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Fig. 8. Mineral and texture types of ores of the Kyzyl-Tashtyg deposit (half-scale). 1, sulfur—pyritic ores of massive (a), breccia-like (b) and spot-
ted (c) texture; 2, copper—zinc ores: pocket-disseminated (a), massive-spotted (b) and striated (c¢) texture; 3, polymetallic ores of massive (a),
banded () and pocket-disseminated (c) texture; 4, baryte—polymetallic ores: spotted-breccia-like (a), pocket (b) and disseminated (c) texture.

have been identified. Levels of impurity elements concent-
rations in the main ore minerals also determine the geo-
chemical specifics of the mineral types of the ores. Thus, the
widest range of impurity elements and their highest concen-
trations have been determined in copper—zinc and polyme-
tallic ores, where the main mineral is sphalerite — the most
impurity enriched mineral. At the same time, the significant
content of galena in polymetallic ores explains the higher
concentrations of Ag, Tl, Bi, Sb, and As in them, and the
existence of chalcopyrite and pyrite in copper—zinc ores in-
dicates high Mn and Co contents. In contrast, sulfur—pyrite

ores, composed mainly of pyrite, typically have a limited
range and low content of impurity elements.

Ores of the Kyzyl-Tashtyg deposit have been shown to
contain commercial contents of gold and silver. Gold re-
serves are estimated approximately to be 15 tons, and silver
~700 tons, with average contents of Au—1.03 ppm and
Ag—48.71 ppm. Because of this, Kuzebnyi et al. (2001)
even determined a special gold—sulfide—quartz stage in the
formation of the gold ore mineralization, even though it is
known, that elevated gold contents in sulfide deposits of the
entire world are their typical feature and are related to the
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Table 3. Content of the main elements (%) and impurity elements (ppm) in the main ore minerals and in various types of ores of the Kyzyl-Tashtyg

deposit
Element  gphalerite Galena Chalcopyrite Pyrite Sulfur-pyrite ore  Cu—Zn Ba-Pb-Zn
Ore ore
(12) 3 (©) ©) 15) 19) (14)
Fe 0.21-2.13 n.f. 31.5-32.0 46.5-47.3 n.a. n.a. n.a.
0.59
Cu n.f. n.f. 33.5-35.7 n.f. 0.36 0.95 0.70
Zn 61.8-66.2 n.f. n.f. n.f. 1.87 13.3 10.48
Pb n.f. 83.9-87.6 n.f. n.f. 0.11 0.36 2.8
S 32.4-33.1 13.0-13.5 32.9-335 52.4-53.3 39.6 27.3 19.5
Ba n.a. n.a. n.a. n.a. 0.30 1.7 8.5
Mn 10— 1200 30-60 50 — 600 n.f. n.f. 800 — 2800 100 — 1500
200 50 300 1600 840
Co n.f. n.f. 0.1-5 50—-200 40— 500 40 —200 3-15
1 100 160 26 6
Ni n.f. n.f. n.f. 1-10 0-9 n.f. 1-7
5 5 2
Cd 1600 — 2900 10 —500 1—-1000 n.f. 19 —200 90 — 1000 800 — 1700
2400 80 300 80 312 1200
As n.f. 100 — 2000 1-100 10 —200 30700 100 — 5000 300 — 7000
900 40 70 240 2800 3100
Sb n.f. 300 —2000 1-30 n.f. 10-150 10 —500 20— 1500
1100 6 26 100 230
Bi n.f. 8-200 1-10 n.f. 0-20 1-100 7-200
120 5 9 15 50
Ge 1-50 n.f. n.f. n.f. 0-10 0-7 1-10
10 3 2 3
In 0.1-36 na 0.6-28.0 n.a 0-15 0-19.5 0-21.5
17.0 43 4 6.9 9
Tl n.f. 10 —250 n.f. n.f. n.f. 3-20
50
Te 59-275 n.f. 15-34 n.f. 0-100 0-100 0-20
14.75 24.6 24 15 5
Se n.f. Up to 14.38% n.f. n.f. 0-—400 0-700 0-200
70 160 70
Ag 5-200 200 — 300 5-300 1-10 0-30 24-177 7-300
86 230 140 7 4 26 78
Au 0.03-3.6 0.43(1) 0.06—-4.3 0.03-4.8 0.02 (19) 0.8 (28) 2.3 (44)
1.26 (3) 2.01(4) 1.68(6)

Note. Gold contents in ores are given according to data of group samples from the Tuva expedition. Values in brackets indicate the number of samples.
Bold font indicates the main elements, above the line is the values range, below it—the mean composition.

formation of these ores (Herzig et al., 1993; Gas’kov et al.,
2001, 2005, 2006; Moss et al., 2001; Kovalev et al., 2004;
Vikent’ev, 2004). Gold and silver contents in the ores of the
deposit are extremely uneven and different in various kinds
of ores. According to data obtained from the bulk samples
from the Tuva expedition, mean content values of Au and
Ag correspondingly are 0.8 ppm and 26.0 ppm, and their
highest contents have been determined in polymetallic
(baryte—galena—sphalerite) ores—2.3 ppm and 78.0 ppm.
Gold and silver contents vary significantly event in a single
ore type, which is clear from results of grab samples analyses

from ores of different types (Fig. 9). In the main ore miner-
als, Au contents have generally close values, and Ag contents
are different (ref. Table 3). By its composition, the gold is
typically of low fineness. Data of X-ray measurements on a
Camebax-Micro analyzer shows that in the native phases,
contents of Au itself vary between 51.24% and 61.62%,
Ag—36.25-45.71%, which indicates a predominance of low
fineness of gold (electrum) in the ores (Table 4).

The isotopic composition of sulfur from the sulfides of
the Kyzyl-Tashtyg deposit ores was described in detail in
our work (Kovalev et al., 2000), as well as in the works of
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Fig. 9. Gold and silver content in ore grab samples of the Kyzyl-
Tashtyg deposit. /-5, ore: I, pyrite—chalcopyrite, 2, chalcopyrite—
sphalerite, 3, baryte—galena—sphalerite, 4, pyrite, 5, baryte—pyrite.

Kuzebnyi et al. (1991, 2001). The sulfur from the sulfides
has a stable heavier composition and quite low variation of
5**S (Fig. 10). Approximately 90% of analyzed samples fall
into a rather narrow range of &**S from +5.0 to +9.00%o.
The mean value of §*S from the sulfur of sulfides of the
deposit is +6.4%o, and that of sulfates (barite) +28.7%o. The
isotopic composition of sulfur (§**S) from the sulfides of
the main ores is similar to that of sulfides from ore frag-
ments in the ore-clasts horizon, and well as of sulfides from
the veinlet-disseminated pyrite—chalcopyrite mineralization
of root zones, measuring +6.8%o for pyrite and +7.6%o for
chalcopyrite. In general, for the Kyzyl-Tashtyg ore field, a

20
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Fig. 10. Isotope composition of sulfur from the main sulfide minerals
of the Kyzyl-Tashtyg ores. 1, pyrite; 2, sphalerite; 3, chalcopyrite; 4,
galena

stable increase in the weight of sulfur is noted from the
lower ore-bearing horizons to the upper ones (Kuzebnyi et
al., 1991), which is probably related to the increase of the
fraction of exogenous sulfate sulfur from seawater during
mineralization.

PHYSICO-CHEMICAL CONDITIONS
AND PARTICULARITIES OF ORE FORMATION

Studies of physical-chemical conditions, and in particular
the PT-parameters of ore formation of the Kyzyl-Tashtyg
deposit were performed by many researchers during the en-

Table 4. Gold composition (%) in ores of the Kyzyl-Tashtyg deposit (Kovalev et al., 2004)

Ore No. sample, grain Au Ag Hg Cu Total

Polymetallic K-155,1 55.22 44.48 0.0 0.0 99.70
K-155,2 49.77 50.41 0.04 0.0 100.22
K-155,3 56.22 44.97 0.13 0.02 101.34
K-155, 4 58.38 42.15 0.01 0.01 100.55

Baryte—polymetallic KT-L4, 1 61.62 39.36 0.01 0.0 100.99
K-24,1 54.63 45.71 0.0 0.26 100.60
K-24,2 60.93 38.51 0.03 0.01 99.48
K-24,3 51.96 48.13 0.07 0.0 100.16
KT588, 1 61.12 36.25 n.a. 0.50 97.87
KT588, 2 52.49 45.17 n.a. 0.53 98.18
KT588, 3 56.36 41.55 n.a. 1.15 99.06
KT588, 4 56.34 41.67 n.a. 1.77 97.78
KT588, 5 51.24 44.92 n.a. 2.14 98.30
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tire history of its investigation (Berman et al., 1965; Kova-
lev, 1966; Distanov, 1977; Kaleev, 1988; Simonov et al.,
1999; Kuzebniy et al., 2001; Gas’kov et al., 2006, 2008;
Melekestseva et al., 2007; Simonov and Kotlyarov, 2013;
Kuzhuget et al., 2015; Kuzhuget and Ankusheva, 2016).
Various methods were used for this goal, including homog-
enization, decrepitation, isotope thermometry, and various
mineral geothermometers and geobarometers.

According to the gas-liquid inclusion homogenization
method from various authors, in vein quartz from the ores,
the formation temperatures of sulfur—pyrite ores vary as
400-305 °C. Inclusions in pyrite decrepitate mainly in the
temperature interval of 300-200 °C, rarely 400 °C. The
pressure of the mineralization fluid forming sulfur—pyrite
ores of root zones was 850 atm. (Kuzebnyi et al., 2001). Ac-
cording to data of fluid inclusion studies in quartz by homo-
genization, the formation temperatures of copper—zinc ores
vary in the range 280-243 °C (Melekestseva et al., 2007).
Similar temperature conditions were established for poly-
metallic ores—300-250 °C (Berman and Agentov, 1965)
and 300-180 °C (Kovalev, 1966). For baryte—polymetallic
ores, the homogenization temperatures of fluid inclusions in
barite were 270—150 °C (Simonov et al., 1999; Simonov and
Kotlyarov, 2013). Data from the electrum—sphalerite geo-
thermometer, based on a determination of the composition
of native gold (atomic quantity of Ag in gold) and of ferru-
ginosity (XFeS) of sphalerite associating with, it indicate
that their formation temperatures were 250-183 °C (Ku-
zhuget and Ankusheva, 2016). As the presented data show,
the formation temperature of various ore types of the de-
posit is in the range from 400-305 to 270-150 °C. We deter-
mine a regular decrease of formation temperatures from sul-
fur—pyrite ores to copper—zinc and baryte—polymetallic
ones, which distinctly corresponds to the vertical ore zona-
tion. The highest formation temperatures (400-305 °C) have
been determined for sulfur—pyrite ores developed in root
parts of the deposit. Copper—zinc ores located between sul-
fur—pyrite and polymetallic ores formed at temperatures
280-243 °C, polymetallic ones — in the interval 300-162 °C,
and baryte—polymetallic variations developed in the upper
horizons of the deposit and on the flanks of ore bodies
formed at temperatures 250-183 °C. The vertical paleotem-
perature gradient was 12 °C per 100 m on the flanks of the
deposit and 29 °C per 100 m in the central zone (Kaleev,
1988). The most abrupt decreases in temperatures are in the
upper horizons of the deposit, where highly concentrated
mineralization formed as rich massive ores. Data of cryo-
metric studies show that the salinity of solutions decreased
in this direction. Sulfur—pyrite ores formed from solutions
with salinity of 7-10 wt.% of NaCl-equiv. (Kuzhuget et al.,
2015; Kuzhuget and Ankusheva, 2016). NaCl sharply domi-
nates the composition of the solutions with insignificant ad-
mixtures of KCI and Na,SO,. During the formation of cop-
per—zinc ores the salinity of the hydrothermal solution was
3.0-8.5 wt.%, and for barite-polymetallic ones—3.0-5.2

wt.% of NaCl-equiv. (Simonov et al., 1999). Higher salts
concentrations (up to 10 wt.%) and the presence of potassi-
um in the solutions, from which sulfur—pyrite ores formed
on the early stage of mineralization, probably, corresponded
to the primary composition of the deep magmatic fluid. Dur-
ing the formation of baryte—polymetallic ores on the final
mineralization stage, the composition of hydrothermal solu-
tions corresponded more to that of seawater.

The data obtained from thermobarogeochemical studies
show regular changes in the physical-chemical parameters
during the formation of various ore types of the Kyzyl-
Tashtyg deposit, which indicates a single stage of the miner-
alization process related to cyclic development of the early
Cambrian volcanism.

The question of the deposition mechanism of the Kyzyl—
Tashtyg deposit ores is still a matter of considerable debates.
B.I. Berman (Berman, 1960; Berman, Agentov, 1966) attri-
buted the early pyrite ores to be of the exhalative-sedimen-
tary type, and the copper—zinc and polymetallic ones to later
hydrothermal-metasomatic types. A close interpretation is
shown in (Kuzebnyi et al., 2001), where three genetic types
of mineralization are determined in the deposit at various
stages: sulfur—pyrite volcanogenic-sedimentary, pyrite—
polymetallic hydrothermal-metasomatic and baryte—poly-
metallic hydrothermal. Kovalev (1966) and Distanov (1977)
proposed that all ores of the deposit formed in hydrother-
mal-metasomatic processes caused by the emplacement of
subvolcanic intrusions in the Cambrian. Zaikov (1991,
2006) disagreed and considered the main mass of the de-
posit’s ores as volcanogenic-sedimentary, and only the root
zones ores to have formed by hydrothermal-metasomatic
processes. However, all researchers agree that the formation
of the deposit was related to early Cambrian homodromous
volcanism developing on the territory of the Kyzyl-Tashtyg
ore field with the formation of stratified lavas and subvolca-
nic bodies from basic to acidic composition. Unfortunately,
the age data obtained in recent years by Gusev (2011) for
igneous rocks of the Kyzyl-Tashtyg ore field complicated
the understanding of this process. The early Cambrian (510
+ 14 Ma) U-Pb age obtained for zircons from rhyodacites is
in good agreement with the early Cambrian age of sedimen-
tary rocks of the Tumat-Taiga and Tapsa formations deter-
mined from archacocyatha fauna (Distanov, 1977). At the
same time, the age of zircons from the so-called “intra-ore”
dacite—porphyry dike that supposedly cuts sulfur—pyrite
ores, which are overlaid by copper—zinc ores, corresponds to
the Early Ordovician (476 Ma) and indicates that the cop-
per—zinc ores are post-Ordovician in age. Zaikov (2006) de-
scribed fragments of copper—zinc and baryte—polymetallic
ores in the ore-clasts horizon at the base of the series that
overlaps the ore-bearing horizon, which suggests that these
ores existed and were being destroyed in the early Cambri-
an. The relationship between the mineralization and the
early Cambrian volcanism is also manifested in the close
connection of ore bodies with products of this volcanism,
the association of the main ore lodes to synvolcanic struc-
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tures, the stratification of ore lodes, and their zonal distribu-
tion in the section and lack of magmatic formations in the
overlying terrigenous deposits (O—D). The early Cambrian
volcanogenic source of ore elements is indicated by elevat-
ed concentrations of copper (325-1028 ppm) determined in
acid melt of inclusions that exceed clark values 30-100
times (Gas’kov et al., 2006). At the same time, the existence
of veined copper—zinc mineralization in the dike, whose age
was determined as Ordovician, is probably related to the re-
generation of galena—chalcopyrite—sphalerite mineralization
as more mobile in comparison to pyrite during the emplace-
ment of the dike in the ore horizon.

As for the ore deposition mechanisms, we can state with
assurance that the above described ore deposition mecha-
nisms described above took place during the formation of
the deposit. The hill-like morphology of the main ore lode
with intense hydrothermal alteration of rocks in its base in-
dicates its hydrothermal and hydrothermal-sedimentary
genesis at the bottom of a marine basin. The occurrence of
tube-like ore bodies in the root part of the ore zone, their
veinlet-disseminated and massive structures point to a hy-
drothermal-metasomatic formation.

The formation of aurecoles of hydrothermally altered
rocks in the hanging part of ore lodes, which contradicts the
hydrothermal-sedimentary formation of ores at a seafloor, is
related to the multistage discrete development of volcanism
and hydrothermal mineralization. The latter involves the in-
filtration of mineralization solutions of the later stages
through already formed ore lodes and overlying strata,
changing their composition and structural appearance. The
multiple stages of the mineralization process are supported
by the unidirectional zonation of the ore zone represented
by the change from bottom to top of the section of sulfur-
pyrite and copper—pyrite ores into polymetallic and baryte—
polymetallic ones, sometimes separated by barren interlay-
ers. Considering all the above data, we can conclude that the
formation of commercial lodes of pyrite—polymetallic ores
of the Kyzyl-Tashtyg deposit took place on the final stages
of the early Cambrian volcanism in close paragenetic rela-
tion with subvolcanic intrusions. The appearance of the
multistage volcanism process with the intrusion of subvol-
canic bodies not only accommodated the mineralization but
also caused its destruction with the formation of ore-clasts
horizons.

There is still no consensus on the paleogeodynamic set-
ting, in which the volcanogenic processes took place and the
Kyzyl-Tashtyg deposit formed. Distanov et al. (2006) con-
nected the formation of the deposit with Cambrian island
arc settings. Zaikov (2006) believes that the development of
pyrite-bearing zones of Tuva took place in rifts of the
Sayan—Tuva back-arc basin. According to Simonov et al.
(1999), on a Si0,/100-TiO,~Na,O diagram the clinopyrox-
enes of basalts from the ore field fall into the field of island
arc tholeiites, and on a (Ti + Cr)—Ca diagram they corre-
spond to back-arc basin settings. The paleotectonic position
of the Kyzyl-Tashtyg pyrite—polymetallic deposit is linked

by some authors (Ilyin, 1982; Belichenko and Boos, 1988) to
the paleorift zone of the Tuva—Baikal lineament, which was
emplaced on the flank of the covered microcontinent in con-
ditions of mature continental crust. According to our data
(Gas’kov et al., 2006) obtained from studying melt inclu-
sions in quartz from dacite, the REE pattern configuration in
the inclusion melt is generally similar to their configuration
of the rhyolites from the Kurile-Kamchatka island arc, which
can indirectly point to island arc formation setting.

CONCLUSIONS

The generalization and analysis of the materials obtained
for the Kyzyl-Tashtyg deposit allowed us to identify and
specify its main features.

1. The Kyzyl-Tashtyg deposit is related to early Cam-
brian volcanism and spatially associates with a central type
volcanic structure. The genetic relationship of the mineral-
ization and volcanism is indicated by the affinity of the main
ore lodes to synvolcanic structures, the close link of miner-
alization to products of this volcanism, the stratification of
ore lodes among lower Cambrian volcanogenic sedimentary
rocks of the Tumat-Taiga Formation, and the existence of
Cambrian biota (monocytes, cyanobacteria colonies and
sponges spicules) in ferrous—siliceous hydrothermal forma-
tion of the ore horizon.

2. The volcanism process developed in stages and pro-
duced homodromous stratified volcanogenic and subvolca-
nic bodies whose composition varied from basalts and ba-
saltic andesites to dacites and rhyolite—dacites. All rocks of
the differentiated basalt-andesite—dacite formation have a
clearly manifested sodium specialization.

3. The formation of commercial ore lodes of the deposit
took place on the final stages of the early Cambrian vol-
canism and was paragenetically related to subvolcanic intru-
sions. The multistage character of the volcanism and sub-
volcanic bodies were responsible for the formation of a
multilevel mineralization as well as its partial destruction
with the formation of ore-clasts horizons.

4. Ore deposition mechanisms were diverse and included
a hydrothermal-sedimentary process with the emplacement
of the main ore lode at the floor of a marine basin, as well as
hydrothermal and hydrothermal-metasomatic genesis with
the emplacement of veinlet-disseminated ores and tube-like
ore bodies in the root area of the mineralization zone.

5. Ores of sulfur—pyrite, copper—zinc and baryte—polyme-
tallic composition are identified in the deposit. Formation
temperatures of different types of ores are in the range bet-
ween 400-305 °C and 270-150 °C. There is a noticeable
decrease in emplacement temperatures from the sulfur—py-
rite to the copper—zinc and to the baryte—polymetallic ores,
which form a vertical mineralization zoning.

6. The widest range of impurity elements and their higher
concentrations are in copper—zinc and polymetallic ores,
where the main mineral is sphalerite—the carrier of the larg-
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est amount of impurity elements. The highest concentrations
of Au (2.3 ppm) and Ag (78 ppm) have been determined in
the baryte—polymetallic ores. In contrast, the sulfur—pyrite
ores typically have a limited range of impurity elements and
their low contents.

7. According to various researchers, the development of
pyrite-bearing volcanism took place in Cambrian island arc
or the back-arc settings.

The described characteristic of the Kyzyl-Tashtyg depo-
sit show that despite its early Cambrian age it preserved the
features of its volcanogenic genesis and can be used as a
reference object for studying the ancient volcanogenic hyd-
rothermal pyrite formation. Many of its genetic particula-
rities are similar to those of Devonian pyrite deposits of
Southern Urals and Rudny Altai (Seravkin, 1986; Gas’kov,
2015), and have close traits with volcanogenic deposits of
Australia (Large, 1992), Japan (Halbach et al., 1993) and
present-day pyrite-polymetallic formations of the Pacific
and Atlantic oceans (Grichuk, 2000).

This study was performed in the framework of a state as-
signment, project No. 0330-2016-0001.
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