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Abstract—The Kalguty Mo—W ore-magmatic system (OMS) is a granite batholith (S =70 km?, V"= 12,800 km® at the recent denudation
level, according to geological and geophysical data). This batholith is cut by the East Kalguty belt of rare-metal ongonite—elvan dikes spa-
tially and temporally associated with the East Kalguty quartz-vein—greisen Mo—W deposit. Geological and petrogenetic studies along with
published and our new results of geochronological (U/Pb zircon, Re/Os molybdenite, and “°Ar/*?Ar biotite and muscovite) dating made it
possible to reconstruct the thermochronological history of the Kalguty OMS. Five stages have been recognized: I (215 £ 1 Ma)—formation
of granites of major intrusive phase and of Mo-rich mineralization, which is an orebody called the Molybdenum stock; II (206 + 1 Ma)—
formation of leucogranite and intragranitic-pegmatite stocks in the granites of major intrusive phase; III (202 + 1 Ma)—formation of most
of ongonite—elvan dikes composing a dike belt; IV (195 + 1 Ma)—formation of long ultrarare-metal ongonite—elvan dikes in the central part
of the dike belt, which is spatially associated with the W-rich veins of the deposit; and V (181 + 1 Ma)—formation of thin ongonite—elvan
dikes on the periphery of the dike belt. The recognized age stages of the Kalguty Mo—W ore-magmatic system were mathematically tested
based on the model of crystallization differentiation and the dynamics of heat and mass transfer in the magma chamber corresponding to
the Kalguty granite batholith. The results obtained show that the formation of a granite batholith (215 + 1 Ma) and a later ongonite—elvan
dike complex with Mo—W-rich mineralization (195 + 1 Ma) can be explained only by a two-level ore-magmatic system with the “upper”
granite batholith at a depth of 5-15 km and the “lower” granite chamber at a depth of 20-31 km. The total duration of ore-magmatic pro-
cesses is 20 Myr (ore production stage) or 30 Myr, if we take into account occasional elvan dikes with poor quartz—fluorite—barite—ferberite
mineralization (181 + 1 Ma) on the periphery of the Kalguty deposit.

Keywords: rare-metal granites, ongonites, elvans, Mo—W deposits, U/Pb and Ar/Ar isotope dating, thermochronology, mathematical mode-
ling, Gorny Altai

INTRODUCTION

Estimation of the duration of formation of rare-metal—
granite ore-magmatic systems (OMS), including that with
the participation of granitoid batholiths, ongonites, and el-
vans, is paid little attention in the scientific literature. There
is a common belief based on experimental data and mathe-
matical modeling that silicic magma cannot be in the molten
state for a long time. In particular, rare-metal—granite melt
solidifies for hundreds of thousands—few millions of years
depending on the volume of a magma chamber (Averkin et
al., 1988; Sharapov and Averkin, 1990; Vladimirov et al.,
1993; Kovalenko et al., 1999). These concepts are confirmed
by isotope-geochronological data on ore-magmatic systems
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corresponding to hypabyssal facies (e.g., Li—F granites of
eastern Transbaikalia (Kostitsyn et al., 2004)). The ages of
these systems are close to the temporal stages of the origin
and extinction of ore-bearing hydrothermal systems (<0.5—
2.0 Ma) (Merceron et al., 1992).

At the same time, most of publications present only re-
sults of isotope dating of igneous rocks, while the age of ore
objects (intramagmatic and/or postmagmatic mineraliza-
tion) is established from geological observations and corre-
sponding geochemical signatures of granites: Beauvoir rare-
metal granites (France) (Raimbault et al., 1995), granite
complexes with ongonites and Sn—W mineralization of the
Chukchi Peninsula and Amur region (Alekseev, 2013),
Khangilai rare-metal ore belt in eastern Transbaikalia, in-
cluding the Orlovka (Ta-Nb) and Spokoinoe (W) deposits
(Kovalenko et al., 1999; Badanina et al., 2010), topaz—pro-
tolithionite granites and ongonites of the Bazardara ore dis-
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trict (southeastern Pamir) (Vladimirov et al., 1991), and Sn-
bearing granite—leucogranites of the Piaoak Massif (North
Vietnam) (Vladimirov et al., 2012b). Analysis of these data
shows the existence of short-term ore-magmatic pulses
(magma chamber => magmatic-melt differentiation => ore-
bearing hydrothermal fluids) typical of granitoid plutons and
associated hydrothermal systems at the hypabyssal level
(0.5-2.0 kbar, # = 1.5-7.0 km).

With depth (mesoabyssal and abyssal facies, # > 10—
15 km), the duration of the formation of ore-magmatic sys-
tems significantly exceeds the common model estimates.
For example, long intervals of formation (tens of millions of
years) were established for some granitoid batholiths associ-
ated with rare-metal mineralization: granites of the Asian tin
belt (Cobbing et al., 1986), Cornubian batholith (Darbyshire
and Shepherd, 1994), Erzgebirge Mountains in the Czech
Republic (Stemprok et al., 2005), Voznesenka OMS in Pri-
morye (Gonevchuk, 2002; Rub and Rub, 2006), and rare-
metal granites and spodumene pegmatites of the Kalba—
Narym ore zone (East Kazakhstan) (D’yachkov, 2012;
Vladimirov et al., 2012a; Oitseva et al., 2016) and Transbai-
kalia (Zagorsky et al., 2014; Antipin et al., 2016).

In this paper we make the first attempt to solve this prob-
lem. We apply two independent approaches to the estima-
tion of the duration of formation of rare-metal ore-magmatic
systems including granitoid batholiths and postgranite ongo-
nite—elvan dikes. The first approach implies a thermochro-
nological analysis of geologic objects, using U/Pb and
YOAr/Ar isotope dating (Travin, 2016). The second ap-
proach is mathematical testing of the established age bound-
aries, based on the model of crystallization differentiation
and the dynamics of heat and mass transfer in a magma
chamber corresponding to a granitoid batholith (Murzintsev
et al., 2016).

The Kalguty granitoid batholith and the Kalguty Mo—W
deposit (Gorny Altai) were chosen as an object of research.
We comprehensively studied rocks and ores of all stages of
formation of rare-metal OMS (granites, leucogranites, intra-
granitic pegmatites and stockworks, postgranite dikes, and
Mo—W quartz—ore veins and greisens) within one denuda-
tion level and obtained reliable geological and geophysical
data on the deep morphology and structure of the granite
batholith (Annikova et al., 2004).

GEOLOGICAL ESSAY

Tectonic setting. The Kalguty OMS is an example of the
relationship between granite magmatism and rare-metal—
Mo—W mineralization. It formed at the intraplate stage re-
lated to the tectonomagmatic activity and, hence, intense
shear—pull-apart dislocations of the lithosphere in the Altai
accretion—collision orogen under the impact of the Siberian
superplume (Dobretsov et al., 2005; Vladimirov et al.,
2005). A number of ore-magmatic systems formed in this
geodynamic setting; among them are large and unique de-

posits of Mo, W, Sn, Li, Rb, Cs, Ta, Nb, and Be (Shcherba
etal., 1998, 2000; Vladimirov et al., 2003, 2012a; Dobretsov
et al., 2010; Kuz’min and Yarmolyuk, 2011; D’yachkov,
2012). The Kalguty OMS should be considered an autono-
mous magma chamber area in the geologic structures of the
Altai accretion—collision system (Figs. 1 and 2). It is geneti-
cally related to a deep-seated magma chamber, a granite
batholith (S = 70 km?, ¥ = 12,800 km? at the recent denuda-
tion level, according to geological and geophysical data
(Annikova et al., 2004)). The batholith is cut by ongonite—
elvan dikes spatially and temporally associated with the
Kalguty quartz-vein—greisen Mo—W deposit. Geological,
petrographic, and mineralogical characteristics of the igne-
ous complexes and ore objects of the Kalguty OMS are
given elsewhere (Dergachev et al., 1981; Dergachev, 1988,
1989a,b; Vladimirov et al., 1997, 1998; Titov et al., 2001;
Annikova et al., 2006; Potseluev et al., 2008; Sokolova et
al., 2011a; Gusev, 2011). Here we note the main features of
this ore-magmatic system, which are necessary for the cor-
rect assessment of the duration of its formation.

Deep morphology of the Kalguty granitoid batholith
was determined from gravity field maps of the Kalguty re-
gion: map of residual gravity anomalies (Dg,., = Dg. —
Dg, = 10 km) of scale 1:200,000, regional-background map
of scale 1:500,000 (Dg, = 10 km), and isodynamic-line
maps of scale 1:50,000. Model calculations were made
based on Dg,,, obtained by summing the values of the re-
gional background and residual anomalies. Modeling of
gravity and magnetic anomalies is based on an integrated
approach to the interpretation of gravimetry, magnetometry,
seismic-survey, and geological data (Vasilevskii, 1980;
Vitte, 1981; Vitte and Vasilevsky, 1988). Modeling of grav-
ity anomalies along major profiles (Fig. 3) yielded the fol-
lowing results (Annikova et al., 2004):

(1) A 1-2 km wide “stem” stretching in the NE direction
and dipping to the SE at 45—60° was revealed in the central
part of the batholith.

(2) Northeast of the central part of the batholith and the
deeply underlying “stem”, granites compose a 6—9 km thick
bed-like body steeply scarping at the boundary of the Kal-
guty volcanoplutonic structure.

(3) Southeast of the central part of the batholith and the
deeply underlying “stem”, granites compose a body of intri-
cate shape, which can be interpreted as a series of blocks
steeply dipping to the SE, with a strong decrease in the gran-
ite thickness to 3—4 km.

Igneous complexes of the Kalguty OMS include the
Kalguty pluton of porphyritic rare-metal granites of major
phase (Fig. 2), intrusive leucogranite stocks (Argamdzhi,
Dzhumala, and Eastern), and the East Kalguty ongonite—el-
van dike belt (Fig. 4). The major-phase rocks are biotite and
coarse-grained porphyritic two-mica granites of the meso-
abyssal facies.

A special mapping performed by Dergachev (1988,
1989a) within the 10—15 km long and ~3 km wide East Kal-
guty dike belt revealed 125 ongonite and elvan dikes tens of
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Fig. 1. Schematic map of the location of Late Paleozoic—Early Mesozoic granitoid batholiths and rare-metal deposits in the geologic structures of
southern Gorny Altai, after Vladimirov et al. (1997, 2003), Shokal’skii et al. (2000), and Annikova et al. (2006), modified. /, structure-lithologic
complexes of the Vendian—Early Cambrian accretionary prism in Gorny Altai; 2—4, Kholzun—Chuya terrane within the Altai-Mongolian micro-
continent: 2, lower structural stage, Early Paleozoic turbidite strata, 3, upper structural stage, Middle Paleozoic volcanosedimentary strata, 4,
collisional suture, South Chuya metamorphic complex (PZ,—PZ,); 5, Middle Paleozoic collisional granitoids having a calc-alkalic composition
within the Kholzun—Chuya terrane and a monzonitoid composition within the South Chuya collisional suture; 6—/0, Early Mesozoic igneous
complexes formed at the intraplate stage of tectogenesis: 6, granite—leucogranites of the Kungurdzhara complex (T,kg), 7, lamprophyres and al-
kali basalts of the Chuya complex (T,¢), 8, granite—leucogranites of the Kalguty complex (T;—J k1), 9, granite—leucogranites of the Chindagatui
complex (J,€n), 10, granite porphyry, elvans, and ongonites of the East Kalguty complex (J,vk); /1, outlines of the Early Paleozoic Bukhtarma (in
the west) and Kalguty (in the east) areals, mapped with regard to negative residual-gravity anomalies; /2—15, hydrothermal and magmatogene
rare-metal ore occurrences and deposits: /2, essentially Mo, 13, essentially W, 14, Mo—W, 15, Li-Ta; 16, Early Mesozoic shears and reverse-
normal faults; /7, predominant kinematics of shears in geoblocks (lithons); /8, state borders; /9, plutons: 1, Chindagatui, 2, Orochagan, 3,
Akalakha, 4, Tekekundei, 5, Kungurdzhara, 6, Kalguty.

Inset: Altai accretion—collision system, after Vladimirov et al. (2003, 2008), modified. /, Neoproterozoic—Early Paleozoic structure-lithologic
complexes of the Siberian (SC) and Kazakhstan (KC) paleocontinents; 2, Altai-Mongolian terrane (microcontinent); 3, Rudny Altai and Zharma—
Saur sea-margin—island-arc terranes; 4, Kalba—Narym turbidite terrane; 5, Chara oceanic terrane; 6, Cenozoic deposits; 7, undivided granitoids of
Late Carboniferous to Early Jurassic age; 8, undivided regional shears and faults: a, proved, b, predicted; 9, Kalguty ore deposit.

centimeters to few meters in thickness (Fig. 3). The main
phenocrysts in these rocks are K-feldspar, albite, quartz, and
muscovite; single dikes contain biotite. Apatite and fluorite
are subordinate but also abundant. The accessory minerals
are pyrite, zircon, monazite, tantalite—columbite, xenotime,

wolframite, montebrasite, herderite, and magnetite (Titov et
al., 2001; Sokolova et al., 2011a,b).

Of special interest in this belt is the Tsentral’naya dike
composed of ultrarare-metal varieties of ongonites and el-
vans (Annikova et al., 2006; Sokolova et al., 2011a,b).
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Fig. 2. Schematic geologic structure of the Kalguty rare-metal—granite batholith, after Annikova et al. (2006), modified. 7, undivided Devonian
volcanosedimentary deposit; 2, porphyritic biotite granites of major intrusive phase; 3, strongly porphyritic tourmaline-containing binary leuco-
granites (Argamdzha stock); 4, porphyritic and(or) inequigranular binary leucogranites (Dzhumala stock); 5, East Kalguty ongonite—elvan belt (a,
dikes, b, plutons); 6, coarse-grained muscovite leucogranites (Eastern stock); 7, Quaternary deposits; 8, geologic boundaries; 9, outlined central
part of the dike belt and the most productive prospecting site of the Kalguty deposit; /0, sampling localities and results of isotope dating (black
rectangles, U-Pb isotope dates, white rectangles, Ar—Ar isotope dates), parenthesized numbers follow Table 3.

Quartz veins of major Mo—W ore-productive stage are cut
by elvans and ongonites; the opposite pattern is seldom ob-
served. This led to a conclusion about the intra-ore type of
dikes and their spatial and temporal association with a hy-
drothermal system (Annikova et al., 2007). The evolution of
the Kalguty OMS was completed with the formation of thin
ongonite and elvan dikes on the periphery of the ore field,
which are associated with poor quartz—fluorite—barite—fer-
berite mineralization.

It should be emphasized that no one basic or lamprophyr-
ic dike was found within the Kalguty granitoid batholith or
within the East Kalguty ongonite—elvan dike belt (Shokal’sky
et al., 2000). This means that the Kalguty OMS that formed
in the crust was a quasi-autonomous granite system. This
intraplate geodynamic setting is unique for Altai and very
seldom exists in other geologic structures of Central and
Southeast Asia (Vladimirov et al., 2012a,b).

The Kalguty Mo-W deposit comprises two types of ore
occurrences localized within the same ore field but differing in
structural and geologic characteristics, chemical composition,
and, obviously, isotopic (U/Pb, Re/Os, and “°Ar/*°Ar) ages.

The first type is Mo-rich mineralization in greisens and
greisenized microgranites of the Molybdenum stock (Fig. 4).
In the temporal sequence of ore-magmatic processes, the
porphyry Mo mineralization is intimately associated with
granitoids of major intrusive phase and precedes Mo—W
quartz ore veins and greisens (Annikova et al., 2006; Potse-
luev et al., 2008; Gusev, 2011).

The second type of ore occurrence is the Kalguty deposit
itself. It comprises a series of quartz ore veins and greisens
on the southeastern margin of the granite batholith and at its
exocontact (Fig. 4). Ore zone is ~2 km long and 0.5 km
wide; the most productive site of the deposit spatially coin-
cides with the axial zone of the East Kalguty dike belt
(Tsentral’naya dike). Only 17 of the 600 known quartz ore
veins and veinlets in the deposit have its balance ore re-
serves (they contain 70% of WO, and 75% of Mo reserves).
These commercially important quartz ore veins are the
thickest (on average, 1.5-2.0 m) and longest (on average,
300-350 m). Their main ore minerals are wolframite, mo-
lybdenite, chalcopyrite, beryl, and bismuthine, and the aver-
age contents of ore components are (wt.%): WO;—2.81,
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Mo—0.52, Be—1.14, Bi—0.11, and Cu—0.91. The most
productive site of the Kalguty field is spatially associated
with the Tsentral’naya dike (Fig. 4).

Chemical composition and thermobarogeochemical
parameters of igneous rocks. The compositions of repre-
sentative samples of igneous rocks from the Kalguty OMS
are presented in Tables 1 and 2. Granites of major intrusive
phase are medium-alumina rocks of normal alkalinity. On
transition to leucogranites, the ASI and total alkalinity of the
rocks increase, and most of the figurative points of the dike
belt rocks correspond to subalkalic high-alumina composi-
tions (Fig. 54). On the quartz—albite—orthoclase-H,O dia-
gram (Fig. 5B), the normative-composition points of igne-
ous rocks of the Kalguty OMS fall on the albite and elvan
trends (Kovalenko and Kovalenko, 1976; Antipin et al.,
1999, 2002; Sokolova et al., 2011a).

(Li+Rb+Cs)F
Sr+Ba
trend of ultrarare-metal ongonites and elvans of the East
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Kalguty dike belt (Fig. 5,C). On the transition from granites
and leucogranites to elvans, ongonites, and ultrarare-metal
ongonites, the contents of P,O; drastically change. The
rocks with the highest total content of trace alkaline ele-
ments and phosphorus compose the Tsentral’naya dike in
the axial zone of the belt (Fig. 4). Within this dike, there are
facies transitions between essentially sodic (Na,O > K,0)
and essentially potassic (K,O > Na,O) ongonites. The potas-
sic varieties have high contents of rare metals, and the sodic
ones, ultrahigh contents. This indicates the heterogeneous
composition of the dike belt as a whole and of the individu-
al dikes as well as their genetic relationship because they are
products of differentiation of the same parental magma in a
deep-seated chamber (Sokolova et al., 2011b).

Study of melt and syngenetic fluid inclusions in porphy-
ritic phenocrysts of quartz from rocks of the East Kalguty
dike belt showed that the phenocrysts crystallized in a het-
erogeneous medium composed of silicate melt, crystals, and
predominantly water fluid (Titov et al. 2001; Sokolova et al.,
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Fig. 3. Deep model of the Kalguty granite batholith, from geological and geophysical data (Annikova et al., 2004), supplemented. 4, Scheme of
zonation of local gravity anomalies in southern Gorny Altai, compiled by A.N. Vasilevsky (Annikova et al., 2004): /, isolines of gravity field
intensity; 2, 3, gravity anomalies (hatching frequency marks the intensity of anomalies): relative maxima (2) and minima (3); 4, outlined exposures
of the Kalguty pluton; 5, outlined buried pluton, from the modeling data; 6, deep faults; 7, gravity steps (A, B); 8, crustal blocks (K, Kalguty; W,
Western; N, Northern); 9, calculated profiles; /0, state border. B, Profile III-III' (compiled by A.N. Vasilevsky) demonstrates the contrasting
morphology of the pluton with an anomalous “stem” in its central part, reaching a depth of 10—12 km. The batholith flanks are 4-6 km in thick-
ness. Numerals are the specific density of rocks (g/cm?); Ag is the difference in the gravity field intensities: 1, observed Ag; 2, model Ag. C,
Geometric 3D model of the Kalguty batholith with a granite “stem”. Axonometric projections were compiled by I.A. Vladimirov, based on local

gravity anomalies.
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Fig. 4. Schematic map of the geologic structure of the East Kalguty dike belt, compiled by Dergachev (1988, 1989a), supplemented. /, undivided
Devonian volcanosedimentary deposits; 2, porphyritic biotite granites of major intrusive phase of the Kalguty pluton; 3, Molybdenum stock; 4-7,
rocks of the East Kalguty dike belt: 4, elvans (a, dikes; b, plutons), 5, ongonites, 6, ultrarare-metal ongonites, 7, ultrarare-metal elvans; 8, Qua-
ternary deposits; 9, sampling localities and results of isotope dating (black rectangles, U-Pb isotope dates; gray rectangles, Re—Os isotope dates;
white rectangles, Ar—Ar isotope dates), parenthesized numbers follow Table 3.

2011a). The mineral formation environment was probably
close in P-T conditions to the water-saturated solidus. The
fluid pressure during the formation of quartz phenocrysts
was estimated at 3.0 to 4.5-5.5 kbar, and the fluid tempera-
ture was 600—650 °C. The temperature of crystallization of
quartz phenocrysts in ultrarare-metal rocks of the dike belt
was 20-30 °C lower than that of phenocrysts in rocks with
the lower total contents of rare alkaline metals (Sokolova et
al.,, 2011a). Thus, the evolution of the residual chamber
(magma chamber) was related to an active chemical interac-
tion between granite melt and water fluid.

THERMOCHRONOLOGY

The history of a geochronological study of the Kal-
guty OMS. The first K—-Ar dates for igneous rocks and ore-

bodies of the Kalguty OMS were obtained under the guid-
ance of V.N. Melenevskii at the Siberian Research Institute
of Geology, Geophysics and Mineral Raw Materials, Novo-
sibirsk, in the late 1970s—early 1980s (the samples were pre-
pared by N.N. Amshinskii, V.B. Dergachev, etc.). The dat-
ing was made for monomineral fractions of muscovite (the
most stable mineral in the K—Ar radiogenic system) sampled
from granites of major phase, aplites, pegmatites, quartz—
wolframite veins, and greisen rims and for bulk samples of
vitreous varieties of ongonites and elvans. All estimated
ages were within 197 + 20 Ma (N = 19), which strongly
contradicted the common views of the Permian age of the
Kalguty OMS by analogy with the Kalba granites of Rudny
Altai (Amshinskii, 1973). The first Rb—Sr isochron ages of
the major-phase granites of the Kalguty OMS, the hosted
minerals (K-feldspar, biotite, and apatite), elvans, and ongo-
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Table 1. Chemical composition of representative samples of igneous rocks from the Kalguty OMS

Stace I oranites Stage [V—Ileucogranites of the Stage V—
g% Stage II—leucogranites of supple- ~ Stage IIIl—ongonites and elvans Eastern stock and ultrarare-metal  elvans on
of major phase and . . . . .
mentary-intrusion phase of the East Kalguty dike belt ~ ongonites and elvans of the central the dike belt
Molybdenum stock . .
part of the dike belt periphery

Com- 215+ 1 Ma 206 = 1 Ma 202+1 Ma 195+1 Ma 181£1 Ma
ponent Leucogranites Tsentral’naya dike

Porp'h yritic biotite Argamdzha Ongonites Elvans Ultrara- - Ultrara- MuSCOVlt? Elvans

granites 1ok Dzhumala stock re-metal re-metal leucogranites

stoe ongonite elvan

1-271 1-277 P-678* L-448 L-449/1 KL-341/1 L-741/1 KL-15 1-262/3 1-278 683-11* KL-211 KL-209 L-503 10137* KL-121 KYu-8
Si0,, 7091 70.33 73.80 73.93 74.07 72.46 7432 7295 72.18 7278 7470 71.73  73.69 7621 76.10 73.25 72.54
wt.%
TiO, 041 049 040 0.13 0.17 0.15 0.05 0.05 0.06 0.08 0.07 0.04 0.08 0.13  0.13  0.08 0.06
ALO; 1427 1436 13.80 14.64 14.04 14.11 13.94 1440 14.82 14.87 1440 15.65 1490 13.21 13.40 14.85 14.34
Fe,05, 242 286 229 127 129 1.97 1.12 1.48 0.88 093 0.75 1.05 0.92 143 079 1.16 1.02
MnO 0.08 0.09 0.07 0.09 0.09 0.06 0.06 0.11  0.09 0.11 0.03 0.09 0.08 0.06 005 0.15 0.08
MgO 0.67 079 064 023 0.31 0.28 0.40 0.12 0.10 0.14 0.10 0.13 0.10 0.05 024 024 0.17
CaO 152 162 142 077 0.79 0.69 084 048 0.62 0.61 048 0.82 0.60 0.63 086 0.58 0.51
Na,0 298 3.62 272 378 3.68 3.33 379 465 6.02 3.60 3.82 4.29 3.80 341 370 4.09 3.64
K,O 476 510 443 420 448 4.78 390 426 392 487 472 3.35 4.40 411 415 439 5.45
P,O;, 0.19 021 019 0.19 020 0.21 0.33 0.38  0.48 0.28 0.31 0.66 0.32 0.08 008 034 035
LOI 064 0.72 050 0.71 0.86 0.92 0.96 0.55 092 0.84 0.74 1.89 0.83 0.74 070  0.60 1.29
Total  98.85 100.19 100.30 99.94 99.98  98.96 99.81 99.42 100.09 99.11 100.10 99.71 99.72  100.06 100.20 99.74 99.45

Note. Contents of oxides were determined by XRF at the Analytical Center for Multielemental and Isotope Research of the Institute of the V.S. Sobolev In-

stitute of Geology and Mineralogy, Novosibirsk.
* Data by Gusev (2011).

nites were obtained by V.A. Ponomarchuk (oral report) in
the Geochronological Laboratory of the Institute of Geology
and Geophysics, Novosibirsk, in 1980. It agreed with the
above ages: 204 = 2 Ma; (¥Sr/%Sr), = 0.70688 + 14; and
MSWD = 0.22 (the samples were prepared by A.A. Obolen-
sky and G.E. Dashkevich). Note that the granites were sam-
pled within the Kalguty ore deposit, and the obtained age,
most likely, corresponds to the rebuilding of the Rb—Sr ra-
diogenic system during the greisenization of igneous wall-
rocks. Like the K—Ar ages, this estimate was not correctly
explained and thus was not published.

Today, there are fundamentally new analytical instru-
ments and techniques for a geochronological study of the
Kalguty OMS (U/Pb isotope dating (SHRIMP-II) of zircons
and “°Ar/*°Ar isotope dating of minerals by stepwise heat-
ing) (Baksi et al., 1996; Williams, 1998; Black and Kamo,
2003; Travin et al., 2009).

U/Pb isotope dating. Geochronological studies were
performed independently by the geologists of the Institute of
Geology and Mineralogy, Novosibirsk (Annikova et al.,
2006), and of the Russian Geological Research Institute
(VSEGEI), St. Petersburg (Gusev, 2011). In the first case,
the sample 1-271 taken beyond the Kalguty ore field was
studied (Figs. 2 and 4). In the second case, systematic zir-
conometry of all types of igneous rocks of the Kalguty OMS
was performed, with the main attention paid to the Kalguty

ore field (Gusev, 2011). The age of the Eastern stock (193—
195 Ma) was the most unexpected result, but its coincidence
with the age of the ultrarare-metal ongonite—elvans of the
Tsentral’naya dike and the geologic structure of the ore field
leave no doubt about the age reliability. This is confirmed by
geological observations showing that the Eastern stock is
proximal to the Kalguty ore field and the ongonite—elvan
dike belt (Figs. 2 and 4). Abundant intragranitic schlieric
and vein pegmatites with tourmaline, muscovite, fluorite,
and beryl are confined to this stock, with the number of peg-
matites decreasing with distance from the ore field. The
younger age of the intrusion of binary leucogranites in the
Eastern stock, their ore-generating capacity, and the possi-
ble regeneration of early porphyry Mo mineralization might
be among the causes of the superposition of greisen miner-
alization on the elvan and ongonite dikes (Gusev, 2011).
YAr/*Ar isotope dating. One of the main tasks was to
study as more as possible igneous rocks and orebodies both
within the Kalguty ore field and beyond it, including the
hardly accessible Argamdzha and Dzhumala intrusive leu-
cogranite stocks (Fig. 2). Samples for *°Ar/*°Ar dating were
taken from the least greizenized igneous rocks and(or) rocks
least subject to secondary alterations (Fig. 64). Special at-
tention was focused on muscovites and muscovite—pheng-
ites with high contents of Li, Rb, and F (Fig. 6B). These
minerals in intrusive leucogranite stocks and elvan—ongo-
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Table 2. Contents of F, B, and trace and rare-earth elements in representative samples of igneous rocks from the Kalguty OMS

Stage [IV—Ieucogranites of the

Stage [—granit . .
age I—gramies Stage I[I—leucogranites of supple-  Stage IIl—ongonites and elvans Eastern stock and ultrarare-metal

Stage V—elvans

ijg?;iiﬁﬁ:’igi mentary-intrusion phase of the East Kalguty dike belt ~ ongonites aqd elvans of the central g:;i;:ri}lfe belt
part of the dike belt

Ele 215+ 1 Ma 206 + 1 Ma 202 + 1 Ma 195+ 1 Ma 181+1Ma
ment Leucogranites Tsentral’naya dike

Porph yritic biotite A dzh Ongonites Elvans Ultrara- Ultrara- Muscovite. Elvans

granites reamazha Dzhumala stock re-metal re-metal lCUCOgranites

stock ongonite elvan

1-271 1-277 P-678* L-448 1L-449/1 KL-341/1 L-741/1 KL-15 1-262/3 1-278 683-11* KL-211 KL-209 L-503 10137* KL-121 KYu-8
F 0.15 0.14 - 0.07 0.07 - 0.12 024 026 026 - 0.57 0.23 011 - 044 043

- - - - — - 35 35 - - - 0.57 40 - - 81 110
Li - 101 348 155 167 - - 150 275 332 122 1645 540 130 70.1 395 220
Rb 360 223 281 220 267 384 400 648 666 623 584 1307 578 441 413 650 680
Cs 294 344 281 47 81 25 21 100 185 76.4 120 512 160 33 17.1 139 51
Be - 255 — 14 9 - 6.4 42.1 23 97 52 8 - 58 -
Nb 358 247 312 46 32 28 13 67 64.6 43 58 77 47 100 516 52 42
Ta  3.00 328 286 — - 5.1 - 40 409 114 12 71 16 972 22 15.2
Sr 123 103 127 110 140 60 98 66 313 20 24 140 33 63 299 31 56
Ba 320 347 650 360 540 131 180 75 381 549 46 30 81 200 427 82 114
Mo - - 3.8 25 33 - 12 - - - - 0.58 0.7 22 1.02 0.6 -
Sn - - - 51 - - - - - - - 1.3 2.5 - - 1.6 -
v - 219 871 75 13 - 95 - - - - 27 - - 16.8 16 -
Y 364 249 344 26 40 17.8 1 11.0 4.7 92 885 10.6 18.2 19 25.1 9.8 7.3
Zr 208 52,6 224 180 140 96 24 37 249 289 363 24 41 170 492 40 25
Hf 470 203 6.03 — - 2.9 - .75 1.81 1.1 1.38 1.97 1.91 - 2.03 1.94 1.62
Th 23 22 23 - - 15.9 - 43 3.69 48 333 2.0 6.2 - 11.9 7.2 44
U 1.7 372 7.1 - - 8.8 - 27 13.6 23 455 25 39 - 25 198 134
La 441 258 41.1 - - 18.9 - 53 4.0 89 4385 2.3 7.2 - 25 9.0 6.4
Ce 746 551 863 - - 41 - 112 891 172 11.0 5.2 15.6 - 55 19.7 12.9
Pr - 7.67 102 - - 5.0 - 1.56 099 203 121 0.69 2 - 672 22 1.68
Nd 352 293 363 - - 17.3 - 6.0 3.8 6.82 4.5 3.1 7.9 - 25 8.0 5.7
Sm 8 6.06 7.68 - - 3.6 - 1.56 0.7 1.32 1.17 1.03 2.1 - 5.81 1.82 1.41
Eu 1 1 1.08 - — 0.45 - 021 0.1 0.18 0.17 0.17 0.26 - 0.5 022 0.14
Gd 75 547 6.8 - - 32 - 1.57 071 1.27 1.18 1.41 23 - 4.98 1.58 1.32
T 127 092 099 - - 0.51 - 025 0.14 025 0.24 0.26 0.43 - 0.73 027  0.25
Dy - 495 5.8 - - 2.9 - 1.65 0.76 148 133 1.58 2.9 - 42 1.66 1.70
Ho - 1.07 116 - - 0.57 - 032 016 031 0.28 0.29 0.58 - 084 029 031
Er - 29 327 - - 1.68 - 095 042 094 038 0.85 1.88 - 254 087 094
Tm - 046 048 - - 0.28 - 0.15 0.07 0.17 0.14 0.14 0.31 - 039 015 0.18
Yb 378 282 329 - - 1.82 - 1.01 049 1.05 1.04 0.92 22 - 3.37 1.12 1.13
Lu 055 039 048 — - 0.28 - 0.14 0.08 0.15 0.18 0.14 0.34 - 0.5 0.15  0.18

Note. Contents of F are in wt.%, and contents of the other elements are in ppm; dash, no data. Contents of trace and rare-earth elements were determined
by ICP-MS at the Analytical Center for Multielemental and Isotope Research of the Institute of the V.S. Sobolev Institute of Geology and Mineralogy,
Novosibirsk, and contents of F, B, Li, Rb, Cs, Be, W, Cu, Zn, Ge, Mo, Ag, Sn, T, and Pb, by quantitative AES at the Analytical Center of the Institute of
Geochemistry, Irkutsk.

* Data by Gusev (2011).
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Fig. 5. Geichemical composition of granites, ongonites, and elvans of the Kalguty OMS. 4, (Na,O + K,0)-ASI composition diagram for intrusive
rocks of the Kalguty OMS. (ASI) = A/CNK, Aluminum saturation index (Zen, 1986): I, granites; 2, leucogranites; 3, ongonites and elvans. B,
Normative quartz—albite—orthoclase—H,O normative composition diagram for intrusive rocks of the Kalguty OMS: /, elvans; 2, ongonites; 3, ul-
trarare-metal ongonites; 4, granites of major intrusive phase; 5, composition field of Mongolian and Cisbaikalian ongonites (Kovalenko and
(Li+Rb+Cs)F
Sr+Ba
intrusive rocks of the Kalguty OMS: 1, porphyritic biotite granites of major phase and leucogranites of the Argamdzha and Dzhumala stocks; 2,
ongonites and elvans; 3, ultrarare-metal ongonites and elvans; 4, elvans of the dike belt periphery; 5, leucogranites of the Eastern stock. Arrows
show the composition evolution trends of rocks of the Kalguty OMS. For other designations, see the text.

Kovalenko, 1976; Antipin et al., 1999); 6, composition field of the Cornwall elvans (Antipin et al., 2002). C, P,O,— diagram for

nite dikes were proved to be of magmatic origin (Titov et
al., 2001; Annikova et al., 2006; Sokolova et al., 2011a).
Orebodies were studied using syngenetic micas of hydro-
thermal genesis (greisens and quartz ore veins).

Mineral fractions were separated by the standard meth-
ods of magnetic and density separation. “°Ar/*°Ar isotope
studies by the stepwise-heating method were performed at
the Analytical Center for Multielemental and Isotope Re-
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Fig. 6. Morphology of phenocrysts (4) and composition (B) of magmatic muscovites from rocks of the East Kalguty dike belt, which were used
for “Ar/*Ar dating. Kfsp, K-feldspar; Qtz, quartz; Ms, muscovite; Ann, annite; Est, eastonite; Sid, siderophyllite; Phl, phlogopite. Mineral ab-
breviations are given after Kretz (1983). /, composition field of muscovites; 2, figurative composition points of muscovites.

search of the V.S. Sobolev Institute of Geology and Miner-
alogy, Novosibirsk. The samples for study, together with
muscovite MSA-11 (age of 311.0 + 1.5 Ma) used as a mon-
itor and calibrated against the international standard LP-6
biotite and Bern-4m muscovite samples (Baksi et al., 1996),
were wrapped in aluminum foil and placed in a quartz am-
poule, which was evacuated and sealed. Then the samples
were irradiated in the cadmium channel of a WWR-K reac-
tor at the Institute of Physics and Technology of Tomsk
Polytechnic University. The neutron flux gradient did not
exceed 0.5% of the sample size. Stepwise-heating experi-
ments were carried out in a quartz reactor with an external-
heating furnace. The blank experiment carried out at 1200 °C
for 10 min revealed no more than 5x107'° ncm? “°Ar. Argon
was purified with ZrAI-SAES getters. The isotopic compo-
sition of argon was measured on a Noble gas 5400 Micro-
mass (England) mass spectrometer. The measurement errors
were within £1c. Correction for interfering argon isotopes
formed during Ca, Cl, and K irradiation was made using the
following coefficients: (*’Ar/*’Ar), = 0.000891 + 0.000003,
(°Ar/’Ar), = 0.000446 + 0.000004, and (“°Ar/*°Ar), =
0.089 + 0.001. Before measurements, the samples were out-
gassed at 350 °C. The isotope discrimination of the mass
spectrometer was controlled by a regular measurement of
40Ar/*Ar in portions of cleaned atmospheric argon. The av-
erage “°Ar/*°Ar value over the measurement period was
299+ 1. The age and Ca/K spectra were interpreted using the
age plateau method (Fleck et al., 1977), which permits cal-
culation of the weighted average age for several sequential
(at least three) temperature steps with consistent age values
close to the Ca/K ratios. The portion of released 3°Ar corre-
sponding to the plateau must be no smaller than 50%.

All the obtained age spectra (Figs. 7 and 8) have distinct
plateaus. The weighted average plateau ages are taken as the

time of the closure of the K/Ar radiogenic system in the cor-
responding geochronometer minerals.

The estimated ages are as follows: muscovites from the
leucogranites of the Dzhumala and Argamdzha stocks, 206+
2 and 207 £+ 2 Ma, respectively; biotites from the granites of
major phase and associated pegmatites, 202 = 1 Ma and
202 + 1 Ma, respectively (Figs. 2 and 74-E). With regard to
the analytical error, we could assume that these minerals
formed during the same magmatic event, but the obtained
zirconometry data point to their different geologic nature
(see below).

Three statistically isolated age groups have been estab-
lished for the East Kalguty dike belt. The most “ancient”
ages, falling in the narrow interval 202-203 Ma, were ob-
tained for ongonites exposed on the northeastern flank, with-
in one of the exploration sites of the Kalguty deposit (Figs. 4
and 84—C). Two age estimates for the Tsentral’naya ultrara-
re-metal dike in the axial part of the belt are close: el-
vans—195 £+ 2 Ma, ongonites—196 + 2 Ma (Figs. 4 and
8D, E). The youngest ages in the East Kalguty dike belt
(180 £1 Ma and 184 + 1 Ma) were obtained for elvans of the
southeastern and eastern flanks of the belt (Figs. 4 and
8F, G). Note that all sampled dikes are not subject to grei-
senization and other postmagmatic secondary alterations,
which permits us to regard their ages as the time of crystal-
lization of ongonite—elvan melts.

A geochronological study of orebodies was carried out in
the Molybdenum stock, where almost all stages of the ore-
hydrothermal processes running at the Kalguty deposit have
been established. The most “ancient” ages were obtained by
Re—Os molybdenite dating: 220 + 1 and 213 + 1 Ma (Ber-
zina et al., 2003). The *“°Ar/*’Ar isotope dating of musco-
vites from greisens and quartz Mo—W ore veins yielded a
wider range of values, 214-208 Ma (Figs. 4 and 7F, G). The
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Fig. 7. ®*Ar/*Ar age spectra of muscovites and biotites from granite—leucogranites of the Kalguty granitoid batholith and orebodies of the Molyb-

denum stock. 4—H, For explanation, see the text.

plateau age of massive molybdenite—quartz—muscovite ag-
gregates (oncosine) is 189 = 1 Ma (Figs. 4 and Fig. 7H). The
last date confirms the conclusion by Guseva (2011) about
the regeneration of porphyry Mo mineralization at the Kal-
guty deposit.

Stages and duration of the formation of the Kalguty
OMS. The Kalguty OMS is characterized by multistage
magmatic and ore-forming processes with a considerable
time gap. Under these conditions, the isotope dates for min-
erals and systems with different stabilities can vary widely
depending on the thermal history and the intensity of super-
posed effects. The greater number of dates is expected for
more intense events (superposed heating, drastic drop in

temperature, etc.) because of the higher probability of the
complete rejuvenation and closure of the system. Thus, the
coincidence of dates for the isotope systems of different
minerals suggests their likely correspondence to the age of a
real geologic event. This is a basis for the pair criteria,
namely, the coincidence of the K/Ar (“°Ar/3°Ar) age of two
(or more) minerals with the good preservation of radiogenic
argon (Shanin, 1979; Morozova and Rublev, 1987). The
proposed principles were used to interpret the results of in-
tegrated dating of a wide range of isotope systems and min-
erals. In our case, it is U/Pb (zircon), *°Ar/*°Ar (biotite, mus-
covite), and Re/Os (molybdenite) dating. The general
geochronological data are given in Table 3. The thermo-
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Table 3. Geochronological summary of literature and the authors” U/Pb, Re/Os, and Ar/Ar isotope dates for rocks and orebodies of the Kalguty OMS

No. Rock Sample Method, mineral Age, Ma Reference

Stage [—granites of major intrusive phase and the Molybdenum stock with Mo-rich mineralization

| Porphyritic biotite granite at a distance from the deposit ~ P-068 U—Pb, SHRIMPII, zircon  207.5+1.7  (Gusev, 2011)
ore field

) Porphyritic biotite granite on the periphery of the deposit 1-271 U-Pb, SHRIMP I, zircon  215.0£3.2  (Annikova et al., 2006)
ore field

3 Porphyritic biotite granite in the deposit ore field P-678 U-Pb, SHRIMP II, zircon ~ 210.1+2.9  (Gusev, 2011)

4 Quartz-molybdenite-chalcopyrite vein in the Molybde- 1 Re-Os, molybdenite 220041  (Berzinaetal., 2003)
num stock

5 Quartz—molybdenite—chalcopyrite vein in the Molybde- Ar—Ar, muscovite 218.0 42 (Seltmann et al., 2007)
num stock

6 Quartz-molybdenite-wolframite vein in the Molybde- Re-Os, molybdenite 21301  (Berzina ctal., 2003)
num stock

7 Quartz—molybdenite—wolframite vein in the Molybde- K-185 Ar—Ar, muscovite 214024
num stock

) . b sulfides in the Molvbd (Seltmann et al., 2007)

] Quartz—-muscovite greisen with sulfides in the Molybde- K-220 Ar—Ar, muscovite 207.9+0.9
num stock

9 Massive quartz—muscovite aggregate (oncosine) in the KL-116 Ar—Ar, rock 188.8+ 1.4  (Annikova et al., 2014)

Molybdenum stock

Stage II—leucogranites of supplementary intrusions (Argamdzhi and Dzhumaly stocks) and intragranitic pegmatites

10 Tourmaline-containing binary leucogranite of the Argam- L-448 Ar—Ar, muscovite
dzha stock

11 Binary leucogranite of the Dzhumala stock KL-341/1 Ar—Ar, muscovite

12 Pegmatite in major-phase granites KL-314/1 Ar—Ar, muscovite

Biotite threshold of the K—Ar system in major-phase granites

13 Porphyritic biotite granite of major phase on the periph- ~ 1-271 Ar—Ar, biotite
ery of the deposit ore field

14 Porphyritic biotite granite of major phase in the deposit ~ 1-277 Ar—Ar, biotite
ore field

Stage III—ongonites and elvans of the East Kalguty dike belt

15 Elvan (deposit ore field) 683-11 U—Pb, SHRIMP 11, zircon
16 Ultrapotassic rhyolite porphyry (deposit ore field) 678-2 U-Pb, SHRIMP II, zircon
17 Ongor.lite (northf:aste.rn part of the belt within one of the ~ 1-262/3 Ar—Ar, muscovite

deposit exploration sites)
18 Elvan (massif in the central part of the dike belt) 1-278 Ar—Ar, muscovite
19 Ongonite (northeastern part of the belt within one of the ~ KL-15 Ar—Ar, muscovite

deposit exploration sites)

Stage [V—leucogranites of the Eastern stock, ultrarare-metal ongonites and elvans
of the central part of the dike belt and W-rich mineralization

20 Muscovite leucogranite of the 10136 U-Pb, SHRIMP 11, zircons
Eastern stock

21 Muscovite leucogranite of the 10137 U-Pb, SHRIMP II, zircons
Eastern stock

22 Ultrarare-metal ongonite from a long dike in the central ~ KL-211 Ar—Ar, muscovite
part of the belt

23 Ultrarare-metal elvan from the same dike KL-209 Ar—Ar, muscovite

Stage V—elvans on the periphery of the dike belt

24 Elvan (northeastern flank of the belt) KL-121 Ar—Ar, muscovite
25 Large-phenocryst elvan (southeastern flank of the belt) KYu-8 Ar—Ar, muscovite

2063 +2.2

205.8+2.2
205.3+2.2

202.0+1

202.0+0.6

204.0+2
200.8+ 1.1
2034+ 1.5

202.4+0.8
202.4+2.1

195.0+£2.7

193.1+£2.1

196.1 £ 2.1

195.0+2.1

1843+ 1.4
179.7+1.3

(Annikova et al., 2014)

(Annikova et al., 2014)
(Annikova et al., 2014)

(Annikova et al., 2006)

(Annikova et al., 2006)

(Gusev, 2011)
(Gusev, 2011)

(Annikova et al., 2006)
(Annikova et al., 2006)

(Annikova et al., 2014)

(Gusev, 2011)

(Gusev, 2011)

(Annikova et al., 2014)

(Annikova et al., 2014)

(Annikova et al., 2014)
(Annikova et al., 2014)
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chronogram of real geologic events is presented in the coor-
dinates temperature—age of the closure of radiogenic sys-
tems in Fig. 9. This diagram permits one to estimate the
statistical peaks of the ages and, as a result, pass to a geo-
logical scenario. We have reconstructed the most likely his-
tory of the thermal cooling of the Kalguty OMS (Fig. 10),
based on a joint analysis of geological observations, thermo-
chronology, and the physicochemical conditions of differen-
tiation and cooling of granite melts.

Stage I ((215 = 1 Ma). The age of granites of major in-
trusive phase of the Kalguty granitoid batholith determined
by U/Pb zircon (SHRIMP-II) dating (three dates) is within

215-207 Ma (Gusev, 2011). At the same time, it must not be
younger than the ore veins cutting the granites, whose Re/Os
age is 220 = 1 and 213 + 1 Ma and age determined by
“0Ar/* Ar muscovite dating is 218 + 2 and 214 + 2 Ma (Tab-
le 3). Thus, the age of the major-phase granites is apparently
215 + 1 Ma (the average over the above isotope dates).
“0A1/*Ar biotite dating of the major-phase granites yield-
ed a much younger age, 202 + 2 Ma, which cannot be ex-
plained by the rejuvenation of the K/Ar radiogenic system
of the biotites during the intrusion of numerous dikes of the
East Kalguty belt, because the granites were sampled both
within and beyond the ore field (Figs. 2 and 4) and are free
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of traces of postmagmatic recrystallization and greiseniza-
tion (Annikova et al., 2006). In Fig. 10, these dates are pre-
sented as the “biotite threshold” of the closure of the K/Ar
isotope system during the denudation of the roof of the Kal-
guty batholith and, as a result, its cooling. This geologic
event apparently reflects the extension of the South Altai
continental lithosphere, which was accompanied by the tec-
tonic rise of the already crystallized granitoid batholith, on
the one hand, and by subsynchronous intrusions (Argham-
dzha and Dzhumala stocks) and the formation of the most
“ancient” microgranite porphyry and ongonite—elvan dikes
of the East Kalguty dike belt, on the one hand.

Stage II (206 £ 1 Ma). “*Ar/*’Ar muscovite dating of
leucogranites from the Argamdzha and Dzhumala stocks lo-
cated far from the ore field and of the intragranitic pegma-
tites yielded consistent ages (206 + 2, 206 + 2, and 205 +
2 Ma, respectively, Table 3, Fig. 10), which increases the
degree of their reliability. These results can be interpreted
either as the age of magmatic events or as the age of the
closure of the K/Ar isotope system of muscovites during the
tectonic rise of the granite batholith to the upper crust. We
tentatively accepted the first variant, but the final solution of
this issue requires additional combined U/Pb and “°Ar/*’Ar
dating of igneous bodies.

Stage III (202 £ 1 Ma). U/Pb zircon dating of micro-
granite porphyry and ongonite—elvans composing most of
the East Kalguty belt and showing an autonomous geochem-
ical trend on indicator diagrams (Fig. 5) yielded two ages
(204 +2 and 201 = 1 Ma, respectively), and “°Ar/*°Ar dating
of magmatic muscovites yielded three ages (Table 3,
Fig. 10). These dates agree within the analytical errors and
unambiguously mark the beginning of formation of the East
Kalguty dike belt.

Stage IV (195 £ 1 Ma). Analysis of the obtained geo-
logical and geochronological data (Annikova et al., 2006;
Gusev, 2011) (Table 3, Fig. 10) shows that the formation of
the Kalguty Mo—W ore deposit was almost synchronous
with the intrusion of the Eastern leucogranite stock and the
Tsentral’naya ultrarare-metal ongonite—elvan dike and the

1000

600

Temperature, °C

200 +

T
200
Age, Ma

m1 o2 ¢ 3

Fig. 9. Multisystem and multimineral thermochronogram depicting the
temperature and age of the closure of radiogenic systems in the Kalguty
OMS minerals. 1, U-Pb isotope dating of zircons (SHRIMP-II); 2, Ar—
Ar isotope dating of micas; 3, Re—Os isotope dating of molybdenum.

Table 4. Physical properties of minerals taken for numerical modeling
of the thermal history of the Kalguty OMS

Mineral* Thermal conductivity, Heat capacity,  Density,
W/(m-K) Ti(kg'K) g/em?
Quartz 7.99 750.0 2.65
Albite 2.31 711.0 2.61
Orthoclase  2.31 628.0 2.55
Augite 3.82 748.8 3.40

* The physical parameters are borrowed from Dortman (1984).

associated bodies and satellites (Fig. 4). The U/Pb age of
two samples of Eastern stock granites is 195 + 3 and 193 +
2 Ma (Table 3). *°Ar/** Ar muscovite dating of ongonites and
elvans of the Tsentral’naya dike yielded ages equal within
the analytical error, 196 + 2 and 195 + 2 Ma. Note that the
ongonite and elvan facies of the Tsentral 'naya dike are char-
acterized by gradual transitions, which is due to crystalliza-
tion differentiation in the presence of magmatic fluid in
magma chamber. Earlier, this process was established in the
Ary-Bulak ongonite—elvan stock in Transbaikalia (Antipin
et al., 2009).

Stage V (181 + 1 Ma). The Kalguty ore field has a zonal
structure. Most of ongonite—elvan dikes are spatially conju-
gate with the Kalguty Mo—W deposit (ore column), whereas
its periphery has occasional elvan dikes spatially associated
with poor quartz—fluorite—barite—ferberite veins (Fig. 4).
YAr%Ar dating of magmatic muscovites from these dikes
yielded the youngest ages (184 + 1 and 180 + 1 Ma, respec-
tively). These ages are close to the “*Ar/3°Ar date of musco-
vite of massive quartz—muscovite aggregate from the Mo-
lybdenum stock (Fig. 10).

The duration and mechanism of formation of the Kal-
guty OMS. New “’Ar/*°Ar dates for the Kalguty OMS along
with results of earlier geochronological studies (Berzina et
al., 2003; Annikova et al., 2006; Seltmann et al., 2007; Gu-
sev, 2011) point to the long-term formation of the Kalguty
OMS as a whole (215-181 Ma) and the East Kalguty dike
belt (202-181 Ma). Taking into account the geologic rela-
tions among various components of the Kalguty OMS, we
have recognized five stages in its formation (Table 3,
Fig. 10). The estimated ages should be correlated with the
tectonic regime and magmatism in Gorny Altai. In the Early
Mesozoic, this area underwent intraplate magmatism (Vlad-
imirov et al., 1997, 2005; Shokal’skii et al., 2000; Annikova
et al., 2006, 2014; Kruk, 2015).

At the intraplate stage of tectogenesis (MZ,), the south-
ern part of Gorny Altai underwent intense shear—pull-apart
and normal-reverse fault dislocations, which formed an or-
thogonal grid of faults of NE and SE strikes (Fig. 1). An
intense northeastward compression led to a repeated activity
of the fault grid, which was expressed in shearing and re-
verse faulting. These dislocations were accompanied by the
intrusion of granitoid magmas in the weakest zones at the
points of intersection of faults. As a result, granite batholiths
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got to two magmatism areas, Bukhtarma and Kalguty. The
U/Pb, Rb/Sr, and “°Ar/*’Ar dating has shown the synchro-
nous pulse formation of some magmatic rhythms and com-
plexes within each area (245-230, 215-205, and 200—
180 Ma), which reflects periodical tectonic activity in the
region. However, the scales of granite formation, the mecha-
nisms of melt intrusion, and the depths of melt occurrence
were strongly different at the tectogenesis stages. This dif-
ference was best pronounced at the Early Jurassic stage of
tectogenesis (205—180 Ma), when large mesoabyssal granit-
oid batholiths formed in the Bukhtarma magmatism area,
whereas in the Kalguty area, where the large-scale granite
formation had already ended, the tectonic rise of the granite
batholith to the upper crustal horizons and the subsynchro-
nous intrusion of subvolcanic ongonite and elvan dikes were
the leading mechanism of tectogenesis. Thus, the intrusion
and formation of the parental granitic magma of the Kalguty
batholith occurred on the background of at least two phases
of dislocations: 215-1010 Ma—the origin of a shear—nor-
mal-fault of NE strike, with the SE dip of the main shear
plane of 60-70° and 205-180 Ma—the activation of this
shear—normal-fault to a shear—reverse-fault. Taking into ac-
count the geological, geophysical, and thermobarogeochem-
ical data (Annikova et al., 2004; Sokolova et al., 2011a) and
the results of the above thermochronological analysis, we
suggest that the Kalguty OMS was a two-level magmatic
column and the recently exposed Kalguty batholith was lo-
calized in the upper magma chamber, which formed at a

much greater (mesoabyssal) depth (=5-15 km) and then
raised to a higher crustal level, A7 ~ 5 km (Fig. 11).

We performed a mathematical modeling to correlate the
obtained geochronological ages with the duration of the
cooling of one- and two-level magma columns in the crustal
section.

MATHEMATICAL MODELING

Prerequisites. To study the dynamics of the cooling of
interrelated magma chambers at different levels, we used a
numerical-modeling algorithm with regard to a stationary
crustal geotherm with an initial thermal gradient of 30 °C/km
(Spear, 1993; Polyansky et al., 2011) and to the general ther-

Table 5. Input parameters of the algorithm used for numerical
modeling of the thermal history of the Kalguty OMS

Parameter Intrusion Host rocks
Thermal conductivity, W/(m-K) 4.01 3.48

Heat capacity, J/(kg-K) 693.35 733
Density, g/cm? 2.6 2.93
Geothermal gradient, °C/km — 30

Grid step, m 500 500
Liquidus temperature, °C 815 —
Solidus temperature, °C 815-600 —

Note. For explanation, see the text.
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Fig. 11. Schematic model of the Kalguty OMS, depicting the successive cooling of the two-level magma column in the course of its tectonic rise
(with the extension of the South Altai continental lithosphere) and shear-reverse-fault dislocations. /, ongonite—elvan dikes of the Mo—-W de-
posit; 2, undivided leucogranite stocks; 3, Molybdenum stock; 4, granites of major intrusive phase of the Kalguty batholith; 5, volcanic rocks of
the Aksai Formation (D,_,); 6, terrigenous rocks of the Gorny Altai Group (V-€); 7, Mo—W deposit; &, granite melt.

modynamic properties of granite formation (Murzintsev et
al., 2016).

(1) The designed algorithm focuses on the reconstruction
of the trends of granitic-magma cooling but ignores the
problems of the mechanisms of melt genesis and intrusion,
including: (a) the space problem, (b) granite—gneiss diapir-
ism, (c) passive filling of local crustal decompression zones
with granitic magma during the rheological crustal delami-
nation, and (d) the role of contamination and mantle—crust
interaction (mingling processes).

(2) The temperature gradient and thermal energy of fis-
sionable elements in the crust are major factors, that is, the
temperature distribution in the crust is determined by the
stationary solution of the thermal-conductivity equation tak-
ing into account the content of fissionable elements in the
crust and the temperature and temperature gradient at the
Earth’s surface (Spear, 1993; Polyansky et al., 2011). How-
ever, based on the properties of the haplogranite system
Qtz—Ab—-Or-H,0, one should take into account that large-
scale granite formation is governed by two factors: (1) pres-
sure release and, as a result, decompression melting of the
initial substratum and large-scale granite formation; (2) tem-
perature increase due to the appearance of basic-magma
chambers (underplating) at the mantle—crust boundary. It
was shown earlier that both factors play a significant role in
the formation of rare-metal granites and deposits in Gorny
Altai (Vladimirov et al., 1997, 1998; Dobretsov et al., 2005;
Annikova et al., 2006). However, the role of mantle sources
in the formation of the Kalguty OMS is not taken into ac-

count (the reasoning is given above), and the large-scale
taphrogenic extension of the continental lithosphere during
shear-reverse-fault dislocations is reflected as the “instant
rise” of the entire southern part of Gorny Altai (including
the magma column) from the deep level (4 ~ 5-30 km) to
the upper crustal horizons (4 < 0-25 km).

(3) This algorithm also ignores the effect of chemical re-
actions on the P-7—X conditions of the haplogranite system.
Therefore, the results obtained obviously correspond to con-
ductive heat and mass transfer, when the “standard” granitic
magma is in quasi-stationary conditions, i.e., in a closed sys-
tem without external input of heat in the form of basic injec-
tions and(or) intratelluric mantle flows.

(4) The crystallization differentiation of granite melt,
which was inevitable during the cooling of magma cham-
bers, is taken into account as specified solidus temperatures
at different crustal depths. The haplogranite system is char-
acterized by the following solidus temperatures: ~730 °C at
0.7 kbar, ~680 °C at 2 kbar, ~660 °C at 3 kbar, and ~645 °C
at 5 kbar (Johannes and Holtz, 1996).

The boundary conditions. The numerical modeling of
the thermal history of formation of the Kalguty OMS was
performed with regard to the physical properties of minerals
and rocks (Tables 4 and 5).

(1) The morphology and deep structure of the Kalguty
OMS (Fig. 3) are presented as the system upper magma
chamber (granitoid batholith 6 km in thickness and 25 km in
diameter)—feeding stem—deep-seated granite layer 11 km in
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Fig. 12. Zr-M diagram for granitoids of the Kalguty pluton. Zircon
saturation temperatures are shown by curves; M = (Na + K + 2Ca)/
(Al'Si) (the amounts of elements are taken in molar fractions) (Watson
and Harrison, 1983). I, stage I of the Kalguty OMS—major-phase
granites; 2, stage Il of the Kalguty OMS—Ieucogranites of the Dzhum-
ala and Argamdzha stocks; 3, stages IV and V of the Kalguty OMS—
ongonite—elvans of the East Kalguty dike belt.

thickness. The latter layer was, most likely, closely related
to the magma-forming substratum.

(2) The age boundaries of the formation of the Kalguty
OMS are shown in Fig. 10. The extension of the continental
lithosphere (“biotite threshold”, “instant decompression”) is
taken in the algorithm as the mechanical transfer of a mag-
ma column from deep to upper crustal level.

(3) The Early Paleozoic graywackes of the Gorny Altai
volcanosedimentary series were taken as a protolith (Sho-
kal’skii et al., 2000; Kruk, 2015). The normative mineral
composition of the graywackes of the Gorny Altai terrige-
nous strata is as follows (%): quartz—10, plagioclase—50,
and augite—40.

(4) The composition of the parental magma apparently
corresponded to the granites of major intrusive phase (Ta-
ble 1). The averaged normative mineral composition of ma-
jor-phase granites of the Kalguty batholith is as follows (%):
quartz—30, plagioclase—35, and K-feldspar—35.

(5) The thermal regime of the Kalguty OMS was evalu-
ated with the Zr thermometer (Watson and Harrison, 1983;
Boehnke et al., 2013). According to the calculations
(Fig. 12), the biotite granites of major intrusive phase are the
highest-temperature rocks of the Kalguty OMS (857-815 °C,
the average over three analyses is 835 °C), the leucogranites
of the supplementary intrusive phase are characterized by
wide temperature variations, 812701 °C (the average over
four analyses is 750 °C), and the ongonites of the final phase
are the lowest-temperature rocks, 693—652 °C (the average
over five analyses is 674 °C). These data are consistent with
the general homodromous trend of the Kalguty OMS (the
temperatures decrease from biotite granites via leucogran-
ites to ongonites), which corresponds to the recognized in-

trusive phases. Therefore, a temperature of 815 °C is taken
as the liquidus temperature of the parental granitic magma.

(6) The solidus temperature of the residual granite melt
was taken equal to 600-630 °C (depending on the depth of
crystallization), based on the results of thermobarogeochem-
ical study of melt inclusions in ongonites and elvans of the
East Kalguty dike belt (Sokolova et al., 2011a).

Discussion of the numerical-modeling results. The cal-
culation results show that 10 Myr after the intrusion of ma-
jor phase, a melt stays at depths of more than 25 km for a
long time (>20 Myr). This is due to the fact that the upper
magma chamber and the feeder are rapidly frozen and the
existence of the melt is governed only by the equilibrium
temperature in the horizon, which, in turn, is determined by
the stationary geotherm. That is, at depths of less than
25 km, the feeder, like the pluton itself, is completely con-
solidated for 2.2 Myr and its temperature becomes equal to
the ambient temperature, whereas at depths of more than 25
km, the ambient temperature determined by the stationary
geotherm becomes higher than the solidus temperature of
the granite melt and its residual portions can be preserved in
the liquid state for tens to hundreds of Myr. This theoretical
conclusion is correct only for a “quiet” geodynamic setting,
without tectonic dislocations (Travin et al., 2009; Travin,
2016). The appearance of an “external” tectonic factor (e.g.,
rise of a geoblock) becomes decisive for the cooling of a
granitoid batholith. The calculations for a two-level magma
column, most similar to that of the Kalguty OMS (Figs. 11
and 13), show that the melt evolves for 12 Myr after its in-
trusion; after the rise of the entire geoblock (including the
magma column) by 5 km, the residual rare-metal melt con-
tinues evolving in a deep-seated magma chamber for 20 Myr
since the beginning of the formation of the Kalguty OMS
(Fig. 13). This scenario permits estimation of the temporal
stages and duration of the formation of the Kalguty OMS,
including the East Kalguty ongonite—elvan dike complex
and the spatially and temporally associated Mo—W quartz-
vein—greisen deposit.

CONCLUSIONS

(1) The thermochronological analysis of igneous rocks
and ores composing the Kalguty OMS made it possible to
recognize five stages in its formation: I (215 = 1 Ma)—for-
mation of granites of major intrusive phase and of Mo-rich
mineralization, which is an orebody called the Molybdenum
stock; I1 (206 + 1 Ma)—formation of leucogranite and intra-
granitic-pegmatite stocks in granites of major intrusive
phase; III (202 + 1 Ma)—formation of most of ongonite—el-
van dikes composing a dike belt; IV (195 = 1 Ma)—forma-
tion of long ultrarare-metal ongonite—elvan dikes in the cen-
tral part of the dike belt, which is spatially associated with
the W-rich veins of the deposit; and V (181 + 1 Ma)—for-
mation of thin ongonite—elvan dikes on the periphery of the
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dike belt. The total duration of the ore-magmatic processes
is 20 Myr (Mo—W ore-productive stage) or 30 Myr, if taking
into account occasional elvan dikes on the periphery of the
Kalguty deposit, which are spatially associated with quartz—
fluorite—barite—ferberite veins (181 + 1 Ma).

(2) The mathematical modeling of the thermal history of
the Kalguty OMS shows that the formation of a granite
batholith (215 = 1 Ma) and a later ongonite—elvan dike com-
plex with Mo—W-rich mineralization (195 + 1 Ma) can be
explained by a two-level magma column with the “upper”
granite batholith at a depth of 5-15 km and the “lower”
granite chamber at a depth of 20-31 km, which are con-
nected by a granite stem (feeder).

(3) The decisive factor that determined the thermal cool-
ing of the Kalguty OMS was the tectonic rise of the entire
magma column to the upper crustal horizons. Only in this
case does the solution of the inverse physical problem en-
sure correlation between the thermochronological data and
the results of numerical modeling.
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