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Abstract—The thermodynamic simulation of the geochemical mobility of Au and Ag during their hydrother-
mal transfer and precipitation was conducted with regard for the formation of continuous nonideal Au—-Ag solid
solutions (or AuxAg; _x) alloys) and with the analysis of the effects of principal physicochemical parameters
(temperature, pH, redox potential, and the concentrations of sulfide sulfur and chloride ions) on the solubility
of Au—Ag alloys of various composition. Predominant Au and Ag complexes and the types of solutions were
identified, which are characterized by different extractive ability with respect to these metals. A tendency in the
variations in the Au/Ag ratio in the solid phase during the evolution of the hydrothermal process was revealed
with regard for various conditions under which Ag sulfides can occur. The possible effect of the AuxAg; _
x/solution ratio on the composition of the Au—Ag mineralization was demonstrated, and tendencies in the vari-
ations in the composition (fineness) of the alloys during their redeposition were identified.

DOI: 10.1134/50016702907080022

INTRODUCTION

In modeling the conditions under which Au and Ag
deposits are formed, most researchers limit themselves
to the consideration of these metals as pure compo-
nents. We also applied this approach in our earlier
research devoted to the role of carbon dioxide in the
geochemical processes of gold transfer and precipita-
tion [1, 2]. However, natural native gold always con-
tains admixtures of other metals, first of all, silver
[3—-5]. Analogously, gold can occur in significant
amounts as an admixture in native silver [6, 7]. Accord-
ing to one of the two currently most popular view-
points, gold and silver compose a continuous series of
solid solutions AuyAg, _x [8, 9]. The proponents of the
other concept believe that this series is composed of
intermetallic compounds with the proposed stoichiom-
etry AugAg, Aus;Ag, Au,Ag, and AuAg; [4, 5, 10]. In
any event, the conventionally adopted measure of Au
concentration in an artificial alloy or a natural gold
grain or nugget is gold fineness (N,,), which is equal to

Au
Au+Ag
which can vary from 1000 to 0. Since no scale for gold
fineness has been universally adopted as of yet, in char-
acterizing the composition of native gold and silver, we
adhered to the terminology applied in [3, 5]: high-fine-
ness gold for 1000—700 gold fineness (the composition
of the gold—silver alloys expressed in mole fractions is
AgooAu; —Agy AUy se), electrum  for  700-250
(AgoasAUys— AgpgsAugs), kustelite for 250-100

Au/(Au + Ag) x 1000 (in weight promille),

(AgyssAU, 1ALy 0sAl o), native silver for < 100
(AgooaAug o—Ag oAl ).

This parameter is thought to be controlled by the
conditions under which the ores were formed, and an
increase in gold fineness is sometimes believed to be
related to an increase in the depth and/or temperature
[3, 5]. The proponents of another viewpoint believe that
gold fineness is controlled by such parameters as redox
potential, acidity—alkalinity, and the composition of the
solutions [11-15]. Some publications were devoted to
geochemical control on gold fineness and its role as a
potential prospecting guide [16—-17]. We believe that
the problem of the thermodynamic simulation of Au
and Ag behavior was accurately enough formulated
first in [13] and then in [18], whose authors analyzed
the principal tendencies in variations in the composi-
tion of the aqueous solutions and Au—Ag alloy being in
equilibrium with them related to a number of specified
physicochemical situations. These researchers did not,
however, allow for the possibility of the occurrence of
monohydrosulfide complexes of Au and Ag. Our
research was aimed at the thermodynamic simulation of
coupled Au and Ag behaviors in hydrothermal chlo-
ride—sulfide solutions and at the revealing of the sys-
tematic variations in the Au/Ag ratio in Au—Ag alloys
assumed to be in equilibrium with these solutions. In
fact, we returned to the problem first formulated by
Goldschmidt [19], later more thoroughly analyzed by
Shcherbina from the geochemical viewpoint [20], and
now often discussed in numerous publications devoted
to a broad spectrum of problems [21, 22]. Our model is
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aimed at revealing and comparing the geochemical
mobility of gold and silver depending on temperature
and the composition of solution in equilibrium with
gold-silver alloys. Finally, the problem formulated in
our research can be defined within the framework of the
terminology adopted by followers of Korzhinskii [23]
as the identification of the physicochemical conditions
under which gold and silver can pass from their inert
state (with a very low solubility) to a perfectly mobile
state (which ensures the possibility of the input or
removal of a component with limited portions of solu-
tions).

THERMODYNAMIC DATABASE

Based on available experimental and theoretical
information, we developed an extended thermody-
namic database for the major complex species of gold
and silver that are thought to predominantly control the
transfer of these metals with hydrothermal solutions.
First of all, we relied on the theoretical reviews
[24-27], which present a fairly detailed analysis of
thermodynamic constants for Au and Ag complexes
within broad temperature and pressure ranges. We also
utilized our experience in the critical assessment of the
AgHS? and AuHS? monosulfide complexes [28, 29].
For the Au—Ag-Na—Cl-S-H,0 system studied in the
course of our research, we compiled two sets of ther-
modynamic constants. In Table 1, 1 marks the thermo-
dynamic database that was used in this research as the
basis for the calculations of the simultaneous Au and
Ag solubility in sulfide—chloride solutions. The data-

base includes data on AuCl’, AuCl,, AuCléf , AgCIP,
AgCly, AICLS, AgCl), Au(HS),, and Ag(HS),

compiled from [26] and data on AgOH’, Ag(OH),,
Ag*, and Au* compiled from [25], which were supple-

mented with data on the AuOH® and Au(OH), com-
plexes from the UNITHERM database [27] and on
AgHS? and AuHS? form [29]. For comparison, in calcu-
lating the constants of exchange reactions and the 7—P
stability fields of Au and Ag complexes, we also used
an additional second database that included the free
energy values for hydrosulfide, chloride, and hydroxide
complexes of gold and silver and their ions (this data-
base in marked with 2 in Table 1). These data were cal-
culated from the thermodynamic characteristics from
[24]. Their simultaneous application allowed us to esti-
mate the possible extent of the discrepancies between
the calculation results related to individual uncertain-
ties in the input thermodynamic information. Table 1
also lists the Gibbs free energy values for some Au and
Ag complexes calculated with the use of later experi-
mental results from [30-33]. It should be mentioned
that, according to the results of numerous experimental
studies, the scatter in the thermodynamic characteris-
tics of Au and Ag is fairly significant (particularly at
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temperatures higher than 300°C) and not always can be
interpreted unambiguously. Moreover it is still uncertain
what the stoichiometry of the neutral complex that was
interpreted as AuHS? and/or Au(H,S)(HS)? is [34—40].
We chose the stoichiometric variant AuHS? and, corre-
spondingly, AgHS®. Until recently no monohydrosulfide
Au and Ag complexes were taken into account in the
thermodynamic analysis of the conditions under which
natural mineral deposits were formed [18, 41-44]. At the
same time, their important, if not determining, role in
the geochemical transfer of Au and Ag is now quite
obvious, particularly for near-neutral solutions with
moderate concentrations of chlorides and H,S [45-49].

The thermodynamic characteristics of predominant
solute species in the Na—Cl-S-H,O system were bor-
rowed from SUPCRT92 [50]. To maintain internal con-
sistency within databases 1 and 2, data on HCI, H,S,
and OH~ were compiled from different sources and are
listed in Table 1. For the NaHS? species, thermody-
namic characteristics were evaluated (following [51])
by means of equalizing its dissociation constants to
those of NaCl with the subsequent recalculation to the
free energy values and evaluation of the parameters of
the HKF equation.

The thermodynamic characteristics of minerals that
can appear in the system Ag—Au-Na—CI-S-H,0 (Ag—
silver; Au—gold; o- and -Ag,S—acanthite and argen-
tite; AgCl—chlorargyrite; S—sulfur; Ag;AuS,—uyten-
bogaardtite; and AgAuS—petrovskaite) were compiled
from [52, 53]. The formation of Au—Ag solid solutions
was taken into account in compliance with the nonideal
mixing model between Au and Ag [54] and with regard
for the possibility of the formation of Ag,S — Au,S solid
solutions within a broad temperature range according
to the ideal mixing model for the end members of this
series, with the use of data on the G, for gold sulfide
from [52].

The thermodynamic calculations were carried out
for the temperature range of 100-500°C, which is the
most typical for the development of hydrothermal Au
and Ag deposits [7, 55]. Inasmuch as relatively low
pressures were determined for these deposits, usually
100-1000 bar and only occasionally as high as 2000 bar,
according to [56], and variations in this parameter
insignificantly affect the solid-state transformations
and properties of aqueous species; in our calculations
we assumed P = 1000 bar. Since pyrite is a sulfide that
commonly occurs in these associations and is one of the
principal Au concentrators [57, 58], some principal
boundary conditions assumed for the model were the
temperature functions of the redox potential and sulfur
concentration corresponding to the conditions of the
reduced pyrite—pyrrhotite (magnetite) (Py—Po) or oxi-
dized hematite—pyrite (magnetite) (Hem—Py) buffer.
The equilibrium oxygen or hydrogen fugacity values

(log fo, and log fy ), as well as those of gaseous sulfur

in the form of S, (logfs,), for the specified buffers
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Table 1. Gibbs free energy values G (kcal/mol) for aqueous Au and Ag species and aquated HCI, H,S, and OH™ ions for
temperatures of 100-500°C (P = 1000 bar) used in this research (compiled from various sources)

) Grc
Species Reference DB*
100 200 300 350 400 500
Ag* [25], [27] 17.06 14.97 12.70 11.51 10.30 7.80 1
[24] 17.01 14.71 12.09 10.69 9.24 6.21 2
AgHS® this paper -1.70 -3.52 -542 -6.41 —7.42 -9.55
[27] -1.69 -3.84 -5.33 -5.67 -5.57 -3.19 -
[30] -0.61 -2.21 —4.39 -5.60 —6.87 - —HE
[24] 0.66 -3.12 —7.06 -9.08 -11.13 -15.30 2
Ag(HS), [26] -2.51 -6.70 -11.40 -14.30 -17.99 -30.32 1
[27] -2.91 -7.83 -12.09 —-13.81 -15.12 -15.40 -
[30] -7.0 -12.22 -17.41 -19.63 -21.62 —HE
[24] -2.39 -7.49 -12.61 -15.11 -17.51 -21.57 2
AgCI0 [26] -19.44 | -23.14 -27.06 -29.10 -31.19 -35.53 1
[24] -19.27 | -22.46 -25.71 -27.35 -29.00 -32.34 2
AgCl, [26] -53.87 | -58.87 —63.88 —66.26 —68.39 -71.06 1
[24] -54.08 | -58.81 -63.35 -65.49 —67.47 -70.55 2
A gC]i’ [26] -84.14 | -88.94 -93.49 -95.44 -96.84 -97.43 1
AgC]i’ [26] -112.24 |-116.21 -119.65 -120.84 -121.38 -118.61 1
AgOH° [25] -22.99 | -24.56 -26.13 -26.91 -217.70 -29.34
[24] -23.59 | -26.54 -30.06 -31.99 -34.03 -38.39 2
AgO/Ag(OH), |[25] -6.45 -7.16 —7.28 -7.03 —-6.50 -3.95 1
(+H,0) (-64.10) | (-67.07) (-69.83) (-71.03) (=72.03) (=72.77) -
[24] —63.05 —64.12 —64.74 —64.79 —64.58 —62.72 2
Aut [25] 37.40 34.73 31.96 30.56 29.14 26.30 1
[24] 38.52 36.74 34.85 33.88 32.89 30.89 2
AuHS? [28] 3.47 -0.56 -4.53 -6.49 -8.46 -12.42 1
[27] 5.98 1.30 -3.25 -5.44 -7.55 -11.08 -
[24] 4.63 0.76 =2.77 -4.43 —-6.01 -9.00 2
[31] - -1.86 -5.91 —7.62 -9.00 - *ok
[32] -8.71 -8.69 ok
Au(HS), [26] -0.11 -6.03 -12.00 -14.91 -17.70 —22.34 1
[27] -2.53 -7.93 -12.58 -14.47 -15.93 -16.44 -
[24] -0.73 -6.37 -11.74 -14.25 -16.56 -20.03 2
[32] -18.88 -20.33 ok
AuCl1° [26] -5.29 -9.29 —-13.31 -15.32 -17.35 -21.49
[24] -4.93 -8.82 -12.64 —-14.53 -16.41 -20.13 2
AuCl, [26] -39.00 | —43.81 —48.26 -50.28 -52.09 -54.52 1
[24] -38.62 | —43.36 —-48.25 -50.65 -52.94 -56.57 2
AuC]g" [26] —-69.72 | -74.80 —78.96 -80.52 -81.55 -80.70 1

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No.8 2007



GEOCHEMICAL MOBILITY OF AU AND AG DURING HYDROTHERMAL TRANSFER 747
Table 1. (Contd.)
G
Species Reference re DB*
100 200 300 350 400 500
AuOH?° [27] -26.14 -30.45 -35.07 -37.43 -39.79 —44.34 1
[33] -30.56 -33.34 -35.43 -36.24 —40.31 —42.06 HokE
[24] -33.48 -35.44 -37.33 -38.25 -39.16 -40.94 2
Au(OH), [27] -72.65 -76.21 -79.53 -80.84 -81.70 -81.16 1
[24] -66.69 -67.23 -67.28 -67.05 -66.58 -64.37 2
HCI° [26] -30.86 -32.06 -33.94 -35.20 -36.76 -41.46 1
[24] -29.92 -31.28 -33.71 -35.24 -36.96 -40.92 2
H250 [26] -8.41 -12.68 -17.71 -20.48 -23.41 -29.82 1
[24] -8.66 -12.86 -17.55 -20.04 -22.61 -28.00 2
OH~ [25] -155.89 -151.84 -145.19 -140.61 -134.90 -118.32 1
[27] -155.79 -152.35 -146.48 -141.80 -135.20 -112.90 2
Notes: * DB—our databases used in the calculates,
** P =500 bar;

##% P =1000 bar, calculated with the use of constants from [33] and Gj{Au*) and G{OH") from [25].

were borrowed from [59, 60]. Most of our calculations
of simultaneous Au and Ag dissolution were carried out
by the HCh computer program for the minimization of
the free energy [27]. The equilibrium compositions of
Au-Ag solid solutions were calculated either by using
the constants of exchange reactions between Au and Ag
with corrections introduced for the activity coefficients
of the metals or by utilizing the additional ELECTRUM
module [54], which was developed as a supplement for
the HCh program.

EFFECT OF PHYSICOCHEMICAL PARAMETERS
ON THE SOLUBILITY
OF GOLD-SILVER ALLOYS

The main task of this research was the simulation of
the possible effect of physicochemical parameters on
the solubility of Au—Ag alloys of various composition
in hydrothermal processes. One of the assumed model
solutions was 1.0 m aqueous NaCl solution, whose
composition corresponded to 6 wt % NaCl (or 60 g of
NaCl per 1 kg of H,O), which characterizes the limiting
concentrations of salts in low Cl solutions detected at
some gold deposits. Figure 1a shows the equilibrium
concentrations of metals that passed into the 1.0 m
aqueous NaCl solution interacting with various
amounts of alloys of the gold—silver series, including
the end members, at 300°C, in the presence of the
Py—Po buffer. Specifying varying amounts of the alloys
(with respect to 1 kg of H,O) of various initial compo-
sition, we determined the extractive ability of the solu-
tion with respect to Au and Ag needed to form the equi-
librium associations. This eventually allowed us to
evaluate the mobility of Au and Ag and to calculate the
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composition of Au—Ag mineralization and the fineness
of native gold produced under various physicochemical
parameters. When the values of AuyAg, _«/1 kg of H,O
(which is denoted ¢) are low (<1077) (Fig. 1a), Au and
Ag pass into solution in proportions corresponding to
the initial concentrations of these metals in the alloy. At
average ¢ values from 107-10733, the solution is in
equilibrium with “pure” gold or alloys of higher fine-
ness than the original values (Fig. 1b). At ¢ > 1075,
“pure” silver dissolves with the formation of argentite.
The appearance of Ag,S in association with the alloy is
controlled by the Au/Ag ratio in the original AuxAg, _x
composition. If Au/Ag > 0.7 (which corresponds to
metal ratios in the alloy in equilibrium with Ag sulfide
at a given temperature in the presence of the pyrrhotite-
bearing buffer), then the alloys produced at 300°C have
a higher fineness than the original one, as in the case
with the composition AugssAgyes (fineness 500,
Au/Ag= 1) and without Ag sulfide. If the ratio
Au/Ag < 0.7, then, for example, alloy of original com-
position Aug ocAgy g4 (fineness 100, Au/Ag = 0.11) dis-
solves with the formation of argentite and alloy
Auj,9Ag, 7 (fineness 430, Au/Ag = 0.7). The ratio of
the molal concentrations of the metals (m,,/my,),q [and
the weight proportions (Au/Ag),,] in the solutions are at
a minimum for the association of the alloy with silver
sulfide (Fig. 1c) and increase with increasing fineness
of the equilibrium composition of the alloy. Note that
the fineness of the alloy in equilibrium with Ag,S is
controlled by temperature, concentrations of sulfide
sulfur, and redox conditions, i.e., the Py—Po buffer in
the situation considered here.

Table 2 presents the results of our calculations of
gold fineness and the Au/Ag ratios (weight) that char-
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acterized the composition of the gold—silver mineral-
ization (AuyxAg, _x + Ag,S or AuyAg, _x) and the theo-
retically possible temperature at which native gold is
formed at the conditions of the pyrite-bearing buffer.
The association of Ag sulfide at high temperatures
(500-400°C) is in equilibrium with high-fineness gold.
As the temperature decreases to 200°C, its fineness
decreases with the formation of, first, electrum and then
kustelite. At lower temperatures, the origin of native sil-
ver can be expected. It should be mentioned that the
Au/Ag ratios (or the Ag concentration) in native Au at
the same temperatures are higher in association with
Ag,S, and, hence, the gold fineness is lower for the
reduced pyrrhotite-bearing buffer than for the more
oxidizing but “less sulfide” hematite-bearing buffer. It
should also be taken into account that the high fineness
of native gold and high Au/Ag ratios in pyrite-bearing
ores in the absence of Ag sulfide in the Au—Ag miner-
alization are not always indicative of high tempera-
tures, although low Au/Ag ratios in the presence of kus-
telite and native Ag suggest the participation of low-
temperature solutions.

The effect of pH of the solutions (1.0 m NaCl + » m HCI
or NaOH, where n ranges from 10~107") on the solu-
bility of Au—Ag alloys and changes in their fineness at
300°C is shown in Fig. 2 (¢ = 107). As can be seen in
figure 2a, the more active transfer of Ag (as compared
to that of Au) in solution during interaction with acidic
chloride solutions (pH < 4) theoretically can take place
with an increase in the fineness of the alloy. The fine-
ness of electrum Auys;Ag,s varies from 650 to 1000
with increasing acidity of the chloride solutions, and an
increase in the alkalinity results in the shift of the equi-
librium composition of the alloy toward the original com-
position (Fig. 2b). Kustelite is unstable, and higher fine-
ness alloys (fineness 430-1000) are formed at pH < 4. At
pH > 4, argentite and alloy are produced, with the fine-
ness of the latter (430) corresponding to the equilibrium
composition under conditions of the buffer at a given
temperature. During the dissolution of “pure” silver,
silver sulfide is produced over the whole pH range.
Additional calculations indicate that pH at which
argentite appears depends on the Ag content in the alloy
and on the value of g (proportions of AuxAg, _x/1 kg of
H,0), i.e., when the content of Ag in the system is suf-
ficient to form Ag,S. As can be seen from Figs. 2a and
1a, the Au concentrations in the solution in the presence
of dissolving Au—Ag alloys are characterized by inter-
mediate values between the solubility of “pure” gold

Fig. 1. (a) Total Au and Ag molal concentrations that passed
into 1.0 m NaCl solution during its interaction with alloys
of the Au—Ag series taken in various quantitative propor-
tions with the solution, (b) the composition of the Au—Ag
mineralization and the fineness of newly formed equilib-
rium alloys, and (c) the ratios of the metals in the solution.
300°C, 1000 bar, Py—Po buffer, g = alloy/kg H,O. The ini-
tial compositions (fineness) of the alloys: (/) Au (1000),
(2) Ago.65AU 35 (500), (3) Ago.94Aug o6 (100), (4) Ag (0).
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Table 2. Characteristics of mineral buffers, the calculated compositions of Au—Ag alloys (N,,) in the presence or absence
of Ag,S (printed in bold and italics, respectively), and the Au/Ag weight ratios in the solid phases depending on temperature

and the composition of the buffer association

Parameters T, °C 200 300 350 400 500
Py-Po(-Mt)
my g 44x10° 2.57% 1073 9.1x 1073 2.89x 1072 0.23
my, 6x 107 24x10* 44x10* 82x 107 3.1x 1073
N, 180 (260)* 430 (630) 570 (790) 660 (870) 790 (930)
Au/Ag (alloy + Ag,S) <0.2 <0.7 <1.3 <2.0 <3.9
Nau 180-1000 430-1000 570-1000 660-1000 790-1000
Au/Ag (in alloys) 0.2 0.7 =>1.3 22.8 239
Hem-Py(-Mt)

my g 1.4x107° 53x107* 23x1073 8.7x1073 8.4x 1072
my 6x 107 6.5x 107 1.8x 107 4.5%107 2.5%10™
N, 440 (680) 660 (890) 730 (920) 790 (950) 870 (970)
Au/Ag (alloy + Ag,S) <0.8 <2.0 <2.7 <3.8 <6.9
Nau 440-1000 660-1000 730-1000 790-1000 870-1000
Au/Ag (in alloys) >0.8 >2.0 >2.7 >3.8 >6.9

Note: * Numerals in parentheses show the fineness of the alloy according to the ideal mixing model for the metals.

and the composition of native gold in equilibrium with
silver sulfide at a corresponding temperature. The Ag
concentration in the solution in equilibrium with
Au—Ag alloys is lower than that in equilibrium with
Ag,S. Thus, the formation of solid phases of the Au—Ag
series (without Ag sulfides) requires lower concentra-
tions of these metals in the solution.

Au AND Ag TRANSPORT SPECIES
IN SULFIDE-CHLORIDE SOLUTIONS

The distribution of solute Au and Ag species
depending on pH at redox conditions and sulfide sulfur
concentrations corresponding to the Py-Po buffer
(350°C, 1000 bar) are shown in Fig. 3 using the exam-
ple of electrum interaction with 1.0 m NaCl solution
(+ nm HCI or NaOH, where n ranges from 10-'-1073).
The initial alloy (of the composition Au3;Ag e, Nay =
440) taken in excess amounts is dissolved under these
conditions and forms argentite and alloy 570 fine (of
the composition Auy,;Ag)s;) (Table 2). Thereby the
Au concentrations in the solution remain virtually
unchanging because the AuHS monosulfide complex
predominates even at overall chloride concentrations
equal to 1.1 m (0.1 m HC1 + 1.0 m NaCl) (Fig. 3a). The
amount of dissolved Ag in these solutions increases
with increasing acidity (because chloride complexes of
Ag dominate, first of all, AgCl,) (Fig. 3b). In weakly

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 8

alkaline solutions, the predominant dissolved Ag and
Au species are their disulfide complexes. It follows
from Figs. 3a and 3b also that monosulfide Au and Ag
complexes should dominate in acidic and near-neutral
solutions in the absence of chlorides, while weakly
alkaline solutions and sulfide—chloride system should
be dominated by dihydrosulfide species.

Figure 4 illustrates pH-T fields in which dissolved
species of (a) gold and (b) silver dominate in solutions
with various chloride concentrations (from 0.1 to 5 m
NaCl) under redox conditions and sulfide sulfur con-
centrations corresponding to the pyrite—pyrrhotite
(magnetite) buffer. To calculate the position of the
boundaries of the principal pH-7 fields, we used the
main constants of the solubility reactions for Au and
Ag, which were obtained on the basis of thermody-
namic data from the two databases in Table 1. The
AuCl, and AgCl, complexes were assumed as pre-
dominant among the chloride species. We were the first
to take into account the AuHS® hydrosulfide complex,
which occurs within a significant region of weakly
acidic and near-neutral pH values in this temperature
range. The fields of these complexes diminish with
increasing concentrations of chlorides. The AuCl,
complex is thereby predominant only within the region
of strongly acidic solutions, and the dihydrosulfide Au
species dominates only in weakly alkaline and alkaline
solutions. The complex AuCl, also becomes predom-
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Fig. 2. (a) Total Au and Ag concentrations and (b) equilib-
rium compositions of the Au—Ag alloys (N4,) formed dur-
ing the interaction of the original alloys of 1000, 650, 170,
and O fineness gold with 1.0 m NaCl solutions depending on
their pH. 300°C, 1000 bar, Py—Po buffer, alloy/kg H,O = 107.

inant in high-temperature acidic solutions already at
chloride concentrations of >0.1 mol/kg H,O. As this
concentration increases, the field in which this complex
is predominant expands toward near-neutral and even
weakly alkaline solutions, particularly if the tempera-
ture decreases. In contrast to the complex AuHS?, the
monohydrosulfide Ag species AgHS is present within
relatively narrow pH and temperature ranges, particu-
larly in concentrated chloride solutions. The complex
Au(HS), dominates in near-neutral and alkaline solu-
tions, depending on the concentrations of chloride ions.
To assay the possible inaccuracies of the thermody-
namic calculations conducted on the basis of our data

GEOCHEMISTRY INTERNATIONAL  Vol. 45
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log my

Fig. 3. Dependence of the concentrations of (a) Au and (b) Ag
aqueous species on pH and the total concentrations of the
metals in 1.0 m NaCl solution having various pH and inter-
acting with electrum. 350°C, 1000 bar, Py—Po buffer,
alloy/kg H,O = 1072, Initial fineness of Au-Ag alloy is 440
(Aug 30Ag0 70), the equilibrium composition of the associa-
tion: alloy 570 gold fineness 570 (Auy 40Ag 5¢) and argentite.

(solid lines in Fig. 4), analogous calculations were car-
ried out with the use of constants from [24] (dashed
lines). The comparison of the corresponding lines sepa-
rating the fields in which the main Au compositions
dominate indicates that the discrepancies between these
boundaries do not exceed 0.5-0.7 pH units for AuClI,

and 0.2-0.5 units for Au(HS), , whereas these discrep-
ancies for Ag do not exceed 0.3 logarithmic units even

for the AuCl,/Ag(HS), boundary line. Note that the
pH-T fields in which Au and Ag complexes dominate
in solutions with various chloride concentrations (from
0.1 to 5 m NaCl) coincide within this accuracy for the
Hem—Py and Py—Po buffers.
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400 F

300

200

100

500 - (®)

400

300 -
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100 |-

1
10
pH

Fig. 4. T-pH stability fields of (a) Au and (b) Ag complexes
in solutions with NaCl concentrations from 0.1 to 5 m.
1000 bar, Py—Po or Hem—Py buffer. Solid and dashed lines
correspond to the first and second thermodynamic data-
bases. Numerals near lines are NaCl concentrations (mol).

In order to reveal the main combinations of the main
complexes during the simultaneous transport of the
metals with hydrothermal sulfide—chloride solutions,
their stability fields were combined as is shown in Fig. 5
in the variant for solutions with 1.0 m concentration of
NaCl. It was determined that, depending on tempera-
ture, pH, and chloride concentration in the solutions,
the following five principal fields can be recognized,
along with the corresponding types of ore-forming
solutions with certain compositions of predominant Au
and Ag complexes, which are characterized by poten-
tially different geochemical behavior of Au and Ag.
Field I presents a relatively small area of high-temper-
ature acidic solutions (solutions of type I) in which both
metals are present in the form of dichloride complexes

AuCl; and AgCl;. Atlow and moderate pH (5-7) and
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200 -
100 AuHS+AgHS
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Fig. 5. T-pH stability fields of Au and Ag complexes and
the most typical possible situations with the proportions of
their predominant species in chloride—sulfide solutions

at the formation of pyrite-bearing associations: (I) AuCl,,
AgCl,; (II) AgCl,, AuHSY; (I11) AgCl,, Au(HS),;
(V) Ag(HS),, Au(HS),; (V) AgHS, AuHS’. Solid
lines divide fields in which various Ag complexes dominate

at moderate (6 wt % NaCl) concentrations of chlorides,
dashed lines are analogous boundaries for Au complexes.

fairly high temperatures, which decrease with increas-
ing chloride concentration (solutions of type II), gold is
contained in the solutions predominantly in the form of
the monohydrosulfide complex AuHS’. At the same
time, the relatively higher stability of the chloride com-

plex AgCl, makes it predominant over broad temper-
ature and pH ranges. Another variant, in which the pre-
dominant Au and Ag species have a different ligand
composition, is possible within a relatively narrow
range of high-temperature near-neutral and weakly
alkaline (pH 6-8) chloride—sulfide solutions (solutions
of type III). In these solutions, Ag still remains in the
form of chlorides at moderate chloride concentrations,

while Au already passes into the Au(HS), disulfide
complex.

Field IV corresponds to conditions under which
both metals are contained in the solutions in the form of
dihydrosulfide complexes. In this form, both gold and
silver are transported by near-neutral or alkaline solu-
tions at pH 6-10 depending on the concentrations of
chlorides, which can range from O to 5 m NaCl and
more (solutions of type IV). The predominance of
monohydrosulfide Au and Ag complexes throughout
the whole temperature range in question at pH < 6 is
possible either in the absence of chlorides or in the
presence of moderate (at my,c; < 1.0 mol/kg H,O) con-
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Table 3. Equations and constants of the main exchange reactions for temperatures of 100-500°C and a pressure of 1000 bar

. rec Refer- | Solution
no. Equation t
100 | 200 | 300 | 350 | 400 | 500 | °nce ype
1 - - -8.76 | -7.05| -6.08| -5.73| -5.44| —4.83 1 |
Aua”oy + AgC12 —_ Agalloy + AuC12
-9.11| -7.23| -5.88| -5.34| 4.86| —4.11 2
2% - -1.35| -3.01| 4.95| -5.96| -7.01| -9.26 1 11
Auanoy + staq + AgC12
== Aguy +2CI" + H* + AuHS® -2.15| -3.60| -5.41| -6.42| -7.51|-10.08 2
3 Aty + AgCL + 2H,S,, —4.18| -6.35| -8.85|-10.19 |-11.62 |-14.88 1 111
—= Agoy + Au(HS); +2CI +2HY -394 | -6.16| -8.75|-10.16 |-11.68 |-15.39 2
4 - - -1.46| -0.41 0.10 0.08| -0.24| -2.41 1 v
Aualloy + Ag(HS)Z - Agalloy + Au(HS)2
-1.03| -0.61| -0.45| -0.44| -0.45| -0.59 2
5% Ay, + AgHS? . Aoy + AuHS? -3.08| -1.46| -0.46| -0.1 0.19| 0.66 1 \"
-3.74| =2.07| -1.14| -0.82| -0.60| -0.31 2
-296| -1.35| -0.64| -0.35| -0.27| -0.02 3
6 Aoy + O.SHZSaG1 = 0.5Ag,S + 0.5H2aq -042| -0.34| -0.23| -0.23| -0.18 0.01 1 -V
-0.50| -0.38| -0.19| -0.09 0.01 0.26 2

Note: * The reactions are not included into consideration in [13, 18]; (1) this paper; (2) [24]; (3) [27].

centrations of NaCl, but only at temperatures no higher
than 300°C (solutions of type V).

Au AND Ag EXCHANGE REACTIONS
AND ASSESSMENT OF NATIVE
GOLD FINENESS

The behavior of Au and Ag in hydrothermal pro-
cesses at various physicochemical parameters is con-
trolled, first of all, by the stability of their solute species
and solid phases. Table 3 lists the equations and con-
stant values of principal exchange reactions (1)—(5),
which characterize the solubility of Au-Ag alloys
(without the formation of Ag,S) in sulfide—chloride
solutions in compliance with the composition of the
predominant Au and Ag complexes at temperatures of
100-500°C (P = 1000 bar). It is important to emphasize
that the expressions for the constants of these reactions
are special cases of the equation (as/axg)a0y = K;
(Aan/8Ag)aq * a'}'IZS */( aélat;’{+ ), which makes it possible to
relate the composition of Au—Ag alloy (through the
equilibrium constant of reaction i K;) with the mass
proportions of such principal components of the solu-
tion as the H* ion, sulfide sulfur, and chlorides, the
main complex-forming components. The concentration
of H,S,, corresponds to the values assumed in our
model (Table 2), and n, p, and g are the stoichiometric
coefficients of reaction i. Reaction (6) describes the for-
mation of Ag sulfide when Au—Ag alloys interact with
sulfide solutions. No appearance of Ag,S—Au,S solid
solutions or phases of the composition Ag;AuS, and

GEOCHEMISTRY INTERNATIONAL  Vol. 45

AgAusS in the examined ranges of the physicochemical
parameters was detected. Reactions (1), (4), and (5)
control the equilibria of the alloys with solutions of
types I, IV, and V, when Au and Ag are transferred in the
form of dichloride and di- and monohydrosulfide com-
plexes. Reactions (2) and (3) characterize solutions of
types II and III, which are able to transport the metals
in the form of dichloride Ag complexes and di- or
monohydrosulfide complexes of Au.

Using the constants of exchange reactions (1)—(5)
and correcting them for the activity coefficients of met-
als in the alloy [61], we calculated the fineness of native
gold produced under conditions buffered by pyrite-
bearing mineral assemblages according to the predom-
inant Au and Ag transport species in solutions. Our esti-
mates for the composition of native gold in the presence
or absence of silver sulfides are presented in a general-
ized form in Fig. 6. If Au and Ag are transported as
mono- and dihydrosulfide complexes, the fineness of
the native gold precipitating from solutions of types IV
and V is controlled by the (Au/Ag),q ratio and the con-
stants of reactions (4) and (5), which, in turn, are con-
trolled mainly by temperature. The fineness of gold can
be higher at 200 than at 300°C at (Au/Ag),, = const. It
is much more difficult to assay the Ag concentration in
the native Au precipitated by solutions of type II or III,
because this parameter is dependent not only on Au
and Ag concentrations in the solution and the con-
stants of exchange reactions (2) and (3) but also by the
relations between ay, a.-, and pH. For brevity,
these components are denoted Q =M + L in Fig. 6,
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Gold fineness
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L2102 mWL=1_"
VL=10 " IVL=10
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200 300 400 500
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Fig. 6. Temperature dependences of the fineness of native
gold in equilibrium with solutions of various types (I-V).
Solid lines show alloy in association with silver sulfide,
dashed and dash-dot lines show only alloy.

Py-Po or Hem—Py buffers L = my,/my, (solutions of
types I, IV, and V), Q = (mp,,/m Ag) aéla;/m’ﬁzs (solutions
of types II and III).

where M = a¢ja; ., which depends on the type and form

of expression for the equilibrium reaction of the alloy

logm, Py-Po
@ . o
oo
ok 7 g s
o / A
s
_ab - Au
_6F
0.1 m HCl1 -0
| 0.01 m NaOH -2
-8 0.lNaOH =0
1 1 1 1
200 300 400 500
0.1 m HC1 pH1.2 1.5 1.8 2.5 3.1
0.01 m NaOH 7.0 6.0 58 57 5.8
0.1 NaOH 95 9.0 9.1 9.2 9.7
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and solution of given composition, and L = a,,/a,, is
the ratio of the Au and Ag activities in the solution. The
fineness should decrease with increasing concentra-
tions of chlorides and alkalinity, as well as with
decreasing temperature. It is worth mentioning that dis-
crepancies between the gold fineness values calculated
with the application of the first and second thermody-
namic databases generally do not exceed 100 units.

POSSIBLE Au/Ag RATIOS IN THE SOLUTIONS
AS A FUNCTION OF THE EVOLUTION
OF THE PHYSICOCHEMICAL PARAMETERS
AND COMPOSITION OF THE SYSTEM

The diagrams presented below may be interesting
from two standpoints. They characterize the mobility of
Au and Ag and the evolution of the possible concentra-
tions of these metals in ore-forming solutions. Figures 7a
and 7b quantitatively characterize the maximum mobil-
ity of Au and Ag at reduced (pyrrhotite-bearing) or oxi-
dized (hematite-bearing) mineral buffers depending on
the temperature and pH of the solutions. It is thereby
assumed that 1.0 m NaCl aqueous solution participates
in the acidic variant (additionally introduced HCl in the
proportion 0.1 mol/kg H,0O), alkaline variant (NaOH
introduced in the proportion 0.1 mol/kg H,0), and in
the variant of weakly alkaline solutions (0.001 mol
NaOH/kg of H,O). It is reasonable to expect that Ag is
highly mobile in acidic solutions at the inert behavior of
Au throughout the whole temperature range, regardless
of the composition of the mineral buffers. At the same
time, starting at a temperature of 300°C, the concentra-
tion lines for these metals are spaced fairly closely, par-
ticularly for strongly alkaline solutions, and the mobil-

logmy, Hem-Py
(b) . /__/7—3 Ag
oL /_/ A///
e
_4+ /A Au
P-4 ‘/;
‘//D?’;l
_6- s ;/n
////
&
_8_ I‘ L L L
200 300 400 500
T,°C

pH 1.2 15 1.7 19 27
6.1 49 45 43 42
7.0 59 55 53 46

Fig. 7. Total Au and Ag concentrations passing into 1.0 m NaCl solutions of various pH during their interaction with the end mem-
bers of the Au—Ag series in the presence of (a) Py—Po and (b) Hem—Py buffers at temperatures of 200-500°C and P = 1000 bar.
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log (Au/Ag),q Py-Po 1 m NaCl
ol
—1t
2k
_3+
4+
_ 1 / 1 1
200 300 400 500
T,°C

Fig. 8. Possible conjugate Au/Ag ratios in solutions
with various pH at chloride concentrations from 0 to 5 m NaCl
in the presence of the Py—Po buffer at temperatures of
100-500°C and a pressure of 1000 bar. Roman numerals
correspond to the types of the solutions.

ity of Au at medium temperatures and in the presence
of pyrrhotite can be even higher than the mobility of
Ag. At the action of the hematite-bearing buffer, Ag
definitely predominates in the strongly alkaline solu-
tions even at low temperatures.

Figure 8 makes it possible to additionally system-
atize the situations with the aid of the above-distin-
guished five variants of the chemical composition of
potentially ore-forming solutions acting in equilibrium

logn;

Au/Ag<l | Au/Ag>1

OAu(g

T-T, 3 500-350 500-350
500-300 350-200
111 1I 1I v

500-350

500-350
) 350-200 350-200
Solution [ v \Y \Y4

type:

Fig. 9. Predicted amounts (in g) of Au and Ag precipitated
from 1 kg of solutions of various types during their evolu-
tion as the temperature decreased within the specified
ranges.
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with the pyrite-bearing buffers. Below we will use the
(Au/Ag),q ratio in place of (m,,/m,,) because the
former is more convenient when it is necessary to pro-
ceed to weight ratios of metals in alloys or solid phases.
The (Au/Ag),, ratios calculated above characterize
solutions of various composition in equilibrium with
Ag sulfide and Au—Ag alloys, whose fineness corre-
sponds to the specified temperature and buffer. Under
the conditions of the reduced pyrrhotite-bearing buffer,
the lowest (Au/Ag),, ratios (10~ to —10~?) are character-
istic of strongly acidic and acidic high-chloride
(6-30 wt % equiv. NaCl) high-temperature solutions,
in which gold and silver are transported in the form of
chloride complexes (type I solutions), as well as near-
neutral high-chloride high-temperature solutions with
disulfide Au complexes Au(HS), and the AgCI,
chloride Ag complex (type III solutions). The solutions
with the highest (Au/Ag),, ratios (from 10~ 2to 1) are
typical of alkaline solutions with any concentrations of
chlorides and with disulfide transport species of the
metals (solutions of type IV), as well as of chloride-free
acidic or low-chloride (<6 wt % NaCl) near-neutral
medium- and low-temperature solutions, which are
more typical of natural processes and transport the met-
als as monosulfide complexes (solutions of type V).
Intermediate (Au/Ag),, ratios (from 107 to 1072) are
characteristic of weakly acidic—near-neutral medium-
and low-temperature solutions containing chloride con-
centrations corresponding to more than 6 wt % NaCl
and the predominant AuHS? and AgCl, complexes
(solutions of type II).

Under the conditions of the more oxidized hematite-
bearing buffer, only chloride-free (which is practically
improbable in natural processes) near-neutral (pH ~ 6)
medium- and low-temperature solutions transporting
the metals in the form of monosulfide complexes
(type V) can have relatively high (Au/Ag),, ratios of
>107". The acidic and near-neutral solutions of types I
and III typically have low (Au/Ag),, ratios of 10~ to
107, The solutions of type IV have (Au/Ag),, ratios
close to 1072. However, the pH of these solutions is
closer to neutral or even acidic values, even in the pres-
ence of 0.1 m NaOH under oxidizing conditions, partic-
ularly at high temperatures, because of the appearance
of oxidized S species, such as SO,, HSO,, and SO?[.
Thus, Ag turns out to be usually more mobile than inert
Au in real natural solutions.

The diagram in Fig. 9 shows the possible Au and Ag
amounts, predicted based on the results of our thermo-
dynamic simulations, that can be precipitated from 1 kg
of solutions of various types during their physicochem-
ical evolution at decreasing temperature, fy,, and
S,s - The solutions of types I, II, and III theoretically
can form mineralization with low Au/Ag ratios, which
testify to the presence of Ag sulfide. The solutions of
types IV and V are the most favorable for the precipita-
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tion of Au—-Ag ores with both high Au/Ag ratios (>1)
and high-fineness gold and electrum (within the range
of 500 to 1000 promille gold).

CONCLUSIONS

Our thermodynamic simulations of the interrelated
behavior of gold and silver in hydrothermal processes
allowed us to construct a physicochemical model for the
formation of native gold of various fineness. This model
is applicable to the development of gold-silver-bearing
mineral assemblages with pyrite, pyrrhotite, and other
sulfides. We identified five principal geochemical types
of solutions, which are characterized by certain extract-
ing ability with respect to Au and Ag and their predom-
inant aqueous species: chloride (type I), monohydro-
sulfide (IV), and dihydrosulfide (V), as well as chloride
for Ag and hydrosulfide for Au (types II and III, respec-
tively), depending on the physicochemical parameters.
In some situations, the fineness of gold can be indica-
tive of the Au/Ag ratios of the hydrothermal solutions
and pyrite-bearing ores and of the pH and chloride con-
centrations in the ore-forming system. In other
instances, the fineness of gold in association with
argentite (acanthite) can be utilized as a geothermome-
ter, if reliable estimates for the redox conditions and
sulfide sulfur concentration are available. For example,
relatively low Au/Ag ratios in solutions and sulfide ores
(10* < Au/Ag < 0.1) and the formation of native gold
and silver with silver sulfides can be predicted for ore-
forming environments of type I. High Au/Ag > 1 and
high-fineness gold and electrum in the absence of Ag,S
can supposedly be formed in environments of types IV
and V. The solutions of types II and III can precipitate
native gold in association with silver sulfide or without
it, which is predetermined by the Au/Ag ratios within
an intermediate range of 0.1 < Au/Ag < 1, the concen-
trations of chlorides, and pH. When ore material is
redeposited as a result of native gold interaction with
acidic chloride or near-neutral solutions due to the
more active passage of Ag (compared to Au) into solu-
tion, the fineness of the gold can increase, which seems
to take place in natural processes. The fineness of natu-
rally occurring gold and high Au/Ag ratios in pyrite-
bearing ores in the absence of silver sulfide does not
always suggest that the ore-forming solutions have high
temperatures.

The further studying of the stability of the phases
and their equilibrium compositions in the system
simultaneously containing Au and Ag requires

(1) additional information confirming that the natu-
ral mineral assemblages ubiquitously contain Au-bear-
ing acanthite (argentite);

(2) reliable thermodynamic data on Au,S;

(3) known values for the excess energy of mixing for
solid solutions of the Ag,S—Au,S series.

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 8

755

ACKNOWLEDGMENTS

The authors thank N.N. Akinfiev, V.I. Belevantsev,
and G.P. Shironosova for discussion of the manuscript.
This study was supported by the Russian Foundation
for Basic Research, project nos. 03-05-65056 and
06-05-96954.

REFERENCES

1. G.R. Kolonin, G. A. Pal’yanova, G. P. Shironosova, and
K. G. Morgunov, “Thermodynamic Model for the Possi-
ble Gold-Bearing Potential of High-Temperature Chlo-
ride Water—Carbon Dioxide Fluid,” Geokhimiya, No. 12,
1725-1734 (1994).

2. G. R.Kolonin, G. A. Pal’yanova, G. P. Shironosova, and
K. G. Morgunov, “The Effect of Carbon Dioxide on
Internal Equilibria in the Fluid during the Formation of
Hydrothermal Gold Deposits,” Geokhimiya, No. 1,
46-57 (1997) [Geochem. Int. 35, 40-50 (1997)].

3. R.W. Boyle, The Geochemistry of Gold and Its Deposits
(Geol. Surv. Canada, Ottawa, 1979).

4. M. S. Sakharova, A. I. Gorshkov, N. V. Trubkin, et al.,
“New Data on the Isomorphic Substitution of Silver in
Native Gold and Its Synthetic Analogs,” Dokl. Akad.
Nauk SSSR 264, 457-460 (1982).

5. N. V. Petrovskaya, Gold Nuggets (Nauka, Moscow,
1993) [in Russian].

6. R. W. Boyle, The Geochemistry of Silver and Its Depos-
its, Bull. Geol. Surv. Can. 60 (1980).

7. A.A. Sidorov, M. M. Konstantinov, R. A. Eremin, et al.,
Silver: Geology, Mineralogy, Genesis, and Distribution
of Deposits (Nauka, Moscow, 1989) [in Russian].

8. A. E. Vol and I. K. Kogan, Structure and Properties of
Binary Metallic Systems (Nauka, Moscow, 1976) [in
Russian].

9. Yu. S. Berman, M. M. Batova, L. I. Bochek, and A. P. Ple-
shakov, “Natural Gold-Silver Series,” Geokhimiya,
No. 9, 1351-1359 (1978).

10. R.I. Koneev, Extended Abstract of Doctoral Dissertation
in Geology and Mineralogy (St. Petersburg, 2001).

11. E. N. Diman, “On the Minimum Fineness of Gold Coex-
isting with Pyrite,” Geokhimiya, No. 3, 404—412 (1976).

12. V. G. Moiseenko, Geochemistry and Mineralogy of Gold
in the Ore Regions of the Soviet Far East (Nauka, Mos-
cow, 1977) [in Russian].

13. N. Shikazono and M. Shimizu, “The Ag/Au Ratio of
Native Gold and Electrum and the Geochemical Envi-
ronment of Gold Deposits in Japan,” Mineral. Deposita
22,309-314 (1987).

14. M. Demange and J. Armand, “Chemistry of Gold-Silver
Alloys Related to Hydrothermal Stages in the Salsigne
Gold Deposits (Aude, France),” C. R. Acad. Sci., Ser. II
323, 49-56 (1996).

15. I. N. Shirokikh, A. M. Cherezov, and A. S. Vas’kov,
“Spatial and Temporal Evolution of the Composition of
Native Gold in the Staro-Berikul’skoe Deposit, Kuz-
netsk Alatau,” Geol. Geofiz. 41, 111-119 (2000).

16. N. H. Fisher, “Applications of Gold Fineness to the
Search for Ore,” Proc. Austr. Inst. Min. Metall., 185-190
(1950).

2007



756

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

PAL’YANOVA, KOLONIN

G. W. Morrison, W. J. Rose, and S. Jareith, “Geological
and Geochemical Controls on the Silver Content (Fine-
ness) of Gold in Gold-Silver Deposits,” Ore Geol. Rev.
6, 333-364 (1991).

C. H. Gammons and A. E. Williams-Jones, “Hydrother-
mal Geochemistry of Electrum: Thermodynamic Con-
straints,” Econ. Geol. 95, 420-432 (1995).

V. M. Goldschmidt, Geochemistry (Clarendon Press,
Oxford, 1954).

V. V. Shcherbina, “On the Geochemical Meaning of the
Quantitative Relations of Gold and Silver,” Geokhimiya,
No. 3, 56-63 (1956).

Yu. G. Safonov, “Gold and Gold-Bearing Deposits of the
World: Genesis and Metallogenic Potential,” Geol.
Rudn. Mestorozhd. 45, 305-320 (2003) [Geol. Ore
Depos. 45, 265-278 (2003)].

M. M. Konstantinov, E. M. Nekrasov, A. A. Sidorov, et
al., Giant Gold Deposits in Russia and around the World
(Nauchnyi Mir, Moscow, 2000) [in Russian].

D. S. Korzhinskii, Physicochemical Basis of the Analysis
of the Paragenesis of Minerals (AN SSSR, Moscow,
1957; Consultants Bureau, New York, 1959).

N. N. Akinfiev and A. V. Zotov, “Thermodynamic
Description of Chloride, Hydrosulfide, and Hydroxo
Complexes of Ag(I), Cu(l), and Au(I) at Temperatures of
25-500°C and Pressures of 1-2000 bar,” Geokhimiya,
No. 10, 1083-1099 (2001) [Geochem. Int. 39, 990-1006
(2001)].

E. L. Shock, D. C. Sassani, M. Willis, and D. A. Sverjen-
sky, “Inorganic Species in Geologic Fluids: Correlations
among Standard Molal Thermodynamic Properties of
Aqueous Ions and Hydroxide Complexes,” Geochim.
Cosmochim. Acta 61, 907-950 (1997).

D. A. Sverjensky, E. L. Shock, and H. C. Helgeson, “Pre-
diction of the Thermodynamic Properties of Aqueous
Metal Complexes to 1000°C and 5 kb,” Geochim. Cos-
mochim. Acta 61, 1359-1412 (1997).

Yu. V. Shvarov and E. Bastrakov, HCh: A Software Pack-
age for Geochemical Equilibrium Modeling: User’s
Guide (AGSO RECORD 1999/Y) (Australian Geological
Survey Organization, Canberra, 1999).

G. A. Pal’yanova, G. P. Shironosova, G. R. Kolonin, and
V. G. Zimbalist, “Monohydrosulphide Complex AuHS":
Thermodynamic Analyses of Published and New Exper-
imental Data,” Experiment in Geosciences 8 (2), 43-45
(1999).

G. A. Pal’yanova, Doctoral Dissertation in Geology and
Mineralogy (OIGGiM, Novosibirsk, 2005).

A. Stefansson and T. M. Seward, “Experimental Deter-
mination of the Stability and Stoichiometry of Sulphide
Complexes of Silver (I) in Hydrothermal Solutions to
400°C,” Geochim. Cosmochim. Acta 67, 1395-1413
(2003).

A. Stefansson and T. M. Seward, “Gold (I) Complexing
in Aqueous Sulphide Solutions to 500°C at 500 bar,”
Geochim. Cosmochim. Acta 68, 41214143 (2004).

B. R. Tagirov, S. Salvi, J. Schott, and N. N. Baranova,
“Experimental Study of Gold-Hydrosulphide Complexing
in Aqueous Solutions at 350-500°C, 500 and 1000 Bars

Using Mineral Buffers,” Geochim. Cosmochim. Acta 69,
2119-2132 (2005).

GEOCHEMISTRY INTERNATIONAL  Vol. 45

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

A. Stefansson and T. M. Seward, “The Hydrolysis of
Gold (I) in Aqueous Solutions to 600°C and 1500 bar,”
Geochim. Cosmochim. Acta 67, 1677-1688 (2003).

T. M. Seward, “Thio Complexes of Gold and the Trans-
port of Gold in Hydrothermal Ore Solutions,” Geochim.
Cosmochim. Acta 37, 379-399 (1973).

V. L. Belevantsev, B. 1. Peshchevitskii, and G. I. Sham-
ovskaya, “Au (I) Sulfide Complexes in Aqueous Solu-
tions,” Izv. Sib. Otd. Akad. Nauk, Ser. Khim., No. 2,
81-87 (1981).

P.J. Renders and T. M. Seward, “The Stability of Hydro-
sulphido- and Sulphido-Complexes of Au (I) and Ag (I)
at 25°C.” Geochim. Cosmochim. Acta 53, 245-253
(1989).

K. Hayashi and H. Ohmoto, “Solubility of Gold in NaCl
and H,S-Bearing Aqueous Solutions at 250-350°C,”
Geochim. Cosmochim. Acta 55, 2111-2126 (1991).

F. Gibert, M.-L. Pascal, and M. Pichavant, “Solubility of
Gold in KC1 (0.5)m Solution under Hydrothermal Con-
ditions (350-450°C, 500 bars), in Proc. 4th Int. Symp.
Hydrothermal Reactions, Nancy (1993), pp. 65-68.

L. G. Bening and T. M. Seward, “Hydrosulfide Com-
plexing of Au (I) in Hydrothermal Solutions from
150-400°C and 500-1500 Bars,” Geochim. Cosmo-
chim. Acta 60, 1849-1872 (1996).

N. N. Baranova and A. V. Zotov, “Stability of Gold Spe-

cies AuHS;, and Au(HS)) ) at300,350°C and 500 bar:

Experimental Study,” Mineral. Mag. 62a, 116-117
(1998).

K. A. Levin and A. V. Zotov, “Migration and Deposition
of Gold and Silver under Hydrothermal Conditions” in
Metasomatism, Mineralogy, and Genetic Problems of
Gold and Silver Deposits in Volcanic Sequences (Mos-
cow, 1986), pp. 79-91 [in Russian].

D. L. Huston and R. R. Large, “A Chemical Model for
the Concentration of Gold in Volcanogenic Massive Sul-
fide Deposits,” Ore Geol. Rev. 4, 171-200 (1989).

N. F. Spycher and M. H. Reed, “Evolution of a Broad-
lands-Type Epithermal Ore Fluid along Alternative P-T
Paths: Implications for the Transport and Deposition of
Base, Precious and Volatile Metals,” Econ. Geol. 84,
328-359 (1989).

M. D. Hannington, M. K. Tivey, A. C. L. Larocque, et al.,
“The Occurrence of Gold in Sulfide Deposits of the TAG
Hydrothermal Field, Mid-Atlantic Ridge,” Can. Mineral.
33, 1285-1310 (1995).

E. J. Mikucki, “Hydrothermal Transport and Deposi-
tional Processes in Archean Lode-Gold Systems: A
Review,” Ore Geol. Rev. 18, 307-321 (1998).

F. Gibert, M.-L. Pascal, and M. Pichavant, “Gold Solu-
bility and Speciation in Hydrothermal Solutions: Exper-
imental Study of the Stability of Hydrosulphide Com-
plex of Gold (AuHS?) at 350 to 450°C and 500 Bars,”
Geochim. Cosmochim. Acta 62, 2931-2947 (1998).

G. R. Kolonin and G. A. Pal’yanova, “Purity of Native
Gold as a Possible Indicator of the Composition and
Temperature of the Ore-Forming Solution,” Dokl. Akad.
Nauk 373, 527-531 (2000) [Dokl. Earth Sci. 373A,
1000-1003 (2000)].

C. A. Heinrich, “The Physical and Chemical Evolution
of Low-Salinity Magmatic Fluids at the Porphyry to Epi-

No.8 2007



49.

50.

51.

52.

53.

54.

55.

GEOCHEMICAL MOBILITY OF AU AND AG DURING HYDROTHERMAL TRANSFER

thermal Transition: A Thermodynamic Study,” Mineral.
Deposita 39, 864-889 (2005).

G. A. Pal’yanova and G. R. Kolonin, “Physicochemical
Features of the Behavior of Gold and Silver in Processes
of Hydrothermal Ore Formation,” Dokl. Akad. Nauk
394, 389-392 (2004) [Dokl. Earth Sci. 394, 100-103
(2004)].

J. Johnson, E. Oelkers, and H. Helgeson, “SUPCRT-92,”
Comput. Geosci. 18, 899-947 (1992).

N. N. Akinfiev, Extended Abstract of Doctoral Disserta-
tion in Chemistry (MGGRA, Moscow, 1995).

P. B. Barton, “The Ag—Au-S System,” Econ. Geol. 75,
303-316 (1980).

R. A. Robie and B. S. Hemingway, Thermodynamic
Properties of Minerals and Related Substances at
298.15 K and 1 bar (10° Pa) Pressure and at Higher
Temperatures, US Geol. Surv. Bull., No. 2131 (1995).
G. A. Pal’yanova, Yu. V. Shvarov, G. P. Shironosova, and
Yu. V. Laptev, “Methodological Approaches to the
Assessment of Gold Fineness during Thermodynamic
Modeling of Hydrothermal Systems,” Geokhimiya,
No. 12, 1353-1357 (2005) [Geochem. Int. 43, 1247-1251
(2005)].

Yu. V. Lyakhov, “Fluid Inclusions in Gold Ore Associa-
tions of Various Depths,” in Mineral-Forming Fluids

GEOCHEMISTRY INTERNATIONAL  Vol. 45 No. 8

56.

57.

58.

59.

60.

61.

2007

757

and Ore Formation (Kiev, 1988), pp. 104—122 [in Rus-
sian].

V. Yu. Prokof’ev, Geochemical Characteristics of Ore-
Forming Fluids of Hydrothermal Gold Deposits of Vari-
ous Genetic Types: Data from Fluid Inclusion Studies
(Nauka, Novosibirsk, 2000) [in Russian].

N. V. Petrovskaya, Yu. G. Safonov, and S. D. Sher,
“Associations of Gold Mineral Deposits,” in Ore Associ-
ations of Endogenous Deposits, Vol. 2: Associations of
the Endogenous Deposits of Gold, Massive Sulfides,
Lead, Zinc, and Mercury (1976), pp. 3—110.

V. V. Lodeishchikov, Technology of Gold and Silver
Extraction from Resistant Ores (OAO Irgiredmet,
Irkutsk, 1999), Vol. 1 [in Russian].

P. Shi, “Fluid Fugacities and Phase Equilibria in the Fe—
Si—-O-H-S System,” Am. Mineral. 77, 1050-1066
(1992).

N. Kishima, “A Thermodynamic Study on the Pyrite—
Pyrrhotite-Magnetite—Water System at 300-500°C with
Relevance to the Fugacity/Concentration Quotient of

Aqueous H,S,” Geochim. Cosmochim. Acta 53,
2143-2155 (1989).

J. L. White, R. L. Orr, and R. Hultgren, “Thermody-
namic Properties of Silver—Gold Alloys,” Acta Metall. §,
747-760 (1957).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


