Wet system

4.2.1.1. CuCI- NaCI- HCI- H20 system. The solu-
bility of CuCI in water-saturated vapor was investi-
gated in a series of 26 experiments conducted at
temperatures of 380 and 400 "C. The concentration of
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Figure 6. The mole fraction of tin in water vapor as a function of PHCl in the Sn02-H20-HCl system at
300°C. The slope of the data distribution indicates that tin is present mainly as SnCI2·(H20)ngas, and at
high PHCl as SnCI4-(H20)ngas.

copper in the vapor appears to correlate negatively
with total chloride concentration (Fig. 7, Table 6). We
attribute this correlation to a decrease in vapor density
related to a corresponding increase in the salinity of
the system (cf. Bischoff, 1991). After corrections were
made for vapor density, we were able to conclude to a
first approximation that the copper concentration in
the vapor is independent of the total Cl" activity in the
coexisting liquid at the temperatures investigated. In
view of this, the Cu-Cl stoichiometry of the dominant
copper gas species was interpreted to be 1:1. In con-
trast to its negative correlation with Cl, copper con-
centration correlates positively with vapor density.
The significance of this correlation is discussed below.

5. DISCUSSION

The partitioning of metals into water vapor is the re-
sult of two processes that proceed in parallel, namely
the dissolution of the metals, i.e., their solvation as
MeLmvapor(Me refers to the metal and L to the ligand),
and the development of a partial pressure of MeLmgas
over the crystalline phase. As the properties of the un-
solvated gaseous complexes of the metals investigated
experimentally in this study are known (Pankratz 1982,
1984), the concentrations of MeC~gas can be calcu-
lated for various values of PH20 and measured auto-

clave volumes. The calculations were made assuming
inert behavior of components, and predicted maximum
concentrations of the four metals (Ag, Au, Sn, and Cu)
investigated that are all at least an order of magnitude
lower than the analytical detection limit in our experi-
ments. It is also known from the properties of unsol-
vated gaseous metal complexes that the partial pressure
of MeClm gas over the crystalline phase is constant at
constant temperature and constant PHCl but the con-
centration of MeClmgas decreases with increasing
PH20. By contrast the metal solubilities in the vapor
phase determined experimentally increase exponen-
tially with increasing PH20 at constant temperature and
fixed values of PHC1' We therefore conclude that
Mec~gas does not contribute significantly to the total
concentration of metals in the vapor phase, and that
any description of the system must also take into con-
sideration some interaction among the components of
the gaseous mixture.

5.1. Data Treatment
5.1.1. Dry systems

The interactions referred to above could be, firstly,
the formation of new stable gaseous compounds with
specific stoichiometry (chemical reaction), and sec-
ondly, the hydration of metal chloride by water vapor
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Figure 7. The concentration of copper in the vapor phase versus the total chloride concentration in the

system CuCl-HCl-NaCl-H20 at 400°C. The negative correlation between these two parameters reflects
the decreasing density of vapor due to the salinity increase.

(solubility). In both cases (chemical reaction and sol-
ubility) this process can be expressed by the follow-
ing equations:

AgCl gas+m·HCl gas+ n-H20 gas f-7
AgClm+!,(H20)n gas+ml2.H2 gas (3)

Au gas+m-Hf.l gas+ n.H
2
0 gas f-7

AuClm.(H20)n gas+ml2.H2 gas (4)

Sn02 gas+mHCl gas+ n.H20 gas f-7

SnClm.(H20)n+O.5m gas+ (2-0.5m)!2.02 gas (5)

The Gibbs-Pointing correction was used to account
for the change in the pressure (pO) of the component
over the crystalline phase from that for a total pres-
sure of P = 1bar (standard state) to P2 = pressure for
the run as follows:

pO P2 VO
In-2- = f--dP

11° R R-T (6)
1

Given that changes in the molar volume of the crys-
talline phase with temperature are insignificant for
the temperatures investigated, it was assumed that V'
is a constant and

In P2
11°

(where V' - is the molar volume and P~,P~ are the
pressures of this component in states 1 and 2).

Itwas further assumed from Raoult's Law that:

(7)

logPMeCi = logXMeCI + 10gPH20 (8)

Finally, assuming that the partial pressure of HCl is
close to its fugacity at the experimental conditions,
and taking into account the fact that the equilibrium
constant of a homogeneous gaseous reaction is inde-
pendent of the total pressure in the system, the stoi-
chiometric ratio Me:CI for the hydrated gaseous
species was derived from the equilibrium expression
for the corresponding reaction as follows:

(
alOgXAgClm+l'CH20)n) := m+1

alogPHc1 T P P (9)
, H).O, H1

(
alOgXAuClm'CH20)n) := m

alogPHc1 T P P (10)
, H20. H2

(
a log XSnClm ·CH20)n+O.5m) := m

alogPHC1 T P P (11)
, H?O, H?

The approach employed here is similar to one de-
veloped by Marshall (1972) for treating liquid aque-
ous solutions and extended to solutions involving
vapor by Armellini and Tester (1993). One of the lim-
itations of this approach is that there is commonly
considerable difficulty in assigning appropriate stan-
dard states to components if the system is heteroge-
neous (comprises more than one state). Application of
the Gibbs-Pointing correction to our two-state (solid-
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vapor) systems overcame this limitation by making
them effectively homogeneous.

The stoichiometric relationship Me:Cl was deter-
mined from the slope of the trend of log
XMeClm.(HO)n versus log PHCI'which was essentially
linear for ¤acli of the metals investigated; the experi-
ments were conducted at constant partial pressure of
water and hydrogen, and constant temperature. Based
on equations (9-11) the stoichiometry of the dominant
silver and gold species was interpreted to be
AgCI·(H20)ngas and AuCl-(H20)ngas" respectively. Tin
was interpreted to be present mainly as
SnCl2'(H20)ngas, and at high PHCIas SnCI4·(HzO)n

gas.
Significantly, whereas the Me:Cl ratio of the species in-
terpreted to be dominant in the AgCI-HCI-H20 and
Sn02-HCI-H20 systems is the same as in the corre-
sponding H20-free systems, that for Au is different (1: 1
vs 1:3). This indicates that the presence of water vapor
increases the stability of gold chloride (I) in gaseous so-
lutions with respect to that of gold chloride (ill).

The hydration number (n) of the dominant species
in our experiments was determined from the relation-
ship between log XMeClm.(H O)n and log PH 0'
which is given by the followifig equations deriJed
from the expression for the equilibrium constant of
the corresponding reactions:

(
dlOgXAgCICH20)n) == n-1 (12)

dlogPH20 T

n-1- m
2

n-1

In the case of Ag, the slope of log XMeClm'CH20)nver-
sus log PH 0 is -2 for each of the temperatures inves-
tigated (Ffg. 8). As this slope represents the term
"n-I", we therefore conclude that the above complex
has a hydration number of 3. However, it should be
noted that the magnitude of the experimental error
only permits estimation of the hydration number (n)
to a precision of one integer. We interpret this com-
plex to be AgCl·(H20)3

gas

AgClcryst + 3·H20gas =AgCl·(H20)3gas (15)

Considering that silver is coordinated by three mole-
cules of water and one of chlorine in the species
AgCl·(H20)3gas, it also seems reasonable to predict
that the silver is in four-fold coordination.

Unfortunately, the system AgCI-HCI-H20 was the
only dry system investigated, in which the solid dis-

solved congruently and there was no dependence on
10 . Investigation of the other systems required that
102 be buffered, which introduced experimental prob-
lefus in the runs conducted at constant PHCl' Reac-
tion of HCl with the assemblage Mo02/Mo03' which
was used to buffer10 ' although not appreciable, was
sufficient to cause so&e variation in PHCl' In order to
estimate the hydration number n for the gold and tin
species, it was necessary to replace the graphical
method used for silver (Fig. 8) by a numerical ap-
proach. Values of n were calculated for each tempera-
ture by minimizing the value of the error, using the
equation:

ERROR =XMeCI experimental_XMeCI calculated(n) (16)

where XMeCI experimentalare the values obtained in
the runs, and XMeCI calculated(n) are the values calcu-
lated using the constants obtained for different n. This
minimization algorithm is based on a golden section
search and parabolic interpolation, and was imple-
mented using a computer program similar to that of
Forsythe et al (1976). On the basis of the data
presently available from our experiments, gold is ten-
tatively predicted to dissolve in the vapor phase as
AuCl·(HzO)3 and tin as SnCI2·(HzO)4' and possibly
as SnCI4·(H20)2 at low and high partial pressures of
HCl, respectively.

5.1.2. Wet system

(13)

As discussed above, the Cu:Cl stoichiometry of the
dominant copper species in the vapor was 1: 1. The
solubility of copper in the vapor phase may therefore
be described by the reaction:

ceci= + nH20vapor = CuCl·(H20)n vapor (17)

(14) or

CUClso1id+ nH20vapor = CuCl·(H20)n vapor (18)

Reaction (18) is identical to reaction (17), except for
the phase designation of the reactant copper species.

As discussed earlier, one of the difficulties in treat-
ing heterogeneous systems (more than one state) is
assigning appropriate standard states to components.
In the case of the heterogeneous dry systems (solid-
vapor), we were able to overcome this difficulty by
applying the Gibbs-Pointing correction, thereby mak-
ing them effectively homogeneous. Unfortunately
this solution is not available to us for our wet system
(solid-liquid-vapor). However, several studies of the
NaCI-H20 system have shown that the solubility of
NaCI in the vapor phase can be modeled semi-empiri-
cally using a relationship derived from classic equi-
librium thermodynamics and based on the density of
water vapor (Martynova, 1964; Styrikovich, 1969;
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Figure 8. Logarithm of the mole fraction of AgC].(HZO)n versus the logarithm ofthe partial pressure of
H20 for experiments run at 300,330 and 360 DC.The slope of -2 for each these temperatures suggests the
stoichiometry AgCl·(HzO)3·

Galobardes et al., 1981; Armellini and Tester, 1993).
The model assumes that equilibrium between solid
NaCl and water vapor is achieved through a solva-
tion-type reaction:

NaClsolid + nH20
vapor = NaCI (H20)nvapor (19)

and that, due to the low density of the water vapor, its
solvation power is low and the dissolved NaCl occurs
as ion pairs (Mesmer et al., 1988). The equilibrium
relationship for reaction (19) is:

K = aNaClCH20ln
c a I'd -a"NaC1SOI n.o=:

n
PH20vapor

i.e.,

log C NaCl= n . log PH20 + log K c =
A

n . log PH20 - T + B (21)

where CNaC1is the concentration of NaCI in the vapor
phase (ppm or ppb) and A and B are constants.
Armellini and Tester (1993) assumed that the stoi-
chiometric coefficient n was also a constant based on
a review of the literature, which indicated that it var-
ied minimally with temperature and density.

Because, in the present experiments, the pressure
change is very small (around 3-5 bars), the fugacity of

CuClgas is directly related to its concentration in the
vapor. The equilibrium relationship therefore can be
approximated as described above for NaCl:

10gKc =10gmcuCl.(H20)n -n·logpH2o (22)

where K, is the equilibrium relationship and PH 0 is
the density of water vapor. 2

Rewriting equation (22), we obtain:

(20)

logmcuCl.(H20)n =n .10gpH2o + 10gKc (23)

and differentiating equation (23) with respect to log
PH 0 we have :

2 '

(
C!IOgmcuC['CH20ln) == n

c!logp H 0 (24)
2 T.

As the log molality of copper in the vapor and log
density of water vapor were linearly related in our
experiments (Fig. 9), log K, and n are given by the
corresponding intercept and slope, respectively. The
slopes of linear regressions through the data are
3.55, and 3.78 at 380 °C, and 400 °C, respectively,
and the hydration number is thus 4 at both tempera-
tures investigated. Reaction (17) therefore becomes:

CuClaq + 4H20vapor = CuCI .4H20vapor (25)
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Figure 9. Concentration of copper in water vapor vs.water vapor density at temperatures of 380 and 400
DC. The linear correlation between log molality and log PH 0 suggests that copper solubility in the vapor
is controlled mainly by vapor density. 2

and the values of the equilibrium relationship (log Kc)
are 0.22 and 1.17 at 380 and 400 °C, respectively.

5.2. Comparison of Experimental Data
with Data from Natural Systems

Although the experimental data reported above
are for the most part preliminary and restricted to a
comparatively limited temperature range (300 and
400 DC), they do at least permit a first-order compar-
ison with data reviewed earlier on the concentrations
of the corresponding metals in natural systems. The
major limitation in comparing the measured solubil-

ities of the metals in the vapor phase to the apparent
solubilities of these metals in volcanic gases is the
much higher temperature of the latter. Another limi-
tation is that, in the case of Ag and Cu, metal solu-
bility in volcanic gases is generally controlled by
saturation with respect to phases different to those
employed in our experiments, e.g., native silver or
argentite (Ag2S) versus chlorargyrite (AgCl) in the
case of Ag, and chalcopyrite versus nantokite
(CuCl) in the case of Cu. On the other hand, HCl is
generally the next most abundant component of vol-
canic gases after H20, CO2 and S02' and commonly
comprises several mole percent of the bulk gas,
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whereas H2S typically makes up <1 mole percent of
the gas.

The maximum concentration of Ag reported for a
volcanic gas is 250 ppb, which was measured in a con-
densate of high-temperature (830 "C) gases collected
from a fumarole at Poas (Table 2). However, if we re-
strict temperature to <400 °C, the highest Ag value
drops to 20 ppb and corresponds to condensates of
gases released at 170 DC from a fumarole at Cerro
Negro (Gemmell, 1987); typically the Ag concentra-
tions of gases at temperatures <400 DCare in the range
3 to 10 ppb (Gemmell, 1987). In our experiments, we
obtained mole fractions of Ag of 7.2xlO·10 and
1.27x10-8 at pressures close to water saturation and
temperatures of 300 and 360 DC, respectively. These
mole fractions correspond to concentrations of 6 ppb
and 100 ppb, respectively, and are at least 3-4 orders
of magnitude higher than those predicted thermody-
namically from volatility data (Tagirov, 1993). How-
ever, as can be seen from the data reported above, they
compare very favorably with the concentrations meas-
ured in condensed gases from volcanic fumaroles.

The highest concentration of Au reported in the lit-
erature for the condensate of a volcanic gas is 32 ppb
collected from a fumarole on Usu volcano (Giggen-
bach and Matsuo, 1991). Interestingly, the tempera-
ture of the gas was only 165 0C. More typically the
concentrations range between 1 and 3 ppb (Gemmell,
1987). By contrast, the concentrations corresponding
to the maximum mole fractions of Au obtained in our
experiments were 1.1 ppm and 175 ppb at 300 and
360 °C respectively.

Tin concentrations in volcanic gas condensates re-
ported in the literature are significantly higher than
those reported for Ag or Au, and range up to 7.2 ppm
(for a condensate from a fumarole at Usu volcano de-
gassing at a temperature of 649 0C). At temperature
conditions closer to those of our experiments, the
concentrations are <2 ppm, e.g., 1.4 ppm for a fuma-
role degassing at 344 DC (Gemmell, 1987). These
concentrations are at least two orders of magnitude
higher than those obtained in our experiments, which
were conducted at 300 °C, and yielded a maximum
mole fraction of Sn of 7 .2x 10-9, or a concentration of
47 ppb. The reason for this large discrepancy between
nature and experiment is unclear. However, it should
be emphasized that our investigation of tin solubility
is at a very preliminary stage and that it is compli-
cated by the dual valence state of Sn.

Concentrations of Cu in volcanic gases are consid-
erably higher than those of Ag or Au, but similar to
that of Sn, the highest reported value being 8.4 ppm
from a high-temperature (770 DC) fumarole on Mo-
motombo (Gemmell, 1987). For lower temperature
fumaroles « 400 0C), condensate copper concentra-
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tions are typically in the range 200 to 800 ppb. By
contrast, concentrations in our experiments (water-
saturated) are all substantially higher, ranging from
22 to 277 ppm at 380 DCand 250 ppm to 3.9 wt. % at
400 DC. Although the highest of these values may
seem to be unreasonably high, it is interesting to note
that Ulrich et al. (1999) report an average copper con-
centration of 3.3 wt. % for vapor-rich fluid inclusions
(analysed by LAM-ICPMS) from the Bajo de la
Alumbrera porphyry copper deposit, Argentina; the
inclusions coexist with liquid-rich inclusions that ho-
mogenize at temperatures between 550 and 650 DC.A
possible explanation for the relatively low concentra-
tions of Cu in volcanic gases may be the nature of the
saturating phase, i.e., chalcopyrite versus nantokite in
our experiments. This does not, however, explain the
high concentration of Cu in the porphyry inclusions,
which may point to a ligand other than Cl playing an
important role in metal transport in porphyry systems.

Given the relatively simple nature of the systems
investigated experimentally and the preliminary state
of some of these investigations, the results available
to date are most encouraging. There is thus every rea-
son to believe that as more complexity is added to
these systems, it should be possible to reproduce with
considerably greater accuracy the metal concentra-
tions of natural vapors. The next obvious step in ex-
perimental investigations of the solubility of metals in
aqueous vapors will be to introduce sulfur, a step that
is facilitated by ongoing work in our group on the sol-
ubility of metals in H2S (Migdisov et al., 1998, and
Zakaznova-Iakovleva et al., 2001).

5.3. Role of Vapor Transport in Ore genesis

A question raised in the introduction to this paper,
and one of growing interest to many researchers, in
the light of recent reports of high concentrations of
metals in vapor-rich fluid inclusions (Ulrich et al,
1999), is whether the concentrations of metals in nat-
ural hydrothermal vapors are sufficient to concentrate
metals to potentially economic levels. Although it is
clearly premature to try and answer this question rig-
orously, the data made available by our experiments
provide an opportunity to roughly evaluate the impact
of vapor transport of metals on the ore-forming
process. We do this via a relatively simple thermody-
namic model to track the removal of silver from rock
during progressive interaction with water vapor.

For simplicity, we have restricted the system to the
five elements: Ag, Cl, S, 0, and H. Chloragyrite was
used to represent the Ag phase, and quartz, the inert
host-rock. A quartz column containing 5 ppm AgCl
was subdivided into 44 segments, or reactors, each
having a mass of 1 kg, and differing in temperature
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up toT=150 °C

redistribution

First wave
55.1 mol H20vapor(1 kg)
0.1 mol HCI

t Second wave

55.1 mol H20vapor (1kg)
0.1 mol HCI

Figure 10. Schematic diagram describing a simplified thermodynamic model in which silver in a rock
colunm composed of chloragyrite and quartz is mobilized during progressive interaction with water vapor.
See text for further details.

from the preceding reactor by 5 °C; temperature
ranged from 370 DC at the bottom of the column to
150 °C at the top. The pressure in each reactor was
that of saturated water vapor (Figure 10). A l-kg
aliquot of water vapor was introduced at the base of
the column and allowed to proceed linearly upwards,
equilibrating successively with the reactors in the col-
umn. This single batch experiment simulated the al-

teration of the column at a fluid/rock ratio of 1:1. In
order to evaluate the effects of higher fluid/rock ra-
tios, additional l-kg aliquots of fluid were passed
through the previously altered column and brought to
equilibrium with each reactor along the path.

The results of our simulation are shown in Figure 11.
As is evident from this figure, there was appreciable
mobilization of silver. After reaction with the first
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Figure 11. Results of a simulation of the reaction of water vapor with a chloragyrite-bearing quartz
vein. The diagram shows the distribution of Ag concentrations in the quartz as a function of temperature at
varying vapor-rock ratios (represented by the number of aliquots introduced into the vein).

batch of fluid (fluid/rock ratio, 1:1), the silver content
in quartz dropped from 5 ppm to 3 ppm at the base of
the column, and gradually increased with decreasing
temperature upwards, to a maximum of 5.3 ppm at 365
°C and then gradually decreased to 5.1 ppm at 150 "C.
After 50 aliquots of water vapor had been introduced
into the column, the maximum silver content had in-
creased to 6 ppm, and the temperature of this maxi-
mum had decreased to 355 °C. Most significantly, all
the silver formerly present in reactors at 5 DC above this
temperature (the first two reactors) had been removed.
With further additions of fluid, the peak gradually be-
came better defined, and continued to migrate to lower
temperature; after 100 and 500 aliquots of water vapor
had been introduced the maxima were 6.8 and 9.3 ppm,
respectively, and the corresponding temperatures were
350 and 335 0c. Again, as noted above, all the silver
had been removed from reactors at temperatures> 5 DC
above those of the maxima.

Although highly idealized, the calculations pre-
sented above show that water vapor may be an effective

agent for the transport of silver in vapor-dominated hy-
drothermal systems at temperatures above 300 °C, and
an important vehicle for the redistribution of silver in
many boiling hydrothermal systems.

6. CONCLUSIONS

The idea that aqueous vapors can transport metals in
appreciable concentrations, and may be responsible for
the formation of metallic mineral deposits has been
around for over 350 years, but in the modem era has
been largely ignored. Arguments put forward by Hen-
ley and McNabb in the late 1970's, and recent evidence
of high concentrations of metals in vapor-rich fluid in-
clusions, demand that the role of vapor transport in
metallic mineral concentration be further evaluated. In
this paper we have summarized the data available on
the concentrations of metals in volcanic gases (the best
examples of possible ore-forming vapors), briefly re-
viewed metal speciation in gaseous solutions, and pre-
sented results of some of the first experiments to be
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conducted on the solubility of ore-forming metals in
aqueous vapors. These experiments, while very prelim-
inary and representing relatively simple analogues of
natural systems, do suggest that aqueous vapors may
be able to mobilize appreciable quantities of metals in
natural hydrothermal systems. It is our hope that this
review will encourage further experimentation on the
solubility of metals in aqueous vapors, and lead to
complementary field-based studies designed to evalu-
ate the potential role of these vapors as agents of trans-
port in the formation of metallic mineral deposits.
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