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Abstract—The origin of the Late Jurassic—Early Cretaceous volcanism within the northern part of the Argun terrane (eastern Trans-
baikalia) is considered. New data on the geology, age, and composition of late Mesozoic volcanic complexes of the Ust’-Kara basin
are presented. Three stages of volcanism have been identified: Tithonian—Berriasian (~150-143 Ma), Valanginian (~140-136 Ma), and
Hauterivian (~134-131 Ma), during which volcanic rocks and sediments of three formations (Udyugan, Ust’-Kara, and Shilka, respec-
tively) were deposited. The petrochemical and geochemical characteristics of the rocks of these formations are considered. The composi-
tions of chemically similar rocks evolved toward an increase in the contents of incompatible elements. The rocks of the Ust’-Kara basin are
compared with the coeval igneous rocks of the Great Xing’an and East Mongolian belts, which formed in the settings of an active margin
and intracontinental rifting, respectively. It is shown that the rocks of the basin are similar in composition to the volcanics of the Great
Xing’an belt. A conclusion has been drawn that the late Mesozoic magmatism in the northern part of the Argun terrane was controlled by
subduction processes, which led to the formation of the late Mesozoic active continental margin of the Asian continent.
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INTRODUCTION

In the late Mesozoic, a large volcanic province,
~4 mln km? in area, appeared in East Asia. Its eastern mar-
gin ran along the border of the Asian continent, and most of
the province extended deep in the continent (~1200 km).
The province comprises several synchronously formed vol-
canic areas: Gobi—Altai, East Mongolian, West Transbaika-
lian, Aldan, and Great Xing’an (Yarmolyuk et al., 1995).
They evolved in different geodynamic settings, which deter-
mined specific magmatism in them. For example, the Great
Xing’an volcanic belt formed on the continental margin,
near the zone of convergence of oceanic and continental
lithospheric plates, and was characterized by calc-alkalic
magmatism typical of such zones (Zhang et al., 2008b). The
other volcanic areas were related to intraplate rifting, which
gave rise predominantly to basic magmatism in them (Yar-
molyuk et al., 1995). The spatial isolation of these volcanic
areas and the difference in the composition of their igneous
rock associations and in their structural position do not ham-
per determining the boundaries between the zones of con-
vergent and intraplate processes within the province. An
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exception is the Argun terrane lying at the intersection of the
extensions of the Great Xing’an and East Mongolian belts
(Fig. 1). The boundary between volcanic areas of different
geodynamic settings here is still unclear, as well as the
mechanisms of magma formation that exerted the main in-
fluence on the composition of magmatic products in the ter-
rane. To solve this problem, we studied volcanism in the
Ust’-Kara basin located at the intersection of the above vol-
canic belts in the northern part of the Argun terrane, near the
Mongolo-Okhotsk suture (Fig. 1).

Before the description of the late Mesozoic magmatism
in the Ust’-Kara basin, we will briefly consider the major
characteristics of magmatism of different types in the above
two volcanic belts, which mark its different sources.

The Great Xing’an (GX) volcanic belt originated in the
Middle—Late Jurassic (~166—145 Ma (Xu et al., 2013)). It is
a period when the volcanic complexes of the Shadoron basin
formed within the Argun terrane (Stupak et al., 2016). They
were traced along the boundaries between the Argun terrane
and the structures of the Aga plate and then to the south, to
the territory of China, where the corresponding Tamulangou
Formation of trachyandesites and basaltic trachyandesites is
located (Xu et al., 2013). The Shadoron Group includes an-
desites, dacites, latites, and quartz latites as well as their lava
breccias and tuffs with low contents of TiO, and total Fe,O,
and high contents of Al,O; and MgO. The group is coeval
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Fig. 1. Schematic structure of the late Mesozoic magmatic province of Central and East Asia (Daukeev et al., 2008). /, cratons; 2—35, folded areas:
2, late Neoproterozoic (Arg, Argun terrane), 3, early Paleozoic (early Caledonian), 4, middle—late Paleozoic (Hercynian), 5, Mongolo—Okhotsk;
67, lava fields: 6, rift areas (WT, West Transbaikalian; EM, East Mongolian; GA, Gobi—Altai), 7, Great Xing’an (GX) belt; 8, state borders; 9,

faults. Rectangle shows the location of the Ust’-Kara basin.

with the monzonitic granitoids of the Shakhtama complex
formed within ~162—155 Ma (Berzina et al., 2013). The
later stages of the evolution of the GX belt were studied in
its Chinese part, where the Jixiangfeng and Manitu Forma-
tions composed of rhyolites, their tuffs, and mafic rocks
(~145-138 Ma) and the Yiliekede Formation made up of
basalts and basaltic andesites (125 + 10 Ma) are located
(Wang et al., 2006; Zhang et al., 2008b; Xu et al., 2013).
The most mafic rocks of these associations are characterized
by low contents of TiO, (<1.5 wt.%) and a negative Ta—Nb
anomaly on their spidergrams. The geologic position of the
volcanic belt, confined to the edge of the paleocontinent,
and the geochemical characteristics typical of convergent
settings indicate that the magmatism of the belt took place
on the active continental margin (Zhang et al., 2008b; Xu et
al., 2013).

The East Mongolian (EM) volcanic belt covers a large
part of Eastern Mongolia and the Argun area of Russia.
Available geological and geochronological data (Dash et al.,
2015; Stupak et al., 2018a) show a prevalence of early Early
Cretaceous (~130-120 Ma) volcanic strata within the belt.
These are lava strata composed of trachybasalts and basaltic
trachyandesites, which form systems of wide basins and gra-
bens of NE strike. Some trachyte-trachyrhyolite volcanoes
and extrusions are dated at the middle Early Cretaceous. The

volcanic strata formed in the second half of the Early Creta-
ceous (~120-100 Ma) are composed mostly of trachybasalts
and basaltic trachyandesites. They form predominantly sep-
arate lava fields. Late Cretaceous volcanics have an alkaline
composition (tephrites and teshenites) and form systems of
domes, stocks, and laccoliths. In general, the mafic rocks of
the EM volcanic belt are characterized by high contents of
TiO, (>2 wt.%) and most of incompatible elements, includ-
ing Ta and Nb (Pavlova et al., 1990; Shatkov et al., 2010;
Dash et al., 2015; Stupak et al., 2018a). In these characteris-
tics of magmatism the EM belt is similar to other late Meso-
zoic rift areas of Central Asia which formed with the par-
ticipation of mantle plumes (Yarmolyuk et al., 1995).

Thus, the above belts differ both in geologic position and
in the type of magmatism. The latter difference is particu-
larly serious and thus can be used to establish the geologic
position of the Ust’-Kara basin.

GEOLOGY OF THE UST’-KARA BASIN

The Ust’-Kara basin is located in southeastern Transbai-
kalia, in the middle reaches of the Shilka River, stretching as
a narrow band for ~40 km along both of its shores between
the Shilkinskii Zavod and Nizhnie Kularki Villages (Fig. 2).
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Fig. 2. Geologic structure of the Ust’-Kara basin. /, Quaternary deposits; 2—4, Late Jurassic—Early Cretaceous sedimentary and volcanic rocks of
formations: 2, Shilka, 3, Ust’-Kara, 4, Urdyugan; 5, rocks of the pre-Cretaceous basement; 6, Early Cretaceous lavas () and intrusions (b); 7, thin
flows and dikes; 8, thrusts and shifts: observed (a), overlapped (b); 9, normal faults; /0, boreholes with sedimentary (a) and volcanic (b) rocks in

the faces; /17, direction and angle of dip of rock beds; /2, localities of sampling of rocks and their age (Ma); /3, exposure of rhyolite tuffs of the
Ust’-Kara Formation.
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Two grabens are recognized within the basin: Ust’-Kara and
Urdyugan. There is an opinion (Misnik and Shevchuk,
1975), which we support, that this basin is a relic of a larger
negative structure, the Boty—Kara basin, extending south-
ward to the Boty Village, where one more large relic of this
structure, the Kuma River graben, occurs (Stupak, 2012).

The Ust’-Kara basin is superposed on the structures of
different ages of the Argun terrane, which are composed of
complexes of igneous, sedimentary, and metamorphic rocks
formed in the Late Riphean—Late Jurassic (State..., 2010).
The basin is located in the Argun terrane zone confined to
the area of the expected intersection of the structures of the
EM and GX belts. Therefore, it has a key importance for
understanding which of the belts exerted the major effect in
this part of the late Mesozoic magmatic province.

The Ust’-Kara basin is a bilateral graben. Along its east-
ern border, the structures of the pre-Cretaceous basement
are thrust over the volcanic and sedimentary rocks of the
graben at an angle of ~30°. Its western border is a strike-slip
fault of steeper dip opposite to the direction of the thrust.

In the southern part of the graben, on the left bank of the
Shilka River, one of the branches of this strike-slip fault
controls a separate small (~1 x 7 km) Urdyugan graben
(Fig. 2). 1t is filled mostly with coarse-clastic red-colored
deposits and volcanics of the Urdyugan Formation, which
are the oldest of the late Mesozoic rocks of the Ust’-Kara
basin. The volcanics are mainly of subvolcanic facies.
Among them, there are dikes and stocks of basaltic-andesite
and andesite porphyry in the south of the graben and extru-
sions of quartz—biotite porphyry in the north. The section of
the Urdyugan Formation is rich in sedimentary rocks with
varying amounts of volcanic material (tuffs, tuffites, tuff
conglomerates, and tuffstones). The total thickness of the
visible part of the section varies from 360 to 500 m. The
K—Ar dating of the volcanics of this formation yields its late
Late Jurassic—Early Cretaceous age (Table 1).

The Ust’-Kara graben and the Kuma River graben
are formed by younger Early Cretaceous terrigenous-sedi-

Table 1. Results of geochronological studies of rocks of the Ust’-Kara basin

mentary and igneous rocks. Since the research by Voinovskii-
Kriger and Lisovskii (1927), their strata have been divided
into two formations, Ust’-Kara (lower) and Shilka (upper).
Figure 2 shows that the rocks of the Ust’-Kara Formation
occur in the northern part of the graben, along the left bank
of the Shilka River, and the rocks of the Shilka Formation
occupy the right bank of the river, from the Ust’-Karsk Vil-
lage to the southernmost border of the graben. The rocks of
the Ust’-Kara Formation penetrate to the right bank of the
Shilka River only at a short segment between the mouths of
the Bereya River and the Labanikha Brook, where they tec-
tonically join the deposits of the Shilka Formation.

The Ust’-Kara Formation is composed of terrigenous and
volcanic rocks. The terrigenous deposits are predominant
rocks of the series fine-pebble conglomerate—siltstone and
subordinate coarse psephites (Pistsov, 1982). Volcanic rocks
occur in the middle section of the formation. They are recog-
nized as a subformation extending over the area of the Ust’-
Kara deposits. Its thickness reaches 350 m in the north of the
graben (Ulasov—Bol’shaya Kularka interfluve) and decreas-
es to 250 m in the south. Terrestrial trachyandesite—trachyte
lavas are replaced by subaquatic pillow lavas and basaltic-
trachyandesite hyaloclastites to the south from the Luzhanki
River. Also, dikes and stocks of these rocks appear here, and
the number of sedimentary beds increases. The upper sec-
tion of the formation is made up of rhyolitic tuffs.

A specific tectonic feature of the Ust’-Kara Formation is
its almost ubiquitous monoclinic occurrence with the east-
ward dip of rock beds and with thrusts: a thrust of the forma-
tion beds over each other in the Ulasov—Luzhanki interfluve
and a thrust of a plate of lower Cambrian brecciated carbon-
ate rocks over the formation rocks. The total thickness of the
formation rocks is 1300 m (Pistsov, 1963). The estimated
age of the Ust’-Kara Formation is debatable: Based on the
found paleontological relics, the formation is dated at the
Late Jurassic—Early Cretaceous (Pistsov, 1963; Misnik and
Shevchuk, 1975) or at the Late Jurassic (Geologic..., 1997;

Formation K-Ar
(associa- Sample  Rock Sampling locality Potassium, % 4Ar, ppb Age, Ma
tion) (+0) (£0) (£20)
Shilka 99-3* Anamesitic trachyan- Kuma River 2.32+£0.03 21.95+0.10 131.5+3
99-29 desite Iliya Brook 1.98 +0.02 19.14 +0.09 134+3
Ust’-Kara  22-97 Trachyandesite Zheron Brook 2.70 £0.03 26.36+0.10 136 +3
3-97#%*  Trachyandesite Ulasov-Bol’shaya Aliya OAr/Ar
interfluve Plateau age—139.7 + 1.3;
Integrated age—140.0 + 1.6
Urdyugan = 99-22 Quartz-biotite thyolite ~ Urdyugan River, left bank 4.35+0.04 44.95+0.16 143+3
99-16 Two-pyroxene andesite ~ Chalbuchi River, left bank 2.14 +£0.03 23.28 £0.08 150 +4

Note. The bulk rock was analyzed. For K—Ar dating, the contents of “*Ar were measured by the isotope dilution method, using **Ar as a tracer, and the
contents of K, by flame photometry. The age was calculated using constants (Steiger and Jager, 1977) & = 0.581x100yr™, 2, = 4.962x10"yr™!, and
40K ==0.01167 (at.%). 99-3", data by Stupak (2012); 3-97"", °Ar/*Ar data by Stupak and Travin (2004).
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State..., 2010). Our geochronological data (Table 1) show an
Early Cretaceous age.

The coarse-clastic deposits of the Shilka Formation lie,
with erosion, over the Ust’-Kara deposits. The lower section
of the formation is made up of less coarse clastics (boulder—
pebble and pebble conglomerates), which give way to ubiq-
uitous fanglomerates upsection (Pistsov, 1982). In the Ust’-
Kara graben, there are local flows and sills of trachyandesites
and basaltic trachyandesites (Fig. 2). The thickness of their
members reaches 100 m in the area of the Labanikha Brook
and 150 m in the Iliya Brook on the southern border of the
graben, where the maximum thickness (up to 800 m) of the
formation rocks is also observed.

The Early Cretaceous volcanism and sedimentation were
still more intense on the southwestern border of the Boty—
Kara basin. Here, a 4350 m thick unit of mostly coarse ter-
rigenous sediments and volcanics exposes in the relict gra-
ben along the Kuma River (Stupak, 2012). These deposits
are similar to the deposits of the Shilka Formation of the
Ust’-Kara graben; their beds are monoclinically subsided
eastward, which indicates that the two structures were a
single whole in the past. A distinctive feature of the Kuma
graben volcanics is the wide occurrence of their subaquatic
varieties (hyaloclastites and pillow and nucleus lavas). Four
flows of terrestrial lavas are found only in the lower section.
Dating of one of them yielded an Early Cretaceous age of
lavas (Table 1). The Kuma graben also has felsic rocks. A
small (100 x 50 m) quartz porphyry stock breaks through
the lower bed of a terrigenous rock unit in the northern part
of the graben. Porphyry underwent intense hydrothermal al-
teration (silicification and argillization).

ANALYTICAL METHODS

The age of volcanics was determined by K—Ar dating in
the Laboratory of Isotope Geochemistry and Geochronology
of the Institute of Geology of Ore Deposits, Petrography,
Mineralogy, and Geochemistry, Moscow, following the
technique described by Lebedev et al. (1999) and Cherny-
shev et al. (2006). For analysis, a fine-grained rock ground-
mass cleaned from rock-forming phenocrysts was used.

The contents of major rock elements were measured by
the X-ray fluorescence method (XRF) on an PW 2400 Phil-
ips Analytical spectrometer at the Institute of Geology of
Ore Deposits, Petrography, Mineralogy, and Geochemistry,
Moscow.

Multielement analysis of rocks was carried out on a Plas-
maQuad 3 VG Elemental mass spectrometer with inductive-
ly coupled plasma at the Institute for Analytical Instrumen-
tation, St. Petersburg. To control the drift of the relative
sensitivity of the mass spectrometer, analysis of several
samples (no more than 5-10) was made together with analy-
sis of standard solutions of heavy metals (Ti, Cr, Ni, Cu, and
Pb) and the standard sample BCR-1. For REE analysis, the
mass spectrometer was calibrated against a Matthew John-

son standard REE solution. The relative error of analyses
was within 5-10%.

RESULTS OF GEOCHRONOLOGICAL STUDY

As noted above, paleontological dates of the graben rocks
are ambiguous. Geochronological study of volcanics of the
three graben formations (Table 1) showed a systematic dif-
ference in their ages, which agrees with the data of geologi-
cal study. For example, the age of andesitic porphyrites
(150 + 4 Ma) and quartz—biotite porphyry (143 = 3 Ma) of
the Urdyugan Formation confirmed their earliest origin. Tra-
chyandesite lavas (140 £ 1.6 Ma) of the Ust’-Kara Forma-
tion and trachyandesite sill (136 + 3 Ma) are younger. They
are close in age to the trachyandesite lavas of the Ust’-Kara
(134 + 3) and Kuma (131.5 = 1.6 Ma (Stupak, 2012) gra-
bens. In general, the established ages correspond to the time
of accumulation of the Jixiangfeng, Manitu (~150-138 Ma),
and Yiliekede (~135-120 Ma) Formations of the GX belt
(Wang et al., 2006; Zhang et al., 2008b; Xu et al., 2013),
composed both of felsic and mafic volcanics. Within the EM
volcanic belt, volcanism of this age range is of limited man-
ifestation.

PETROGRAPHY

The volcanics of the Urdyugan Formation are basaltic an-
desites, andesitic porphyrites, and quartz—biotite porphyry.
In rocks of normal composition, phenocrysts amount to 15—
20 vol.%, with orthopyroxene significantly dominating over
clinopyroxene. The phenocrysts are localized in the pilotax-
itic groundmass composed of finest plagioclase laths, mag-
netite grains, and totally devitrified volcanic glass. The fel-
sic volcanics contain up to 40 vol.% phenocrysts (with
prevailing K—Na-feldspar), up to 10 vol.% biotite, and sin-
gle quartz grains localized in the fine-grained quartz—feld-
spar groundmass.

The volcanics of the Ust’-Kara Formation are mostly of
the trachyandesite—trachyte series. They are usually porphy-
ritic and contain a small amount (1-5%) of fine phenocrysts
of predominant plagioclase (from oligoclase to felsic ande-
sine), subordinate clinopyroxene and amphibole, and K—Na-
feldspar (in more felsic varieties). Their minerals are local-
ized in the pilotaxitic groundmass composed mainly of
plagioclase, magnetite, and volcanic glass significantly re-
placed by secondary minerals. In hyaloclastites, the glass is
greenish, partly replaced by palagonite—chlorophaeite.

The rhyolite tuffs of the Ust’-Kara Formation are com-
posed of clastics of almost completely devitrified volcanic
glass. They contain lamellar biotite crystals and fragments
of porphyritic grains of K—Na-feldspar, whose size decreas-
es from 1-3 mm in the bottom of the tuff bed to fractions of
mm in its top.

Subvolcanic analogues of the Ust’-Kara lavas have a si-
milar mineral composition and differ from them in finer
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grains (similar to dolerite ones), the absence of amphibole
(they are biotite lavas), and, often, the presence of late quartz.
The volcanics of the Shilka Formation correspond to tra-
chyandesites and basaltic trachyandesites and contain most-
ly phenocrysts of felsic andesine. The large phenocrysts are
usually resorbed, and the small ones form glomerocrysts,
sometimes together with clinopyroxene. The rock ground-
mass is formed by microdiabase (anamesitic) with transi-
tions into pilotaxite; it consists of predominant plagioclase
(70-75%) and subordinate clinopyroxene, magnetite, and
altered volcanic glass. Subvolcanic analogues of these rocks
(sills and dikes) have the same composition and structures.

THE PETROCHEMICAL AND GEOCHEMICAL
COMPOSITIONS OF ROCKS

As follows from Table 2 and Fig. 3, most of the late Me-
sozoic volcanics of the Ust’-Kara basin and Kuma River
graben are normal or felsic medium-alkali rocks. Only a mi-
nor part of them, mainly the rocks of the Urdyugan Forma-
tion, fall in the normal-alkalinity field. In the K,0-SiO, dia-
gram (Fig. 3), most of the composition points lie in the field
of high-K rocks. Almost all rocks are quartz- and hyper-
sthene-normative. Some of them contain normative olivine,
and few rocks, nepheline. Normative corundum (up to 4%)
typical of these rocks points to their slight oversaturation
with ALO;.

Table 2 shows the contents of major, trace, and rare-earth
(REE) elements in the rocks of the three formations. Their
average values for the rocks of the series basaltic andesite
(basaltic trachyandesite)—andesite (trachyandesite) are shown
in Fig. 4a. The rocks of the three formations show similar
patterns of incompatible elements, particularly well-pro-
nounced negative Ta—Nb and Ti anomalies typical of IAB
(Kelemen et al., 2003). However, the studied volcanics are
generally richer in almost all incompatible elements than
IAB. The basaltic andesites and andesites of the Ust’-Kara
and Shilka Formations are more enriched in these elements
than the similar rocks of the Urdyugan Formation. The latter
are characterized by significantly lower relative contents
of P and Ti and a less fractionated REE pattern (average
(La/Yb),, ~ 17). The rocks of the Ust’-Kara and Shilka For-
mations show similar (La/Yb),, values (~28) and patterns of
incompatible elements. At the same time, the Ust’-Kara
volcanics have lower contents of Sr and Ti, which might be
due to the melt fractionation into plagioclase and titano-
magnetite.

DISCUSSION

Magmatic evolution of the Ust’-Kara basin. Three
phases of late Mesozoic magmatism have been established
in the basin structure, which correspond to three volcanic
units. The time gap between them is close to the error of
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Fig. 3. (Na,0 + K,0)-SiO, (Le Bas et al., 1986) (a) and K,0-SiO,
(Peccerillo and Taylor, 1976) (b) diagrams for the volcanics of the
Ust’-Kara basin and the Kura River graben, constructed from the data
in Table 2 and the results of chemical analyses. /-3, compositions of
rocks of formations: /, Urdyugan, 2, Ust’-Kara, 3, Shilka. Rocks: B,
basalt; BA, basaltic andesite; A, andesite; D, dacite; R, rhyolite; TB,
trachybasalt; BTA, basaltic trachyandesite; TA, trachyandesite; T, tra-
chyte; Bsn, basanite; PT, phonotephrite; TP, tephriphonolite.

volcanics dating. This gives grounds to consider the basin
volcanism a single (although discrete) volcanic cycle, which
began in the late Late Jurassic and ended in the first half of
the Early Cretaceous. The products of volcanism of different
stages differ from each other, especially the basaltic andes-
ites and andesites of the Late Jurassic Urdyugan Formation,
characterized by relatively high MgO (>5 wt.%) and low
TiO, (<1 wt.%) contents. Similar magnesian andesites are
known in many Middle—Late Jurassic volcanic structures of
the Argun block (Pervov and Kononova, 1986), and all of
them formed at the beginning of the particular stages of vol-
canic eruptions. For example, such magnesian volcanics are
present in the Middle-Late Jurassic Shadoron and Unda—
Daya Groups of the Shadoron basin (Kovalenko et al., 2015;
Stupak et al., 2016). Andesites of these groups have high
contents of MgO (up to 7.4 and 8.4 wt.%, respectively) and
low contents of TiO, (0.9 and 0.8 wt.%). The somewhat
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Table 2. Representative analyses of the chemical composition (wt.%) and trace-element and REE compositions (ppm) of rocks of the Ust’-Kara basin

Com- Shilka Formation Ust’-Kara Formation Urdyugan Formation
ponent

99-5%  99-7* 99-10* 99-29 99-2* 99-3* 99-4* 99-35 99-36 4-97 2297 99-33 99-41 3-97 297 99-16 99-22 99-25

BTA BTA BTA BTA TA TA TA BTA BTA BTA TA TA TA TA T A R R

SiO, 53.88 5398 51.69 54.54 57.86 54.94 5541 5279 5291 50.85 55.13 54.81 5491 60.05 61.50 57.33 72.12 72.83
TiO, 199 1.64 1.73 1.71 1.87 190 203 170 1.64 1.50 1.57 16l 162 1.01 136 098 047 0.2
ALO; 1562 1550 16.71 16.07 1542 1551 1571 1690 16.43 15.67 1584 16.67 1657 15.61 16.64 14.64 14.02 14.06
Fe,O, 842 891 10.13 819 795 752 880 796 7.71 872 699 799 7.63 476 635 714 233 172
MnO 0.12 022 0.17 0.10 0.05 0.12 0.08 0.08 0.11 0.10 0.10 0.08 0.06 0.08 008 0.12 0.03 0.01
MgO 220 355 215 4.03 235 222 265 282 3.08 354 228 3.14 343 223 087 591 077 051
CaO 6.74 826 557 667 304 723 385 749 813 6.50 462 563 501 581 342 612 079 131
Na,0 340 439 502 385 435 3.66 4.10 390 3.66 352 448 445 393 344 393 3.00 227 337
K,0 23l 132 280 242 233 290 286 233 207 333 322 294 258 346 390 247 497 353
P,0, 102 074 075 0.78 092 094 101 058 057 055 054 060 061 035 048 026 0.15 0.16
LOI 440 1.60 335 1.69 385 3.04 355 353 370 555 526 211 3.63 324 143 217 213 204
Total 100.10 100.12 100.06 100.06 99.99 99.97 100.04 100.08 100.01 99.83 100.02 100.05 100.00 100.03 99.97 100.13 100.05 100.06
v 162 182 171 173 149 168 163 162 170 162 121 180 166 85 115 161 26 30
Cr 50 61 54 67 47 48 51 70 74 182 76 78 68 78 63 318 31 69
Co 25.8 262 324 244 198 203 242 206 241 347 154 221 226 138 148 299 469 328
Ni 25 30 45 25 22 22 24 26 29 63 27 27 24 28 27 96 13 14
Zn 132 123 116 134 137 125 135 120 114 124 113 118 117 91 100 85 73 30
Rb 541 312 695 720 525 761 6l6 504 285 804 850 86.5 584 132.0 170.0 74.0 131.0 121.0
Sr 942 879 1400 917 655 958 741 1000 1180 1220 629 1000 860 964 660 517 198 344
Y 246 264 260 214 240 241 231 153 164 223 178 18.8 146 145 153 212 894 921
Zr 459 396 317 303 440 450 451 233 243 285 308 295 2066 2066 345 210 158 204
Nb 274 250 202 199 255 263 265 136 149 204 199 167 153 16.0 20.8 11.7 105 12.1
Ba 1240 649 1330 898 1040 1070 1470 879 944 1480 927 1100 964 962 981 664 977 810
La 828 61.6 561 549 813 8L.1 795 431 453 642 559 531 459 585 703 374 377 451
Ce 180.0 135.0 1150 117.0 174.0 175.0 1740 91.1 952 131.0 117.0 107.0 99.9 113.0 140.0 783 70.2  80.6
Pr 209 159 140 143 205 202 198 11.0 115 151 136 129 112 122 152 9.05 7.66 873
Nd 8.6 672 572 577 790 79.8 785 434 46.1 56.5 505 507 46.0 437 53.1 348 268 306
Sm 1550 12.60 10.80 11.20 13.30 1420 14.00 7.62  9.09 10.60 1040 9.08 893 891 10.60 6.45 440 5.07
Eu 319 262 254 252 314 3.06 321 1.8 207 244 218 236 218 1.65 182 163 1.06 1.08
Gd 10.80 9.59 867 740 1030 1030 986 574 596 729 642 646 601 526 585 546 3.06 347
Tb 124 128 1.21 1.07 135 127 126 075 0.82 1.05 0% 088 079 0.70 0.77 080 041 049
Dy 547 5,65 537 472 524 564 537 323 371 461 372 381 340 313 335 392 196 220
Ho 078 09 081 073 085 084 08l 055 057 078 0.60 059 046 045 055 070 032 035
Er 2,19 269 242 1.95 210 224 216 141 162 211 164 163 130 1.15 135 215 0.70 0.85
Tm 031 035 031 022 027 029 031 0.17 021 028 020 021 0.19 0.18 0.18 029 0.11 0.10
Yb .50 198 192 152 151 186 1.64 115 125 1.6l 1.13 125 120 101 1.00 181 0.73 0.62
Lu 027 031 027 023 023 024 025 016 016 027 0.19 019 0.15 0.15 0.16 030 0.09 0.10
Hf 1020 927 699 756 9.83 10.60 9.65 528 6.53 6.78 7.07 7.1 658 653 783 6.10 438 5.63
Ta 144 116 095 1.04 135 131 151 077 0.82 1.17 1.18 092 083 091 125 080 0.70 0.82
Th 894 524 464 821 10.20 10.40 9.56 6.75  7.31 12.50 10.80 6.69 698 2320 26.80 10.80 1240 12.30
U 234 147 114 205 253 287 245 146 1.69 286 282 135 155 410 3.66 258 202 333

Note. The chemical composition was determined at the Institute of Geochemistry, Irkutsk, and the trace-element and REE contents, at the Institute of Pre-
cambrian Geology and Geochronology, St. Petersburg.
* Data from Stupak (2012). Rocks: BTA, basaltic trachyandesite; TA, trachyandesite; T, trachyte; R, rhyolite.



FEM. Stupak et al. / Russian Geology and Geophysics 61 (2020) 14-25 21

younger andesites of the Urdyugan graben are similar to
them in some characteristics. Besides the above-mentioned
petrochemical specifics, the andesites and basaltic andesites
of the Urdyugan Formation have the same geochemical fea-
tures as the andesites of the Shadoron Group (Fig. 4b),
which indicates their formation under similar conditions.

The volcanics of the Ust’-Kara and Shilka Formations
differ from the rocks of the Urdyugan Formation in higher
total alkalinity, mainly because of higher contents of K,O
and TiO, and lower contents of MgO (Table 2). They also
have higher contents of incompatible elements (Fig. 4a).
The volcanics of the Ust’-Kara and Shilka Formation also
differ despite their similar ages and petrochemical features.
For example, the rocks of the Shilka Formation are enriched
in almost all trace elements relative to the Ust’-Kara volca-
nics and, in addition, show different trends of their distribu-
tion relative to SiO, (Fig. 5).

The felsic volcanics of these formations are not related to
mafic rocks by the accumulation trends of incompatible ele-
ments corresponding to fractionation processes (Fig. 5).
They are depleted in trace elements. As shown for other late
Mesozoic volcanic associations of the study region (Voront-
sov et al., 2016; Stupak et al., 2018b), such features of felsic
rocks permit them to be considered products of anatectic
melting of crustal rocks under thermal effect of mafic melts.

The revealed difference in the composition of the same
rocks of the three formations of the Ust’-Kara basin show
that the content of MgO decreases and the contents of TiO,,
K,0, P,Os, Zr, Nb, and REE increase in the course of the
rock evolution (Fig. 5). At the same time, the geochemical
spectra of these rocks are generally similar and typical of
rocks of convergent settings.

Correlations and determination of the position of the
Ust’-Kara basin in the system of late Mesozoic volcanic
belts. As mentioned above, the Ust’-Kara basin formed in
the northwest of the Argun terrane, at the intersection of the
GX and EM volcanic belts, whose evolution was governed
by different geodynamic processes.

The late Mesozoic structure of the study region is charac-
terized by narrow grabens and basins controlling the distri-
bution of Late Jurassic and Cretaceous continental deposits
and volcanic units. Within the East Mongolian belt, grabens
are mostly of NE orientation (~60°). Within the Argun ter-
rane, grabens of N-NE orientation (~30°), including the
Ust’-Kara one, are predominant. This difference, however,
is insufficient to state the different nature of volcanism in the
two areas.

Comparison of the volcanics of the Ust’-Kara basin with
the coeval rocks of the EM and GX volcanic belts provides
more significant information about the geodynamic mecha-
nisms that controlled the late Mesozoic magmatic and tec-
tonic activity in the northern part of the Argun terrane.

The Jixiangfeng, Shangkuli, and Yiliekede Formations of
the GX volcanic belt are age analogues of the volcanic com-
plexes of the Ust’-Kara basin. They accumulated within
~145-120 Ma and are made up of rocks of different compo-
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Fig. 4. Primitive-mantle-normalized (Sun and McDonough, 1989)
trace-element and REE (ppm) patterns of the moderately mafic volca-
nics of the Ust’-Kara basin and Kuma River graben. a, Average com-
positions of the volcanics of the Shilka (7), Ust’-Kara (2), and Urdyu-
gan (3) Formations in comparison with the rocks of the East Mongolian
(EM) volcanic belt (4) (Dash et al., 2015; Stupak et al., 2018a); b,
compositions of the rocks of the Urdyugan (5) and Ust’-Kara and Shil-
ka (6) Formations in comparison with the rocks of the Great Xing’an
volcanic belt and Shadoron basin (7) (Zhang et al., 2008b; Stupak et
al., 2016). The average composition of continental IAB is given after
Kelemen et al. (2003).

sitions, with a predominance of rhyolite and rhyodacite la-
vas and tuffs (Zhang et al., 2008b; Xu et al., 2013). In the
Russian part of the belt, there are compositionally similar
Late Jurassic—Early Cretaceous volcanic complexes of the
Tulukui caldera (Shatkov et al., 2010) and Argun basins
(Pavlova et al., 1990) (Fig. 6).

Within the EM belt, the Late Jurassic—Early Cretaceous
stage of volcanism is confirmed by paleontological data
(Frikh-Khar and Luchitskaya, 1978; Martinson, 1982), al-
though the available geochronological dates are no older
than 130 Ma (Dash et al., 2015; Stupak et al., 2018a). The
Early Cretaceous volcanics are mostly trachybasalts and ba-
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Fig. 5. Distribution of trace elements (ppm) relative to SiO, (wt.%) in the volcanics of the Ust’-Kara basin and Kuma River graben (from the data
in Table 2). /-3, Compositions of rocks of formations: /, Urdyugan, 2, Ust’-Kara, 3, Shilka. Distribution trends of elements are shown.

saltic trachyandesites, whereas trachyandesites, trachyda-
cites, and trachyrhyolites are subordinate.

The rocks of both the GX and EM belts differ in chemical
composition. The lavas of the EM belt (Fig. 6, I) are richer
in Ti and have high contents of total Fe and P and low con-
tents of Mg. Mafic rocks (SiO, < 54 wt.%) prevail, whereas
normal rocks are subordinate. In the GX belt, normal and
felsic rocks are, on the contrary, predominant (Zhang et al.,
2008b; Xu et al., 2013). In geochemical features the GX
rocks are similar to convergent-margin rocks; they have the
minimum contents of Ta, Nb, and Ti and show highly
fractionated REE patterns, like IAB (Fig. 4b). The rocks of
the EM belt differ from them in higher contents of almost all
incompatible elements (Fig. 4a) and show less fractionated
REE patterns. The relative contents of Ta and Nb in these
rocks vary from a slight deficit to a small maximum
((La/Nb), = 2.3-0.9). All this gives grounds to consider the

sources of magmatism in the study area to be similar to the
intraplate sources of OIB (Stupak et al., 2018a).

The difference in the composition of igneous rock asso-
ciations of the two belts is well seen in the diagrams of cor-
relation between the ratios of incompatible elements, where
the rocks of the GX and EM belts form separate composi-
tion fields with different trends of figurative points (Fig. 7).
The EM rocks have rather low Zr/Nb ratios (<15) and more
or less stable Nb/U, Ce/P, and Th/U ratios. They show a di-
rect correlation of La/Yb, Th/YDb, and La/Nb with Zr/Nb. In
the (La/Nb),—Zr/Nb diagram, the lower edge of this trend
corresponds to the compositions (La/Nb), ~ 1, without a Nb
deficit specific to rocks of convergent margins. The other
edge of the trend is directed to the composition field of the
GX rocks, which might indicate the participation of their
sources (e.g., the metasomatized mantle of the mantle
wedge) in the formation of the EM rocks. This participation
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Fig. 6. Comparison of the compositions of the rocks of the Ust’-Kara basin and Kuma River graben and the compositions of the rocks of the East
Mongolian and Great Xing’an volcanic belts. Rocks of: /, Urdyugan, 2, Ust’-Kara, and 3, Shilka Formations; 4, northern part of the Great Xing’an
belt (Zhang et al., 2008b); 5, Shadoron basin (Kovalenko et al., 2015; Stupak et al., 2016); 6, Argun basins (Pavlova et al., 1990); 7, East Mongo-
lian belt (Frikh-Khar and Luchitskaya, 1978; Dash et al., 2015; Stupak et al., 2018a). Composition fields of the rocks of: I, East Mongolian belt;
II, Great Xing’an belt, including the rocks of the Argun basins; I1I, Shadoron basin.

might have determined a linear correlation between the ra-
tios of incompatible elements. In contrast to the EM belt, the
rocks of the GX belt show higher Zr/Nb ratios (>13) and
wide variations in the contents of other indicator ratios of
incompatible elements independent of Zr/Nb (Fig. 7).

Based on the above features of the EM and GX rocks, we
can compare them with the Ust’-Kara basin rocks. In Fig. 4,
the multielement patterns of the basin rocks are similar to
those of the EM and GX mafic rocks. The basin rocks are
similar to the GX rocks both in the shape of the multicle-
ment patterns and in the contents of elements (Fig. 4b). The
difference between these rocks and the EM rocks are also
well seen (Fig. 4a). The latter are characterized by higher
contents of trace elements, especially HREE, a less pro-
nounced Ta—Nb negative anomaly, and no fractionation of
Th, U, Nb, and Ta.

Other discrimination diagrams also show similarity and
difference of the above rocks. In Fig. 6, the Ust’-Kara basin
rocks fall mostly in the composition field of the GX rocks.
The volcanics of the Urdyugan Formation are most similar

in composition to the rocks of the Shadoron Group. Taking
into account the Late Jurassic age of the Urdyugan Forma-
tion rocks, we assume that they belong to the Shadoron
Group of the GX belt.

The similarity of the Ust’-Kara volcanics to the GX belt
rocks is also well seen in the diagrams of correlation between
the ratios of incompatible elements (Fig. 7). In the La/Yb,
Th/Yb, La/Nb—Zr/Nb diagrams, the Ust’-Kara volcanics lie
in the composition field of the GX belt but fall on the exten-
sion of the composition trends of the EM rocks. This sug-
gests a certain genetic relationship between the Ust’-Kara
volcanics and the EM rocks. In the Nb/U, Ce/Pb, Th/U-Zr/
Nb diagrams, however, the Ust’-Kara rocks are clearly iso-
lated from the EM rocks, which indicates different composi-
tions of their sources.

Thus, the comparison shows a strong similarity between
the rocks of the Ust’-Kara basin and the rocks of the GX
volcanic belt at the Late Jurassic and Early Cretaceous stag-
es of its evolution. This suggests that the convergent pro-
cesses that determined the formation of the GX belt played
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Fig. 7. Variations in the ratios of incompatible elements vs. Zt/Nb in the rocks of the Ust’-Kara basin and the East Mongolian and Great Xing’an
volcanic belts. Constructed from the data in Table 2 and literature data (Zhang et al., 2008b, Dash et al., 2015, Stupak et al., 2018a). Designations

follow Fig. 6.

a leading role in the late Mesozoic volcanism of the Argun
terrane. We can also conclude that the mantle plume that
controlled the formation of the EM belt affected negligibly
the Early Cretaceous magmatism of the GX belt.

CONCLUSIONS

The late Mesozoic volcanism in the Ust’-Kara basin
evolved in three stages: Tithonian—Berriasian (~150—143 Ma),
Valanginian (~140-136 Ma), and Hauterivian (~134—

131 Ma). The evolution series includes primary normally al-
kaline rocks (magnesian andesites) and younger predominant
medium-alkali (basaltic trachyandesites—trachytes) and co-
eval subordinate felsic rocks. The temporal evolution of
melts was accompanied by an increase in the contents of in-
compatible elements in similar rocks.

In age and petrochemical and geochemical compositions
the rocks of the Ust’-Kara basin are similar to the volcanics
of the Great Xing’an belt and differ from the rocks of the East
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Mongolian belt. This gives grounds to extend the Xing’an
belt structures to the north, almost up to the Mongolo—Ok-
hotsk suture, and thus to relate the late Mesozoic volcanism
in the northwest of the Argun terrane to convergent processes
that governed the formation of the Xing’an belt.

This study was carried out in the framework of basic re-
search project 0136-2018-0026 under financial support by
grants 17-05-00167 and 18-55-91004 from the Russian
Foundation for Basic Research.
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