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Abstract: A significant part of the primary gold reserves in the world is contained in sulphide ores,
many types of which are refractory in gold processing. The deposits of refractory sulphide ores will
be the main potential source of gold production in the future. The refractory gold and silver in
sulphide ores can be associated with micro- and nano-sized inclusions of Au and Ag minerals as
well as isomorphous, adsorbed and other species of noble metals (NM) not thoroughly investigated.
For gold and gold-bearing deposits of the Urals, distribution and forms of NM were studied in base
metal sulphides by laser ablation-inductively coupled plasma mass spectrometry and by neutron
activation analysis. Composition of arsenopyrite and As-pyrite, proper Au and Ag minerals were
identified using electron probe microanalysis. The ratio of various forms of invisible gold —which
includes nanoparticles and chemically bound gold—in sulphides is discussed. Observations were
also performed on about 120 synthetic crystals of NM-doped sphalerite and greenockite. In VMS
ores with increasing metamorphism, Cau and Cag in the major sulphides (sphalerite, chalcopyrite,
pyrite) generally decrease. A portion of invisible gold also decreases —from ~65-85% to ~35-60%
of the total Au. As a result of recrystallisation of ores, the invisible gold is enlarged and passes into
the visible state as native gold, Au-Ag tellurides and sulphides. In the gold deposits of the Urals,
the portion of invisible gold is usually <30% of the bulk Au.

Keywords: invisible gold; sulphides; LA-ICPMS; synthesis; gold deposits; VMS deposits; Urals

1. Introduction

Considering the “visible” gold occurrence in gold deposits, it has long been noted
that the association of native gold with sulphides is the most sustainable (e.g., [1,2]).
However, gold invisible to optical methods also commonly associates with sulphides,
notably pyrite [3-5]. The presence of invisible gold is established by chemical and assay
analyses of bulk samples as well as by sensitive and relatively local LA-ICPMS analysis
(e.g., [6-8]). Such invisible gold can be extracted from sulphides by repeated heating (up
to 850 °C; cf. during metamorphism of sulphide ore [9]), resulting in enlargement of gold
particles [3,10]. The mechanism of this process was unclear, and Biirg [11] introduced the
concept of “self-cleaning of the crystal lattice” of pyrite.
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The form in which gold occurs in sulphides of the Fe-As-S system, which are key
minerals within the deposits of Au, Cu + Au, Fe, Mo, U, Zn attracted enormous attention
in the last quarter of the 20th century. From an experimental point of view, the limits of
invisible gold in sulphides are defined over a wide temperature range [6,8,12-18]. It is also
determined experimentally that sulphide heating, as an analogue of metamorphic
transformation, leads to release of chemically bound gold from the crystal lattice of host
minerals (such as pyrite, arsenopyrite) and to the formation of elemental microparticles (
for example, see the review of the problem in [15] and also the experimental data review
in [19]).

The behaviour of gold is most representatively characterised for high-temperature
sulphide systems: gold—copper-porphyry and gold—copper (and Fe-Cu-Au, Fe-Au,
subtypes) skarn deposits. Deposits of the copper—porphyry family represent some of the
greatest gold concentrations in the Earth crust. In addition, these deposits are possibly the
sources of gold for epithermal and other related deposits. Experimental data show that
bornite and chalcopyrite, formed under high-temperature conditions (about 600-700 °C)
typical for deep zones of copper—porphyry deposits, may contain about 1000 ppm of gold.
Saturation of these minerals with gold, however, occurs only at much lower (200-300 °C)
temperatures, corresponding to low-temperature minerlisation stages [20]. Thus, these
deposits reveal a wide range of sulphides with different contents of gold, varying from its
disseminated form to the larger “visible” native gold [20,21]. In addition, during the
formation of these deposits, the processes of extraction and redistribution of gold and
copper occur within immiscible sulphide melt and gas fluid at different levels (or
alteration zones) of the unified systems, resulting in different Cu/Au ratios both in the
gold—copper—porphyry and skarn systems.

In other high-temperature sulphide systems—magmatic (or orthomagmatic) ones—
the behaviour of platinum-group elements (PGE) is important because of their high cost
and scarcity on the global metal market. The authors partially summarised information
about PGE in sulphides of magmatic and hydrothermal systems in papers (for pyrite [22]
and pyrrhotite [23]). For hydrothermal deposits of the Urals, data were published in [24—
28]. A much more complete review of the data is given in [29], devoted to magmatic
sulphides.

In the ores of gold and gold-bearing deposits, Au occurs as: (1) own Au-Ag solid
solution (rarer with Cu, Pd and Hg), i.e., native gold (with Ag content up to 50 wt% and
fineness of 500-1000%o in mole fractions Aui-03Agooes5) and native silver (with an Ag
content higher than 50 wt% and fineness of 0-500%o, in mole fractions Agi-oesAuo-03s),
compounds with Te or with other chalcogens (S, Se) and metalloids (As, Sb, Bi), and (2)
the invisible (or fine dispersed) state. Invisible Au cannot be identified by conventional
optical microscopes or scanning electronic techniques, being scattered in the host
sulphides as nano-scale particles (“nanoparticles”) and/or in chemically bound state.
Visible segregations of native gold (called “nuggets” when becoming millimetre-sized
and larger) and as discrete Au minerals can be effectively extracted from the ore. In fairly
common cases, where Au is present in invisible form, processing results in the loss of most
gold to tailings. In many gold-bearing volcanogenic massive sulphide (VMS) deposits, the
proportion of invisible gold can be very high. For example, in the Uchaly VMS deposit in
the South Urals, it reaches 85% [15].

The mineral balance of the NM forms in ore sulphides is essential for evaluating the
NM recovery, i.e., their output into technological products and concentrates and, as for
Au, the possibility of its leaching by the cyanide solution (the most cheap and effective
method for extraction of fine-grained gold).

In many cases, the direct correlation between the concentrations of As and invisible
Au in hydrothermal pyrite is observed (e.g., [30]; see [15] for discussion). However, As-
poor pyrites can also demonstrate high gold concentrations. For example, the colloform
pyrites in the large Agua Rica Cu (+Mo, Au) porphyry deposit, Argentina, are As-poor
(<30 ppm) but rich in Au (up to 6.7 ppm) and Ag (up to 136 ppm) ([31]). No correlation
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between Au and As in pyrite occurs in the ores of the shear-hosted gold-vein system of
the Fairview mine, South Africa [32], VMS La Zarza, Migollas and Sotiel deposits, the
Iberian Pyrite Belt [33], multistage sedimentary-metamorphic (orogenic) sediment-hosted
Sukhoi Log gold deposit, South Siberia ([6]), “orogenic” gold deposits of the northern
margin of the North China Craton, China [8], intrusion-related lode gold deposits of the
Xiaoginling-Dabie Orogenic Belt, China [34], and sediment-hosted (siltstone, shale and
limestone) Qiuling gold deposit in the West Qinling orogenic belt, China ([35]). There is
no correlation between As and Au in pyrites from most of the Au-bearing deposits of the
Urals: the VMS deposits [15,36,37], the Novogodnee-Monto Fe-Au-skarn deposit [38], the
Petropavlovsk gold-porphyry deposit [39,40] and the Svetlinsk Au-Te deposit [41,42].
Binary diagrams show the low correlation between Au and As for pyrite of the Zn-Pb-Se-
Bi-Au-rich VMS Falun deposit, Sweden ([43]).

Understanding of the chemical state of Au in sulphide ores reached a new level when
it became possible to study Au-bearing minerals synthesised at the contrasting TP
conditions using different experimental techniques [13,44,45] and analytical methods
[12,16,17,46-52]. The chemical state of Au in sulphides, i.e., its position in the host mineral
structure, valence state and local atomic environment, can be determined using
spectroscopic methods [19]. The spectroscopic studies of the sulphides rich in Au were
performed using X-ray photoelectron spectroscopy (XPS, see [16,46,47] and references
cited), Mossbauer spectroscopy [12,48,49] and X-ray absorption near-edge structure
(XANES) spectroscopy [16,17,50-52].

The main problems preventing the determination of the chemical state of Au are: (1)
relatively low concentrations of Au in natural sulphides, and hence the inability to use the
mentioned physical (spectroscopic) methods for gold identification, and (2) limitations
existing for the synthesis methods: (i) it is difficult to recreate the entire T/f S range of
natural sulphide formation, (ii) the variability of the composition and thin zoning of
sulphide grains with respect to the main components, especially for arsenopyrite and As-
pyrite, and (iii) the presence of a large number of other trace elements in addition to gold
in the natural sulphides, which partly calls into question the complete analogy of synthetic
and natural mineral grains.

In comparison with other precious metals in hydrothermal deposits, gold is the most
important, so it is the focus of this study. Gold is among the rarest elements in the Earth’s
crust [53] and reserves of its largest deposits do not exceed first thousands of tons,
however, the high economic and social-political significance of this metal requires
sustainable reproduction and increase of gold natural resources. The increase in metal
prices during the last 20 years favours the growth of gold supply and exploration in the
world, but, taking into account an exhaustion of brown field resources and traditionally
mined types of mineralisation, the further development of the resource base needs to be
supported with new ideas based on a comprehensive level of knowledge. A forecasting
geological model is one of the major requirements of successful exploration [54].

The purpose of this paper is to review the distribution and forms of NM in
contrasting types of mineralisation on the example of one of the largest ore belts in the
world. Distribution and structural-chemical state of Au and Ag in sulphides through the
ore deposits from late-magmatic to low-temperature hydrothermal are considered as
indicators of the conditions of mineralisation and metamorphism of ores (e.g., [9,15]).
Thus, NM forms are regarded as one of the key aspects of the general model of the
evolution of ore-forming systems related to fluid activity (from high- to low-temperature).

The research results contribute to fundamental knowledge on NM forms of
occurrence in ores and minerals, and concentration levels of NM in sulphides. Our data
can be useful in the analysis of the distribution of NM in the Earth’s crust and will add
data into the experimental database to support the thermodynamic models. Moreover, the
data obtained on the contents and forms of NM accumulation in base metal sulphides are
an important practical result of the work. They will help to develop ore processing.
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The present research is based on studies of NM distribution and speciation in gold
and gold-bearing deposits of the Urals. The gold deposits include Au-sulphide-quartz
(mesothermal intrusion-related, “traditional” type for the Urals) Berezovsk, Au-telluride
mesothermal Svetlinsk and Au-sulphide-realgar Carlin-style Vorontsovka (both are large
but are seen as unconventional for the Urals types [55]) (Table 1). Other types include
VMS deposits (Cu-dominated Gai and Zn-dominated Uchaly, Uzelga, Galka) and the
skarn-porphyry family (Novogodnee-Monto Au-magnetite-skarn and Petropavlovsk Au-
porphyry deposits). The mentioned gold and gold-bearing deposits together provide
about 95% of the production of Au of the Urals. The paper proposes an application of the
modern achievements in the field of the analytical techniques for advancing the
theoretical basis of the NM behaviour in hydrothermal ore mineralising systems with
emphasises on economically significant genetic types of ore deposits.

Table 1. Main endogenous Au- and Cu-bearing deposits of the Urals.

Geodynamic
Environments

Ore-Bearing Magmatic

Oceanic spreading O1-2

Ore Deposit Type Complexes Main Ore Elements Examples of Ore Deposits
Co-Ni-sulphide Ultramafic, tholeiite-basalt Co, Ni (As, Au) Ivanovka, Dergamysh
Cu VMS Tholeiite-basalt Cu (Zn, Co) Mauk, Letnee, Buribai, Koktau
(Dombarovsk)
Sodium rhyolite-basalt Cu, Zn (Au) Gai, Safyanovka, Yubileynoe,

Cu-Zn VMS (Uralian)

Priorskoe

Uchaly, Novo-Uchaly, Sibai,

imiti i It-rhyoli Z Au, A T
primitive Sodium basalt-rhyolite n, Cu (Au, Ag, Se, Te) Uzelga, Degtyarsk, Podolsk
Cu-barite-Cu-Zn VMS Potassium-sodium Bakr-Tau, Balta-Tau, Maiskoe,
Zn, Au, Ba (Pb, A ’ ! ’
Island arc (Baimak) andesite-dacite Cu, Zn, Au, Ba (Pb, Ag) Tash-Tau, Uvarjazh, Galka
3- Cu, Fe (Au, Pd, Pt, Ti, V,
(Os-D) Cu-titanomagnetite-apatite Gabbro-norite u, Fe ( uP) ! Volkovskoe
Cu-porphyry Andesite-diorite Cu Tominskoe
Au-porphyry Plagiogranite Ay, Cu Yubileinoe (Au)
mature Au-epithermal Andesite-diorite Au, Cu (Pb, Zn, Se, Te) Bereznyakovskoe
Rhyolite- 1
Cu-skarn (porphyry) ga}l;(;:(t:—} dI;Zi?tet’ Cu, Fe (Au) Gumeshki
Au-polymetallic Andesite-dacite Au, Ag (Pb, Zn) Murtykty
i ite- 1
Sodium andesite-basalt, Fe (Cu, Au) Sokolovskoe, Sarbay

Arc-continent collision
and active margin of

Skarn-magnetite

gabbro-diorite

Potassium-sodium

Cu-magnetite skarn

andesite-basalt,

Au-sulphide-realgar

gabbro-diorite-granite

Fe (Cu, Co, Au)

Vysokogorsk, Goroblagodat

Cu, Fe (Au, Co)

Tur’insk group

Au, Ag (Hg, Sb,TI)

Vorontsovka

continent Au-magnetite-skarn Potassium-sodium andesite- Fe, Au (Cu, Mo, Co, Ag) Novogodnee-Monto
(Ds-C1) Au-porphyry basalt, gabbro-diorite Au (Ag, Te, W) Petropavlovsk
Au-skarn (porhyry) Au, Cu Varvarinskoe
Cu-porphyry (Mo) Diorite-granodiorite Cu (Mo, Au, Re) Mikheevskoe
Cu-porphyry Cu (Mo, Au) Benkala
Au-sulphide-quartz Tonalite-granodiorite Au(Cu,Fb,Zn Ag) Berezovs’k
The main collision (C/P) - Au (As) Kochkar
Au-telluride Gabbro-diabase, Au (Te, Ag) Svetlinsk

plagiogranite

Bold —deposits under consideration.
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2. Geological Framework

The Urals is the largest single ore belt in the world, and it contains 5.0 Bt non-ferrous
metal ore (80 Mt of Cu + Zn), 4,900 t Au and 41,000 t Ag reserves in endogenous ore
deposits. The bulk of Uralian gold is produced from sulphide ores containing large gold
deposits (Berezovsk, Kochkar, Svetlinsk, etc., [55]) and giant Cu-Zn-Au-Ag VMS deposits
[56,57], with reserves of 50-500 t Au for each deposit of both types. Most gold-bearing
(VMS, etc.) deposits and some gold deposits are located on the eastern slope of the Urals
(Figure 1), within the Main Greenstone Belt of the Urals—the Tagil-Magnitogorsk
synclinorium zone [56,58,59]. Major large gold deposits occur inside of the East Uralian
anticlinorium zone [55,60].

The Urals is the oldest (275 years, from 1745) gold-mining province of Russia [55].
The four largest gold deposits and nine gold-bearing deposits of the Urals contribute
about 45% (2220 t Au) of proven gold reserves, adding to the past production of this
province (4900 t Au).

2.1. Gold Deposits

The objects of this study are the large gold deposits of different genetic types [59]:
Vorontsovka (Au-As-Sb-Hg-Tl, Carlin-style), Berezovsk (Au, mesothermal intrusion-
related), Svetlinsk (Au-telluride mesothermal) and Petropavlovsk (Au-porphyry) (Tables
1 and 2). The Vorontsovka deposit (101 t Au) is located in the Tagil zone, while the
Berezovsk (~490 t Au) and Svetlinsk (~135 t Au) deposits are located in the East Uralian
zone (Figure 1).

Table 2. Characteristics of studied gold deposits.

Denosit. Region Svetlinsk, Berezovsk, Vorontsovka, Petropavlovsk,
poStt, g South Urals Middle Urals North Urals Polar Urals
Met hosed Volcaniclastic (O-S),
Host rocks eramorphose gabbro, serpentinite, Volcaniclastic (52-D1) Volcaniclastic (S2-D1)
volcaniclastic (D-C) -
granite
Geochemical type Au-Te Au, Ag (W, Bi) Au-As-Sb-Hg-Tl Au (Ag, Te, Bi, W)

Ore bodies

Wall rock alteration

Vein-disseminated
zones; veins

Quartz-biotite (with
amphibole), quartz +
biotite-sericite

Suits of veins
usually occurred
inside of dykes

Beresite, listvenite

Vein-disseminated
zones; rare veinlets

Propylitic, quartz-
sericite,
argillic, jasperoid

Stockwork, vein-
disseminated zones

Silicification,
albitisation,
chloritisation,
sericitisation
Pyrite-magnetite —

A ite- it Pyrite (=
Quartz-pyrite— Au- Ankerite-quartz — rs;n;feyi‘leil p;;n € chal}; 2 € (1:i—te
— — —
Stage of mineral Te-polymetalic— Pyrite-quartz — é, ) hosalgt ] s halii]ite ’
formation Quartz-carbonate- Polymetalic — WP . p . !
sulphide Carbonate polymetalic — pyrrhotite) — Gold—
P Polymetalic telluride — Quartz—
carbonate
Au reserves (Cau) ~135 t (1.8-2.8 g/t) 490 t (2.4 g/t) ~101 t (2.8 g/t) 26t (1.4 g/t)
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Figure 1. Structural zones of the Urals and the position of Au- and Cu-bearing deposits (on the
tectonic base of [61]). Ore deposits: 1 Novogodnee-Monto, 2 Pervopavlovsk, 3 Vorontsovka, 4
Berezovsk, 5 Bereznyakovsk, 6 Kochkar, 7 Svetlinsk, 8 Varvarinskoe, 9 Murtikty, 10 Chudnoe, 11
Uchaly, 12 Novo-Uchaly, 13 Uzelga, 14 Molodeznoe, 15 Aleksandrinskoe, 16 Sibai, 17 Bakr-Tau,
Balta-Tau, Uvarjazh, Tash-Tau, 18 Maiskoe, 19 Yubileynoye, 20 Podolskoe, 21 Oktyabrskoe, 22
Gai, 23 Bl'ava, Komsomolskoe, Yaman-Kasy, 24 Dzhusa, 25 Barsytchiy Log, 26 Letnee, Osenee,
Levobereznoe, 27 Vesenee, 28 Priorsk, 29 50-let Oktjabrja, 30 Kundizdi, 31 Degtyarsk, 32
Safyanovsk, 33 San-Donato, 34 Krasnogvardeysk, 35 Levikha, 36 Kaban, 37 Galka, 38
Valentorskoe, 39 Tur’a, 40 Tarnjer, 41 Volkovskoe, 42 Gumeshevskoe, 43 Tominskoe, Kalinovskoe,
44 Tarutinskoe, 45 Mikheevskoe, 46 Sokolovskoe, 47 Sarbai, 48 Benkala, 49 Yubileinoe (Au).

Bold —deposits under consideration.
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Specific features of the Vorontsovka deposit [62,63] are as follows: thinly
disseminated sulphide mineralisation in carbonate-clastic sequence; quartz-sericite,
argillic (clay-quartz-carbonate) and jasperoid types of alteration; abundance of As and Fe
sulphides (pyrite, arsenopyrite, realgar); correlation of Au (r > 0.5) with Ag, As, Hg, Co,
Ni, Pb and Ba in the ores; geochemical types of mineralisation: As-Hg-TI-Sb (the early
stage) and Ag-Pb-Zn-Cu-Sb (the late stage); Au/Ag ratio > 1 in ore. Our genetic model for
the Vorontsovka gold deposit suggests that the gold mineralisation is coeval with the
formation of the Auerbakh volcano-plutonic complex. Low-sulphide gold-bearing
assemblages were deposited at lower temperatures on the periphery of the skarn zones
(Tables 1 and 3).

Table 3. Arsenopyrite-bearing mineral assemblages of the Vorontsovka gold deposit.

Ne Mineral Ore Type Ore Mineral Assemblage t,°C P, kbar log f S2
I impregnated gold— arsenopyrlte—sulphosalts— 400-270 0.6-0.2 7109
polymetallic polymetallic
I finely dls'semmated arsemc—lolhn.glte— 370-250 02-0.15 12t 17
gold-pyrite-realgar arsenopyrite

Quartz-sulphide veins of the Berezovsk deposit (about 55% of total gold reserves)
contain 90-95 vol% of quartz, 5-10 vol% of sulphides and average 18-20 g/t Au [64].
Impregnated sulphide ores—hydrothermal-altered granitoid dykes (“beresite”)—contain
1-2 vol% of pyrite and 0.1-5 g/t Au (commonly 0.2-1.3 g/t) (Tables 1 and 2).

The Svetlinsk deposit is represented by the system of sulphide-quartz veins, veinlets
and large lens-shaped vein-disseminated zones of quartz-pyrite (+ pyrrhotite)
mineralisation. The deposit is located within the strongly metamorphosed (up to
amphibolitic facies) volcano-sedimentary series: metabasite, terrigenous/volcaniclastic
sediments and marble (D-C). The average gold content is not high (2-3 g/t). Native gold
in sulphide-quartz veins is closely associated with tellurides [65,66].

The Petropavlovsk deposit is located in the Silurian-Devonian island-arc volcanic
complexes of the Polar Urals [40]. It tends to the apical part of a large polyphase (with
dominating diorite) pluton and is closely related to porphyritic diorite. The ore body is a
large isometric stockwork composed of gold-sulphide (low-sulphide) stringer-
disseminated ore associated with albitisation zones, intersected by moderately Au-rich,
late quartz veins [39,40]. Gold, finely dispersed in pyrite (<0.1 mm), predominates in the
ore bodies and is associated with Ag, W, Mo, Cu, As, Te and Bi in geochemical haloes. The
Novogodnee-Monto iron-gold-skarn deposit (7 t by-product Au reserves) is located on
the east flank of the Petropavlovsk deposit, 0.5 km away. They both probably represent a
single ore-magmatic system of porphyry type [40], and their features are compiled in
Tables 1, 2 and 4.

Table 4. Mineral assemblages and physicochemical parameters of mineral-forming fluids of the Petropavlovsk gold field.

Ore Deposit Mineral Assemblage (and Gold Mineralisation) Thom, °C Salt Composition Csa, wt%-eq. NaCl
Chalcopyrite-pyrite-quartz, early stage 430-300 (Na, Mg)Cl 10-12.9
Novogodnee-Monto Pyrite-chalcopyrite-quartz (with Au) 315-270 (Na, K)CI 4.5-12.2
Fe.Au-skarn Chalcopyrite-pyrite-magnetite (with Co and Au) 230-215 NaCl 3.4-9.2
Pyrite-chalcopyrite-telluride (with Au) 210-180 NaCl 10.5-13.9
Polysulphide-quartz-carbonate 170-140 (Na, K)Cl1 6.0-8.0
Chalcopyrite-pyrite-magnetite (with Au) 250 * no data
Petropavlovsk Au- Polysulphide-quartz (with Au) 260-245 no phase transitions were observed
porphyry Pyrite-chalcopyrite-telluride (with Au) 200 (Na, K)CI 11
Polysulphide-quartz-carbonate (with Au) 160-150 (Na, K)Cl1 14

* Co geothermometer (coexisting pyrite and chalcopyrite).

2.2. VMS Deposits
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VMS deposits of the Urals began to play a major role in its gold industry in the middle
of the 20th Century. The VMS deposits belong to Uralian (or Cu-Zn-pyritic) type (the
major one for the Urals), which can be divided into two subtypes: Cu>>Zn and Zn>>Cu,
and two minor types: copper (Dombarovsk type) and gold-barite-copper-zinc or Au-
polymetallic (Baimak type). Among the Uralian type, ten deposits contain >100 t Au
and/or >1000 t Ag—the largest, Gai, Uchaly, Novo-Uchaly and Uzelga, together amount
to 1000 t Au and ~13,200 t Ag [57,67,68]. According to the modern genetic model, the
formation of these deposits was related to a shallow chamber of acidic magma formed as
a result of the differentiation of mantle-derived basalt [69,70].

The study of modes in which gold occurs in sulphides (including invisible gold)
covers two large, slightly metamorphosed volcanogenic massive sulphide deposits:
Uchaly and Uzelga, as well as the giant intensively deformed Gai VMS deposit (Figures
1-3; Tables 1 and 5). Massive sulphide ores predominate in these deposits with a
subordinate contribution of disseminated ores (commonly 5-15 vol%). Au and Ag are
relatively uniformly distributed in massive sulphide ores (av. values are 0.5-1.5 g/t Au, 5-
50 g/t Ag), but local enrichment occurs (up to 10-90 g/t Au and up to 1000-3000 g/t Ag).
The specific feature of Uchaly and Uzelga deposits (Zn-dominated subtype) is the uplifted
levels of Au, Ag, Pb, Se, Te, Sb, As, Sn and Cd comparing to most of the other VMS districts
of the Urals [71,72].

Table 5. Characteristics of the studied VMS deposits.

D it Reeion Gai Uchaly, Novo-Uchaly Uzelga Galka,
epostl, Teglo South Urals North Urals
Bimodal-mafic (with Bimodal-felsic (with Blmodal-felsjlc (with Blmodal-fe151.c (with
Host rocks . . minor chert, limestone, minor andesite and
minor chert) minor chert) . . .
andesite and dacite) dacite)
Geological age Emsian Mid-Eifelian Late El'feha.n—Early Late Ordov1c1a§—Early
Givetian Llandoverian
Geochemical type Zn-Cu (Au, Ag) Cu-Zn (Au, Ag) Cu-Zn (Au, Ag) Zn-(Cu-Pb-Ag-Au)

Metamorphic grade
(t,°C)

Greenschist, 250-450

Prehnite-pumpellyite,
150-350 (locally up to

Prehnite-pumpellyite,

180-350 (locally up to Zeolite, 100-200

400) 450)
Steeply dipping to Steeply dipping to
Dominant ore-host vertical, . Py . ppimg Gentle doms and
. vertical; limb of large  Gentle doms and trenchs
structures pseudomonoclinal . trenchs
anticlinal fold
shear-related structures
Stockwork, vein-
Ore bodies Platelike, podiform Lensoid, antiform Lensoid disseminated zones;
(minor lensoid)
Al,b 1.t1.sat1'0n, Silicification, Silicification,
silicification, e e e e
. L sericitisation, sericitisation, Argillic, silicification,
Wall rock alteration chloritisation, e . . e . e
. albitisation, carbonation, albitisation, sericitisation
sericitisation (+ e e
. chloritisation chloritisation
pyrophyllite)
Ore reserves 450 Mt * 230.4 (116 +114.4) Mt * 80.7 Mt * 4.3 Mt
Cu+Pb+Zn, wt% 2.2 4.3 (4.8 and 3.6) 4.2 3.3
Au reserves 520 t * 344 (180 + 164) t * 136.6t* 6t
Cau, g/t 1.2 15 1.7 1.35
Ag reserves 6,300 t * 4381 t* 2,495 t * 200 t
Cag, g/t 14 19 31 46.5

* including past production.
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During 60 years, two hundred million tonnes of ore have been mined from the Gai
deposit (Cu-dominated subtype), and ~45% of initial reserves contained about 10 million
tonnes of non-ferrous metals (Cu:Pb:Zn = 1:0.03:0.49), 520 t Au and 6300 t Ag (Au/Ag =
0.08). The annual output of the underground mine reached 5 Mt of Cu and Cu-Zn ore (>70
Kt Cu) [9,73,74]. The deposit consists of a package of steeply dipping sheet-like bodies,
from 40 up to 1300 m down the dip, with a thickness of the large lodes up to 150 m in
bulges. Together, the ore bodies comprise a lineal mineral zone (thickness ~300 m, up to
800 m). The ore zone extends for 3.7 km along the strike and more than 1.7 km down the
dip, remaining not contoured at a depth. The deposit was affected by regional
metamorphism (greenschist facies), strike-slip deformations and folding. Therefore, ore
structures and textures observed are mostly epigenetic (e.g., [9,74,75]). Massive, breccia-
like, impregnated and stringer-impregnated structures are dominant. Gneissose, foliated
and banded structures often occur in the outer parts of massive sulphide lodes and are
found within narrow zones controlled by later steeply dipping normal and strike-slip
faults [57,74].

The Uchaly deposit also demonstrates one of the largest potentials if the Novo-
Uchaly deposit located directly to the south of the Uchaly deposit is considered as its
separate ore body. Therefore, the total reserves of metals contained in the two ore bodies—
the northern one, Uchaly, and the southern one, Novo-Uchaly —will amount to 9.96
million tonnes Cu + Pb + Zn, with Cu:Pb:Zn = 1:0.17:3.12, 344 t Au and 4381 t Ag (Au/Ag
= 0.08) [15,36,76]. The Uchaly lode comprises a single subvertical thick (up to 180 m in
bulges) lens of solid Cu—Zn ore, approximately 1.2 km in the lateral direction and 1.3 km
along the dip. The Novo-Uchaly lode (1250 m x 900 m) reaches 186 m thick and comprises
a steeply dipping VMS lens, crumpled into an anticlinal fold. The deposit was affected by
regional metamorphism (subgreenschist facies). The ore body reveals complex lenticular
contours complicated by pinch and swell areas. The primary ores—brecciated and
rhythmically foliated —are preserved only as relics. Gneissose and folded varieties of ore
occur along the contacts of the ore body and in zones of postmineral faults.

The total reserves of the Uzelga deposit range 81 million tonnes of ore, containing
3.43 million tonnes Cu + Pb + Zn (Cu:Pb:Zn = 1:0.22:1.90), 137 t Au and 2495 t Ag (Au/Ag
= 0.05) [9,67,68]. Paleovolcanic structures are mostly gentle and weakly deformed [69,76].
Bodies of VMS solid ores occur at two hypsometric levels, 130-380 m from day surface
(body Nos. 1, 5, 6, 9) and 420-640 m (body Nos. 24, 7, 8), with ~300 m between the levels
[25,77]. Ore bodies are represented by thick lenses, sometimes by irregular ellipsoidal and
isometric ones with obtuse terminations (ore body 4) or ball-shaped ones (ore body 3).
Ores are commonly slightly recrystallised: cryptograined and hypidiomorphic-granular
textures predominate in ores [78,79]. There are spherolitic and radial fabrics in kidney
aggregates. Rhythmic zonality of pyrite is often marked by bands or fine inclusions of
chalcopyrite, sphalerite, tennantite, tetrahedrite or a member of the tetrahedrite-
tennantite series (further “fahlore”). Cataclastic texture often occurs in pyrite grains.
Framboidal, metaglobular pyrite is sometimes found.

The Galka deposit is small (Table 5) and comprises gentle VMS lenses (max. 2000 m
x 350 m; thickness up to 30 m) of veinlet-impregnated Au—pyrite—polymetal ores [80,81].
Locally semi-massive and massive sulphide ore forms thin (up to 1 m) lenses in interlayers
of carboniferous fineclastic sedimentary rocks. The abundant veinlet-impregnated ores
are hosted by argillic (illite/smectite—sericite-quartz and kaolinite) alteration, formed after
cement of rhyodacitic breccia [82]. The ores are almost unaffected by any metamorphism,
so colloform structures, and fine-grained textures of ores, are widespread, and sulphides
carry a high proportion of invisible gold [15].

During processing, most of the total amount of trace elements is not extracted (Au,
Ag, Pt, Pd, Pb, Se, Te, Sb, As, Bi, Sn, Co, Ni and Hg), and many of them (Pb, Se, Te, Sb, As,
Co, Ni and Hg) become pollutants (together with sulphur dioxide and Fe) [72,83]. The
increasing volume of processed VMS ores has aggravated the problem of gold recovery:
while copper and zinc are taken in concentrates almost completely (75-85%), integrated
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gold recovery into the copper and zinc concentrates ranges from 20% (Uchaly) up to 50%
(Gai). The loss of gold into the pyritic concentrate and tailings exceeds 15 tonnes (up to 20
t) annually, which is three times more than Au recovery from massive sulphide ores of
the Urals. Therefore, tailing dumps of ore-processing plants can be compared with large
gold deposits: for example, the Gai (110 t Au in the tailing dump) and Uchaly (90 t Au)
concentrating mills.
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Figure 2. Parameters of VMS deposits of the Urals in terms of ore and base metal tonnage and
their comparison with large, Au-rich VMS deposits of the world (>100 t Au); red circles—deposits
under consideration. Parameters for other deposits were selected from the review in [84].
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Figure 3. Parameters of VMS deposits of the Urals, in terms of ore and gold tonnage, and their
comparison with major Au-bearing VMS deposits of the world; red circles with a red ring—
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deposits under consideration. Design and parameters for other deposits were adapted from the
review in [84].

3. Materials and Methods

The study was based on mapping and sampling of drill core and open pits.
Collections of ores include 100-300 samples for each deposit, and 150-500 polished
sections were studied for each deposit. Mineralogical observations, electron probe
microanalyses (EPMA) and a study using the scanning electron microscope (SEM) with
an EDS were carried out for polished sections as well as for sulphide and heavy
concentrates prepared from ores and, in some cases, from tailings. Manually selected
sulphide monomineral fractions and sulphides from heavy concentrates by separating
dozens of samples for each deposit were studied.

EPMA: The analyses were performed in IGEM RAS on the JXA-8200 Jeol, JEOL Ltd.,
Tokyo, Japan, electron microprobe equipped with five WD spectrometers and one ED
spectrometer. The major constituents were determined at an accelerating voltage of 20 kV,
current intensity on the Faraday cup of 20 nA, 10 s counting time and beam diameter of 1
um. Conditions of analysis are provided in Appendix A Table Al. The AuMo. line was
chosen for Au analysis in arsenopyrite and pyrite (with 100-200 s counting time for PGE
and Au) because it was established that the signal/background ratio of M series lines is
better than that of L series lines [18]. These operating conditions and correctly selected
background points made it possible to decrease the detection limit (36) down to 45 ppm
for line AuMo..

SEM/EDS: The JSM-5610LV electron microscope (JEOL Ltd., Tokyo, Japan) equipped
with an X-Max 100 energy dispersive spectrometer (IGEM RAS) was used for the studies.

INAA: For instrumental neutron activation analysis, sulphide separates of 20 to 50
mg weight were handpicked under a binocular microscope. The purity of separation was
tested with the help of the X-ray powder diffraction technique. The fraction of a sulphide
examined in a sample analysed was more than 90%. The grains of sulphides selected for
analysis were sealed in polyethylene film. For activation, the polyethylene packages were
wrapped in filter paper and aluminium foil. Samples, standardised by the State Geological
Survey of the USSR (State Standard Samples 3593-86; 3594; 3595; RUS 1 + 4) and the
United States (USGS: BHVO-1; Mag-1; QLO-1; RGM-1, SCo-1, SDC-1, SGR-1), were
prepared for irradiation in the same manner. The samples were activated for 15 to 17 h in
the IRT reactor at the Moscow Engineering Physical Institute with a neutron flux of 1 x
10% s cm™. Measurements of induced activity were carried out in IGEM RAS with a
gamma spectrometer: the analyser was the 919+GEM45190 ORTEC (AMETEK ORTEC,
Oak Ridge, TN, USA)(HPGe coaxial detector; the range of energy measured was from 100
to 1800 KeV, with a resolution of 1.8 KeV at the line of 1332 KeV). The nuclide and the
gamma line used for the analyses (KeV) were: 8Au (412), 1225b (564), 124Sb (602 and 1691),
©Co (1332), 7As (559), ""MAg (657), *Fe (1099), 5Zn (1115), '5Cd (336 and 528). The
measurements were conducted in two stages: in 7 to 10 days after activation, As, Cd and
Au concentration were detected, and in 25 to 30 days after activation, Fe, Co, Zn, Ag and
Sb were analysed (see details in [12]). INAA examined the contents of NM, base metals
and some rare elements in the bulk samples, ultra-heavy concentrates and hand-made
mineral concentrates.

LA-ICPMS: The high-sensitivity mass-spectrometer laser ablation method (LA-
ICPMS, ThermoXSeries, NewWave 213 device, AMETEK, Berwyn, PA, USA) was chosen
as a key analytical method for trace element analysis of sulphides, including
determination of noble metals [39]. Primary determination of major components was
carried out on EPMA. For the LA-ICPMS method, sulphide reference material MASS-1
[85] was used as an external calibration standard together with in-house pyrrhotite-based
standard FeosS (20 ppm PGE, gold and silver, synthesised at IGEM RAS using the method
from [86]) and calibrated in the LabMaTer at the Université du Québec a Chicoutimi
(Chicoutimi, QC, Canada) for to the concentration of Au against a standard prepared by
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J.H.G. Laflamme. The analysis of sulphide grains was realised using spot and profile
ablation. The diameter of the laser beam was 30-60 um. The laser pulse frequency was 10
Hz, and the energy at the sample surface was 7-8 J/cm?. The detection limit for most
elements was 0.02-0.05 ppm. Investigations were carried out in IGEM RAS, and a part of
LA-ICPMS control analyses was also done in the LabMaTer at the Université du Québec
a Chicoutimi. We used the thermochemical method to determine the ionic form of gold
according to [87-89].

To study the form of invisible Au in sulphides, we and our colleagues synthesised
the Au-bearing chalcogenides using different methods (hydrothermal and gas transport
methods and salt flux technique [44,45,90]) at contrasting T/f Sz conditions and addressed
the Aulocal environment using XAS [16,91,92]. High Au, Pt, Pd and other metals’ contents
intentionally introduced into the synthetic phases allowed using the spectroscopic
methods to determine the structural-chemical state of the NM in sulphides using first-
principles quantum chemical calculations and Bader charge analysis (e.g., [19]).

The microanalyses of natural sulphides for all deposits under consideration were
accompanied by studies on conditions of ore formation based on fluid inclusion data and
mineral geothermometry, and they are partly implied but not discussed in detail in this
paper. The regime of volatiles was also briefly discussed.

4. Noble Metal Distribution and Speciations
4.1. Gold Deposits
4.1.1. The Vorontsovka Gold Deposit

The Vorontsovka deposit is mainly comprised of vein-disseminated zones with rare
gold-quartz veinlets. Ore contains pyrite, arsenopyrite, chalcopyrite, sphalerite, galena,
hessite Ag:T