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Abstract
In this contribution we examine the compositions of solid solutions and intermetallics of

the system Cu-Ag-Au-Hg and the physicochemical conditions of their formation in rodingites
from the Zolotaya Gora gold deposit (Southern Urals, Russia). Thermodynamic calculations,
modeling the formation of mineral assemblages of rodingite and Cu-Ag-Au-Hg mineralization,
were carried out using a “Selektor-C” software package. Two probable models for the genesis of
Au-Ag-Cu-Hg solid solutions and Au-Cu intermetallics in rodingites are: 1) hydrothermal; the
result of single-stage discharge in open space of deep-sourced gold-bearing fluid with the
composition corresponding to rodingite, taking into account its interaction with host
serpentinites. 2) metasomatic; deep-seated gold-bearing fluid (W) rising to the surface interacts
with early formed rodingite (R) at different ratios (W/R). T and P-conditions of modeling:
450°C, 3 kbar; 350°C, 2 kbar; 250°C, 1 kbar. Results of the calculations on the “hydrothermal”
and “metasomatic” models showed different degrees of similarity of natural and theoretical
model associations of rodingites. The metasomatic model is better for corresponding to real

mineral compositions and mineral paragenesis in the natural Cu-Ag-Au-Hg system observed at
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the deposit. In this model the chlorite-garnet-pyroxene rodingite is replaced by a chlorite-rich
rock with increasing W/R. In this case all gold minerals of Zolotaya Gora deposit (Au-Cu
intermetallics and Au-Ag solid solutions) are formed at 250-450°C. Gold-copper solid solution
formed at a temperature of 450°C (W/R>10). Au-Ag-Hg solid solutions and native copper are
formed only at 250°C. According to the hydrothermal model native copper and AuCusz were
absent phases, but other Au-Cu intermetallics (AuCu, AusCu) precipitate if gold concentration in
the solution is higher than 0.5 ppm. Thermodynamic calculations proved the possibility of
formation of equilibrium assemblages of rodingite minerals and gold-bearing minerals with the
participation of water-chloride complexing and low CO, fluids. At a temperature < 350°C the
main status of gold in solution are Au(HS), and AuHS®, while at higher temperatures it occurs
as AuOH’. Formation of Au-Cu intermetallics occurred under the effect of weak-acid
hydrothermal solutions (pH = 3.5+5) with low fugacity of Oz and S;: log fo, = -26 + -47, log fs
= -8 + -20. Both models (hydrothermal and metasomatic) explain the formation of Au-bearing

rodingites and can be used for predicting potential gold-bearing rodingite targets.

Keywords: Zolotaya Gora gold deposit, rodingites, Cu-Ag-Au-Hg solid solutions, Au-Cu

intermetallics, fluid, thermodynamic models

1. Introduction

In this contribution, we discuss rodingites and their associated metallic mineralization.
Rodingites were first recognized in the Dun Mountain ophiolite belt in New Zealand (in fact, the
name derives from the Roding river near the town of Nelson, New Zealand; Williams, 1974).
Rodingites are generally characterized by calc-silicate assemblages (e.g. garnet, clinopyroxene,
tremolite-actinolite, and epidote) and together with albitites occur along contacts between
serpentinites and country rocks (Carmichael et al., 1974; Tsikouras et al., 2009).

In most cases rodingites do not host noble metals but, occasionally they may have high
concentrations of gold (Chudnenko et al., 2015; Chudnenko and Palyanova, 2016; Damdinov et
al., 2004; Galuskin and Zeleg, 2003; Gunia, 1986; Kazachenko et al., 2008; Knight and Leitch,

2001; Kudryavtseva and Kudryavtsev, 2003; Murzin et al., 1987; Oen and Kieft, 1974; Rechkin,
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1974; Sazonov, 1998; Zhmodik et al., 1998, 2008), silver (Leblanc and Lbouabi, 1988) or
platinum (Molchanov et al., 2006). In some cases, rodingite and carbonated serpentinites may
be associated with Au, Ag and Co mineralisation (Pirajno, 1992 and references therein). The
Zolotaya Gora (“Golden Mountain” in Russian) gold deposit in the Karabash massif of
ophiolitic ultramafic rocks in the Southern Urals, is one of these noble metals-bearing
rodingites. The Zolotaya Gora deposit, in spite of its small reserves (<10 t Au), is quite unique
owing to the presence of compositionally uncommon copper-bearing gold in the rocks
composed of minerals usual for rodingites. This fact suggests that the rodingite of this deposit
has a different origin than worldwide rodingites which usually contain no gold, and are
developed as metasomatic alteration of mafic rocks.

Murzin et al. (2013) proposed a genetic model of gold-bearing rodingites in which these
rocks are regarded as veins accompanied by metasomatic chloritization of the host serpentinites.
In these concepts, the deposition of minerals of the system Cu-Ag-Au-Hg is coeval with the
formation of rodingites, which led to the recognition of a gold-rodingite (chlogropite) type of
mineral system (Berzon, 1983; Sazonov, 1998). The authors of this newly recognized type of
mineral system suggest that the formation of gold-rodingite mineralization proceeded in one
stage and is related to the ingress of metasomatic fluids along zones of N-S-trending tectonic
dislocations. Rodingites are related to metasomatism and antigorite alteration of ultramafic
rocks.  Metasomatism develops simultaneously with the supply of gold-bearing fluid,
approaching economic viability only in fracture zones (Sazonov, 1998).

The appropriateness of distinguishing a gold-rodingite mineralization type is doubted by
some researchers. Spiridonov and Pletnev (2002) deliberate that gold is not genetically related to
the formation of rodingites but is superimposed on these rocks during later carbonatization,
chloritization and silicification (listvenitization; e. g. Escayola et al., 2009; Zoheir and Lehmann,

2001). Other scientists hypothesize that redistribution and concentration of gold was coeval with
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the formation of bi-metasomatic rodingites, however this redistribution process was very limited
(Molchanov et al., 2006; Plyusnina et al., 2007). In this case, gold is concentrated locally within
the contact zones of adjacent rocks.

The key element for understanding the genesis of mineralization in rodingites from the
Karabash massif is finding the answer to the question about the equilibrium of rodingite minerals
with gold minerals. We made an attempt to solve this problem, using the thermodynamic
modeling, which became possible by using data on the thermodynamic properties of Cu-Ag-Au-
Hg solid solutions and intermetallic compounds (intermetallics). In earlier models the formation
of multi-element gold-bearing solid solutions and intermetallics was commonly ignored
(Akinfiev and Zotov, 2010; Pokrovski et al., 2014).

Experimental and numeric modeling of the process of rodingitization for the system
Mg-Ca—Fe-Si—Al-Na—CI-O-H was conducted by Plyusnina et al. (1993) and Bach and Klein
(2009). However, the model system in these works lacked such elements as Au, Ag, Cu, Hg and
the role of solid solutions and intermetallics was not considered. Palandri and Reed (2004)
carried out calculations in the temperature interval 25-300°C and used an ideal model for solid
solutions. Recently, thermodynamic properties of solid phases of six binary subsystems (Ag-Au,
Au-Cu, Ag-Cu, Ag-Hg, Au-Hg, Cu-Hg), two ternary subsystems (Cu-Ag-Au, Ag-Au-Hg) and
one quaternary system Cu-Ag-Au-Hg have been estimated (Chudnenko and Pal’yanova,
2013a,b, 2014, 2016; Liu et al., 2012; Pal’yanova, 2008).

This paper is aimed at the thermodynamic modeling of the formation conditions of
rodingite mineral paragenesis, including the presence of binary, ternary and quaternary solid
solutions and intermetallics in the system Cu-Ag-Au-Hg, to solve problems of the genesis of the

Zolotaya Gora gold deposit and other similar occurrences.
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2. Geology of the Karabash massif and the Zolotaya Gora deposit

The Karabash massif of ophiolite ultramafic rocks occurs in Southern Urals, about 100
km west of Chelyabinsk city. It extends approximately in a N-S direction and is localized in the
zone of the Main Ural fault which separates the paleo-continental and paleo-oceanic sectors of
the Urals. At the latitude of Karabash town this zone is made up of serpentinized ultramafic
rocks within Ordovician oceanic and island-arc sedimentary-volcanic complexes of the Silurian-
Devonian Tagil-Magnitogorsk terrain (Fig. 1) described in Russian publications as “megazone”
(Puchkov, 2010, 2017). From east to west, the massif, which is 15 km long, borders on volcano-
sedimentary, predominantly marmorized limestones, basalt and andesite-basalt.

The Sm-Nd age of formation of rodingites is 369.4+8.8 Ma (Murzin et al., 2013), which
coincides with the period of early collision and compression of Ordovician oceanic and
Silurian-Devonian island-arc complexes and upward movement of the block of ultramafic rocks
(Seravkin et al., 2003; Puchkov, 2017), including the Karabash massif.

The Karabash massif is composed of antigorite, and to a lesser degree, chrysolite and
lizardite serpentinites. The massif also contains isolated bodies of rodingites, magnetite-chlorite-
carbonate, quartz-riebeckite rocks and listvenites. All these lithologies have a similar geologic
setting, being localized in the zones of tectonic mélange; listvenites are found only in the
southwestern contact of the massif (Murzin et al., 2013) (Fig. 1).

The belt of rodingites can be traced for about 2.5 km along the central part of the massif.
Some bodies of rodingites extend for about 600—700 m and are composed of aggregates of three
main minerals: diopside, garnet and chlorite in varying quantities. Rodingite has tectonic
contacts with the hosting serpentinites (Fig. 2a). In the endocontact of rodingite serpentinites are
strongly chloritized and can be called "chloritites”. Massive rodingites and chloritites exhibit a
network of cross-cutting veinlets of diopside and calcite. Veinlets of diopside often penetrate

from the rodingite into the host rocks (Fig. 2b).
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Throughout the whole belt, rodingites are gold-bearing, but the gold-richest are in its
central part, namely the Zolotaya Gora deposit, abandoned at a depth of 200 m. Both the vein-
like rodingite and the fragments of chloritite occur within the ore bodies. The ore bodies are
steeply dipping 60-70° southeastward. The average thickness of ore bodies is about 2-3 m,
varying from 0.1-0.3 m to 8 m. Below 200 m, mineralization does not wedge out, but the gold
content, reaching a few hundreds ppm in the upper horizons and averaging 5-6 ppm, drops
substantially.

Typically, even in the ores with a high gold content the amount of ore minerals is very
low. Only magnetite, ilmenite and chalcocite may occur in amounts of up to 2-3 wt.%. The
average content of sulfides in the ores is no more than 1 wt.%, and the total content of sulfur is

0.2 wt.%.

3. Mineralogy, stages and conditions of formation of rodingites from the Karabash massif

The mineral composition of rodingites from the Karabash massif was studied by many
researchers (Berzon, 1983; Lozhechkin, 1935, Novgorodova et al., 1977; Perelyaev, 1948;
Pokrovsky et al., 1979). The most complete data on the composition of minerals and sequence of
their deposition. were obtained by Spiridinov and Pletnev (2002) who proposed a two-phase
formation of gold-bearing rodingites.

Based on the earlier data (Murzin et al., 2013; Spiridinov and Pletnev, 2002) we propose
a 3-stages formation of gold-bearing rodingites (Table 1). First stage rodingites are fine- and
medium-grained chlorite—garnet (andradite)-diopside rocks with various ratios of these
constituent minerals. Synchronously with them, host serpentinites are altered into a rock made up
almost completely of fine- and small-grained chlorite with relict serpentine. The second stage is

spread among early rodingites as non-uniformly distributed 0.1 m thick sheeted veinlets
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composed of coarse-grained diopside with lesser amounts of chlorite, hydroandradite, magnetite
and ilmenite. In places, diopside veinlets go beyond the rodingite bodies into host chloritite rocks
and serpentinites. These rocks are repeatedly chloritized through a network of thin joints to form
coarser-grained aggregates. In the third stage formation of rodingites was completed by the
deposition of small amounts of calcite. In rodingites, calcite occurs as thin veins and small nests
(2-3 cm). In some cases, it replaces the earlier deposited Ti-andradite and, to a lesser degree,
diopside to form a small amount of quartz, magnetite and titanite. Small-sites of calcite-chlorite
rocks are also present in chloritites and serpentinites.

All stages are gold-bearing. Gold particles in rodingites fill cleavage cracks in diopside,
cement the laminated mass of chlorite, and form intergrowths in garnet and magnetite. In calcite
veinlets we found rare micro-inclusions of native gold without traces of other elements, except
silver. Spiridonov and Pletnev (2002) detected also the presence of Cu in native gold.

At the Zolotaya Gora deposit, rodingites of the first and second stages formed under the
conditions typical of rodingites: T = 420-470°C, P = 2-3 kbar, Xco, = 0.001-0.02 (Murzin and
Shanina, 2007; Murzin et al., 2013). The third and final stage proceeded with a decrease in P-T
(0.5-1 kbar, 230-310°C) and an increase in Xcoz to 0.04. The gas composition of the
rodingitizing fluid is represented by the C—H-O system with a minor content of nitrogen (Xn2
less than 0.002) and lack of H,S. The fluid is characterized by an extremely high mole fraction of
water (Xy20 = 0.942-0.981), with a predominance of hydrogen among gas components (Xy, =
0.012-0.023), substantially chloride-magnesium salt composition, with a small amount of
chlorides of calcium and iron, and low salinity (2.6-6.7 wt.% NaCl eq.). Rodingites of the first
and second stages formed under reducing conditions (ratio of volatile components
CO,/(CO,+CO+H,+CH4)<0.35), and the calcite veinlets of the third stage formed under

oxidizing conditions (CO,/(CO,+CO+H,+CH,)=0.83). The oxidation level of the fluid on
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serpentinization is characterized by intermediate values CO,/(CO,+CO+H,+CH,4)=0.41-0.52

(Murzin and Shanina, 2007).

4. Chemical composition of Cu-Ag-Au-Hg solid solutions and Au-Cu intermetallics from

the Zolotaya Gora deposit

Mineralogy and petrography of the rocks was studied using an Olympus BX-51 optical
microscope. The chemical composition of native gold, borrowed from Pokrovsky et al., (1979),
was determined by X-ray spectral microanalysis (JXA-5a). In this study scanning electron
microscope CamScan MV2300 (VEGA TS 5130MM) equipped with an energy dispersive X-ray
spectrometer INCA Energy 350 was used. The photomicrographs were taken using a high-
contrast BSE shooting mode with an increased absorption current on the sample and an extended
exposure time (up to 10 minutes), which allows the separation of phases with a difference of less
than 1 atomic number. Studying of thin mineral aggregates was made to determine the primary
composition of the decomposed solid solution. Study performed with multiple scanning mode for
the chosen area 18x18 or 36x36 um with the resolution 1024x1024 pixels or higher (minimal
scanning time was 180 seconds) with accumulation of cooperative EDS spectrum. It allows to
make rather correct averaging of composition of the studied area.

Native gold from the Zolotaya Gora deposit has a very specific chemical and phase
composition as well as structure of its particles. It was shown in the earliest works that gold has
non-uniform phases and occurs as lamellar intergrowths of Au-Cu alloys and electrum formed as
exsolution products of solid solution (Lozhechkin, 1935; Perelyaev, 1948). Later, gold-copper
minerals phases were defined with composition close to AuCu (tetra-auricupride, rozhkovite,
cuproauride), AuCus (auricupride) and AusCu, and among gold-silver minerals, a wide range of

phases from high-fineness gold to native silver, containing up to 12 wt.% Hg (Novgorodova et
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al., 1977; Pokrovsky et al., 1979; Spiridonov and Pletnev, 2002). Moreover, native copper and
mercury-bearing silver were also found at the deposit (Spiridonov and Pletnev, 2002).

Compositions of gold minerals are presented in the diagram shown in Fig. 3. The gold
minerals in the ores from the Zolotaya Gora deposit reported by Spiridonov and Pletnev (2002)
is as follows: 45% AuCu (tetra-auricupride), 25% auricupride (AuCus), 15% exsolution products
of Au-Cu solid solutions, 5% AuzCu phase, 10% Au-Ag amalgams and only 1% native gold and
silver. The chemical composition of some minerals is close to the stoichiometric ratios of
components with only minor deviations. Wide variations are typical of the AuzCu phase: Auz.7o-
2.96A00.03-007CUo.09-1.24 (also contains to 0.6 wt.% Hg) (Spiridonov and Pletnev, 2002). Silver
content in gold-copper minerals generally does not exceed 3 wt. % according to microprobe
analysis or 10 wt.%, data of bulk chemical analysis (Pokrovsky et al., 1979). Native copper
contains impurity of silver (to 0.18 wt. %) and gold (to 0.56 wt. %) (Spiridonov and Pletnev,
2002).

Detailed XRD studies of the Au-Cu alloys and mercurian gold showed that they are
represented by the products of solid-phase modification of relatively high-temperature solid
solutions of the system Cu-Ag-Au-Hg (Murzin and Sustavov, 1989; Novgorodova et al., 1977,
Pokrovsky et al;, 1979). As the temperature decreases owing to the drastic restriction of the
stability of‘solid solutions, they experience a multistage decomposition into lamellar and latticed
aggregates of Au-Ag-Hg and Au-Cu phases. The exsolution was accompanied by the
phenomenon of ordering of the structure of Au-Cu phases and formation of intermetallics.
Ordering of the structure takes place in synthetic alloys at 390-410°C by way of nucleation and
growth of the ordered phases precipitated from solid solutions (Vol and Kagan, 1976). The
maximum degree of ordering is achieved in solid solutions that are close in stoichiometry of
AuCu; and AuCu. As a result of solid-phase transformations, the phase composition of gold

particles becomes more complicated and their present-day microstructure becomes extremely
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non-uniform (Fig. 4). We believe that the main volume of gold in the deposit formed during the
earlier first and second stages and is composed of exsolved Au-Ag-Cu solid solutions with a
wide range of compositions from AusCu to AuCusz as well as associated Au-Ag-Hg solid
solutions and ordered phases AuCu (tetra-auricupride) and AuCus (auricupride).

The specific features of the structure and composition of gold minerals are shown in Figs.
3 and 4. The most common is Au-Cu-Ag-Hg solid solution, the initial composition of which was
calculated by averaging EMP results obtained in the raster scan of grain fragments and equals to
(in wt.%): Au 80.2-83.6; Ag 0.5-0.9; Cu 17.9-19.6; Hg 0.1-0.3 or AusCu,Ado.onHgo.on. The
exsolution products of this solid solution consist of alternating thin plates of tetra-auricupride (in
wt.%: Au 76.2-78.2; Ag 0.1-0.3; Cu 20.0-20.2) and Au-Cu solid solution with trace contents of
silver and mercury (in wt.%: Au 83.8-85.0; Cu 10.9-11.1; Ag 1.1-1.6; Hg 0.0-1.3 or
Au,CuAgo.onHgoon) (Fig. 4a). The plates of Au-Cu solid solution contain inclusions of Hg-
bearing high-fineness gold (in wt.%: Au 88.0; Ag 12.0; Cu-0.1; Hg 0.9) (Fig. 4b) formed,
probably, during further exsolution of this solid solution.

Less frequent is the Au-Cu solid solution, variations of the chemical composition of
which range from AuCus to AuCu,. Its exsolution product is a fine mixture of auricupride AuCus
and AusCu phase (Murzin and Sustavov, 1989).

Auricupride and tetra-auricupride of stoichiometric compositions make up particles in the
chlorite-garnet-pyroxene rock and veinlets of diopside. They are intergrown with mercury-
bearing electrum (Fig. 4c,d). Garnet-pyroxene rodingite also contains particles composed of
tetra-auricupride in the core and auricupride in the rims. It was established that the inclusions of
mercury-bearing electrum in auricupride are concentrically zoned from center to periphery, and a
simultaneous increase in the contents of silver (from 45 to 56 wt.%) and mercury (from 1-2 to 12

wt.%) was also observed (Pokrovsky et al., 1979).
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Phase AusCu is described in Spiridonov and Pletnev (2002) as overgrowths and
substitution rims on auricupride and tetra-auricupride. Most likely, this phase formed during the
third stage. This stage also involved deposition of mercury-free Au-Ag solid solution as well as
native silver and copper.

Native copper in the Karabash massif occurs in antigorite serpentinites developed after
harzburgite. In rodingites, native gold containing up to 0.5 wt.% mercury was described as
xenomorphic particles or inclusions in auricupride (Spiridonov and Pletnev, 2002). We have
found grains of native copper up to 1 mm in size in calcite veins. They are replaced by cuprite

along the margins.

5. Methods used and initial data for thermodynamic modeling

5.1. Software used and thermodynamic dataset

We used the software “Selektor-C” (Chudnenko, 2010) for the modeling of
physicochemical processes of the formation of Cu-Ag-Au-Hg mineralization in rodingites. This
software is implemented in the application of the method of thermodynamic modeling on the
basis of the approach of convex programming (Karpov et al., 1997). Earlier we used the
“Selektor-C” software to study the formation of mercurian gold at Kyuchyus Au-Sb-Hg deposit
(Chudnenko et al., 2015) and the quaternary solid solutions under hydrothermal conditions at the
Aitik Au-Ag-Cu porphyry deposit and the formation of Au-Cu solid solutions and intermetallics
at the Wheaton Creek placer deposit (Chudnenko and Palyanova, 2016).

The calculation of relationships for aqueous solution components was performed using
the modified equation HKF (Tanger and Helgeson, 1988). The dependence of thermodynamic
characteristics of gases on pressure was calculated from modified Benedict—\Webb—Rubin state

equation (Lee and Kesler, 1975). In the high pressure zone, a deviation from ideal gas mixture
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for real gases is calculated using the VVan der Waals equation (Walas, 1985) and (Breedveld and
Prausnitz, 1973). Fugacity coefficients and mole gas volumes were calculated using the two-
(Breedveld and Prausnitz, 1973) and three-parameter (Lee and Kesler, 1975) equations of state.
Modeling was carried out for the system Na-K-Mg-Ca—Al-Si-Ti-Mn-Fe-Cu-Ag-Au—
Hg-S—-CI-C-H-O. Thermodynamic properties of various compounds were calculated using the
Selektor-C databases. The list of the minerals, aqueous and gaseous species in the corrected
model is presented in Tables 2 and 3. Experimental studies of the formation of the Au-Ag-Cu
alloys using differential scanning calorimetry (DSC) (Amiour et al., 2014) have shown that the
AuCus and AuCu phases can stay stable up to 500°C, so in our models the range of temperature
boundaries of these minerals was broadened. Chlorites, garnets, pyroxenes, carbonates, olivine,
plagoiclase, K-feldspar and Cu-Ag-Au-Hg solid solutions, activity coefficients of end-members
are calculated according to the conventional models of solid solutions (Chudnenko, 2010;

Chudnenko and Palyanova, 2016).

5.2. Initial data for thermodynamic modeling

In order to make a model with “Selektor-C” software (Chudnenko, 2010), calculations on
mineral equilibrium of rock-forming minerals of rodingites and minerals of the system Cu-Ag-
Au-Hg were conducted. Two probable models of formation of Cu-Ag-Au-Hg solid solutions and
Au-Cu intermetallics in rodingites are: 1) hydrothermal; the result of single-stage discharge in
open space of deep-sourced gold-bearing fluid with the ratios of components corresponding to
rodingite, taking into account its interaction with host serpentinites. 2) metasomatic; deep-seated
gold-bearing fluid (W) rising to the surface interacts with rodingite (R) at different ratios (W/R).
T-P conditions of modeling: 450°C, 3 kbar; 350°C, 2 kbar; 250°C, 1 kbar. According to the data

of fluid inclusion study (gas chromatography) for both models we took a weak-
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acid—CO,—water—chloride (0.4 mol.% CO,, 0.2 mol.% HCI and 1.4 mol.% H; in 1 kg water)
solution (Murzin and Shanina, 2007).

In the hydrothermal model, the discharging fluid with the content of other components
equivalent to the composition of conventional rock consisting of 100 g rodingite and 1 g
serpentinite. The chemical composition of typical chlorite-garnet-pyroxene rodingite and
serpentinite used for calculations is given in Table 4. The content of S in rodingite (0.07 wt.%)
corresponds to its minimal values in the available analyses. The contents of Ag (2.22 ppm), Hg
(0.56 ppm) and Cu (760 ppm) in rodingite were estimated using the data of ICP-MS analysis
(Institute geology and Geochemistry of the Urals Branch of the Russian Academy of Sciences).
As gold content in ores varies strongly, we calculated the variants of the model for different
amounts of Au in the fluid from 0.1 to 10 ppm.

In the metasomatic model, the initial rock, represented by 100 g rodingite and 1 g
serpentinite, interacts with weak-acid—CO,—water—chloride solution. The initial composition of
fluid is calculated for the conditions of thermodynamic equilibria in the supercritical region at
650°C and 4 kbar (Table 5) based on the ratio of components 0.4 mol.% CO,, 0.2 mol.% HCI
and 1.4 mol.% H,, dissolved in 1 kg water (Murzin and Shanina, 2007). The quantity of Hg,
owing to limited data, is taken according to average mercury contents in hydrothermal fluids in
gold deposits (Chudnenko et al., 2015). It is worth noting that the increased ore contents of high-
temperature H,O-CO, fluid with respect to gold and silver have been discussed for a long time
(Kolonin et al., 1994, 1997; Laptev and Pal'yanova, 2001; Normand and Williams-Jones, 2007;
Pokrovski et al., 2014). The potential capacity of these solutions for copper and mercury is here
estimated for the first time. The hydrothermal and metasomatic models are discussed in more

detail in the sections below.
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6. Results of thermodynamic modeling

6.1. Hydrothermal genetic model of gold-bearing rodingites

Forms of transfer of Au, Ag and Cu in the initial model hydrothermal solution
(containing 1 ppm Au) are shown in Fig. 5. The sulfide complexes of gold Au(HS),” and AuHS®
are predominant up to 350°C, whereas at higher temperatures (>400°C) the main status of gold in
hydrothermal solution is AuOH® (Fig. 5a). In solid phases below 350°C there'is an Au-Ag solid
solution with minor admixtures of copper and mercury. At 400°C, AuCu intermetallic compound
is formed, then with increasing temperature the Au-Cu-Ag-Hg solid solutions appeared again.
(Fig. 5b). Silver and copper in hydrothermal solution are represented both by sulfide and
chloride complexes. Sulfide complexes of silver and copper prevail at lower temperatures, but
starting from 350°C, the importance of chloride and hydroxide complexes increases (Fig. 5c,e).
In solid phases, Ag is contained in Au-Ag-Cu-Hg (Fig. 5d) solid solution only; Cu is contained
mainly in sulfides, such as chalcopyrite (T<300°C), bornite (T<450°) and chalcocite (T>350°C),
and rarely in Au-Ag-Cu-Hg (Fig. 5f) solid solution. Mercury in the hydrothermal solution occurs
as Hg®, with chloride and sulfide complexes of mercury being present in minor amounts.

In the hydrothermal model the formation of rodingite including gold-silver associations
may result from a single discharge of hydrothermal solutions. The mineral composition obtained
as a result of thermodynamic modeling corresponds to the paragenesis of three main rock-
forming minerals observed in the deposit - chlorite, garnet and pyroxene - in the following ratios
(Wt.%): 36:20:44 (T=450°C), 37:17:45 (T=350°C) and 38:9:49 (T=250°C), respectively. As the
temperature decreases, the amount of carbonates increases to 4 wt.% (T=250°C).

The paragenesis of gold minerals depends on the T-P conditions and the specified initial
amount of gold in the fluid. At T = 450°C, the fluid with log fs; = -8.3 and log fo, = -27 is the

source for the formation of AuCu intermetallic, which starts to quantitatively exceed the phase of
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disordered solid solution Au-Ag-Cu-Hg if the content of Au in the fluid is > 0.8 ppm (Fig. 6a).
The disordered solid solution Au-Ag-Cu-Hg at T = 450°C is represented by a copper-bearing
Au-Ag alloy with the ratios of components from Aug3Ago.7 to Aug4Agos (Fig. 6b).

A decrease in fluid temperature to 350°C leads to a change in redox conditions (log fs, = -
9.7 and log fo, = -32) and to formation of the disordered solid solution Au-Ag-Cu over the entire
Au content range of 0.1-10 ppm (Fig. 6c). The disordered solid solution Au-Ag-Cu here consists
of a copper-bearing Au-Ag alloy with the ratios of components from Aug2Agos if the content of
Au in the fluid is 0.1 ppm to silver-bearing Au-Cu alloy Aug74Cuo24Ado 03 If the content of Au in
the fluid is 10 ppm (Fig. 6d).

A decrease in temperature to 250°C results in further reduction of oxidation potentials
(log fs; = -12.6 and log fo, = -40), forming intermetallic AusCu, which predominate over the
solid solution Au-Ag-Cu-Hg when Au content in fluid is higher than 6 ppm (Fig. 6e). The Au-
Ag solid solution has the composition from Aug2Ado.s t0 AugeAdo.1 With impurity of mercury to

1 mol. % (Fig. 6f).

6.2. Metasomatic model for the formation of gold-bearing rodingites

The metasomatic model involves various stages of fluid interaction with rocks when the
initially acidic solution at first became close-to-neutral, then weakly alkaline and later, alkaline.
The initial chlorite-garnet-pyroxene composition of rodingite is stable in the temperature range
of 250-450°C, under the conditions of rock-dominant regime (W/R < 1). In fluid-dominant
conditions (1 < W/R < 30), rodingite composition tends to a pyroxene-chlorite assemblage (Fig.
7a,c,e). An increase in W/R > 30 the fraction of chlorite increases leading to the formation of
chloritite. The latter is accompanied by a small amount of other minerals: talc and tremolite at
350-450°C, carbonate, talc, tremolite and quartz at 250°C. The calculated model also contains

accessory minerals (less than 1 wt.%), mainly sulfides of copper and iron. At 450°C, 3 kbar
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redox conditions correspond to a change of troilite by bornite-chalcocite buffer and log fs,, from
-5.7 t0 -9.5 (Fig. 7b). At 350°C, 2 kbar the change in fs; is similar to the previous case, when the
second buffer is represented by bornite-chalcocite-chalcopyrite composition, with increase in the
total amount of iron and copper sulfides log fs, from -8 to -15.8 (Fig. 7d). If T-P is reduced to
250°C and 1 kbar, the obtained features do not basically change, except for the addition of pyrite
to the composition of the second buffer and with precipitation of native copper (W/R>50), log fs,
from -12 to -20 (Fig. 7f). When log fo, goes to a stable level, the fugacity of S; decreases with
increasing W/R for given T and P at W/R> 0.7 (T= 450°C), W/R > 1 (T= 350°C), W/R > 5 (T=
250°C).

Intermetallics and solid solutions of gold with copper, silver and mercury, formed in the
metasomatic model are shown in Fig. 8. The formation of AuCu and AuCus was observed during
the interaction of rodingite with fluids over the whole range of 250-450°C. AuCu predominates
at 350-450°C, where this mineral exists in a wide range of W/R ratios. At 250°C it is formed
only with W/R ~ 100. On the contrary, auricupride (AuCus), begins to predominate with
temperature decrease and usually form at the initial stages of water/rocks interaction (W/R <=
0.1). Formation of AusCu mineral was found at the interaction of fluid with T = 250°C and high
WI/R >10. The calculations indicate that gold concentration in the ores can reach more than 10
ppm (see Fig. 8a).

The solid solutions of the system Au-Ag-Cu-Hg are present across the whole range of
temperatures. The amount of gold in them increases toward an increase of the W/R ratio. These
solutions are the main gold carriers in ore which formed under rock-dominant conditions (0.1 <
W/R < 10). An increase in W/R > 10 or decrease W/R < 0.1 makes their amount comparable to
Au-Cu intermetallics.

Gold-silver solid solutions with a minor admixture of Cu, or gold-copper solid solutions

with an admixture of Ag are formed (Fig. 8b,d,f). In composition of Au-Ag solid solutions, at
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WI/R <10 gold prevails over silver (Au:Ag = 6:1 - 8:1) , but at W/R> 10 and T = 350-450°C, on
the contrary, silver can prevail over gold (Au:Ag = 3:6 - 4:5). The solid solution Au-Cu (Au:Cu
~ 2:3) with minor amounts of Ag forms at the low W/R ~ 0.1 (Fig. 8b,d,f) and at the high
W/R~100, T = 450°C (Fig. 8b). It is interesting that the formation of gold-silver amalgams Au-
Ag-Hg and native copper takes place only when rodingite interacts with a low-temperature fluid
(250°C).

Modeling at different P-T conditions and W/R ratios (Figs.7, 8) allows estimation of the
influence of redox conditions on the formation of gold-bearing minerals. The formation of solid
solution Au-Ag-Cu-Hg is probable in a wide range of W/R at'log fs; from -5.5 to -9.5 (450°C),
from -8 to -16 (350°C), from -12 to -20.4 (250°C); log foz from -26.5 to -30 (450°C), -32 to -38
(350°C), -39 to -47 (250°C); pH = 4.5 — 9.8. The field of formation of Au-Cu intermetallics is

log fsp from -6.5 to -20.4; log fo, from -26.5 to -47; pH = 4.5 - 9.8 (Table 6).

7. Discussion

7.1. Rodingite mineral assemblages and physical-chemical conditions of its formation

According to present-day concepts, rodingites, which are common in ultramafic rocks,
are the products of “diffusive” bi-metasomatism (Coleman, 1977; Likhoidov and Plyusnina,
1992; Plyusnina et al., 1993; Palandri and Reed, 2004). They locally occur along the contacts of
ultramafic rocks with rocks of contrasting composition. Rodingites contain both high-
temperature minerals — pyroxene, garnet, wollastonite and vesuvian, and lower-temperature
minerals — zoisite, epidote, clinozoisite, chlorite, calcite, xonotlite, prehnite, albite, etc. Mineral
assemblages of rodingites are formed at temperatures ranging from 500 to 250°C and pressures
of 4.5 to 1 kbar (Dubincka et al., 2004; Koutsovitis et al., 2013; Mittwede and Schandl, 1992;
Normand and Williams-Jones, 2007; Plyusnina et al., 1993; Schandl and Mittwede, 2001;

Schandl et al., 1990).
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Analyses of gas-liquid inclusions in rodingite minerals were performed by Schandl et al.
(1990), Mittwede and Schandl (1992), O’Hanley et al. (1992), Vallis and Scambelluri (1996),
Schandl and Mittwede (2001), Knight and Leitch (2001), Spiridonov and Pletnev (2002) and
Dubincka et al. (2004). According to published results a typical feature of rodingitizing fluid is
its low salinity (less than 10 wt.% NaCl eq.). Homogenization temperatures of inclusions from
garnet, diopside, clinozoisite and calcite are in the range of 190-330°C.

Experimental and thermodynamic modeling of rodingites shows that the main factors
governing the mineral composition of rodingites are temperature and composition of fluid phase,
especially the amount of carbon-dioxide (Likhoidov and Plyusnina, 1992; Plyusnina et al., 1993;
Koutsovitis et al., 2013). According to the data of these authors, the optimum conditions for the
formation of the vesuvianite-garnet-pyroxene rodingites are: temperatures 450-350°C, P = 2-4
kbar and a low concentrations of carbon-dioxide - Xco, < 0.02. At lower temperatures and
increased Xco up to 0.1, diopside, garnet and vesuvianite are replaced by tremolite, chlorite,
calcite, quartz, pectolite.

We also estimated the effect of the CO, content in the fluid for the composition of the
mineral assemblages formed according to the metasomatic model. The initial composition of the
fluid was chosen taking into account different degrees of its saturation with CO;: 0.4, 4.0 and 40
mol. % of CO5. Calculations for the T = 250-450°C show that when the CO, content in the fluid
is above 0.4 mol.% in composition of the resulting rock sharply increases amount of carbonate,
quartz, and at high W/R also graphite (Fig. 9). These data convince us in the correct choice of the
low carbon dioxide content in the fluid (Xco2 = 0.004), chosen for model calculations, since the
amount of carbonate in rodingites of the Karabash massif is very low (less than 1-2 vol.%), and

there is no quartz and/or graphite.
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7.2. Results of thermodynamic modeling and implications of rodingites from the Karabash
massif

Fig. 10 shows the associations of rock-forming minerals of rodingites and ore minerals,
including Au-Cu intermetallics and Au-Ag-Cu-Hg solid solutions, obtained from hydrothermal
and metasomatic models. Below we present a comparative analysis of calculated model and
natural mineral associations.

Hydrothermal model of formation of gold-bearing rodingites. The obtained data on the
mineral composition of rodingites formed on the discharge of low-CO, fluid at different
temperatures, agree with the observed contents of these rocks in the Zolotaya Gora deposit. The
groundmass of rodingites of the first and second stages in this deposit formed by the discharge of
the high-temperature fluid (400-500°C), and the rodingites themselves are composed of chlorite,
pyroxene and garnet. The accessory ore minerals in these rodingites, chalcocite, bornite and
chalcopyrite (see Table 1) are also reported in the results of calculation on the hydrothermal
model. The appearance of carbonate in the model calculations is related to the discharging of
fluid with lower P-T parameters, reflecting the thermobaric stability conditions of minerals of
stage 3 (chlorite, calcite, magnetite) at T < 300°C. The amount of carbonates in rodingites from
the Zolotaya Gora deposit is small, which can be due to the low content of CO, in the
rodingitizing fluid.

The calculations performed also revealed mineral phases of gold, which are in
equilibrium relation with rodingite minerals. These are Cu-bearing Au-Ag and Ag-bearing Au-
Cu solid solutions as well as intermetallics of AuCu and AusCu. All these phases were
established in the composition of mineral paragenesis of rodingites from the Zolotaya Gora
deposit (see Table 1). Same time native copper and AuCug were absent among of mineral phases.

The temperature ranges of the formation of rodingites of the first and second stages from

the Zolotaya Gora deposit (420-470°C) agrees with the modeled deposition conditions of Au-Ag
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solid solutions and tetra-auricupride, as a result of fluid discharge with a T = 450°C. AusCu in
the deposit occurs rarely and in small quantities. This mineral forms in the stage 3 of rodingites
formation. The temperature range of the third stage minerals (310-230°C) conforms to both the
stability conditions of AuszCu in the hydrothermal model under 250°C (see Fig. 6e) and the
critical temperature of ordering of solid solution of this composition at 230°C (Vol and Kagan,
1976).

The Ag-bearing Au-Cu solid solution was obtained in calculations under the high gold
content in the fluid (> 2 ppm) at 350°C (see Fig. 6d). The chemical composition of this solid
solution is close to the fine mixture phases at the Zolotaya Gora deposit (see Fig. 3 and 4a,b).

The Au-Ag solid solutions are present of all stages of the formation of rodingites (see
table 1), which is in good agreement with the model data showing the probability of their
formation as a result of fluid discharge with the temperature 450°C and lower at gold variations
from 0.1 to 10 ppm (Fig. 6b,d,f). The ratios of components of model Au-Ag solid solutions vary
widely and depend on its deposition temperature and gold content in the solution. In natural
samples, the composition of Au-Ag solid solutions, typically containing mercury as well, also
vary widely, from kustelite and electrum in association with auricupride and tetra-auricupride of
the first and second stages to high-fineness gold (Au>>Ag) among minerals of the third stage.
Spiridonov and Pletnev (2002) reported that high-fineness gold is also common in chloritic
rocks, chloritized and carbonatized serpentinites from the Karabash massif.

Metasomatic model for the formation of gold-bearing rodingites. In the metasomatic
model the best correlation of natural mineral associations with the calculated ones is observed
for the high-temperature fluid 350 and 450°C and W/R 10-100 (see Fig. 10), which characterizes
the P-T-conditions of formation of the first and second stage rodingites. Under the influence of
this fluid on rodingite, under rock-dominant regime (W/R<1), the initial three-mineral

(chlorite+garnet+pyroxene) composition of rock becomes stable. When the degree of fluid-rock
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interaction increases, the three-mineral association of the rodingite is replaced, at first, by two-
mineral (pyroxene+chlorite), and then by monomineral (chlorite) association (chloritite). At the
Karabash massif, pyroxene-chlorite rocks are rather widespread, especially in the southern part
of the rodingite belt, with the chlorites accompanying rodingites throughout the massif.

The model shows that interaction of low-temperature fluid with rodingite (250°C) results
in the occurrence, in addition to the main rodingite minerals, of a small amount.of carbonate and,
finally, (at W/R > 10), quartz-chlorite rock with minor tremolite and talc. Carbonate (calcite), as
it was shown above, is typical of the third stage rodingites from the Zolotaya Gora deposit.
Within the limits of the metasomatic model, those segregations of carbonate can be discussed,
which replace earlier formed silicate minerals. Chlorite rocks with high contents of quartz in
natural rocks have not been found.

The metasomatic model includes most of accessory ore minerals which are typical of
gold-bearing rodingites: magnetite and sulfides of copper (chalcocite, bornite, chalcopyrite), Au-
Cu intermetallics (AuCu, AuCug, AuzCu), Au-Cu, Au-Ag and Au-Ag-Hg solid solutions, and
native copper. The paragenesis of magnetite with troilite (450°C) and troilite with chalcopyrite
(250-350°C) calculated for W/R <1 are not usual for the Zolotaya Gora deposit. At the same
time, typical for-rodingites of stages 1 and 2 paragenesis of magnetite, chalcocite and bornite (T
= 350-450°C, W/R> 10), as well as chalcocite, bornite and native copper in carbonate veins of
stage 3 are formed in the metasomatic model (T = 250°C).

Formation of AuCu was observed on the interaction of rodingite with the fluid at 350 and
450°C in a wide range of W/R ratios (Fig. 8a,c). These data explain the formation of tetra-
auricupride in rodingites of the early stages and the more common occurrence of this mineral in
the deposit.

According to the metasomatic model AuCus; intermetallic is formed in gold-rich ores

(about 100 ppm) in a narrow range of W/R ~ 100, and slightly wider at 350°C (Fig. 8c).
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Formation of this intermetallic completes the process of rock-fluid interaction, which agrees with
the natural observations of the rather rare occurrence of auricupride in the Zolotaya Gora deposit
and its overgrowth on tetra-auricupride.

Formation of AusCu in model calculations was detected during the interaction of
rodingite with a low-temperature fluid (T = 250°C) and high W/R >10 (Fig. 8e), i.e. stability
conditions of chloritite. The narrow temperature range of stability of AusCu and its occurrence
only in the peripheral zone of rodingite alteration can be responsible for both the rare occurrence
of AuzCu mineral at the deposit and its development on earlier deposited Au-Cu intermetallics
(Spiridonov and Pletnev, 2002). Within the scope of the metasomatic model, the mineral AusCu
must be referred to the products of the late third stage of rodingites formation.

The wide occurrence of Au-Cu solid solutions in rodingites from the Karabash model
was not clearly supported by the metasomatic model. In the calculations, a solid solution with a
similar composition to Au,Cu; (Fig. 8b), was established, which at the level of ore
concentrations appears at 450°C in'a W/R of about 100 (Fig. 8b) and at 250-450°C with W/R ~
0.1 (see Fig. 8b,d,f).

Spiridonov and Pletnev (2002), suggested that Au-Cu solid solutions and intermetallics
formed by replacing native copper. Our calculations within the framework of the metasomatic
model have shown the inconsistency of such a mechanism for the formation of Au-Cu
intermetallics. Copper-rich gold solid solutions (Cugg-1.0AUg2-0) formed at W/R < 0.1 become
unstable upon further interaction of the fluid with rodingite (see Fig. 8b,d,f). The native copper is
stable at 250°C (see Fig. 7f), which is consistent with its presence among the minerals of the late
third stage in the rodingites of Zolotaya Gora deposit.

Copper- and mercury-bearing Au-Ag solid solutions typical of the first and second stage
rodingites are realized in the metasomatic model at 450 and 350°C (Fig. 8b,d), respectively, in

the whole range of W/R from 0.1 to ~ 50-60. In the model, as in natural rodingite, fineness of
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Au-Ag solid solutions vary from ~ 350 to 800%. (see Fig. 8b,d and Fig. 3). When rodingite
interacts with a lower-temperature fluid (Fig. 8f), gold-silver phases (with fineness ~ 750%.) and
with high content of mercury (to 10-15 mol.%) stay stable.

Formation of Au-Cu intermetallics only under low fo, and fs, conditions is consistent with
the presence of these mineral assemblages in altered abyssal peridotites. Sulfur fugacity (fS,)
during deposition of AuCus, AuCu and AusCu in the Zolotaya Gora deposit matches the
conditions of low and very low sulfidation state (Fig. 11). It is considerably lower than fS; at the
formation of Au-Ag alloys of deposits in listvenites from the ophiolite massifs of South Urals

(Belogub et al., 2017, Spiridonov and Pletnev, 2002.)

7.3. The problem of the genesis of rodingite

As it was shown above, the problem of the genesis of Karabash gold-bearing rodingite is
debatable. Metasomatic (Berzon, 1983; Murzin et al., 2006; Sazonov, 1998; Spiridonov and
Pletnev, 2002) and hydrothermal hypotheses of their formation were suggested by Murzin et al.
(2013).

The hydrothermal model (Fig. 10) assumes synchronous deposition of gold together
with other rodingite minerals, and that rodingite bodies themselves are hydrothermal veins
accompanied by metasomatic alteration of the host serpentinites. Thermodynamic calculations of
substitution reaction of antigorite by clinochlorine in the presence of aluminum ions in a wide
range of pH and T = 200-500°C (Rakhov, 2005) show that recognition of this substitution in an
alkaline medium requires a rather high total activity, which can be achieved only by in flow of
fluids, which result in the formation of rodingite.

As a source we consider a low-carbon dioxide chloride deep fluid which provide all the
main components of rodingites. The gold-bearing reduced low CO,-water-chloride deep-source

fluids could be generated by: 1) decompression and autometamorphism of abyssal ultramafic
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material by the ascending crustal-mantle fluids during the development of the Karabash massif
(Kissin et al., 2016); or 2) dehydration of oceanic serpentinites (Murzin, 2006; Murzin et al.,
2013). The source of water, gold and other components (Ca, Al, Ti, Cu, Ni, REE, P, etc.) in the
fluid could be linked to metamorphic and metasomatic processes on the mafic-ultramafic rocks,
with the discharging of fluids controlled by the high permeability of these rocks.

Hydrothermal model calculations show that Au-Cu intermetallics precipitate if the gold
content in solution is no less than 0.5 ppm (see Fig. 6a,c,e). The study of gold solubility in
metamorphic fluids with low salinity (Rauchenstein-Martinek et al., '2014) showed that a
maximum gold-saturated solution may occur under the conditions of elevated gold content in
metamorphosed parent rocks.

In the rodingites of the Karabash massif no relicts of any protolith rocks, except xenoliths
of chloritized serpentinites, have been found. The presence of chrome-spinels in the rodingites
suggests a connection with serpentinites (Berzon, 1983; Murzin et al., 2006; Sazonov, 1998),
which are known to develop after ultramafic rocks (e.g. Evans et al., 2013). It was also
established that the chemical composition of chrome-spinel from rodingites has the similar
composition as chrome-spinel from the hosted serpentinites, developed after harzburgite and
dunite.

Spiridonov and Pletnev (2002) considered dykes of Ti-rich gabbro and pyroxenites as
protolihic rocks, which transformed into rodingite as a result of pre-ore regional metamorphism
of the whole ultramafic massif. These authors suppose that chrome-spinel is present in rodingite
as a xenolith captured by the melt during the intrusion of dikes. According to Spiridonov and
Pletnev, (2002), gold minerals are deposited as a result of late listvenitization. But the typical
listvenite minerals assemblage (quartz, sericite, calcite, dolomite) in the Zolotaya Gora deposit

were not found by the present authors. Thus, for both models (metasomatic and hydrothermal)
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we used reduced low CO;-water-chloride fluid, but not CO,-rich fluid which is common for the
formation of listvenites.

The thermodynamic modeling of the equilibria of rodingite minerals and gold minerals
agrees well with the observed gold-bearing paragenesis at the Zolotaya Gora deposit, both in the
hydrothermal and metasomatic models. The metasomatic model is better because it coincides
with mineral composition and mineral paragenesis in the Cu-Au-Ag-Hg system. In this model,
when the low-carbonate gold-bearing solution interacted with rodingite, the main rodingite
minerals remain stable both in the rock-dominating mode (W/R < 1) and in the fluid- dominating
mode (W/R > 1). In last case, as the W/R increases, the chlorite-garnet-pyroxene composition of
rodingite is replaced by the chloritite.

The logical consequence of the performed modeling can be the possibility of detection of
copper and gold in rodingites of both hydrothermal and metasomatic origin. Experimental and
theoretical modeling of gold mass transfer under conditions of bi-metasomatic rodingite
formation showed a rather limited concentration of gold, which takes place only locally within
the limits of the interaction zones of adjacent rocks (Molchanov et al., 2006; Plyusnina et al.,
2007). High concentrations of gold occur in the case of its additional introduction by the fluid. In
the hydrothermal model the rodingites in tectonically weak zones the level of mineralization can
be significant and controlled by gold content in a fluid and the availability of open spaces for
fluid flow. In the metasomatic model the validity for an economically viable gold content is

reached at a high W/R ~ 10.

8. Conclusions

1. The performed modeling for the formation of gold-bearing rodingites in the Zolotaya

Gora deposit indicates the possibility of equilibrium relationships of minerals of the system Cu-
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Au-Ag-Hg with the rock-forming minerals of rodingites and consequently the ability of
recognizing gold-bearing rodingites as a special type of gold mineral system.

The most complete correspondence of mineral composition and mineral paragenesis in
the system Cu-Au-Ag-Hg is provided by the metasomatic model. In this model, early formed
rodingite is considered as protolithic rock. When the gold-bearing low-carbon dioxide fluid
interacts with the protolith the main minerals of rodingite remain stable in the rock-dominating
mode (W/R <1). As W/R increases the chlorite-garnet-pyroxene composition of rodingite is
replaced by a rock with predominance of chlorite. The metasomatic model predicts formation of
all the gold minerals, which are known to occur in the Zolotaya Gora deposit, namely: Au-Cu,
silver-bearing Au-Cu and copper-bearing Au-Ag solid solutions, as well as such intermetallics as
auricupride(AuCus), tetra-auricupride (AuCu) and AusCu. Also in general paragenesis of gold
minerals, chalcocite is present and it predominates over bornite and chalcopyrite.

2. In the metasomatic model Au-Cu intermetallics and Au-Ag solid solutions are formed
throughout the temperature range 250-450°C. Au-Cu solid solution forms at temperature 250-
450°C (W/R < 1) or 450°C (W/R > 10). Au-Ag-Hg solid solutions and native copper form at
250°C only. The mechanism of replacement of native copper by gold-bearing phases, suggested
by Spiridonov and Pletnev, (2002) in the metasomatic model was not confirmed by the
calculations. In the hydrothermal model native copper and AuCuz were absent among of mineral
phases, but other Au-Cu intermetallics (AuCu, AusCu) precipitate if the gold content in solution
is higher than 0.5 ppm.

3. Gold mineralization in rodingites may precipitate from gold-bearing water-chloride
deeply-sourced fluid, with a low concentration of CO,. At T < 350°C, the main forms of gold in
solution are sulfide complexes Au(HS), and AuHS®, while at higher temperature it occurs as

AuOH°.
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4. Formation of Au-Cu intermetallics in the Zolotaya Gora deposit occurred under the
effect of weak-acid hydrothermal solutions (pH = 3.5+5) with low fugacity of O, and S,: log fo,

=-26 + -47, log fs; = -8 + -20.
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Figure captions

Figure 1.

A — Position of Zolotaya Gora gold-rodingite deposit within the tectonic setting of the Urals
(modified after Puchkov, 2010).

B — Schematic geology map of the Karabash massif (modified after Snachyov et al., 2011) with
authors’ additions.

Figure 2. Tectonic contacts between the rodingite and chloritized serpentinite. The wall of the
open pit in the southern part of the Zolotaya Gora deposit.

a. Laminated chlorite-garnet-diopside rodingite (1) in chloritized serpentinite (2).

b. Vein of late diopside rodingite (1) in antigorite serpentinite (2).

Figure 3. Composition of Au-Ag-Cu-Hg minerals of the Zolotaya Gora deposit (in wt.%).

Figure 4. Typical intergrowths of gold minerals.in rodingites from Zolotaya Gora deposit. BSE
images.

a. Thin exsolution of Ag, Hg-bearing gold-copper solid solution of composition
~AuzCu2Ago.onHgo.on: tetra-auricupride AuCu (dark phase) and phase similar in composition to
Au,Cu (light phase) with minor admixtures of silver and mercury.

b. Lens-like segregations of ‘Hg-bearing gold-silver phase (light phase) and plates of tetra-
auricupride AuCu (dark phase) in solid solution Au,Cu.

c. Tetra-auricupride AuCu (in wt.%: Au 75.0; Cu 21.8; Hg 0.1.) with ingrowths of Hg-bearing
electrum (El)(in wt.%: Au 68.9; Ag 24.8; Cu 0.7; Hg 3.9). White spongy is high-fineness gold
(in wt.%: Au 96.5; Ag 0.7; Cu 1.0; Hg 0.4).

d. AuCus intergrown with diopside (Di), andradite (Ad) and chlorite (Chl). EI - Mercury-bearing
electrum (in wt.% - Au 41.1; Ag 54.7; Hg 4.3).

Figure 5. Species in aqueous solution and solid phases for Au (a, b), Ag (c, d) and Cu (e, f) in
the hydrothermal model with 1 ppm Au and W/R =10.

Figure 6. Results of thermodynamic calculations of hydrothermal model: distribution of gold
among solid phases (in wt.%) at specified Au content in fluid (a, c, €) and the composition of
disordered solid solution Au-Ag-Cu(-Hg) (in mol.%) at the specified content of Au in fluid (b, d,

f).
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Figure 7. Model of water-rock interaction for different P, T-conditions a, ¢, e — mineral

composition of rodingite; b, d, f — variation trends of minor minerals, log fo,, log fs, and pH.

Figure 8. Model of water-rock interaction for different P-T-conditions.
a, ¢, e — amount of gold solid phases; b, d, f — distribution of components in disordered solid
solution Au-Ag-Cu-Hg.

Figure 9. Contents in wt% of carbonate, quartz and graphite in the metasomatic model for
rodingite formation as a function of W/R and degrees of CO, saturation of fluid (0.4, 4 and 40
mol. % CO,) under 250°C, 350 °C u 450 °C.

Figure 10. Scheme of rodingite formation according to calculations for hydrothermal and
metasomatic models.

Abbreviations: ss — solid solutions; Ore minerals: Bn — bornite, Cpy — chalcopyrite, Cc —
chalcocite, Mt — magnetite, Tro — troilite, AusCu — mineral AuszCu, AuCu — tetra-auricupride,
AuCus — auricupride, Cu — native copper. Minerals of rodingite: Px — pyroxene, Chl — chlorite,

Gar — garnet, Tr — tremolite, Tc — talc, Gr — graphite, Qz — quartz, Car — carbonate.

Figure 11. Sulfur fugacity versus temperature diagram (modified from Einaudi et al., 2003)
showing the formation conditions of Au-Cu intermetallics in rodingites from Zolotaya Gora

deposit and those of Au-Ag solid solutions in listvenites of South Urals.
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Table 1. Minerals of rodingites and chloritolites at Zolotaya Gora deposit (Spiridinov and Pletnev,
2002; Murzin et al., 2013).

Minerals Stage mineralization
1 2 3
Rodingites

Main Chlorite (clinochlore, Clinopyroxene Calcite

pennine), garnet (Ti-  (diopside), garnet
hydroandradite), (hydroandradite)
clinopyroxene

(diopside)

Minor Vesuvianite, apatite Chlorite (pennine), Chlorite (pennine),
apatite, magnetite, magnetite
ilmenite, dolomite,
calcite

Accessory Mn-Zn-chrome- Titanite, perovskite, Titanite, ilmenite,

Minerals of gold

spinellid, chalcocite,
nickeline,
maucherite, native
copper, zircon,
baddeleyite,
thorianite, allanite -
(Ce), uraninite

Hg-Ag-containing
gold-copper solid
solutions, Hg-
containing native
gold

calcioancylite-(Ce),
native copper,
maucherite, chalcocite,
chalcopyrite, bornite,
Co-pentlandite,
Co-cupropentlandite

Tetra-auricupride,
auricupride, Hg-
containing native gold

chalcocite, bornite,
rutile, cuprite, galena,
greenockite, native Cu,
Sb and Pb, antimonides
Cu, Ni, Fe (nisbite,
seindjokite, cuprostibite,
zlatogorite, gudmundite,
ullmannite,
breithauptite)

Native gold, Hg-silver

Chloritolites
Main Chlorite (clinochlore, Chlorite Chlorite
pennine)
Secondary Fe-diopside, Magnetite Calcite
antigorite, magnetite
Accessory Apatite, native Chalcocite, pentlandite, = Magnetite

Minerals of gold

copper, pentlandite,
heazlewoodite

maucherite, orcelite,
nickeline,
heazlewoodite,
godlevskite, millerite

Solid solutions AuCu -
AuzCu, - AuzCu




976  Table 2. Components of aqueous solution and gases taking into account in thermodynamic models

977

aqueous solution

component ref. component ref. component ref. component ref.
Ag(COs) 1 cacly’ 1 MnCl* 5 HgO° 5
Ag(COs),* 1 CaHCO5" 3 MnSO,° 5 HgOH" 5
Ag(OH), 3 CaHSiO," 1 Fe™ 5 HgS(HS)’ 9
Ag' 2 CaOH* 5 Fe® 5 K* 5
Ag* 2 CaSoO,’ 1 FeCl* 1 KCI° 1
AgCl° 3 cr 5 FeCl* 1 KHSO,° 1
AgCly 3 Cu(HS), 4 FecCl,’ 1 KOH?® 5
AgHS® 4 Cu(OH), 3 FeQ° 5 KSO, 1
AgO’ 5 cu’ 5 FeO' 5 CH4° 6
AgOH° 3 Cu® 2 FeO, 5 Mg* 5
AI(OH)* 6 cucl® 3 FeOH* 5 MgCO;° 2
Al(OH)," 7 cucl® 1 FeOH"™ 5 MgCl" 1
Al(OH);° 8 cucl,? 1 HCO; 5 MgHSiO5* 1
Al(OH), 8 CuCly 3 HCI° 6 MgOH" 5
Al* 6 CuCly” 1 HFeO,’ 5 MgSO,° 6
Au(HS), 4 Cucl,? 1 HFeO, 5 Na* 5
Au(OH), 3 CuHs’® 3 HHgO, 5 Nacl° 1
Au* 3 cuo’® 5 H,S° 9 NaHSio,° 1
Au® 5 Cuo,” 5 HS 9 NaOH° 5
Aucl® 3 CuOH® 3 HSO, 5 NaSO, 6
AuCly 3 CuOH* 5 Hg(HS),° 9 S0,” 5

AuHS® 4 Mn*? 5 Hg(OH),° 9 HSiO5 1




AuOH° 3 Mn* 5 Hg’ 9 Sio,’ 6

co’ 6 MnO, 5 Hg" 2 H,° 2
co,’ 6 MnO,” 5 Hg," 5 0,° 2
CO;> 5 MnOH* 5 HgCl* 1
Ca™ 5 MnQ° 5 HgCl,° 1
CaCo5° 1 HMnO, 5 HgCly 1
CaCl* 1 MnO,> 5 HgCl,? 1
gases
component ref. component ref. component ref..~ component ref.
HCl 10 H,S 10 o, 10 S, 10
H, 10 co 10 CH, 10 SO, 10

978

979 1 - Sverjensky et al., 1997; 2 - Shock et al., 1989; 3 - Akinfiev and Zotov, 2001; 4 - Akinfiev and Zotov,
980 2010; 5 - Shock et al., 1997; 6 - Johnson et al., 1992; 7 - Pokrovskii and Helgeson, 1995; 8 - Diakonov et
981  al., 1996; 9 - Bessinger and Apps, 2003; 10 - Reid et al., 1977.
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Table 3. Solid phases components used in thermodynamic models

mineral formula ref. mineral formula ref.
Ag-Au-Cu-Hg Au 1 Tenorite CuO 3
Ag 1 Diopside CaMg(SiO3), 3
Cu 1 Montroydite HgO 4
Hg 1 Akermanite Ca,;MgSi,0, 3
AusCu AusCu 1 Albite NaAlSi30g 2
Tetra-auricupride AuCu 1 K-feldspar KAISi30g 2
Auricupride AuCus 1 Tremolite Ca,MgsSig0,,(0OH), 3
Chlorite MgeSisO10(OH)g 2 Anhydrite CaSO, 3
Mg,Al,Si,049(0H)s 2 Bornite CusFeS, 3
MgsAl,Siz049(0H)s 2 Plagoiclase NaAlSi;Og 2
FesAl,Sis010(OH)s 2 CaAl,Si, 04 2
Garnets Fe;AlLSi;01, 2 Dolomite CaMg(CO0s), 2
CaszFe,Si;05, 2 Ferrosilite FeSiO; 3
Ca;Al,Si;04, 2 Ferrous-oxide FeO 3
Mg3Al,Siz01, 2 Graphite C 2
MnsAl,Si;04, 2 Halite NaCl 3
Pyroxenes CaMgSi,0¢ 2 Hematite Fe,0; 2
CaFeSi,0q 2 Huntite CaMg;(COs3),4 3
NaAlISi,Oq 2 Magnetite Fe;0, 2
Carbonates CaCO; 2 Pyrite FeS, 3
MgCO; 2 Troilite FeS 3
MnCO3 2 Quartz SiO, 2
FeCO; 2 Rutile TiO, 2
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Chalcocite
Chalcopyrite
Silver (1) oxide
Chlorargyrite
Petrovskaite
Chrysotile
Cinnabar
Metacinnabar
Copper
Covellite

Cuprite

Cu,S

CuFeS,

Ag,0

AgCl

AgAuS
Mg;Si;,05(OH),
a-HgS

B-Hgs

Cu

CuS

CUzo

Sphene
Mercury
Sulfur
Talc

Olivine

Antigorite
Crisotile

Lisardite

CaTiSiOs

Hg

S
Mg3Siz010(0H),
Fe,SiO,
Mg,SiO,
Mg;Si,0s(OH),
MgsSi,Os(OH),

Mgs sAlSi3 sO10(OH)s

1 — Chudnenko and Pal’yanova, 2016; 2 — Holland and Powell, 1998; 3 — Helgeson et al., 1978; 4 — Naumov
et al., 1974; 5 — Robie and Hemingway, 1995; 6 — Tagirov et al., 2006; 7 — Shock et al., 1997; 8 —

Dorogokupets and Karpov, 1984.
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Table 4. The chemical composition of chlorite-garnet-pyroxene rodingite (in wt.%) (Archival
materials Lozhechkin, 1935) and antigorite-serpentinite (Berzon, 1983) used in calculations

Components Serpentinite

Rodingite

SiO,
TiO,
Al,O3
FeO
Fe,O3
CaO
MnO
MgO
Na,O
K,0
H,0
CO,
SO3

40.47
0.04
1.44
1.61
5.31
0.48
0.09
38.21
0.12
0.03
10.59
0.46
0.75

41.78
bdl
8.32
3.95
5.32
20.27
0.45
16.6
0.20
bdl
3.38
bdl
0.07

bdl - below detection limit



999  Table 5. Composition and characteristics of model hydrothermal solution
1000

Components mol/kg (H,0)
C 2.300e-01
Cl 1.100e-01
Cu 1.202e-03
Ag 4.348e-06
Au 5.077e-06
Hg 3.391e-05
H 1.683e+00
) 4.564e-01
T,°C 650

P, kbar 4

pH 1.97

1001

1002



1003

1004

1005

1006

Table 6. Conditions of the formation of Au-Cu intermetallics

Intermetallic Temperature, °C  log fs; log foz pH
AuCu 450 -6.5+-94 -265+-305 45+83
350 -10.1 +-13.3  -32+-37 49+8.3
250 -20.3 -47 54
AuCus 450 -9.4 -30 4.8
350 -13.3+-145 -31.5+-37 4.7-8.7
250 -20.2+-20.4 -38.5+ -47 54+9.8
AuzCu 450 - - -
350 - - -
250 -13.3+-145 -46 + -47 54+58
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Highlights

Cu-Ag-Au-Hg mineralization in rodingites of the Zolotaya Gora Au deposit
IS described

Au-Cu solid solution and intermetallics (AusCu, AuCu, AusCu) were
formed at T >250°C

Native gold with impurity of Hg and Cu was formed at T <300°C.



