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Abstract: We present a physicochemical model for the formation of magnetite-chlorite-carbonate
rocks with copper gold in the Karabash ultramafic massif in the Southern Urals, Russia. The model
was constructed based on the formation geotectonics of the Karabash massif, features of spatial
distribution of metasomatically altered rocks in their central part, geochemical characteristics and
mineral composition of altered ultramafic rocks, data on the pressure and temperature conditions
of formation, and composition of the ore-forming fluids. Magnetite-chlorite-carbonate rocks
were formed by the hydrothermal filling of the free space, whereas chloritolites were formed
by the metasomatism of the serpentinites. As the source of the petrogenic and ore components,
we considered rocks (serpentinites, gabbro, and limestones), deep magmatogenic fluids, probably
mixed with metamorphogenic fluids released during dehydration and deserpentinization of rocks in
the lower crust, and meteoric waters. The model supports the involvement of sodium chloride-carbon
dioxide fluids extracting ore components (Au, Ag, and Cu) from deep-seated rocks and characterized
by the ratio of ore elements corresponding to Clarke values in ultramafic rocks. The model calculations
show that copper gold can also be deposited during serpentinization of deep-seated olivine-rich
rocks and ore fluids raised by the tectonic flow to a higher hypsometric level. The results of our
research allow predicting copper gold-rich ore occurrences in ultramafic massifs.
Keywords: Karabash ultramafic massif; magnetite-chlorite-carbonate rocks;
Au-Cu mineralization; copper gold; thermodynamic modeling

chloritolites;

1. Introduction
The Karabash ophiolite massif is located within a belt of ultramafic massifs stretching along
the Main Ural fault zone in the Southern Urals (Figure 1) [1,2]. The massif became widely known
after the discovery of the gold-copper (Au-Cu) mineralization at the Zolotaya Gora gold deposit.
The main ore bodies at this deposit are represented by rodingites (“chlogropites”), which consist
of chlorite, garnet, pyroxene and a minor quantity of calcite. These rocks contain a specific Au-Cu
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Figure 1. Karabash ultramafic massif (Southern Urals, Russia). (A) Position of the Karabash massif on
Figure 1. Karabash ultramafic massif (Southern Urals, Russia). (A) Position of the Karabash massif on
the tectonic scheme of Urals per Puchkov [1]. (B) Schematic geological map of the Karabash massif
the tectonic scheme of Urals per Puchkov [1]. (B) Schematic geological map of the Karabash massif
(modified from Snachyov et al. [2] with authors’ additions).
(modified from Snachyov et al. [2] with authors’ additions).
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2. Geological Background of the Studied Area
2.1. Geological Setting of the Karabash Massif and Hydrothermal-Metasomatic Rocks
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Figure 2. Geological position and types of hydrothermal-metasomatic rocks in the Karabash massif:
Figure 2. Geological position and types of hydrothermal-metasomatic rocks in the Karabash massif:
(a) Spatial location of metasomatized rocks in the central part of the Karabash massif based on the
(a) Spatial location of metasomatized rocks in the central part of the Karabash massif based on the
geological map on a scale of 1:10,000 compiled by Lozhechkin [10] from the results of geological
geological map on a scale of 1:10,000 compiled by Lozhechkin [10] from the results of geological studies
studies in 1933–1935. 1, Ordovician rocks of the Polyakovka Formation; 2, Devonian rocks of the
in 1933–1935. 1, Ordovician rocks of the Polyakovka Formation; 2, Devonian rocks of the Karamalytash
Karamalytash and Ulutau Formations; 3, serpentinites; 4, diorite-porphyrites; 5, quartz dioriteand Ulutau Formations; 3, serpentinites; 4, diorite-porphyrites; 5, quartz diorite-porphyrites; 6–10,
porphyrites; 6–10, altered rocks: 6, rodingites: 7, listvenites; 8, epidote-chlorite-garnet; 9, magnetitealtered rocks: 6, rodingites: 7, listvenites; 8, epidote-chlorite-garnet; 9, magnetite-chlorite-carbonate;
chlorite-carbonate; and 10, quartz-riebeckite; 11, mine workings (mines and adits) at the Zolotaya
and 10, quartz-riebeckite; 11, mine workings (mines and adits) at the Zolotaya Gora deposit; and 12,
Gora deposit; and 12, location of the studied area. (b) Occurrence of lenses of magnetite-chloritelocation of the studied area. (b) Occurrence of lenses of magnetite-chlorite-carbonate rocks in the zone
carbonate rocks in the zone of foliated serpentinites in the west of the Karabash massif. 1, antigorite
of foliated serpentinites in the west of the Karabash massif. 1, antigorite serpentinite; 2, chloritolite;
serpentinite; 2, chloritolite; 3, lenses of magnetite-chlorite-carbonate rocks; 4, intensely carbonatized
3, lenses of magnetite-chlorite-carbonate rocks; 4, intensely carbonatized serpentinite; 5, serpentinite
serpentinite; 5, serpentinite with dispersed carbonate mineralization; 6, faults; 7, mine workings.
with dispersed carbonate mineralization; 6, faults; 7, mine workings. Figure 2 is the reproduction of
Figure 2 is the reproduction of Figures 2 and 3 published in Murzin et al. [8].
Figures 2 and 3 published in Murzin et al. [8].
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centimeters to several meters. The largest body that became the object for our study is about 20 m long
and 2 m thick and occurs on the western slopes of Mt. Karabash (Figure 2a,b). The body is broken up
by a series of transverse faults, which reveal the displacement of its contacts up to 1 m.
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Zonation is visible between the ore body of the host antigorite serpentinites and the body
of magnetite-chlorite-carbonate rocks, with intermediate zones of carbonatized and chloritized
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Figure 3. Zonation around (a) a large body and (b) a small lens of magnetite-chlorite-carbonate rocks.
Figure 3. Zonation around (a) a large body and (b) a small lens of magnetite-chlorite-carbonate
Zones: 1—magnetite-chlorite-dolomite, 2—chloritolite, 3—serpentinite with carbonatization and
rocks. Zones: 1—magnetite-chlorite-dolomite, 2—chloritolite, 3—serpentinite with carbonatization
chloritization, 4—antigorite serpentinite. (a) The central zone (2) is composed of nearly equal amounts
and chloritization, 4—antigorite serpentinite. (a) The central zone (2) is composed of nearly equal
of carbonate and magnetite and a minor amount of chlorite, the content of which increases in the
amounts of carbonate and magnetite and a minor amount of chlorite, the content of which increases in
marginal parts of the zone. (b) The central zone (1) is composed of dolomite and a small amount of
the marginal parts of the zone. (b) The central zone (1) is composed of dolomite and a small amount
chlorite.
of chlorite.

2.2. Mineral Composition of Altered Ultramafic Rocks
2.2. Mineral Composition of Altered Ultramafic Rocks
A detailed description of the mineral composition of magnetite-chlorite-carbonate rocks as well
A detailed description of the mineral composition of magnetite-chlorite-carbonate rocks as
as hosting chloritolites and antigorite serpentinites was reported in our previous works [7,8]. Their
well as hosting chloritolites and antigorite serpentinites was reported in our previous works [7,8].
description is outlined below.
Their description is outlined below.
Antigorite serpentinite consists of stellar and tabular aggregates of antigorite with rare grains of
Antigorite serpentinite consists of stellar and tabular aggregates of antigorite with rare grains
magnetite scattered within. The rock is rich in tiny magnetite, which is often concentrated into veins
of magnetite scattered within. The rock is rich in tiny magnetite, which is often concentrated into
and chains confined to both antigorite and magnesite (Figure 4a). Scattered pentlandite and
veins and chains confined to both antigorite and magnesite (Figure 4a). Scattered pentlandite and
chromspinel are the accessory minerals of serpentinites. Here, newly formed dolomite and chlorite
chromspinel are the accessory minerals of serpentinites. Here, newly formed dolomite and chlorite
(clinochlore) are present, the content of which is as high as 30 vol %. Chromspinel is intensely
(clinochlore) are present, the content of which is as high as 30 vol %. Chromspinel is intensely replaced
replaced by chromium (Cr)-bearing clinochlore, chromian magnetite and magnetite.
by chromium (Cr)-bearing clinochlore, chromian magnetite and magnetite.
Chloritolites, consisting of fine-grained colorless chlorite, contain scattered carbonate and thin
Chloritolites, consisting of fine-grained colorless chlorite, contain scattered carbonate and thin
veinlets of coarse-grained chlorite (Figure 4b). They also contain impregnations of magnetite and
veinlets of coarse-grained chlorite (Figure 4b). They also contain impregnations of magnetite and
chromspinel, which definitively indicates the aposerpentinite nature of chloritolites. The composition
chromspinel, which definitively indicates the aposerpentinite nature of chloritolites. The composition
of relict chromspinel was established to be similar to the accessory spinel from ophiolite harzburgites
of relict chromspinel was established to be similar to the accessory spinel from ophiolite
[7].
harzburgites [7].
The magnetite-chlorite-carbonate rocks have various contents of minerals. Typically, the central
The magnetite-chlorite-carbonate rocks have various contents of minerals. Typically, the central
parts of these rock bodies consist of carbonate mass (dolomite and, in smaller quantity, calcite), and
parts of these rock bodies consist of carbonate mass (dolomite and, in smaller quantity, calcite), and the
the marginal parts are enriched in chlorite, magnetite, ilmenite, and apatite, the total content of which
marginal parts are enriched in chlorite, magnetite, ilmenite, and apatite, the total content of which is
is 40–45 vol % (Figure 4c). As accessory minerals, the magnetite-chlorite-carbonate rocks also contain
40–45 vol % (Figure 4c). As accessory minerals, the magnetite-chlorite-carbonate rocks also contain
native gold, zircon, monazite, allanite, thorianite, aeschynite-(Y), and very scarce grains of
native gold, zircon, monazite, allanite, thorianite, aeschynite-(Y), and very scarce grains of chalcopyrite
chalcopyrite up to 2 mm in size. Relict chromspinel was absent in these rocks.
up to 2 mm in size. Relict chromspinel was absent in these rocks.
Native gold is represented by the particles of various interstitial shapes, up to 3 mm in size. The
Native gold is represented by the particles of various interstitial shapes, up to 3 mm in size.
gold particles contain inclusions of magnetite, ilmenite, dolomite, apatite, and chlorite (Figure 4d).
The gold particles contain inclusions of magnetite, ilmenite, dolomite, apatite, and chlorite (Figure 4d).
Gold belongs to the copper-bearing variety of gold-silver solid solutions (fineness 833–865‰).
Gold belongs to the copper-bearing variety of gold-silver solid solutions (fineness 833–865‰).
Impurity components of native gold (wt %) are as follows: Ag (10.8–13.5), Cu (1.3–2.6), Pd (0.06–0.95)
Impurity components of native gold (wt %) are as follows: Ag (10.8–13.5), Cu (1.3–2.6), Pd (0.06–0.95)
and Fe (to 0.07) (Tescan VEGA-II XMU electron scanning microscope (TESCAN, Brno, Czech
and Fe (to 0.07) (Tescan VEGA-II XMU electron scanning microscope (TESCAN, Brno, Czech Republic))
Republic)) with attached INCA Energy 450 energy-dispersive spectrometer (Oxford Instruments,
Oxford, UK), analyst D. Varlamov, Institute of Experimental Mineralogy, Russian Academy of
Sciences) [8].
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rocks, the following elements are concentrated: Mn, Ba, Sr, Ti, V, Cu, As, Zr, Hf, Nb, Y, Mo, Ga, Ge, Sc,
Ta, Li, Rb, Cs, U, Th, and REE. The total content of REE in serpentinites was less than 2 g/t, whereas in
chloritolites and magnetite-chlorite-carbonate rocks it reached 304 g/t.
2.4. P,T-Conditions of Formation and Composition of Ore-Forming Fluid
The temperature regime of the formation of magnetite-chlorite-carbonate rocks estimated using
oxygen isotope and dolomite-calcite geothermometers [8] showed that these rocks formed at 480–280 ◦ C.
The homogenization temperature of gas-liquid (fluid) inclusions in apatite (THMSG-600 “Linkam”
heating-freezing stage, Linkam Scientific, Tadworth, UK, analyst A.A Garaeva, Institute of Geology
and Geochemistry, Ural Branch of Russian Academy of Sciences), reflecting the minimal crystallization
temperature of this mineral, was 142–221 ◦ C [9]. The eutectic temperature varies from −19.0 to −23.0 ◦ C,
which corresponds to the H2 O-NaCl system [11]. The melting temperature of ice ranges from −2.2 to
−5.7 wt %, which corresponds to NaCl concentration in solution equal to 3.7–8.8 wt % [12].
The mineral formation derived temperature from the oxygen isotope and dolomite-calcite
geothermometers exceeded the homogenization temperatures of fluid inclusions by 140–260 ◦ C.
Considering the pressure correction, which is 80–90 ◦ C/kbar [13], the pressure during the formation of
magnetite-chlorite-carbonate rocks could have reached 2–3 kbar.
The gas component content in fluid inclusions in the minerals of chloritolites and
magnetite-chlorite-carbonate rocks [9], extracted by pyrolysis to 450 ◦ C (below the decomposition
temperature of carbonate), can be described using the C-H-O system with minor nitrogen. Composition
of gases was analyzed on the Tsvet-800 gas chromatograph (SPE ACADEMPRYLAD Ltd., Sumy, Russia,
analyst S.N. Shanina, Institute of Geology, Komi Science Centre, Ural Branch of Russian Academy
of Sciences). The fluid was dominated by water and carbon dioxide and contained small amounts
of reduced gases: CO, H2 , CH4 , and heavy hydrocarbons including C2 H4 , C2 H6 , C3 H6 , C3 H8 , etc.
The degree of oxidation of the gas components (CO2 /(CO2 + CO + H2 + CH4 )) in the fluid for
magnetite-chlorite-carbonate rock was higher than that of chloritolites, at 0.92 and 0.73, respectively.
2.5. Sources of Metals and Ore-Bearing Fluid
High content of gold, Y, Zr, REE, U and Th, the absence of any essential input of K and Na,
and rather low scales of mineralization allow us to regard the same rock reservoir as the source of these
elements. Data on the isotope composition of C, O, and Sr in carbonates [8] show that in the generation
of ore-forming fluids the marine carbonate reservoir was also involved. The restoration of the isotope
composition of the water of these fluids suggests that they have been of metamorphogenic origin and
have been composed of a mixture of at least two water sources—rock (dehydration of water derived
from serpentinite) and deep-seated reservoirs. Taking into consideration that the isotope composition
of serpentinite hydrogen, which typically varies from −65 to −90‰, but may even decrease to −128‰,
the involvement of meteoric water in serpentinization, is not ruled out.
2.6. Geodynamic Model
Our model of the formation of the Karabash massif (Figure 5A) is based on the concept of the
“blocky folding of the Earth’s crust” [14]. According to this model, the upper elastic crust is divided
into huge blocks by the thrusts dipping toward each other as a result of applied horizontal force.
The thrusts result in bends and deformation of blocks, thickening in the vertical plane, and shortening
along the compression axis. The thickening and shortening of the upper crust generated a tectonic
flow in the lower elastic crust and caused its thermodynamic destabilization.
The Moho boundary is the base of the tectonic flow of the lower crustal rocks. In areas
of decompressed mantle, this tectonic flow descends downward. The lower crust rocks undergo
high-temperature/high-pressure—metamorphism and dehydration and mix with the rocks of the
decompressed upper mantle. The flow of the crust-mantle mixture, directed upward, penetrated the
lower and then the upper crust. The upper crust rocks ascended and stretched to form mountain relief.
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3. Methods
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and Thermodynamic
forminerals,
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including
T, P-conditions [16,17]. We applied a similar approach for studying the gold-bearing rodingites from

Thermodynamic modeling was performed using the Selektor-C software that employs the
the Zolotaya Gora deposit in the Karabash massif [6] and three stages of epithermal gold-silver
Gibbs energy minimization method, including minerals, aqueous solution components, and gasses
mineralization of primary and placer gold deposits [18,19]. The main calculation procedures
in given T, P-conditions [16,17]. We applied a similar approach for studying the gold-bearing
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rodingites from the Zolotaya Gora deposit in the Karabash massif [6] and three stages of epithermal
gold-silver mineralization of primary and placer gold deposits [18,19]. The main calculation procedures
implementing the determination of thermodynamic parameters of compounds of a system at high T,
P values were based on the following methods. The calculation of the thermodynamics for aqueous
solution components was performed using the revised Helgeson-Kirkham-Flowers (HKF) equation [20].
The dependence of the thermodynamic characteristics of gases on pressure was calculated using the
modified Benedict-Webb-Rubin equation of state [21]. In the high-pressure zone, a deviation from
ideal gas mixture for real gases was calculated using the van der Waals equation [22] and data from
Breedveld and Prausnitz [23]. Fugacity coefficients and molar gas volumes were calculated using the
two- [23] and three-parameter equation of state [21].
Modeling was completed for the Na-K-Mg-Ca-Al-Si-Ti-Mn-Fe-Cu-Ag-Au-Hg-S-P-Cl-C-H-O
system. The thermodynamic properties of various compounds were calculated using the Selektor-C
database. The list of minerals, aqueous, and gaseous species considered in the model is provided in
Tables S2 and S3 of the Supplementary Materials.
Thermodynamic constants for chlorites, ilmenites, pyroxenes, carbonates, olivines,
and plagioclases, which are natural binary and ternary solid solutions, as well as solid solutions
of quaternary system Ag-Au-Cu-Hg, were calculated considering the activity coefficients of end
members for the accepted models of solid solutions [17,18]. Serpentinite was introduced as an ideal
solid solution consisting of antigorite and lizardite.
3.2. Initial Data for Thermodynamic Modeling
Our calculations were based on the reactive transport model involved in the Selektor-C software.
Modeling was conducted at initial temperature (T) and pressure (P) characterizing the lower
crust conditions: 700 ◦ C and 10 kbar, respectively. The initial hydrothermal liquid consisted of
(mole/kg H2 O): NaCl = 1.5, CO2 = 0.5, H2 = 0.01, NaOH = 0.3, and H2 S = 0.0001. The concentrations of
NaCl were specified following the results of fluid inclusion studies [9] in magnetite-chlorite-carbonate
rock. As the ore-forming system has minor sodium and sulfur contents, we added NaOH and H2 S into
the model solution. The following parameters were applied to the model solution: log f O2 = −14.3,
log f S2 = −5.44, pH = 6.9. The amount of ore components in the model solution was used depending
on the content of Cu, Ag, Au, and Hg in the ultramafic rocks from Southern Urals (Table 1).
Table 1. Average contents of gold (Au), silver (Ag), copper (Cu), and mercury (Hg) (ppm) in the massif
of ultramafic rocks (Southern Urals, Russia).
Ultramafic Rocks
Au
Ag
Cu
Hg
1

0.01135
0.14 2
6.15 1
0.02 2

1

Mafic Rocks
0.003925 1
0.11 2
31.7 1
0.07 2

harzburgites from the Nuralinsky massif [24]; 2 upper part of continental crust [25].

The hydrothermal model evolved given its gradual flowing through the system of reservoirs up to final
discharge at 300 ◦ C and 1 kbar. The composition of meteoric waters diluting the deep fluid was specified as
a nonmineralized rainwater: 1 kg H2O + 0.015 m CO2 + 0.00032 m O2 (25 ◦ C, 1 bar), pH = 5.6, Eh = 0.89 [26].
The model included a 4-reservoir calculation scheme depicted in (Figure 6). In the first reservoir
at 700 ◦ C and 10 kbar, 1 kg of initial solution reacts with 100 g of rock consisting of 80% harzburgite
+ 20% gabbro, enriched in the components of these rocks. In the next reservoirs, a discharge zone was
simulated as a result of the movement of fluid to upper horizons (T = 450 ◦ C and P = 3 kbar) under
different scenarios. In the second reservoir, we assumed interaction of the solution with serpentinite
(100 g), and in the third reservoir, with limestone (5 g) and serpentinite (0.5 g) in the flow regime. In the
fourth reservoir, mineral formation takes place in a closed system represented initially by serpentinite
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(100 g), which was affected by the solution flowing from the second reservoir and meteoric waters that
diluted
the deep fluid and led to a decrease in T and P to 300 ◦ C and 1 kbar, respectively. 9 of 18
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The chemical compositions of rocks used in the model are provided in Table 2.
Table 2. Chemical compositions of rocks involved in the thermodynamic model.

Table 2.Gabbro
Chemical
of rocks(ninvolved
in the thermodynamic
model.
(n compositions
= 7)
Harzburgite
= 9)
Limestone
Serpentinite

SiO2
48.81
40.43
0.19
40.47
Gabbro
Harzburgite
(n = 9)
Limestone
Serpentinite
TiO2
0.37(n = 7)
0.04
0.04
Al2O3
14.65
1.52
0.180.19
1.44 40.47
SiO
48.81
40.43
2
Fe22O3
7.97
4.26
- 5.31 0.04
TiO
0.37
0.04
7.20
3.79
0.230.18
1.61 1.44
Al2FeO
O3
14.65
1.52
Fe2MnO
O3
7.97
4.26
0.18
0.09
0.17 0.09 5.31
FeO
7.20
3.79
MgO
8.57
38.41
0.390.23
38.21 1.61
MnO
0.18
0.09
CaO
12.03
1.62
55.130.17
0.48 0.09
MgO
8.57
38.41
0.39
Na2O
2.75
0.11
0.12 38.21
CaO
12.03
1.62
55.13
0.48
K2O
0.44
0.03
0.03
Na2 O
2.75
0.11
0.12
P
0.09 *
0.035 *
0.013 **
K2 O
0.44
0.03
0.03
- *
- 0.75 0.013 **
P S
0.09
0.035
*
- 43.75 0.46 0.75
SCO2
-1.96
6.77
10.59
COLOI
43.75
0.46
2
LOIgabbro and harzburgite
1.96
6.77 (Talovsky massif) were
- borrowed from
10.59
Data for
from Southern Urals
Gritsuk
and
Pletniov
[4],Gritsuk
for
[27],
for
limestones
at
the
contact
of
the
Karabash
massif,
from
Spiridonov
Data for gabbro and harzburgite from Southern Urals (Talovsky massif) were borrowed from
[27],
forserpentinites
limestones atfrom
the contact
of the massif,
Karabash
massif,
from
Pletniov [4],
for serpentinites
from
the Karabash
from
Berzon
[28].Spiridonov
Content ofand
phosphorus:
* average
content
theinKarabash
massif,
from Berzon
of phosphorus:
average content
inthe
mafic
and ultramafic
mafic and
ultramafic
rocks of[28].
the Content
upper mantle
[25]; ** in*serpentinites
from
Karabash
massif, rocks of
the upper mantle [25]; ** in serpentinites from the Karabash massif, our data (ICP-MS, n = 8).
our data (ICP-MS, n = 8).
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In the suggested model, the fluid extracted ore components from deeply-seated rocks, and the
In the suggested model, the fluid extracted ore components from deeply-seated rocks, and the
contents of metals in the fluid were taken to be close to those in ultramafic and mafic rocks of the
contents of metals in the fluid were taken to be close to those in ultramafic and mafic rocks of the upper
upper crust and Nuralinsky massif in the Southern Urals (Table 1). To estimate the contents of
crust and Nuralinsky massif in the Southern Urals (Table 1). To estimate the contents of deposited
deposited gold and to determine the composition of Au-Ag-Cu solid solutions, we performed
gold and to determine the composition of Au-Ag-Cu solid solutions, we performed calculations for
calculations for four different metal contents in the fluid. The first variant included the contents of
four different metal contents in the fluid. The first variant included the contents of metals in the fluid
metals in the fluid equivalent to that in ultramafic rocks (U), the intermediate variants, in ultramafic
equivalent to that in ultramafic rocks (U), the intermediate variants, in ultramafic and mafic rocks
and mafic rocks (U + M), and the last variant, in mafic rocks (M) (Figure 8a–h). These calculations
(U + M), and the last variant, in mafic rocks (M) (Figure 8a–h). These calculations show that the gold
show that the gold content in the rocks of the third reservoir increased with the supply of every new
content in the rocks of the third reservoir increased with the supply of every new portion of solution
portion of solution from 0.7 to 20 g/t in the first variant and from 0.5 to 10 g/t in the last. Gold content
from 0.7 to 20 g/t in the first variant and from 0.5 to 10 g/t in the last. Gold content in the fourth
in the fourth reservoir was high (about 10 g/t) only in the first case; in all other cases, the content of
reservoir was high (about 10 g/t) only in the first case; in all other cases, the content of the deposited
the deposited gold was less than 0.3 g/t.
gold was less than 0.3 g/t.
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(third and fourth reservoirs); (b,d,f,h) components in Ag-Au-Cu solid solution (third reservoir).
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The calculated particular model (Figure 11) shows the possibility of transformation of essentially
olivine-rich rocks to serpentinite with a small amount of carbonate and magnetite. Similar serpentinites
are a significant part of the Karabash massif. They commonly contain native copper, whose origin is
confirmed by the thermodynamic calculations at 300 ◦ C. Model calculations at 450 ◦ C corroborate the
formation of copper-bearing Au-Ag solid solution and copper sulfides in serpentinites.
The gold-bearing rocks composed of magnetite, chlorite, and carbonate formed in the third
reservoir modeling the decompression in open cracks. The P,T-parameters accepted for this reservoir
were similar to the formation conditions of magnetite-chlorite-carbonate rocks (480–280 ◦ C, 2–3 kbar).
The quantitative ratios of the main minerals (magnetite, chlorite, and carbonate) in the model
reservoir correspond to their variations in natural parageneses. Good correlation of model and
natural paranegeses was observed in the set of accessory minerals of rocks. In both cases, they are
represented by ilmenite, apatite, chalcopyrite, and Au-Ag-Cu solid solutions.
The calculated composition of Au-Ag-Cu solid solutions in the third reservoir is similar to the
composition of native gold in magnetite-chlorite-carbonate rocks. The model solid solution differs
from copper gold of the Karabash ultramafic massif only in terms of a slightly higher silver content.
Moreover, the calculation results of various metal ratios in solution showed that the deep-seated rocks
of ultramafic composition with a minor fraction of mafic rocks (0.75 U and 0.25 M) (Figure 8c,d) were
the most probable source of these metals. An increase in the fraction of mafic rocks in the model led to
the formation of Au-Cu solid solutions that were not observed in magnetite-chlorite rocks.
Association of chloritolite and magnetite-chlorite-carbonate rock is reflected in one of the variants
of the model calculations—on cooling of serpentinites of the second reservoir to 300 ◦ C and dilution of
the equilibrium fluid by meteoric waters approximately in equal ratios. As this association of rocks in
the Karabash massif created submeridionally stretching schist zones, we suggest that meteoric waters
infiltrated from the top along tectonic faults into serpentinites toward the deep-seated fluid ascending
through the same faults.
The presence of gold and REE in the deep-seated rock source was the main factor influencing
the high concentrations of these elements in the magnetite-chlorite-carbonate rocks. We analyzed the
model devoid of Y, Zr, REE, U, and Th mineralization due to the complex mineral composition of
altered ultramafic rocks from the Karabash massif. This is one of the prospective tasks that will be
solved to reveal the simultaneous formation conditions of gold and Y, Zr, REE, U, Th mineralization.
5.2. Scales of Gold Mineralization in the Karabash Massif and the Variations in the Compositions of Gold
Minerals
Gold mineralization, including various intermetallides and solid solutions of the Au-Ag-Cu-(Hg)
system, occurred in virtually all types of altered ultramafic rocks in the Karabash massif. Our previous
physicochemical models of formation of gold-bearing rodingites [6] and magnetite-chlorite-carbonate
rocks, serpentinites, and chloritolites, presented in this work, support the variety of minerals forms
and different concentrations of Au, Ag, and Cu (Hg) in the rocks of the massif. The maximum gold
concentration was determined to be in the rodingites. The gold content in the Zolotaya Gora deposit
reaches several hundred ppm, averaging 5 ppm. These rocks are also characterized by the greatest
variety of mineral forms of gold—Au-Cu intermetallides (tetra-auricupride AuCu, auricupride AuCu3 ,
and Au3 Cu) and solid solutions of the Au-Ag-Hg system.
Gold concentrations in the third and fourth reservoirs in the model calculated in this work
(0.3–30 ppm) correspond to the concentration levels in the magnetite-chlorite-carbonate rocks and
chloritolites. In magnetite-chlorite-carbonate rocks, the amount of copper-bearing Au-Ag solid solution
may be high, but the small sizes of these rocks do not allow them to be considered objects for mining.
In addition to rodingites and magnetite-chlorite-carbonate rocks, other altered rocks, mainly
listvenites and quartz-riebeckite metasomatites, have also been found in the Karabash massif.
These rocks either do not contain or are poor in gold. However, in the Southern Urals within the
zone of the Main Ural Fault, many auriferous ore deposits have been found in listvenites (Nailinskoe,
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Tyelginskoe, Altyn-Tashskoe, and Mechnikovskoe, etc.) [31]. The chemical composition of the native
gold in these deposits is similar to the most widespread Au-Ag solid solution containing no less than
1 wt % copper.
Our calculations show that the copper-bearing Au-Ag solid solution could have formed via the
participation of the ore fluid during the serpentinization of deep-seated olivine rocks pumped by the
tectonic flow to a higher hypsometric level. Data on gold content in serpentinites from the Karabash
massif are unknown. However, in the other Ural massifs, antigorite serpentinites confined to the fault
zones bear gold mineralization and are the source of gold in the placers [32].
6. Conclusions and Perspectives
We developed a physicochemical model of the formation of ophiolite serpentinites of specific rocks
that host gold mineralization with a very low sulfide content. Using thermodynamic calculations, we
obtained mineral associations of gold-bearing (magnetite-chlorite-carbonate) and weakly gold-bearing
rocks (serpentinites and chloritolites) similar to those occurring in the Karabash massif in the Southern
Urals. These rocks formed with the participation of meteoric waters and the deep-seated fluid that
changed its composition during the tectonic movement of the crustal-mantle mixture to the surface.
The copper gold can precipitate during serpentinization of deep-seated olivine-rich rocks uplifted by
the tectonic flow to a higher hypsometric level.
The model supports the involvement of sodium chloride-carbon dioxide fluids extracting ore
components (Au, Ag, and Cu) from deep-seated ultramafic rocks with a minor admixture of mafic
rocks. The developed model of tectonic squeezing of the deep-seated fluid, crust and mantle rocks
allows the prediction of the copper gold ore occurrences in ultramafic ore massifs. At the same time,
a more complex model should be developed that also involves Y, Zr, REE, U, and Th mineralization.
Supplementary Materials: The following are available online at: http://www.mdpi.com/2075-163X/8/7/306/s1,
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