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Abstract—Data on fluid inclusions and stable isotope compositions (O, H, C, and S) in minerals have been
summarized for large- and middle-scale mesothermal gold deposits (Nezhdaninsk, Berezovsk, Kochkar’, Svet-
linsk, Darasun, and Maisk), cassiterite—silicate—sulfide deposits of Sikhote Alin (Solnechnoe, Arsen’evsk, and
Vysokogorsk), vein silver—base metal deposits in the Southern Verkhoyansk region (Prognoz and Kupol’noe),
and epithermal copper—bismuth—silver—base metal deposits of the Karamazar district in Tajikistan (Kaniman-
sur, Tary Ekan, and Zambarak). It is shown that ores precipitated from fluids with salinity varying from brines
(up to 60 wt % NaCl equiv) to dilute fluids (1-3 wt % NaCl equiv). As a rule, fluids of different compositions
entered the hydrothermal-magmatic system. A fluid mixture of H,O-CO,—NaCl = CH, £ N, predominated in
the orogenic (mesothermal) gold-bearing hydrothermal systems, with deposition of the final-stage gold-bearing
sulfosalts from aqueous—salt fluid. Brines played a significant role in the formation of cassiterite—silicate—sul-
fide and vein silver—base metal deposits. The brines often coexisted with a low-density vapor-rich fluid at the
ore deposition site. The obtained data suggest a predominant magmatic component in the hydrothermal-mag-

matic systems, with a significant contribution of meteoric waters.
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INTRODUCTION

The most important problems in study of ore depos-
its are the conditions of formation and origin of ore-
forming fluids, the sources of ore metals and their trans-
portation by hydrothermal fluids to deposition sites,
and the causes of their precipitation. The most intense
fluid flows occur along high-permeability zones, as dis-
tinctly recognized from the development of abundant
metasomatic halos around them. The fluid regime in the
Earth’s crust plays an important role in the accumula-
tion of metals in fault zones, affects the geochemical
composition of the Earth’s crust through fluid interac-
tion with host rocks along infiltration zones, and con-
trols migration of components. However, concepts of
the origin and compositions of ore-bearing fluids are
still debated. Special attention has been paid to the role
of magmatic and meteoric fluids. This problem has
been discussed for many centuries. Agricola (1494—
1555) was the first who supposed that heated meteoric
waters circulating at deep levels of the Earth’s crust
leached metals from rocks and transported them to the
ore precipitation site. Decartes (1596—-1650) hypothe-
sized that gases exsolving from a melt during crystalli-
zation can transfer metals and precipitate them in frac-
tures. From that time on, the discussion on the role of
magmatic and meteoric fluid has not ceased.

The composition and nature of ore-forming fluids
are not only of scientific interest but also play a signif-
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icant role in understanding ore-forming processes and
choosing a strategy for ore prospecting. Recent studies
(Borisenko, 1977; Bortnikov et al., 1996, 1998, 1999,
2004; Prokof’ev et al., 2000; Safonov et al., 2000a,
2000b; Ridley and Dimond, 2000; Roedder, 1984; and
others) have provided a great deal of information on the
chemical and isotope composition of fluids that precip-
itated ores in different geodynamic settings: mesother-
mal gold deposits of fold zones, suprasubduction cas-
siterite—silicate—sulfide deposits, and epithermal depos-
its of continental volcanic belts. This paper summarizes
the studies of the composition and origin of ore-form-
ing fluid in different geodynamic settings that were car-
ried out by the author or under his leadership in the last
decade.

MESOTHERMAL GOLD DEPOSITS

Mesothermal gold deposits are ore deposits that
formed under relatively high pressures (1-3 kbar) and
temperatures (200—400°C) (Ridley and Dimond, 2000).
The mesothermal deposits were recently included in
the group of orogenic gold deposits that formed in con-
vergent margin settings during accretion or collision of
terranes owing to plate subduction and/or lithospheric
lamination (Groves et al., 1998, 2005). The orogenic
deposits typically form at the final stages of tectono-
magmatic and metamorphic evolution of the orogen
(Groves et al., 2005).
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Table 1. Characteristics of studied gold deposits

Deposit Host rocks Magmatic rock Ore Wall rock Main ore minerals Age, Ma
associations | morphology alteration
Svetlinsk, Paleozoic vol- |Plagiogranites | Veins and Quartz—sericite—car- | Pyrite; pyrrhotite; chal- 350
Urals canosedimenta- | and granodior- | veinlets bonate and chlorite— | copyrite; galena; Au; tel-
ry and magmat-| ites carbonate—talc rocks| lurides of Au, Ni, Fe, Pb
ic rocks
Berezovsk, Volcanosedi- | Granite por- Veins and Quartz—orthoclase— | Scheelite, pyrite, arse- 364
Urals mentary rocks, |phyries veinlets carbonate, quartz— | nopyrite, galena, Au,
granite porphy- sericite—carbonate, |minerals of Bi, sphaler-
ry dikes and chlorite—carbon-| ite, carbonates
ate—talc rocks
Kochkar’, Early Carbonif-| Granites and | Veins and Quartz—sericite—car- | Quartz, pyrite, arsenopy- | Postore
Urals erous grano- leucogranites |stockworks |bonate and chlorite—|rite, Au, tellurides of Au, | metamor-
diorite—adamel- carbonate—talc rocks| Bi sulfosalts, stibnite, phism
lite intrusion carbonates 260
Olimpiada, |Lower Riphean | Granites Lenses and Mica—quartz— Quartz, scheelite, zoisite, | 856-792
Yenisei schists zones of dis- | zoisite and zoisite— |arsenopyrite, pyrrhotite,
Range seminated quartz metasoma- | Au, stibnite, berthierite,
mineralization | tites carbonates
Darasun, Middle Paleo- | Alkali subvol- | Veins and Propylites, quartz— | Quartz; tourmaline; 150-144
Transbaikal |zoic—Early Me- | canic grano- |mineralized |sericite—carbonate |pyrite; arsenopyrite;
region sozoic gab- diorite porphy- | brecciation and chlorite—carbon-| chalcopyrite; galena; Au;
broids and ries zones ate—talc rocks tellurides of Au, Ag, and
granitoids Bi; carbonates
Maisk, Triassic organ- | Granodiorite | Veins, vein- | Quartz—sericite—car- | Quartz, pyrite, arsenopy-| 118-64
Chukotka ic-rich sedi- porphyries lets, and dis- |bonate and quartz— |rite, cassiterite, stannite,
mentary rocks seminated sericite metasoma- | Au, tellurides of Bi, stib-
ores tites nite
Nezhdaninsk, | Permian sedi- | Granodiorites, | Veins, vein- | Propylites, sericite— | Quartz, pyrite, arsenopy-| 154-94
Yakutia mentary rocks |leucogranites |lets, and dis- |carbonate and rite, Au, sulfosalts of Ag,
seminated quartz—sericite—car- | carbonates
ores bonate rocks

Mesothermal gold deposits of different age and geo-
graphic position share common features: (1) they are
confined to orogenic belts composed of terrigenous or
volcano-terrigenous sequences that were regionally
metamorphosed, folded, and cut by granite intrusions;
(2) geophysical data indicate the existence of deep-
seated granite batholiths beneath the hydrothermal sys-
tems; (3) host rocks experienced contact metamor-
phism; (4) ore-controlling structures are regional faults;
and (5) gold veins postdate metamorphism and
emplacement of granitoids. Several conceptual models
have been proposed to explain the origin of these
deposits. They suggest a genetic relation of the ore for-
mation with sedimentation and regional metamor-
phism, granulitization, and emplacement of intrusions
of different composition (tonalite—granodiorite, oxi-
dized felsitic magmas, and lamprophyres) (Groves
etal., 1998; Hageman and Cassidy, 2000; Kerrich,
1990). The generally accepted viewpoint suggests that
mineral-forming fluid originated by decarbonatization
and dehydration during regional metamorphism. This
viewpoint is supported by most North American and
Australian geologists and geochemists. It is believed to
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be well consistent with data on stable isotopes, fluid
inclusions, and REE and LILE distributions (Kerrich,
1990).

Below, data on fluid inclusions and stable isotopes
in minerals from the Nezhdaninsk, Maisk, Darasun,
Svetlinsk, Berezovsk, and Kochkar’ deposits are sum-
marized. These deposits are briefly characterized in
Table 1; more detailed data on the geology, sequence of
mineral formation, and fluid regime were previously
reported in (Bortnikov et al, 1998, 1999, 2004;
Prokof’ev et al., 2000).

Fluid Inclusions

In terms of phase composition at room temperature,
four types of fluid inclusions were identified in quartz
from mesothermal deposits (Fig. 1): (1) two-phase fluid
inclusions consisting of aqueous (low-salinity) solution
with a vapor bubble (Fig. 1a); (2) inclusions consisting
of aqueous solution and liquid and (not universally)
carbonic acid vapor (occasionally with significant CH,
and N, impurities) (Fig. 1b); (3) vapor-rich inclusions
consisting of predominant CO, with occasional CH,
Vol. 48
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Fig. 1. Types of fluid inclusions in the minerals of studied mesothermal gold deposits. (a) Two-phase inclusion of diluted solution;
(b) COy—aqueous inclusion of vapor-rich fluid; (c) vapor-rich inclusion; (d) multiphase inclusion of chloride brine (images of

V.Yu. Prokof’ev).

and N, (Fig. 1c); and (4) multiphase inclusions of chlo-
ride solutions with a vapor bubble, aqueous solution,
and cubic isotropic chloride crystals (Fig. 1d). It should
be noted that not all types of fluid inclusions were
found at all deposits.

These findings indicate that mineral assemblages of
the mesothermal deposits formed from fluids of differ-
ent composition (Table 2, Fig. 2). These are H,0—
CO,—NaCl £ CH, £ N, fluid, vapor-rich fluid consisting
of dense CO, with trace NH, and N,, brines, and low-
to moderate-salinity aqueous fluids. The interpretation
of the fluid inclusion study is not unambiguous. It is dif-
ficult to ascertain which of the found fluids is gold-
bearing. At room temperature, quartz from gold veins
contains fluid inclusions consisting of aqueous solution
and liquid and, in some cases, CO, vapor (occasionally
with trace CH, and N,), as well as vapor-rich inclusions
consisting of predominant CO, with occasional CH,
and N,. These fluids played the main role in the forma-
tion of gold-bearing quartz bodies. Since these fluid
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inclusions are syngenetic, liquid bicarbonate—aqueous—
salt and vapor-rich fluid formed due immiscibility of
H,0-CO,-NaCl = CH, + N, protofluid with a temper-
ature and pressure drop (Bortnikov ef al., 1996, 2004).
The vapor-rich aqueous—salt fluid contains dissolved
chlorides (16.8-1.2 wt % NaCl equiv). The salinity of
the ore fluids at the studied deposits was different
(Table 2, Fig. 2). The fluids also were high in dissolved
gases (33.4-1.0 wt %). In addition to CO,, they contained
dissolved CH, (Olimpiada, Maisk, and Nezhdaninsk) or
N, (Svetlinsk). Sodium predominated over potassium

among cations, and CI- over HCO; among anions.

The vapor-rich ore-forming fluids contain dense
CO,, occasionally with trace N, (the Berezovsk and
Svetlinsk deposits) or CH, (the Maisk deposit). Purely
CH, fluids were found at the Nezhdaninsk deposit,
while vapor inclusions with variable proportions of a
triple CO,—~CH,—N, mixture up to pure gases were
found at the Olimpiada deposit.
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Fig. 2. Variations of homogenization temperature versus salinity of the fluid inclusions in quartz from the mesothermal Berezovsk (a),
Kochkar’ (b), Svetlinsk (c), Nezhdaninsk (d), Maisk (e), and Darasun (f) gold deposits. (a) Bicarbonate—aqueous liquid-rich inclu-
sions; (b) (1) bicarbonate—aqueous liquid-rich inclusions, (2) aqueous—salt fluid inclusions; (c¢) (1) bicarbonate—aqueous liquid-rich
fluid inclusions, (2) aqueous—salt fluid inclusions; (d) (1) gold—quartz assemblage, (2) quartz—rare metal assemblage, (3) silver—base
metal assemblage; (e) (1, 2) high-salinity fluid inclusions, (3) bicarbonate—aqueous liquid-rich fluid inclusions, (4) aqueous—salt
fluid inclusions; (f) (1) bicarbonate—aqueous liquid-rich fluid inclusions, (2) brines, (3) aqueous—salt fluid inclusions.

It should be noted that fluids of contrasting chemical
and phase composition were involved in the mesother-
mal gold-forming hydrothermal-magmatic systems
(Fig. 2, Table 2). Two ore-forming fluids were identi-
fied at the Berezovsk deposit (Fig. 2a): liquid bicarbon-
ate—aqueous—salt with salinity from 26.3 to 0.7 wt %
NaCl equiv, and vapor-rich (mainly CO,) fluids, which
formed through immiscibility of the H,0-CO,—NaCl
fluid (Bortnikov et al., 1999). Ores at the Svetlinsk and
Kochkar deposits precipitated from a more complex
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fluid (Figs. 2b, 2¢). Aqueous—salt fluid was found there
in addition to bicarbonate—aqueous—salt fluid (with
salinities from 8.8 to 16.8 wt % NaCl equiv and from
15.7 to 7.0 wt % NaCl equiv, respectively) and vapor-
rich CO, = CH, fluid. The origin of this fluid is unclear.
It could be derived during evolution of a protofluid
H,0-CO,—NaCl = CH, £ N, mixture or owing to input
from a different source (Bortnikov et al., 1996). Fluids
having contrasting chemical and phase composition
produced different ore mineral assemblages at the
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Nezhdaninsk (Fig. 2d) and Maisk (Fig. 2e) deposits.
Gold—quartz ores of the Nezhdaninsk deposit precipi-
tated from a CO,—H,0 fluid with salinity 9.6—1.2 wt %
NaCl equiv, 7.2-3.0 mol/kg solution CO,, and 1.0—
0.5 mol/kg solution CH, at 368-267°C—and 1950-
720 bar and from vapor-rich fluids consisting of dense
(0.97-0.47 g/cm?) CO, with trace (7-4 mol %) CH, and
N,. Crystal-like quartz in silver—base metal ore miner-
alization precipitated from CO,—H,O solutions within
wide ranges of temperature (387-129°C) and pressure
(1890-790 bar) at 8.6-2.4 wt % NaCl equiv, 3.9—
0.1 mol/kg solution CO,, and 1.6-0.5 mol/kg solution
CH,. Gold-rare metal ores in the outer contact of the
Kurum massif formed from aqueous—salt fluids with
31.1-1.9 wt % NaCl equiv, 1.8—-0 mol/kg solution CO,,
and 2.5-1.5 mol/kg solution CH, at 374-199°C and
630-570 bar (Bortnikov et al., 1998). Ore-forming sys-
tems of the Maisk deposit involved three fluids differ-
ing in composition and physicochemical parameters
(Bortnikov et al., 2004). Gold—sulfide ores precipitated
from H,0-CO,—CH, fluid with salinity 8.8-2.2 wt %
NaCl equiv at 360—240°C and 1.1-0.9 kbar. Cassiter-
ite—sulfide ore mineralization crystallized from high-
(37.5-30.0 wt % NaCl equiv) and low-salinity fluids at
500-170°C. Quartz—stibnite ores formed from an aque-
ous fluid with salinity 10.1-0.7 wt % NaCl equiv at
250-120°C. Mineral assemblages of the Darasun
deposit also formed from compositionally different flu-
ids. Quartz phenocrysts in granodiorite porphyries
contain mineral-forming brines with salinity 52.6—
29.9 wt % NaCl equiv (Fig. 2f) (Prokof’ev et al., 2000).
Quartz in early-stage veins and metasomatites also pre-
cipitated from high-salinity fluids (44.8-30.5 wt %
NaCl equiv). Carbonic acid was found only in low-
saline fluid inclusions (often in quartz from quartz—
sericite—carbonate rocks). Quartz from gold veins with
base metal and sulfosalt mineralization crystallized
from aqueous—salt fluids with salinity 22.2-4.8 wt %
NaCl equiv. Minerals of the sulfostibnite and final
stages (quartz and calcite) deposited from dilute aque-
ous—salt fluids with salinity 12.8-2.2 wt % NaCl equiv
at 210-120°C.

Thus, the investigations showed that gold-bearing
fluids of the studied mesothermal gold deposits con-
tained solutions with significantly higher salinity as
compared to orogenic deposits (Hageman and Cassidy,
2000; Ridley and Dimond, 2000). Brines and dilute
aqueous—salt fluids, in addition to fluid H,0-CO,—
NaCl + CH, £ N, mixtures, contributed to mesothermal
gold deposits. However, the main role in the formation
of gold ore bodies was played by bicarbonate—aque-
ous—salt fluid.

Stable Oxygen and Hydrogen Isotopes

Oxygen isotope compositions of quartz of metaso-
matites and gold-bearing and gold—silver stages of the
Nezhdaninsk deposit and gold-rare metal ore mineral-
ization of the Kurum massif vary, respectively, from

+15.9 to +16.4%o, from +14.8 to +16.6%o, from +13.5
to +16.9%o, and from +10.3 to +12.6%o. The oxygen
isotope composition of fluid was calculated as follows:
+11.1%0 in equilibrium with metasomatites at 360°C,
from +8.1 to +10.2%o in equilibrium with quartz of the
gold stage at 300°C (fluid 1), from +5.2 to +8.6%o in
equilibrium with quartz of the gold-silver stage at
260°C (fluid IT), and from +3.2 to +5.5%¢ in equilibrium
with quartz from rare metal mineralization at 290°C
(fluid III) (Fig. 3). It is interesting that the fluids at the
late stages were enriched in isotopically light oxygen.
These data suggest that productive quartz precipitated
from magmatic water (from +5.5 to +9.0%o).

The values of 8'*O in quartz from gold zones of the
Maisk deposit vary from +11.8 to +14.5%0 (Bortnikov
et al., 2004). The quartz could crystallize from fluid
with an oxygen isotope composition of +6 * 2%o (fluid I)
at 300°C (Fig. 3). This value is typical of magmatic
fluid (Sheppard, 1986). The oxygen isotope composi-
tion of quartz from the wolframite-bearing veins
formed at the cassiterite—sulfide stage varies from +6.4
to +16.1%o, which corresponds to 8'30 of water in the
ore-forming fluid from —2.3 to +10.4%0 at 400°C (fluid II),
indicating an increase in the variation of oxygen iso-
tope ratios. The values of 8'%0 in quartz from quartz—
stibnite veins vary from +6.4 to +15.2%¢. The oxygen
isotope composition of water in the parent fluid varied
from —5.1 to +3.5%0 at 200°C (fluid III). This indicates
a contribution of heated meteoric waters in the forma-
tion of these veins. Thus, ores of the Maisk deposit pre-
cipitated from at least three different fluids (Fig. 3). The
early gold-bearing veinlet-disseminated ores mainly
precipitated from magmatogenic fluid; the gold—
stibium ores, of supposedly epithermal origin, precipi-
tated from heated meteoric waters; and quartz—cassiter-
ite ores formed from a mixed magmatic—meteoric fluid.

At the Berezovsk deposit, hydrogen and oxygen iso-
tope compositions were studied in the minerals of
metamorphic rocks, wall-rock metasomatites, and
quartz veins (Bortnikov et al., 1997). The values of D
and 8'®0 in minerals from metamorphic rocks (epidote,
amphibole, chlorite, biotite, and serpentine) vary,
respectively, from —48 to —87%o and from +3 to +9.5%eo.
The values of 8D and &'80 in minerals from metaso-
matic rocks (sericite, fuchsite, and chlorite) vary from
—48 to —63%o and from +6.1 to +10.8%o. The values of

oD and 8180H20 in equilibrium with metamorphic min-

erals at 350°C vary, respectively, from —12 to —34%o0 and
from +2.0 to +10.2%o, and those in equilibrium with
metasomatic minerals at 275°C, from -39 to —-63%o and
from +5.2 to +8.1%o, respectively. Such an isotope
composition corresponds to the primary magmatic fluid
(Fig. 4). The values of 8'%0 in quartz from gold veins
vary from +10.4 to +11.4%o in early quartz and from
+7.0 to +17.2%o in late quartz, and those in quartz from
sulfide—quartz veins of the Shartash massif, from +9.7
to +11.2%o. The oxygen isotope composition of the
mineral-forming fluid in equilibrium with early quartz
GEOLOGY OF ORE DEPOSITS  Vol. 48
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Fig. 3. Oxygen isotope compositions of the ore-forming fluid of the mesothermal gold deposits.

at 350°C varies from +4.8 to +5.8%o (fluid I), and that
in equilibrium with late quartz, from +1.4 to +11.6%o
(fluid IT) (Fig. 3). Most data points fall in the magmatic
water range (from +5.5 to +9.5%0 (Sheppard, 1986)).
Metasomatic rocks and vein quartz formed from fluids
with similar oxygen isotope compositions, suggesting a
similar fluid source.

The values of 80 in quartz from sulfide—quartz
veins in the northern block of the Kochkar deposit vary
from +7.9 to +18.1%0. Most values are within the range
from +12 to +14%o. The oxygen isotope composition of
water in the fluid in equilibrium with quartz at 350°C is
5.8%o (Fig. 3). This value is typical of magmatic water.

The values of 8'0 in quartz from the ore-bearing
metasomatites of the Svetlinsk deposit vary from +15.9
to +16.4%o, and those in quartz from the quartz veins,
from +6.9 to +7.5%o0 and from +11.9 to +18.5%0 (Bort-
nikov et al., 1999). The calculated 3'80 values at 300°C
are as follows: 0 £ 1%o and from +4.5 to +11.0%o (fluid I)
for the water in equilibrium with quartz of the gold-
bearing veins, and from +8.5 to +9.0%o (fluid II) for the
Vol. 48 2006
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water in equilibrium with quartz of the ore-bearing
metasomatites (Fig. 3). Water that caused wall rock
alteration was isotopically close to magmatic water

(from +5 to +9.5%0). One group of the 8180H20 values

in fluid that precipitated vein quartz (from +4.5 to
+11.0%0) is typical of metamorphic and magmatic
waters, while the other group is typical of meteoric
waters or water formed during transformation of
organic-rich rocks.

The data obtained indicate that gold-bearing fluids in
the studied mesothermal systems consisted of a moderate-
to low-salinity mixture of H,O, CO,, CH,, N,. Minerals
began to precipitate owing to immiscibility of fluid into
gas and liquid phases. At the subsequent stages, the
mineral-forming system contained aqueous—salt fluid
formed by fluid immiscibility and exsolution of the gas
phase from the mineral-forming system. The oxygen
isotope composition suggests that ores formed not only
from magmatic fluids but also from fluids produced by
metamorphism of the host rocks.
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Fig. 4. Oxygen and hydrogen isotope compositions of fluid in equilibrium with minerals of the Berezovsk ore field. (1) Minerals of

metasomatic rocks; (2) minerals of metamorphic rocks.

Thus, these investigations do not support the
hypothesis that gold deposits of this type formed from
only one (metamorphic, meteoric, or magmatic) fluid.
This indicates a polygenic, magmatic—metamorphic
origin of the ore-forming fluids. The variations in the
chemical and isotope compositions of the mineral-
forming fluid indicate that components were rapidly
mixed at the ore precipitation site or near it (Bortnikov
et al., 1996). The magmatic fluid played a leading role.
In my opinion, the most preferable genetic model of the
formation of mesothermal gold deposits relates to the
magmatic activity. In this case, fluid can be generated
by different ways, including direct input from a mag-
matic chamber, mobilization of components during
dehydration, decarbonatization during contact or con-
tact-regional metamorphism, and involvement of
deeply circulating meteoric waters (Bortnikov et al.,
1996, 1998, 1999, 2004).

CASSITERITE-SILICATE-SULFIDE DEPOSITS

Cassiterite—silicate—sulfide deposits are considered
to be genetically or paragenetically related to granitoid
magmatism. However, there is disagreement regarding
the origin of mineral-forming fluids. Some geologists
believe that tin-bearing fluids were exsolved from
magma during crystallization, whereas others suggest
that cassiterite deposits formed mainly from meteoric

waters modified during heating and interaction with
granitoids. Many tin ore systems bear evidence for
involvement of both magmatic and meteoric waters in
the mineral formation (Walshe, 1996).

We studied the geochemistry of ore-forming fluids
at the Solnechnoe (Komsomol’sk tin district) and
Arsen’evsk and Vysokogorsk deposits (Kavalerovo ore
district) (Bortnikov et al., 2005), which are localized in
the Sikhote Alin accretionary fold system.

The Solnechnoe cassiterite—silicate deposit is con-
fined to the intersection between the sublatitudinal Sil-
inka and the sublongitudinal Solnechnoe faults, being
hosted by Upper Jurassic quartz—feldspar sandstones,
silty sandstones, and siltstones. It formed in two
megastages: (1) an early molybdenum megastage,
related to the monzogranite phase of the Silinka com-
plex, and (2) a tin megastage, which produced quartz—
tourmaline—cassiterite mineralized zones. Two tin megast-
ages, early, Cretaceous, and late, Paleocene—Eocene, were
identified at most tin deposits of the Kavalerovo district
(Arsen’evsk, Dubrovsk, and Vysokogorsk).

Fluid Inclusions

Molybdenum megastage. Based on the phase com-
position at room temperature, three types of fluid inclu-
sions were identified in quartz of different generations,
GEOLOGY OF ORE DEPOSITS  Vol. 48
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Fig. 5. Variations of homogenization temperature versus solution concentration of fluid inclusions in minerals of the molybdenum
stage of the Solnechnoe deposit (a), in quartz of tin stage of the Solnechnoe deposit (b), in minerals of tin stage of the Vysokogorsk
deposit (c¢), and in quartz of tin stage of the Arsen’evsk deposit (d). (a) (1) Quartz of different generations, tourmaline, fluorite, and
apatite; (b) levels: (1) 522, (2) 582, and (3) 530 m; (c) (1) quartz, Glavnaya vein, (2) cassiterite, Northern vein, (3) quartz, Northern
vein, (4) quartz, Aisk vein, (5) calcite, Ryabininsk zone, (6) quartz, Ryabininsk zone; (d) (1) Fel’zitovaya vein, (2—4) Southern vein,

(5) Fevral’skaya vein.

tourmaline, fluorite, and apatite from the Solnechnoe
deposit. Type I includes multiphase fluid inclusions
found in quartz 1, fluorite, and apatite. They contain lig-
uid (solution), a vapor bubble, and one to three or more
crystals (halite, sylvite, possibly CaCl, - 6H,0, and
MgCl, hydrate). Type II comprises two-phase (liquid +
vapor) fluid inclusions found in quartz 2, fluorite, tour-
maline, and quartz 3. Type III includes single-phase
vapor inclusions in quartz 1 (Bortnikov et al., 2005).
Fluid inclusions of types I and III occur in the same
growth zones in quartz I, indicating almost simulta-
neous entrapment.

Hence, minerals precipitated from fluids of different
phase and chemical composition. The presence of syn-
genetic aqueous—salt and gas inclusions homogenizing
at 480°C indicates that minerals crystallized due to
phase separation into liquid aqueous—salt and aqueous—
vapor fluids. At lower temperatures, minerals of the
molybdenum megastage precipitated from a homoge-
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neous aqueous—salt fluid. The mineral-forming system
contained high-salinity fluids with a predominance of
Na, Ca, and Mg chlorides, as well as fluids with mod-
erate and low contents of mainly Na (and Mg) chloride.
The fluid composition varied with decreasing tempera-
ture (Fig. 5a): high-temperature (>480°C) aqueous—salt
fluid with extremely high salinity (brine-melt?) from 65
to 50 wt % NaCl equiv with decreasing temperature
(440—410°C) evolved through a high-salinity brine
(40-20 wt % NaCl equiv) to a moderate-salinity and
dilute fluid with salinity 5-15 wt % NaCl equiv. How-
ever, when the temperature decreased below 300°C, the
fluid salinity again increased up to 35-25 wt % NaCl
equiv. The fluid, in addition to predominant water, con-
tained NH,, N,, and occasional CO,.

Tin megastage. Three types of inclusions were dis-
tinguished on the basis of the phase composition at
room temperature. Type I consists of solution, a vapor
bubble, and one or several crystals: halite and one or
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several anisotropic crystals. Type II comprises two-
phase fluid inclusions consisting of solution and a
vapor bubble. Type III consists of single-phase vapor-
rich fluid inclusions.

Cassiterite—silicate—sulfide veins were deposited
from at least three chloride (chloride—bicarbonate)
aqueous—salt fluids, which differed in cationic compo-
sition and contents of dissolved salts. They contained
99.3-98.9 mol % H,0 and a total of 1 mol % CO,, CO,
CH,, and N,. The vapor composition of the fluids varied
from mostly CH, to CO,. Fluids of mainly Na chloride
or Na chloride-bicarbonate composition played the
main role in the tin ore formation. The salinity of Na
chloride (Na chloride-bicarbonate) fluids varied from
moderate to low (16-0.7 wt % NaCl equiv). In addition,
the observation of vapor inclusions syngenetic to aque-
ous—salt fluid inclusions indicates the fluid separation
in the mineral-forming environment.

The studied samples from the Solnechnoe and
Arsen’evsk deposits contain high-density (1.13-
1.10 g/cm?®) brines with salinity 34.9-30.1 wt % NaCl
equiv, while fluid inclusions in cassiterite and quartz
from the Vysokogorsk deposit contain lower salinity
(23.1-2.6 wt % NaCl equiv) (Figs. 5b, 5d) and dense
(0.97-0.59 g/cm?) brines (Fig. 5¢). These fluids typically
show the highest temperatures: fluid inclusions in miner-
als from the Solnechnoe and Arsen’evsk deposits
homogenized at 378-350°C, and those in minerals from
the Vysokogorsk deposit, at 377-276°C. They sharply
differ from inclusions trapped in tin-megastage minerals
but are similar to inclusions trapped in the molybdenum-
megastage minerals of the Solnechnoe deposit.

Fluid inclusions in quartz and cassiterite of typical
veins of the Vysokogorsk deposit and in the
Fel’zitovaya vein of the Arsen’evsk deposit contain
Ca—Na chloride solutions with high salinity (40.0-
18.5 wt % NaCl equiv) and density (1.15-0.91 g/cm?).
These fluids are of lower temperature, with homogeni-
zation temperatures below 320°C.

Thus, the molybdenum mineralization and tin ores
at the studied deposits precipitated under different
PT conditions and from chemically different fluids.
The molybdenum mineralization formed at higher tem-
peratures (up to 540°C) from extremely saline (65—
60 wt % NaCl equiv) to high- (30-20 wt % NaCl equiv)
and moderate-salinity (15-5 wt % NaCl equiv) fluids
dominated by Mg and Ca chlorides at 3—-0.4 kbar. The
cassiterite—quartz veins crystallized at lower tempera-
tures from 390 to 190°C and pressures below 0.3 kbar,
mainly from low-salinity fluids dominated by Na chlo-
ride. However, the tin-forming solutions were chemi-
cally different. The cassiterite—quartz veins formed in
a transform margin setting (the Solnechnoe and
Vysokogorsk deposits and the Fel’zitovaya vein at the
Arsen’evsk deposit) also precipitated from fluids con-
taining Mg and Ca chlorides, whereas the cassiterite—
quartz veins of the main vein system at the Arsen’evsk
deposit were formed from Na—Cl fluid.

Oxygen Isotope Composition

The oxygen isotope composition was studied in
quartz, cassiterite, and chlorite. Minerals from the
Arsen’evsk deposit show the following variations in
oxygen isotope composition: from +4.8 to +13.9%¢ in
quartz, from +0.1 to +5%o in cassiterite, and from —1.5
to +2%o in chlorite. At the Solnechnoe deposit, oxygen
isotope compositions are from +8.7 to +12%o in quartz,
from +1.9 to +2.6%o in cassiterite, and +4.2%o in chlorite.

It was found (Bortnikov et al., 2005) that the 6'%0
values of the water in equilibrium with precipitating
quartz, cassiterite, chlorite, and biotite in the ores of the
Solnechnoe deposit are from +3.0 to +7.9%o, from +5.9
to +6.6%0, and +5.8%o, respectively, while those in the
water in equilibrium with quartz and cassiterite at the
Vysokogorsk deposit are from +5.3 to +8.7 and from
+7.8 to +9.5%o, respectively. The 8'%0 values in the
water in equilibrium with quartz, cassiterite, and chlo-
rite at the Arsen’evsk deposit vary from —1.3 to +8.3%o,
from +3.9 to +9%o, and from —0.9 to +3.6%o, respec-
tively (Fig. 6a). Such variations can be caused by mix-
ing of fluids with different oxygen isotope composition.
The mixing should be rapid and occur at the site of min-
eral precipitation to prevent isotope homogenization of
the fluids.

Most of the 51SOH20 values in the fluid that formed

cassiterite—sulfide ~ veins of the Solnechnoe,
Vysokogorsk, and Arsen’evsk deposits fall in the mag-
matic water field (8'%0 ~ 5-9.5%¢). However, the ore
formation presumably involved fluids of different ori-

gin. The SISOHZO values of the tin ore zone of the Sol-

nechnoe deposit are lower than the typical values of
magmatic waters. Some shift toward lower values can
be explained by mixing with a subordinate amount of
isotopically light meteoric water. Cassiterite—quartz—
chlorite veins of the Arsen’evsk deposit precipitated
from fluids enriched in isotopically light oxygen. The
low 8'80 values suggest a contribution of heated seawa-
ter (8'%0 ~ 0%o) or meteoric waters. However, the par-
ticipation of seawater seems to be highly improbable.
Hence, tin ores of the Arsen’evsk deposit formed by
mixing between magmatic and meteoric waters.

Hydrogen and Oxygen Isotope Compositions

The hydrogen and oxygen isotope compositions
were studied in the hydrous minerals tourmaline and
biotite from the Solnechnoe deposit and tourmaline
from the Vysokogorsk deposit. The obtained dD and
&'80 values were, respectively, as follows: from —103.6
to —101.1%0 and from +9.1 to +10.1%o and —128.3 and
+6.4%o0 in tourmaline and biotite from the Solnechnoe
deposit, and —154.2 to —135.2%0¢ and +10.3 to +12.9%o
in tourmaline from the Vysokogorsk deposit. The D
and 8'80 values of fluid in equilibrium with tourmaline
and biotite, vary from —99.5 to —80.5%o and from +7.5
to +10.1%o at the Vysokogorsk deposit and from —102
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Fig. 6. Oxygen and hydrogen isotope compositions of fluids from different tin deposits. (a) Oxygen isotope composition of fluid in
equilibrium with quartz (1), cassiterite (2), and chlorite (3) from the Solnechnoe, Vysokogorsk, and Arsen’evsk deposits; (b) tin
deposits associated with the Mole Granite (I) (Heinrich, 1995), Iultin (II) (Spasennykh, 2002), Spokoininsk (III) (Matveeva, 2002),

and Solnechnoe and Vysokogorsk deposits (original data).

to —46.4%o and from +6.8 to +8.9%o at the Solnechnoe
deposit, respectively. These data indicate that the
hydrogen and oxygen isotope compositions of the min-
eral-forming fluid at the Solnechnoe deposit fall in the
field of magmatic water (Fig. 6b). The mineral-forming
fluid of the Vysokogorsk deposit shows some D deple-
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tion relative to magmatic waters. Magmatic fluids can
have a lower 8D. This phenomenon is related to the
magma degassing with exsolution of high-D fluid. This
process causes a decrease in 0D in the residual melt
(Taylor, 1986; Hedenquist et al., 1998). Magmatic bod-
ies emplaced at the upper crustal levels interact with
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meteoric waters, thus causing a change in hydrogen
rather than oxygen isotope composition (Taylor, 1986).
Therefore, water exsolved from such contaminated
magma during crystallization can differ in a lower 6D
relative to the primary magmatic water. Meteoric
waters played a lesser role in the deposition of studied
cassiterite—sulfide deposits as compared to similar
deposits from other regions (Fig. 6b).

Thus, the study of oxygen and hydrogen isotope
compositions indicates a leading role of magmatic fluid
during formation of the tin deposits, with involvement
of heated meteoric waters.

Sulfur Isotope Composition

The sulfur isotope composition varies from —2.5 to
—0.4%0 in molybdenite from the Solnechnoe deposit,
from —4.2 to +6.7%o in galena from the Arsen’evsk
deposit, and from —3.3 to —2.3%o in galena from the
Vysokogorsk deposit. The &*S values in sphalerite
vary from —3.5 to +2.1%o at the Arsen’evsk deposit and
from —1.5 to +0.9%o at the Vysokogorsk deposit. These
data indicate that the minerals formed from fluid with

534SH25 from —4 to +2%o. According to modern con-
cepts, 6**S in mantle sulfur varies from -3 to +2%o. The
834SHZS values in magmatic fluids associated with S-type

granites are between —3 and +5%eo. This indicates a sig-
nificant contribution of “mantle” sulfur in the ores. Flu-
ids that formed molybdenite at the Solnechnoe deposit
and galena and sphalerite at the Vysokogorsk and
Arsen’evsk deposits fall in the same field.

The obtained chemical and isotope data on fluids
made it possible to determine their origin. Minerals
from ore deposits contain inclusions with high-temper-
ature (>500°C) and high-salinity (>40 wt % NaCl
equiv) fluids, which occasionally coexist with melt
inclusions. It was proposed that brines formed by exso-
lution from silicate melt (Candela and Piccoli, 1995;
Shinohara, 1994). This hypothesis was later supported
by experimental data and study of fluid and melt inclu-
sions, which showed that silicate melt with moderate Cl
content can coexist with both liquid and vapor under
melt—fluid unmixing conditions (Lowenstern, 1995).
The study of melt and fluid inclusions in the minerals of
deposits associated with the Mole Granite, Australia,
and simulation of the melt and fluid evolution (Audetat
et al., 2000) showed that two fluids exsolved from
microgranite melt at the late stage: brines with salinity
37-40 wt % NaCl equiv and vapor-rich fluid with salin-
ity 4 wt % NaCl equiv. Such a scenario can be applied
to the evolution of the ore-magmatic system at the Sol-
nechnoe deposit.

These data indicate that tin ores of the studied
deposits formed by mixing of at least three fluids at the
sites of mineral deposition: high-density brines and
low-salinity vapor-rich fluid exsolved from granite
magma during crystallization and fluid of meteoric ori-

gin. The high-density highly saline brine and low-den-
sity low-saline vapor-rich fluid were exsolved during
crystallization of granite melt. Less saline brines were
accumulated at the deep levels of the ore-forming sys-
tem. Under hydrostatic pressure, rapidly ascending
vapor-rich fluid could form a plume (Henley and
McNabb, 1978), which entrapped brine, thus decreas-
ing the total salinity of the fluid. Hence, mixing of two
fluids and dilution of the brines probably occurred at
the deep levels of the mineral-forming system. Under
near-surface conditions, the magmatic fluid produced
interacted with meteoric waters, causing subsequent
dilution.

VEIN SILVER-BASE METAL DEPOSITS

Silver—base metal deposits of the Verkhoyansk
region are spatially associated with tin deposits, which
are genetically related to granitoid magmatism. The sil-
ver—base metal deposits are most distal from intrusions,
being zonally distributed around them (Nekrasov,
1963; Flerov, 1984). It is believed that these deposits
were generated by the ore-magmatic systems triggered
by the emplacement of granitoids at the final stages of
late-collisional processes. These systems were initiated
during collision of the Kolyma—Omolon terrane with
the Siberian continent. These systems were related to
vertical extensional faults, which were formed in a
compressional setting and oriented normal to the con-
verging continental blocks (Parfenov, 1995). The sys-
tems produced polychronous deposits. Silver—sulfide—
tin ores formed at the early stage, and silver—base metal
ores, at the late stage. The silver—sulfide—tin mineral-
ization is made up of lenslike veins, stockworks, vein
systems, and mineralized zones among granitoids and
hornfelses. The silver—base metal ores compose miner-
alized and vein—disseminated zones among subvolca-
nic granodiorite- and granite-porphyries and terrige-
nous sequences of the Verkhoyansk complex, which
experienced wall rock silicification.

The mineral-geochemical evolution of the silver—
sulfide—tin ores involves subsequent spatial and tempo-
ral replacement of iron-free silicates and oxides by fer-
ruginous oxides, sulfoarsenides by sulfides and then
carbonates, and tin oxides by tin sulfides (stannite) and
tin sulfosalts (franckeite, hocartite). The silver—base
metal ores demonstrate subsequent replacement of sul-
fide—carbonate mineral aggregates by quartz—sulfide—
sulfosalt assemblages and again by essentially carbon-
ate minerals. Carbonates are siderite (coarse-grained
and rhythmically zoned), zoned ankerite and dolomite,
and latest calcite. These ores are abundant in fahlore
with moderate to high Ag content (20—50 wt %) and sil-
ver sulfosalts (owyheeite, andorite, ramdohrite, dia-
phorite, pyrargyrite, and myrargyrite).

This raises the question whether magmatic cham-
bers associated with silver—base metal deposits were
only heat sources, which induced a convective cell, or
produced fluid, which transferred metals and ligands?
GEOLOGY OF ORE DEPOSITS  Vol. 48
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To solve this question, fluid inclusions and the stable
isotope composition (C, O, S) in minerals were studied
at the Prognoz silver—base metal deposit, formed in two
stages (Gamyanin et al., 1998, 2003; Anikina et al.,
1999), and the Kupol’noe tin—silver—base metal deposit,
formed in three stages (rare metal, tin—silver—base metal,
and silver—stibium) (Gamyanin et al., 2001).

Fluid Inclusions

Characteristics of fluid inclusions. Primary fluid
inclusions 5-20 um in size of negative crystal or irreg-
ular shape were found in carbonate and quartz of three
generations at the Prognoz deposit. They consist of two
phases at room temperature: (1) liquid, supposedly,
water with dissolved salts and (2) vapor, mostly CO.,.

Minerals from the Kupol’'noe deposit contain pri-
mary and secondary fluid inclusions 15-5 wm in size,
which in phase composition at room temperature are
subdivided into three types. Type I includes two-phase
vapor-rich inclusions. Type II involves two-phase
inclusions consisting of liquid and a vapor bubble.
Type I is three-phase inclusions consisting of a solid
phase represented by halite or a xenogenic tabular or
platy solid phase (>5 wm), as well as liquid and vapor.
The secondary fluid inclusions were mainly found in
quartz I and quartz II. Simultaneous entrapment of fluid
inclusions with variable liquid/vapor ratios presumably
indicates vapor separation from the mineral-forming
fluid (Roedder, 1984). Fluid inclusions of types I and
IIT were found in the same growth zones of quartz, indi-
cating their simultaneous formation. This can be used
as evidence for crystallization of quartz 1 from “boil-
ing” fluid (Bodnar et al., 1984).

Microthermometric measurements. In the Prognoz
deposit, the homogenization temperatures of fluid
inclusions range within 185-155°C for quartz I, within
215-145°C for quartz II, and within 195-120°C for
quartz III. Fluid inclusions in carbonates homogenized
at lower temperatures: 155-145°C in siderite I, 185—
180°C in siderite II, and 110-100°C in Fe-calcite. It
was found that aqueous solutions trapped by fluid
inclusions contained dissolved NaCl and CaCl, and sig-
nificant amounts of dissolved KCl and FeCl, (Gamya-
nin et al., 1998). The salinity of the trapped solution
varies from 29.0 to 8.0 wt % NaCl equiv. The vapor
phase consists of CO, (65.4-94.2%), N, (5.0-29.5%),
and CH, (0.8-5.1%).

Fluid inclusions in minerals from the Kupol’noe
deposit homogenized at 450-125°C, indicating that
this deposit formed within a significantly higher tem-
perature range than the Prognoz deposit. Fluid inclu-
sions in the early quartz homogenized at the highest
temperatures (285-450°C), while fluid inclusions in
quartz IIT and IV homogenized at lower temperatures
(210-125 and 280-135°C).

Type 3 fluid inclusions contain high-salinity chlo-
ride solutions with 36-38 wt % CaCl, + NaCl, while
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fluid inclusions of types 1 and 2 have salinity 10.5-
3.3 wt % NaCl equiv and contain NaCl and FeCl,. Fluid
inclusions in quartz III, in addition to NaCl, contain
FeCl, and CaCl, with salinity 9.2-3.3 and 7.9-3.3 wt %
NaCl equiv, respectively.

Stable Isotopes

Oxygen isotope composition. In the Prognoz
deposit, oxygen isotope composition was studied in
quartz from metasomatic veinlets (quartz II), as well as in
veined fine-grained (quartz Illa) and druse (quartz IIIb)
quartz. The 6'30 value was +14.7 + 0.4%o in quartz II,
+9.3 to +12.5%0 in quartz Illa, and +11.1 £ 0.4%o in

quartz IIIb (Fig. 7a). The SISOHZO value in the metaso-
matic fluid in equilibrium with quartz at 200°C was
approximately +3.1 £ 1%o. The §'°0y ¢, value of fluid

in equilibrium with veined fine-grained quartz varied
from -2.3 to +0.9%o0, while, for fluid in equilibrium
with microdruse quartz, it was —0.4 & 1%eo.

The §'°Oyo values of fluid in equilibrium with

ankerite at 150-200°C fall in two intervals: from —4.6 to
—1.6%o and from +7.4 to +16.1%oc. The oxygen isotope
composition of fluid in equilibrium with carbonates
indicates that fluids from two isotopically different
sources contributed to the mineral-forming system at
late stages: one source with isotopically light meteoric

water (5]80HZO approximately from —4 to —1%0) and

one with isotopically heavy water (8180HZO approxi-

mately from +7 to +16%oc). The isotopically heavy
water could have been of magmatic—metamorphic ori-
gin or the fluid in equilibrium with metamorphic
waters. Variations in the oxygen isotope composition
are explained by mixing of these fluids in different pro-
portions and boiling.

The 'O values in quartz of different generations
from the Kupol’noe deposit are as follows: from +6.2 to
+7.9%o0 in quartz I, from +7.1 to +8.9%o¢ in quartz II,
from 4+2.3 to +5.5%0¢ in quartz III, and from +8.3 to
+11%0 in quartz IV (Fig. 7a). It should be noted that the
oxygen isotope compositions in quartz of each genera-
tion vary in narrow ranges and differ from each other:
the highest 6'30 values are typical of quartz IV, while
the lowest values are observed in quartz I1I. The oxygen
isotope composition of water, the main component of
hydrothermal fluid, was calculated in the quartz—water
system at 350°C for quartz I and II. The obtained

SISOHZO value was +4 + 2%o. The exsolution of CO,

with a temperature and pressure drop causes a decrease
in 8'"%0 of residual fluid (Bowers, 1991). Evidently,
fluid was higher in heavy oxygen before stratification.

The SISOHZO value of fluid in equilibrium with quartz I1I
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Fig. 7. Oxygen (a) and carbon (b) isotope compositions of minerals from the vein silver—base metal deposits.

at 200°C was —8 £ 3%o. The calculated 8180H20 value of
fluid in equilibrium with quartz IV at 275°C is +2 + 2%e.

Carbon and oxygen isotope compositions of car-
bonates. The 8'*C values in carbonates of different ages
from the Prognoz deposit show no significant differ-
ences, falling mostly within a narrow range from -9 to
—T7%o. These data indicate no significant evolution in the
carbon isotope composition of carbonates. The oxygen
isotopes behave in a different manner: 6'®0 values in
early carbonates (siderite 1 and 2) fall in a narrow range
from +24 to +28%o, demonstrating wider variations

from +9.1 to +29.8%0 and from +9.6 to +27%o in late
carbonates (ankerite and calcite, respectively) (Fig. 7b).

The carbon and oxygen isotope compositions in car-
bonates of the two early generations at the Prognoz
deposit fall in a single field, while the two late genera-
tions are clustered into two groups with different oxy-
gen isotope composition at close 8'*C values. Hence,
no correlation is observed between carbon and oxygen
isotope compositions.

Different carbonates from the Kupol’'noe deposit
mostly have similar 8'*C values, around —14.4 + 3%o,
with only two exceptions (9.2 and —5.6%0). Hence,
GEOLOGY OF ORE DEPOSITS 2006
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Fig. 8. Sulfur isotope composition in sulfides and sulfosalts of vein silver—base metal deposits.

carbon isotope compositions in carbonates experienced
no significant evolution. The carbon isotope composi-
tion in hydrothermal fluid was calculated for dissolved

CO, at 140-185°C. The 813CC02 value of fluid in equi-

librium with siderite was —20 % 1%o. These values could
vary from —17.6 to —10.2%o for fluid in equilibrium with
ankerite and were equal to —14.5 for fluid in equilib-
rium with calcite.

The 8'80 values in carbonates vary between +17.4
and +29.2%c: from +21.4 to +23.5%o in siderite, from
+18.2 to +29.2%0 in ankerite, and from +17.4 to
+26.4%o in calcite (Fig. 7a). The widest variations are
typical of oxygen isotope compositions of ankerite. The
values of 8'®0 in other minerals are grouped in a nar-
row range.

Sulfur isotope composition of sulfides. The study of
the sulfur isotope composition in sulfides of different
age and sulfosalts from the host rocks, metasomatic
rocks, and different associations from the orebodies of
the Prognoz deposit showed significant variations in
&*S (Fig. 8), though most values (more than 70%) fall
between —2 and +3%o. Later minerals show narrower
variations of 3*S values.

GEOLOGY OF ORE DEPOSITS  Vol. 48 No.1 2006

The 8™Sy,,¢ values of fluid in equilibrium with the

first-stage sulfides on a temperature decrease from 300
to 180°C were calculated to vary from —3.7 to +2.7%eo.

The 534SH25 values of the mineral-forming fluid in

equilibrium with different minerals of the second stage
varied significantly (from —2.9 to +6.5%o), with the iso-
topically heaviest sulfur signatures found for fluid in
equilibrium with late sulfide, galena.

The &*S value in sulfides from the Kupol'noe
deposit vary from —4.2 to +6%o (Fig. 8). The 634SH25

value in the early fluid in equilibrium with pyrite 1 is
within 0 + 3%.. The sulfur isotope composition of fluid
at 185-125°C varies from +0.6 to +8.9%o¢ in equilib-
rium with galena and from +1.2 to +5.5%o in equilib-
rium with sphalerite. The 534SH2s value in fluid could

be close to ~+3 + 2%.. The sulfur isotope composition
of fluid in equilibrium with silver—stibium mineraliza-
tion was calculated from &**S obtained for pyrite from

this assemblage. The obtained 5343}125 value of fluid in
equilibrium with pyrite is —1 & 2%eo.
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Evidently, the Prognoz and Kupol’noe deposits
formed under sharply different fluid regimes. Different
mineral aggregates in veins of the Prognoz deposit,
which were separated by emplacement of quartz por-
phyry and granite porphyry dikes between 113 and
82 Ma, formed under similar physicochemical condi-
tions at relatively low temperatures (250-100°C) from
reduced H,0-CH,—N,—CO, moderate-salinity (8.0—
29.0 wt % NaCl + CaCl,) chloride solutions. In spite of
the variations in temperature and contents of salts and
dissolved gases, the fluids experienced no significant
changes during ore precipitation. The sulfur and carbon
isotope compositions in minerals of different stages
also showed no significant changes. These data indicate
that the deposit formed during long evolution of an ore-
forming hydrothermal system related to the same reser-
voirs. Fluid with a carbon isotope composition from —3
to —5%o¢ contained deeply sourced carbon related to

granitoid magmatism with an accepted ESBCCO2 value

from -3 to —5%¢ (Ohmoto, 1986). Fluid that precipi-
tated early-stage mineral aggregates was enriched in
isotopically heavy oxygen, indicating an important role
of magmatic—metamorphic waters in the mineral-form-
ing fluid. At the late stages, fluid was introduced from
two sources having different oxygen isotope composi-

tions: isotopically light meteoric water (8180HZO
approximately from —4 to —1%o) and isotopically heavy
presumably magmatic—metamorphic water (8180HZO

from ~+7 to +16%c). The study of fluid inclusions sug-
gests that high-salinity fluid (>30 wt % NaCl + KCI)
was diluted by low-salinity fluid at the site of ore pre-
cipitation. Hence, the Prognoz deposit originated from
fluids that were supplied from different sources: low-
salinity meteoric waters and high-salinity magmatic
hydrothermal solutions, which extracted sulfur and car-
bon from host rocks. Variations of chemical and isotope
compositions in the mineral-forming fluid indicate
rapid mixing of the components within or near the pre-
cipitation site.

By contrast, ores of the Kupol’noe deposit were
derived from chemically and isotopically contrasting
fluids. Rare metal mineralization precipitated from
high-salinity (36-38 wt % NaCl equiv) aqueous brine,
which coexisted with vapor-rich dilute aqueous low-
salinity fluid (4.9-3.3 wt % NaCl equiv). The §'%0 val-
ues of +4 £ 2%o probably indicate the contribution of
magmatic waters (8'30 from +5 to +9.5%c). The sulfur
isotope composition in fluid generating rare metal ores
is 0 £ 3%o, which corresponds to 8**S values typical of
mantle or magmatic origin (Ohmoto, 1986). Hence, the
rare metal mineralization precipitated from granite-
related fluid.

Tin-silver—base metal mineralization formed from
low- to moderate-salinity fluid (9.2-3.3 wt % NaCl
equiv). The oxygen isotope composition of this fluid
(6'30 = -8 + 2%o) indicates a significant contribution of
heated meteoric waters. *C-depleted (8'3C from —14 to

—20%0) fluid presumably indicates participation of
organic carbon (8'*C up to —30%o; Field and Fifarek,
1985) in the ore formation. The sulfur isotope compo-

sition (8Sy g = 1 % 2%o) of the fluid is typical of

magmatic or mantle sulfur. Hence, fluid that precipi-
tated tin—silver—base metal ores consisted of heated
altered meteoric waters, which contained CH, and CO,
extracted from the host magmatic and sedimentary
rocks. H,S was probably also taken from the host mag-
matic rocks.

Silver—stibium ores precipitated from dilute fluids
with salinity 7.9-3.3 wt % NaCl equiv. The oxygen iso-
tope composition of this fluid (3'%0 = +2 £ 2%o) pre-
sumably indicates a significant contribution of heated
meteoric waters, while the sulfur isotope composition

(8348H2S = +3 + 2%0) suggests its magmatic origin.

Ores of the Prognoz deposit presumably precipi-
tated owing to activity of a long-term ore-forming
hydrothermal system sourced from the same reservoirs,
whereas the Kupol'noe deposit resulted from juxtapo-
sition of ores generated by different hydrothermal-
magmatic systems.

EPITHERMAL DEPOSITS

Epithermal deposits include nonferrous and pre-
cious metal deposits formed under relatively low tem-
peratures (<300°C) in near-surface conditions (roughly
at depths of 1-2 km). The term “epithermal deposits”
was introduced by Lindgren. These deposits are typi-
cally divided into two groups (Hayba et al., 1985). The
first group is characterized by the high oxidation state
of sulfur during ore formation (“high-sulfidation epith-
ermal ore deposits”) and abundant alunite among meta-
somatically altered rocks. The second group includes
deposits formed under relatively reducing conditions
(“low-sulfidation epithermal ore deposits™), with ore-
bodies associated with adularia-bearing quartz—sericite
metasomatic rocks. According to the generally accepted
hypothesis, “low-sulfidation” epithermal ores formed
from heated low-salinity meteoric waters, while mag-
matic fluid significantly contributed to “high-sulfidation”
epithermal ores (Hedenquist and Lowenstern, 1994).

The composition and origin of the fluid in epither-
mal ore-forming systems can be illustrated by Ag-Bi—
Pb—Zn deposits of the Adrasman—Kanimansur ore field,
located in the Karamazar ore district. With respect to
mineral composition, two types of ores can be distin-
guished there: copper-bismuth and silver—lead. The
copper—bismuth ores are localized at the deeper levels
of deposits, and silver—lead ores, at the higher levels
(Safonov et al., 2000a, 2000b). Quartz—hematite—chlo-
rite and quartz—chalcopyrite—pyrite veinlets and veins
formed at the early stage. Fluorite—sulfide veinlike bod-
ies, galena—sphalerite—barite veins, and vein—dissemi-
nated mineralization formed at the second stage.
GEOLOGY OF ORE DEPOSITS  Vol. 48
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Fig. 9. Homogenization temperature versus salinity of fluid inclusions in the minerals of early (a) and late (b) stages of the Cu—Bi—

Ag-Pb epithermal deposits of the Adrasman ore district. (a) (1) K-

1-1, (2) K-1-2, (3) K-1-3; (b) (1) B-1, (2) K2-1P, (3) K2-1PV,

(4) SE-1P, (5) Sf-1PV, (6) FI-1P, (7) FI-1PV, (8) B-2, (9) K-2, (10) Sf-2P, (11) Sf-2PV.

Fluid Inclusions

Three types of fluid inclusions have been recognized
from the phase composition at room temperature
(Safonov et al., 2000b): (1) liquid-rich inclusions;
(2) vapor-rich inclusions; and (3) inclusions containing
NaCl crystals. Sphalerite contains only liquid-rich
inclusions. Inclusions of all three types often occur
together, being confined to the same growth zones or
forming randomly oriented clusters of several inclu-
sions. Such inclusions were presumably trapped simul-
taneously during mineral crystallization.

Phase changes of fluid inclusions during heating and
freezing are shown in Fig. 9. Fluid inclusions in the
early-stage quartz (Fig. 9a) homogenize at 115-270°C,
while those in the late-stage minerals (Fig. 9b) dissolve
within 93-245°C. Secondary fluid inclusions found in
fluorite and sphalerite from the second-stage aggre-
gates show the same features as primary and primary—
secondary inclusions. Secondary fluid inclusions in flu-
orite homogenize at temperatures from 150 to 190°C.

GEOLOGY OF ORE DEPOSITS  Vol. 48
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Two types of fluid inclusions were identified on the
basis of ice melting and eutectic temperatures: (a) aque-
ous Ca—Mg chloride solution with salinity from 0.4 to
22.0 wt % NaCl equiv and (b) aqueous Mg—Na chloride
solutions with salinity from 5.0 to 30.0 wt % NaCl
equiv. Both solutions simultaneously occurred at the
site of ore precipitation since both types of inclusions
are present in the same samples. Secondary fluid inclu-
sions are dominated by Mg—Na chloride solutions with
salinity 1.0-6.0 wt % NaCl equiv. The Mg—Ca and Mg—
Na fluids in early-stage minerals are lower salinity than
fluids trapped by the late-stage quartz. The salinity of
Mg—Ca fluid in the early-stage quartz decreases with a
drop in the homogenization temperature. A similar ten-
dency is observed for inclusions in late-stage minerals.

Syngenetic liquid-rich and vapor-rich inclusions
homogenize at similar temperatures. This is considered
as evidence for mineral crystallization from “boiling”
fluids. A systematic decrease in salinity and homogeni-
zation temperatures suggests mixing of solutions of dif-
ferent salinity and temperature. A simultaneous decrease
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Fig. 10. Sulfur isotope compositions of the early- and late-stage minerals from deposits of the Adrasman ore district (a) and diagram
(b) of 534S versus APbS—BaSO4 for galena (1) and barite (2) from the Cu—Bi—Ag—Pb epithermal deposits of the Adrasman ore district.

in temperature and salinity of the Mg—Na solution was
presumably also caused by its mixing with lower salin-
ity and colder (~+100°C) solution.

Sulfur and Oxygen Stable Isotpes

Sulfur isotope composition was determined in the
early-stage pyrite and chalcopyrite and late-stage
sphalerite, galena, pyrite, chalcopyrite, and barite. The
8*S values vary from —3.6 to +9.8%o in early sulfides
and from -3.1 to +9.7%o in the late minerals (Fig. 10a).

The sulfur isotope composition in barite shows signifi-
cant variations, from +8.4 to +13.8%eo.

The value of 3**S (+23 * 3%o) of the mineral-form-
ing solution was estimated from the sulfide isotope
composition, ore-formation conditions, and fraction-
ation coefficients between solid phases and solution
components (Safonov et al., 2000b). Fluid with such an
isotope composition can be derived in the following
way: acid sulfate—chloride waters formed by mixing of
ground waters and SO,, which was exsolved from a
magmatic chamber, disproportionating into sulfate and
sulfide S (Kiyoshu and Kurahashi, 1983). Therefore,
GEOLOGY OF ORE DEPOSITS  Vol. 48
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the hypothesis of involvement of mantle sulfur in the
ore formation seems to be preferable.

The behavior of sulfur isotopes during the second
stage was estimated from their fractionation between
coexisting barite and galena. High (640-1450°C) tem-
peratures calculated from the equilibrium fractionation
equation unambiguously indicate isotope disequilib-
rium during precipitation of galena and barite. The iso-
topically disequilibrium sulfates and sulfides can pre-
cipitate through mixing of H,S-rich solutions with

SO?{ solutions since this process can cause both signif-

icant kinetic effects during sulfur isotope fractionation
and intense precipitation of sulfates and sulfides, espe-
cially if these solutions sharply differ in temperature
(Ohmoto and Rye, 1979).

The sulfur isotope composition in the mineral-form-
ing fluid can be reconstructed from the 8**S—Apys_p,s0,

diagram (Fig. 10b). The intersection of lines corre-
sponding to the isotope composition of coexisting sul-
fate and sulfide defines 8*S of fluid if 8*S and

H,S/ SOi_ ratio were constant (Shelton and Rye, 1982).
The obtained value is +7.5%o.

The 8'80 values were determined for quartz, chlo-
rite, and hematite from the quartz—hematite—chlorite
assemblage and late barite. They are from +7.5 to
+13.3%0 for quartz, from -2.1 to +4.9%o for hematite,
and +7.4%. for chlorite. The 6'%0 values for barite are
between +3.5 and +13.8%eo.

The oxygen isotope composition of fluid was calcu-
lated assuming water—mineral equilibrium fraction-
ation of oxygen isotopes using homogenization temper-
atures and the oxygen isotope composition determined
in the same samples. The 3'%0 values for fluid in equi-
librium with quartz within 225-270°C vary from —1.5
to +1.4%o. The 3'80 values of quartz-forming fluid
within 145-175°C vary from —4.7 to 0%o. The $'30 val-
ues for fluid in equilibrium with barite at 200°C vary
from —2.7 to +2.2%.. Hence, 8'#0 in the mineral-form-
ing fluid was 0 % 2.5%eo.

The oxygen isotope composition of the mineral-
forming fluid (0 £ 3%o) is close to 880 of seawater
(0 £ 2%o0) and is intermediate between those of primary
magmatic (from +5 to +9.5%0) and meteoric (from O to
—10%o0) waters (Sheppard, 1986). Therefore, it is diffi-
cult to determine unambiguously the fluid source. It is
possible that ore-forming fluid contained both isotopi-
cally heavy meteoric water formed by exchange with
host rocks and primary magmatic water (Safonov et al.,
2000b). The proportions of these waters were variable
in different places of the precipitation site, thus causing
the observed variations of oxygen isotope composition
in precipitating minerals.

Based on fluid inclusion study, two fluids of differ-
ent composition and density were present at the site of
ore precipitation. One had a low salinity (up to 3 wt %
NaCl equiv), while the other contained moderate- to
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low-salinity chloride solutions (up to 20-30 wt % NaCl
equiv). The low-salinity fluid formed from surface
waters involved in the convective cell that was induced
by the magma emplacement. The fluid was enriched in
H,S with a sulfur isotope composition of 0 £ 3%eo,
which was extracted during filtration through volcanic
rocks. This fluid is presumably close to the weakly
alkaline or neutral thermal waters known in the regions
of modern volcanic activity. The second fluid is an ana-
logue of the recent acid chloride—sulfate thermal waters
formed in the same areas. It was generated by interac-
tion of gases (HCI, SO,, H,S, CO,, and HF) ascending
from a magmatic chamber with ground waters, the sul-
fur isotope composition in which during SO, dispro-
portionation into H,SO, and H,S was +20%o.

Thus, the Karamazar silver—bismuth—lead-zinc epith-
ermal deposits formed owing to input of fluids and com-
ponents from different sources: low-salinity meteoric
waters and high-salinity magmatic hydrothermal solu-
tions, which extracted sulfur and carbon from host rocks.

CONCLUSIONS

The obtained data on fluid inclusions and stable iso-
tope compositions in minerals from ore deposits that
were generated by hydrothermal-magmatic systems
spatially related to occurrences of plutonic and volcanic
rocks indicate that ores precipitated from fluids varying
from brines with salinity up to 60 wt % NaCl equiv to
dilute solutions with salinity 1-3 wt % NaCl equiv. Flu-
ids of different composition contributed to the hydro-
thermal-magmatic system. Orogenic (mesothermal)
gold-bearing hydrothermal systems were dominated by
a H,0-CO,—NaCl = CH, = N, mixture, though late-
stage gold-bearing sulfosalts precipitated from an aque-
ous—salt fluid, which presumably formed by unmixing
of an aqueous—bicarbonate protofluid. Brines played a
significant role in the formation of cassiterite—silicate—
sulfide and vein silver—base metal deposits. Significant
amounts of CO, and CH, occurred in the fluids respon-
sible for the formation of cassiterite—silicate—sulfide
and vein silver—base metal deposits. Ore-forming fluids
often sharply differ in chemical and phase composition.
It was found that brine and low-density vapor-rich fluid
often coexisted at the site of ore precipitation. These
fluids had a different origin. They formed either owing
to unmixing or boiling of the protofluid into liquid-rich
aqueous—salt and vapor-rich fluids at site of ore precip-
itation or through fluid exsolution with formation of
brines and low-density low-salinity fluid at deep levels
of the hydrothermal-magmatic system. Isotope investi-
gations showed that fluids contained components of
different composition. Some of the studied hydrother-
mal systems (orogenic gold, tin, and vein base metal)
were dominated by magmatic fluids. These fluids
exsolved from granitoid magmas during crystallization.
Coexistence of high-temperature (>500°C) and high-
salinity (>40 wt %) fluid with melt inclusions in miner-
als from many ore deposits indicates that brines
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exsolved from silicate melt (Candela and Piccoli, 1995;
Shinohara, 1994). The formation of brines in such a
way was previously called into question since exsolu-
tion of high-Cl liquid phase from silicate melt required
a high CI content in the melt owing to a high distribu-
tion coefficient. However, experimental data, as well as
study of fluid and melt inclusions, confirmed the forma-
tion brine and low-density low-salinity fluid during
crystallization of silicate melt (Lowenstern, 1995).
Brines can form during evolution of fluid exsolved
from granite magma. In this case, single-phase super-
critical moderate-salinity (~8 wt % NaCl equiv) fluid or
high-density liquid phase and low-salinity vapor phase
exsolved (Fournier, 1987). Unmixing of low-salinity
fluid generates a low-salinity vapor phase and high-
salinity fluid (up to 55 wt % NaCl equiv) (Henley and
McNabb, 1978; Shinohara and Hedenquist, 1997).
Moderate-salinity H,O—CO, fluids similar to the one
that precipitated gold ores in the orogenic hydrothermal
systems could form owing to magmatic activity (Ryab-
chikov, 1975) or dehydration and decarbonatization
during metamorphism of terrigenous rocks. The pres-
ence of magmatic and metamorphic components in flu-
ids circulating in these systems indicates their relation
with magmatic activity. The emplacement of granitoid
intrusions was accompanied by the exsolution of mag-
matic fluid and mobilization of components from host
rocks owing to contact or contact-regional metamor-
phism (Bortnikov et al., 1992).

It should be noted that some hydrothermal-mag-
matic systems, in particular, those forming cassiterite—
silicate—sulfide and epithermal silver—bismuth—lead—
zinc deposits, show input of magmatic and heated mod-
ified meteoric waters.

The high-salinity fluid is considered to exsolve from
silicate melt during crystallization. The low-density
fluid (2-5 wt % NaCl equiv) presumably formed in the
near-surface conditions through absorption of metal-
rich gases exsolved from magma into ground waters.
Acid sulfate—chloride waters in the regions of recent
volcanic activity are generated by interaction between
ground waters and SO,, which exsolved from a mag-
matic chamber and disproportionated into sulfate and
sulfide S in water (Kiyoshu and Kurahashi, 1983).
Magmatic and meteoric fluids also contributed to
hydrothermal-magmatic systems that produced vein
silver—base-metal deposits of the Verkhoyansk fold
belt. The emplacement of diorite—granodiorite massifs
and the existence of intermediate chambers at a depth
of 15-20 km caused the introduction of metalliferous
solutions from magmatic chamber, which were
enriched in CO, and metal chloride complexes, and
partial extraction of sulfur from host rocks. Subsequent
lowering of ground water levels and the generation
depth of the ore magmatic chamber responsible for the
formation of subvolcanic granite porphyry dikes trig-
gered convective hydrothermal cells, which promoted
penetration of meteoric waters to deep levels and their

heating and interaction with host rocks with formation
of the ore-forming fluid.

Thus, our investigations showed that hydrothermal
ores were generated from magmatic and meteoric
waters circulating in hydrothermal-magmatic systems.
However, high-salinity magmatic fluids played a lead-
ing role in the transportation of metals from fluid gen-
eration areas to the site of ore precipitation at most of
the studied hydrothermal deposits.
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