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Solubility of chlorargyrite (AgCl) in water vapor at elevated temperatures and pressures
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ABSTRACT—The solubility of chlorargyrite (AgCl) in undersaturated water vapor was investigated at
temperatures of 300 to 360oC and pressures up to 180 bars. It was shown that the presence of water vapor
increases the concentration of AgCl in the gas (vapor) phase by between 1.5 and 2 orders of magnitude. This
phenomenon is attributed to the formation of hydrated gaseous particles. Silver chloride dissolved in water
vapor without changing its stoichiometry (congruent dissolution,Ag:Cl 5 1:1). On the basis of the experi-
mental data obtained in this study, the process of chlorargyrite dissolution, and the formation of hydrated
gaseous particles in water vapor can be described by the reaction:

AgClcryst. 1 3 z H2O
gas5 AgCl z ~H2O!3

gas

Considering thatAg is coordinated by three molecules of water and one molecule of chlorine in the
AgCl z (H2O)3

gasparticle, it was assumed that the silver atom is in fourfold coordination. The properties of the
AgCl z (H2O)3 particle were refined usingab initio molecular orbital calculations, and the stable geometry of
the particle was deduced to have C3 symmetry.

The temperature dependence of the equilibrium constant for the reaction controlling the formation of
AgCl z (H2O)3

gas is described by the equation:

logK~P51bar! 5 ~22.578 6 5.505! 2 ~0.0255 6 0.0045! z TK 2 ~11987.6 6 658.5!/TK

Preliminary calculations suggest that water vapor can transport significant quantities of silver, and that such
transport may play an important role in mobilizing silver in natural hydrothermal systems.Copyright © 1999
Elsevier Science Ltd

1. INTRODUCTION

An important characteristic of silver-depositing hydrothermal
systems is that there is extensive boiling (Sherlock et al., 1995;
Marshall et al., 1993; Norman et al., 1991; Ruvalcaba-Ruiz and
Thompson, 1988). Moreover, it has been argued, from a knowl-
edge of the chemistry of these systems and recent experimental/
theoretical studies, that boiling is the principal mechanism for
silver precipitation and accumulation (Marshall et al., 1993;
Norman et al., 1991; Spycher and Reed, 1989). Proponents of
this depositional mechanism, in most cases, have assumed that
metal transport is via the liquid phase. However, in a small
number of cases, significant concentrations of silver have been
detected in the gaseous emissions from volcanoes (Menyailov
and Nikitina, 1980; Joron et al., 1982; Olmez et al., 1986;
Crowe et al., 1987; Quisefit et al., 1989). For example, Gemmel
(1987) and Quisefit et al. (1989) report silver concentrations in
condensates collected from Momotombo volcano in Nicaragua
of 10–15 ppb and 5–8 ppb, respectively (the corresponding gas
temperatures were 450–770°C and 886°C). Comparable silver
concentrations (2 ppb) have also been reported (Christenson
and Wood, 1993) for condensates collected from Ruapehu
volcano, New Zealand; the gas temperature was 354°C. Addi-
tional support for the idea that silver can be transported by
vapor in appreciable concentrations is provided by analyses of
sublimates from volcanic gases. For example, sublimates from

Merapi volcano in Indonesia have been shown to contain up to
100 ppm Ag (Kavalieris, 1994). Other volcanoes producing
sublimates with high concentrations of silver include Mount St.
Helens, New Tolbachik, Momotombo and Etna (Symonds and
Reed, 1993; Novgorodova et al., 1997; Menyailov and Ni-
kitina, 1980; Quisefit et al., 1989; Joron et al., 1982).

A number of researchers have attempted to use thermody-
namic modeling to estimate metal concentrations in volcanic
gases (Symonds et al., 1987; Spycher and Reed, 1989; Sy-
monds and Reed, 1993; Getahun et al., 1996). The common
assumption of the modeling is that the metals are transported as
simple chloride or fluoride species (CuClgas, AgClgas, CsClgas,
etc.). However, these studies modeled the behavior of the gas
species using component fugacities, and did not take into
account reactions between the trace components dissolved in
the gas and the gas-solvent. This approach successfully de-
scribes high-temperature (800–400°C) gaseous transport of
metals, but because solvation (hydration in the case of an
aqueous solvent) is ignored, the approach underestimates the
capacity of the gas phase to transport metals at lower temper-
ature (100–400°C).

Inasmuch as silver is present mainly as chloride (and sulfide)
species in the aqueous phase of natural hydrothermal systems,
it is reasonable to predict that a high proportion of the silver in
the vapor phase of such systems is present as silver chloride
species. Several groups of researchers have reported experi-
mental data on the partial pressures of silver chloride com-
pounds over crystalline and liquidAgCl (Hildebrand and Lau,
1996; Tagirov et al., 1993; Gra¨ber and Weil, 1972; Visnapuu

*Author to whom correspondence should be addressed (artas@eps.
megill.ca).
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and Jensen, 1970; Chang and Toguri, 1974), but published data
on the behavior of silver in water vapor are restricted toab
initio calculations (Martinez et al., 1997; Shevkunov, 1996;
Shevkunov and Al’mukhrez, 1994). These latter studies have
predicted the coordination of silver in the first and second
hydration shells, and have estimated the energy of hydration,
but they have not deduced the basic thermodynamic properties
of the silver compounds in the vapor phase. The goal of the
present work was to obtain thermodynamic information on
soluble silver chloride species in water vapor at temperatures
up to 360°C and pressures up to 200 bars.

2. EXPERIMENTAL METHOD

The experimental method is similar to that used by Migdisov et al.
(1998). Experiments were carried out at temperatures between 300 and
360°C (Table 2) in an electric furnace (internal diameter 15 cm, height
50 cm) equipped with large aluminum or copper 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
three thermocouples, located at the top, bottom, and center of the
furnace. The vertical temperature gradient during a run was typically in
the range 1.0 to 2.5°C/m, but during the first 2 to 3 h it wasbetween 8
and 20°C/m due to the initially cold state of the autoclave. Temperature
during runs was measured with two chromel-alumel thermocouples,
located in the top and bottom of the furnace.

The experiments were performed in titanium autoclaves, and in-
volved measuring the solubility of synthetic chlorargyrite (AgCl) in
water vapor. The autoclaves were constructed from titanium alloy
(grade 2 ASTM B348, Fig. 1). Each autoclave was conditioned initially
with nitric acid to produce a protective layer ofTiO2 on the internal
surface. Autoclave volumes (100 cm3) 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 performed to an
accuracy60.1 g. Autoclaves were loaded with pre-weighed platinum
or quartz ampoules containing single crystals ofAgCl (nitrate, copper,
and iron concentrations,0.001%).

The ampoule was suspended near the top of the autoclave using a
titanium spring or quartz needle (Fig. 1). A known mass of distilled
nanopure water was placed in the bottom of the autoclave using a
syringe in order to prevent contact of solidAgCl with liquid H2O. The
mass of the water was determined by weighing the syringe before and
after introducing the water into the autoclave, and was accurate to
60.05 g. Care was taken to ensure that the introduced mass did not
saturate the system with liquid at the experimental conditions, and that
AgCl solubility was restricted to the vapor. Due to the extremely low
vapor pressure of silver chloride 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 autoclave volume and
the equation of state for water of Kestin et al. (1984).

Before each run, a current of nitrogen was passed through the
autoclave for 20 to 40 min to remove atmospheric gases. After the run,
the autoclave was air-cooled down to room temperature, and the
condensates were collected as samples. The ampoule was dried at
120°C for 1 to 2 h toremove water condensed on its walls and on the
AgClcrystal, and was then re-weighed.AgClcondensed on the walls of
autoclave was dissolved using 3 to 7 ml of nitric acid (pH5 0.5). The
concentrations of dissolved silver in the condensates and washing
solutions were determined by AA spectroscopy in graphite sample
tubes using a Zeeman 5100 spectrometer (Perkin Elmer) and ICP-MS
(Activation Laboratories Ltd., Ancaster, Canada).

Due to the fact that gaseous compounds with unusual stoichiometry
are commonly described for solid-vapor systems (Gra¨ber and Weil,
1972; Visnapuu and Jensen, 1970; Chang and Toguri, 1974), the
stoichiometry of the gaseous silver species was investigated by varying
the quantity ofHCl employed in experiments. TheHCl was added in
quantities that yielded solutions with pH values of 1.5, 2.5, 3.7, and 4.0.
Experiments were carried out at pressures close to that of saturated
water vapor and at temperatures of 330 and 360°C. Partial pressures of

HClgas and water vapor in the runs were calculated using the P-V-T
relations for hydrogen chloride-water mixtures at temperatures up to
500°C and pressures up to 1500 bars, reported by Bach et al. (1977).

A potential source of error in the method is condensation ofAgCl on
the cold parts of the autoclave during runs. The latter may occur if the
chloragyrite is at a higher temperature than other internal parts of the
autoclave, notably the walls, and could lead to considerable overesti-
mation of the solubility ofAgCl in the vapor phase. However, since the
autoclave was externally heated, it follows that temperatures were
highest at the walls and lowest in the center, i.e., the chloragyrite was
located in the coldest part of the autoclave. Thus, it is very unlikely that
any condensation occurred during heating and at the experimental
temperature. However, additionalAgCl could have been released from
the solid during quenching, and condensed on the cooler walls of the
autoclave together with theAgCl which had been dissolved in vapor at
the end of the experiment. Another possible source of error is parti-
tioning of AgCl from the vapor phase into the liquid (water) during
heating or quenching. Owing to the much higher solubility ofAgCl in
the liquid phase (several orders of magnitude higher), this could result
in gross overestimation of the solubility ofAgCl in the vapor phase.

Fig. 1. A section through a titanium autoclave of the type used in this
study. The autoclave contains a chlorargyrite-bearing platinum capsule.
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The issue of experimental error is discussed additionally in the next
section.

3. RESULTS

In order to investigate the possibility of significant experi-
mental error due to condensation ofAgCl on the walls of the
autoclave, we undertook a series of 10 blank experiments in an
atmosphere free of water vapor (nitrogen atmosphere,p 5
1–80 bar). The mass ofAgCl transported in each of these
experiments was less than the detection limit (,0.1 ppb) of the
analytical techniques (graphite furnace AA and ICP-MS),
thereby eliminating the possibility of error due toAgCl con-
densation. The issue of experimental error, particularly due to
partitioning of AgCl into the water, was further investigated
through a series of “kinetic runs”. Twenty-six experiments (11
runs at 360°C and 15 at 300°C) were carried out under constant
water pressure (close to the liquid/vapor phase boundary) for
durations ranging from 1 to 15 days. At 360°C, equilibrium was
attained after 7 days, whereas at 300°C the time required to
reach equilibrium was 8–9 days (Fig. 2, Table 1).

As is clear from Fig. 2, and Table 1, once equilibrium was
attained (runs of longer than 8 and 9 days duration at 360 and
300°C, respectively),AgCl solubilities were reproducible to
approximately615% of the absolute value. If there had been

significant condensation ofAgCl onto the autoclave walls or
partitioning of AgCl into the water during the experiments,
none of the experimental results would have been reproducible,
and consequently equilibrium would never have been attained.

A set of 31 experiments were conducted to evaluate vapor
phase solubility in theH2O-AgCl system at temperatures of
300, 310, 330, 340, 350, and 360°C and 9 experiments in the
H2O-AgCl-HClsystem at 330 and 360°C. Vapor pressure in the
H2O-AgClsystem varied from 20 to 160 bars, and was close to
that of the liquid-vapor phase boundary in the systemH2O-
AgCl-HCl.

The mole fraction ofAgCl in the vapor was calculated from
the silver concentration in the quenched condensate (Table 2).
Due to the low partial pressure ofAgCl, the total pressure in the
autoclave was effectively that ofH2O vapor. Consequently, the

mole fraction ofAgClSXAgCl 5
MAgCl

MH2O 1 MAgCl
D in the vapor

could be approximated asXAgCl >
MAgCl

MH2O
, whereM is number of

moles of the corresponding compound.
The dependence of the concentration of silver chloride in

water vapor on the partial pressure ofHCl is illustrated in Fig.
3. From this diagram, it is evident thatAgCl solubility is
independent of PHCl, within experimental error, at constant
temperature and partial pressure ofH2O. This indicates that
there was one dominant gaseous silver species with a stoichi-
ometry Ag:Cl 5 1:1, i.e., the formation of other species was
suppressed.

The concentrations ofAgCl in the vapor phase determined

Fig. 2. The solubility ofAgCl in the vapor phase as a function of
time. The data suggest that equilibrium was attained after 7 days at
360°C. Two extra days were required to attain equilibrium at 300°C.

Table 1. Solubility ofAgCl in the vapor phase as a function of time.

Time
(days) T°C

H2O
(gr)

P
(bar)

AgCl
(ppb)

1 360 15 183 0.0
2 360 15 183 5.3
3 360 15 183 21.3
4 360 15 183 50.8
5 360 15 183 48.4
6 360 15 183 63.3
7 360 15 183 80.1
8 360 15 183 86.6
9 360 15 183 87.2

10 360 15 183 81.1
11 360 15 183 86.4

1 300 4 81 0.0
2 300 4 81 0.9
3 300 4 81 0.0
4 300 4 81 0.6
5 300 4 81 1.4
6 300 4 81 1.1
7 300 4 81 1.7
8 300 4 81 3.6
9 300 4 81 4.4

10 300 4 81 5.4
11 300 4 81 5.0
12 300 4 81 5.7
13 300 4 81 5.1
14 300 4 81 5.3
15 300 4 81 5.3

Experimental results of the runs under constant water pressure for
durations ranging from 1 to 15 days (close to the liquid/vapor phase
boundary).

3819Solubility of chlorargyrite in water vapor



from our experiments are reported in Table 2, and shown as a
function of PH2O

in Fig. 4. From this figure, it can be seen that
the isothermal concentration ofAgCl in the vapor increases
sharply with increasingH2O pressure.

The partitioning ofAgCl into the water vapor results from
two processes that proceed in parallel, namely the dissolution
of chlorargyrite in the vapor phase, i.e., its solvation as
AgClvapor, and the development of a partial pressure ofAgClgas

over the crystalline phase. Concentrations ofAgClgas were
calculated for various values of PH2O

and measured autoclave
volumes. The calculations were made assuming inert behavior
of components, and the results of this calculation are illustrated
by the bold curves shown in Fig. 4. At PH2O

5 0, the mole
fraction ofAgClgasin the gas phase must be equal to unity, and,
in principle, its partial pressure can be estimated from data in
the literature for the uni-component system. Unfortunately,
there are no experimental data available on the partial pressure
of AgClgas vapor at temperatures lower than the melting point
of chlorargyrite (728 K or 454°C). Thus, the values for the
thermodynamic parameters that must be used to calculate
PAgCl

gas are all extrapolations from values measured at high-
temperature. Reliable calculation of PAgCl

gas is further compli-
cated by uncertainties in the high temperature data (Fig. 5), and
the fact that the differences in estimated pressures increase
sharply with decreasing temperature.

The partial pressure ofAgClgas over the crystalline phase is
constant at constant temperature (i.e., there is a fixed mass in
the constant volume autoclave), but the concentration of
AgClgas decreases with increasing PH2O

(Fig. 4). By contrast
AgCl solubility in the vapor phase (AgClvapor 1 AgClgas)
increases exponentially with increasing PH2O

at constant tem-
perature. Maximum estimates of PAgCl

gas are provided by the
equation of Tagirov et al. (1993), and, are similar to those
corresponding to the analytical detection limit in our experi-
ments (0.1–0.5 ppb). We, therefore, conclude thatAgClgasdoes
not contribute significantly to the total concentration ofAgCl in
the vapor phase.

Isobaric solubility trends were calculated by polynomial fits
to the isothermal dependencies (Fig. 6).AgClvapor concentra-
tions increase slowly with increasing temperature at constant
pressure, whereas theAgClsolubility (a maximum value) at the
investigated temperature decreases sharply with decreasing
temperature once the vapor is saturated with liquid.

4. DISCUSSION

4.1. Vapor-phase Speciation of AgCl

Silver chloride evaporation in the uni-component system
proceeds mainly in response to the following reactions (Hilde-
brand and Lau, 1996; Tagirov et al., 1993; Gra¨ber and Weil,
1972; Visnapuu and Jensen, 1970; Chang and Toguri, 1974):

AgClcryst. 5 AgClgas

3 z AgClcryst. 5 Ag3Cl3
gas

As has been demonstrated in several publications (Hildebrand
and Lau, 1996; Tagirov et al., 1993; Visnapuu and Jensen,
1970),AgClgas is the dominant species in the gaseous phase,
and its partial pressure is many times greater than that of
Ag3Cl3. It was, therefore, assumed that silver chloride evapo-

ration in theAgCl-H2O system is mainly in the formAgClgas,
and that participation ofAg3Cl3

gas is negligible. The first as-
sumption that is conventionally made in describing a gaseous
system is that of ideal behavior of the gaseous components. In
the present case, this means an ideal gaseous mixture of inert
components, where the concentration ofAgClgas in the gaseous
phase is governed by its partial pressure over the crystalline
phase. As was noted previously, this partial pressure (and mass
of AgCl in the gaseous phase) must be constant at constant
temperature and constant autoclave volume. Therefore, the
increase in theH2O

gas pressure (increasing mass in an auto-
clave of constant volume) must be accompanied by a corre-
sponding decrease in the mole fraction ofAgCl in the gaseous
phase:

XAgCl 5
MAgCl

MH2O 1 MAgCl
>

MAgCl

MH2O
(1)

The Gibbs-Pointing correction was used to describe the change
in the fugacity (f0) of the crystalline phase from that for a total
pressure ofP1 5 1 bar (standard state) toP2 5 pressure for the
run:

Table 2. Experimental results.

T°C
H2O
(g)

P
(bar)

AgClvap

(ppb)
X (AgClvap.)

X1010 logX

360 15 182.69 94.6 119.1 27.92
360 15 182.69 101.0 127.1 27.90
360 13 175.14 90.9 114.4 27.94
360 12 170.12 71.9 90.5 28.04
360 12 170.12 78.4 98.7 28.01
360 10 157.05 67.3 84.7 28.07
360 10 157.05 73.8 92.9 28.03
360 9 148.76 61.2 77.1 28.11
360 8 139.14 50.1 63.1 28.20
360 4 84.86 15.0 18.9 28.72
360 3 66.74 11.2 14.1 28.85
360 2 46.6 7.6 9.6 29.02
350 10 161.49 71.5 90.0 28.05
350 11 170.43 81.3 102.3 27.99
340 6 121.64 31.1 52.2 28.28
340 7 139.26 43.7 70.7 28.15
340 8 146.77 51.5 81.0 28.09
330 8 145.41 36.0 45.3 28.34
330 8 145.41 33.1 41.7 28.38
330 7 125.59 28.0 35.3 28.45
330 7.5 118.70 21.3 26.8 28.57
330 5 113.35 21.0 26.4 28.58
330 6 104.23 16.1 20.3 28.69
310 4 84.24 14.1 17.7 28.75
310 3 74.46 11.0 13.8 28.86
310 2 54.17 4.8 6.0 29.22
300 4 81.13 5.7 7.2 29.14
300 3 72.02 5.0 6.3 29.20
300 3.5 64.61 4.2 5.3 29.27
300 3 57.32 3.3 4.2 29.38
300 2 40.83 1.2 1.5 29.82

T°C is the temperature of the run, H2O is the mass of water added to
the autoclave (amount of water in the gas phase (g)), P is the water
vapor pressure' total pressure (bar), AgClvap is the concentration of
dissolved AgCl in the vapor phase (ppb), X (AgClvap.) is the mole
fraction of AgCl in the vapor phase, logX is the log of the AgCl mole
fraction corrected using the Gibbs-Pointing relationship.
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1n
f2
0

f1
o 5 E

P1

P2

V0

R z T
dP, (2)

Given that changes in theAgClmolar volume with temperature
are insignificant for the temperatures investigated, it was as-
sumed thatV0 is a constant and

1n
f2
0

f1
0 5

V0 z ~P2 2 P1!

R z T
(3)

(whereV0 is the molar volume ofAgCl 5 25.73 cm3/mol and
f1
0, f2

0 the fugacities of this component in states 1 and 2).
It is apparent from Fig. 4 that this assumption cannot be

applied to the experimental points at the studied conditions, and
that any description of the system must also take into consid-
eration some interaction among the components of the gaseous
mixture.

Possible interactions could be, firstly, the hydration of silver
chloride by water vapor (solubility), and secondly, the forma-
tion of new stable gaseous chemical compounds with specific
stoichiometry (chemical reaction). Given that there was no
change in stoichiometry (as was demonstrated in the runs with
HCl), the silver chloride concentrations in the vapor phase can
be described as resulting from dissolution ofAgCl in gaseous
H2O or as the formation of hydratedAgClvapor particles (effec-
tively the same thing).

In principle, the solubility ofAgCl can be modeled using
equations of state, e.g., Peng-Robinson or Benedickt-Webb-
Rubin. However, application of these equations of state re-

quires that the ideal gas limit of the species in question be
known precisely. Unfortunately, this is not the case forAgCl, as
discussed. An alternative approach to modelingAgCl solubil-
ity, which does not depend on Po

AgCl
gas , is to assume thatAgCl is

dissolved in the vapor phase as the hydrated complex
AgCl z (H2O)n, and that the hydration number of this complex
has a constant value. These assumptions lead to a relatively
simple description of the dissolution ofAgCl in the vapor, and
this, in turn, permits reduction of the data to a form which can
be easily used in thermodynamic models employed to interpret
natural systems (e.g., Symonds and Reed, 1993). In theory, the
hydration number may vary with temperature and pressure.
However, as discussed subsequently, within the limits of error
of our experiments, this value appears to be essentially constant
over the range of temperature and pressure conditions investi-
gated. This complex can be described to a first approximation
as a normal gaseous particle, characterized by constant stoichi-
ometry and having standard properties of gaseous compounds,
such as partial pressure and fugacity. TheAgCl solubility in
water vapor is represented by the reaction

AgClcryst 1 nH2O
gas5 AgCl z ~H2O!n

gas (4)

This model is semi-empirical, and based directly on classical
equilibrium thermodynamics. A similar approach was used by
Martynova (1964), Styrikovich (1969), Galobrades et al.
(1981), Alekhin and Vakulenko (1988), and Armellini and
Tester (1993) to model experimental data in theNaCl-H2O
system, and, as discussed by Armellini and Tester (1993), the
solubilities predicted with this approach agree very well with

Fig. 3. Concentration of silver chloride in water vapor versus the partial pressure ofHCl gas. The zero slope of the data
distribution indicates thatAgCl solubility was independent of PHCl.
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those predicted by the more complicated Pitzer-Palaban model
(Pitzer and Palaban, 1986).

Assuming, that the fugacity ofAgCl z (H2O)n
gas can be

approximated as:

fAgCl z ~H2O!n
> fH2O z XAgCl z ~H2O!n (5)

whereXAgCl z (H2O)n is the mole fraction of the hydrated com-
plex andfH2O

is the water fugacity, the equilibrium constant of
reaction (4) can be written as:

logK4 5 logXAgCl z ~H2O!n 1 logfH2O 2 n z logfH2O 5

5 logXAgCl z ~H2O!n 2 ~n 2 1! z logfH2O (6)

To a first, rough approximation, it can be assumed that the
fugacity coefficients of the components in a vapor solution do
not differ greatly from unity, and the total pressure in the
system is equal to the pressure of water. The equations relating
the mole fraction ofAgCl z (H2O)n

gas, partial pressure of water
and total pressure of the system can be obtained from Eq. 6 as
follows:

logXAgCl z ~H2O!n 5 ~n 2 1! z logfH2O 1 logK4 (7)

SlogXAgCl z ~H2O!n

logP D
T

> n 2 1 (8)

The hydration number (n) can be determined by the slope of the
trend of log XAgCl z (H2O

)n in water vapor, versus log PH2O

(Eqs. 7 and 8). This relationship is illustrated in Fig. 7.
It is evident from Fig. 7 that the slope is;2 for the temper-

atures investigated. The relatively constant slope for all these
temperatures confirms, to a first approximation, the assumption
of constant stoichiometry of the hydrated complex. However,

Fig. 4. AgCl concentrations in the vapor versus the pressure in the
system. Due to the low partial pressure ofAgCl vap., the total pressure
in the autoclave was effectively that of the water. The heavy solid lines
show the silver chloride concentration calculated assuming no hydra-
tion of AgCl. The calculations were done using the data onAgCl gas

vapor pressure over crystalline chlorargyrite reported by Tagirov et al.
(1993).

Fig. 5. Published experimental measurements and predicted values
of PAgClgas over chlorargyrite. The diagram omits some high temper-
ature data (1150 to 1700 K), which appear in publications between
1920 and 1952.

Fig. 6. Isobaric solubility trends obtained from polynomial fits of the
experimental data. The heavy solid line represents liquid1vapor satu-
ration.
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the size of the experimental error only permits estimation of the
hydration number (n) to a precision of one integer. We, there-
fore, cannot rule out the possibility that small variations in the
hydration number (n) ofAgCl with temperature in the system
investigated by our experiments were hidden by experimental
error. As the slope in Fig. 7 represents the term “n-1”, we

therefore conclude that the above complex has a hydration
number of 3, and we interpret this complex to be
AgCl z (H2O)3

gas. Identical results were obtained using vapor
densities instead of partial pressures of water.

AgClcryst 1 3 z H2O
gas5 AgCl z ~H2O!3

gas (9)

In systems of real gases, estimation ofAgCl solubility is com-
plicated by the non-ideal behavior of the components and the
vapor solution. Fugacity coefficients of water at the conditions
of our experiments differ from 1 and have a pressure depen-
dence. In order to more accurately describe a system involving
real gases, Eq. 8 may by replaced by the following equation:

SlogXAgCl z ~H2O!n

logP D
T

5 ~n 2 1!H1 1 SlogwH2O

logP D
T

J (10)

The essential difference between the two equations is that,
whereas Eq. 8 describes a linear dependence between log
XAgCl z (H2O)n and log PH2O

, Eq. 10 yields a slope, the vari-

ability of which depends on the size of the termSlogwH2O

logP D
T

.

Interpreting our data using this equation and the equation of
state for water of Kestin et al. (1984), we obtain hydration
numbers n, of 3.26 0.7 at 300°C and 4.26 0.7 at 360°C,

Considering that silver is coordinated by three or four mol-
ecules of water and one of chlorine in the species
AgCl z (H2O)3

gas, it seems reasonable to predict that the silver is
in five- or fourfold coordination. Significantly, tetrahedral or
fourfold coordination has been interpreted forAg1 in both
water vapor and aqueous solutions. In the case of univalent ion
hydration in the vapor phase, the coordination has been mod-
eled by Monte Carlo and molecular dynamic simulations (Mar-
tinez et al., 1997; Shevkunov, 1996; Shevkunov and
Al’mukhrez, 1994; Abraham and Matteoli, 1983). In the aque-
ous phase, the coordination of the first hydration shell around
the univalent silver ion has been shown to be tetrahedral using
electron spin echo modulation (Kevan et al., 1977; Narayana et
al., 1978), ultraviolet spectroscopy (Texter et al., 1983) and
X-ray absorption (EXAFS) spectroscopic studies (Seward et
al., 1996; Yamaguchi et al., 1984). In view of the above
discussion, further interpretation of the nature of the
AgCl z (H2O)n

gas species assumes that Ag is in fourfold coor-
dination.

4.2. Ab initio calculations

The structure ofAgCl z (H2O)3
gaswas refined with the aid of

ab initio molecular orbital calculations conducted at the
MP2(FULL)/ LanL2DZ level of theory. The calculations were
carried out using the Gaussian 94 (1995) suite of programs on
DEC 8400 5/30 and SGI Origin 2000 workstations. Vibrational
frequencies were obtained from numerical second derivatives
calculated at the MP2(FULL)/LanL2DZ level of theory, in
order to verify that the structures computed were local minima
on the potential energy surface. Starting with different initial
geometries, two potentially stable structures (structure I and
structure II) were identified and their geometries optimized
(Fig. 8). The vibrational analysis confirmed that the structures
represent local minima on the potential energy surface. For the
singlet states considered, the zero-point corrected electronic

Fig. 7. Plots of values of log of logXAgCl z (H2O)n versus log PH2O
. The

bars indicate the experimental error. The slope of;2 for the these
temperatures suggests the stoichiometryAgCl z (H2O)3.
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energy is 0.8 kcal/mol lower for structure II, suggesting that
this structure have the more stable form.

Structure I can be derived from that ofAg(H2O)4
1, in which

water molecules coordinated to the silver atom occupy the
vertices of a regular tetrahedron. Replacement of one of these
water molecules by a chlorine atom gives rise to structure I,
which has distorted tetrahedral symmetry. As a result of this
replacement, water molecules closest to the chlorine atom
display a significant OH stretch (0.9926 compared with 0.97
for isolated water), appreciable opening of the HOH angle and
a tilt angle (i.e., angle betweenAg-O bond and the water plane)
of 49°. The water molecule opposite the chlorine atom has a tilt
angle of 8.3°. Structure II has C3 symmetry, the water mole-
cules are slightly more distorted compared to those of the first
structure (OH stretch 0.9946 and HOH angle 113°), and the
tilt angle is 34°. Net charges on the silver atoms indicate that,
in both structures, a significant amount of charge is transferred
to the silver atoms from the coordinated solvent molecules.
This suggests that the interaction of silver with the ligands is
not entirely electrostatic. The energy required to promote the
AgCl z (H2O)3 cluster from the solution to the gas phase was
estimated using the Onsager reaction field model. At the ex-

perimental temperatures, these energies are 9.1–8.5 kcal/mol
for structure I and 2.5–2.3 kcal/mol for structure II. The lower
energy associated with structure II can be attributed to a lower
dipole moment and lower solvent polarization energy. From the
various lines of evidence discussed above, it seems likely that
silver dissolved in the vapor phase asAgCl z (H2O)3

gas occurs
dominantly as structure II, and that the thermodynamic prop-
erties, which have been derived for this species refer to a
conformer with the geometry of structure II.

4.3. Thermodynamic data and application to natural
systems

Equilibrium constants for reaction (9) were calculated from
the experimental data described earlier and are presented in
Table 3 (for Ptotal 5 1 bar). The temperature dependence of the
log K of reaction (9) at a pressure of 1 bar is given by the
following equation, which was fitted to the experimental data:

logK~ p51bar! 5 ~22.5786 5.505! 2 ~0.02556 0.0045! z TK

2 ~11987.66 658.5!/TK (11)

The Gibbs free energies ofAgCl z (H2O)3
gas were calculated

from the log K values obtained from Eq. 11. Thermodynamic
data forH2O

gas were taken from Kestin et al. (1984) and the
properties of chlorargyrite were obtained from Robie et al.,
(1978).

The entropy and heat capacity ofAgCl z (H2O)3
gas were cal-

culated using the following equations:

SDGf
0

T
D 5 2 S (12)

SSf
0

T
D 5

Cp

T
(13)

The standard thermodynamic properties ofAgCl z (H2O)3
gaspar-

ticle were estimated asDG298
o 5 –678303 J/mol, S298

o 5 573.5
J/(mol z K). It should be noted that these estimates are based on
experimental data collected over a narrow temperature range,
i.e., 300 to 360°C, and that significant errors may be associated
with the calculation of free energies outside this temperature
range.

In order to facilitate the application of our data to natural
systems, we calculated the liquid-vapor partition coefficient (D)
for the AgClcryst 2 H2O

liquid 2 H2O
vapor system at the exper-

imental temperatures and saturated water vapor pressure. Par-
tition coefficient calculations were performed using the HCh
computer code, which uses an algorithm, based on Gibbs free

Fig. 8. Illustrations of the results ofab initio molecular orbital
calculations of the optimal geometry ofAgCl z (H2O)3

gas.

Table 3. Values of log Kf, calculated from the experimental data for
the reactionAgClcryst. 1 3 z H2O

gas 1 AgCl z (H2O)3
gas.

T°C log Kf experimental log Kf fitted 6error

360 212.53 212.525 20.005
350 212.537 212.573 0.036
340 212.507 212.632 0.125
330 212.707 212.700 20.007
310 212.668 212.871 0.203
300 212.975 212.975 0
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energy minimization (Shvarov 1976, 1978). The data on aque-
ous Ag species were taken from SUPCRT 92 (Johnson et al.,
1992). The results of our calculations are presented as mass
distribution coefficients (Agvapor mol z l21 / Agaqueous

mol z l21), and were fitted by the following equation:

D 5 ~ 2 0.106 0.01! 1 ~9.64 z 1024 6 9.3 z 1025!

z T0C 2 ~3.1 z 1026 6 2.8 z 1027! z T0C2

1 ~3.32 z 1029 6 2.8 z 10210! z T0C3

All coefficients calculated are in the range of 1.78z 10-5 to
5.12z 1024, meaning that silver concentrations in the vapor
phase are;4–5 orders of magnitude less than those calculated
for liquid water.

Although these data indicate thatAgCl partitions strongly
into the liquid phase, they suggest, nevertheless that apprecia-
ble quantities of silver may be transported in the vapor phase of
natural hydrothermal systems. It should be noted, however, that
the silver concentrations of the experimental condensates (up to
100 ppb) are 1–1.5 orders of magnitude greater than those
reported for volcanic fumaroles (5–10 ppb) (Gemmel, 1987;
Quisefit et al., 1989). This can be attributed, both to the fact that
the pressure of the water vapor in such fumaroles is typically
lower than that of liquid-saturated water vapor, and that the
dissolved silver is unsaturated with respect toAgCl(s). How-
ever, it is important to note that chlorargyrite occurs mainly as
a secondary mineral formed by weathering, and that fumarolic
vapors may be close to saturation with other silver phases, e.g.,
argentite/acanthite (Ag2S). This could be readily determined by
calculating the saturation indices of these minerals from knowl-
edge of their solubility, and data on the concentrations of
components involved in transport and deposition, such asCl
andS.

In order to illustrate the possible role of the vapor phase in
silver transport, we have developed a thermodynamic model to
track the removal of silver from rock during progressive inter-
action with water vapor. Speciation calculations were per-
formed using the HCh computer code (see previous text). For
simplicity, we have restricted the system to the five elements:
Ag, Cl, S, O, andH. Chloragyrite was used to represent the Ag
phase, and quartz, the inert host-rock. A quartz column con-
taining 5 ppm AgCl was subdivided into 44 segments, or
reactors, each having a mass of 1 kg, and differing in temper-
ature from the preceding reactor by 5°C temperature ranged
from 370°C at the bottom of the column to 150°C at the top.
The pressure in each reactor was that of saturated water vapor.
A 1 kg aliquot of water vapor was introduced at the base of the
column and allowed to proceed linearly upward, equilibrating
successively with the reactors in the column. This single batch
experiment simulated the alteration of the column at a fluid/
rock ratio of 1:1. In order to evaluate the effects of higher
fluid/rock ratios, additional 1 kg aliquots of fluid were passed
through the previously altered column and brought to equilib-
rium with each reactor along the path.

The results of our simulation are shown in Fig. 9. As it is
evident from this figure, there is appreciable mobilization of
silver. After reaction with the first 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 upward, 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 increased to 6 ppm, and the
temperature of this maximum had decreased to 355°C. Most
significantly, all the silver formerly present in reactors at 5°C
above this temperature (the first two reactors) had been re-
moved. With further additions of fluid, the peak gradually
became better defined, and continued to migrate to lower tem-
perature; 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°C. Again, as
noted previously, all the silver had been removed from reactors
at temperatures.5°C above those of the maxima.

Although, highly idealized, the calculations presented above
are supported by data for natural systems. For example, Joron
et al. (1982) have shown, in a series of silica tube experiments
at Etna, that the silver content of sublimates reaches a peak
value, increasing from approximately 0.2 ppm at 860°C to a
maximum of 35 ppm at a temperature of;300°C. We, there-
fore, conclude that water vapor is an effective agent for the
transport of silver in vapor-dominated hydrothermal systems at
temperatures above 300°C, e.g., fumarolic systems where con-
centrations up to 100 ppm have been reported in sublimates
(Kavalieris, 1994), and an important vehicle for the redistribu-
tion of silver in many boiling hydrothermal systems.

5. CONCLUSIONS

We have shown experimentally that significant concentra-
tions of AgCl can be transported in water vapor, and that these
concentrations are 1.5–2 orders of magnitude greater than those
for the water-free system are. The silver chloride is interpreted
to be present in the vapor phase as a species having the
stoichiometryAgCl z (H2O)3

gas: This species, in turn, is inter-
preted to have been produced in our experiments via the reac-
tion:

AgClcryst. 1 3 z H2O
gas5 AgCl z ~H2O!3

gas

The equilibrium constant for this reaction can be calculated
from the relationship:

logK~P51bar! 5 ~22.5786 5.505! 2 ~0.02556 -0.0045!

z TK 2 ~11987.66 658.5!/TK.

Within the limits of experimental error, the behavior of
AgCl z (H2O)3

gasapproximates that of an ideal gaseous particle,
and, based onab initocalculations, this particle is interpreted to
have a psueudo-bipyramidal form with C3 symmetry.

An idealized model developed using our data for the solu-
bility of chloragyrite in water vapor suggests that water vapor
is an effective agent for the transport of silver in vapor-domi-
nated hydrothermal systems, and an important vehicle for the
redistribution of silver in many boiling hydrothermal systems.
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