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An experimental study of the stability of copper chloride complexes in water vapor at
elevated temperatures and pressures
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Abstract—The solubility of copper chloride in liquid-undersaturated HCl-bearing water vapor was investi-
gated experimentally at temperatures of 280 to 320°C and pressures up to 103 bars. Results of these
experiments show that the solubility of copper in the vapor phase is significant and increases with increasing
fH2O

, but is retrograde with respect to temperature. This solubility is attributed to the formation of hydrated
copper-chloride gas species, interpreted to have a copper-chlorine ratio of 1:1 (e.g., CuCl, Cu3Cl3, etc.) and
a hydration number varying from 7.6 at 320°C, to 6.0 at 300°C, and 6.1 at 280°C. Complex formation is
proposed to have occurred through the reaction:

3 CuClsolid � nH2O
gas º Cu3Cl3 � �H2O�n

gas (A1)

Log K values determined for this reaction are�21.46� 0.05 at 280°C (n� 7.6), �19.03� 0.10 at 300°C
(n � 6.0), and�19.45 � 0.12 at 320°C (n� 6.1), if it is assumed that the vapor species is the trimer,
Cu3Cl3(H2O)6–8. Calculations based on the above data indicate that at 300°C and HCl fluxes encountered in
passively degassing volcanic systems, the vapor phase could transport copper in concentrations as high as 280
ppm. Theoretically, this vapor could form an economic copper deposit (e.g., 50 million tonnes of 0.5% Cu)
in as little as�20,500 yr. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION

The process of boiling, which separates a homogeneous
aqueous fluid into vapor and liquid components, is a common
feature of several types of ore forming hydrothermal systems,
e.g., those forming porphyry copper deposits, high- and low-
sulfidation Au-Ag deposits, and Sn-W veins (Henley and Mc-
Nabb, 1978; Eastoe, 1982; Hedenquist and Lowenstern, 1994).
Most studies that have investigated boiling in such systems
have focused on the role it plays in the precipitation of ore and
gangue minerals (Drummond and Ohmoto, 1985; Spycher and
Reed, 1989), but few have considered the possibility that met-
als could be transported in the vapor phase (Henley and Mc-
Nabb, 1978; Hedenquist and Lowenstern, 1994; Heinrich et al.,
1992; Migdisov et al., 1999; Archibald et al., 2001).

In natural systems, the most convincing evidence that the
vapor phase could play an important role in metal transport has
come from active volcanoes where metals, including copper,
have been detected in significant concentrations in gas conden-
sates and fumarolic encrustations. In the case of copper, the
concentrations measured in gas condensates range from 0.1 to
1.0 ppm at Cerro Negro, San Cristobal (both Nicaragua),
Colima (Mexico) and Merapi (Indonesia), and from 0.2 to 8.4
ppm at Momotombo, Nicaragua (Gemmell, 1987; Symonds et
al., 1987; Taran, 2000). The highest concentrations reported are
those where the magma is basaltic to intermediate in compo-
sition. The occurrence of copper minerals such as paratacamite
(Cu2(OH3)Cl), chalcocyanite (CuSO4), chalcanthite (CuSO4 �
5(H2O)), nandtite (CuCl2), eriochalcite (CuCl2 � 2H2O), chal-
cocite (Cu2S) and covellite (CuS) in sublimates around fuma-

roles of Central American and Italian volcanoes (Stoiber and
Rose, 1974) is further evidence for the vapor transport of
copper.

In ore-forming environments, direct evidence for vapor
transport of copper is based on analyses of fluid inclusions.
Lowenstern et al., (1991) using a X-ray microprobe, deter-
mined that copper was several hundred times more concen-
trated in magmatic vapor than a coexisting pantellerite (peral-
kaline) melt. A proton-induced X-ray emission fluid inclusion
study of a tin deposit in the Mole Granite (NSW, Australia)
showed copper concentrations to be two orders of magnitude
higher in vapor-rich than in co-existing brine-rich inclusions
(Heinrich et al., 1992). Finally, recent LAM-ICPMS analyses
by Ulrich et al. (1999) and Heinrich et al. (1999) have yielded
copper concentrations as high as 3.3 wt.% in vapor-rich fluid
inclusions from Bajo de la Alumbrera, a gold-rich porphyry Cu
deposit in Argentina; significantly, co-existing brine inclusions
contain�0.76 wt.% Cu.

Thermodynamic calculations using metal volatility data and
fluid compositions can be used to estimate the solubility of
metals in hydrothermal vapors (e.g., Symonds et al., 1987;
Spycher and Reed, 1989; Symonds and Reed, 1993; Getahun et
al., 1996; Taran et al., 2000). However, such estimates do not
take into account interaction between the metal and the gas
(solvent), which in the case of active volcanoes is largely water
(Symonds et al., 1994). In one of the few studies to investigate
the role of hydration in the solubility of an economic metal in
vapor, Migdisov et al. (1999) showed that the presence of water
vapor increases the concentration of AgCl in vapor by 1.5 to 2
orders of magnitude, and that silver dissolves as the species
AgCl(H2O)3. Archibald et al. (2001) noted that water has a
dramatic effect on the solubility of gold in the vapor, enhancing
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it by at least 15 orders of magnitude at 300°C through the
formation of hydrated chloride species.

Considering that copper is transported principally as a chlo-
ride complex in high temperature aqueous liquids (Crerar et al.,
1985; Var’yash, 1992; Xiao et al., 1998; Liu et al., 2001;
Brugger et al., 2001), and that HCl is an important component
of volcanic gases (Symonds et al., 1994), it seems likely that
copper will partition into the vapor phase as a gaseous copper
chloride complex. Several experimental studies have investi-
gated the vapor transport of copper as chloride complexes (e.g.,
Martynova, 1964; Tskhvirashvili et al., 1970; Krabbes and
Oppermann, 1977; Williams et al., 1995; Vercher et al. 1995;
Xiao, 1999). However, only the studies of Williams et al.
(1995) and Xiao (1999) involved water vapor, and only that of
Xiao (1999) was for temperatures typically encountered in ore
forming hydrothermal systems. This study complements the
liquid-vapor experiments of Xiao (1999) by investigating cop-
per solubility in the vapor-only field.

2. EXPERIMENTAL METHODS

The experimental method used was similar to that employed by
Migdisov et al. (1999), and involved interacting a H2O � HCl vapor
with CuCl (solid). Experiments were conducted at temperatures be-
tween 280 and 320°C and pressures low enough for the aqueous vapor
to be undersaturated with respect to liquid (Tables 1 and 2). Experi-
ments were conducted in a Fisher Isotemp� forced-draft oven (Model
838F). To reduce thermal gradients, the oven was modified by adding
an aluminum box with 1.5-cm thick walls to hold the autoclaves. As a
result of this modification, gradients were less than 0.5°C per meter. A
chrome-alumel thermocouple placed inside the aluminum box was used
to obtain accurate readings of internal temperatures.

Experiments were performed in autoclaves constructed from grade II
titanium alloy (ASTM B348) (Fig. 1). The internal surfaces of each
autoclave were preconditioned with nitric acid to produce a protective
layer of TiO2. The volumes of the autoclaves (�100 cm3) were deter-
mined by filling them with 25°C distilled water from a Teflon� beaker
and weighing this beaker before and after filling. The weighing was
performed to an accuracy of �0.1 g.

Before each run, dry nitrogen gas was passed through the autoclaves
for 10 to 20 min to remove any atmospheric gases. During experiments,

Table 1. Fugacities and mole fractions of gas species at 280°C. The values of log f Cu3–4Cl3–4 � (H2O)n were subjected to a “Poynting
correction” that was typically about 0.25, 0.29 and 0.34 bars at temperatures of 280, 300 and 320°C, respectively.

Temp. (°C) H2O (ml)
log f H2O

(/bar) log X Cu3–4Cl3–4 � (H2O)n

log f Cu3–4Cl3–4 � (H2O)n

(/bar)

280 2.03 1.64 �7.78 �5.92
280 2.22 1.67 �7.77 �5.87
280 2.41 1.69 �7.54 �5.61
280 2.49 1.70 �7.48 �5.53
280 2.58 1.71 �7.49 �5.52
280 3.67 1.72 �7.31 �5.33
300 2.13 1.69 �7.94 �6.02
300 2.31 1.71 �7.49 �5.53
300 2.70 1.75 �7.71 �5.68
300 3.10 1.79 �7.48 �5.39
300 3.26 1.80 �7.20 �5.09
300 3.40 1.81 �7.51 �5.39
300 3.46 1.81 �7.10 �4.97
320 3.16 1.79 �7.51 �5.35
320 2.96 1.81 �7.61 �5.42
320 3.13 1.82 �7.64 �5.42
320 3.33 1.84 �7.17 �4.92
320 3.52 1.85 �7.41 �5.12
320 3.72 1.86 �7.30 �5.00
320 3.88 1.87 �7.11 �4.78
320 4.07 1.89 �7.18 �4.83
320 4.26 1.89 �7.22 �4.85
320 4.55 1.90 �7.15 �4.75

Table 2. Fugacities and mole fractions of gas species at 320°C and a constant fH2O of 80.0 bars. The values of log f Cu3–4Cl3–4 � (H2O)n were
subjected to a “Poynting correction” that was typically about 0.38 bars.

Temp. (°C) H2O (ml) pH
log fHCl

(/bar) log X Cu3–4Cl3–4 � (H2O)n

log f Cu3–4Cl3–4 � (H2O)n

(/bar)

320 5.17 3.73 �3.30 �7.25 �6.87
320 4.53 3.61 �3.18 �7.29 �6.91
320 4.47 3.29 �2.86 �7.26 �6.88
320 4.67 3.00 �2.57 �7.15 �6.77
320 4.51 2.66 �2.23 �7.37 �6.99
320 4.52 2.35 �1.92 �7.26 �6.88
320 4.45 2.26 �1.83 �7.28 �6.90
320 4.54 1.97 �1.54 �7.26 �6.88
320 4.56 1.84 �1.41 �7.28 �6.90
320 4.48 1.67 �1.24 �7.33 �6.96
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autoclaves were loaded with an open quartz-glass ampoule which
contained copper (I) chloride powder (Alfa Aesar, 99% purity) in a
narrow quartz-glass tube, packed with porous quartz-glass wool at
either end. Cu(I)Cl was chosen as a reagent, as copper is dominantly
univalent in ore-forming solutions (Wood and Samson, 1998), and the
nitrogen purge would remove potential oxidants. A known volume of
nanopure water was placed in the bottom of the autoclave using a
pipette to prevent contact of the solution with the solid CuCl. The
volume of water placed in the autoclave corresponded to an amount
that would ensure that the system was liquid-undersaturated at the
experimental conditions, and that copper dissolution was entirely in the
dry vapor phase. It was assumed that copper chloride would have a
much lower vapor pressure than water. Therefore, the total pressure in

a run was assumed to be equal to that of pure water vapor. This pressure
was calculated by using the autoclave volume and the equation of state
for water of Kestin et al. (1984).

In experiments conducted to investigate the effect of PHCl on the
solubility of CuCl in vapor HCl was added to the nanopure water in
quantities that yielded solutions with pH values from 1.7 to 3.7, and
ensured the vapor was liquid-undersaturated. The PHCl of the vapor was
calculated from the pH of the solution at 25°C and an assumption that
1 mol of [H]� would produce one mole of HCl in the gaseous phase at
the temperature of investigation (Ruaya and Seward, 1987; Tagirov et
al., 1997).

After each run, the autoclave was quenched rapidly by placing it in
a cold-water bath, and passing a stream of compressed air over it, until
room temperature was attained. The quartz-glass capsules containing
the copper chloride charge were then removed from the vessel and 1
mL of nitric acid (Fisher Scientific Optima�-grade HNO3) plus 1 to 3
mL of nanopure water were added to dissolve any copper on the wall
of the autoclave. The quartz-glass holders were not washed (see be-
low), but the titanium covers were washed several times to remove any
condensate. Concentrations of copper dissolved in condensates and
washing solutions were determined by instrumental neutron activation
analysis (INAA) with a detection limit of 0.2 ppm.

The final step of the experimental procedure was to analyse the spent
copper chloride charges using X-ray diffraction. These analyses
showed that the charges consisted of nantokite (CuCl) and traces of
atacamite (Cu2Cl(OH)3). The atacamite is interpreted to have formed
during quenching and/or exposure to atmospheric moisture before
analysis.

Two potential, but important, sources of experimental error are
condensation on the colder parts of the autoclave during runs, and
partitioning of Cu from vapor into liquid. Condensation during an
experiment may produce an irreversible transfer of copper from the
sample to the autoclave wall during cooling or heating, and this could
lead to considerable overestimation of metal solubility in the vapor
phase. To minimize this effect, the holder for the copper chloride
reagent was not washed with nitric acid when recovering the conden-
sate. The second potential source of error is partitioning of copper from
vapor into liquid (water) during heating or quenching. The much higher
solubility of Cu in the liquid (several orders of magnitude) could result
in appreciable overestimation of the solubility of Cu in the vapor.
However, neither of these processes seems to have been significant in
the experiments, as the kinetic runs (see below) do not show evidence
of increasing concentration with time (i.e., a transport reaction), or a
scattering of concentrations (i.e., condensation).

3. RESULTS

To determine the duration necessary to reach equilibrium,
and investigate problems associated with experimental errors, a
series of experiments of variable duration (kinetic runs) were
performed. These experiments were conducted for run times of
1 to 15 days, at 320°C and for a bulk density close to that of
liquid-saturated vapor. At this temperature, equilibrium was
attained after 6 days (Fig. 2). In experiments at 320°C, auto-
claves were left in the furnace for at least 12 days, while at
280°C this time was extended to 21 days. Figure 2 shows that
once equilibrium was attained, Cu solubilities were reproduc-
ible to approximately �12%. If condensation had occurred on
the inner surface of the autoclave at the run temperature, the
concentrations measured should not have been reproducible.

Three isotherms (280, 300, 320°C) were chosen to evaluate
the solubility of copper chloride in the vapor phase. Twenty-
three HCl-free experiments were conducted to investigate the
effect of fH2O

on copper solubility (Table 1), while an additional
10 experiments, all at 320°C, were performed to investigate the
effect of fHCl at constant pressure (Fig. 3, Table 2). The vapor
pressure in the CuCl-H2O system varied from 53 to 100 bars,
and was close to that of the liquid-vapor boundary.

Fig. 1. Section through a titanium autoclave of the type used in this
study. The autoclaves were constructed from titanium alloy (grade 2
ASTM B348). The ampoule contains the solid CuCl reagent packed
between two layers of quartz wool.
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The results of our experiments show that copper concentra-
tions correlate positively with PH2O

at 280, 300 and 320°C (at
constant PHCl), indicating that the solubility of copper in the
vapor phase depends on the fugacity of H2O (Fig. 4). By
contrast, experiments performed at 320°C and constant PH2O

indicate that CuCl concentration is independent of PHCl (Fig.
3). Our experiments also show that copper solubility is retro-
grade over the temperature interval 280 to 320°C and PH2O

from 53 to �100 bars (Fig. 5).

4. DISCUSSION

As the concentration of copper in the vapor increases with
increasing fH2O

, it can be assumed that the dominant species has
the stoichiometry CuClm�1(H2O)n

gas. The formation of this
species can be described by the reaction:

CuClgas � m � HClgas � n � H2O
gasº CuClm � 1 � (H2O)n

gas

�
m

2
� H2

gas (1)

where n is the hydration number of the copper species in vapor,
and CuClgas represents the vapor pressure of CuClgas over

CuClsolid. This equation can also be used for non-hydrated
species such as CuCl2 and CuCl3.

In our study, the experimental method was designed to
investigate the dependence of copper concentration on the
fugacity of H2O, and does not allow differentiation among
species with the same metal-ligand ratio (i.e., CuCl is indistin-
guishable from Cu3Cl3). We are therefore able to determine the
ratio of Cu:Cl, but not the absolute number of Cu and Cl atoms
in the molecule.

4.1. Thermodynamic Approach

Data from our experiments were interpreted assuming that
the vapor was an ideal mixture of non-ideal gases (cf., Marshall

Fig. 2. Solubility of copper, at PHCl � 0 and PH2O � 103.5 bars, as
a function of time. Data suggest that equilibrium was attained after
6 days at 320°C.

Fig. 3. Plot of log f CuCl versus log f HCl (constant f H2O) at 320°C.
The zero slope of the data distribution indicates that CuCl solubility
was independent of log f HCl, and that the copper-bearing species has
the stoichiometry CuCl(H2O)n.

Fig. 4. Plots of log f CuCl versus log f H2O (at constant f HCl) at
three isotherms (a, 280°C; b, 300°C; c, 320°C). The slopes are 7.6, 6.0
and 6.1 at temperatures of 280, 300 and 320°C, respectively. This
suggests that the stoichiometry of the Cu-bearing species is
CuCl(H2O)8–6 assuming a momomer form, or Cu3Cl3(H2O)8–6 for the
trimer.
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1972, Armellini and Tester 1993, Migdisov et al. 1999,
Archibald et al. 2001). The equilibrium constant for reaction 1
is given by:

logKf � logfCuClm � 1 � (H2O)n �
m

2
� logfH2 � n � logfH2O

�m � logfHCl � logfCuCl (2)

Differentiating log K with respect to log fHCl, while holding
temperature, fO2

and fH2O
constant, and considering that the

equilibrium constant of a homogeneous gaseous reaction is
independent of total pressure, Eqn. 2 becomes

��log fCuClm�1(H2O)n

�log fHCl
�

T, fO2, fH2O

�m (3)

where m, the chlorine ligation number, is the slope of a trend
describing the experimental data by the orthogonal co-ordi-
nates, log fCuClm�1(H2O)n and log fHCl.

The hydration number of the vapor species was calculated in
a similar manner. Differentiating Eqn. 2 with respect to log fH2O

(using the approach outlined in Archibald et al. (2001) we
obtain:

��log fCuClm�1(H2O)n

�log fH2O
�

T, fO2, fHCl

� n � ��log fCuClgas

�log fH2O
�

T. . .

(4)

As the system investigated was not homogeneous (i.e., it
contained both solid and vapor), we applied a “Poynting cor-
rection” to make it effectively homogeneous for the purpose of
thermodynamic description (Sandler, 1989; p. 225). This in-
volved correcting the change in pressure of CuClgas over the
crystalline phase from that for a total pressure of P1 � 1 bar
(standard state) to that for P2, the pressure of the run:

ln
f 2

0

f 1
0 � �

P1

P2

V0

R � T
dP (5)

As changes in the molar volume of the copper chloride
(solid) with temperature are negligible at the experimental

temperatures (280, 300, 320°C), we assumed that V° is constant
and that Eqn. 5 can therefore be expressed as:

ln
f 2

0

f 1
0�

VX � (P2 � P1)

R � T
(6)

where V° is the molar volume, CuCl � 23.91 cm mol�1, and
f 1

° and f 2
° are the fugacities of this component in states 1 and 2.

Substituting Eqn. 6 into Eqn. 4 we now obtain

��log fCuClm�1(H2O)n

�log fH2O
�

T, f O2, f HCl

� n � �Vª � (P2�P1)

R � T � (7)

4.2. Data Analysis

In our calculations, we assumed that fHCl was negligible
(when HCl was present in the experiments) compared to fH2O

.
Values of fH2O

were calculated from the equation of Kestin et
al. (1984), and the fugacity of CuClm�1(H2O)n in vapor was
calculated from the concentration of copper in quenched con-
densate (Tables 1 and 2). The mole fraction of copper is
therefore given by the equation:

XCuClm�1 � (H2O)n � �MCuClm�1 � (H2O)n

MH2O
� (8)

where M is the number of moles of the corresponding com-
pound in 1000g of H2O.

It was further assumed that

log fCuClm�1 � (H2O)n � log XCuClm�1 � (H2O)n � log fH2O (9)

i.e., the gas phase was an ideal mixture, and therefore obeyed
Raoult’ s Law.

The results of our thermodynamic interpretations of the data
are presented in Tables 1 and 2, and express the concentrations
of copper chloride species as mole fractions and fugacities.
Values of log fCuCl are shown as a function of fHCl at 320°C in
Figure 3, and indicate that CuCl solubility is independent of
fHCl at constant fH2O

. This relationship further suggests that
there is one dominant copper species in the vapor, and that it
has a ratio of Cu:Cl � 1:1 (e.g., CuCl(H2O)n, Cu3Cl3(H2O)n,
etc.). An early transpiration investigation of the Cu-HCl system
by Brewer and Lofgren (1950) discovered that copper could
form several vapor species including the monomer (CuCl),
dimer (Cu2Cl2), trimer (Cu3Cl3) and tetramer (Cu4Cl4). Later,
Peterson (1973) and Shiller (1976), using transpiration mass
spectroscopy, showed that Cu3Cl3 and Cu4Cl4 were the dom-
inant copper chloride species in vapor, and this was confirmed
by Krabbes and Opperman (1977). It therefore seems likely that
the Cu:Cl ratio of 1:1 interpreted from our experiments reflects
dominance of either Cu3Cl3(H2O)n or Cu4Cl4(H2O)n.

Further evidence for the above conclusion comes from the
calculated hydration numbers. The hydration number of the
proposed vapor species Cu3–4Cl3–4 � (H2O)n was interpreted
from the variation of log fCu3–4Cl3–4 � (H2O)n

with log fH2O
at

constant log fHCl (as in Eqn. 7). From Figure 4, it is apparent
that fCuCl correlates positively with fH2O

. The data at 280°C,
which were collected from HCl-free experiments, yielded a
slope of 7.6, while those at 300 and 320°C yielded slopes of 6.0
and 6.1, respectively. These results indicate statistical hydration

Fig. 5. A plot of temperature (expressed as �1000/T in Kelvin)
versus log Kc comparing the results from the present study with those
of Xiao; 1999 (see text for further details). The solid line represents a
second order polynomial fit to the data.
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(solvation) numbers of �7.6 at 280°C, �6.0 at 300°C, and
�6.1 at 320°C for the above species. However, the possibility
of a vapor species with a monomer nucleus, CuCl(H2O)6–7.6,
can not be dismissed without further work.

To calculate the value of log K for the overall reaction (Eqn.
1), a slight modification is needed so that copper chloride is in
its standard state (i.e., solid). The equation becomes:

3 CuClsolid � n � H2O
gas � Cu3Cl3 � (H2O)n

gas (10)

Log K(10) values were calculated for each of the isotherms
investigated (Table 3). The equilibrium constants and errors for
reaction (10), when the vapor species is the trimer (Cu3Cl3), are
�21.46 � 0.05 (n � 7.6), �19.03 � 0.10 (n � 6.0), �19.45 �
0.12 (n � 6.1), at temperatures of 280, 300 and 320°C, respec-
tively. When calculated as the tetramer (Cu4Cl4), the corre-
sponding log K values become �22.46 � 0.05 (n � 7.6),
�20.03 � 0.18 (n � 6.0), and �20.45 � 0.12 (n � 6.1). The
errors are expressed as one sigma deviations and refer only to
experimental uncertainties.

The partition coefficient for Cu between the vapor (Cu3–4Cl3–4)
and 	 liquid (CuCl, CuCl2

�, CuCl3
2�, etc.) was calculated from

the concentration of the Cu3–4Cl3–4 � (H2O)6 vapor species,
determined using the log K’s derived above, and the concen-
tration of the Cu species in the liquid determined using log K’s
from Xiao et al. (1998). The vapor/liquid partition coefficients
calculated at a pH of 4 and a Cl� concentration of 1M are
0.00152, 0.00014 and 0.00003 at temperatures of 280, 300 and
320°C, respectively. These coefficients suggest that copper
chloride prefers the liquid phase at these temperatures and
vapor-saturated pressures, and that this preference is greatest at
320°C. As the hydration number was not constant for the
isotherms investigated, it is not possible to extract values of
fundamental thermodynamic parameters such as entropy, en-
thalpy and heat capacity from the data.

4.3. Comparison with Other Studies

There have been relatively few experimental studies of the
solubility of metals or metal chlorides in water vapor at ele-
vated temperatures and pressures, and most of them have dealt
with sodium chloride (Armellini and Tester, 1993; Bischoff et
al., 1986). Recently, however Barnes and Seward (1997), Xiao
(1999), Migdisov et al. (1999) and Archibald et al. (2001) have
investigated the solubility of mercury, copper, silver and gold,
respectively. These studies, except that of Barnes and Seward
(1997) on mercury, were conducted to obtain the hydration
number (stoichiometry) of the cation. Armellini and Tester
(1993) concluded that NaClgas has a hydration number of four
between 450 and 550°C and 100 to 250 bars, Migdisov et al.
(1999) concluded that AgClgas has a hydration number of three,

and Archibald et al. (2001) reported a variable hydration num-
ber for AuClgas, from 4 at 300°C to 2 at 360°C.

Xiao (1999) estimated the partitioning of copper between
liquid and vapor by measuring the solubility of CuCl(s) in the
two-phase (liquid and vapor) system NaCl-HCl-H2O at tem-
peratures from 360 to 400°C and NaCl molalities up to 7 M.
Native copper was added to control the redox state of the
system. The important conclusions of this study (summarized
in Williams-Jones et al., in press) were that 1) copper is
relatively soluble in the vapor phase; 2) the solubility is pro-
grade; 3) copper and sodium have very similar partition coef-
ficients; and 4) CuCl(s) dissolves congruently in the vapor as
the species CuCl � (H2O)n. The hydration number of the copper
species varies from unity at 360°C, to four at 380 and 400°C.
These conclusions are very similar to those of the present study
except that the hydration number of the copper species in the
vapor was lower, and the solubility of Cu in the vapor was
retrograde.

To compare our equilibrium constants with the concentration
constants (Kc) of Xiao (1999) we recalculated them for liquid
saturated conditions using the relationship employed by Xiao
(1999):

log Kc � log mCuCl � (H2O)n � n � log �H2O (11)

where Kc is the equilibrium relationship and �H2O is the
density of water. The two sets of data are compared in Figure
5 and agree well. They also indicate that the non-thermody-
namic concentration constant increases with increasing temper-
ature.

The high hydration numbers obtained in our study (�6)
would seem to support the idea that we are dealing with trimer
and/or tetramer copper species, which contrasts with the find-
ings for gold and silver that the vapor species have monomeric
nuclei (Archibald et al., 2001 and Migdisov et al., 1999, re-
spectively). Based on our experimental data, it is evident that
the hydration number decreases slightly with increasing tem-
perature (i.e., 7.6 at 280°C, to 6.0 at 320°C). A similar decrease
was noted in the Au-HCl-H2O system (Archibald et al., 2001),
and was attributed to a decrease in stability of the solvation
shell with increased temperature. This decrease was also noted
by Seward et al. (1996) for aquated Ag� in liquid AgCl
solutions up to 350°C, while Fulton et al. (2000) noted a similar
trend for Cu in aqueous CuBr2 solutions up to 325°C.

Using the thermodynamic data of Pankratz (1984), it was
possible to calculate the theoretical vapor pressure of CuClgas

and Cu3Cl3
gas at temperatures similar to those of the present

study. Considering the monomer first, values of log fCuCl are
calculated to be �17.10, �16.44, �15.81 at temperatures of
280, 300 and 320°C, respectively. These values increase by

Table 3. A summary of equilibrium constants derived in this study for the inferred trimer (Cu3Cl3) species, x � 3, and teramer (Cu4Cl4), x �
4.

Temperature
(°C) Reaction

Log K (� 1 � error)
x�3

Log K (� 1 � error)
x�4

280 XCuCl�7.6H2O � CuxClx � (H2O)7.6 �21.46 � 0.05 �22.46 � 0.05
300 XCuCl�6.0H2O � CuxClx � (H2O)6.0 �19.03 � 0.10 �20.03 � 0.18
320 XCuCl�6.1H2O � CuxClx � (H2O)6.1 �19.45 � 0.12 �20.45 � 0.12
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three orders of magnitude when partial pressures are calculated
as Cu3Cl3, i.e., the log fugacities of Cu3Cl3 are �13.87,
�13.31 and �12.79, respectively. In our experiments, log
fCuxClxnH2O

varied from �6.0 to �5.3 at 280°C, �6.0 to �5.0
at 300°C, and �5.5 to �4.8 at 360°C (at variable fH2O

). When
comparing the fugacities of the non-hydrated species with the
hydrated species determined in this study, it is evident that
hydration significantly enhances copper solubility; by as much
as seven orders of magnitude for trimer species and thirteen
orders of magnitude for monomer species.

Although the fugacities of the hydrated species in our study
appear superficially to indicate that solubility increases with
temperature, in fact they document retrograde solubility. This is
because fH2O

was higher in experiments performed at higher
temperature (Fig. 6). As proposed by Archibald et al. (2001) for
gold, we attribute this behaviour to the reduction in hydration
of the copper species with increasing temperature.

4.4. Geological Implications

It has long been known that the crystallization of magma in
porphyry systems causes volatiles (e.g., H2O, HCl, HF and
CO2) in the melt to exsolve, and that the exsolved orthomag-
matic phase is typically dominated by vapor, rather than liquid
(Henley and McNabb, 1978; Burnham, 1997). Despite this
latter observation and the persuasive arguments of Henley and
McNabb (1978) to the contrary, most researchers believe that
the bulk of copper transport is by the brine (Christiansen et al.,
1983; Candela and Holland, 1986; Manning and Pichavant,
1988; Candela, 1989; Cline and Bodnar, 1991). However,
recent micro-analytical studies of porphyry mineralization uti-
lizing LAM-ICP-MS have shown that the vapor is enriched in
Cu, Au and As relative to the corresponding liquid (Ulrich et
al., 1999; Heinrich et al. 1999). For example, as noted earlier
they showed that vapor-rich fluid inclusions at Bajo de la
Alumbrera (a large porphyry copper deposit in Argentina)
contain up to 3.3 wt.% Cu, while co-existing liquid-rich inclu-
sions only contain � 0.76 wt.% Cu.

Clearly the possibility that the vapor phase may play an
important role in the transport of Cu in the porphyry environ-

ment must now be given more serious consideration. We have
therefore used the results of our experiments to estimate the
minimum time required to form a hypothetical 50 million tonne
porphyry copper deposit with a grade of 0.5% Cu from a
CuCl-bearing vapor.

As HCl is an important component of volcanic gas discharge
(Symonds et al., 1994), we have used HCl flux rates to con-
strain the amount of copper that can be carried by the vapor.
Two rates were selected, namely those for White Island (110
tonnes of HCl per day; Le Cloarec et al., 1992) and Mount Etna
(300 tonnes per day; Buat-Ménard and Arnold, 1978). Note
however, that HCl fluxes up to 500 tonnes per day have been
reported for some volcanoes, e.g., Galeras in Columbia (Goff et
al., 1994). At 300°C and a water vapor pressure of 100 bars, we
would expect 278 ppm of copper to be present in the vapor as
a hydrated copper chloride complex. Using this value and a
HCl flux of 110 tonnes per day, it would take 22,400 yr to form
the hypothetical ore deposit specified above, assuming the
system is 100% efficient. Even with an efficiency of 40% it
would only take �56,000 yr to deposit the same amount of
copper. If we use a flux of 300 tonnes per day and an efficiency
of 40%, the same deposit can form in 20,500 yr. These dura-
tions are well within the 300 ka time-frame predicted by
Cathles et al. (1997) for a near-surface felsic intrusion to cool
to a temperature of 300°C.

Obvious limitations of the above calculations are that they
ignore the possibility that other gases, notably H2S, and SO2

may be more important in the transport of copper than HCl and
that phases like covellite and chalcocite may saturate at much
lower concentrations of copper than nantokite (CuCl). How-
ever, they do show that vapor transport can be appreciable and
could therefore play a more significant role in the formation of
economic copper deposits than was previously thought possi-
ble.

5. CONCLUSIONS

We have shown experimentally that appreciable concentra-
tions of Cu can be transported in chloride-bearing water vapor,
and that these concentrations are 10 orders of magnitude
greater than those of the water-free system. However, the
solubility is retrograde over the temperatures investigated (280
to 320°C). The reason for the high solubility is the formation of
a hydrated copper-chloride species via a reaction of the type:

xCuClgas � n � H2O
gas � CuxClx � (H2O)n

gas (12)

The copper-chlorine ratio for the nucleus of the species is 1:1
and the overall stoichiometry is interpreted to be Cu3–4Cl3–4

� (H2O)7.6, Cu3–4Cl3–4 � (H2O)6 and Cu3–4Cl3–4 � (H2O)6 at
temperatures of 280, 300 and 320°C, respectively. This reduc-
tion in the hydration number of the copper complex with
increasing temperature may explain why there is a correspond-
ing reduction in copper concentration (retrograde solubility).

At a geologically realistic temperature and HCl gas flux, our
data indicate that water vapor with chlorinities typical of or-
thomagmatic vapors has the potential to transport significant
concentrations (�280 ppm) of Cu. This vapor or its condensed
derivatives could theoretically form an economic copper de-
posit (50 million tonnes of 0.5% Cu) in �20,500 yr.

Fig. 6. Plot of log f CuCl versus log fH2O (at constant fHCl) at three
isotherms (280°C, 300°C and 320°C) using the regression equations
calculated in Figure 4, and illustrating the retrograde nature of Cu
solubility at these conditions. The shaded area represents the fH2O range
for each experiment.
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