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Abstract—The East Tannu-Ola sector of the Tuvinian magmatic belt is composed of Early Cambrian volcanosedimentary rocks of an
island-arc association (Kadvoi, Serlig, and Irbitei Formations), which are intruded by granitoid massifs of different ages (from Cambrian to
Devonian) of the Tannu-Ola areal pluton. We analyzed the structural and geologic position, chemical composition, metallogenic signatures,
and geochronological (U/Pb) and isotope-geochemical (Sm/Nd and Rb/Sr) characteristics of Early Paleozoic granitoids of the Ungesh plu-
ton (western part of the Tannu-Ola areal pluton). The available and our new data made it possible to establish the specific chemical param-
eters, age sequence, duration, intensity, and metallogeny of granitoid magmatism in the East Tannu-Ola sector of the Tuvinian magmatic
belt. An early Cambrian (534-518 Ma) gabbro—plagiogranite complex similar to the Maina complex in West Sayan has been recognized
in the Ungesh pluton. The age and metallogeny of the middle—late Cambrian (508—492 Ma) Tannu-Ola diorite—granodiorite—plagiogranite
and Late Ordovician (451-447 Ma) Argolik granite—leucogranite complexes have been refined. Granitoids of the early Cambrian complex
formed probably at the initial stage of formation of an island arc, in association with the Kadvoi—Serlig basalt—andesite-rhyolite complex.
It is in these granitoids that early low-productivity gold—sulfide—quartz veins and veinlets originated. Granitoids of the Tannu-Ola complex
formed at the initial stage of evolution of the accretion—collision system. Magnetite-containing skarns and numerous vein—veinlet zones of
late high-productivity gold-sulfide-quartz mineralization evolved in these granitoids. Granitoid massifs of the Argolik complex formed at
the final stage of evolution of the accretion—collision system and probably played a crucial role in the regeneration of ore mineralization
in some areas.

Keywords: granitoid magmatism, U/Pb (SHRIMP-II) zircon dating, petrogeochemical and isotope-geochemical (Sm/Nd and Rb/Sr) studies, gold, copper,

lead, zinc, metallogeny, Republic of Tyva, East Tannu-Ola sector, Tuvinian magmatic belt

INTRODUCTION

In the East Tannu-Ola sector of the Tuvinian magmatic
belt, massifs of the middle Cambrian Tannu-Ola diorite—
granodiorite—plagiogranite and FEarly Devonian Bren’
granosyenite—granite—leucogranite complexes were com-
monly recognized (Pinus, 1961; Ivanova, 1963; Teleshev,
1981; Shapovalov, 2001). The rock appearance played a sig-
nificant role for the division of granitoids of the East Tannu-
Ola sector. For example, grayish-red leucocratic granites
were usually assigned to the Early Devonian Bren” complex,
and gray plagiogranites, to the middle Cambrian Tannu-Ola
complex. Recent studies by precision methods have shown
that the Tannu-Ola areal pluton, along with other granitoid
areal plutons in Tuva (Kaa-Khem, Khamsara, Bii-Khem,
etc., Fig. 1), has a heterogeneous and polychronous structure
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and an age of 450 to 570 Ma (Rudnev et al., 2004, 2005,
2006, 2015; Rudnev, 2013).

The polychronous magmatism of different compositions
in the East Tannu-Ola sector of the Tuvinian magmatic belt
is responsible for diverse endogenous mineralization of dif-
ferent ages. The East Tannu-Ola ore district is confined to
the field of rocks of the Tannu-Ola areal pluton breaking
through the early Cambrian volcanosedimentary rocks of
the Kadvoi—Serlig complex. It has prospecting indicators of
gold, gold-bearing polymetallic (Cu, Pb, Zn, Au, and Ag),
copper, iron, and molybdenum types of mineralization
(Chernykh, 2014; Chernykh et al., 2017). Thus, division of
the Tannu-Ola areal pluton into sectors and study of their
geology, chemical composition, and age will help not only
to elucidate the evolution and the model of formation of
granitoid magmatism but also to clarify the spatial and tem-
poral distribution of minerals and the parameters of the rela-
tionship of Au and porphyry Mo—Cu types of mineralization
with intrusive complexes.
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Fig. 1. Geological schematic map of the Tuvinian magmatic belt. /, Cenozoic depressions; 2, Cenozoic East Tuva volcanic basaltic plateau; 3,
Jurassic depressions; 4, Middle Paleozoic terrigenous deposits; 5, Middle Paleozoic differentiated medium-alkali rock complex; 6, Middle Paleo-
zoic granosyenite—granite and nepheline—syenite rock complexes; 7, carbonate terrigenous deposits of passive margin (O-S); 8, Ediacaran(?)—
Cambrian deposits of basalt—plagiorhyolite complex; 9, Ediacaran(?)—Cambrian volcanosedimentary deposits with basalts and ultrabasites; /0,
Ediacaran(?)-Cambrian melanges; //, Cambrian—Ordovician granitoids; /2, blocks of Late Riphean(?) basement (areas of early Paleozoic green-
schist metamorphism); /3, blocks of Tonian(?) basement (epidote—amphibolites and amphibolite complexes); /4, Ediacaran—Cambrian ophiolite
association; /5, carbonate deposits of the Ediacaran—Cambrian nappe; /6, uplifts of Tonian metamorphic basement; /7—79, borders of metallo-
genic units: /7, Tannu-Ola-Ulugoi Fe-Cu—Au—polymetallic mineralization zone, /8, ore districts, /9, ore clusters; 20, mineral deposits and ore
occurrences; 21, geologic boundaries; 22, tectonic boundaries; 23, thrusts.
Metallogenic units: Tannu-Ola—Ulugoi Fe—Cu—Au—polymetallic mineralization zone: 1 Zn, Pb, Cu, Kyzyl-Tashtyg pyrite—polymetallic ore dis-
trict; 1.1, Kyzyl-Tash pyrite—polymetallic ore district; 1.2, Kyzyl-Tashtyg pyrite—polymetallic ore cluster; 2, Kharal gold ore/gold placer district;
2.1, Kharal (Mozgolev) gold ore/gold placer cluster; 3, Tapsa—Kaa-Khem gold ore/gold placer district; 3.1, Tardan gold ore/gold placer cluster;
3.2, Kagzhirba—Kundus gold ore/gold placer cluster; 3.3, Karabil’dyr gold ore/gold placer cluster; 4, East Tannu-Ola Cu—Fe—Au—polymetallic ore
district; 4.1, Elegest-Mezhegei gold ore/gold placer cluster; 4.2, Irbitei Au—Ag—polymetallic ore cluster; 4.3, Aptara gold ore cluster; 4.4, Shivilig
gold ore cluster; 4.5, Shivilig-Khem Au—Ag—polymetallic ore cluster. Sectors of the Tuvinian magmatic belt (in squares): I, Khamsara; II, Kaa-
Khem; 111, Ulugoi; IV, Uyuk; V, East Tannu-Ola. Granitoid areal plutons (in circles): I, Khamsara; II, Bii-Khem; I1I, Kaa-Khem; IV, Tannu-Ola.
Deposits and ore occurrences: gold: T, Tardan deposit; D, Despen ore occurrence; polymetallic: KT, Kyzyl-Tash ore occurrence; K, Kyzyl-
Tashtyg deposit; P, Podpereval’noe ore occurrence; porphyry Mo—Cu: A, Ak-Sug Au-containing deposit; U, Ulug-Sailyg ore occurrence; Ch,

Ak-Chary ore occurrence.
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In this paper we present results of comprehensive studies
of granitoids in the west of the Tannu-Ola areal pluton (Un-
gesh pluton), carried out within the framework of the GDP-
200 (“Additional geological study of areas” project) re-
search in the area covered by Sheet M-46-X (Khovu-Aksy
region) of the Geological Map of the Russian Federation.
During these studies, the granites of the Ungesh pluton were
divided into complexes, and their geologic structure, age,
petrogeochemical composition, isotope (Sm/Nd and Rb/Sr)
characteristics, and metallogeny were studied in detail.
Based on the new data, we analyzed the age sequence and
duration of intrusion and the conditions of generation of pa-
rental melts at different geodynamic stages of the regional
evolution. We also refined the specifics of the regional
metallogeny and established the main stages of its formation.

METHODS

The early Paleozoic granitoids of the Ungesh polychro-
nous pluton were studied by a complex of methods, includ-
ing analysis of cartographic materials, field observations,
and petrographic, petrogeochemical, isotope-geochronolog-
ical, and isotope-geochemical studies.

Based on the direct field observations, we divided the
Early Paleozoic granitoids of the Ungesh pluton into com-
plexes, mapped them, studied their structure, composition,
and metallogenic specialization, recognized the intrusion
phases, and investigated the relationships between these
phases and the host rocks and between different types of
granitoids.

Petrographic and analytical laboratory studies gave an in-
sight into the microcomposition of the recognized rock vari-
eties. During the petrographic study of slices, special atten-
tion was paid to the mineral composition, structures and
textures of rocks, and the set of accessory minerals.

Analysis for petrochemical elements was performed on
an ARL Optim’X X-ray fluorescence spectrometer (Germa-
ny) in the laboratory of the Siberian Research Institute of
Geology, Geophysics and Mineral Resources (SNIIGGiMS),
Novosibirsk (analyst D.O Artomonov), following the NSAM
439-RS technique with measurement of the intensities of X-
ray fluorescence of the elements under study and their com-
parison with the intensities of standard samples.

The contents of rare-earth elements (REE) and trace ele-
ments were determined with an ELAN-DRC-6100 (USA)
ICP mass spectrometer in the Central Laboratory of the Rus-
sian Geological Research Institute (VSEGEI), St. Peters-
burg (analysts V.A. Shishlov and V.L. Kudryashov).

The age of intrusive complexes was estimated by U/Pb
(SHRIMP-II) dating of granitoids at the Center of Isotopic
Research (CIR) of VSEGEI (analysts A.N. Larionov and
E.N. Lepekhina), following a standard technique (Williams,
1998) with the use of the TEMORA standard (Black et al.,
2003). The error of single analyses is at the 1o level, and the
error of calculation of the concordant age is at the 2c level.

Concordia diagrams were constructed using the Isoplot/Ex
program (Ludwig, 2003).

The sources of magma-forming substrates for the dated
granitoids of different complexes were assessed based on
the Rb/Sr and Sm/Nd isotope-geochemical characteristics of
their bulk samples (CIR VSEGEI, St. Petersburg). Analysis
of Sm, Nd, Rb, and Sr isotopes was performed on a Triton
T1 seven-collector mass spectrometer, following the earlier
proposed techniques (Bogomolov et al., 2002). The accura-
cy of Sr and Nd isotope measurements was controlled by
analysis of the VNIIM-Sr (¥’Sr/%Sr = 0.70801 + 20) and
INd-1 (**Nd/'"Nd = 0.5121003 + 104) standards. The
87Rb/6Sr and "Y'Sm/!'**Nd values were calculated from the
contents of Rb, Sr, Sm, and Nd determined by ICP MS. The
&xg and (¥'Sr/%6Sr), values were calculated relative to the
CHUR model chondrite reservoir with *Nd/'Nd =
0.512638, "7Sm/'*Nd = 0.1967, ¥Rb/**Sr = 0.7045, and
87Sr/%6Sr = 0.0816 (Faure, 1986). The model Ty, ages of
crustal material were estimated using a two-stage model
(Liew and Hofmann, 1988) and parameters '*Nd/!*Nd =
0.513079, gy = 8.6, and Sm/Nd = 0.352 ("Sm/'*Nd =
0.21194) (De Paolo et al., 1991).

GEOLOGIC STRUCTURE OF THE UNGESH PLUTON

The Ungesh pluton forms the largest body in the west of
the Tannu-Ola areal pluton (Fig. 1). It is arched and extends
in the E-W direction conformably with the main geologic
structures. Outcrops of early Paleozoic igneous rocks of the
pluton and its satellites at the recent denudation level are
about 1000 km? in area. The Ungesh pluton is hosted by
early Cambrian volcanosedimentary rocks of an island-arc
association (Kadvoi, Serlig, and Irbitei Formations)
(Shapovalov, 2001; Chernykh et al., 2017). The Kadvoi and
Serlig Formations are composed of carbonate, volcanic, and
terrigenous deposits of basalt—andesite—plagiorhyolite asso-
ciation, which accumulated at the initial early Cambrian
stage of evolution of ensimatic volcanic arcs of the Altai—
Sayan system. The Irbitei Formation is made up of terrige-
nous and carbonate deposits with interbeds of volcanic
rocks of basalt—andesite association, which formed at the
final stage of evolution of an early Cambrian island arc
(Babin et al., 20006).

The Ungesh pluton is composed of rocks of three com-
plexes of different ages: conceivably, Maina-type (€,) gab-
bro—plagiogranite (similar to the Maina complex in West
Sayan), Tannu-Ola (€, ;) diorite-granodiorite—plagiogran-
ite, and Argolik (O) granite—leucogranite (Fig. 2).

The Maina-type two-phase gabbro—plagiogranite
complex was recognized tentatively. The first phase is horn-
blende and quartz gabbro forming separate small elongate
bodies of irregular shape, which break through the rocks of
the Serlig Formation and the outliers among the granitoids
of the Tannu-Ola complex. The second phase is hornblende
and hornblende-biotite diorites, granodiorites, plagiogra-
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Fig. 2. Schematic geologic structure of the western part of the East Tannu-Ola areal pluton (compiled after (Chernykh et al., 2017) and supple-
mented). /, Cenozoic deposits; 2, Jurassic coal-bearing molassa; 3, Carboniferous terrigenous rocks; 4, Torgalyg syenite—gabbro complex (Dy—
C,); 5, Devonian volcanosedimentary, terrigenous, and terrigenous carbonate deposits of the Central Tuva trough (D,—D,); 6, basic dikes (PZ;—
MZ); 7, Ordovician—Silurian terrigenous and terrigenous carbonate deposits of the Central Tuva trough (05-S,); 8, Argolik granodiorite—granite
complex; 9, Despen andesite-rhyodacite unit (O,); /0, Tannu-Ola gabbro—diorite—granodiorite—plagiogranite complex (€, ;); /1, Irbitei Forma-
tion (€,); /2, Maina-type gabbro—plagiogranite complex (€,); /3, united Kadvoi and Serlig Formations; /4—17, borders of metallogenic units: /4,
metallogenic zones, /5, ore districts, /6, ore clusters (a) and predicted ore clusters (), /7, predicted ore fields; /8, ore occurrences with metal-
logenic signatures (Au, gold, Cu, copper, Mo, molybdenum, Zn, zinc, Ag, silver); 19, small deposit of placer gold; 20, boundaries (a, major faults,
b, subsidary faults, ¢, between geologic units); 2/, Russia—Mongolia state border; 22, locality of sampling for isotope dating (a, published dates,
b, new dates, Ma).

Metallogenic units: I, Tannu-Ola—Ulugoi Fe—-Cu—Au—polymetallic mineralization zone: 1.1, East Tannu-Ola Fe-Cu—Au—polymetallic ore district;
1.1.1, Elegest-Mezhegei gold ore/gold placer cluster; 1.1.2, predicted Irbitei Au—Ag—polymetallic cluster; 1.1.3, predicted Aptara gold ore cluster;
1.1.3.1, Despen gold ore field; 1.1.4, predicted Shivilig gold ore cluster; 1.1.4.1, predicted Ongesh gold ore field; 1.1.0.1, predicted Ulug-Sailyg
Cu—Mo ore field; 1.1.0.2, predicted Ak-Chary Au—Mo—Cu ore field.

nites, tonalites, and leucoplagiogranites composing large ir- The Tannu-Ola diorite-granodiorite—plagiogranite
regular-shaped bodies with curved borders and large xeno-  complex is formed by rocks of two phases. The first phase
lith blocks (outliers) among the granitoids of the Tannu-Ola  makes up 25-30 vol.% of the complex and comprises horn-
complex. blende diorites (70 vol.% of the phase) and quartz diorites.
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Rocks transformed to hybrid diorite-like varieties, gabbro-
diorites, and hornblendites as well as xenoliths of the host
rocks are found on the periphery of the massifs. The second
phase makes up 70-75 vol.% of the complex and comprises
biotite—amphibole plagiogranites (predominant), tonalites
(up to 40 vol.% of the phase), and quartz diorites.

The rocks of the Tannu-Ola complex form large massifs
within the Eastern Tannu-Ola Range and a number of small-
er satellites. The massif rock outcrops are of irregular shape,
oddly rugged, and vary significantly in size. The area of the
smallest body in the Duvelig-Kholu interfluve is no more
than 0.28 km?, and the area of the largest (Eastern Tannu-
Ola) body reaches 700 km?. The massifs are characterized
by a minor erosional truncation, which is due to the wide
spread of xenoliths of the host rocks, large roof sags, and
wide aureoles of exocontact hornfelses and skarns.

The Argolik granite—leucogranite complex is formed
by binary, two-feldspathic, and alaskite granites, fine-
grained leucocratic granites, and granite porphyry. Usually
they compose narrow (<120 m) elongate stock-like bodies
of irregular shape with vertical or near-vertical contacts, lo-
cally accompanied by eruptive breccias. The massifs are of-
ten confined to coeval tectonic zones composed of granit-
oids with prototectonic gneissosity subjected to shearing,
foliation, silicification, and epidotization. The granites are
often more intensely altered than the host rocks. These
stock-like bodies might be tongues of larger massifs that
were not denuded by erosion. All massifs have homoge-
neous composition and structure.

PETROGRAPHY

Plagiogranites of the second phase are predominant in the
Maina-type complex. They are light gray to yellowish-gray
and have porphyritic texture and, often, gneissoid structure.
The rocks contain plagioclase (40-55%), quartz (40-45%),
and biotite (1-3%) and are enriched in green hornblende
(10-15%), which is often surrounded by clusters of fine-
scaled biotite and accessory minerals. The porphyritic tex-
ture of the plagiogranites is due to coarser plagioclase, green
hornblende, and quartz grains present in an aggregate of
finer grains of the same minerals (Fig. 3). There are also
graphic intergrowths of plagioclase and quartz. The rocks of
the first phase (hornblende gabbro and quartz-containing
gabbro) are composed of plagioclase (50-60%) and green
hornblende with clinopyroxene relics in the grain cores (40—
50%). Quartz amounts to 1-5%. The zones of transition
from gabbroids of the first phase to plagiogranites of the
second phase often contain diorites and quartz diorites,
which do not form separate bodies with clear borders and
might be hybrid rocks. These gray to greenish-gray massive
medium-grained rocks are composed of plagioclase (40—
55%), K-feldspar (1-3%), quartz (0 to 5—15%), and green
hornblende (20-35%). Accessory minerals of the rocks are

apatite, magnetite, and zircon. Secondary minerals are seric-
ite, light green chlorite, and saussurite, which are developed
after plagioclase; hornblende is partly replaced by chlorite,
biotite, epidote, and actinolite.

The predominant rocks of the first phase of the Tannu-
Ola complex are diorites. These are gray to greenish-gray
fine-to medium-grained massive rocks with a subhedral to
distinct prismatic texture. They have a varying amount of
dark-colored minerals, often contain numerous xenoliths of
the host rocks, and grade into gabbro and quartz diorites.
Major minerals are plagioclase (40-65%) and brown to
greenish-brown hornblende (20-35%).

The rocks of the second phase of the Tannu-Ola complex
are often a continuous series from tonalites to plagiogran-
ites, with variation in the quantitative proportion of rock-
forming minerals. The rock varieties grade into each other.
For example, in the range 0—50 m in the lower stream of the
Kholu River, quartz diorites are gradually changed by tonal-
ites and granodiorites and then by plagiogranites. They pre-
serve structures and textures; only the contents and propor-
tions of rock-forming minerals change.

The rocks are gray to pinkish-gray medium- and coarse-
grained, with a subhedral texture. They are composed of
plagioclase (40—65%), quartz (25-45%), and biotite (up to
5%) and lack primary K-feldspar. The rocks of the plagio-
granite—tonalite transition and peripheral (endocontact)
zones contain brownish-green hornblende (0-10%). Plagio-
granites of the fault and fractured zones are subjected to K-
feldspathization leading to the reactionary replacement of
plagioclase by microcline. In places, plagioclase has been
preserved only as fragments in K-feldspar grains. Other sec-
ondary alterations of the rocks are sericitization, epidotiza-
tion, and chloritization. Biotite often replaces hornblende.
Major accessory minerals of the Tannu-Ola complex rocks
are sphene, apatite, magnetite, zircon, and pyrite.

Biotite granites are the main rocks of the Argolik com-
plex. These are red to meat-red medium-grained, often por-
phyritic, rocks with a granophyric texture. They are com-
posed of albite (5-10%), K-feldspar (50-65%), quartz
(30-50%), and biotite (1-5%). The porphyritic texture is
due to the present coarser orthoclase grains. Biotite is al-
most completely replaced by chlorite. Secondary minerals
are epidote, chlorite, and leucoxene. The Argolik granites
contain a wide spectrum of accessory minerals: zircon,
monazite, orthite, sphene, apatite, and fluorite.

PETROCHEMISTRY AND GEOCHEMISTRY

The rocks from gabbro to plagiogranites of the Maina-
type complex form a single evolutionary trend correspond-
ing to a high-Na low-alkali rock series (Fig. 4a). In the
CaO-Sr diagram, the configurative points of these rocks
form a tholeiite trend (Fig. 44) indicating their genetic be-
longing to a gabbro—granitoid association. As the SiO, con-
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Fig. 3. Structures and textures of the granitoids of the Maina-type (a, b), Tannu-Ola (c, d), and Argolik (e, f) complexes of the Ungesh pluton. a, b,
Hornblende-biotite plagiogranite (slice 2135-1); ¢, d, biotite—hornblende quartz diorite (slice 77); e, f, biotite leucogranite (slice 2226-1). a, c, e,
xnicols photomicrograph; b, d, f, transmission photomicrograph. P, plagioclase; Fsp, K-feldspar; Qz, quartz; Hbl, hornblende; Bt, biotite; Chl,
chlorite; Ep, epidote; Sph, sphene; Fl, fluorite; Mgt, magnetite.
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diagram; b, K,0-SiO, diagram; c—e, Frost diagrams (Frost et al., 2001) (¢c—f'= FeO,,/(FeO,,, + MgO), d, MALL, e, ASI); f, Pearce discrimination
diagram (Pearce et al., 1984); g, Harris ternary diagram (Harris et al., 1986), #, CaO—Sr diagram. Rock series: C, calcic, C—A, calc-alkalic, A—C,
alkali-calcic, A, alkalic. Fields of: syn-COLG, syncollisional granites, post-COLG, postcollisional granites, WPG, within-plate granites, VAG,
volcanic-arc granites, ORG, oceanic-ridge granites. Fields of magma-derived rocks (Fershtater et al., 1984): I, oceanic tholeiitic, II, continental
and island-arc tholeiitic, 111, high-alkali tholeiitic and andesitic, IV, latitic, high-alkali tholeiitic, and alkali-basaltic. The boundaries of the fields
of rocks of different alkalinity are given after Bogatikov et al. (2009).
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tent increases, the Na,O + K, O also increases and the Al,Oj,
CaO, MgO, MnO, XFe,0;, and TiO, contents decrease.
These are ferroan (f = FeO,,/(FeO,,, + MgO) = 0.6-0.9) cal-
cic granitoids (Fig. 4c, d; Table 1).

The granitoids of the Maina-type complex are character-
ized by low contents of Rb (2-60 ppm) and Nb (0—4 ppm),
medium contents of Sr (160-300 ppm) and Zr (100—
260 ppm), and a wide range of contents of Ba (100—
800 ppm), Y (10-60 ppm), Ce (3—40 ppm), and YD
(1-4 ppm). Their chondrite-normalized REE patterns show
domination of LREE over HREE and a negative Eu anoma-
ly ((La/Yb), = 1.5-6.0; (Eu/Eu*), = 0.5-0.8). The multiele-
ment patterns of the Maina-type plagiogranites show posi-
tive Pb and negative Ta and Nb anomalies, P and Ti minima,
and a slight Sr maximum (Fig. 5). In the discrimination dia-
grams, the figurative points of the Maina-type plagiogranites
fall in the fields of island-arc granitoids (Fig. 4f, ).

The rocks of the Tannu-Ola complex are characterized by
a wide range of SiO, (48-72 wt.%) and total alkali (3.0—
7.5%) contents, domination of Na over K, and high contents
of Ca (3-10%). Most of the Tannu-Ola granitoids are nor-
mal and alkaline (mostly sodium) (Fig. 4a) magnesian (f =
0.5-0.8) rocks of calcic and calc-alkalic series (Fig. 4c, d).

The Tannu-Ola granitoids have low contents of Rb (2—
30 ppm), Zr (50—120 ppm), Nb (1-7 ppm), Y (10-30 ppm),
Ce (10-30 ppm), and Yb (1-3 ppm), a wide range of Ba
contents (50-600 ppm), and high contents of Sr (200—
700 ppm). Their chondrite-normalized REE patterns show a
low total REE content, domination of LREE over HREE,
and no negative Eu anomaly ((La/Yb), = 2-9; (Ew/Eu*), =
0.7-2.0). The multielement patterns of these rocks show
positive Sr and Pb and negative Ta and Nb anomalies and P
and Ti minima (Fig. 5). The discrimination diagrams
(Fig. 4f, g) demonstrate a compositional similarity of the
Tannu-Ola rocks to island-arc granitoids.

300

Rock/Chondrite

A
?

Rock/Primitive mantle
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According to petrogeochemical composition, the Argolik
granitoids are calc-alkalic potassic rocks. The K,O + Na,O
content (6.5-8.5 wt.%) regularly increases in the granite—
leucogranite series (Fig. 4a), primarily because of the in-
crease in K,O content (2—5 wt.%). The content of Na,O var-
ies insignificantly and decreases from 5 to 2.5 wt.% as the
content of SiO, increases. The Argolik granitoids are fer-
roan (f = 0.8-1.0) alkali-calcic and calc-alkalic rocks
(Fig. 4c, d).

The Argolik granitoids have medium contents of Rb (25—
130 ppm), Sr (15-140 ppm), and Zr (130-350 ppm), widely
varying contents of Ba (50980 ppm), Nb (10-30 ppm),
Y (10-100 ppm), and Ce (30-140 ppm), and high contents
of Yb (4-14 ppm). Their chondrite-normalized REE pat-
terns (Fig. 5) show domination of LREE over HREE and a
negative Eu anomaly ((La/Yb), = 2.5-7.0; (Euw/Eu"), = 0.4—
0.5). The multielement patterns of these rocks show positive
Pb and weak negative Ta and Nb anomalies, HFSE enrich-
ment, and distinct Sr, P, and Ti minima (Fig. 5). The dis-
crimination diagrams (Fig. 4f, g) demonstrate a similarity of
the Argolik leucogranites to within-plate granitoids.

RESULTS OF GEOCHRONOLOGICAL (U/Pb) AND
ISOTOPE-GEOCHEMICAL (Rb-Sr, Sm-Nd) STUDIES

Geochronological U/Pb (SHRIMP II) studies of zircons
from the Ungesh pluton granitoids yield the following time
intervals of formation of the above rock complexes: Maina-
type, 534 £ 3 to 518 + 3 Ma; Tannu-Ola, 507.8 + 6.4 to
469.2 £ 5.5 Ma; and Argolik, 451 + 4 to 447 + 2 Ma (Fig. 6,
Tables 2 and 3).

The U/Pb isotope studies were carried out for zircons
from bulk samples of major rocks from the Ungesh pluton
(Fig. 6, Tables 2 and 3). We studied hornblende gabbro

NN\

b
500
100
10
1
0'6|||||||||||||||||||||
Cs Ba U Ta La Pb Sr Nd Sm Ti Y Lu
Rb Th Nb K Ce Pr P Zr Eu Dy Yb
|2 [ |3

Fig. 5. Chondrite-normalized (Sun and McDonough, 1989) REE (@) and multielement (b) patterns of the rocks of the Maina-type (/), Tannu-Ola

(2), and Argolik (3) complexes.
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Fig. 6. Results of U/Pb isotope dating of the granitoids of the Ungesh pluton. Sample 182, data after Gusev et al. (2014); samples TI-126 and T-1,
after Mongush et al. (2011); and sample RT-10, after Rudnev et al. (2006).

(sample 3624-2) of the first phase and biotite (hornblende—
biotite) plagiogranites of the second phase (samples 4567-3,
2092-1, 2135-1, 4073-2, 4033-3, and 2127-1) from the Mai-
na-type complex. Zircons from these rocks are yellow and
pinkish-yellow transparent to semitransparent euhedral pris-
matic crystals 120260 pm in average length, with cracks
and reddish-brown inclusions; their average elongation in-
dex is 1.3-2.6. In cathodoluminescence (CL) images, the
zircons are moderately or brightly luminescent and have a
thick or, less often, thin sector zoning (Fig. 7a, b).

The concordant age was estimated from 810 measure-
ments for all zircons from the rocks of the Maina-type com-
plex; the concordance probability varies from 0.046 to 0.9
(Fig. 8). Taking into account the morphology of zircons, we
relate the formation of these rocks to the early Cambrian
(534-518 Ma) magmatic events.

The Sm/Nd and Rb/Sr isotope studies were performed for
plagiogranite of the Maina-type complex (sample 2092-1).
The results (Table 4) show a high primary **Nd/'*Nd value
(&xg(T) =5.02) and a low primary ¥’St/*Sr value (0.704216).

Table 2. Results of U/Pb dating (SHRIMP-II) of intrusive rocks from the Ungesh pluton

Complex Sample Number of Rock. Massif. Phase Age, Ma
measurements
Maina-type 3624-2 10 Hornblende gabbro. Irbitei massif. First phase 52943
4567-3 8 Porphyritic plagiogranite. Dyttyg-Khem massif. Second phase 534+3
2092-1 10 Hornblende plagiogranite. Biche-Sailyg massif. Second phase 5322452
2135-1 10 Hornblende—biotite plagiogranite. Western part of Nizhnii Irbitei massif. 52743
Second phase
4073-2 10 Porphyritic plagiogranite. Aptara massif. Second phase 526+4
4033-3 10 Hornblende-biotite plagiogranite. Central part of Nizhnii Irbitei massif. 524+3
Second phase
2127-1 9 Biotite plagiogranite. Periphery of Nizhnii Irbitei massif. Second phase 518 £ 3
Tannu-Ola 2168-2 10 Hornblende diorite. Central part of East Tannu-Ola massif. First phase 4922 +5.5
77 10 Hornblende diorite. Periphery of Tei-Dash massif. First phase 496 +4.9
2012-2 10 Porphyritic plagiogranite. Khovu-Aksy massif. Second phase 505+3
2025-1 10 Porphyritic plagiogranite. Ust’-Ungesh massif. Second phase 507.8+ 6.4
Argolik 2226-1 10 Biotite leucogranite. Kyzyl-Dag massif 451+4
2422 10 Biotite—hornblende leucogranite. Biche-Serlig massif 44742
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Fig. 7. CL photomicrographs of the internal structure of zircon crystals from the rocks of the Maina-type (a, b), Tannu-Ola (c, diorites, d, plagio-
granites), and Argolik (e, f) complexes. Isotope measurement points and their numbers are shown for some grains. a, b, Zircons from porphyritic
granite (sample 4073-2), ¢, zircons from hornblende diorite (sample 77), d, zircons from porphyritic plagiogranite (sample 2012-2), e, zircons

from biotite-hornblende leucogranite (sample 2422), f, zircons from biotite leucogranite (sample 2226-1).
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Table 4. Results of Sm/Nd and Rb/Sr studies of the Ungesh pluton granitoids

E.V. Vetrov et al. / Russian Geology and Geophysics 60 (2019) 492-513

Sample Rb  Sr SRb/*SSr ¥7Sr/%Sr - 20 *'St/*Sr), Sm Nd  ¥Sm/ #Nd/ 420 ("NA/"Nd), exg(T) Tyg
—_— Nd 4Nd (DM-2st)
ppm ppm
2226-1 125.8 139.9 2.601 0.720009 0.000008 0.703298  6.752 34.83 0.1172 0.512683 0.000023 0.512337 546 0.71
2092-1 2391 160.7 0.043 0.704216 0.000015 0.703890 0.814 2.846 0.1729 0.512812 0.000022 0.512209 502 —
2422 50.55 408.6 0.3575 0.706316 0.000008 0.704040 2.139 10.85 0.1192 0.512654 0.000021 0.512305 474  0.78
77 18.61 580.8 0.0925  0.704214 0.000011 0.703562 2.169 9.839 0.1333 0.512725 0.000023 0.512293 571 0.72

Note. 2226-1, biotite leucogranite (Argolik complex); 2092-1, hornblende plagiogranite (second phase of the Maina-type complex); 2422, biotite—horn-
blende leucogranite (Argolik complex); 77, hornblende diorite (first phase of the Tannu-Ola complex).

Four U/Pb zircon ages (SHRIMP-II) were obtained for
the rocks of the Tannu-Ola complex of the Ungesh pluton:
two for hornblende diorites of the first phase (samples 77
and 2168-2) and two for plagiogranites of the second phase
(samples 2012-2 and 2025-1). The dated yellow and brown
zircons are transparent cuhedral and subhedral prismatic
crystals and isometric grains. The crystals are 130-300 pm
in average length, with an average elongation index of 1.4—
2.3. They show bright CL, have sector zoning, traces of fine
zoning, and random black thin rims (Fig. 7¢). The concor-
dant age was estimated from 10 measurements for zircon
monofractions from each rock sample; the concordance
probability is within 0.14-0.63. The morphology of zircons
from the Tannu-Ola granitoids points to the middle—late
Cambrian (508—492 Ma) magmatic formation of the rocks.

The results of Sm/Nd and Rb/Sr isotope studies of the
hornblende diorites of the first phase of the Tannu-Ola com-
plex (sample 77) show a high &,,(7) value (5.71) and a low
primary 8’Sr/3°Sr value (0.704214) (Table 4). The model age
of the rocks corresponds to the Neoproterozoic (7y,(DM-
2st) = 0.72 Ga).

The U/Pb isotope studies of zircons from the Argolik
complex were performed for two samples of leucogranites
(2226-1 and 2422). The zircons are colorless transparent
euhedral prismatic crystals; many of them contain reddish-
brown inclusions and have cracks. The average length of the
crystals is 90-270 um, and the average elongation index is
1.3-3.7. The zircons show bright CL and fine and sector
zoning. The results obtained indicate the Late Ordovician
(451447 Ma) age of the Argolik granitoids.

The Sm/Nd and Rb/Sr isotope studies of samples 2226-1
and 2422 (Table 4) yield g(7) = 5.46 and 4.74 and
87Sr/%6Sr = 0.703298 and 0.704040, respectively. The model
age of the rocks corresponds to the Neoproterozoic (7,(DM-
2st) = 0.71 Ga for sample 2226-1 and 0.78 Ga for sample
2422).

Thus, the geochronological U/Pb (SHRIMP II) studies of
zircons from the Ungesh pluton granitoids yield the follow-
ing time intervals of the rock formation: Maina-type com-
plex, 534-518 Ma; Tannu-Ola complex, 508—492 Ma; and
Argolik complex, 451447 Ma.

METALLOGENY OF THE GRANITOID
COMPLEXES

The granitoid areas of the Ungesh pluton mark the border
of the western part of the East Tannu-Ola ore district
(ETOD) within the Tannu-Ola—Ulugoi metallogenic zone
(Fig. 1). There are indicators of Au-containing polymetallic
(Cu, Pb, Zn, Au, and Ag), Au, Cu, Fe, and Mo types of
mineralization in the ETOD (Figs. 1 and 2). All these types
are genetically related to granitoid complexes.

Polymetallic mineralization of volcanohydrothermal set-
ting, similar to the mineralization in the Kyzyl-Tashtyg ore
cluster, is related to the formation of both Maina-type gran-
itoids and an island-arc association of early Cambrian vol-
canic complexes. It is not ruled out that the polymetallic
ores recrystallized as a result of the intrusion of the later
Ungesh pluton massifs. The intrusion of Maina-type granit-
oids also resulted in magnetite-containing garnet—pyroxene
skarns and gold—sulfide—quartz veins. The quartz veins are
single <1 m thick bodies, usually with Au <1 ppm. It is dif-
ficult to distinguish between the gold mineralization formed
at this stage and the more extensively manifested late Cam-
brian gold mineralization.

The ETOD gold mineralization is controlled mostly by
the large Tannu-Ola complex. Gold—skarn mineralization is
genetically related to the intrusion of the first-phase diorites
and quartz diorites of the Tannu-Ola complex. Garnet—py-
roxene skarns form small lenticular bodies up to 5-10 m in
thickness and tens of meters in dip and strike length. The
skarns bear not only magnetite but also chalcopyrite—born-
ite, quartz, and gold types of mineralization. Abundant
gold—sulfide—quartz veins and veinlets are genetically relat-
ed to the second-phase granitoids of the Tannu-Ola com-
plex. The content of gold increases at the sites where vein—
veinlet quartz mineralization is superposed on skarnified
rocks. The large-scale occurrence of ore-forming processes
is due to widely manifested magmatism, on the one hand,
and to the high permeability of intensely dislocated island-
arc volcanic and intrusive complexes, on the other.

In addition, the Tannu-Ola granitoids can be considered
ore-generating for porphyry Mo—Cu mineralization, as in
the Kyzyk—Chadr ore cluster, where porphyritic intrusions
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Fig. 8 (continued).

with Au—Cu mineralization are dated at 490 + 4 to 508 +
7 Ma (Gusev et al., 2014).

No gold—sulfide—quartz veins, metasomatites, or other in-
dicators of mineralization have been found yet in the young-
er granitoids of the Argolik complex. The Argolik granite
massifs with an age of 447 + 2 Ma (according to dating of
sample 2422) break through gold-bearing skarns with gold—
sulfide—quartz veinlets.

Geochemical anomalies, secondary aureoles, and disper-
sion trains of Cu, Mo, and Au are spatially associated with
the post-ore Argolik granitoid massifs poor in ore compo-
nents.

DISCUSSION

We have established the polyformational and polychro-
nous setting of the Ungesh pluton and have recognized mas-
sifs of three granitoid complexes. The pluton is composed
mostly of the rocks of the two-phase Tannu-Ola complex.
We have first revealed rocks of a two-phase complex on the
pluton periphery and in xenolith blocks among the Tannu-
Ola granitoids. They are similar in structure, composition,
and age to the rocks of the Maina complex in West Sayan.

The early Cambrian Maina-type rocks differ little in
physiography from the Tannu-Ola rocks; therefore, they can
be reliably separated only by invoking the geochemical and
isotope data. The Argolik granites are spatially confined to
tectonic zones and usually form small massifs and “inject-
ed” bodies, which might be tongues of larger noneroded
massifs.

The recognized granitoid complexes are different in pet-
rochemical composition and are partly similar in contents of

REE and trace elements. The main difference is in contents
of K and total alkalinity, which increase from older to
younger granitoids. According to the alphabetic typification
of rocks by petrochemical composition, the Maina-type
granitoids are of M-type (White et al., 1979), the Tannu-Ola
granitoids are /-type granites (Chappel and White, 1974),
and the Argolik leucogranites have the parameters (Fig. 4c—
e) of A-type granitoids formed in stabilized continental crust
(Collins et al., 1982). All REE and multielement patterns
(Fig. 5) show a high degree of fractionation, a negative Ta—
Nb anomaly, Ti and P minima, and a Pb maximum. The
eng(7) values (4.7-5.7) and model ages (0.71-0.78 Ga) of
the protoliths of these granitoids are also close to each other.
All the above geochemical characteristics suggest a com-
mon source of the granitoids of the studied complexes
formed in different conditions of melt crystallization. The
basic source of the granitoids was probably of subduction
origin. Its features were inherited by the granitoids of all
complexes and are expressed as a negative Ta—Nb anomaly
in the multielement patterns. During the evolution of granit-
oid magmatism, there was probably a repeated intracrustal
fractionation accompanied by the increase in SiO, and K,0
contents in the crust (Rudnick, 1995; Luchitskaya, 2014;
Kruk, 2015). The regularities of compositional changes in
the granitoid complexes of different ages can be explained
based on the tectonic model of the regional formation
(Rudnev, 2013). According to this model, the Maina-type
plagiogranites in association with the Kadvoi—Serlig basalt—
andesite-rhyolite complex mark the initial stage of forma-
tion of an island arc, when both the mantle sources and the
basic rocks of the oceanic basement and of the lower island-
arc deposits were involved in the melting processes. The
granitoids of the Tannu-Ola and Argolik complexes formed
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at the early and final stages of the accretion—collision pro-
cesses, respectively, which were followed by intracrustal
fractionation. At the final stage of these processes, the upper
part of the accretion—collision structure might have been
subjected to local rifting. This might have led to the forma-
tion of granitoid magmas with within-plate geochemical
characteristics.

The geochronological studies have yielded the time inter-
vals of formation of the recognized granitoid complexes
(534-518, 508492, and 451-447 Ma), which correspond to
the Early Paleozoic tectonomagmatic events in the East
Tannu-Ola sector of the Tuvinian magmatic belt and agree
with the age ranges of comagmatic polychronous plutons in
Eastern Tuva (Rudnev, 2013; Rudnev et al., 2015).

Analysis of cartographic materials and metallogeny data
on adjacent ore districts within the Tuvinian magmatic belt
shows that the stage of formation of the Tannu-Ola granit-
oids included the most diverse and large-scale processes and
thus is the most significant in terms of metallogeny. The
metallogenic signatures of the Tannu-Ola intrusions are de-
termined by the genetic relationship of Fe, Au, Cu, Pb, Zn,
and Mo mineralization with this granitoid complex. How-
ever, the later granitoid massifs of the Argolik complex
should be regarded as prospecting indicators, because their
intrusion led to the partial regeneration and redistribution of
ore matter within the earlier formed ore fields.

CONCLUSIONS

The East Tannu-Ola sector of the Tuvinian magmatic belt
includes widespread early Paleozoic granitoid massifs of
different ages. The results of the comprehensive study of
granitoids in the west of the Tannu-Ola areal pluton (Ung-
esh pluton) show that the Tannu-Ola complex has early
Cambrian gabbro—plagiogranite massifs similar to the Mai-
na complex in West Sayan. We separated them as an indi-
vidual complex. The first phase of this Maina-type complex
is gabbroids formed before the major phase of plagiogranite
intrusion. Some researchers refer these gabbroids to the Edi-
acaran(?)—early Cambrian Mazhalyk dunite—pyroxenite—
gabbro complex (Shapovalov, 2001; Mongush et al., 2011).
The obtained dates indicate a synchronous formation of
these gabbroids and the Maina-type granitoids. The analysis
of the available and our new geological and isotope-geo-
chronological data gives grounds to regard the studied mas-
sifs, earlier assigned to the Bren’ complex (Pinus, 1961;
Ivanova, 1963; Chuchko, 1965; Teleshev, 1981; Shapovalov,
2001), as part of the Ordovician Argolik complex. Similar
examples of reduction of the areas of the Tannu-Ola and
Bren’ complexes are known in Eastern Tuva (Rudnev et al.,
2004, 2006, 2015; Rudnev, 2013).

Thus, three intrusive complexes with different formation
conditions, ages, compositions, and metallogeny have been
recognized within the Ungesh pluton.

The oldest (534-518 Ma) Maina-type gabbro—plagio-
granite complex, for the first time recognized in the Tannu-
Ola complex, and the Kadvoi—Serlig basalt-andesite—pla-
giorhyolite complex form an early Cambrian island-arc rock
association. It is necessary to continue research in order to
substantiate the recognition of early Cambrian Maina-type
granitoids within other areal plutons in Tuva and to refine
their structure and composition. Gold—polymetallic mineral-
ization is genetically related to the postvolcanic hydrother-
mal activity at the island-arc stage, and magnetite-contain-
ing skarns and gold—sulfide—quartz veins and veinlets are
the result of the intrusion of the Maina-type granitoids.

The middle—late Cambrian (508-492 Ma) Tannu-Ola di-
orite—granodiorite—plagiogranite complex formed at the ini-
tial stage of evolution of the accretion—collision system. The
large-scale intrusive magmatism of this stage gave rise to
magnetite-containing skarns with Cu (chalcopyrite—bornite)
and Au mineralization and to numerous vein—veinlet zones
with gold—sulfide—quartz mineralization. According to the
available metallogeny data, porphyry Au—Mo—Cu mineral-
ization forms in the second-phase rocks of the Tannu-Ola
complex.

The smaller granite—leucogranite massifs of the Late Or-
dovician (451-447 Ma) Argolik complex formed at the late
stage of evolution of the accretion—collision system. The in-
trusion of the Argolik granites seems to have contributed to
the regeneration of older Cu and Au mineralization and its
concentration within the earlier formed ore fields.
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cal work.
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