
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/287767403

The Kupol'noe Silver-Tin Deposit (Sakha Republic, Russia): An Example of the

Evolution of an Ore-Magmatic System

Article  in  Geology of Ore Deposits · November 2001

CITATIONS

10
READS

147

9 authors, including:

Some of the authors of this publication are also working on these related projects:

Study of the ore-forming systems of the Verkhoyansk fold-thrust belts with a view to increase the efficiency of precious metal forecast (for example the reference objects)

View project

thermal analysis, clay minerals, nanotechnology, non-metallic minerals, biomineralization, weathering crust View project

G.N. Gamyanin

Russian Academy of Sciences

67 PUBLICATIONS   511 CITATIONS   

SEE PROFILE

Nikolay Bortnikov

Institute of Geology of Ore Deposits. Petrography. Mineralogy and Geochemistry. Ru…

309 PUBLICATIONS   2,078 CITATIONS   

SEE PROFILE

E. Yu. Anikina

Russian Academy of Sciences

24 PUBLICATIONS   75 CITATIONS   

SEE PROFILE

A.s. Borisenko

IDMSB RAN

135 PUBLICATIONS   1,411 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Nikolay Bortnikov on 11 January 2016.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/287767403_The_Kupol%27noe_Silver-Tin_Deposit_Sakha_Republic_Russia_An_Example_of_the_Evolution_of_an_Ore-Magmatic_System?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/287767403_The_Kupol%27noe_Silver-Tin_Deposit_Sakha_Republic_Russia_An_Example_of_the_Evolution_of_an_Ore-Magmatic_System?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Study-of-the-ore-forming-systems-of-the-Verkhoyansk-fold-thrust-belts-with-a-view-to-increase-the-efficiency-of-precious-metal-forecast-for-example-the-reference-objects?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/thermal-analysis-clay-minerals-nanotechnology-non-metallic-minerals-biomineralization-weathering-crust?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gn_Gamyanin?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gn_Gamyanin?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Russian-Academy-of-Sciences?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Gn_Gamyanin?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nikolay_Bortnikov?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nikolay_Bortnikov?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nikolay_Bortnikov?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/E_Anikina?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/E_Anikina?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Russian-Academy-of-Sciences?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/E_Anikina?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/As_Borisenko?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/As_Borisenko?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/As_Borisenko?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Nikolay_Bortnikov?enrichId=rgreq-d632eb6b12bf474ee3bcab90514d8517-XXX&enrichSource=Y292ZXJQYWdlOzI4Nzc2NzQwMztBUzozMTY3NDMwMzYxNDU2NjZAMTQ1MjUyODgzMjQxMQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf


 

442

 

Geology of Ore Deposits, Vol. 43, No. 6, 2001, pp. 442–467. Translated from Geologiya Rudnykh Mestorozhdenii, Vol. 43, No. 6, 2001, pp. 495–523.
Original Russian Text Copyright © 2001 by Gamyanin, Bortnikov, Alpatov, Anikina, Borisenko, Borovikov, Bakharev, Zhdanov, Nosik.
English Translation Copyright © 2001 by 

 

MAIK “Nauka /Interperiodica”

 

 (Russia).

 

INTRODUCTION

Numerous silver–base metal deposits are known in
the accretionary–fold belts in the Northeast of Russia
which underwent a complicated geodynamic history as
a result of a collision of a superterrane with a craton.
This collision led to the formation of the batholithic
belts. An intense growth of the continent occurred at
accretion of terranes due to intermittent movement of
the subduction zones towards the ocean (Parfenov,
1995). A tectonomagmatic activation of fold belts
related to the formation of Okhotsk–Chukotka vol-
cano–plutonic belt played an important role in metal-
logeny of these structures. Thereof, a spatial superposi-
tion of the different mineralization types occurs in
many ore districts and fields in the Northeast of Russia.
It was shown that data on chemical and isotopic com-
position of fluids can lead to an understanding of the
origin of deposits and relationship of ore-forming pro-
cesses with different development megastages of this
region (Bortnikov 

 

et al.

 

, 1998; Gamyanin 

 

et al.

 

, 1998).

The Kupol’noe silver–tin deposit is situated on the
eastern slope of the Sarychev Range, in the basin of the
Eimyu River, a left tribute of the Nera River, 130 km
southeast from the Ust’-Nera settlement. Three differ-
ent types of ore mineralization are telescoped on its
area: tin, silver–base metal, and silver–antimony.
Researches of the mineral deposits in the Verkhoyansk–
Kolyma mesozoids have held different viewpoints on
genetic links between these mineralization types. Dur-
ing the geological prospecting in the Verkhne–Taryn
region, Sukhoverkov (written communication, 1980)
distinguished ores of two types: gold–silver ores genet-
ically related to subvolcanic dacites, and tin–base metal
ores associated with Early Cretaceous granitoids. Fle-
rov (1976) recorded quartz–cassiterite and galena–
sphalerite types among cassiterite–sulfide deposits.
Naiborodin 

 

et al.

 

 (1974) considered these deposits as a
specific genetic style. Nekrasova and Demin (1977)
suggested a facial transition of one ore type to another
and isolated these deposits as a specific volcanogenic
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Abstract

 

—A study of temporal relationships and a formation sequence of tin, silver–base metal, and silver–
antimony ores; chemical compositions of minerals; fluid inclusions, and stable isotope (S, O, and C) ratios in
minerals from the Kupol’noe silver–tin deposit was carried out. The deposit is confined to the Sarychev ring vol-
cano–plutonic structure in the southeast of the Verkhoyansk–Kolyma orogenic belt. It occurs in granodiorites,
the Rb–Sr age of which is 125 Ma, and around this granite massif in a hornfel zone. Ore bodies are mineralized
cataclastic zones and carbonate–quartz veins with sulfides that are accompanied by greisen, quartz–carbonate–
sericite, and argillized rocks. Principal minerals are quartz, carbonates, galena, pyrite, and sphalerite; subordi-
nate minerals are cassiterite, stannite, tetrahedrite, arsenopyrite, and silver–antimony sulfosalts. The deposit
was formed as a result of multiply repeated hydrothermal activity. Three types of ore mineralization have been
recorded: rare metal (tin–tungsten), tin–silver–base metal, and silver–antimony. The fluid inclusion study
showed that the rare metal mineralization was formed from heterogenized fluids with a high chloride content
(36–38 wt %) at 250 to 

 

450°ë 

 

. Major productive carbonate–polysulfide and silver–antimony mineral associa-
tions were deposited from low-temperature solutions (125–250

 

°ë

 

) with a salinity of 3.3 to 9.2 wt % NaCl-
equiv. The 

 

δ

 

18

 

O

 

 values of quartz I, quartz II, quartz III, and quartz IV are +6.2 to +7.9‰, +7.1 to +8.9‰, +2.3
to +5.5‰, and +8.3 to +11.0‰, respectively. The 

 

δ

 

18

 

O

 

 and 

 

δ

 

13

 

C

 

 values of carbonates vary from +17.4 to
+29.2‰ and –15.0 to –5.6‰, respectively. The 

 

δ

 

34

 

S

 

 of sulfides range from –4.2 to +6.0‰. Calculated ratios of
oxygen isotopes in water suggest that ore-forming fluids evolved from a fluid with a predominantly magmatic
component in which heated meteoric water played a substantial role. A hypothesis on the overprinting of min-
eralizations deposited in mesothermal and epithermal environments at different stages of geodynamic history
of this region is suggested.
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Fig. 1.

 

 Tectonic scheme of the Sarychev volcano–plutonic ring structure. (1) Quaternary formation; (2) upper Cretaceous volcano-
genic–sedimentary deposits; (3)–(6) terrigenous rocks: 3—Early and Middle Jurassic, 4—Norian, 5—Karnian stage of upper Trias-
sic, 6—middle and low Triassic; (7)–(17) magmatic complexes: 7—Late Jurassic diorite, 8–10—Early Neocomian: 8—granodior-
ite–granite, 9—adamellite–granite, 10—rhyolite, 11–13—Late Neocomian: 11—dacite, 12—dacite with micropegmatite grano-
diorite-porphyry, 13—granodiorite, 14—Aptian–Albian granite–leucogranite, 15—Albian granodiorite, 16—Cenomanian
adamellite, 17—Turonian–Early Cenomanian granodiorite-porphyry; (18) Adycha–Taryn fault zone; (19) faults; (20) fault zones;
(21) Sarychev ring (after Rudich); (22) zones of arc faults and fold structures: NA—Nerskii anticlinorium, AB—Adycha brachyan-
ticline, TES—Taryn–El’ginsk synclinorium, NB—Nelkansk brachyanticline, TYU—Taryn–Yuryakhsk graben-syncline; fault
zones: E—Ergelyakhsk, Ch—Chingansk. On insert (number in cycles): 1—Siberian Platform, 2—Verkhoyansk fold belt, 3—
Okhotsk–Chukotka belt, 4—Okhotsk craton, 5—Velichinsk terrane, 6—Kular–Nersk terrane, 7—In’yali–Debinsk fore arc trough,
8—Uyandino–Yasachninsk volcanic arc, 9—Ilin’–Tasskii anticlinorium, 10—study area.
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gold–silver type. Kosovets 

 

et al.

 

 (1984) assumed that
the hybrid tin–silver–antimony deposits were formed at
the intersection of two regional structures: the Adycha–
Taryn fault zone controlling gold–silver mineralization,
and a submeridional transregional lineament hosting
the silver mineralization.

These conclusions were mainly based on results of
geological and mineralogical studies. There were no
data on the composition of mineral-forming fluids and
the ratio of stable isotopes in minerals from these
deposits. This did not lead to a conclusion on the origin
and sources of fluids and their constituents. The tempo-
ral relationships of the different mineralization styles
and mineral compositions of metasomatic wall rocks
and ores and their chemical composition were poorly
characterized. To elucidate genetic links between tin,
silver–base metal, and silver–antimony ores and fluid
sources, the authors studied temporal relationships and
the formation sequence of these ores, the chemical
compositions of minerals, and the fluid inclusions and
stable isotope (S, O, and C) ratios in minerals. These
data were used to determine the composition and
sources of a mineral-forming fluid(s) and conditions
and mechanisms of the mineral deposition.

GEOLOGICAL STRUCTURE 
OF THE DISTRICT AND DEPOSIT

 

Regional Geology

 

The Kupol’noe deposit is localized in a central part
of the large (7500 km

 

2

 

) Sarychev ring volcano–plutonic

structure in the southeastern Verkhoyansk–Kolyma
orogenic belt (Fig. 1). This volcano–plutonic structure
intersects the Adycha–Taryn fault system and unites the
Verkhoyansk fold–thrust belt and the Kular–Nera ter-
rane (Parfenov, 1995).

The Taryn massif of subvolcanic dacites is situ-
ated in the center of the Sarychev ring structure. The

 

40

 

Ar-

 

39

 

Ar

 

 age of these rocks is 134 to 138 Ma (Layer

 

et al.

 

, 2001). Early to Middle Jurassic terrigenous rocks
outcrop as an intermittent band of 1 to 10 km wide
around the subvolcanic massif. Thin (2–3 m) interlay-
ers of subalkaline basalts, lagoon–continental sedi-
ments with ash-flow siliceous tuff interbeds, and conti-
nental rhyolite and their tuffs are found among terrige-
nous rocks. These sequences dip gently and compose
110-km-long and 20- to 40-km-wide limbs of the
Taryn–Yuryakhsk graben-syncline extending north–
northwest to the Sarychev Ridge. The graben-syncline
forms an inner ring of the Sarychev volcano–plutonic
structure. Its outer ring is 10–20 km wide and is formed
by a series of granitoid intrusions belonging to the Late
Jurassic to Early Cretaceous, Early Cretaceous, and
Late Cretaceous complexes (Bakharev 

 

et al.

 

, 1997).

Granitoids of the Nel’kansk massif, composed of
biotite adamellite and granodiorite, are referred to the
Late Jurassic–Early Cretaceous complex. The 

 

40

 

Ar-

 

39

 

Ar

 

dating of biotite of these rocks showed that they were
injected 139.8 to 144.8 Ma ago at the collision of the
Kolyma–Omolon superterrane with the Verkhoyansk
passive margin (Layer 

 

et al.

 

, 2001; Nedosekin and
Shkodzinskii, 1991).

The Early Cretaceous complex includes granitoids
of the Arga–Salinsk, Chingakansk, Odonkansk, Trud,
and Kapriznyi massifs localized to the east of the Sary-
chev ring structure. Rocks of this complex are younger
than dacites of the Taryn subvolcano (Rudich, 1959;
Popov and Kuznetsov, 1987). The chemical composi-
tions of rocks of the complex and the Taryn subvolcano
correspond to that of the S-type granitoids, but display
features of I- and transitional IS-granites. On the 

 

SiO

 

2

 

–
(Na

 

2

 

O + K

 

2

 

O)

 

 plot, compositional points of granitoids
of major phases of the granodiorite massifs and dacites
of the Taryn subvolcano form a general trend of normal
alkalinity (Fig. 2). These rocks are peraluminous
(ASI = 1.1 to 1.6) and are richer in normative corun-
dum (0.64–7.7 wt %). The Rb–Sr dating of biotite and
feldspars has shown that the isotopic age of the Trud
and Odonkan quartz diorite and granodiorite massifs is
125–124 Ma. Their emplacement corresponded to the
Early Cretaceous magmatic epoch in the Kolyma–
Okhotsk region. Rocks of these complexes are consid-
ered to have been formed during a late orogenic devel-
opment megastage of the region (Kotlyar 

 

et al.

 

, 2000).

Similar chemical compositions of the Early Creta-
ceous granodiorite complex and dacites of the Taryn
subvolcano indicate their comagmatic character. Geo-
physical studies found these rocks to be derivates of a
deep-seated intermediate magma chamber. Inside the
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Fig. 2.
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 vs. SiO
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 plot from magmatic rocks of Late Juras-
sic diorite (1); Early Neocomian: granodiorite–granite (2);
adamellite–granite (3); rhyolite (4); Late Neocomian dacite (5);
Aptian granodiorite (6); Albian granodiorite (7); Cenoma-
nian adamellite (8); Early Cenomanian granodiorite-por-
phyry (9) complexes.
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Sarychev volcano–plutonic ring structure, the Taryn
gravity minimum has been found (Stognii 

 

et al.

 

, 1999,
2000). Deep structure modeling of the Sarychev struc-
ture has shown that this anomaly can be explained by a
blind granite–gneiss dome.

Granitoids of the Baryllyekhsk and Kuranakh–
Salinsk massifs are included in the Late Cretaceous
complex. The first one is composed of adamellite,
while the second one consists of granodiorite-porphyry.
The injection of these rocks as shown by Rb–Sr and

 

40

 

Ar-

 

39

 

Ar

 

 dating of bulk samples and biotite occurred
86 to 96 Ma ago. Their formation was related to the
development of the Chukotka–Okhotsk volcano–plu-
tonic belt (Layer 

 

et al.

 

, 2001).

Four fault systems of submeridional, northwestern,
northeastern, and sublatitudinal strikes are distin-
guished in the area of the Sarychev ring structure.

Steeply dipping to the west submeridional, faults
are traced along the eastern limb of the Taryn–Yurya-
khsk graben-syncline. They are marked by positive
magnetic anomalies extending as a linear zone 27 km
long and 5 km wide. These faults are considered to be
abyssal and relatively more ancient structures. They
control the distribution of dikes and stocks of Early to
Middle Jurassic subalkaline gabbro–diabases and dol-
erites.

The Adycha–Taryn fault zone is referred to the
northwestern fault system. Thrust and slip displace-
ments, predominantly left-slip movements, occurred
along these faults (Parfenov 

 

et al.

 

, 1988). It branches
into a system of sublatitudinal faults within the Taryn
subvolcano.

The Ergelyakhsk and Chingakansk fault zones that
control the Late Jurassic–Late Cretaceous granitoid
intrusions and intersect the Taryn subvolcano belong to
the northeastern system. They extend along strike for
70 and 40 km and are 8 and 15 km wide, respectively.

 

Geology of the Deposit

 

The Kupol’noe deposit, occupying an area of 

 

4 

 

×

 

 8

 

 km,
is localized in the outer ring of the eastern part of the
Sarychev structure. It is hosted by granitoids of the
Trud and Kapriznyi massifs and hornfelses surrounding
these massifs (Fig. 3). The deposit and massifs are sit-
uated on the western limb of the Eimyunsk brachyanti-
cline of the Nersk anticlinorium conjugated with the
Taryn–Yuryakhsk graben-syncline in the west. The
brachyanticline extends in the north–northwestern
direction for 20–25 km and is about 15 km wide. Early
and Late Norian terrigenous rocks are exposed in the
core of this fold, while Late Norian siltstones and mud-
stones compose its limbs. The basal cement of these
rocks contains abundant carbonaceous matter. The
western limb of the Eimyunsk brachyanticline is com-
plicated with linear and brachyform folds up to 1.5 km
wide and a northeastern orientation.

The Trud and Kapriznyi massifs, that have areas of
12 km

 

2

 

 and 6 km

 

2

 

, respectively, display rather irregular
contacts in aerial view. In watersheds of the Trud and
Kapriznyi creeks, the massifs are separated by a narrow
(less than 1.5 km) zone of sedimentary rocks that
underwent contact metamorphism. Possibly, these mas-
sifs are the outcrops of a single intrusive body elon-
gated in the submeridional direction.

The Trud and Kapriznyi massifs consist of Middle-
and Late Jurassic diorite complex and Early Cretaceous
granodiorite complex. The first one includes diorites and
quartz diorites that constitute 3.5% of the total area of
these massifs. Diorites occur as xenoblocks (0.1–0.2 km

 

2

 

)
within granodiorites in the southern part of the Trud
massif and an endocontact zone of the Kapriznyi mas-
sif. The 

 

40

 

Ar-

 

39

 

Ar

 

 dating of biotite from these rocks has
shown their age to be between 

 

161.8 

 

±

 

 0.8

 

 Ma and

 

152.1 

 

±

 

 0.8

 

 Ma (Layer 

 

et al.

 

, 2001). The granodiorite
complex is represented by granodiorites, adamellites,
aplitelike granites, aplites, as well as granodiorite-por-
phyry dikes.

Granodiorites occupy about 80% of the total area of
the massif’s outcrops. Ortho- and clinopyroxene are
present in association with plagioclase, orthoclase, and
biotite, the principal minerals of these rocks. Common
accessory minerals are ilmenite, apatite, zircon, and
garnet. Three varieties of garnet were recognized. They
are substantially different due to variation of a pyrope
component content (25–28, 19, and 13–15 mol %) and
ferrugenity (71–74, 80, and 85–87 mol %). The occur-
rence of two varieties of garnet suggests that parent
magma was generated in the gneiss–granulite layer of
the Pre-Riphean basement (Ermolov 

 

et al.

 

, 1979).
A typical feature of granodiorites is the presence of
graphite segregations, which contains up to 10 vol % in
some places. Granodiorites are characterized by a defi-
nite geochemical specialization. The Sn, Pb, and Sb
concentrations that are the major ore constituents in the
deposit are 1.5–2 times higher than their clarke content
in silicic rocks.

Granodiorite-porphyries compose two thick (100–
120 m wide) and short (less than 900 m long) dikes in
the northeastern exocontact zone of the Trud massif.
The dikes dip at angles of 60 to 70

 

°

 

 toward the massif,
and cut it. Granodiorite-porphyries are different from
granodiorites of the major phase due to higher 

 

Al

 

2

 

O

 

3

 

,
Na

 

2

 

O

 

, and CaO contents and a lower F amount. They
are richer in alkaline (7.05–8.10 wt %), while K pre-
vails over Na. Aluminiferous and agpaitic coefficients
of granite-porphyries and granodiorites are identical. In
contrast to the latter, higher Pb, Zn, Sr, Mo, As, and Sb
contents were detected in granodiorite-porphyries,
while the Sn and Ag concentrations are lower. The con-
tents of these elements are higher relative to the clarke
values. The age of the granodiorite-porphyry dikes
determined by the K–Ar technique is 100 Ma (Nena-
shev, 1979).
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The data obtained allow us to consider granites of
the Trud and Kapriznyi massifs as derivates of granite
magma that was generated at a temperature of 850–
970

 

°

 

C under conditions of granulite facies, and was
crystallized at a pressure less than 0.4–0.6 kbar
(Shkodzinskii 

 

et al.

 

, 1992).
Ore bodies of the Kupol’noe deposit are mainly

located within the Trud and Kapriznyi granitoid mas-

sifs. In the hornfelzed sedimentary rocks of their exo-
contact zone, ore mineralization is less abundant.

 

Ore Bodies

 

About twenty ore bodies are found in two sectors
(Kupol’nyi and Kapriznyi) of the deposit. Ore zones 1,
2, 3, 5, 8, 10, and 18 are explored down to depths of

 

Fig. 3.

 

 Geological scheme of the Kupol’noe deposit. (1) Quaternary formation; (2) Jurassic terrigenous rocks; (3) Triassic terrige-
nous rocks; (4) Aptian granodiorite complex; (5) Neocomian dacite complex; (6) Beriassian rhyolite complex; (7) Volgain diorite
complex; (8) gabbro-diabase complex; (9) faults; (10) Pereval’ninsk (P) and Kapriznensk (K) latitudinal fault zone systems;
(11) tectonic faults; (12) ore bodies and their numbers.

  

❙
❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙

❙
❙

❙
❙

❙
❙

❙
❙

❙
❙

❙❙❙❙❙

ä

ä10

8

17

P

183

51
2

P

21

P

68°

64°

138° 144° 150°

 

1

8

2

9

3

10

4

11

5

12

6 7

0 1000 m

 

1P
ä

 

In
di

gi
rk

a 
R

.

Pereval

 

’

 

nyi C.

 

N



 

GEOLOGY OF ORE DEPOSITS

 

      

 

Vol. 43

 

      

 

No. 6

 

      

 

2001

 

THE KUPOL’NOE SILVER–TIN DEPOSIT (SAKHA REPUBLIC, RUSSIA) 447

 

100–350 m through drilling. Trenches and an adit more
than 500 m long explored ore zone 1.

Ore bodies are controlled by repeatedly activated
tectonic fractures. This led to a diversity and complex-
ity of their morphology. Four morphological types of
ore bodies have been recognized: (1) mineralized cata-
clastic zones; (2) lenslike veins; (3) stockwork zones;
and (4) linear zones of disseminated ores.

 

Mineralized cataclastic zones

 

 are the predominant
type of ore bodies in the deposit. Zones 1, 2, 5, and 18
are of this type. The largest among them is ore zone 1,
which displays the northeastern (40

 

°

 

) strike. It occurs
between the closely located subparallel sublatitudinal
fractures (Fig. 3). The ore-bearing structure extends for
more than 1300 m and its average thickness is about
8 m. Ore zone 1 consists of seven ore bodies. Only ore
body 1 is traced along the whole extension of the ore-
bearing structure. Other ore bodies are apophyses of
this one or lenslike subparallel bodies.

 

Lenslike veins

 

 have a small thickness (5–70 cm) and
length (20–50 m). They are located in both shear or ten-
sion fractures and wide fracture zones. They are com-
posed, as a rule, of the consequently deposited mineral
aggregates.

 

Stockwork zones

 

 occur rarely. These are a series of
closely placed, thin (less than 5 cm) veinlets located in
linear fracture zones or in large faults. The thicknesses
of such zones vary from 1 to 6 m.

 

Linear zones of disseminated ores

 

 are intensely
altered quartz–sericite rocks after granodiorites con-
taining, in some places, abundant (up to 10–20 vol %)
impregnations of pyrite, sphalerite, and galena.

METASOMATIC WALL ROCKS

Host rocks enclosing all types of ore bodies under-
went metasomatic alteration around them. The metaso-
matic halos have a lenslike shape. Greisens, quartz–
sericite rocks, and argillized rocks have been distin-
guished among metasomatic rocks. The quartz–sericite
rocks (beresites) are most widespread among them.

 

Greisens

 

Several greisen zones, 30–50 cm thick on average
and sometimes up to 2 m wide, occur along the south-
ern contact between the Trud massif and hornfelses.

Chloritization of biotite and sericitization of plagio-
clase occur in an outer zone of the greisen halo. The
amount of newly formed sericite that replaces chlorite
and K-feldspar increases in the next zone. Newly
formed quartz, replacing feldspar and sericite, and tour-
maline appear as well.

The next zone consists of quartz, sericite, and tour-
maline. The amount of sericite decreases in this zone,
while the tourmaline fraction increases. Arsenopyrite
and wolframite impregnation were observed in this
zone.

Sericite disappears completely in the rear (inner)
quartz–tourmaline zone. Quartz and tourmaline replace
sericite. The arsenopyrite and wolframite amount
increases in this zone by 1.2–2 times in comparison
with the previous zone.

The major petrogenous components such as Al, Fe,
Mg, Na, and K are removed at greisenization, while Si
and S as well as Ca and Mn are gained in the rear zone.
The Sn, As, W, and Bi content, as well as that of Co, Ni,
and Cu increases from the outer zone to the rear one.

 

Quartz–Sericite Rocks

 

Quartz–sericite rocks replace biotite granodiorites,
biotite granodiorite porphyries, and aplitelike leuco-
cratic granites of the Trud and Kapriznyi massifs and,
more rarely, hornfelses.

Quartz–sericite and carbonate-bearing quartz–seric-
ite rocks are established among them. The carbonate-
bearing quartz–sericite rocks occur at the area where
vein mineralization is absent or occurs rarely.

Biotite is replaced by chlorite in an outer zone of the
halo composed of both types of quartz–sericite rocks.
Electron microprobe analyses indicate that chlorite
contains 24.14–26.54 wt % SiO

 

2

 

, 18.09–20.84 wt %
Al

 

2

 

O

 

3

 

, 26.28–32.15 wt % FeO, 0.27–0.73 wt % MnO,
and 9.3–14.59 wt % MgO. Calcite forms rims along
chlorite aggregates.

An intense replacement of chlorite, calcite, and relic
plagioclase by sericite and ankerite occur at the outer
boundary of the next quartz–sericite–orthoclase–albite–
ankerite zone of the quartz–sericite rocks. A complete
disappearance of albite defines the inner boundary of
this zone. The replacement of orthoclase by quartz and
sericite is prolonged in the subsequent quartz–ortho-
clase–sericite zone.

Quartz is the principal newly formed mineral in the
next quartz–sericite zone. It replaces rare relics of feld-
spars and sericite and fills in numerous cavities in mica
aggregates.

The formation of monomineralic quartz rocks is
observed at the contact with quartz veins. There is no
clear boundary between quartz–sericite and quartz
zone. The size of sericite aggregates decreases and the
amount of metasomatic quartz increases gradually. Dis-
seminated pyrite and arsenopyrite appear in the
monomineralic quartz zone.

Chlorite and calcite are replaced by ankerite in the
quartz–orthoclase–albite–sericite–ankerite zone which
is followed by the carbonate-bearing quartz–sericite
zone. Ankerite develops after albite, orthoclase, and
plagioclase relics. Newly formed quartz and sericite
replacing feldspars are encountered. The inner bound-
ary is defined by a complete replacement of albite.

The replacement of orthoclase by quartz, sericite,
and ankerite occurs in the quartz–orthoclase–ankerite
zone.
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Feldspars are nearly absent in the inner quartz–
sericite–siderite zone. Fine-grained quartz is formed
along the sericite aggregate margins in this zone. Car-
bonate is confined to the sericite aggregates. Its compo-
sition corresponds to minerals of the siderite series
such as sideroplesite and magnooligonite.

Some changes of the sericite chemical composition
were established in both types of quartz–sericite wall
rocks (Table 1). Sericite from the outer chlorite-bearing
zones contains the minimal concentration of Mg and Fe
(zone 1, Table 1). This results in decreasing Al in tetra-
hedral coordination (IVAl) to 0.76 atoms per formula.
The IVAl content in this mineral from the intermediate
feldspar-bearing zone is higher with 0.81–0.82 atoms
per formula (zone 2 and 3, Table 1). Sericite from the

inner feldspar-free zone of the halo contains 0.84 atoms
per formula (zone 4, Table 1).

There is a systematic change of the carbonate com-
position from the outer to inner zone of quartz–sericite
wall rocks (Fig. 4). Calcite containing low FeO and
MnO (0.5 to 0.75 wt %) occurs in the outer zone. Car-
bonates of the dolomite–ankerite series are encoun-
tered in the intermediate zones of the carbonate-bearing
quartz–sericite rocks. The Fe/(Fe + Mn + Ca + Mg)
ratio increases in these minerals from the quartz–anker-
ite–albite–orthoclase–sericite zone to the quartz–
ankerite–orthoclase–sericite one. Sideroplesite and
mangansiderite with low MnO content are found in the
inner quartz–siderite–sericite zone. The subsequent
increasing in the Fe/(Fe + Mn + Ca + Mg) ratio toward
the inner zone is observed (Fig. 4).

Table 1.  Average compositions of sericite from quartz–sericite and argillized rocks at the Kupol’noe deposit

Zone
in halo

wt % Coefficients in formula*

SiO2 Al2O3 FeO MgO Na2O K2O Total Si IVAL VIAL Fe Mg Na K fen’

Quartz–sericite wall rocks

1 48.34 32.46 1.43 1.02 0.29 9.96 93.50 3.24 0.76 1.80 0.08 0.10 0.04 0.85 0.21

2 47.18 32.93 1.40 1.29 0.11 9.92 92.83 3.19 0.82 1.80 0.08 0.13 0.02 0.85 0.19

3 46.65 31.84 2.41 1.31 0.10 10.02 92.40 3.19 0.81 1.76 0.14 0.13 0.01 0.88 0.21

4 45.78 32.22 2.49 1.08 0.14 10.23 92.00 3.16 0.84 1.78 0.14 0.11 0.02 0.90 0.18

Argillizite

49.19 32.83 0.53 0.70 0.04 7.94 91.23 3.27 0.73 1.84 0.03 0.07 0.01 0.68 0.19

Note: The zones of alteration halo are: 1—outer chlorite-bearing; 2 and 3—intermediate feldspar-bearing; 4—inner feldspar-free. 

*The formula is calculated on the base of 11 atoms: Fen' = ((Si-3) + 0.5(3-ΣAl-Fe3+) + (Mg + Fe2+))/3, where Fe3+ = 1 + AlIV-AlVI-Ti,
and Fe2+ = ΣFe-Fe3+ (atoms per formula).
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Fig. 4. Compositions of carbonates from the Kupol’noe deposit (a) and projection of compositions of carbonates (without calcite)
onto Mg–Fe–Mn projection (b). (1) and (2) Carbonates of siderite–magnesite–rhodochrosite series: 1—metasomatic, 2—vein,
(3) and (4) carbonates of dolomite–ankerite–kutnahorite series: 3—metasomatic, 4—vein, 5—calcite. The dark array shows an evo-
lution of the composition of metasomatic carbonates toward inner zones of carbonate-bearing quartz–sericite wall rocks, while the
white array indicates the evolution of carbonates from carbonate veins.
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Argillized Rocks

Argillized rocks occur in ore zones 1 and 2 at their
junction with latitudinal faults and in magmatic rocks
only. The argillization zones are thin (less than 3 to 4 m)
and are often overprinted on outer and intermediate
zones of the quartz–sericite wall rocks.

Newly formed sericite replacing feldspars occurs in
the intermediate zone of argillized halo. The chemical
composition of sericite from argillized rocks is differ-
ent from that of sericite quartz–sericite rocks. Lower
Mg, Fe, and especially K contents and a higher Si con-
tent were detected in the first one (Table 1). X-ray dif-
fraction has shown that the 1M polytype of sericite
occurs in argillized halo.

The formation of kaolinite occurs with increasing
alteration degree. Fine-grained quartz (about 0.01 mm)
replaces sericite as well. The further alteration of the
rock leads to a decrease in the hydromica amount,
replaced by quartz and kaolinite. The interior zone of
argillized halo is composed of quartz and kaolinite.

Argillization results in the removal of nearly all
petrogenic components except Si. A SiO2 content in the
intermediate hydromica zone (calculated per a volume
unit) remains constant, while that in the inner zones
increases. Cu, Zn, and As are accumulated in rocks dur-
ing argillization, while other elements are removed.

MINERAL COMPOSITION OF ORES

About 40 hypogenous minerals have been identified in
the ore bodies of the Kupol’noe deposit. Quartz and car-
bonates are predominant minerals (more than 30 vol %).
The major ore minerals (5–10 vol %) are galena, pyrite,
and sphalerite. Sulfosalts are found in some areas of the
ore bodies. Their content is less than 2 vol % on average.
Four generations of quartz were established.

Quartz I is gray in color, cryptocrystalline, creasy
and composes the inner zones of greisen metasomatic
halo, veinlets in greisenized granodiorites, and the
quartz–chlorite veinlets in hornfelses.

Quartz II is white, coarse-grained, and sometimes
druslike. It composes veins and veinlets that bear tour-

(a) (b)

(d)(c)

50 µm

1

1

2

1234

1

2

Fig. 5. Mineral intergrowths in ore bodies at the Kupol’noe deposit. a—Columnar aggregate of quartz IV grains (2) grow onto crys-
tals of quartz III (1) thin section, crossed nicols; b—fragments of quartz–sericite rocks (1) with quartz rim (2) is overgrown with
rhomblike crystals of siderite (3), zoned fine-grained quartz III (4) overgrows onto siderite; c—fine-grained quartz III cements cat-
aclased arsenopyrite I, polished section, d—oriented lenslike ingrowths of diaphorite (1) in galena (2), polished section.
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maline segregations, patches of coarse-grained arse-
nopyrite, disseminated wolframite and cassiterite.
Spotted aggregates of quartz I in quartz II occur near
vein selvages. Quartz II is cut by veinlets of siderite,
galena, and its fragments are cemented by galena.

Quartz III is gray in color, translucent, and micro-
grained with well defined crystallographic shapes of
grains that often display a zonation. Columnar aggre-
gates of late quartz IV overgrow the outer zones of
crystals (Fig. 5a). Small cavities, empty or filled with
sulfosalts, are observed in quartz III, which bears
galena and sphalerite patches and bands. Among the
sulfide segregations, fine-crystalline aggregates of col-
orless tiny acicular cassiterite, tin- and silver-bearing
minerals such as stannite, hocartite, franckeite,
freibergite, andorite, etc. occur. Quartz III usually over-
grows siderite (Fig. 5b), manganosiderite, and oligo-
nite. Quartz III and ankerite form rhythmically banded

aggregates. Quartz III and associated minerals are cut
and cemented by quartz IV.

Quartz IV often forms cryptocrystalline aggregates
with small lenslike cavities. Microspherolitic and
zoned colloform sulfide aggregates overgrow walls of
such cavities, while fine (less than 0.2 mm) sulfosalt
crystals were found in their central parts. Quartz IV
composes veinlets of 1–2 cm thick and thin (less than
30 cm) veins. Quartz IV cuts or cements mineral aggre-
gates containing quartz I–IV (Fig. 6a, b). The dissemi-
nated ore minerals such as arsenopyrite, freibergite,
pyrargyrite, Pb, Cu, and Fe sulfoantimonides, stibnite,
marcasite, and rare sphalerite and galena occur in
quartz IV. Dickite was found in cavities in quartz IV.

Cassiterite was observed in all ore bodies. Its con-
tent is from 0.1 to 3 vol %, and increases with depth.
Two generations of this mineral were established.

0 1 2 cm
0 1 2 cm

0 1 2 cm

0 1 2 cm

1

2

3 1

2

3

3

1

1

4
5
6

2

1

3

2

(a) (b)

(d)(c)

Fig. 6. Relationships of mineral aggregates in the Kupol’noe deposit, polished hand specimens. a—Altered granodiorite with spots
and tiny veinlets of quartz I (1) and galena–sphalerite ore (2) are cross cut by veinlets of colloform–festoon quartz IV (3); b—frag-
ments of siltstone with rims of rhythmically-zoned siderite (1) in cryptocrystalline quartz IV (2) with patches of pyrargirite, freiberg-
ite (dark) and calcite (3); c—fragments of hornfels (1) and milky-white quartz II (2) in sphalerite (3), sequential bands of siderite
(4), galena (5), and fine-grained quartz III (6) overgrowing sphalerite; d—fragments of altered granodiorite (1) and milky-white
quartz II (2) in grained quartz III saturated with tiny-grained aggregate of arsenopyrite II (3).
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Cassiterite I is represented by brown, sometimes
zoned shortly-prismatic crystals up to 3 mm in size, and
occurs in greisens adjacent to veins in intergrowths
with muscovite and quartz. It is associated with drus-
like and massive quartz II, tourmaline, wolframite, and
arsenopyrite I in quartz–tourmaline veins.

Cassiterite II forms spherolitic, “hedgehog-like”
aggregates consisting of long-prismatic transparent
crystals. Aggregate sizes are less than 0.2 mm, while
those of individual crystals are less than 0.05 mm. Cas-
siterite II is intimately associated with fine-grained
quartz, in which it forms monomineralic lenses. Cas-
siterite II occurs more often in sphalerite bands found
in quartz. Overgrowth of cassiterite II on resorbed cas-
siterite I crystals was observed.

Wolframite is encountered in quartz–tourmaline
veins as patchylike inclusions of 2–3 mm to 1.5 cm in
size. The MnO content in this mineral is 1.6 to 2.0 wt %.

Carbonates

Early carbonates compose selvages in quartz–car-
bonate veins and veinlets (Fig. 5b). This evidences that
they are earlier relative to quartz III. Often, carbonates
form isolated rhomblike crystals or oval aggregates.
They are overgrown by quartz III. Contents of compo-
nents vary from 0 to 29.1 wt % CaO, 2.4–57.2 wt %
FeO, 0.3–19.8 wt % MgO, and 0.2–22.2 wt % MnO.
Carbonates with a high content of the siderite (FeCO3)
component are most widespread. Siderite, mangansid-
erite, sideroplesite, and oligonite were recognized
among carbonates. Carbonates from early bands are
compositionally close to carbonates from metasomatic
wall rocks. The Mn content increases in carbonates
from the subsequent bands. In some bands, it varies
from 2 to 3 wt %. The difference in the MnO content
between some bands is more than 5 wt %. In some car-
bonate samples, an increase of MnO content is accom-
panied with an increase of MgO content, while in most
cases compositional data points lie along of the sider-
ite–rhodochrosite series (Fig. 4).

Vein carbonates of dolomite–kutnahorite series are
less widespread. More often they are observed in car-
bonate veins and veinlets. Socketlike and granular
aggregates of these carbonates overgrow on mangano-
siderite aggregates and cavities in quartz. Zonal bands
composed of carbonates of diverse tints and fabrics are
also found. More rare carbonate veins with brecciated
fabric, in which carbonates of the dolomite–ankerite
series cement the siderite fragments, are observed.
Individual veinlets of carbonates of this series are
present in the intermediate zones of the quartz–sericite
wall rocks. These carbonates are intimately associated
with late sulfides. The ankerite–sphalerite intergrowths,
carbonate patches with inclusions of galena, and chal-
copyrite, and sulfosalt needles are often encountered.

The FeO and MgO ratios vary in carbonates of dolo-
mite–ankerite–kutnahorite series, while CaO contents

in them are constant. Zoned bands of carbonate aggre-
gates differ in concentrations of these components.
Later carbonates are dolomites in composition. Anker-
ite with high kutnahorite minal (up to 14–16 mol %) is
usually confined to a boundary between the siderite and
ankerite zones and contacts magnooligonite. A high
Fe/(Fe + Mg + Mn) ratio of 0.4 is characteristic for
these samples. A decrease of iron content in carbonates
of dolomite–ankerite series is accompanied by a
decrease of Mn concentration.

Calcite is the latest and less widespread carbonate.
It fills intergranular spaces and cavities among early
carbonates and quartz III and IV, and sometimes forms
tiny microveinlets crossing these minerals. It is con-
stant in composition and is characterized by low con-
tents of FeO and MnO.

Sulfides

Galena is one of most widespread minerals in ore
bodies. It was observed as impregnated grains and
patches of up to 1–2 mm in size disseminated in fine-
grained quartz and quartz–sericite wall rocks. Banded-
impregnated fabrics are typical for thin (1–3 mm)
galena bands. Massive ores contain galena grains up to
1–2 mm in size. Inclusions of different minerals in
galena were observed. In galena bands located near the
selvages of veins, sphalerite and cassiterite were
encountered. In galena bands occurring close to the
center of veins, stannite and freibergite are found.
Franckeite and canfildite were identified in the latest
galena rhythms. Inclusions of freibergite, diaphorite,
franckeite, pyrargyrite, and miargyrite are randomly
disseminated in massive galena. Electron microprobe
analysis indicates that galena contains 1.2 wt % Ag,
4.7 wt % Sb, 0.89 wt % Bi, and 0.58 wt % Sn as trace
elements.

Sphalerite is a widespread mineral as well. Two
generations of this mineral were established.

Sphalerite I forms abundant impregnations in alter-
ation halos and monomineralic bands in carbonate and
quartz–carbonate veins (Fig. 6c). Sphalerite from dis-
seminated ores contains inclusions of pyrrhotite, chal-
copyrite, and rare stannite. In the near-selvage quartz
bands from quartz–sulfide ores, abundant spherolitic
inclusions of cassiterite occur in sphalerite. Bands con-
taining abundant stannite follow them. Stannite forms
tiny dissemination in some sphalerite zones and flame-
like inclusions in sphalerite. Skeletal sphalerite grains
were recorded among silver sulfoantimonides.

In rhythmically banded aggregates of sphalerite I,
later bands are more light in color. The Fe content in
sphalerite varies from 7.5 to 20.5 wt %. Sphalerite I
contains from 0.11 to 0.75 wt % Cd, up to 0.59 wt %
Mn, and up to 1.89 wt % Sn. The elevated Sn content in
sphalerite is correlated with Cu content, which proba-
bly indicates the presence of submicroscopic stannite
inclusions.
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Sphalerite II was observed as rare disseminated grains
(up to 0.5 mm in size) in quartz IV near vein selvages.
Fe content in this mineral varies from 0.3 to 7.2 wt %.
It also incorporates 1.3 wt % Ag as an admixture.

Pyrrhotite is a rare mineral. Two generations of this
mineral were distinguished. Pyrrhotite I is observed in
hornfelses and in sulfidized granodiorites. Pyrrhotite
occurs rarely in veins in association with sphalerite and
galena.

Chalcopyrite is found in association with pyrrhotite
from hornfelses and granodiorites. In veins, chalcopy-
rite is present in association with pyrrhotite, more
rarely with sphalerite, stannite, and galena, and as
emulsion inclusions in sphalerite.

Stannite occurs in veins and quartz–sericite wall
rocks. This mineral is intimately associated with
sphalerite, whose zoned grains contain abundant tiny
inclusions of stannite. It replaces resorbed grains of
cassiterite I as well. Stannite contains iron from 10.3 to
12.6 wt %. Admixtures of zinc and silver are detected
in this mineral. The silver content ranges from 0.4 to
5.8 wt %.

Stibnite is a relatively rare mineral. It is intimately
associated with quartz IV and forms patches in the
columnar-laminar aggregates. The mineral was
observed as euhedral intergrowths with native anti-
mony and hypogenic valentinite. It is formed together
with reniform-zoned aggregates of marcasite at
replacement of berthierite.

Marcasite and pyrite usually occur in association
with each other. Pyrite–marcasite aggregates are con-
centrated in cryptocrystalline quartz IV in massive sul-
fide ores and rarely in carbonate–quartz veins.
A pseudomorphic replacement of siderite and tiny

veinlets running along cleavage in siderite are found in
these veins. Pyrite occurs separately from marcasite in
quartz–sericite wall rocks in the form of cubic
metacrysts. Pyrite contains up to 1.44 wt % As.

Arsenopyrite is represented by three generations.
Arsenopyrite I forms coarse-grained aggregates in

zones of greisens and in massive and druslike milky-
white quartz. These aggregates are cataclased and
cemented by quartz III (Fig. 5c) bearing disseminated
sulfides, as well as by quartz IV. The replacement of
arsenopyrite I by silver sulfosalts was observed. Rims
of late arsenopyrite II around early arsenopyrite I were
also found. The composition of this mineral fluctuates
(Fig. 7): As content ranges from 42.9 to 46.0 wt % or
from 31.1 to 34.0 at. %. It contains up to 1.01 wt % Co
and 0.1–0.2 wt % Ni.

Arsenopyrite II was observed as fine-grained inter-
growths of rhomblike euhedral grains in quartz III.
It forms tiny lenses along contacts of quartz veinlets and
disseminated metacrysts in quartz–sericite wall rocks. 

The composition of arsenopyrite II varies (Fig. 7):
As content ranges from 40.3 to 44.3 wt %. An admix-
ture of 2.9 wt % Sb and Co up to 1.9 wt % was detected.
Some grains contain up to 0.4 wt % Ni. The mineral is
characterized by high sulfur content in comparison to
the stoichiometric formula of FeAsS: the (As + Sb)/S
ratio is <0.93. Of other significant trace elements, Pb,
Zn, and Sn (up to 0.3 wt %) were detected.

Arsenopyrite III occurs as fine-crystalline aggre-
gates. Grains possess prismatic and impressed rhomb-
like shape. This mineral is intimately associated with
quartz IV. Arsenopyrite III overgrows aggregates of
arsenopyrite I and II and scorodite, which contains
arsenopyrite II relics. Possibly, this indicates that an
arsenopyrite II oxidation preceded the deposition of
arsenopyrite III.

Arsenopyrite III varies in composition (Fig. 7). The
As and Sb content in this mineral ranges from 35.7 to
44.5 wt % and from 0.23 to 9.32 wt %, respectively.
A zonal distribution of high Sb concentration in the
arsenopyrite grains was established. A Co content of up
to 3.8 wt % was detected in zones with a high Sb con-
centration. Higher sulfur content and Fe deficit, relative
to the stoichiometric formula of FeAsS, were found.
Apparently, this evidences the true compositional vari-
ation of this mineral and is not a result of systematic
analytical errors (Bortnikov, 1993).

Sulfosalts

High contents of sulfosalts at the deposit often
define the economic value of ore bodies.

Tetrahedrite and freibergite1 are major silver-bear-
ing minerals of the deposit. Maximal sizes of these
minerals are <3–5 mm in cavities of quartz. Tetrahe-

1 Mineral containing more than 3.8 atoms of silver per formula is
referred to freibergite.

1

2

3

4

Fe + Co + Ni

Fe + C
o + N

i, ‡t. %

As + Sb S

34

33

3032 2834As + Sb, ‡t. %

Fig. 7. Chemical compositions of arsenopyrite from the
Kupol’noe deposit. (1) Arsenopyrite I, (2) arsenopyrite II,
(3) arsenopyrite III, (4) composition of stoichiometric arse-
nopyrite.
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drite occurs in intimate intergrowths with galena, stan-
nite, and, more rarely, with pyrargyrite. No evidence for
replacement between these minerals was found, indi-
cating their coeval crystallization. However, younger
tiny veinlets of pyrargyrite were observed in these min-
erals. Tetrahedrite is often associated with sphalerite.
It was deposited later than sphalerite, and commonly
overgrows its grains, without any signs of replacement
relationships. In contrast, a replacement of sphalerite
by freibergite is clearly observed. The freibergite rims
are formed around sphalerite grains. Sometimes, a
sphalerite grain is almost completely replaced.
Freibergite with silver content >40 wt % is encountered
in ores of the deposit (Table 2). It is younger than tetrahe-
drite and grains and their aggregates, which are overgrown
and cut by freibergite. Minerals are easily distinguished
under a microscope due to different relief and tint.

The chemical compositions of the minerals of the tetra-
hedrite–freibergite series, (Cu, Ag)10(Fe, Zn)2(Sb, As)4S13,
vary considerably (Fig. 8). They contain 13.52–50.41 wt %
Ag, 0.25–27.62 wt % Cu, 0.5–3.86 wt % Zn, and 3.09–
6.51 wt % Fe. Some grains contain up to 4.82 wt % As
and 1.37 wt % Sn. Silver prevails over copper in most
analyzed grains.

Silver sulfoantimonides: miargyrite, pyrargyrite,
and stephanite are principal silver minerals in the
deposit. Miargyrite prevails among them. These miner-
als occur as intimate ingrowths with each other. Pyrar-
gyrite is found in cavities in ankerite, where it forms
crystals 3–4 cm in size. Pyrargyrite and miargyrite are
often encountered in association with galena. They
overgrow each other, filling cavities.

The chemical compositions of the silver sulfoanti-
monides are variable. Copper amounting to 5.4 wt %
was detected in miargyrite. Bi admixture was found in
some grains of these minerals.

Silver and lead sulfoantimonides are diaphorite,
owyheeite, and andorite IV (Fig. 9).

Diaphorite (Pb2Ag3Sb3S8) and andorite IV
(PbAgSb3S6) are disseminated in galena. Their oval
inclusions in the galena aggregates are randomly dis-
tributed, and fine lenslike inclusions are confined to
cleavage in the host mineral (Fig. 5d).

Results of electron microprobe analysis evidence
the compositional variations in diaphorite that are com-
patible with the homogenization field found for its syn-
thetic analogue (Bortnikov et al., 1980).

Data points from electron microprobe analysis of
andorite IV are located around a figurative point of the
theoretical composition of this mineral, which corre-
sponds to PbAgSb3S6 . A deviation of the N value
(3.88–4.28) from theoretical was found (Table 3, anal-
yses 1–6). It characterizes a number of octahedrons in
galena-like slab in the crystal structure of this mineral
(Makovicky and Karup-Møller, 1977). The content of
the andorite component ranges from 89.2 to 98.9%.
The following contents of Fe and Sn were detected in
andorite: 0.55–0.9 wt % and 0.57–1.54 wt %, respec-
tively.

A bismuthian variety of andorite, in which anti-
mony is substituted for bismuth, was identified
(Table 3, analyses 7 and 8). Their empirical formulas
are as follows: Ag0.73Pb1.49Sb1.91Bi0.80S6.07 and

Table 2.  Chemical compositions of freibergite from the
Kupol’noe deposit (wt %)

Number 
under

the order
Ag Cu Fe Zn Sb S Total

1 50.41 0.25 4.82 0.95 23.81 20.07 100.31
2 49.35 1.02 4.37 0.91 22.63 20.44 98.72
3 50.83 1.27 4.75 0.77 23.20 18.57 99.39
4 50.13 1.19 4.07 0.61 24.07 19.56 99.63
5 49.91 1.30 4.03 0.91 24.59 19.03 99.77

0.4
0.4

Fe/(Fe + Zn), ‡t. %

Ag/(Ag + Cu), ‡t. %

0.6

0.8

1.0

0.2 0.6 0.8 1.0

Fig. 8. Fe/(Fe + Zn) vs. Ag/(Ag + Cu) plot for tetrahedrite–
freibergite minerals from the Kupol’noe deposit.

1
2
3
4
5
6
7
8

Diaphorite

Freieslebenite

Owyheeite

Andorite

50

40

30

20

10

50

40

30

20

10
70 60 50 40 30 20 10

Pb2S2, mol %

Pb2S2 (Sb + Bi)2S3

Ag2S

A
g 2

S,
 m

ol
 % (Sb + B

i)2 S
3 , m

ol %N = 5

N = 4N = 6

Fig. 9. Chemical composition of lead and silver sulfosalts
from the Kupol’noe deposit. (1) Diaphorite, (2) owyheeite,
(3) andorite, (4) Sb–gustavite, (5) phase III, (6) unnamed
phase, (7) freieslebenite, (8) theoretical compositions.
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Ag0.77Cu0.20Pb1.19Sb1.95Bi0.80S6.0. Calculated N values
are equal to 3.99 and 4.37, and x (a fraction of the
andorite component) is 74.4% and 88.2%, respectively.

Owyheeite (Pb10Ag3Sb11S28) is rarely encountered
as needle inclusions in ankerite. Its composition is
depleted in silver in comparison to its theoretical for-
mula, but falls in the compositional homogenization
field of this mineral (Moelo et al., 1984).

Some Ag–Bi–Pb–Sb–sulfosalts found were not
identified. Possibly, they are unknown members of the
lillianite homologous series (Table 3, analyses 9 and 10).
Calculated values of N and x (a fraction of the gustative
component) vary from 4.96 to 5.42 and 78.2 to 99.4%,
respectively. One of them corresponds to phase III
(Table 3, analysis 9) and was discovered by Mozgova
et al. (1989), while the second one (Table 3, analysis 10)
has no analogues.

The antimony-bearing sulfobismuthides of lead and
silver were found in a veinlet of manganosiderite as tiny
inclusions containing pink grains of native bismuth.
Among their aggregates, Ag-tetrahedrite and stannite
were observed. The principal mineral among sulfobis-

muthides is characterized by lower reflection and notice-
able bireflection. Other, more light, phases are observed
as tiny inclusions. The silver sulfobismuthides are
encountered in association with galena and silver sul-
foantimonides. Results of electron microprobe analysis
of the principal phase (Table 3, analyses 11 and 12) cor-
respond to Sb–gustavite, PbAg(Bi, Sb)3S6. Bismuth in
these minerals is substituted for antimony. Calculated
values of N and x (a fraction of the gustavite compo-
nent) are equal to 4.22 and 4.02, and 97.84 and
100.81%, respectively, and correspond to the idealized
values for gustavite (Makovicky and Karup-Møller,
1977).

Several grains of lead and silver sulfoantimonide that
were not previously described (Table 3, analyses 13–18)
were encountered in ores of the deposit. This mineral
contains more silver relative to that found in diaphorite.

Sulfostannates

Sulfostannates found in the deposit are franckeite,
hocartite, and canfildite, which are intimately inter-
grown with each other.

Table 3.  Chemical compositions of lead and silver sulfosalts from the Kupol’noe deposit (wt %)
N

um
be

r 
un

de
r

th
e 

or
de

r Sample 
number

Ore 
zone 

number
Mineral Ag Cu Fe Pb Sb Bi Sn S Total N x

1 185–86 10 Andorite 11.24 N.d. 0.76 23.07 41.23 N.d. 0.57 21.72 98.59 3.88 94.72

2 53–63 10 ″ 11.38 ″ 0.55 22.65 40.65 ″ 1.25 21.96 98.44 3.98 93.43

3 53–63 10 ″ 11.89 ″ 0.71 22.92 39.87 ″ 1.54 22.2 99.13 4.28 89.15

4 187–86 10 ″ 12.47 ″ 0.74 19.9 41.8 ″ 0.96 22.58 98.45 4.05 98.87

5 185–86 10 ″ 12.56 ″ 0.89 21.24 41.29 ″ 1.14 22.06 99.18 4.23 93.71

6 185–86 10 ″ 12.63 ″ 0.9 21.09 41.77 ″ 0.99 22.14 99.52 4.18 95.06

7 177–123 2 Bi–andorite 8.11 ″ N.d. 31.72 23.86 17.12 N.d. 19.97 100.78 3.99 74.40

8 177–123 2 ″ 8.66 1.33 ″ 25.61 24.68 19.13 ″ 20 99.41 4.38 88.20

9 61–88 2 III 9.02 1.19 ″ 30.17 25.58 14.49 ″ 19.2 99.65 4.96 78.20

10 177–123 2 Unnamed 12.68 0.81 ″ 16.21 13.37 36.29 ″ 18.56 98.92 5.42 99.37

11 177–123 2 Sb–gustavite 10.9 N.d. ″ 20.18 13.42 36.92 ″ 19.43 100.85 4.22 97.84

12 177–123 2 ″ 10.4 ″ ″ 19.3 11.86 39.37 ″ 19.45 100.38 4.02 100.81

13 1–803 1 Unnamed 28.47 ″ ″ 24.54 25.48 N.d. ″ 19.38 98.56 – –

14 94–86 1 ″ 27.94 ″ ″ 28.39 25.09 0.22 ″ 18.33 99.86 – –

15 535–87 1 ″ 27.88 ″ ″ 29.98 22.74 N.d. ″ 17.94 98.54 – –

16 541–10 2 ″ 27.84 ″ ″ 28.05 26.25 ″ ″ 17.82 99.96 – –

17 180–86 10 ″ 27.47 ″ ″ 29.04 25.25 ″ ″ 18.35 100.11 – –

18 202–69 21 ″ 27.53 ″ ″ 28.5 26.55 ″ ″ 17.43 100.01 – –

Note:  (according to Makovicky). N.d.—not detected.N –1 1
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Hocartite (Ag2SnFeS4) is the most widespread sul-
fostannate mineral. It forms relatively large (up to 1 cm)
aggregates filling in cavities in quartz III. It is most often
associated with galena occurring as inclusions in hocar-
tite. Corroded relic grains of cassiterite were found
among its aggregates. Its composition and X-ray pow-
der diffraction pattern correspond to the reference data
(Nekrasov et al., 1978).

Canfildite (Ag8SnS6), associated intimately with
stannite and franckeite, is rarely encountered in ores of
the deposit. It was deposited later than stannite as it
overgrows this mineral and penetrates into its grains along
microcracks. Canfildite contains trace concentrations of
Se (0.4–0.5 wt %) and, more rarely, Te (1.6 wt %).

Franckeite, Fe(Pb, Sn)6Sn2Sb2S14 occurs in associa-
tion with cassiterite. The franckeite aggregates contain-
ing the relic grains of cassiterite occur more often in
galena. Curved laminar aggregates and single lamina of
franckeite are usually replaced by cassiterite along their
margins and form inclusions in galena.

The chemical compositions of franckeite range
from 48.97 to 53.77 wt % Pb, from 10.7 to 11.82 wt %
Sb, from 10.56 to 13.66 wt % Sn, from 0.21 to 1.33 wt %
Ag, and from 2.06 to 2.62 wt % Fe. Trace amounts of
Cu (0.81 wt %) were detected in some franckeite sam-
ples. Results of electron microprobe analysis lie within
the compositional homogenization field of franckeite.

Lead sulfoantimonides: boulangerite (Pb5Sb4S11)
and jamesonite (FePb4Sb6S14) are considered to be lat-
est minerals. They form disseminated inclusions in
ankerite. Boulangerite was found in calcite as well.
Trace contents of Bi amounting to 1.08 wt % and Ag up
to 2.16 wt % were detected. Jamesonite contains
0.48 wt % Bi and 0.33 wt % Sn.

Chalcostibite (CuSb2S4) is a rare mineral. It usually
forms separate laminar grains. Small fine aggregates
are present in druslike quartz.

Berthierite (FeSb2S4) and gudmundite (FeSbS)
occur in quartz IV in association with stibnite. Acicular
aggregates of berthierite with inclusions of gudmundite
overgrow colloform quartz. Berthierite is replaced by
stibnite and marcasite aggregates.

MINERAL FORMATION SEQUENCE 
AND MINERAL ASSEMBLAGES

Diversity in textures and structures of ores evidence
a complicated dynamic environment of ore formation
and their hypogenous recrystallization.

Massive, druslike, and patchy fabrics of ores are
recorded in veins of gray metasomatic quartz and
milky-white arsenopyrite-bearing quartz. Banded fab-
rics, mainly composed of carbonates, quartz, and sul-
fides (Fig. 6c) are widespread. Multiple alternation of
siderite, sphalerite, and galena bands was observed.
The alternation of bands composed of the same mineral
(carbonate, quartz, or sphalerite), but different in color,
grain, shape, or size was recorded too.

The cataclastic and cementation fabrics are wide-
spread as well (Fig. 6b and d). They indicate that the ore
formation occurred in dynamically active faults. The
repeated opening of fractures caused the multiple cata-
clasis of mineral aggregates and led to the formation of
complex brecciated textures (Fig. 6a). Fragments of
milky-white quartz II and granodiorites are cemented
by fine-grained, and rarely, druslike quartz III bearing
galena and sphalerite. Fragments of these aggregates
are included in cryptocrystalline or zoned-colloform
quartz IV.

Crossing and cementation of milky-white druslike
quartz II by the quartz–carbonate–galena veins and
veinlets, and then by cryptocrystalline and zoned-collo-
form quartz IV (Fig. 6a), occur very often, while all the
earlier aggregates are cut by veinlets of hypogenous
jarosite.

Mineral intergrowths in ores are also diverse. Euhe-
dral texture of milky-white quartz and fine-grained
quartz, arsenopyrite and sphalerite, and enhedral inter-
growths of jarosite and quartz are widespread. Sphaler-
ite and ankerite were coevally crystallized form euhe-
dral textures. Mutual boundary intergrowths usually
characterize the co-crystallization of two or three min-
erals: freibergite and galena, stannite and chalcopyrite,
pyrargyrite and galena, and freibergite, stannite, and
pyrargyrite. Poikilitic ingrowths of galena in miargyrite
are common.

The sequential precipitation of minerals is clear at
filling in open spaces with the crystalline aggregates of
gangue minerals such as quartz and siderite. The open
spaces in these minerals are, in turn, filled in by later
gangue and opaque minerals. Spherolite and cockade
texture are typical as well.

The study of the spatial distribution, temporal rela-
tionships, and textural and structural features among
different mineral aggregates and metasomatic alter-
ations of enclosing rocks suggests that the deposit has
been formed as a result of repeated hydrothermal activ-
ity. This led to the spatial telescoping of three types of
mineralizations, namely rare metal (tin–tungsten), tin–
silver–base metal, and silver–antimony mineraliza-
tions. The different mineralizations are confined to the
different tectonic fractures. Each of them is character-
ized by the definite combination of the mineral assem-
blages and is accompanied by the metasomatic alteration
that is intrinsic to a certain mineralization type only.

Rare Metal Mineralization

The rare metal (tin–tungsten) mineralization is con-
trolled by sublatitudinal and northeasterly-trending
faults, and is the early one. The sublatitudinal faults
control zones of intense greisenization of host rocks
which resulted in the formation of quartz–muscovite
halos in granodiorites and tourmaline–quartz halos in
hornfelses, while the northeasterly-trending faults
enclose cassiterite–arsenopyrite veins and veinlets.
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Tin–Silver–Base Metal Mineralization

The tin–silver–base metal mineralization is exclu-
sively located in the northeasterly- and northwesterly-
trending faults. This mineralization was formed after
intense fracturing of rare metal mineral aggregates. An
intense development of the quartz–carbonate–pyrite–
sericite wall rocks preceded the formation of the tin–
silver–base metal mineralization. Then, the crystalliza-
tion of carbonates filling open fractures occurred. The
rhythmically banded fabrics of veins are caused by the
alteration of the variously colored zones and composi-
tionally different carbonates. These minerals are the
earliest ones among the tin–silver–base metal mineral-
ization. They are usually located near selvages of veins.
Sometimes, they occur as individual veinlets at flanks
of ore bodies in places of their pinching out. This
assemblage is followed by that of cassiterite–arsenopy-
rite–quartz (Fig. 5b). The finding of fragments of man-
ganosiderite and rare tiny veinlets of quartz III in the
quartz–arsenopyrite–quartz mineral aggregates indi-
cates a local intraore cataclasis.

The chalcopyrite–sphalerite–galena–quartz assem-
blage was formed later and overgrows their rhythmi-
cally banded cassiterite–arsenopyrite–quartz aggre-
gates. The following sequence of bands is characteristic
of banded mineral aggregates: cassiterite–sphalerite–
quartz one  galena–sphalerite–quartz one 
quartz–chalcopyrite–stannite–sphalerite–galena one 
chalcopyrite–stannite–sphalerite–galena one. Each of
them is considered as a single paragenetic mineral
assemblage. A gradual decrease of the sphalerite role,
an increase in galena, and an appearance of carbonate
are established toward late bands. Changing in the
chemical composition of minerals inside the bands was
also recorded. Thus, the Fe and Mn contents decrease
in sphalerite. The Ag concentration increases in stan-
nite and galena. It was found that early mineral aggre-
gates are more widespread at deep levels, while latest
mineral aggregates are more abundant at upper levels.
Galena is the predominant mineral at upper levels.
Sphalerite dominates at deep levels of ore zones 1, 2,
and 18.

The galena–freibergite–pyrargyrite assemblage
composes, as a rule, central parts of ore bodies. Dia-
phorite, miargyrite, and ankerite are quite often in this
assemblage. Increasing of the amount of these minerals
improves the economic value of the ores. In some
places silver grade amounts to 3–6 kg/t.

The crystallization of the marcasite–ankerite assem-
blage completes the formation of this mineralization.

In general, the deposition of minerals from this style
of ores occurred after the following scheme of: oxides–
sulfides–silver sulfosalts–tin and silver sulfosalts–sul-
fides–oxides. The crystallization of carbonates begins
and completes the process of the formation of the tin–
silver–base metal ores.

Silver–Antimony Mineralization

Silver–antimony mineralization is mainly located in
the sublatitudinal faults and in diagonal fracture system
adjacent to sublatitudinal faults. As a rule, it is spatially
separated from earlier mineral aggregates. Rare metal
and tin–silver–base metal mineralizations are cut and
cemented by silver–antimony mineral aggregates,
being telescoped on each other. The silver–antimony
mineralization was formed after intense cataclasis and
fracturing of mineral aggregates described above. As a
result, the brecciated fabrics originated because frag-
ments of rare metal ores were cemented with the silver–
base metal aggregates, which, in turn, were cemented
by quartz–sulfosalt aggregates. The argillization pre-
ceded the formation of silver–antimony mineralization,
while at deep levels, adularization accompanied this
ore type. These processes were most intensive at over-
printing onto the quartz–sericite wall rocks, and unsta-
ble under new conditions. The filling of veins by silver–
antimony ores commenced with the formation of arse-
nopyrite–marcasite–quartz association. Quartz com-
poses nearly 99 vol % of these veins. The zoned-collo-
form and combshaped-festoon fabrics are typical of
this quartz. Fine arsenopyrite crystals are disseminated
near vein selvages. Rare plate aggregates of marcasite
are encountered across the complete vein thickness.
There was a tendency in changing of arsenopyrite +
marcasite + quartz mineral aggregates through the mar-
casite + quartz aggregates to quartz aggregates in an
upward direction.

The galena–pyrargyrite–freibergite association forms
small patches in quartz–arsenopyrite–marcasite veins.
They occupy about 0.5 vol %. Cryptocrystalline and
fine druslike quartz (up to 30 vol %) was found in dis-
seminated freibergite–pyrargirite aggregates. Silver
grade amounts are 2–4 kg/t in such areas.

The stibnite–berthierite–calcite assemblage occurs
very rarely. Calcite is a predominant mineral, while
boulangerite and chalcostibite are found sporadically.
Calcite is often separated from sulfides and sulfosalts.
This assemblage fills open spaces in the quartz vein.

The quartz–dickite–jarosite assemblage is encoun-
tered in small cavities and forms veinlets of <10 cm
thick crossing, and sometimes cementing, early-depos-
ited mineral aggregates.

FLUID INCLUSIONS

Fluid inclusions in quartz of different generations
were studied. Microthermometric measurements were
carried out on doubly polished wafers using techniques
described by Borisenko (1977). One hundred thirty-
four individual fluid inclusions from 12 specimens
were examined.
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Characterization of Fluid Inclusions

Three types of fluid inclusions were distinguished
according to their phase composition at a room temper-
ature. Type I are two-phase (L < V) fluid inclusions fill-
ing mainly with vapor phase. Their sizes are 15 to 5 µm
and less. Type II are two-phase inclusions containing
liquid and a vapor bubble, where the liquid phase pre-
vails over the vapor phase. Type III are three-phase
fluid inclusions containing solid (>5 µm), liquid, and
vapor phases. The simultaneous entrapment of fluid
inclusions characterized by variable ratios of liquid and
vapor phases is possible evidence for vapor phase sep-
aration from mineral-forming fluids (Roedder, 1984).

Primary and secondary fluid inclusions were
recorded. Primary inclusions are those that are clearly
confined to the definite crystallographic planes of the
mineral-host, to growth zones in quartz, and randomly
distributed over grains of this mineral (Ermakov, 1972;
Roedder, 1984). Fluid inclusions healing cracks in
quartz were referred to the secondary fluid inclusions.
Special attention was paid to the examination of pri-
mary inclusions in minerals.

Quartz I and II contain abundant fluid inclusions of
types I and II. Small type III fluid inclusions (5–15 µm)
are often encountered in these minerals. The solid
phase found in them is identified as halite. Sometimes,
they contain poorly soluble enhedral solid phase of tab-
ular or plate shapes. The secondary inclusions are
mainly found in quartz I and II. Clusters of primary
fluid inclusions were found in these minerals as well.
Type I and III fluid inclusions were recorded in the
same growth zones of quartz crystals. This is evidence
for their simultaneous entrapment. In turn, this indi-
cates that quartz I is crystallized from a “boiling” fluid
(Bodnar et al., 1984). Sometimes a zoned distribution
of primary fluid inclusions is distinguished in small
crystals of early quartz (specimens 221-86). Usually
they are referred to the type II fluid inclusions.

The zoned distribution of fluid inclusions was found
in the individual crystals of quartz III (Fig. 10). The
inner zones of crystals contain relatively large (up to
20 µm in size) pseudosecondary and primary two-
phase fluid inclusions. These fluid inclusions are
located separately from each other or as clusters of sev-
eral fluid inclusions. The outer zones are densely satu-
rated with small primary fluid inclusions. Their sizes
are, as a rule, less than 15 µm along a long axis.

Quartz IV contains two-phase fluid inclusions and
displays the zoned structure as well.

Microthermometric Measurements

Heating of fluid inclusions has shown that the gen-
eral temperature range of homogenization of fluid
inclusions is from 125 to 450°ë (Table 4, Fig. 11). Type
I and III fluid inclusions in early quartz were homoge-

nized at higher temperatures varying from 285 to
450°ë. It should be noted that the type I and III fluid
inclusions containing solid phase were homogenized at
the same temperature. This indicates the deposition of
quartz I from the “boiling” fluid as well. Lower homog-
enization temperatures of 150 to 225°ë were measured
for the type II fluid inclusions from specimens of zoned
crystals of quartz (samples 221-86). Possibly, these
zones are relatively late generations of quartz over-
growing earlier quartz. In this case, the measured tem-
peratures characterize the temperatures of the entrap-
ment of a late fluid.

Fluid inclusions in quartz III and IV are homoge-
nized at 125 to 210°ë and 135 to 280°ë, respectively
(Table 4, Fig. 11). A decrease in the homogenization
temperature of fluid inclusions from the inner zones to
the outer ones was recorded.

Type III fluid inclusions contain high-concentrated
chlorine solutions that follows from the occurrence of
salt solid crystals in them. The low eutectic tempera-
tures of –66 to –62°ë indicate the presence of a notice-
able FeCl2 amount in addition to NaCl that predomi-
nates in solution (Borisenko et al., 1990, 1997; Boro-
vikov, 1995). The total salt concentration of the
capsulated solutions was estimated using melting tem-
perature of freezed phase (Borisenko, 1977). No
replacement of halite by the NaCl crystallohydrate was
observed. Thus, a solid phase crystallized at freezing of
fluid inclusions was conditionally identified as ice.

2

1

Fig. 10. Zoned distribution of fluid inclusions in crystals of
quartz III. (1) Outer zone, (2) inner zone.
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Temperature of melting initiation of this phase is con-
sidered as eutectic temperature (Fig. 12a). Solubility of
the halite crystals in fluid inclusions occurred at 255
to 315°ë. Hence, the total salt concentration in solu-
tions of the type III fluid inclusions is of 36 to 38 wt %
CaCl2 + NaCl-equiv.

In the type I and II fluid inclusions, ice melts at tem-
peratures of –5 to –2°ë (Table 4, Fig. 12b). Low eutec-
tic temperatures ranging from –66 to –62°ë and from

−44 to –42°ë, which are measured for these fluid inclu-
sions, indicate a multicomponent composition of the
trapped fluid. The total salt concentration estimated
using ice melting temperature varies from 9.2 to 3.3 wt %
NaCl-equiv (Bodnar, 1993).

The ice melting temperature in fluid inclusions in
quartz III and quartz IV range from –2 to –6°ë and
from –5 to –2°ë, respectively. A weak ice melting is
noticeable at heating of many fluid inclusions at –58 to
–57°ë. However, the intense ice melting in most of
them occurs at –38 to –32°ë. Thus, an increase in speed
of ice melting in the liquid existing in inclusions was
recorded at –38 to –32°ë. These phenomena character-
ize the behavior of multicomponent saline solutions at
low temperatures. The initial temperature of ice melt-
ing of –58 to –57°ë in low concentrated solutions is
close to eutectic temperatures in the water–salt systems
containing FeCl2 (–68 to –64°ë) and CaCl2 (–55 to
−49.8°ë). Thus, solutions contain NaCl as a dominant
salt and minor FeCl2 and CaCl2 constituents. Salt con-
tent of 9.2 to 3.3 wt % NaCl-equiv in solutions trapped
in fluid inclusions from quartz III is higher than that cap-
sulated in fluid inclusions in quartz IV (7.9 to 3.3 wt %
NaCl-equiv). Condensation of vapor phase in fluid inclu-
sions from quartz III and IV does not even occur with
their freezing to –197°ë, indicating their low density.

Table 4.  Results of the microthermometric study of fluid inclusions in quartz from silver ores of the Kupol’noe deposit

Number 
under 

the order

Sample 
number Generation Phase

composition

Homogenization
temperature, °C Melting temperature, °C Concentration,

wt % NaCl-equiv
vapor halite eutectic ice

1 186–69 1.2 L < V 400–450(7) – –64…–62(7) –3…–2 4.9–3.3

2 186–69 1.2 L + V + S 440–290(14) 315–255(14) –64…–62(5) ~–40 ~36–38

3 188–69 1.2 L + V + S 310–285(12) 265–255(12) –66…–64(6) ~–40 ~36

4 221–86 1.2 L + V 225–150(7) – –44…–42(6) –5…–4 7.9–6.4

L + V 155–150*(7) – – – –

5 114–2–86 3 L + V 210–205(5) – –36…–34(6) –3…–2 4.9–3.3

6 196–86 3 L + V 185–140(18) – –34…–32(7) –6…–5 9.2–7.9

7 195–86 3 L + V 175–165(12) – –34…–32(5) –5…–4 7.9–6.4

L + V 135–125*(5) – – – –

8 535–87 3 L + V 140–150(4) – –34…–32(3) –3…–2 4.9–3.3

9 458–87 4 L + V 250–280(11) – –36…–34(7) –5…–4 7.9–6.4

(–58…–57)**

10 529–87 4 L + V 180–170(9) – –34…–32(8) –4…–3 6.4–4.9

L + V 155–135*(6) – – – –

11 127–86 4 L + V 175–160(6) – –38…–36(6) –3…–2 4.9–3.3

12 160–69 4 L + V 168–135(11) – –36…–35(6) –5…–4 7.9–6.4

Note: The number of measurements is given in brackets. 
* Fluid inclusions from outer zones of crystals. 

** Effect of weak ice melting.
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Fig. 11. Histograms for homogenization temperatures of
fluid inclusions in quartz from the Kupol’noe deposit.
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STABLE S, O, AND C ISOTOPES
A study of stable isotopes of sulfur, carbon, and

oxygen in sulfides, oxygen and carbonates was based
on monomineralic separates. These separates were
hand picked using a binocular microscope, and the
purity of analyzed material was more than 95%. Anal-
yses were made using standard techniques and their
results are, given as δ values, refer to international stan-
dards (Kyzer, 1987).

Oxygen Isotopes in Quartz

The δ18O values of quartz range from +2.3 to +11‰
(Fig. 13). The δ18O values of quartz I, II, III, and IV are
+6.2 to +7.9‰, +7.1 to +8.9‰, +2.3 to +5.5‰, and
+8.3 to +11.0‰, respectively. The narrow ranges of
isotopic composition found for each generation of
quartz should be noted. Their isotopic compositions are
different because the higher δ18O values are character-
istic of quartz IV, while the lowest values were found
for quartz II.

ëarbon and Oxygen Isotopes for Carbonates

The δ13C values of carbonates range from –15.0 to
−5.6‰ (Fig. 14a). The δ13C values of different carbon-

ates differ a little from each other, and most of them
correspond to –14.4 ± 3‰, because only the two values
of –9.2 and –5.6% are beyond this range. This suggests
that the carbon isotopic composition did not noticeably
evolve.

The δ18O values of carbonates range from +17.4 to
+29.2‰ (Fig. 14b). The figures obtained for siderite
are +21.4 to +23.5, those of ankerite vary from +18.2 to
+29.2%, and those of calcite fall between +17.4 and
+26.4‰. The greatest variations are characteristic for
the oxygen isotopes in minerals of the ankerite–dolo-

0
–40

n

Temperature, °ë

4

8

12

16

–30 –20 –10 0

(b)

0
–65

n
14

6

–60 –50 –40 –35

(a)

4

12

10

8

2

–70 –55 –45 –30

Quartz I, II
Quartz III
Quartz IV

Fig. 12. Eutectic (a) and ice melting (b) temperatures in
fluid inclusions in quartz from the Kupol’noe deposit (n =
number of analyses).
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Fig. 13. Histograms for the δ18O values in quartz from the
Kupol’noe deposit.
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Fig. 14. Histograms for the δ13C (a) and δ18O (b) values for
carbonates from the Kupol’noe deposit. (1) Siderite, (2) anker-
ite, (3) pyrite, (4) pyrrhotite.



460

GEOLOGY OF ORE DEPOSITS      Vol. 43      No. 6      2001

GAMYANIN et al.

mite series. The δ18O values of other minerals are clus-
tered within a narrow range.

Sulfur Isotopes in Sulfides

The isotopic compositions of pyrite, galena, and
sphalerite sampled from different zones and ore bodies
and pyrrhotite from granodiorite are given as histo-
grams (Fig. 15). The δ34S values of sulfides range from
–4.2 to +6‰. The δ34S values obtained for pyrrhotite
are –1.1 to +1.8‰, those for pyrite I, II, and III are +1.5
to +4.5‰, –0.3 to +0.8‰, and –4.2 to –0.1‰, respec-
tively, and figures obtained for galena and sphalerite
range from +1.8 to +6.0% and –2.4 to +4.9‰, respec-
tively. It can be noted that the δ34S values lie in a rather
narrow range. Most data points measured fall in the
field of 0 ± 2%. A slight increase of δ34S values for
sphalerite is recorded. Possibly, this is caused by the
sulfur isotope fractionation during sphalerite crystalli-
zation because a heavy sulfur isotope is preferably
incorporated into its crystal structure (Ohmoto, 1972).

The most considerable variations of the sulfur iso-
tope ratio were found in pyrite and galena. The varia-
tions of δ34S values were recorded for the same gener-
ation of galena, while pyrite of different generations
displayed a changing of the sulfur isotope ratio. The
highest δ34S values were obtained for pyrite associated
with quartz I from quartz–muscovite–tourmaline meta-
somatic assemblage, while the lowest one is character-
istic for pyrite III from the tin–silver–base metal ores.
The δ34S values of pyrite II associated with quartz II
from the quartz–tourmaline veins which lie within an
intermediate range.

Fluid Isotopic Composition

The stable isotope ratio in the mineral-forming fluid
was calculated using established approaches and equa-

tions of the fractionation of stable isotopes between
minerals and fluid constituents in hydrothermal sys-
tems (Field and Fifarek, 1985; Ohmoto, 1986; Shep-
pard, 1986). These calculations are based on the
assumption that isotopic equilibrium between the crys-
tallizing minerals and the fluid was attained and no
postdepositional changes in the sulfide isotopic compo-
sitions occurred. The results of measurements of the
isotopic compositions and homogenization tempera-
tures of fluid inclusions were used for these calcula-
tions.

The oxygen isotopic composition of water that is a
major constituent of the hydrothermal fluid was calcu-
lated in the quartz–water system using the following
equation:

(1)

where T is Kelvin temperature in this and following
equations.

The homogenization temperatures of fluid inclu-
sions in quartz I and II are from 285 to 450°ë. There-
fore, the δ18  value was calculated for 350°ë and
was equal to +4 ± 2‰. As a result of CO2 separation to
the vapor phase at the temperature and pressure drop,
the δ18O value in the residual fluid is decreased (Bow-
ers, 1991). Apparently, the fluid can be richer in a heavy
oxygen isotope before phase separation. Fluid inclu-
sions in quartz III were homogenized at 125 to 185°ë.
The temperatures of their entrapment at quartz crystal-
lization were probably higher. Hence, the δ18

value calculated at 200°ë was equal to –8 ± 3‰. Fluid
inclusions in quartz IV were homogenized at 135 to
280°ë, therefore the oxygen isotopic ratio was calcu-
lated at 275°ë. The values obtained fall in the field of
+2 ± 2‰.

Carbon isotope composition in the hydrothermal
fluid was calculated assuming that isotopic equilibrium
between the fluid and minerals deposited has been
attained at temperatures of 140 to 185°ë, and CO2 dis-
solved in the fluid was a predominant carbon species.
This assumption is based on buffering the pH value at
five due to the replacement reaction of K-feldspar by
quartz and sericite during the formation of metasomatic
wall rocks. H2CO3 is a predominant carbon species in
such solutions. As δ13  ≈ δ13  (Ohmoto,

1972), the following fractionation equations were used:

(2)

(3)

(4)

∆quartz-H2O 1000 αln 3.34 106/T2( )× 3.31,–= =

OH2O

OH2O

CCO2
CH2CO3

∆siderite-CO2
1000 αln 0.861 106/T2 0.82,+×= =

∆calcite-CO2
1000 αln 2.988 106/T2( )×= =

– 7.666 103/T( ) 2.461,+×

∆calcite-CO2
1000 αln 3.168 106/T2( )×= =

– 7.666 103/T( ) 2.631.+×
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Fig. 15. Histograms for the δ34S values for sulfides from the
Kupol’noe deposit. (1) Galena, (2) sphalerite, (3) pyrite,
(4) pyrrhotite.
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The δ13  of the fluid which deposited siderite
was found to be –20 ± 1‰. These values can vary from
–10.2 to –17.6% for fluid equilibrated with ankerite,
and to be equal to –14.5‰ for the fluid in equilibrium
with calcite.

Proceeding from the assumption that δ34SΣS ≈
δ34 , we calculated the sulfur isotopic composition
in the fluid equilibrated with sulfides. The following
equations of the H2S fractionations between sulfides
were used:

(5)

(6)

(7)

The δ34  value for the early fluid was calculated
using the pyrite I isotopic composition. It was found
that it is close to 0 ± 3‰. The sulfur isotope ratio in the
fluid deposited sphalerite and galena at 125 to 185°ë
varied from +0.6 to +8.9‰ in equilibrium with galena
and from +1.2 to +5.5‰ in equilibrium with sphalerite.
The δ34  value of the fluid equal to about +3 ± 2‰
can be accepted. The sulfur isotope composition of the
fluid which precipitated silver–antimony mineraliza-
tion was calculated from the δ34S values obtained for
pyrite from this association. The δ34  values equili-
brated with pyrite corresponds to – 1 ± 2‰.

FORMATION CONDITIONS OF THE DEPOSIT

Data on the textural and structural relationships
among mineral aggregates, mineral composition of
metasomatic wall rocks and ores, mineral chemistry,
composition of fluid inclusions and stable isotope ratios
in minerals allow us to constrain mineral formation
conditions and composition of mineral-forming fluids,
and to propose a hypothesis on sources of the fluids and
their constituents responsible for the formation of the
various mineralization types found in the deposit.

The formation of rare metal mineralization com-
menced with the greisenization of host rocks. The
characteristic reaction at this alteration is a hydrolysis
of K–feldspar and its replacement for the quartz–seric-
ite aggregate:

(8)

The reaction occurs with a proton consumption that
indicates the neutralization of the acid fluid at its inter-
action with the host rocks. Rafal’skii (1987) calculated

CCO2

SH2S

1000 αln δ34Spyrite δ34SH2S– 0.4 106/T2( )× ,= =

1000 αln δ34Sgalena δ34SH2S–=

=  0.63– 106/T2( )× ,

1000 αln  = δ34Ssphalerite δ34SH2S–  = 0.1 106/T2( )× .

SH2S

SH2S

SH2S

3KAlSi3O8 K-feldspar( ) 2H++

=  KAl3Si3O10 OH( )2 sericite( )

+ 6SiO2 quartz( ) 2K+.+

that the pH value of a solution equilibrated with this
assemblage at 400°ë, pressure of 1 kbar, and a 1 molar
total concentration is of 4.1. This assumes that the ini-
tial mineral-forming fluid had low pH.

The deposition of wolframite and arsenopyrite can
be described by the following reactions:

H2  + Fe  = FeWO4(wolframite) + 2HCl0, (9)

(10)

A release of H+ or HCl0 occurs at the wolframite
crystallization, but the temperature drop plays a more
significant role (Heinrich, 1990). Reaction (10),
describing the congruent solubility of arsenopyrite,
depends mainly on oxygen activity rather than temper-
ature (Heinrich and Eadington, 1986). Decrease of oxy-
gen activity stimulates the crystallization of arsenopy-
rite. Both reactions result in the interaction of metal
transported by the fluid and iron released from host
rocks. Taking into account a low grade of both these
minerals in the altered rocks, the mixing of the fluid, fil-
tered through rocks with the earlier fluid equilibrated
with this rock during its replacement at the boundary
between different metasomatic zones, can be assumed
to have resulted in the crystallization of wolframite and
arsenopyrite.

The crystallization of the arsenopyrite–cassiterite
assemblage can occur due to the following reaction:

3Sn  + 2H3As  + 2Fe  + 2H2S0 

= 3SnO2(cassiterite) + 4FeAsS(arsenopyrite) (11)

+ 2O2 + 4HCl° + 8H2O,

if redox–oxidation conditions are controlled by the
reactions between component migrating in the fluid
(Heinrich and Eadington, 1986). The thermodynamic
simulations made by these authors have shown that the
deposition of cassiterite may be described by the fol-
lowing reaction:

, (12)

which is caused by the reduction of the mineral-forming
fluid. The reaction of the arsenopyrite crystallization can
be a result of this reduction. Temperatures between 320
and 400°ë and  equal to 10–30 to 10–35 bars are the
most favorable conditions for the cassiterite deposition.

The rare metal mineralization was deposited in the
mineral-forming system where two fluids simulta-
neously circulated. One of them was a high-concen-
trated (36–38 wt % NaCl +CaCl2-equiv) aqueous brine,
which contained predominantly NaCl and minor CaCl2
and FeCl2 amounts. The second fluid was vapor-rich.
The vapor phase consisted of CO2 and CH4 . The liquid

WO4
0 Cl2

0

4FeCl2
0 4H2S0 4H3AsO3

0+ +

=  4FeAsS arsenopyrite( ) 2O2 4HCl0 8H2O.+ + +

Cl2
0 O3

0 Cl2
0

SnCl2
0 H2O 0.5O2+ +

=  SnO2 cassiterite( ) 2H+ Cl–+ +

f O2
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phase was a dilute fluid with the salinity of 3.3 to 4.9 wt %
NaCl-equiv. The mineral crystallization occurred at
285 to 450°ë as the homogenization temperature of
fluid inclusions may be considered as true mineral for-
mation temperatures. The presence in zoned crystals of
quartz of fluid inclusions homogenized at lower tem-
peratures suggests that temperature and the concentra-
tion of the mineral-forming solutions decreased during
mineral formation of the tourmaline–cassiterite–quartz
assemblage. A source of these fluids cannot be unam-
biguously identified based on the oxygen isotope ratio
in water. The δ18O values of +4 ± 2‰ are lower than
those of the +5.5 to +9.5‰ ascribed to typical mag-
matic water. The chemical and isotopic compositions of
the fluids are mainly identical to those responsible for
the formation of tin deposits (Heinrich et al., 1989). Its
depletion in the heavy isotope relative to a magmatic
fluid possibly resulted from the following processes:
(1) the fluid/rock interaction; (2) the phase separation
of the fluid, or (3) the involvement of the isotopically
light meteoric water in the mineral-forming systems.
The study of fluid inclusions has shown that the last two
phenomena occurred at the crystallization of quartz I
and II. The covariant temperature and fluid salinity
decreasing indicates the mixing of the high-concen-
trated fluid with diluted cold water of meteoric origin
(Roedder, 1984).

Brines may be formed during evolution of a fluid
exsolved from granite magma at its crystallization. In
this case, the separation of single-phase supercritical fluid
with moderate salt concentration (~8 wt % NaCl-equiv),
or the liquid saline aqueous phase with high density and
the vapor low saline phase occurs (Burnham, 1979;
Fournier, 1987). The vapor phase with low salt content
and high-concentrated fluid (up to 55 wt % NaCl-equiv)
is formed at the phase separation of the low-saline fluid
(Henley and McNabb, 1978; Sinohara and Hedenquist,
1997).

The sulfur isotope ratio of 0 ± 3‰ in the fluid which
deposited the rare metal ores corresponds to the δ34S
values typical for mantle or magmatic sulfur (Ohmoto,
1986).

The above consideration suggests that the fluid
related to the granite magmatism was involved in the
formation of the rare metal ores. Possibly, at the ore for-
mation site, it was mixed with the fluid formed due to
the evolution of meteoric water. Sulfur could be
directly introduced from a magmatic chamber or
leached from host magmatic rocks.

The formation of the tin–silver–base metal mineral-
ization and the adjacent quartz–sericite wall rocks
occurred after the intense brecciation of the products of
the first megastage. The later crystallization of the cas-
siterite–arsenopyrite–quartz mineral aggregates rela-
tive to the carbonate–sulfide ore indicates a drastic
change in the mineral-forming conditions. The rare
quartz III tiny veinlets and the manganosiderite frag-
ments in the carbonate aggregates testify to the intraore

cataclasis. Further on, the cassiterite–arsenopyrite–
quartz assemblage was changed by the chalcopyrite–
sphalerite–galena–quartz one, and then by galena–
freibergite–pyrargyrite, galena–hocartite–franckeite, and
the latest marcasite–ankerite assemblage. A rhythmical
opening of fractures, inflowing of the compositionally
variable fluids, and changing in mineral crystallization
conditions are typical features of the carbonate–base
metal mineralization.

The formation temperature of quartz–sericite rocks
and the  ratio in the hydrothermal fluid

were estimated using the composition of sericite coex-
isting with different minerals. The T°ë vs.

 plot of the satiability fields for quartz-

bearing assemblages, mica, and chlorite with the AlIV

isopleths was used for this purpose (Kol’tsov, 1992).
We assume that a monovariant reaction of the replace-
ment of K-feldspar for quartz and muscovite was char-
acteristic for formation conditions of the quartz–seric-
ite wall rocks. The association of K–feldspar, sericite
containing 0.76 atoms of AlIV per formula, and quartz
in these rocks could be formed in outer zone at 275 to
290°ë and an  value of 4.65 to 4.8 in the

hydrothermal fluid. The intermediate zone, where
sericite contains 0.81 to 0.82 atoms of AlIV per formula,
was formed at 290 to 305°ë and an  value

of 4.55 to 4.65. Minerals from the inner feldspar-free
zone, where sericite contains 0.84 atoms of AlIV per
formula crystallized below 285 to 350°ë at the

 value of 4.5 to 4.6 in the hydrothermal

solution. Thus, the formation of the quartz–sericite wall
rocks occurred at 275 to 350°ë at an interaction of host
rocks, and the hydrothermal fluid had an 

ratio of 4.5 to 4.8. The temperature and acidity of the
mineral-forming fluid were decreased from the inner to
outer zone in the alteration halo.

Quartz from the carbonate-quartz–sulfide veins was
deposited from low-temperature solutions. The homog-
enization temperatures of fluid inclusions in this min-
eral are 125 to 185°ë. These values may be considered
as the minimal temperatures of the quartz deposition, as
the estimation of true mineral formation temperature
requires a pressure correction of the measured values
(Roedder, 1984). The homogenization temperatures of
fluid inclusions which trapped the “boiling” fluid may
be considered as true temperatures. No direct evidence
for quartz deposition resulting from the “boiling” fluid,
nor the coexisting vapor-rich and liquid-rich fluid
inclusions, has been recorded. However, we suppose
that fluid boiling played an important role in the forma-
tion of the quartz–carbonate–sulfide veins. The escape
of gaseous CO2 from the fluid led to the voluminous
deposition of carbonates due to a temperature drop
from 280 to 245°ë and a pH increase (Reed and Spy-
cher, 1985). Other phenomena such as the temperature
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and pH decrease at the conductive cooling of the fluid
are not the effective mechanisms in the carbonate pre-
cipitation. An occurrence of cavities in the carbonate
aggregates filled in by later minerals evidence fluid
boiling. These cavities are inferred to have trapped gas-
eous bubbles responsible for the crystallization of the
late minerals. It may be supposed that the escaped CO2
was incorporated into deposited carbonates. Fluid inclu-
sions in quartz could predominantly entrap the aqueous
phase due to different wettability (Alekhin, 1985).

Fabrics of the carbonate–quartz–sulfide veins are
similar to the rhythmically banded veins in epithermal
deposits of precious metals. Their formation is accom-
panied by multiple reopening of fractures resulting in
fluid “boiling” and a volatile escape, mainly of CO2.
This phenomenon caused the mineral deposition and
fracture sealing. New fluid pulses ascending from the
abyssal zones of a hydrothermal system to a near-sur-
face environment “boiled” again due to the fluid over-
pressure on the lithostatic load of host rocks (Heden-
quist and Henley, 1985; Fournier, 1987; Henley and
Hughes, 2000). This resulted in the fracture formation
and cataclasis of previously deposited minerals.

The concentration of dissolved salts in the fluid was
from low to moderate (3.3 to 9.2 wt % NaCl-equiv).
NaCl was predominant among them, while CaCl2 and
FeCl2 were subordinate species.

The oxygen isotope ratio in this fluid (δ18O = –8 ± 2‰)
suggests that a heated meteoric water was its important
constituent. Carbon in the fluid was considerably
depleted in the δ13C isotope (δ13C = –14 to –20‰). The
chromatographic gas analysis has shown the presence
of methane in the gaseous phases in fluid inclusions.
However, rather high methane content in the fluid is
required to provide a sufficient isotopic shift. Such δ13C
values may indicate an involvement of organic carbon
in the ore formation (δ13CC up to –30‰) (Field and
Fifarek, 1985). It could be leached from granite enclos-
ing graphite segregations and from terrigenous rocks
containing the carbonaceous matter. Therefore, the car-
bon isotope shift to the 13C isotope depletion may be
caused by the presence of isotopically light methane and
carbon incorporated by fluid at its interaction with these
rocks. The sulfur isotope ratio (δ34  = –1 ± 2‰) is
typical for magmatic or mantle sulfur. The data
obtained indicate that the mineral-forming fluid which
deposited the silver–base metal ores was a heated mete-
oric water bearing methane and carbon dioxide leached
from magmatic and sedimentary rocks. Sulfur hydro-
gen possibly derived from magmatic host rocks as well.

The intense cataclasis and fracturing of the mineral
aggregates of early mineralization types preceded the
formation of the silver–antimony mineralization. The
mineral-forming process initiated from the argillization
of host rocks. This process occurred most intensely at
the overprinting onto the carbonate-bearing facies of

SH2S

quartz–sericite rocks because their minerals were
unstable under these conditions.

The stability of argillized rocks is controlled by the
following reaction:

2KAl2(AlSi3O10)(OH)2 + 3H2O + 2H+

= 3Al2Si2O5(OH)4 + 2K+. (13)

The pH value was <3 at 250°ë and the K+ molality
of 1 that resulted in the acid alteration of host rocks,
leaching of SiO2 from feldspars and other silicates, and
its dissolution in the fluid that became oversaturated
relative to quartz and amorphous silica (Fournier,
1985). The fluid neutralization at its boiling and the
CO2 escape caused the silica precipitation.

Textural–structural features of quartz veins indicate
that they were formed from the fluid oversaturated with
quartz and, possibly, with amorphous silica. This con-
clusion follows from colloform and concentrically
zoned quartz indicating the existence of numerous
crystallization centers. Such fabrics are typical for epi-
thermal deposits. Saturation with fluid and mineral
inclusions of quartz corresponds to periods of fluid
boiling that in conjunction with the textural features
suggest a shallow ore deposition. Carbon dioxide,
heavy carbonaceous gaseous species in vapor phase
and aqueous phases were detected in fluid inclusions.

The precipitation of silver–antimony ores started at
higher temperatures than the deposition of earlier sil-
ver–base metal ores. Homogenization temperatures of
fluid inclusions in quartz range from 135 to 280°ë. The
concentration of dissolved salts in the fluid is slightly
lower (7.9 to 3.3 wt % NaCl-equiv). The presence of
jarosite indicates that the mineral formation occurred
under high oxidation potential. Marcasite and pyrite
were deposited at a temperature below 240°ë from acid
solutions with the pH value <5 (Murowchick and Bar-
nes, 1986). A prerequisite for the marcasite formation
is the oxidation of sulfur hydrogen to polysulfide spe-
cies like H2Sn. The marcasite occurrence in the quartz–
antimony ores shows that their crystallization tempera-
ture was below 240–250°ë and pH < 5. This also indi-
cates ore deposition in a shallow environment.

The oxygen isotope ratio in this fluid (δ18O = +2 ± 2‰)
suggests a considerable fraction of heated evolved
meteoric waters in the fluid. Nevertheless, this fluid is
richer in 18O isotope relative to the fluid which depos-
ited the silver–base metal ores. The sulfur isotope ratio
(δ34  = +3 ± 2‰) indicates its magmatic origin. The

fluid, which was enriched by 3–4‰ in the 34S isotope
in comparison with the hydrothermal solution, depos-
ited the silver–base metal ores.

MODEL FOR THE DEPOSIT FORMATION

The above data allow us to suggest the hypothesis
that the genetically diverse ores have been formed at
different depths and under different physical condi-

SH2S
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tions, and that the compositionally different fluids
derived from various sources and were involved in the
ore-forming system. The main question is whether the
ore mineralization originated during successive stages
of a single mineral-forming process and indicates an
evolution of the fluid regime in the hydrothermal sys-
tem related to emplacement of a magma chamber, or
each mineralization type is associated with a separate
geological process. This problem was previously con-
sidered with reference to cassiterite deposits. Several
researches suggested that during the formation of
mesothermal tin deposits, the mineral-forming fluid
evolved spatially and temporally from a lithostatic
pressure environment to the low temperature ore depo-
sition at hydrostatic pressure (Heinrich et al., 1989).
The mineral-forming fluid which deposited the cas-
siterite ores exsolved from a magma chamber at lithos-
tatic pressure, and then interacted with meteoric water
and cooled at shallow depths.

The diverse mineralization types at the Kupol’noe
deposit are confined to the different fault and fracture
systems. Each of them is characterized by a definite
combination of the mineral assemblages and is accom-
panied by the alteration halo intrinsic to this mineral-
ization only. The rare metal mineralization formed
under abyssal and high-temperature conditions from
the high-mineralized fluid. It is known that in quartz
from tin deposits, fluid inclusions were trapped at pres-
sures of 300 ± 100 bars (Heinrich et al., 1989). The for-
mation depth of such ores was about 1 km at lithostatic
pressure. The silver–base metal and silver–antimony
deposits formed under shallow and mid-temperature
conditions with a considerable involvement of the
meteoric water in the ore formation. If the hypothesis
on boiling of the fluid is true, the depositional depth of
minerals at hydrostatic pressure from the fluid with a
salinity of 3 to 9 wt % NaCl-equiv at 225–250°ë
should be about 300–400 m (Henley et al., 1984). This
allows us to suppose that the different mineralization
types at the Kupol’noe deposit were formed at different
megastages of the geological district development, sep-
arated by the period when the rare metal mineralization
was uplifted to a more shallow depth. The silver–base
mineralization was deposited in a near-surface environ-
ment. The silver–antimony mineralization was formed
at a depth of 300 m. This is evidenced for the formation
of hypogenous jarosite (Harvey and Vitaliano, 1964).
The tin–silver–base metal mineralization underwent
the hypergenous alteration between the formation of
tin–silver–base metal and silver–antimony mineraliza-
tions. The fragments of the former were capsulated in
the mineral aggregates of the silver–antimony type.

In our opinion, the rare metal (tin–tungsten), tin–sil-
ver–base metal, and silver–antimony mineralization
types are related to the different megastages of the geo-
dynamic development of the Verkhoyansk–Kolyma
fold belt. It should be remembered that only a single
type of mineralization has been recorded at most of
deposits in this territory. At each deposit, a mineraliza-

tion is accompanied by a similar alteration halo and
their mineral aggregates have been formed according to
the sequence established at the Kupol’noe deposit. In
the Verkhoyansk–Kolyma fold belt, the rare metal, tin–
silver–base metal, and silver–antimony deposits are
linked with the magmatic associations dated by the
40Ar-39Ar technique (Parvenov et al., 1999). It was estab-
lished that the cassiterite ores are associated with the
granodiorite magmatic complexes emplaced between
120 and 134 Ma ago. The silver–base–metal and silver–
antimony deposits formed after the intrusion of silicic
subvolcanic dikes dated at 80 to 100 Ma.

The setting of the Kupol’noe deposit in an
extremely active area of the Verkhoyansk–Kolyma belt
confined to a convergence of three large plates which
have played an important role in its development
(Fujita et al., 1997). This predetermined the diverse
magmatism related to the different megastages in the
geodynamic history of this region. The Kupol’noe ore–
magmatic system originated at the postcollision period
after the emplacement of the collision granites and the
intrusion of dacites of the Taryn subvolcanic massif at
124 to 144 Ma ago. An intermediate magmatic chamber
was formed at the activation of the Adycha–Taryn fault
and the rejuvenation of the submeridional abyssal fault.
The depth of this magmatic chamber is estimated as
7–8 km with the help of geophysical data and from the
composition of rock-forming garnet (Stognii et al.,
2000). The derivates of this chamber are rocks of the
Trud and Kapriznyi massifs intruded at 125 Ma. The
similarity of accessory mineralization (tourmaline and
cassiterite) in these granitoids and trace elements
chemistry of accessory and metasomatic tourmaline,
cassiterite, pyrite, and arsenopyrite evidence the
genetic affinity of the rare metal mineralization and
these magmatic rocks.

The next megastage in the development of the
Kupol’noe ore–magmatic system was linked with the
initiation of the Okhotsk subduction in the Late Creta-
ceous. At first, the granodiorite-porphyry dikes, dated
at 100 Ma, were intruded (Nenashev and Zaitsev,
1980). They intersect the Early Cretaceous massifs out-
cropping around the Taryn subvolcano. These dikes are
similar in many respects with rocks of this intrusive
complex. They contain garnet and graphite as well.
However, their relationships to the ore mineralization
have not been established. It remains unclear whether
their age corresponds to the tectonomagmatic activa-
tion period (Bakharev et al., 1997). It is not excluded
that the injection of granite-porphyry dikes, resulted in
the creation of a convective cell and the activization of
the shallow hydrothermal system, where meteoric
waters predominated. This led to the formation of the
tin–silver–base metal ores. Geodynamic reconstruc-
tions indicate opening of northeastern fractures in the
extension environment (Parfenov et al., 2001). This
favored the deposition of the tin–silver–base metal
mineralization in the diagonal fracture system.
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The formation of the silver–antimony mineralization
was possibly related to the postsubduction activization
of long-lived faults in the Verkhoyansk–Kolyma belt in
the Late Cretaceous. The continental silicic subvolcanic
magmatism and related epithermal gold–silver and sil-
ver–antimony ore mineralization were formed during
this period. This activization affected the Adycha–Taryn
fault zone and resulted in the formation of the silver–
antimony ore mineralization at the Kupol’noe deposit.
The latter occurs in the sublatitudinal fractures in the
Taryn subvolcano without any links with the rare metal
and base metal ores. The K–Ar age of the adularia wall
rocks enclosing the silver–antimony ore mineralization
is 73 Ma (Nenashev and Zaitsev, 1980).

Thus, the ore mineralizations at the Kupol’noe
deposit were formed during three megastages. The first
two megastages (rare metal and tin–silver–base metal)
are characterized by tin specialization and are inti-
mately related to the collision and development of the
Kupol’noe granite-related ore–magmatic system. They
are spatially associated, though they are controlled by
different fractures. Physical and chemical conditions of
mineral-forming processes in them are substantially
different. The silver–antimony megastage of ore forma-
tion is linked with the postcollision activization and the
activity of shallow fluid systems.

CONCLUSION

The investigations carried out indicate that a transi-
tion from the mesoabyssal high-temperature (meso-
thermal) ore–magmatic system, in which high-concen-
trated magmatic fluid predominated, to the shallow
middle–low-temperature hydrothermal system where
low saline fluids which modified meteoric waters pre-
vailed, has occurred during the formation of the
Kupol’noe deposit. The fluid regime in the Kupol’noe
hydrothermal system was different from that previ-
ously suggested for the Prognoz ore forming system in
which mineral aggregates of different ages were
formed under similar physical and chemical conditions
at relatively low temperatures (100 to 250°ë) from
reduced aqueous–methane–nitrogen–carbon dioxide
moderate-concentrated (8.0 to 29.0 wt % NaCl +
CaCl2-equiv) chlorine solutions (Gamyanin et al.,
1998). It was assumed that the concentration of dis-
solved salts and gaseous components in the fluid and its
isotopic composition did not radically change. The
Prognoz deposit most likely formed as a result of the
activity of the long-lived ore-forming hydrothermal
system linked with a single reservoir or similar reser-
voirs, while different ore–magmatic systems were
responsible for the formation of the Kupol’noe deposit.
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