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INTRODUCTION

At many epithermal and massive sulfide deposits,
gold and silver are contained in the form of tellurides
and selenides (Lindgren, 1933; White and Hedenquist,
1995; Richards, 1995; Kovalenker, 2004). Thereby,
gold correlates more closely with Te, and silver, with Se
(Lindgren, 1933; Heald et al., 1987). The physical and
chemical causes of these relationships are not clear, pri-
marily because of insufficient thermodynamic informa-
tion on Se and Te aqueous species and their complexes
with noble metals under hydrothermal conditions.
Meanwhile, it is known that sulfide sulfur, a close
chemical analogue of these elements, to a great extent
controls Au and Ag solubility and transport in hydro-
thermal fluids, owing to the formation of fairly stable
hydrosulfide complexes of those metals (Barnes, 1979;
Gammons and Barnes, 1989; Zotov and Baranova,
1995; Benning and Seward, 1996).

This paper is a first step in the attempt to find a quan-
titative explanation of the processes that lead to Au–
Ag–Te–Se mineralization by considering the Ag–Se
subsystem. The objective of this study is to compile, on
the basis of available experimental information, an
internally consistent thermodynamic database for the
Ag–Se (–II, 0, +IV)–S (–II, +VI)–Cl–O–H system that
would be fit for predicting the chemical properties of
species within a broad range of temperatures (0–600

 

°

 

C)
and pressures (1–3000 bar). The only summary on the
Se–O–H subsystem (D’yachkova and Khodakovsky,
1968) available to date in the literature was prepared
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without consideration of modern precision methods for
describing aqueous species. Therefore, its use is
restricted to a narrow range of temperatures and pres-
sures, which does not embrace the entire hydrothermal
region. The summary of thermodynamic data published
by Xiong (2003) is also based on estimates reported by
D’yachkova and Khodakovsky (1968) and does not
take into consideration the possible existence of Ag
hydroselenide complexes.

Our database may be used for development of vari-
ous models that simulate silver transfer and precipita-
tion by S–Se–Cl-bearing hydrothermal fluids.

EXPERIMENTAL

At present, the Helgeson–Kirkham–Flowers (HKF)
equation of state is widely used to predict the behavior
of aqueous solution species at high temperatures and
pressures (Helgeson et al., 1981; Tanger and Helgeson,
1988). The use of this equation allows one to describe
the thermodynamic properties of aqueous electrolytes
at an infinite dilution with a sufficient accuracy within
a broad range of temperatures (

 

25–1000°ë

 

) and pres-
sures (1–5000 bar). Later on, the application of the HKF
equation was extended to nonelectrolyte (Shock et al.,
1989) and complex (Shock et al., 1997; Sverjensky
et al., 1997) species of aqueous solutions.

In terms of the HKF model, any thermodynamic
property of an aqueous species is represented as a sum

 

(1)Ξ Ξn Ξs,+=

 

Effect of Selenium on Silver Transport and Precipitation 
by Hydrothermal Solutions: Thermodynamic Description 

of the Ag–Se–S–Cl–O–H System

 

N. N. Akinfiev and B. R. Tagirov

 

Institute of Geology of Ore Deposits, Petrography, Mineralogy, and Geochemistry, Russian Academy of Sciences, 
Staromonetnyi per. 35, Moscow, 119017 Russia

 

Received February 21, 2006

 

Abstract

 

—An internally consistent thermodynamic database has been compiled for the Ag–Se (–II, 0, +IV)–
S (–II, +VI)–Cl–O–H system on the basis of published experimental data. This database is fit for predicting the
chemical properties of species over a broad interval of temperatures (0–600

 

°

 

C) and pressures (1–3000 bar). The
stability constant of the hydroselenide silver complexes 

 

[AgHSe

 

aq

 

]

 

 and 

 

[Ag(HSe ]

 

 has been estimated. A ther-
modynamic model of the effect of Se on the transport properties of Ag-bearing hydrothermal fluid has been
developed. Selenium has been found to be a good precipitant even if its concentration in the fluid is five orders
lower than the sulfur concentration. When the temperature falls, the role of selenium as a precipitant becomes
increasingly important. It has also been shown that the effect of hydroselenide complexes on Ag behavior in
natural hydrothermal fluids may be ignored.

 

DOI: 

 

10.1134/S1075701506050059

)2
–



 

GEOLOGY OF ORE DEPOSITS

 

      

 

Vol. 48

 

      

 

No. 5

 

      

 

2006

 

EFFECT OF SELENIUM ON SILVER TRANSPORT AND PRECIPITATION 403

 

where 

 

Ξ

 

s

 

 is a solvation term, which reflects the contri-
bution of the electrostatic interaction between ion and
solvent 

 

(

 

H

 

2

 

O),

 

 and 

 

Ξ

 

n

 

 is a structural term, which
reflects the contribution of the remaining, mostly cova-
lent, interactions in the species–solvent system.

In describing the solvation part of the chemical
potential, the authors of the HKF model used the Born
equation (Born, 1920); i.e., the Gibbs function of hydra-
tion of an ion with charge 

 

Q

 

 and radius 

 

r

 

e

 

 is the differ-
ence between the energies of its charging in a medium
with dielectric permeability 

 

ε

 

 and in vacuum (

 

ε

 

 = 1):

 

(2)

 

where 

 

ω

 

 is the Born parameter of the ion. For a free ion,

 

ω

 

 is determined unequivocally by its crystallochemical
radius. For complex aqueous species, this approach is
inapplicable because the notion of crystallochemical
radius loses its meaning. In such a case, the authors of
the model involved empirical correlative relations
between the entropy of the species and its Born parame-
ter (Shock and Helgeson, 1988). However, these rela-
tions do not provide a reliable predictive potential
because they have been mainly established for free ions.

Differentiation (2) by temperature and pressure in
combination with the equation for the dielectric proper-
ties of pure 

 

H

 

2

 

O

 

 allows one to obtain relationships of
type (1) for the partial entropy 

 

S

 

298

 

, heat capacity 

 

C

 

p

 

, 298

 

,
and volume 

 

V

 

298

 

 of an aqueous species under standard
conditions (

 

T

 

r

 

 = 298.15 K, 

 

P

 

r

 

 = 1 bar) (Johnson et al.,
1992):

 

S

 

298

 

 (cal

 

·

 

mol

 

–1

 

·

 

K

 

–1

 

) = 

 

S

 

n

 

 – 5.7987

 

 × 

 

10

 

–5

 

ω

 

, (3a)

 

C

 

p

 

, 298

 

 (cal

 

·

 

mol

 

–1

 

·

 

K

 

–1

 

) = 

 

C

 

pn

 

 – 9.1102

 

 × 

 

10

 

–5

 

ω

 

, (3b)

 

V

 

298

 

 (Òm

 

3

 

·

 

mol

 

–1

 

) = 

 

V

 

n

 

 – 2.7757

 

 × 

 

10

 

–5

 

ω

 

. (3c)

 

Here, the index 

 

n

 

 marks the structural components of
the corresponding thermodynamic properties. In this
paper, the value of the Born parameter is accepted to be
zero (

 

Q

 

 = 0) for all uncharged complexes.
To describe the structural terms of heat capacity and

volume, six individual empirical parameters are used
according to the HKF model. Parameters 

 

a

 

1

 

–

 

a

 

4

 

 are
intended for describing the temperature- and pressure-
dependent partial volume of the species, whereas
parameters 

 

c

 

1

 

 and

 

 

 

c

 

2

 

 are intended for describing the
temperature-dependent heat capacity. Empirical rela-
tionships proposed by Shock and Helgeson (1988)
allow the set of HKF parameters to be “restored” at
known 

 

C

 

p

 

, 298

 

, 

 

V

 

298

 

, and 

 

ω

 

 values of a species. Further,
we will call these relationships 

 

internal correlations.

 

Our objective was to describe the thermodynamic
properties of aqueous species on the basis of the HKF
model. If not explicitly specified, the thermodynamic
properties of pure phases (native silver; chlorargyrite
(AgCl

 

cr

 

); acanthite/argentite (

 

Ag

 

2

 

S

 

); the gases 

 

H

 

2

 

, O

 

2

 

,

 

and 

 

H

 

2

 

S

 

), simple ions (

 

Na

 

+

 

, Cl

 

–

 

, HS

 

–

 

, OH

 

–

 

), and ion
couples (

 

NaCl

 

0

 

, NaOH

 

0

 

) were taken from the

µs ω 1
ε
--- 1–⎝ ⎠

⎛ ⎞ ,=

 

SUPCRT92 thermodynamic database (Johnson et al.,
1992) and its supplements (Shock et al., 1997; Sverjen-
sky et al., 1997) without any revision or refinement.
The HKF parameters for 

 

HCl

 

0

 

 were taken according to
Tagirov et al. (1997). The thermodynamic properties of
dissolved hydrogen sulfide 

 

H

 

2

 

S

 

0

 

 were calculated on the
basis of a new equation of state for nonelectrolyte aque-
ous species (Akinfiev and Diamond, 2003). The use of
this equation allows one to avoid errors inherent in the
HKF model when describing dissolved gases in the
supercritical region of 

 

H

 

2

 

O

 

 (Plyasunov and Shock,
2001). This statement is illustrated by Fig. 1, where
experimental values of the partial molar volume of dis-
solved 

 

H

 

2

 

S

 

 are compared with the values calculated
from the HKF model and the equation derived by Akin-
fiev and Diamond (2003). It is evident that the use of
this equation of state appreciably increases the accu-
racy of 

 

H

 

2

 

S

 

0

 

 description in the near-critical region.
The HKF parameters of aqueous species were cal-

culated and refined using the UT–HEL program
(Yu.V. Shvarov, 1995). The UT–HEL program mini-
mizes differences between experimental and calculated
values of the Gibbs function for species by optimizing
their standard chemical potential 

 

µ

 

298

 

 and entropy 

 

S

 

298

 

and all seven coefficients of the HKF equation of state:

 

a1–a4, c1, c2, and ω.
However, as a rule, a mere optimization is either

impossible or yields improbable HKF model coeffi-
cients. Therefore, the method of isocoulombic reactions
is widely used (Jackson and Helgeson, 1985). It was
established that, if in the equation of reaction each
charged reagent corresponds to the same amount of
equally charged product, then the logarithm of the equi-
librium constant of the reaction linearly depends on the
inverse temperature over a wide temperature range. For
example, in the exchange reaction of the type

(4)

with participation of the complexes , ,

, and , the presence of equally charged spe-
cies on both sides of the reaction reduces the contribu-
tion of the electrostatic term of the Gibbs function. It
turned out that, in most cases, the variation of heat
capacity may be ignored (∆rCp ≈ 0) (Mesmer et al.,
1988; Ruaya, 1988), as well as the variation of reaction
entropy (∆rS ≈ 0) (Gu et al., 1994). In this paper, we
assume, as a first approximation of isocoulombic reac-
tion (4), that the changes in the corresponding electro-
static and structural terms equal zero:

(5)

These conditions will be used to calculate the thermo-
dynamic properties of aqueous species in the absence
of reliable experimental data or will be taken as a crite-
rion to determine the plausibility of these properties
obtained as a result of optimization by the UT–HEL
program.

AXn
m– BYk

l–+ BXn
m–⇔ AYk

l–+

AXn
m– BYk

l–

BXn
m– AYk

l–

∆rω 0; ∆rSn 0; ∆rCpn 0; ∆rVn 0.= = = =
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This work is based on the well-known fact that the
chemical properties of sulfur and selenium are similar,
though not identical (Huheey, 1983). In particular, the
stoichiometry of Ag selenide complexes [AgHSeaq and
Ag(HSe ] was selected by analogy with reliably

defined hydrosulfide complexes [AgHSaq, Ag(HS ]
(Stefánsson and Seward, 2003).

THERMODYNAMIC PARAMETERS OF SPECIES

As was already mentioned, the Ag–S–O–H sub-
system served as a basic system in our study. We also
used a recently revised thermodynamic database (Akin-
fiev and Zotov, 2001). However, recently (2001–2004),
an inconsistency was revealed in the experimental data
on the stability constants of the first Ag hydrosulfide
complex (AgHSaq) at low temperatures (Fig. 2).1 Test
experiments (Tagirov et al., 2006) suggested that the
solubility of crystalline Ag sulfide at room temperature
reported by Stefánsson and Seward (2003) and Sugaki
et al. (1987) was erroneously overestimated. Probably,
in the experiments carried out by Stefánsson and
Seward (2003) and Sugaki et al. (1987), and to a lesser
degree in those of Tagirov et al. (2006), the H2S oxida-
tion was not eliminated completely and Ag thiosulfate

1 The experimental data (Stefánsson and Seward, 2003) on the sta-
bility constants of [Ag(HS ] are in good agreement with previ-

ously estimated values. Therefore, the description presented by
Akinfiev and Zotov (2001) did not require any revision.

)2
–

)2
–

)2
–

complexes probably occurred. The results obtained by
Schwarzenbach et al. (1958) and Schwarzenbach and
Widmer (1966) with radioisotope marker are devoid of
such an uncertainty. This is the reason why low-temper-
ature (T < 100°C) data obtained with the solubility
method (Ol’shansky et al., 1959; Sugaki et al., 1987;
Stefánsson and Seward, 2003; Tagirov et al., 2006)
were omitted from further consideration.

The thermodynamic parameters of AgHSaq were
calculated in the following way. A set of chemical
potential values of the complex under different PT con-
ditions (µPT) was used as initial information. The
respective µPT values were obtained by processing pri-
mary experimental data on the solubility of solid
phases. The solubility was estimated with a modified
version of the BALANCE program (Akinfiev, 1986),
which was designed for calculating equilibria in multi-
systems. Afterwards, the obtained set of µPT values was
used for estimating the HKF parameters of the (AgHSaq)
complex with the UT–HEL program (Yu.V. Shvarov,
1995). The calculation results are summarized in Table 1
and shown in Fig. 2. The calculated entropy of (AgHSaq)
(34.772 cal·mol–1·K–1) is close to the value obtained
from the ionic association model (33–39 cal·mol–1·K–1)
(Akinfiev, 1995). Furthermore, the accepted value of
the structural term of entropy for (AgHSaq) is close to a
linear relationship of the thermodynamic parameter
versus the number of ligands (Fig. 3). Such a linear cor-
relation is characteristic of various metal complexes
(Hovey, 1988; Sverjensky et al., 1997; Zotov et al., 2002),

50
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Fig. 1. Temperature dependence of the partial molar volume of dissolved H2S at 1, 200, 280, and 350 bar. (1) Barbero et al. (1982);
(2) Hn dkovsky et al. (1996). The dashed line designates calculation by the HKF model; the solid line, calculation by the equation
of state (Akinfiev and Diamond, 2003).
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and its observance will facilitate correct choice of the
thermodynamic parameter value. If low-temperature
data are regarded as basic (Sugaki et al., 1987;
Stefánsson and Seward, 2003), the corresponding
entropy of (AgHSaq) under standard conditions (Sn =
16.07 cal·mol–1·K–1) will markedly differ from the
model prediction (Fig. 3).

The equation of state was used to predict the ther-
modynamic properties of dissolved hydrogen selenide
(H2Seaq) (Akinfiev and Diamond, 2003). Experimental
data (McAmis and Felsing, 1925; Dubeau et al., 1971)
on the solubility of gaseous (H2Segas) within the tem-
perature interval 14–71°C were recalculated taking into
account the dissociation of (H2Seaq):

H2Seaq ⇔ HSe– + H+ (6)

(see below) to obtain the Henry’s law constant (kH) for
H2Se. Then the temperature relationship of kH was pro-
cessed in order to obtain the parameters of the equation
of state (Akinfiev and Diamond, 2003). The calculation
results are presented in Table 2, and a comparison of the
experimental and theoretical descriptions is given in
Fig. 4.

The thermodynamic properties of hydroselenide ion
(HSe–) were calculated on the basis of the isocoulombic
reaction:

H2Seaq + HS– ⇔ H2Saq + HSe–. (7)

The use of such a simplified approach is dictated by the
absence of experimental data on a temperature depen-
dence of (HSe–) properties. At present, only the disso-
ciation constant of hydrogen selenide (6) has been reli-

ably defined under standard conditions: p  =
3.85 ± 0.05 (Séby et al., 2001; Olin et al., 2004).
Accepting this value of the constant and the Gibbs

function value from Table 1,2 ∆f  (HSe–) =
10395 (±70) cal·mol–1. The Born parameter of (HSe–)
was assumed to be equal to the Born parameter of hydro-
sulfide ion: ω(HSe–) = ω(HS–) = 1.441 × 105 cal·mol–1

(Johnson et al., 1992) because the crystallochemical
radii of these ions are alike: rx(HSe–) = 191 pm and
rx(HS–) = 193 pm (Huheey, 1983). The use of relations (5)

2 As inferred from reactions (6), (7), the parameters of (H2Seaq)
and (HSe–) are interrelated and therefore they were calculated
using the iteration method. The effect of (HSe–) on the Henry’s
law constant obtained from the experiment on solubility (H2Se) is
insignificant and thus iterations converge rapidly.

K298 1 bar,
0

G298 1,
0
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Fig. 2. Temperature-dependent logK of reaction of argentite dissolution under the pressure of saturated H2O vapor. (1) Schwarzen-
bach et al. (1958); (2) Ol’shansky et al. (1959); (3) Schwarzenbach and Widmer (1966); (4) Melent’ev et al. (1969); (5) Sugaki et al.
(1987); (6) Stefánsson and Seward (2003); (7) Tagirov et al. (2006). The curve was calculated using parameters from Table 1.
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for reaction (7) yields the following values of the par-
tial molal thermodynamic properties (HSe–) under

standard conditions: (HSe–) = 22.517 cal·mol–1·K–1,
Cp, 298(HSe–) = –20.53 cal·mol–1·K–1, and V298(HSe–) =
20.65 cm3·mol–1. The HKF parameters (a1–a4, c1, and c2)
were calculated on the basis of internal correlations
(Shock and Helgeson, 1988) (Table 1).

The enthalpy of (HSe–) formation under standard

conditions estimated from the accepted ∆f  (HSe–)

and (HSe–) values yields ∆f (HSe–) =
4797 cal·mol–1, which is close to the estimation of

S298
0

G298 1,
0

S298
0 H298 1,

0

∆f  = 4200 ± 2000 cal·mol–1 reported by Latimer
(1938).

To describe the thermodynamic properties of
Ag hydroselenide complexes, we had to apply simpli-
fied techniques on the basis of isocoulombic reactions.
Only one experimental paper on the solubility of crys-
talline (Ag2Se) in aqueous solutions of selenides under
standard conditions (Mehra and Gubeli, 1970) is avail-
able in the literature. The results of this experiment are
shown in Fig. 5.

The constant solubility (Ag2Se) over a wide pH
range (from 2 to 10), most likely, testifies to an experi-
mental error. An expert estimation given by Olin et al.
(2004) confirms this opinion: the techniques used by

H298 1,
0

Fig. 3. Structural terms of entropy of Ag-bearing species under standard conditions versus the number of HS– ligands. (1) Entropy
values for [Ag+] and [Ag(HS ] (Akinfiev and Zotov, 2001); (2) entropy value for [AgHSaq] accepted in this paper; (3) entropy

value based on low-temperature experimental data (Sugaki et al., 1987; Stefánsson and Seward, 2003). The vertical bar is an uncer-
tainty of the ion association model (Akinfiev, 1995).
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Table 2.  Thermodynamic parameters of the equation of state (Akinfiev and Diamond, 2003) for dissolved gases

Gases ∆f ∆f ξ ad be Source

H2Saq –6682 –10095 27.362 51.87 34.9 –0.2020 –11.4803 12.7158 Akinfiev and Diamond, 2003

H2Seaq 5143 2851 33.579 53.48 34.9 –0.1928 –14.3279 14.4459 This paper

Note: a cal·mol–1; b cal·mol–1·K–1; c cm3·mol–1; d cm3·g–1; e cm3·K0.5·g–1.

G298
0a H298

0a S298
0b

Cp 298,
b

V298
c
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Mehra and Gubeli (1970) did not eliminate the occur-
rence of colloidal species (Ag2Se) in the analyzed solu-
tion because of an insufficiently reliable filtration tech-
nique (Rai et al., 1995). Therefore, further it will be
assumed that the solubility ΣAg = 10–7.89 mol·kg–1

reported by Mehra and Gubeli (1970) (Fig. 5) corresponds
to the upper limit of the true Ag selenide solubility. Hence,
all our subsequent estimations will correspond to the
upper stability limit of hydroselenide complexes.

Writing the reaction of (Ag2Se) dissolution as

0.5Ag2Secr + HSe– + 0.5H2Seaq ⇔ Ag(HSe (8)

and accepting that the maximum concentration of
[Ag(HSe ] is [m(Ag(HSe )] = 10–7.89 mol·kg–1 at a
constant total Se concentration in the experiment equal
to ΣSe–2 = m(H2Seaq) + m(HSe–) = 0.06545 mol·kg–1,
the Gibbs function of [Ag(HSe ] formation under
standard conditions will be obtained as

∆f [Ag(HSe ] ≥ 14995 cal·mol–1. The data for
the remaining species of the reaction were taken from
Tables 1–3.

)2
–

)2
– )2

–

)2
–

G298 1,
0 )2

–

Now we will use this value for comparing the rela-
tive stability of hydroselenide and hydrosulfide silver
complexes:

Ag(HS  + 2HSe– ⇔ Ag(HSe  + 2HS–. (9)

As a result, ∆rG298, 1(9) = –362 cal, a value that is very
close to zero. It means that the stability constants of the
[Ag(HSe ] and [Ag(HS ] complexes are close to
each other. Therefore, it is assumed further that the sta-
bility of Ag hydroselenide complexes is the same as
that of hydrosulfide, and for all isocoulombic reactions

Ag(HS  + nHSe– ⇔ Ag(HSe  + nHS– (10)

∆rG = 0.

The application of this assumption to reaction (9)

gave ∆f  [Ag(HSe ] = 15357 cal·mol–1. By anal-
ogy, the isocoulombic reaction involving the first
hydroselenide complex

AgHSaq + HSe– ⇔ AgHSeaq + HS– (11)

)2
– )2

–

)2
– )2

–

)n
n 1– )n

n 1–

G298 1,
0 )2

–

6.0

0 100

1

2

5.5
200 300

T, °C

lnkH, bar

6.5

7.0

7.5

8.0

Fig. 4. Temperature dependence of Henry’s law constant (H2Se). Pressure at T < 100°C corresponds to a total pressure of 1 bar, and
pressure at T > 100°C corresponds to the pressure of saturated H2O vapor. (1) McAmis and Felsing (1925); (2) Dubeau et al. (1971),
recalculated taking into account H2Seaq dissociation (see the text for explanation). The curve was calculated using the equation
derived by Akinfiev and Diamond (2003) and with the parameters from Table 2.
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at ∆rG (11) = 0 yields ∆f (AgHSeaq) =

9849 cal·mol–1.

The solubility of (Ag2Secr) calculated under stan-
dard conditions as a function of pH, taking into account
the formation of Ag hydroselenide complexes, is shown
in Fig. 5 with dashed curves. It is evident that the Ag
concentration is no higher than 10–8 mol·kg–1 and thus

G298 1,
0 is consistent with the accepted assumption on the upper

stability limit of the complexes.

The thermodynamic parameters of the [AgHSeaq]
and [Ag(HSe ] complexes, which are necessary for
predicting their properties at elevated temperatures and
pressures, were calculated on the basis of relationship (5)
and internal correlations (Shock and Helgeson, 1988)
(Table 1).
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–

–11
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4
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2 6 8 10
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logmAg, mol·kg–1

Ag(HSe)2
–

AgHSeaq

HSe–
H2Seaq

Fig. 5. Solubility of crystalline (Ag2Se) versus pH at 25°C and 1 bar in selenide aqueous solution at constant total concentration

ΣSe–II = 0.06545 mol·kg–1. The solid curve corresponds to experimental data (Mehra and Gubeli, 1970); the dashed curves are our
estimates of concentrations of Ag hydroselenide complexes [AgHSeaq] and [Ag(HSe ]. The vertical line separates the fields with

dominating (H2Seaq) and (HSe–), respectively.

)2
–

Table 3.  Thermodynamic parameters of minerals and gases

Formula Phase ∆f ∆f Source
a b × 103 c × 10–5

Ag2Secr Naumannite –9591 –11209 35.827 37.50 6.6048 30.0270 3.4783 406 Olin et al., 2004

Ag2Selcr β-phase 1836e 19.7029 1.6738 0.0000 1170 ″
H2Segas Gas 6938 3637 52.342 7.5900 3.4900 –0.3110 1500 ″
Secr Crystal 0 0 10.060 16.42 5.9277 0.3001 –0.2082 494 ″
Seliq Liquid 1600e 8.4000 0.0000 0.0000 900 ″
Note: a cal·mol–1; b cal·mol–1·K–1; c cm3·mol–1; d K; e enthalpy of phase transition.

H298.1
0a G298.1

0a S298
0b

V298.1
c

Cp
b a bT cT 2–+ +=

T limit
d
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It should be emphasized once again that the thermo-
dynamic description of hydroselenide complexes
accepted in this paper is an estimate from above for the
stability constants of these complexes.

DISCUSSION

The thermodynamic parameters of the species
belonging to the Ag–Se–S–Na–Cl–O–H system
described in this paper provide a good opportunity for
developing various models of Ag migration and precip-
itation in Se-bearing hydrothermal fluids. The equilib-
rium calculations were performed using a modified
version of the BALANCE program (Akinfiev, 1986).
The thermodynamic properties of pure solid phases
(native silver, acanthite/argentite (Ag2Scr), pyrite (FeS2),
pyrrhotite (FeS), magnetite (Fe3O4), potassium feldspar
(KAlSi3O8), muscovite [KAl3Si3O10(OH)2], and quartz
(SiO2)); gases (O2,gas, H2,gas, H2Sgas); and species of the

aqueous solution (SO2,aq, HS , S , HS , S ,

H2SeO3,aq, HSe , Se , HSe , Se , Na+,
NaClaq, NaOHaq, HS–, Cl–, and OH–) were taken from
the thermodynamic database SUPCRT92 (Johnson et al.,
1992) and its supplements (Shock et al., 1997; Sverjen-
sky et al., 1997) without any revision or refinement.3

The thermodynamic properties of Se-bearing phases
(naumannite Ag2Secr, native selenium Secr, liq, and
H2Segas) were taken from (Olin et al., 2004) and are
summarized in Table 3. Dissolved gases (H2Saq) and
(H2Seaq) were described on the basis of the equation of
state (Akinfiev and Diamond, 2003) (Table 2). The
HKF parameters of HClaq were taken from (Tagirov
et al., 1997) and those of chloride, hydrosulfide,
hydroselenide, and hydroxo complexes of silver were
taken from (Akinfiev and Zotov, 2001) and from this
paper (Table 1).

To illustrate the capabilities of the database, the cal-
culated diagrams of pH-dependent redox equilibria in
the Ag–Se–S–Na–Cl–O–H system at 300°ë and satu-
rated H2O vapor pressure are shown in Fig. 6.

The very small field of argentite Ag2Scr stability
(Fig. 6a) attracts attention. The upper limit of its stabil-
ity field is determined by the oxidation of sulfide sulfur
and the dissolution of the solid phase according to the
reaction

Ag2Scr + 4Cl– + 2O2,gas ⇒ 2Ag  + S . (12)

3 It should be noted that the data for H2SeO3,aq, HSe , Se ,

HSe , and Se  reported by Johnson et al. (1992) are not

very reliable. However, as will be shown hereafter, the effect of
these species on silver behavior in fluids typical of epithermal
deposits is insignificant.
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Fig. 6. Fields with dominating species in the Ag–Se–S–Na–
Cl–O–H system depending on acidity of fluid at 300°C and
the pressure of saturated H2O vapor. (a) Ag–S–Na–Cl–O–H
system; (b) overall system including Se. Total molal con-
centrations of elements are ΣAg = 10–7, ΣS = 0.01, ΣSe =
10–8. The NaCl concentration is accepted to be equal to
mNaCl = 0.3 mol·kg–1. Dashed lines separate fields with
dominating S aqueous species, and solid lines separate
fields with dominating Se aqueous species. The vertical dot-
and-dash line indicates the fluid’s neutral point at the given
pressure and temperature; horizontal dot-and-dash lines
indicate the oxygen fugacity for the HM buffer (upper line)
and the NNO buffer (lower line). Gray areas are stability
zones of solid phases and liquid native selenium.
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The position of the lower stability limit is controlled by
(Ag2Scr) dissolution in sulfide-bearing fluid due to the
formation of highly stable hydrosulfide Ag complexes:

Ag2Scr + 2HS– ⇒ 2Ag(HS . (13)

Reaction (13) is a leading one in natural hydrother-
mal fluids, the redox potential of which is found in the
interval between the HM and NNO buffers.

A significant feature of selenium in the hydrother-
mal process is that fields with dominating selenide spe-
cies (Se–II) are much wider than those of sulfide sulfur
and even in oxidized fluids sulfate sulfur can coexist
with reduced selenium (Se–II) (  ≤ 10–24 bar)

(Fig. 6b).4 The appearance of even traces (10–8 mol·kg–1)
of selenium in the solution is sufficient for it to become
oversaturated with Se-bearing phases. A stability field
of native selenium appears in the acid zone, while in the

4 According to the data reported by Olin et al. (2004), the uncer-
tainty of the thermodynamic properties of selenide species at
300°C may shift their stability limits within half an order of oxy-
gen fugacity, which does not influence the conclusion on the rela-
tive stability of selenide species in solution.

)2
–

f O2

alkaline zone the solution becomes oversaturated with
naumannite (Ag2Secr) according to the reaction

2Ag  + HSe– + OH– ⇔ Ag2Secr + 4Cl– + H2O.

As can be seen, the stability field of naumannite is
much greater than that of argentite. This implies that
selenium may be an effective precipitant even under the
conditions characteristic of epithermal deposits, where
the concentration of metal in fluid is high because of
high solubility of sulfosalts.

The temperature-dependent stability fields of Ag
selenide and sulfide phases with different fugacity
ratios of hydrogen selenide (H2Se) and hydrogen sul-
fide (H2S) in the system are illustrated in Fig. 7. Even
in the case where the Se content is five orders lower
than the S content, the Se-bearing solid phase (nauman-
nite) is found to be less soluble. At the same time, its
stability field expands as temperature falls. Thus, the
role of selenium as a precipitant increases with a
decrease in temperature.

The performed modeling calculations show that,
due to a low concentration of selenium typical of natu-
ral fluids at massive sulfide deposits (Huston et al.,
1995), the effect of hydroselenide complexes on the sil-
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Fig. 7. Stability fields of Ag-bearing solid phases as a function of temperature at the pressure of saturated H2O vapor. The redox
potential and H2S concentration correspond to the pyrite–pyrrhotite–magnetite buffer, and the acidity of the fluid is controlled by

the potassium feldspar–muscovite–quartz buffer at molality K+ (  = 0.01). The electrolyte’s background mNaCl = 0.3 mol·kg–1.m
K+
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ver behavior in fluid may be ignored. We emphasize
once again that the accepted estimates of stability con-
stants of Ag hydroselenide complexes were estimated
from above; therefore, in reality their effect is still
lesser.

From the geochemical point of view, the low solu-
bility of metal selenides is the most important. The cal-
culations indicated that the appearance of even minor
amounts of selenium in the fluid (1–10 mg/kg) is suffi-
cient for oversaturation of the solution and, thus, for the
mass precipitation of ore element, the more so as the
selenide ion remains stable within the wide range of
oxygen fugacity (Fig. 6b) typical of epithermal deposits
(Kovalenker, 2004).
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