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The Kairagach epithermal gold ore deposit
of Late Paleozoic age is situated in the northern
spurs of the Kurama Ridge, eastern Uz bekistan,
3.5 km northeast of the well�known Kochbulak
gold�telluride deposit (Ko va len ker et al., 1997).
In terms of its economic po tential, the
Kairagach deposit is not as si gned to the rank of
large objects: its re sources are estimated to be
50 t Au and 150 t Ag (Is lamov et al., 1999).
However, this object is of significant interest for
studying epithermal ore genesis regularities,
since it belongs to the acid�sulfate (Heald et al.,
1987), or high�sulfidation (White and
Hedenquist, 1991), ty pe of epi the r mal ore min-
eralization, that is very rare in the former Soviet
Union territory, and its ores are consist of a
unique variety of minerals (sulfides, sulfosalts,
tellurides, se lenides, and oxi des). Moreover, in
contrast to typical high�sulfidation ore deposits
characterized by Au�Cu specialization of their
mineralization (Sum   mitwill in the United States,
El Indio in Chile, Na nsatsu in Japan, Lepanto in
Phi lip pines, Che lopech in Bulgaria), the Kai -
ragach deposit is characterized by a clearly pro-
n o u n c e d  
Au�Sn�Bi�Se�Te geochemical profile of the ore
mineralization.

The unordinary and complex mineral com-
position of the ores caused the fact that, even
at early stages of studying the Kairagach de -
posit, the paramount attention was given to
com prehensive mineralogical investigations.
These works revealed here a number of rare
minerals, including new mineral species (Ba da -
lov and Spiridonov, 1983; Badalov et al., 1984;
Ko valenker, 1986; Kovalenker and Ge inke,
1984; Kovalenker et al., 1984, 1986, 1987; Spi  -
ridonov and Badalov, 1983; Spi ri donov et  al.,
1983). At the same time, no summary work on
the Kairagach ore mineralogy has been pub-
lished until now. The present paper summa-
rizes data accessible by the present time
(including those we obtained in the last years),
which generalize the occurrence conditions,
parageneses, and variations of the chemical
composition of minerals that form the unique
ores of the Kairagach deposit (native gold and
other native elements, various sulfosalts, tel-
lurides, and selenides). It is believed that the
data considered here substantially refine and
expand the notion of mineralogical and geo-
chemical features not only of the Kairagach
deposit but also of epithermal ore mineraliza-
tion as a whole.
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The Kairagach ore deposit is situated on the northern slope of the Kurama Ridge (East Uzbekistan), 3.5 km
northeast of the well�known Kochbulak gold�telluride ore deposit. According to specific mineralogical fea-
tures of the ores and hydrothermal alterations, it was assigned to the high�sulfidation (or acid�sulfate) type of
epithermal mineralization. However, in contrast to typical gold deposits of this type with a pronounced Au�Cu
specialization, the ores of the Kairagach deposit are characterized by the Au�Sn�Bi�Se�Te geochemical profile.
This paper briefly summarizes original and published data on the Kairagach deposit, including its geological
features and ore characteristics, sequence of the mineral formation, and the main mineral assemblages.
Occurrence conditions and chemical peculiarities of the essential minerals of the
gold�sulfide�selenide�telluride mineralization are considered. Data on the abundance and compositional vari-
ations of native elements (gold, tellurium, and tin), fahlores, Bi and Sb sulfosalts, Cu and Fe sulfostannates, and
various selenides and tellurides are presented.
It is shown that the unique diversity of the ore mineralization is determined by the variety of state and occur-
rence forms (native, isomorphous, sulfide, selenide, and telluride) of their contained chemical elements.
6 tables, 5 figures and 15 references.
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Geology and Ores of the Kairagach deposit

The Kairagach deposit is confined to a
Hercynian volcanic caldera. The caldera is co -
mposed of Middle and Late Carboniferous
andesite, andesite�dacite, and dacite tuffs,
lavas, and subvolcanic formations. In the cen-
tral segment of the caldera effusive�pyroclastic
rocks are intruded by the mushroom�shaped
Kairagach subvolcanic extrusive stock of tra-
chyandesite porphyrites (1.2 x 3 km in size),
that supposedly fills the vent of an ancient stra-
tovolcano. In the northern endocontact zone of
the extrusive stock, NE�trending ore�bearing
structures are located. The volcanosedimenta-
ry rocks are also intruded by dikes of diabase
porphyrites and granodiorite porphyries of
Late Carboniferous to Early Permian age. The
deposit is bounded by the Karatash normal
fault on the west and by the NE�trending
Shaugaz (or Angren) thrust fault on the north
(Kovalenker and Geinke, 1984). In the volcanic
and subvolcanic rocks, weak propylitization
(calcite�chlorite and albite�chlorite�calcite fa -
cies) is ubiquitously manifested.

The ore mineralization at the Kairagach
deposit is concentrated within four
3�5�km�long zones of metasomatic silicifica-
tion: the Diabasic, First, Chukurkatan, and
Bedrenget ones. The commercial�grade ore
mineralization has only been revealed in the
Diabasic and First zones. These zones repre-
sent intricately constructed branching bundles
of quartz, quartz�barite, and barite veins, as
well as lenticular, veinlet�like, and breccia bod-
ies, all of which contain nest�type, disseminat-
ed, and veinlet�disseminated ore mineraliza-
tion. The host volcanites and diabase por-
phyrite dikes were subjected to intensive
silicification, sericitization, and pyritization.
Gold�sulfide�se lenide�telluride mineralization
mainly occurs in ore bodies of the Diabasic
zone that has been most comprehensively stud-
ied by the present time, the bulk of resources of
precious metals of the Kairagach deposit being
related to this zone. It is confined to the north-
ern contact of the Kairagach subvolcanic stock
of trachyandesite porphyrites.

According to the mineral composition, two
principal types among the ores localized within
the Diabasic zone were distinguished. The first,
gold�quartz type is represented by essentially
quartz ores, in which sulfides (predominantly
pyrite) commonly do not exceed 3–5 vol % 
in abundance. They are spatially associated
with zones of monoquartzites and are charac-
terized by the massive structure and relatively
low concentration of the useful components.

Quartz of this ore type is cryptocrystalline to
flint�like; as a rule, it is characterized by
numerous caverns and high porosity, leaching
cavities and contains sporadically distributed
relicts of the host volcanites. The second, com-
plex gold�sulfide�selenide�telluride type of the
ore mineralization is represented by
vein�shaped and lenticular bodies, veinlet�d is -
semina ted and nest�shaped accumulations of
quartz, quartz�barite, and barite composition
with sulfides, sulfosalts, selenides, and tel-
lurides, that are unevenly distributed within
the ore zone among both the monoquartzites
and berisite�like formations. Ores of this type
play an important role in the balance of
reserves of the deposit. They are characterized
by variable concentrations of gold, silver, and
other useful components, as well as by a com-
plex and variable mineral composition.

Sequence of Mineralogenesis 
and the Main Mineral Assemblages

Studying the structural and textural peculi-
arities of the ores revealed a certain sequence
in formation of the ore mineralization in the
Diabasic zone. It is shown that mineral assem-
blages of the ores and hydrothermal wall rock
alterations formed during four main stages,
including the Preproductive Metasomatic,
Early Productive (or quartz�pyrite), Main Pro -
ductive (or gold�fahlore�sulfosalt�telluride),
and Postproductive (or quartz�carbonatebarite)
stages (Plotinskaya and Kovalenker, 1998).

The Preproductive Metasomatic Stage is
characterized by formation of secondary
quartzite�type rocks with pyrophyllite, dias-
pore, kaolinite, and alunite, as well as of
beresite�like quartz�carbonate�sericite rocks
with pyrite.

The Early Productive Stage mineralization is
dominated by minerals of the
gold�quartz�pyrite assemblage, that are pres-
ent in form of sulfide dissemination in gray
metasomatic quartz. The sulfides are repre-
sented by predominant pyrite; minor chalcopy-
rite, and rare sphalerite, galena, and fahlores of
the early generation. Native gold is present as
ultradispersed inclusions in quartz and pyrite.

The Main Productive Stage includes several
mineral assemblages that are commonly close-
ly time�related and are often spatially tele-
scoped. The earliest of them is the
gold�quartz�barite assemblage. It is represent-
ed by segregations of native gold of high fine-
ness, enclosed in quartz�barite aggregates, and
is characterized by practically simultaneous
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deposition of the gold, quartz, and barite. The
assemblages of goldfieldite and famati-
nite�luzonite, which is encontered at upper lev-
els of the deposit, attributed to the early ones.
Go ldfieldite and famatinite�luzonite commonly
form small (up to a few hundreds micrometers
in size) segregations within barite and quartz,
or are present as relicts in later minerals. They
are characterized by an appreciable (up to 1–
2 wt. %) Sn admixture. The presence of famati-
nite, luzonite, and enargite among the ore min-
erals is considered to be a diagnostic feature of
the high�sulfidation mineral�forming environ-
ment (White and Hedenquist, 1991). We be -
lieve that goldfieldite may also be assigned
with certainty to indicator minerals of ore min-
eralization of this type.

Relatively later mineral assemblages in -
clude an assemblage of native gold with early
tellurides (mainly altaite and calaverite as well
as sylvanite, frohbergite, coloradoite, telluran-
timony, and others). This assemblage is distrib-
uted practically throughout the whole vertical
interval of the ore mineralization, except for
the very near surficial level. The gold�telluride
assemblage is often spatially coincident with
the native tellurium assemblage. This mineral
is characterized by significant (up to 10 wt. %)
admixture of Se. It forms small segregations
(occasionally intergrowths with chalcopyrite)
in barite or quartz. Another mineral association
temporally close to and often spatially coinci-
dent with the telluride parageneses is the
assemblage of Cu and Fe sulfostannates, that
includes mawsonite, stannoidite, kesterite,
nekrasovite, volfsonite, hemusite, as well as a
number of poorly studied minerals with vari-
able rations of Sn, Cu, and Fe.

The sulfobismuthite assemblage is repre-
sented by minerals compositionally close to
those of the bismuthinite�aikinite series and of
the junoite and pavonite homologue series, as
well as by hodrushite. These minerals are char-
acterized by wide variations in the chemical
composition and by increased contents of Se.
They form close intergrowths with
Bi�containing fahlores. Minerals of the bis-
muth�sulfoselenide assemblage are relatively
later. They are represented by native bismuth,
laitakarite, tetradymite, and other sulfose-
lenides, sulfotellurides, and sulfoselenotel-
lurides, as well as by chalcopyrite, that
replaced the selenitic sulfobismuthites as a
result of their decay caused by changing of
physicochemical conditions of environment.

The most widespread mineral assemblage
among products of the
gold�fahlore�sulfosalt�telluride stage is the

assemblage of fahlores that are commonly
intergrown with chalcopyrite to form rela-
tively large (up to several millimeters) aggre-
gates. Fahlores of the late generation com-
monly contain nu merous inclusions of native
gold, Bi�sulfosalts, sul fo  stannates, tellurides,
and selenides.

One of the latest mineral formations of the
Main Productive Stage is the assemblage of
hessite, electrum, and chalcopyrite. Very fine
particles of these minerals are commonly con-
fined to barite or quartz.

Mineralization of the Postproductive Stage
is represented by thin veins or veinlets, tran-
secting mineral formations of all the preceding
stages. These veins and veinlets are composed
of quartz, carbonates, and barite and occasion-
ally contain variable amounts of sulfides, main-
ly of galena and sphalerite and more rarely of
chalcopyrite, pyrite, and tetrahedrite.

Occurrence and Chemical Composition
of the Essential Minerals of the 

Gold�Sulfide�Selenide�Telluride Ores 

The chemical composition of the minerals
was studied using the electron�probe micro-
analysis (EPMA) on Cameca MS�46 (analysts
V.S. Malov and N.V. Troneva),
Camebax�Micro (analyst S.M.
Sandomirskaya), and SX�50 (analyst A.I.
Tsepin) probes. The experimental conditions
were as follows: (1) MS�46: accelerating volt-
age 20 kV; absorbed electron current 15–25
nA (depending on minerals analyzed); beam
diameter 1–2 μm; analytical lines: Kα (for S,
Fe, Cu, and Zn), Kβ (for As); Lα (for Ag, Sb, Te,
Bi, and Se); standards: stoichiometric FeS2,
CuFeS2, NiAs, Ag8SnS6, and PbSe and metallic
V, Zn, Sb, Ag, Te, and Bi; (2) Camebax�Micro:
accelerating voltage 20 kV; absorbed electron
current ~15 nA; beam diameter 1–2 μm; ana-
lytical lines: Kα (for Cu, As, S, and Se) and Lα
(for other elements); standards: synthetic PbTe,
CdSe, CuSbS2, and GaAs and chemically pure
Au, Ag, and Bi; (3) SX�50: accelerating voltage
20 kV; absorbed electron current 20 nA; beam
diameter 1–2 μm; analytical lines: Kα (for Cu,
As, S, and Se) and Lα (for other elements); stan-
dards: synthetic PbTe, HgTe, FeS2, ZnS, and
GaAs and chemically pure metals.

Native Gold, Tellurium, Bismuth, and Tin

The native gold particles are quite diverse in
their morphology. There are xenomorphic,
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elongated, cloddy, stringer, rounded, oval, and
amoeboid particles of this mineral. More than
70% of the native gold particles are less than 
20 μm in size, while the number of relatively
large (more than 100 μm in size) gold particles
does not exceed 10%.

Sulfides commonly contain isolated native
gold inclusions, while the vein minerals host
their aggregates often confined to the
barite�quartz boundaries. The same parts of ore
bodies contain, as a rule, increased amounts of
minerals of the productive assemblages (tel-
lurides, selenides, and sulfobismuthites).

A characteristic feature of native gold from
ores of the Diabasic zone is its extremely high
fineness determined as the ratio Au/(Au + 
Ag + Cu + Hg). The fineness varies from 992
to 900 in more than 50% of the gold particles
studied and exceeds 800 in no less than 85% of
the gold particles (Table 1, Fig. 1).

Gold particles characterized by the highest
fineness are confined to quartz (fineness
937–965 on the upper levels and 974–995 on
the lower ones) and to barite (795–946 and
880–989, respectively). The fineness of native
gold associated with the early tellurides
(altaite, calaverite, and others) increases from
806–944 to 971 with depth. Hessite, one of the
late tellurides, is associated with electrum and
gold of a relatively low fineness (from 670 to
850) on the upper levels and with gold of a
higher fineness (950–960) at the lower levels.
Later native gold that is present in intergrowths
with minerals of the bismuthinite�aikinite
series and Bi tellurides is characterized by a
fineness of 838–943. Native gold associated
with tetrahedrite and chalcopyrite exhibit wide
variations of the fineness (790–956). Re -
latively small particles of native gold are, as a

rule, characterized by a low fineness; larger
gold particles often possess a zonal structure:
the central zones are represented by gold of
high fineness, while the rims, by gold of low
fineness, the differences in the Au concentra-
tions reaching 27 wt.%. The highest Ag concen-
trations were registered in particles of electrum
(fineness from 401 to 834) that forms veinlets in
fahlore. As opposed to native gold from other
mineral assemblages, this electrum additional-
ly contains high concentrations of Hg (mainly
1–5 wt. %; up to 10–11 wt. % in rare cases).

In addition to gold, other native elements –
tellurium, bismuth, and tin – were revealed in
the ores under consideration. Native tellurium
forms small separate grains within barite or
quartz; occasionally, it grows on segregations
of earlier tellurides; in some cases, native tel-
lurium was noted to be overgrown by chal-
copyrite. Native tellurium that forms small seg-
regations in barite is characterized by high (up
to 10.25 wt. %) admixtures of Se. Native bis-
muth is represented by small segregations
associated with Bi sulfosalts, Bi�containing
fahlores, sulfostannates, and chalcopyrite. In
its chemical composition, small admixtures of
S, Cu, Fe, and Ag were revealed. Native tin
forms very fine grains intimately intergrown
with V�containing cassiterite and sulfostan-
nates of Cu and Fe (Badalov et al., 1984).

Fahlores

Fahlores belong to widespread minerals of
the Kairagach deposit. Their 4 principal gener-
ations were revealed with respect to the rela-
tive formation time, which are substantially dif-
ferent from each other in chemical composition
(Table 2, Figs. 2 and 3). Fahlores of the early
generation are predominantly represented by
tennantite and As�reach varieties of the ten-
nantite�tetrahedrite series minerals. They are
rather rare and compose small segregations
intergrown with pyrite formed during the early
quartz�pyrite stage. Fahlores of the second gen-
eration represented by minerals of the gold-
fieldite�tennantite�tetrahedrite series are rela-
tively more widespread. They predominantly
occur at the upper levels of the deposit and
intimately associated with calaverite, altaite,
coloradoite, frohbergite, tellurantimony, native
tellurium, and famatinite�luzonite. The Te con-
tent of these fahlores reaches 17 wt. % (decreas-
ing up to 2–8 wt. % with depth); some their
segregations are characterized by high concen-
trations of Ag (up to 11 wt. %) and Se (0.2–
1.1 wt. %).  The high�Te goldfield-

Fig. 1. Distribution of the fineness of native gold from dif -
ferent mineral assemblages of the Diabasic zone: 
(1) associated with quartz and barite, (2) with early
tellurides and sulfobismuthites, and (3) with hessite,
chalcopyrite, and tetrahedrite

Au/(Au+Ag+Cu+Hg+Te+S+Bi+Pb)
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ite�tennantite�tetrahedrite series minerals
studied are characterized by a predominance
(relative to the stoic hiometry) of monovalent
metals over divalent ones and of Fe over Zn
among the latter (Fig. 3).  In this case, As and Sb
are present in approximately equivalent quan-
tities (Fig. 2). It is important to note that Te in
the chemical composition of the Te�containing
varieties of fahlores is characterized by the pos-
itive charge 4+; therefore, this element is in
the oxidized state here and, in contrast to its
position in tellurides, belongs to the cationic
part. Fahlores of the third generation are inti-
mately associated with Bi sulfosalts as well as
with native gold of high fineness, native bis-
muth, and selenides and are represented by
minerals of the tennan-
tite�tetrahedrite�annivite series (Fig. 2). They
are characterized by high (up to 9 wt. %) con-
tents of Bi (its concentration decreases up to
2–5 wt. % with depth), increased (1–3 wt. %)
contents of Te, and low (<1 wt. %) contents of
Ag (Table 2). Their As and Sb contents are
approximately equal to each other, and Fe pre-
vails over Zn (Figs. 2 and 3). As a rule, fahlores
of the second and third generations occur as
relicts within other minerals, including fahlores
of the fourth generation. The latter are predom-
inantly revealed in central zones of the ore bod-
ies in form of rather large (up to several mil-
limeters in size) segregations, often intergrown
with chalcopyrite, sulfostannates, and chal-
costibite and occasionally with bournonite.
Fah lores of this generation usually contain seg-
regations of native gold with relatively low
finen ess and some tellurides. The chemical co -
m  position of fahlores of the late generation is
characterized by a prevalence of the tetrahe d -
rite end member, by a predominance of Zn over

Fe, and by low (<1 wt. %) Ag and Se concentra-
tions (commonly on the order of 0.n wt. %)
(Table 2, Figs. 2 and 3). However, the Ag con-
tent of tetrahedrites associated with bournonite
and chalcostibite at deep levels of the deposit
reachs up to 10 wt. %.

Sulfosalts of Bismuth and Antimony

Table 1. Limits of variations of the chemical composition of native gold from the Kairagach ore deposit (wt. %).

Associated minerals n* Au Ag Cu Bi Te Hg

Quartz 38 79.38� 0.12� 0.00� 0.00� 0.00� 0.00�
99.41 17.77 0.21 1.46 0.62 0.30

Barite 11 79.19� 0.99� 0.00� 0.00� 0.00� 0.00�
97.25 20.23 0.78 0.87 0.07 0.17

Early tellurides 19 84.64� 0.39� 0.00� 0.00� 0.00� 0.00�
(calaverite. altaite. frohbergite. petzite. etc.) 97.01 18.42 1.15 1.55 2.70 0.30
Late tellurides 12 67.11� 4.96� 0.00� 0.00� 0.00� 0.00�
(hessite) and chalcopyrite 94.05 29.26 1.87 0.61 1.11 0.09
Sulfobismuthites 18 71.78� 0.53� 0.0� 0.00� 0.00� 0.00�
and rare Bi 97.98 27.14 0.49 2.02 0.24 0.20
Fahlores. 28 79.01� 2.86� 0.26� 0.0� 0.0� 0.0�
sulfostannates. and chalcopyrites 95.56 22.05 2.52 1.11 0.19 1.28
Electrum stringers in fahlore 7 40.02� 14.42� 0.69� – – 0.00

83.44 46.58 2.35 – – 11.26

Notes: *) n – number of determinations; (–) – not analyzed

Fig. 2. Diagrams of the chemical composition of fahlore group
minerals from the Kairagach deposit: (a) General vari-
ations of metalloids in fahlores of different (1�4) gener-
ations (at. %); (b) chemical composition of Bi� and
Te�containing fahlores of the (1) second and (2) third
generations. Open symbols are for the upper levels
(+1340, +1300, and +1220 m); filled symbols are for the
lower levels (+1100 and +1000 m)

a

b
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Table 2. Limits of variations of the chemical composition of fahlore group minerals of different generations
from the Kairagach deposit

Fahlore generation
1 (n=5)* 2 (n=23) 3 (n=33) 4 (n=48)

a b a b а b а b

Cu 42.65� 10.28� 44.32� 11.29� 41.55� 10.56� 42.63� 10.96�
40.42 9.40 34.27 9.35 36.67 9.50 30.99 8.62

Ag 0.78� 0.11� 11.18� 1.80� 0.60� 0.09� 9.53� 1.56�
0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Fe 5.68� 1.57� 7.11� 2.00� 6.84� 2.04� 5.89� 1.67�
3.16 0.85 0.15 0.04 1.20 0.35 0.04 0.01

Zn 6.10� 1.39� 4.29� 1.04� 6.28� 1.59� 7.58� 1.90�
2.89 0.64 0.03 0.01 0.08 0.02 0.41 0.10

Te 1.78� 0.22� 17.16� 2.27� 2.26� 0.28� 4.89� 0.61�
0.00 0.00 2.45 0.30 0.00 0.00 0.00 0.00

Sb 13.25� 1.68� 22.56� 2.98� 30.58� 4.19� 29.98� 4.17�
0.06 0.01 2.94 0.40 12.50 1.62 10.54 1.32

As 19.45� 3.87� 12.86� 2.68� 9.95� 2.06� 12.94� 2.64�
9.56 1.97 1.71 0.00 0.19 0.04 0.29 0.00

Bi 0.45� 0.03� 5.08� 0.40� 9.54� 0.77� 3.34� 0.26�
0.00 0.00 0.00 0.00 0.55 0.04 0.00 0.00

S 29.31 13.50� 28.19� 14.17� 26.90� 13.21� 28.17� 14.08�
26.87 12.92 22.92 12.10 23.42 12.19 22.25 12.00

Se 0.41 0.08� 1.28� 0.27� 0.59� 0.12� 0.58� 0.12�
0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00

Notes: (n) number of determinations, (a) wt. %; (b) formula coefficients (calculation based on 29 atoms in a formula unit).

Table 3. Chemical composition of Bi sulfosalts (wt. %).

№ os. Sample no. Bi Pb Sb As S Cu Ag Se Total +/� (%)*

1 27/85 62.49 12.32 0.33 0.00 17.56 3.66 0.00 1.12 97.50 �3.34
2 8/83 36.66 35.12 0.00 0.00 14.92 10.32 0.06 2.78 99.86 2.47
3 8/83 35.68 35.23 0.00 0.30 15.06 10.43 0.04 2.21 98.97 3.14
4 1050/82b 34.28 36.34 0.33 0.05 16.02 9.52 2.66 0.00 99.33 3.00
5 65/82 57.77 0.02 0.14 0.15 16.84 19.92 0.00 4.83 99.67 1.93
6 65/82 58.17 0.00 1.54 1.49 17.69 18.96 0.08 4.07 102.00 �1.89
7 65/82 58.80 0.00 0.22 0.16 17.52 18.97 0.08 2.78 98.53 0.87
8 42/85 55.31 19.68 0.09 0.00 16.20 4.36 0.08 3.12 98.87 3.38
9 147/81а 64.45 0.41 0.07 0.41 17.16 12.82 0.74 3.47 99.53 �1.17
10 8/83а 54.82 12.01 0.11 0.00 15.42 7.94 3.83 4.07 98.20 �0.25
11 8/83а 55.21 11.56 0.00 0.84 15.58 8.28 3.74 5.06 100.27 �0.09
12 8/83а 56.51 11.27 0.00 0.00 15.65 9.38 1.83 4.11 98.75 �0.46
13 8/83а 66.78 1.93 0.37 0.62 15.69 4.92 4.45 4.49 99.25 �3.54

Notes: (*) valence balance; (1�4) bismuthinite�aikinite series, (5�7) emplectite, (8) junoite, (9) hodrushite, (10�12) cupropavonite,
and (13) makovickite («Cu�benjaminite»).

Fig. 3. Variations in the chemical composition of fahlores of
different generations from the Kairagach deposit.
Same symbols as in Fig. 2a

Fig. 4. Variations in the chemical composition of Bi sulfosalts
(at. %): (1) theoretical compositions and (2) minerals
from the Kairagach deposit
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Bismuth sulfosalts belong to minerals wide-
spread in ores of the Diabasic zone. Among dif-
ferent sulfobismuthites found here, we can dis-
tinguish emplectite, hodrushite, junoite, and
several minerals assigned to the bismuthi-
nite�aikinite series (Table 3, Fig. 4). Several
natural phases of the Ag�Cu�Pb�Bi�S�Se system
was also revealed here, whose chemical com-
position allows to assign them to the pavonite
series. Because of the fact that minerals of the
aikinite�bismuthinite and pavonite series com-
monly form intimate intergrowths with each
other and with other ore and gangue minerals,
it was impossible to extract pure material for
their X�ray phase analysis. Therefore, they
were mainly identified based on a closeness of
the chemical composition of the phases studied
to that of known minerals (Table 3, Fig. 4),
because of which the identification of the sulfo-
bismuthites considered here was substantially
arbitrary. The sulfobismuthites are commonly
characterized by high (up to 5 wt. %) contents
of Se and are often intimately intergrown with
native gold or contain its very fine (a few
micrometers in size) inclusions; they are also
associated with native bismuth, tetradymite,
altaite, and other minerals of the productive
assemblages. The bulk of the sulfobismuthites
formed after the high�Te fahlores, together with
the sulfostannates, but before the sulfoselenotel-
lurides (Plotinskaya and Kovalenker, 1998).

Bismuthinite�aikinite series (Bi2S3�PbCuBiS3).
The composition of the sulfobismuthites stud-
ied is grouped near figurative points of theo-
retical compositions of minerals of this series,
including bismuthinite, aikinite, gladite, lind-
strцmite, krupkaite, hammarite, and friedri-
chite (Fig. 4). All of them are characterized by
high contents of Se (up to 2 wt. %) and appre-
ciable admixtures of As (up to 2–2.5 wt. % 
in bismuthinite and lindstrцmite; up to 
1 wt. %  in aikinite). Substantial admixture of Sb
were only revealed in bismuthinite: up to 1.5%
Sb at the upper levels and up to 2–8 wt. % Sb
at the lower ones. At deep levels of the
Diabasic zone, the following mineral phases
have also been revealed: a sulfosalt within the
chemical composition (in wt. %): Bi 66.50,
66.17; Sb 14.07, 11.55; S 19.94, 16.42; and Se
0.00, 7.40, that is intermediate between bis-
muthinite (Bi2S3) and chorobetsuite (~BiSbS3),
and a mineral (Cu3Pb3Bi7S15) compositionally
close to lindstrцmite, that is intimately associ-
ated with native gold and tetradymite. It forms
tabular segregations in barite and at the
quartz�barite boundary. In peripheral zones of
the ore bodies, sulfobismuthites are predomi-
nantly represented by aikinite that is intimate-

ly intergrown here with galena and contains
practically no Se admixture.

Junoite series (Pb3Cu2Bi8(S,Se)16�CuBiS2).
The predominant mineral of this series is
Se�containing emplectite (CuBiS2) associated
with fahlores of the third generation. It forms
large aggregates growing on fahlores, as well
as intergrowths with Cu sulfostannates. The
emplectite is characterized by admixtures of
Sb and As and by high contents of Se (Table 3).
At the deep levels, in common with the
above�considered example with the bismuthi-
nite�aikinite series minerals, Sb�containing
(up to 
8 wt. % Sb) varieties of emplectite are found,
which are also characterized by high Se con-
tents (3–4 wt. %). Microprobe analysis for one
of such minerals are as follows (wt %): Cu
22.67, Bi 26.78, Sb 25.27, S 22.36, and Se 0.79.
Its idealized formula can be represented as
Cu5Sb3Bi(S,Se)10 or as Cu(Sb0.6Bi0.4)(S,Se)2, if to
consider this minerals as Bi�chalcostibite.
High concentrations of Se (up to 3 wt. %) (Tab -
le 3) have also been revealed in junoite,
Pb3Cu2Bi8(S,Se)16, that is significantly more
rare mineral in the Kairagach ores than
emplectite.

Pavonite group. To minerals of this group
we can assign a mineral compositionally
close to cupropavonite (AgPbCu2Bi5S10) (Ta -
b le 3, Fig. 4).  This mineral is associated with
hodrushite and other Bi sulfosalts. It forms
very fine (50–60 μm in size) rounded and
oval segregations in Bi�Te�containing fah -
lores. We also found here rare small (no more
than 30 μm in size) grains of a mineral that,
being generally close in chemical composi-
tion to benjaminite, was characterized by a
predominance of Cu over Ag. Previously we
arbitrarily named this mineral
«Cu�benjaminite». At the same time, its
chemical composition at the compositional
diagram (Fig. 4) is situated in the immediate
proximity to the figurative point of
makovickite (Zak et al., 1994). At the present
time, however, a correct identification of the
sulfosalt considered without additional
investigations is impossible. Minerals of this
group, in common with other sulfobis-
muthites developed in Ka iragach ores, are
characterized by high (4–
5 wt. %) concentrations of Se.

Hodrushite (Cu4Bi6S11) is closely similar in its
chemical composition and crystal�chemical
properties to the above�considered minerals of
the pavonite series. It forms aggregates of acic-
ular and tabular grains in quartz and barite or
among fahlores of the late generation; it is

#07_kovalenker_en_0802:#07_kovalenker_en_0802.qxd 21.05.2009 20:11 Page 51



52 New data on minerals. M.: 2003. Volume 38

often present in intergrowths with aikinite.
Hodrushite from the Kairagach deposit is char-
acterized by high concentrations of Se (up to
3.47 wt. %) and Ag (0.51–2.18 wt. %), as well as
of Pb and As (up to 1.44 and 1.31 wt. %, respec-
tively) (Table 3).

Sulfoantimonites are mainly represented in
ores of Kairagach by bournonite and chal-
costibite and occur here significantly more
rarely than sulfobismuthites, predominantly in
peripheral areas of the ore shoots. They are
intimately associated with fahlores of the late
generation, galena, and chalcopyrite. The
chemical composition of the samples of chal-
costibite and bournonite studied is close to sto-
ichiometry of these minerals.

Tellurides and Selenides

Selenides and tellurides are widespread in
ores of the Diabasic zone, although they do not
form large accumulations here. They incorpo-
rate a large group of binary, ternary, and more
complex compounds, including rare and,
probably, new ones (Table 4), that can be
described within the limits of the systems

Au�Ag�Te, Ag�Pb�Bi�Sb�Te, and Bi�Te�S�Se.
The tellurides mainly occur as small (30–300
μm in size) separate inclusions or aggregates
in barite; at barite�quartz boundary; and, more
rarely, among fahlore segregations. At deep
levels of the deposit, they are commonly
found in quartz.

Among minerals of the Au�Ag�Te system,
revealed here, are calaverite, sylvanite, petzite,
hessite, stutzite, native tellurium, and native
gold. As a rule, these minerals form intimate
intergrowths with each other among gangue
and ore minerals; more rarely, they occur as
separate segregations in barite, quartz, and sul-
fides. Peculiarities of their real chemical com-
position are presented in Table 4 and are
demonstrated on a ternary compositional dia-
gram (Fig. 5).

Calaverite. At upper levels of the deposit,
calaverite is predominantly associated with
native gold of high fineness and with petzite; at
the lower levels, it is mainly associated with tel-
lurantimony and frohbergite and, occasionally,
with native tellurium and sylvanite. The miner-
al is characterized by stoichiometric ratios
between the principal components (Table 4,
Fig. 5). At the same time, it incorporates appre-

Table 4. Chemical composition of Au and Ag tellurides (wt. %)

№ os. Sample no Te Ag Au Cu Se Sb S Hg Pb Bi Total

1 42/85 58.68 0.34 39.75 0.09 0.06 0.44 0.00 0.00 0.41 0.00 99.72
2 232�9 55.86 0.09 42.96 0.00 0.05 0.40 0.00 0.00 0.00 0.32 99.68
3 232�9 56.38 0.02 42.83 0.01 0.16 0.37 0.00 0.00 0.00 0.00 99.77
4 Каi�32 55.95 0.13 42.31 0.02 0.14 0.07 0.00 0.00 0.04 0.00 98.66
5 Каi�38 55.72 0.43 42.24 0.54 0.10 0.00 0.00 0.00 0.51 0.00 99.54
6 Каi�32 56.11 0.00 42.22 0.09 0.13 0.00 0.00 0.00 0.00 0.19 98.74
7 Каi�32 56.21 0.62 41.65 0.42 0.00 0.00 0.00 0.00 0.00 0.00 98.90
8 Каi�32 54.80 0.24 41.60 0.02 0.34 0.37 0.00 0.00 0.00 1.27 98.64
9 Каi�32 54.63 0.67 41.60 0.89 0.19 3.00 0.20 0.00 0.00 0.00 101.18
10 Каi�32 55.14 0.15 41.26 0.06 0.32 1.64 0.13 0.00 0.03 1.15 99.88
11 232�9 57.08 0.00 39.94 0.00 0.09 0.51 0.00 0.00 0.10 1.58 99.30
12 147/81 56.28 0.95 41.62 0.20 0.10 – 0.01 0.39 – – 99.55
13 147/81 56.62 0.39 42.14 0.07 0.87 – 0.04 0.49 – – 100.62
14 Каi�32 63.25 7.31 24.27 3.15 0.00 0.00 0.00 0.38 0.21 0.12 98.69
15 147/81 62.46 12.39 23.89 0.51 0.64 – 0.03 0.24 – – 100.16
16 147/81 62.03 11.76 23.62 0.86 0.57 – 0.02 0.33 – – 99.19
17 147/81 62.03 11.79 23.62 0.86 0.57 0.01 0.02 0.33 – 0.17 99.40
18 64/84 36.87 61.86 1.42 0.02 0.07 0.05 0.23 – 0.32 0.12 100.96
19 66/84 36.32 60.88 1.16 0.27 0.07 – 0.18 – – – 98.88
20 1050/82B 36.08 64.42 – – – 0.25 0.24 – – – 100.99
21 59/86 37.75 61.83 – – – – – – – – 99.58
22 59/86 38.81 62.82 – – – – – – – – 101.63
23 64/84 36.87 61.86 1.42 0.02 0.07 0.05 0.23 – 0.32 0.12 100.96
24 66/84 36.32 60.88 1.16 0.27 0.07 – 0.18 – – – 98.88
25 48/85 39.20 60.26 – – – – – – – – 99.46
26 64а/84 39.06 60.63 0.17 0.58 0.20 0.38 0.22 – – – 101.24
27 27/85 36.82 61.55 0.24 0.08 0.04 0.24 0.10 0.00 0.26 0.14 99.47
28 147/81 41.01 57.39 – – 0.06 – 0.03 0.71 – – 99.20
29 64а/84 46.69 17.46 – – – 2.21 – – – 33.52 100.14

Notes: Analyzes: (1–13) calaverite, (14–17) sylvanite, (18–27) hessite, (28) stutzite, and (29) volynskite; (–) not analyzed.
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ciable quantities of Ag whose concentrations
increase with depth and commonly reach up to
1.7–1.8 wt. % at lower levels of the ore bodies.
Small admixtures of Se (up to 0.34 wt. %) are
practically permanently detected in the miner-
al composition; at the lower levels, admixtures
of Cu (up to 0.5–0.9 wt. %) and Sb (up to
1.6–3.0 wt. %) are also noted. It is particularly
remarkable that it is at the lower levels that sev-
eral previously unknown natural mineral phas-
es of the Au�Sb�Te composition with variable
relationships between the components were
found along with calaverite among minerals of
the gold�productive assemblages. According
to electron�microprobe data, the chemical
composition of one of these phases is as follows
(wt. %): Au –79.47, Ag – 0.17, Te – 10.61, and
Sb – 9.05, which corresponds to the ideal for-
mula Au5SbTe. Another Au�Sb�Te phase found
here is composed of the same set of elements,
but in the different ratios (wt. %): Au – 44.37,
Te – 26.38, Sb – 28.04, and Se – 0.41. This
analysis is well recalculated to the ideal formu-
la AuSbTe. One more mineral phase found and
studied at the deposit contains Bi in addition to
Au, Sb, and Te and has the following chemical
composition (wt. %): Au 31.58, Sb 8.87, Bi 5.81,
and Te 54.23. The empirical formula of this
compositionally complex mineral phase is
close to the stoichiometry Au5Sb2Bi2Te13. It is
possible that this mineral belongs to the
nagyagite�buckhornite group; however, this
question remains open now, since further
investigations are impossible because of the
very small (<20 μm) size of its particles.
Sylvanite predominantly occurs in ores of
the deep levels and is substantially exceeded
in abundance by calaverite. A small (no
more than 0.4 wt. %) Cu admixture is con-
stantly detected in its chemical composi-
tion. One of sylvanite segregations within
barite has the chemical composition (in wt.
%): Au 24.27, Ag 7.31, Cu 3.15, and Te 63.26,
that corresponds to the ideal formula
Au(Ag0.6Cu0.4)Te4; that is, this mineral occu-
pies an intermediate position in the isomor-
phous series sylvanite (AuAgTe) – kostovite
(AuCuTe4).

Minerals of the Pb�Te�Se�S system are repre-
sented in ores of the Diabasic zone by altaite,
clausthalite, and intermediate members of the
galena�clausthalite series. The most wide-
spread of these minerals is altaite that belongs
to early assemblages of the Main Productive
Stage. Clausthalite and minerals of the gale-
na�clausthalite series are associated with fama-
tinite�luzonite, goldfieldite, chalcopyrite, and
sulfostannates. The chemical composition of

the studied minerals of this system is presented
in Table 5. Remarkable peculiarities of these
minerals are as follows: the altaite contains
appreciable admixtures of Ag, Cu, Fe, Sb, and,
occasionally, Au; the galena�clausthalite se -
ries minerals are characterized by variable
concentrations of Se and S and by the pres-
ence of small amounts of Bi (Table 5). In addi-
tion, Bi�tellurantimony was assigned to miner-
als of the early assemblages. Its chemical com-
position, according to electron�microprobe
analysis, is as follows (wt. %): Bi 22.04, 
Sb 21.38, Te 55.82, and S 0.62.

Relatively later tellurides of the Kairagach
deposit are represented by hessite, tet ra dy mite,
volynskite, and rucklidgeite, which are associat-
ed with gold of low fineness, sulfoselenotel-
lurides, and selenides of Bi. It is worth to note that
among the latter such rare minerals as kawazulite
Bi2Te2Se; laitakarite Bi4(Se,S)3; nevskite Bi(Se,S),
Se�sulphotsumoite Bi3Te2(S,Se), and the phases
Bi2(Te,Se,S)3 and Bi(Se,S)2. All these minerals,
whose chemical composition is presented in
Table 6, occur as constituents of the
gold�productive assemblages exclusively with-
in ore shoots, mainly at the upper levels of the
deposit. Although selenides proper are not
widespread at deep levels of the deposit (a Bi
selenotelluride, kawazulite, was only revealed
there), some Bi sulfosalts, such as chorobet-
suite�like minerals and Sb�emplectite, contain
(along with appreciable amounts of Sb) signifi-
cant (from 2.89 to 10.14 wt. %) concentrations
of Se. Increased concentrations of Se are also
characteristic for sulphotsumoite (chemical
composition, wt. %: Bi 68.89, Sb 0.69, Te 24.06, 

Fig. 5. Variations in the chemical composition of Au and Ag
tellurides (at. %): (1) theoretical compositions and (2)
minerals from the Kairagach deposit
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S 3.27, and Se 3.09), that was first revealed for
the Kairagach deposit.

Sulfostannates represent one of mineral
groups typomorphic for rich and bonanza ores.
They include mawsonite, stannoidite, stannite,
kesterite, nekrasovite, volfsonite, and he musite,
as well as several yet unnamed sulfosalts of Sn,
Cu, and Fe, characterized by variable relation-
ships between these elements (Ko valenker and
Geinke, 1984; Kovalenker et al., 1986). We
included Sn�containing colusite and stibioco-
lusite, interrelated with the isostructural
nekrasovite through uninterrupted transitions,
into this group as well (Kovalenker et al., 1984).
Sulfostannates do not make up large accumula-
tions in Kairagach ores and are commonly repre-
sented by small (up to 50–100 μm in size) but
numerous, rounded or xenomorphic segrega-
tions most often confined to fahlore, chalcopy-
rite, barite, or quartz. These minerals commonly
occur in intimate intergr wths with each other, as
well as with chalcopyrite, native gold,
Se�emplectite, and other sulfobismuthites.
Accumulations and separate gra ins of
V�containing (up to 1 wt. % V) cassite rite, as well
as of native tin, are often confined to  the aggre-
gates of sulfostannates (Badalov et al., 1984).
Chemism peculiarities and parageneses of sul-
fostannates in ores of the Kairagach deposit were
comprehensively considered in special publica-
tions (Kovalenker and Geinke, 1984; Kovalenker
et al., 1984 and 1986; Spi ri donov et al., 1983);
therefore, it would be sufficient to note here that
the chemical composition of minerals of this
group is characterized by permanent admixtures
of Sb, As, and, to a lesser degree, Se, the typo-
morphic elements of the Kairagach ores.

Conclusions

1. In contrast to typical high�sulfidation
epithermal ore deposits characterized by the

Au�Cu specialization of the ore mineralization,
ores of the Kairagach deposit are complex, mul-
ticomponental, and exhibit a clearly pro-
nounced Au�Bi�Sn�Se�Te geochemical profile.

2. The mineralogical complexity and origi-
nality of the Kairagach ores are caused by the
variety of state and occurrence forms (native,
isomorphous, sulfide, selenide, and telluride)
of their contained chemical elements. 

3. The typochemism of the Kairagach ores is
determined by the presence of numerous and
diverse minerals of Au, Ag, Bi, Sn, Sb, Se, and
Te, that often possess a complex variable
chemical composition and not infrequently
make up series of solid solutions, or belong to
homologue series.

4. Formation of the diverse, compositionally
complex ore minerals of the Kairagach deposit
was related to a high variability of the physico-
chemical parameters (T, P, pH, Eh, and compo-
nent activities) under conditions of miner-
al�forming processes that dynamically devel-
oped near the Earth’s surface.
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7 * 78.67 0.00 0.00 – 0.84 – 5.89 15.33 0.00 – – – 100.73
8 1031/86 66.15 6.48 – – 3.80 3.80 13.90 6.24 0.61 – – – 100.98
9 1031/86 64.96 6.46 – – 3.85 3.72 14.37 5.82 0.37 – – – 99.55
10 8/83 66.78 1.93 0.37 0.62 4.92 4.45 15.69 4.49 0.22 – 0.06 – 99.53
11 147/81 75.49 1.67 0.21 0.14 3.20 0.02 1.31 17.72 0.36 – 0.06 – 100.18
12 1020/86 56.28 0.12 0.25 0.00 0.00 0.45 4.36 0.13 37.04 0.19 0.00 0.01 98.83
13 1020/86 56.47 0.02 0.25 0.00 0.04 0.24 4.37 0.74 36.31 0.57 0.00 0.08 99.09
14 1020/86 55.74 0.00 0.26 0.00 0.00 0.07 4.46 1.03 36.44 0.25 0.00 0.48 98.73
15 42/85 54.59 0.07 0.56 0.32 0.03 – 3.69 0.99 34.44 – – – 94.69
16 232�9 56.02 0.00 0.73 0.00 0.00 0.00 4.11 1.15 36.91 0.37 0.00 0.04 99.33
17 232�9 56.78 0.00 1.05 0.00 0.00 0.00 3.96 1.24 36.94 0.00 0.00 0.00 99.97
18 Kai�38 56.27 0.00 0.00 0.00 0.07 0.00 4.30 1.84 35.38 0.81 0.23 0.02 98.92
19 27/85 50.74 3.50 0.26 0.00 1.01 0.63 4.31 2.69 34.55 0.00 0.00 0.76 98.45
20 * 73.64 2.04 0.61 – – – 0.91 5.79 18.16 – – – 101.15
21 147/81 55.92 – 0.44 – 1.39 0.29 1.75 9.12 30.58 0.37 0.71 – 100.57
22 Kai�38 57.07 0.00 0.03 0.00 1.10 0.00 2.52 9.51 29.69 0.00 0.33 0.00 100.25
23 8/83 52.88 – 0.86 0.02 3.22 0.57 2.91 7.32 29.73 0.60 – 0.63 98.74
24 K�12/|1 56.42 – 0.81 – 1.06 – 3.25 6.11 33.01 – – – 100.66
25 K�12/2 68.89 – 0.69 – – – 3.27 3.09 24.06 – – – 100.00
26 232�9 53.86 0.03 1.37 0.00 0.04 0.00 2.64 7.04 32.42 0.72 0.11 0.00 98.23
27 Kai�38 53.39 0.00 0.00 0.00 0.78 0.14 3.71 3.75 32.62 4.72 0.28 0.07 99.46
28 Kai�38 55.74 0.00 0.00 0.00 0.90 0.06 2.96 6.40 32.19 0.19 0.00 0.36 98.80
29 * 62.58 1.48 0.50 – – – 2.94 6.23 28.08 – – – 101.81
30 64а/84 36.10 14.20 1.04 0.55 0.89 0.73 0.24 0.35 45.46 – – 0.08 99.64

Notes: (*) after Spiridonov and Badalov, 1983; Analyzes: (1–5) laitakarite, (6–7) phase Bi2SeS, (8–10) phase CuBi3(S.Se)5, (11)
phase Cu2Bi15(S.Se)11, (12–19) tetradymite, (20) phase Bi3TeSe, (21–24) kawazulite, (25) tsumoite, (26–29) phase
Bi3Te2SeS, and (30) rucklidgeite; (–) not analyzed
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