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Abstract—We present results of geochemical studies of the upper Mesozoic deposits of the Strelka and Malaya Tynda depressions and 
U–Th–Pb (LA-ICP-MS) geochronological and Lu–Hf isotope-geochemical studies of detrital zircons from these deposits. It is shown that 
the Strelka and Malaya Tynda depressions, adjacent to the Mongol–Okhotsk Orogenic Belt in the north and extending along the boundary 
between the southern framing of the North Asian Craton and the orogenic belt, are marginal troughs. These troughs are filled with thick beds 
of Mesozoic marine (at the bottom) and continental (at the top) metaterrigenous rocks, with an increase in the grain size of clastic material 
up the section; the rocks should be regarded as molasses. The results of U–Th–Pb geochronological studies of detrital zircons from metater-
rigenous rocks of the Strelka and Lesser Tynda depressions, on the one hand, and the eastern part of the Mongol–Okhotsk Orogenic Belt, 
on the other, show that orogenic processes in the east of the belt were completed at the Early–Middle Jurassic boundary. The depressions 
began to form after the complete closure of the Mongol–Okhotsk basin and the formation of an orogenic structure at its place. Then they 
were filled with material supplied both from the Selenga–Stanovoi and Dzhugdzhur–Stanovoi superterranes on the southern framing of the 
North Asian Craton and from the Mongol–Okhotsk Belt, which was a mountain-folded structure in the Middle Jurassic.
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INTRODUCTION

The Mongol–Okhotsk Orogenic Belt is among the largest 
structures in Central and East Asia (Fig. 1). It is usually con-
sidered to be a relic of the Mongol–Okhotsk Paleo-Ocean, 
which closed as a result of the collision of the North Asian 
Craton with the Amur superterrane. At present, the belt is a 
complex collage of tectonic blocks stretching along its strike, 
which are regarded as accretionary-wedge terranes (Parfenov 
et al., 1999; Khanchuk, 2006; Khanchuk et al., 2015).

The available paleomagnetic data (Metelkin et al., 2004, 
2007; Didenko et al., 2010; Khanchuk et al., 2015) point to 
the existence of space between the southern margin of the 
North Asian Craton and the continental massifs of the south-
ern framing of the Mongol–Okhotsk Belt in the Paleozoic. 
These data, as well as the presence of Paleozoic and early 
Mesozoic igneous complexes within the belt and in the 
framing continental structures (Kozlov et al., 2003; Sorokin 
et al., 2003, 2005, 2007; Sal’nikova et al., 2006; Buchko et 
al., 2010, 2018; Tsygankov et al., 2010; Larin et al., 2011; 
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Donskaya et al., 2012, 2013; Sun et al., 2013; Tang et al., 
2016; Wang et al., 2017), indicate a long and intricate his-
tory of its formation.

Although the Mongol–Okhotsk Orogenic Belt attracts the 
attention of several generations of geologists, many crucial 
issues of its evolution have not been resolved yet. The most 
debatable issues are the time and nature of accretion and 
collision processes that took place throughout its geologic 
evolution. Taking into account that the youngest paleo-oce-
anic deposits of the Mongol–Okhotsk Belt are spread in its 
eastern part and are dated at the Early Jurassic–Early Middle 
Jurassic (Parfenov et al., 1999), it is reasonable to assume 
that orogenic processes (at least in this part of the belt) be-
gan in the Early Jurassic (Parfenov et al., 1999). On the 
other hand, there is a common viewpoint stating that the 
Mongol–Okhotsk Paleo-Ocean closed in the Early Creta-
ceous. The ocean closure is associated with metamorphic 
processes within the northern (Larin et al., 2006; Sal’nikova 
et al., 2006; Donskaya et al., 2008, 2012; Kotov et al., 2012; 
et al.) and southern (Kotov et al., 2009, 2013, 2014; Larin et 
al., 2014) continental margins of the belt and with intraplate 
magmatism (Donskaya et al., 2013). Collision at the Late 
Jurassic–Early Cretaceous boundary is assumed based on 
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the evolution of sedimentary basins in East Asia (Yang et 
al., 2015; Guo et al., 2017), and the paleomagnetic data also 
point to an Early Cretaceous age of collision processes 
(Zhao et al., 1994; Kravchinsky et al., 2002; Metelkin et al., 
2004, 2007, 2010; Ren et al., 2016). Analysis of seismic 
anomalies also indicates an Early Cretaceous age of the 
Mongol–Okhotsk Ocean (Wu et al., 2017).

The information about the age, provenances, and tectonic 
conditions of accumulation of terrigenous rocks of the Me-
sozoic sedimentary basins located within the continental 
framing structures of the Mongol–Okhotsk Belt can help to 
clarify the age of collision during the belt formation. For 
example, the results of recent Sm–Nd isotope-geochemical 
studies of the Jurassic terrigenous rocks of the Irkutsk sedi-
mentary basin and of U–Pb dating of the hosted detrital zir-
cons show that the orogenic processes related to the closure 
of the western part of the Mongol–Okhotsk Ocean began at 
the Early–Middle Jurassic boundary (Demonterova et al., 
2017). In the south, the eastern part of the belt borders upon 
the Upper Amur and Zeya–Dep troughs filled with Jurassic 
terrigenous deposits. The structure of these troughs, typical 
of foreland basins (Smirnova et al., 2017), the presence of 
coal horizons in the Middle–Upper Jurassic deposits (Reso-
lutions..., 1994), and the chemical composition of sedimen-
tary rocks of the deposits indicate that orogenic processes in 
the east of the Mongol–Okhotsk Belt began before the Mid-
dle Jurassic (Smirnova et al., 2017).

The importance of clarifying the age of the closure of the 
Mongol–Okhotsk Ocean and the formation of an Orogenic 
Belt at its place forced us to study two more objects, namely, 
the Strelka and Malaya Tynda depressions. In the north, these 
depressions border upon the eastern part of the Mongol–Ok-
hotsk Orogenic Belt (Fig. 1) and are composed of Late Juras-
sic–Early Cretaceous and Early Cretaceous metasedimentary 
deposits. In this paper we present results of geochemical 
studies of the upper Mesozoic rocks of these depressions and 
of U–Th–Pb (LA-ICP-MS) geochronological and Lu–Hf iso-
tope-geochemical studies of their detrital zircons.

GEOLOGY OF THE STUDIED OBJECTS

The Strelka depression extends for ~70 km from east to 
west, along the boundary between the southern margin of 
the Selenga–Stanovoi superterrane and the Yankan terrane 
of the Mongol–Okhotsk Orogenic Belt, with its maximum 
width of 11–14 km (Fig. 1).

According to known concepts (Koshelenko, 2011), the 
lower section of the Strelka depression is the 400–1100 m 
thick Dolokhit Formation including two subformations. The 
Lower Dolokhit Subformation is composed of sandstones, 
siltstones, and mudstones. The Upper Dolokhit Subforma-
tion is made up mostly of sandstones with scarce interbeds 
of siltstones, gritstones, and conglomerates. The Middle Ju-

Fig. 1. Schematic structural regionalization of the eastern part of the Mongol–Okhotsk Orogenic Belt (Sorokin et al., 2003). 1, terranes composed 
mostly of lower and middle Paleozoic metasedimentary and metavolcanic rocks; 2, terranes composed mostly of middle and upper Paleozoic 
metasedimentary and metavolcanic complexes; 3, terranes composed mostly of upper Paleozoic metasedimentary and metavolcanic rocks; 4, ter-
ranes composed mostly of lower Mesozoic turbidite rocks; 5, Upper Jurassic–Lower Cretaceous conglomerates, gritstones, and sandstones; 6, Ce-
nozoic loose sediments; 7, faults; 8, localities of sampling for geochemical, isotope-geochemical, and geochronological studies and their numbers. 
The study area is asterisked in the inset. Gray field is the Mongol–Okhotsk Orogenic Belt. Terranes: GL, Galam; DZ, Dzhagdy; LN, Lan; SK, 
Selemdzha–Kerbi; TK, Tukuringra; TR, Tokur; UL, Ul’ban; UB, Un’ya–Bom; YK, Yankan; Nl, Nilan.
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rassic age of the Dolokhit Formation is substantiated by the 
findings of bivalves Dacriomya Subjakutica Polub. and Me-
leagrinella (?) sp. and ammonites Liostrea (?) sp. ind. at the 
bottom of its section. The Dolokhit Formation is overlain 
with erosion by the Upper Jurassic–Lower Cretaceous 
Kholodzhikan or Strelka (Serezhnikov and Volkova, 2007; 
Petruk and Kozlov, 2009) formations 940–2150 m thick. 
The latter is made up of conglomerates, gritstones, medium- 
and coarse-grained sandstones, carbonaceous siltstones, and 
scarce coal interbeds. The formation contains remains of 
Late Jurassic–Early Cretaceous flora (Coniopteris cf. bure-
jensis (Lal.), C. hymenophylloides (Brongn.), Cladophlebis 
aldanensis Vachr., C. argutula (Heer) Font, C. williamsonii 
(Brongn), C. kamenkensis Thom., C. haiburnensis (L. et H.), 
Czekanowskia setacea Heer., Cz. rigida Heer, Phoenicopsis 
angustifolia Heer., P. speciosa Heer., Podosamites lan
ceolatus L. et H., leptostrobus laxiflora Heer., Crassoza mi-
tes burejensis Pryn., Sphenobaiera longfolia, Pytiophyllum 
nordenskioldii (Heer) Nath., Equisetites cf. ferganensis Se.).

The deposits of the Strelka depression are intruded by 
granitoids of the Dzhalinda pluton (125 ± 2 Ma (Koshelen-
ko, 2011)) and dikes of quartz diorite porphyrites and grano-
diorite porphyry (128–126 Ma (Sorokin et al., 2014)).

The Malaya Tynda depression extends for more than 
130 km from east to west, along the boundary between the 
Dzhugdzhur–Stanovoi superterrane in the north and the Tu-
kuringra terrane of the Mongol–Okhotsk Orogenic Belt in 
the south, with its maximum width of 10–15 km (Fig. 1). Its 
lower section is composed of phyllitized siltstones with in-
terbeds of sandstones and mudstones and lenses of con-
glomerates and carbonaceous shales of the 1120 m thick 
Middle Jurassic Dess Formation (Serezhnikov and Volkova, 
2007; Petruk and Kozlov, 2009). The siltstones were found 
to contain Mytiloceramus ambiguus (Eichw.), M. cf. formo-
solus (Vor.) Sey, M. cf. ussuriensis (Vor.) Sey, M. cf. lucifer 
(Eichw.), and M. cf. jurensis (Kosch.) of Aalenian–Bajocian 
age (Serezhnikov and Volkova, 2007). The Middle Jurassic 
Dess Formation is overlain with erosion by boulder–pebble 
conglomerates with interbeds of polymict sandstones, ar-
koses, gritstones, and carbonaceous siltstones of the Upper 
Jurassic–Lower Cretaceous Kholodzhikan (Godzevich, 
1984; Vol’skii et al., 2014) or Strelka (Serezhnikov and 
Volkova, 2007; Petruk and Kozlov, 2009) formations. In the 
Malaya Tynda depression, the Kholodzhikan Formation is 
>1500 m in thickness and contains abundant plant remains, 
including Jurassic Raphaelia cf. diamensis Sew. The pres-
ence of equiseta Equisetites tschetschumensis Vas. typical 
of the Chechum Horizon of the Lena basin gives grounds to 
limit the age of the top of the formation to the Tithonian 
(Late Jurassic) (Serezhnikov and Volkova, 2007). The Me-
sozoic section of the depression is crowned with boulder–
pebble and pebble conglomerates with interbeds of coarse-
grained sandstones, which are united into the 2500 m thick 
Lower Cretaceous Malaya Tynda Formation. These rocks 
contain fossils of Ginkgo sibirica Heer, Podosamites lance-

olatus L. et H., and Pituophyllum nordenskioldia (Heer) of 
Barremian–Aptian age (Serezhnikov and Volkova, 2007).

The objects of our study were Jurassic rocks of the Upper 
Dolokhit Subformation in the central zone of the Strelka de-
pression and the Lower Cretaceous rocks of the Malaya 
Tynda Formation in the eastern part of the Malaya Tynda 
depression (Fig. 1).

METHODS

The chemical composition of rocks was studied by XRF 
(major components and Zr) at Institute of Geology and Na-
ture Management, Blagoveshchensk, and by ICP MS (Li, 
Rb, Sr, Ba, REE, Y, Th, U, Nb, Ta, Pb, Zn, Co, Ni, Sc, V, 
and Cr) at the Yu.A. Kosygin Institute of Tectonics and 
Geophysics, Khabarovsk. The powdered samples for XRF 
analysis were homogenized by fusion with a mixture of 
LiBO2 + Li2B4O7 in a muffle furnace at 1050–1100 ºC. 
Analyses were made on a Pioneer 4S X-ray spectrometer. 
The intensity of spectral lines was corrected for background, 
absorption, and secondary fluorescence. For ICP MS analy-
sis, the samples were subjected to acid digestion. The ICP 
MS measurements were performed on an Elan 6100 DRC 
mass spectrometer in the standard regime. Calibration of the 
mass spectrometer was made using standard solutions con-
taining all elements to be analyzed. The error of measure-
ment of major and trace elements was 5–10 rel.%.

Zircons were separated from the samples at the Mineralo
gical Laboratory of the IGNM, using heavy liquids. Then, 
these zircons, along with standard zircon samples (FC, SL, 
and R33), were implanted into an epoxy resin pellet and po
lished to nearly the middle of their grains. The internal 
structure of the zircon grains was examined with a Hitachi 
S-3400N scanning electron microscope equipped with a 
Gatan Chroma CL2 detector in the BSE mode. U–Th–Pb 
geochronological studies of individual zircons were carried 
out at the Arizona LaserChron Center, USA, using a Photon 
Machines Analyte G2 laser ablation system and a Thermo 
Element 2 ICP mass spectrometer. The spot diameter was 
20 μm, and the spot depth was 15 μm. Calibration was made 
against the FC standard zircon (Duluth complex, 1099.3 ± 
0.3 Ma (Paces and Miller, 1993)). The SL (Sri Lanka) and 
R33 (Braintree complex) zircons (Black et al., 2004) were 
used as secondary standards for measurement control. The 
average 206Pb/238U and 207Pb/206Pb ages for the SL standard 
during the measurements were 557 ± 5 and 558 ± 7 Ma (2σ), 
respectively, and agreed with the values obtained by  
ID-TIMS (Gehrels et al., 2008). The average 206Pb/238U and 
207Pb/206Pb ages for the R33 standard were 417 ± 7 and 
415  ± 8 Ma and agreed with the earlier documented ones 
(Black et al., 2004; Mattinson, 2010). The systematic errors 
were 0.9% for 206Pb/238U and 0.8% for 206Pb/207Pb (2s). Cor-
rections for terrestrial Pb were introduced based on 204Hg-
corrected 204Pb in accordance with model values (Stacey 
and Kramers, 1975). The following uranium decay con-
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stants and uranium isotope ratios were used: 238U = 9.8485 
× 10–10, 235U = 1.55125 × 10–10, 238U/235U = 137.88. The 
analytical technique is described in detail on the laboratory 
website (www.laserchron.org). The concordant ages were 
calculated using the ISOPLOT program (version 3.6) (Lud-
wig, 2008).

Lu–Hf isotope analyses of zircons were performed at the 
Arizona LaserChron Center, USA, using a Nu high-resolu-
tion multichannel inductively coupled plasma mass spec-
trometer (MC-ICP-MS) and an Analyte G2 excimer laser 
ablation system. The JMC475, Spex Hf, and Spex Yb, and 
Spex Lu standard solutions and Mud Tank, 91500, Temora, 
R33, FC52, Plesovice, and SL standard zircons were used to 
set up instruments and control the quality of analyses. Hf 
isotope and U–Th–Pb analyses of zircons were carried out at 
the same sites. The laser used had the following parameters: 
beam diameter, 40 μm; power, ~5 J/cm2; frequency, 7 Hz; 
and ablation rate, ~0.8 μm/s. The standard zircons were ana-
lyzed after every 20 zircons under study. The analytical 
technique is described in detail on www.laserchron.org. The 
εHf(t) values were calculated using the 176Lu decay constant 
(λ = 1.867e–11) (Söderlund et al., 2004) and 176Hf/177Hf 
(0.282785) and 176Lu/177Hf (0.0336) of chondrite (Blichert-
Toft and Albarède, 1997). The Hf model ages tHf(C) of the 
crust were calculated taking the average 176Lu/177Hf ratio of 
the continental crust equal to 0.0093 (Vervoort and Patchett, 
1996; Amelin et al., 1999). The isotope parameters of the 
depleted mantle were evaluated based on the recent 
176Hf/177Hf and 176Lu/177Hf ratios (0.28325 and 0.0384, re-
spectively) (Griffin et al., 2004).

PETROGRAPHY AND GEOCHEMISTRY  
OF THE ROCKS

Sandstones prevail in our collection of rock samples from 
the Upper Dolokhit Subformation of the Strelka depression. 
These are gray medium-grained rocks with a psammitic tex-
ture and a massive or, less often, schistose structure. The 
nongraded clastic material 0.2–0.7 mm in size is mostly an-
gular and semiangular quartz (55–70%) and feldspar (25–
35%) grains. There are also fragments of acid rocks, micro-
quartzites, and sericite–quartz schists (up to 10%). The 
accessory minerals are magnetite, zircon, and garnet. The 
cement is of contact or contact–pore type.

Conglomerates of the Upper Dolokhit Subformation are 
composed of well-rounded granite, gneiss, and amphibolite 
pebble up to 5 cm in size, with the contents of fragments and 
binding material of 40 and 60%, respectively. The ground-
mass is gray medium-grained, with a psammitic texture and 
a massive structure. The prevailing minerals are semiangu-
lar and semirounded grains (0.1–1.3 mm in size) of quartz 
(65–75%) and feldspars (20–30%). There are also fragments 
of acid rocks and schists (up to 10%). The accessory miner-
als are garnet, magnetite, zircon, and iron hydroxides. The 
chemical composition of the samples is presented in Table 1.

Sandstones of the Upper Dolokhit Subformation corre-
spond in the SiO2/Al2O3–Na2O/K2O correlation to gray-
wackes. One can see variations in the above ratios and the 
separate location of two fields of the composition points of 
the subformation rocks (Fig. 2a). These rocks correspond in 
the SiO2/Al2O3–Fe2O3

*/K2O correlation to wackes. Because 

Fig. 2. lg(SiO2/Al2O3)–lg(Na2O/K2O) (a) (Pettijohn et al., 1972) and lg(SiO2/Al2O3)–lg(Fe2O3/K2O) (b) (Herron, 1988) diagrams for metasedi-
mentary rocks of the Strelka and Malaya Tynda depressions. 1, sandstones of the Upper Dolokhit Subformation of the Strelka depression; 2, ce-
ment of conglomerates of the Upper Dolokhit Subformation; 3, sandstones of the Malaya Tynda Formation of the Malaya Tynda depression.

Shale
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Table 1. Chemical composition of representative samples of metasedimentary rocks of the Strelka and Malaya Tynda depressions

Com-
ponent

R-19 R-19-1 R-19-3 R-19-4 R-19-5 R-25 C-1299 C-1299-1 C-1299-2 C-1299-3 C-1299-4 C-1299-5 C-1299-6 K-9 K-9-1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

SiO2 65.76 66.96 66.62 65.70 65.65 66.71 69.36 68.48 70.62 68.11 69.36 68.54 68.33 71.54 70.76
TiO2 0.53 0.30 0.41 0.52 0.45 0.59 0.38 0.46 0.41 0.57 0.45 0.49 0.56 0.51 0.57
Al2O3 14.48 13.86 14.54 14.77 15.09 13.37 15.15 14.78 13.69 14.12 14.83 15.10 13.68 13.22 13.00
Fe2O3* 4.92 3.73 4.55 4.81 4.40 5.68 3.09 3.08 3.55 4.24 3.66 3.32 4.30 4.17 4.22
MnO 0.08 0.12 0.06 0.07 0.06 0.08 0.05 0.05 0.07 0.07 0.06 0.06 0.07 0.04 0.07
MgO 1.33 1.18 1.31 1.38 1.33 1.51 1.21 1.33 1.15 1.66 1.35 0.96 1.71 1.15 1.15
CaO 3.84 3.91 3.23 3.39 3.21 3.23 1.05 1.98 1.94 2.27 1.67 1.35 2.29 1.10 2.70
Na2O 4.00 4.78 4.22 4.17 4.38 3.75 4.45 5.02 3.63 4.42 3.99 4.34 3.30 4.04 4.37
K2O 2.73 2.29 2.77 2.96 2.95 2.40 3.10 2.99 2.30 2.53 2.64 2.59 2.61 3.41 2.48
P2O5 0.12 0.09 0.10 0.10 0.10 0.15 0.09 0.11 0.12 0.12 0.11 0.11 0.13 0.12 0.14
LOI 1.41 2.10 1.37 1.37 1.52 1.76 1.55 1.76 1.70 1.80 1.72 3.01 2.03 0.68 0.46
Total 99.20 99.32 99.18 99.24 99.14 99.23 99.48 100.04 99.18 99.91 99.84 99.87 99.01 99.98 99.92
Li 14.9 12.4 17.2 19.0 13.8 22.4 9.7 13.5 14.4 13.1 12.7 15.9 14.5 9.5 20.4
Ga 17.3 14.5 16.7 17.5 18.9 17.3 15.6 16.4 14.5 15.3 14.4 14.2 14.9 17.1 22.3
Rb 55 48 56 62 64 71 73 76 61 62 68 62 64 91 69
Sr 668 608 659 584 506 588 317 333 401 386 298 311 374 399 453
Ba 810 658 819 861 958 829 871 964 928 739 674 671 735 1532 1224
La 32.5 26.4 17.5 28.1 27.1 30.7 18.6 24.5 19.9 30.1 20.8 22.1 32.8 47.3 63.0
Ce 64.4 39.8 35.5 57.1 51.8 61.6 39.7 51.1 43.0 62.8 44.0 46.7 68.3 92.4 118.1
Pr 7.10 5.03 4.03 6.45 5.85 6.93 4.29 5.44 4.58 6.72 4.82 5.02 7.23 9.75 12.42
Nd 25.8 19.2 15.4 23.6 21.5 25.6 16.1 20.3 17.3 25.2 18.2 18.8 26.8 39.3 48.7
Sm 4.34 3.30 2.71 4.12 3.57 4.51 2.81 3.51 3.13 4.38 3.28 3.27 4.64 5.50 7.70
Eu 1.03 1.02 0.85 1.04 0.96 1.09 0.81 1.24 0.83 1.04 0.87 0.69 1.10 0.84 1.56
Gd 4.29 3.43 2.76 4.13 3.37 4.32 2.52 3.06 2.83 3.92 3.08 2.81 4.12 4.50 7.17
Tb 0.50 0.41 0.32 0.47 0.38 0.53 0.36 0.45 0.41 0.56 0.44 0.39 0.58 0.44 0.65
Dy 2.69 2.29 1.76 2.65 2.03 2.87 1.90 2.36 2.23 2.99 2.45 2.05 3.07 2.39 3.70
Ho 0.51 0.44 0.35 0.52 0.37 0.53 0.35 0.43 0.41 0.54 0.45 0.37 0.55 0.34 0.64
Er 1.50 1.25 0.98 1.52 1.06 1.54 1.06 1.30 1.25 1.65 1.34 1.14 1.67 0.92 1.77
Tm 0.20 0.16 0.13 0.20 0.15 0.21 0.14 0.17 0.16 0.22 0.18 0.15 0.22 0.11 0.20
Yb 1.32 1.02 0.85 1.28 0.92 1.33 0.96 1.13 1.11 1.42 1.18 1.02 1.46 0.84 1.33
Lu 0.19 0.15 0.13 0.19 0.13 0.20 0.14 0.16 0.16 0.20 0.17 0.14 0.20 0.12 0.18
Y 12.7 11.6 8.6 12.6 9.6 13.2 8.7 11.0 10.9 14.5 11.9 9.1 14.6 7.9 17.4
Nb 6.96 3.60 4.89 7.12 5.83 6.87 4.81 6.60 5.47 7.46 5.89 5.26 7.28 6.43 7.65
Ta 0.55 0.23 0.30 0.56 0.51 0.63 0.44 0.56 0.47 0.64 0.50 0.46 0.65 0.44 0.42
Zr 236 141 176 221 195 249 135 188 143 184 132 162 195 239 253
Th 8.83 3.26 3.97 8.00 6.17 8.62 5.04 5.69 4.73 6.54 4.82 5.12 6.79 10.26 17.76
U 1.20 0.69 0.67 1.09 0.90 2.11 5.83 8.28 1.97 1.92 2.11 2.02 1.98 0.79 0.90
Pb 13 15 12 9 11 20 14 16 11 12 11 11 12 9 14
Cu 5.9 2.2 5.9 3.7 10.3 11.6 11.3 11.9 7.3 9.6 8.4 9.1 9.2 5.8 6.0
Zn 60 43 58 66 54 65 67 79 68 66 59 55 66 133 107
Sc 8.50 5.87 6.15 8.52 7.41 7.24 6.07 6.64 5.81 7.33 5.65 5.22 7.18 6.78 8.19
V 66 37 48 68 60 62 42 42 43 59 44 43 59 68 59
Cr 70 70 57 67 60 71 77 77 52 83 75 65 49 64 63
Co 6 6 5 6 5 8 6 6 7 9 7 6 8 5 7
Ni 10.3 9.0 9.5 10.4 14.0 14.0 12.4 10.0 12.4 15.1 13.2 11.6 12.3 9.8 10.9

(continued on next page)
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Table 1 (continued)

Compo-
nent

K-9-3 K-9-4 K-1-4 K-1-8 K-10 K-10-1 K-10-2 K-10-3 K-10-4 K-10-5 K-11 2310270 GR-5 GR-6 K-9-2

16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

SiO2 71.58 74.37 65.85 70.40 70.22 74.69 69.03 67.44 75.26 69.93 72.83 72.33 65.26 67.13 72.52
TiO2 0.41 0.51 0.82 0.57 0.67 0.32 0.84 0.62 0.41 0.59 0.48 0.41 0.7 0.66 0.51
Al2O3 12.67 11.77 13.62 12.50 13.22 13.06 13.45 13.41 12.32 12.09 12.22 12.95 13.58 13.63 13.04
Fe2O3* 4.59 3.49 6.20 4.61 4.44 1.70 4.64 3.11 2.67 3.76 3.99 3.33 5.34 4.82 2.99
MnO 0.06 0.06 0.10 0.08 0.05 0.03 0.07 0.04 0.05 0.10 0.05 0.06 0.09 0.07 0.04
MgO 1.06 0.96 2.57 1.76 2.15 0.50 2.15 1.28 0.79 1.01 1.10 0.94 2.28 2.07 1.09
CaO 1.63 2.28 2.10 1.51 1.47 1.25 1.96 1.28 1.45 4.30 2.42 0.79 2.7 2.02 1.47
Na2O 3.52 3.44 2.64 3.66 3.66 4.04 3.23 0.91 3.63 3.63 4.05 4.73 4.14 3.97 4.22
K2O 3.22 1.98 2.89 2.11 3.12 3.49 3.31 4.27 2.72 2.45 1.71 2.48 2.37 2.60 3.15
P2O5 0.15 0.12 0.19 0.13 0.20 0.10 0.27 0.11 0.09 0.14 0.20 0.09 0.19 0.18 0.12
LOI 0.87 0.64 2.89 2.53 0.76 0.77 0.90 7.45 0.58 1.92 0.92 1.38 2.1 1.8 0.49
Total 99.76 99.62 99.87 99.86 99.96 99.95 99.85 99.92 99.97 99.92 99.97 99.49 98.75 98.95 99.64
Li 20.1 22.1 37.0 18.6 25.5 8.5 28.5 18.8 16.6 20.3 16.1 12.7 20.5 19.9 21.7
Ga 18.6 17.2 19.8 15.0 21.7 14.4 21.5 18.9 18.0 16.2 17.0 15.0 16.3 16.1 18.6
Rb 73 61 111 58 87 70 95 144 86 75 65 62 62 68 87
Sr 354 412 332 457 536 557 393 429 535 454 406 307 316 343 382
Ba 1682 810 712 694 1203 1648 1331 629 743 808 562 798 602 680 1368
La 43.9 40.7 33.7 24.3 41.9 26.7 56.8 40.1 34.6 39.7 47.3 19.0 30.6 28.7 65.4
Ce 81.9 76.3 74.4 50.5 77.7 51.5 114.2 82.2 67.3 80.9 93.9 40.7 65.6 58.1 126.3
Pr 7.99 7.96 7.72 5.71 8.18 5.57 12.51 8.12 6.64 8.06 9.51 4.24 7.22 6.58 13.10
Nd 32.8 33.4 32.2 24.5 35.8 23.4 48.3 33.3 26.5 30.2 38.0 15.7 28.1 25.5 46.5
Sm 5.33 4.90 6.02 4.37 5.96 3.71 7.96 5.68 4.61 4.80 6.03 2.70 5.21 4.78 6.47
Eu 1.17 0.96 1.23 0.90 1.36 0.68 1.57 0.99 0.75 1.08 1.28 0.69 1.24 1.19 1.31
Gd 4.98 3.85 6.95 4.24 4.99 3.05 7.59 5.38 4.31 5.34 5.95 2.80 5.61 5.07 6.39
Tb 0.46 0.37 0.83 0.55 0.48 0.33 0.71 0.53 0.45 0.58 0.57 0.34 0.70 0.63 0.55
Dy 2.64 2.22 4.83 3.48 2.86 2.06 3.55 3.07 2.59 2.73 2.83 1.80 3.79 3.49 2.67
Ho 0.45 0.34 0.83 0.57 0.44 0.31 0.54 0.50 0.44 0.50 0.50 0.34 0.71 0.65 0.42
Er 1.24 0.92 2.80 1.58 1.16 0.84 1.52 1.58 1.29 1.64 1.53 1.04 2.10 1.94 1.28
Tm 0.14 0.11 0.36 0.22 0.13 0.11 0.18 0.18 0.16 0.21 0.18 0.14 0.28 0.25 0.16
Yb 0.94 0.82 2.57 1.58 0.86 0.81 1.16 1.21 1.12 1.43 1.17 0.93 1.83 1.63 1.04
Lu 0.13 0.12 0.31 0.22 0.12 0.11 0.15 0.15 0.16 0.17 0.15 0.13 0.26 0.23 0.14
Y 11.0 8.4 23.2 15.4 11.0 8.2 13.5 11.9 11.3 12.0 12.2 8.7 18.0 16.3 10.1
Nb 5.32 5.34 10.63 4.96 7.13 4.07 9.19 6.41 7.62 9.01 7.07 3.97 7.73 6.97 7.64
Ta 0.33 0.35 0.65 0.35 0.44 0.31 0.54 0.38 0.63 0.57 0.39 0.31 0.63 0.51 0.45
Zr 223 192 199 244 223 199 299 274 247 220 231 149 255 190 240
Th 10.15 7.56 8.00 5.99 7.01 5.78 10.31 11.69 13.02 8.64 8.14 5.31 7.71 6.34 11.07
U 0.76 0.74 1.87 1.19 0.95 1.03 1.25 1.83 1.90 1.53 0.98 0.83 1.77 1.35 0.81
Pb 16 16 18 11 16 16 21 28 18 12 15 13 13 13 13
Cu 24.7 22.2 58.7 15.9 23.9 26.3 42.4 22.9 7.3 21.5 37.8 15.9 22.6 18.9 21.0
Zn 179 255 123 37 235 206 261 67 53 84 87 96 108 101 182
Sc 5.41 5.57 12.72 8.52 8.05 3.85 9.79 6.84 4.90 8.04 7.65 5.89 8.98 8.34 6.23
V 50 42 108 69 79 34 85 66 43 66 55 44 72 62 49
Cr 84 58 60 51 57 59 74 55 71 95 57 84 82 83 69
Co 5 6 15 7 9 4 13 3 5 11 6 8 9 7 6
Ni 8.8 11.1 30.4 18.1 17.5 8.4 26.0 12.5 9.6 28.8 13.0 20.1 19.1 17.6 11.7

Note. The contents of major components are in wt.%, and those of trace elements are in ppm. Fe2O3*, total iron as Fe2O3. 1–5, sandstones of the Malaya 
Tynda Formation of the Malaya Tynda depression; 6–29, sandstones of the Upper Dolokhit Subformation of the Strelka depression; 30, cement of con-
glomerates of the Upper Dolokhit Subformation.
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of the above-mentioned compositional variations, several 
composition points (including the cement of the conglomer-
ates) are shifted into the field of arkoses, and the other rocks 
are similar in composition to schists (Fig. 2b).

The REE patterns of sandstones and the cement of con-
glomerates of the Upper Dolokhit Subformation (Fig. 3a) 
clearly show domination of LREE over HREE ([La/Yb]n = 
10.4–38.0) and a moderate negative Eu anomaly (Eu/

Eu*  =  0.50–0.92). The contents of most of lithophile ele-
ments in the studied rocks (Fig. 4a) are close to the upper-
crust ones, except for a slight deficit of U, Nb, Ta, Y, HREE, 
and, in some samples, Zr and higher contents of V and Cr.

Sandstones of the Malaya Tynda Formation of the Mala-
ya Tynda depression are gray to dark gray medium-grained 
rocks with a psammitic texture and a massive or, less often, 
schistose structure. The nongraded clastic material 0.1–

Fig. 3. Chondrite-normalized (McDonough and Sun, 1995) REE patterns of metasedimentary rocks of the Strelka (a) and Malaya Tynda (b) de-
pressions. 1, sandstones of the Upper Dolokhit Subformation of the Strelka depression; 2, cement of conglomerates of the Upper Dolokhit Sub-
formation; 3, sandstones of the Malaya Tynda Formation of the Malaya Tynda depression. 

Fig. 4. Upper continental crust-normalized (Taylor and McLennan, 1985) trace-element patterns of metasedimentary rocks of the Strelka (a) and 
Malaya Tynda (b) depressions. Designations follow Fig. 3. 
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0.8  mm in size consists mostly of semiangular grains of 
quartz (55–65%) and feldspars (30–35%). There are also 
fragments of microquartzites and schists (up to 10%). The 
accessory minerals are zircon, garnet, and magnetite. The 
rock cement is of contact, contact–pore, and basalt types.

In the proportions of rock-forming components sand-
stones of the Malaya Tynda Formation correspond to gray-
wackes (Fig. 2a) or wackes (Fig. 2b). Like the least silicic 
rocks of the Upper Dolokhit Subformation, they are close in 
composition to schists (Fig. 2b). The trace-element patterns 
of these sandstones (Figs. 3b and 4b) and metasedimentary 
rocks of the Strelka depression (Figs. 3a and 4a) are similar.

RESULTS OF U–Th–Pb  
GEOCHRONOLOGICAL STUDY

A U–Th–Pb geochronological study was carried out for 
detrital zircons from sandstone (sample R-25) and the ce-
ment of medium-pebble conglomerate (sample K-9-2) of the 
Upper Dolokhit Subformation of the Strelka depression and 
for sandstone (sample R-19) of the Malaya Tynda Formation 
of the Malaya Tynda depression. The results of study are 
given in Fig. 5; the sampling localities are shown in Fig. 1.

A concordant age was determined for 113 of 127 studied 
grains of detrital zircons from sandstone of the Upper 
Dolokhit Subformation. This age is mostly within 156–211 

and 341–368 Ma. The peaks in the relative-probability curve 
correspond to ages of 164, 196, and 358 Ma (Fig. 5a). There 
are also few zircon grains with a concordant age of 222, 
397, and 871 Ma.

A concordant age was determined for 72 of 115 studied 
grains of detrital zircons from the cement of the medium-
pebble conglomerate of the Upper Dolokhit Subformation. 
It is within 162–213, 339–357, 1862–2031, 2160–2260, and 
2381–2591 Ma. The peaks in the relative-probability curve 
correspond to ages of 170, 179, 349, 1890, 2018, 2438, and 
2520 Ma (Fig. 5b).

A concordant age was determined for 82 of studied 127 
grains of detrital zircons from sandstone of the Malaya Tyn-
da Formation. It is within 162–194, 223–233, 331–347, 
1770–1998, and 2480–2648 Ma. The clearest peaks in the 
relative-probability curve correspond to ages of 171, 230, 
343, and 1873 Ma (Fig. 5c).

RESULTS OF Lu–Hf  
ISOTOPE-GEOCHEMICAL STUDY

A Lu–Hf isotope-geochemical study was carried out at 
the same sites of zircons as the U–Th–Pb study. We ana-
lyzed 20–25 grains of each zircon sample, choosing sites 
with concordant ages. The results are presented in Table 2 
and in Fig. 6. 

Fig. 5. Relative-probability–age curves for detrital zircons from sandstone of the Upper Dolokhit Subformation of the Strelka depression (sample 
R-25) (a), from the cement of conglomerate of the Upper Dolokhit Subformation (sample K-9-2) (b), and from sandstone of the Malaya Tynda 
Formation of the Malaya Tynda depression (sample R-19) (c). n, number of concordant-age estimates used for the curve construction.
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As seen from the above data, zircons from sandstone of 
the Upper Dolokhit Subformation (sample R-25) are charac-
terized by positive and weakly negative (close to zero) εHf(t) 
values, from +9.3 to –1.3, and model ages tHf(C) of 0.6–
1.2 Ga (Fig. 6a, Table 2).

Zircons from the cement of medium-pebble conglomer-
ate (sample K-9-2) of the same subformation show, on the 
contrary, negative εHf(t) values, from –2.4 to –30.7, and 
older model ages tHf(C), 1.6–3.0 Ga (Fig. 6b, Table 2).

The most intricate pattern is observed for the Hf isotope 
composition of zircons from sandstone of the Malaya Tynda 
Formation (sample R-19) (Fig. 6c, Table 2), which is due to 
the wide variations in isotope parameters. For example, 
there is a small group of zircons with an age of 181 to 
194 Ma, εHf(t) of +1.6 to –2.0, and tHf(C) = 0.9–1.1 Ga. The 
rest zircons, independently of their crystallization age, are 
characterized by a significantly older model age, 
tHf(C) = 1.4–2.9 Ga (Fig. 6c, Table 2).

THE AGE OF SEDIMENTARY COMPLEXES  
AND THE SOURCES OF CLASTIC MATERIAL

The U–Th–Pb geochronological study has shown that the 
youngest zircons in both sandstones (sample R-25) and con-

glomerates (sample K-9-2) of the Upper Dolokhit Subfor-
mation of the Strelka depression are of Upper Jurassic age, 
which contradicts its stratigraphic Middle Jurassic age (Pe-
truk and Kozlov, 2009; Koshelenko, 2011) determined on 
the basis of fossil fauna. This is probably because fauna de-
scription was made for the Lower Dolokhit Subformation 
only, whereas the geochronological study was carried out 
for zircons from rocks of the Upper Dolokhit Subformation, 
which might be younger.

Note that zircons from two samples of metasedimentary 
rocks of the Upper Dolokhit Subformation of the Strelka de-
pression (R-25 and K-9-2) show significantly different 
curves of the relative age probability.

For example, early Precambrian zircons are strongly pre-
dominant in the cement of conglomerates (sample K-9-2) 
(Fig. 5b). Taking into account the structure of the study re-
gion, we regard early Precambrian complexes on the south-
ern framing of the North Asian Craton as the most likely 
source of these zircons. We believe that the most ancient 
zircons were supplied into the Strelka depression as a result 
of the destruction of Neoarchean rocks of the Stanovoi 
complex, whose protoliths are dated at 2.6–2.9 Ga (Veli
koslavinskii et al., 2011, 2017), and of Neoarchean and 
Paleoproterozoic intrusions (Buchko et al., 2006, 2008; 

Fig. 6. εHf(t)–age (Ma) diagram for zircons from sandstone of the Upper Dolokhit Subformation of the Strelka depression (sample R-25) (a), from 
the cement of conglomerate of the Upper Dolokhit Subformation (sample K-9-2) (b), and from sandstone of the Malaya Tynda Formation of the 
Malaya Tynda depression (sample R-19) (c). n, number of measurements made for the plot construction. DM, depleted mantle, CHUR, chon-
dritic uniform reservoir.
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Table 2. Results of Lu–Hf isotope study of zircons from metasedimentary rocks of the Strelka and Malaya Tynda depressions

No. Sample/
Grain no.

Age,
Ma

(176Yb+176Lu)/ 
176Hf (%)

176Lu/177Hf 176Hf/177Hf ɛHf(t) tHf (DM) tHf (C)

Sandstones of the Upper Dolokhit Subformation of the Strelka depression

1 R-25/89 156 5.6 0.000335 0.282677 ± 27 0.03 0.80 1.0
2 R-25/56 160 7.0 0.000427 0.282687 ± 25 0.5 0.79 1.0
3 R-25/78 161 6.7 0.000385 0.282648 ± 21 –0.9 0.84 1.0
4 R-25/111 161 8.1 0.000498 0.282776 ± 25 3.6 0.67 0.8
5 R-25/74 162 5.6 0.000339 0.282684 ± 21 0.4 0.79 1.0
6 R-25/44 162 6.3 0.000385 0.282671 ± 21 –0.1 0.81 1.0
7 R-25/96 163 5.2 0.000311 0.282676 ± 26 0.2 0.80 1.0
9 R-25/114 163 10.7 0.000662 0.282686 ± 23 0.5 0.79 1.0
10 R-25/85 163 7.3 0.000445 0.282701 ± 20 1.0 0.77 0.9
11 R-25/12 164 6.6 0.000400 0.282711 ± 23 1.4 0.75 0.9
12 R-25/53 164 7.8 0.000471 0.282688 ± 26 0.6 0.79 1.0
13 R-25/124 165 7.8 0.000475 0.282728 ± 27 2.0 0.73 0.9
14 R-25/29 165 6.5 0.000396 0.282642 ± 27 –1.0 0.85 1.1
15 R-25/28 166 6.1 0.000387 0.282741 ± 26 2.5 0.71 0.9
16 R-25/61 167 8.7 0.000523 0.282649 ± 22 –0.7 0.84 1.0
17 R-25/93 178 10.4 0.000648 0.282662 ± 22 –0.1 0.83 1.0
18 R-25/18 194 17.0 0.001303 0.282620 ± 22 –1.3 0.90 1.1
19 R-25/91 211 29.4 0.001695 0.282910 ± 33 9.3 0.49 0.6
20 R-25/98 357 29.3 0.001783 0.282710 ± 21 5.3 0.78 0.9
21 R-25/107 366 20.1 0.001257 0.282531 ± 30 –0.8 1.03 1.2

Conglomerates of the Upper Dolokhit Subformation of the Strelka depression

22 K-9-2/68 162 9.7 0.000508 0.282272 ± 14 –14.2 1.36 1.7
23 K-9-2/39 169 12.2 0.000714 0.282031 ± 18 –22.6 1.71 2.1
24 K-9-2/47 177 20.5 0.001305 0.282272 ± 18 –14.0 1.39 1.7
25 K-9-2/11 186 22.0 0.001570 0.281961 ± 31 –24.8 1.84 2.3
26 K-9-2/1 213 25.8 0.001410 0.282314 ± 21 –11.7 1.34 1.6
27 K-9-2/6 341 6.5 0.000434 0.281696 ± 15 –30.7 2.15 2.7
28 K-9-2/93 345 10.0 0.000656 0.281778 ± 18 –27.7 2.05 2.5
29 K-9-2/118 353 8.9 0.000542 0.281914 ± 16 –22.7 1.86 2.3
30 K-9-2/8 168 15.9 0.000927 0.282181 ± 18 –17.3 1.51 1.9
31 K-9-2/10 174 6.8 0.000394 0.282201 ± 15 –16.4 1.46 1.8
32 K-9-2/105 175 16.7 0.000940 0.282242 ± 21 –15.0 1.42 1.8
33 K-9-2/70 180 9.9 0.000593 0.282131 ± 16 –18.8 1.56 2.0
34 K-9-2/122 181 8.3 0.000495 0.282217 ± 14 –15.7 1.44 1.8
35 K-9-2/124 335 10.0 0.000647 0.281713 ± 15 –30.2 2.14 2.7
36 K-9-2/29 345 18.8 0.001257 0.281987 ± 20 –20.5 1.79 2.2
37 K-9-2/101 350 10.8 0.000647 0.281871 ± 19 –24.3 1.92 2.4
38 K-9-2/104 357 10.4 0.000685 0.282009 ± 14 –19.3 1.73 2.1
39 K-9-2/120 1887 4.7 0.000251 0.281420 ± 17 –6.1 2.51 2.7
40 K-9-2/7 1976 8.2 0.000511 0.281269 ± 17 –9.8 2.73 2.9
41 K-9-2/13 2409 8.2 0.000495 0.281192 ± 16 –2.7 2.83 2.9
42 K-9-2/30 2519 8.3 0.000489 0.281128 ± 13 –2.4 2.92 3.0

Sandstones of the Malaya Tynda Formation of the Malaya Tynda depression

43 R-19/41 161 9.9 0.000578 0.282362 ± 16 –11.0 1.24 1.6
44 R-19/102 166 10.9 0.000651 0.282238 ± 19 –15.3 1.42 1.8
45 R-19/117 168 15.9 0.001065 0.282253 ± 17 –14.8 1.41 1.8
46 R-19/24 169 8.7 0.000569 0.282257 ± 14 –14.6 1.39 1.7

(continued on next page)
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Velikoslavinskii et al., 2017), which underwent structure-
metamorphic transformations at 2.6 and 1.9 Ga (Veliko-
slavinskii et al., 2012a,b, 2017). Granitoids of the Olekma 
complex (358 ± 2 Ma (Larin et al., 2015); 360 ± 2 Ma (Ve-
likoslavinskii et al., 2016a)) and volcanics of the Amazar–
Gilyui zone (358 ± 2 Ma (Velikoslavinskii et al., 2016a)) 
can be regarded as the sources of Carboniferous zircons 
(~349 Ma) (Fig. 5b).

As seen from the relative age probability curves (Fig. 5b), 
the youngest ages of zircons from the cement of conglomer-
ates of the Upper Dolokhit Subformation are 170 and 
179 Ma. The most likely sources of these zircons are granit-
oids of the Tok–Algoma igneous complex of the Selenga–
Stanovoi superterrane, dated at 177 ± 3 and 173 ± 1 Ma 
(Kotov et al., 2012). A close age (178 ± 2 and 177 ± 2 (Soro
kin et al., 2015a)) was established for volcanics in the south-
west of the Dzhugdzhur–Stanovoi superterrane and for 
metavolcanics (193 ± 1 Ma (Velikoslavinskii et al., 2012a)) 
of the Amazar–Gilyui zone of the Selenga–Stanovoi super-
terrane.

Recall that all zircons from the studied conglomerates 
have ancient model ages tHf(C) = 1.6–3.0 Ga (Fig. 6b, Ta-
ble 2).

Thus, the results obtained show that igneous and meta-
morphic complexes on the southern framing of the North 
Asian Craton were the main source of material, including 

zircons found in the cement of conglomerates of the Upper 
Dolokhit Subformation. This model is confirmed by the pre-
dominance of metamorphic rocks in the clastic material of 
these conglomerates.

Sandstones (sample R-25) of the Upper Dolokhit Subfor-
mation of the Strelka depression are almost free of early 
Precambrian zircons (Fig. 5a). Therefore, clastic material 
could not have arrived from the southern framing of the 
North Asian Craton during its accumulation. The same is 
evidenced by the model ages of zircons, tHf(C) = 0.6–1.2 Ga 
(Table 2).

Taking into account the location of the Strelka depression 
between the Mongol–Okhotsk Belt and the Selenga–Stano-
voi superterrane (Fig. 1), we admit that this material was 
supplied from the Mongol–Okhotsk Belt. This interpretation 
is consistent with the presence of Carboniferous, Late Trias-
sic, and Early Jurassic zircons in metasedimentary rocks of 
this belt (Sorokin et al., 2015b, 2017; Zaika et al., 2018, 
2019; our unpublished data). In this case, however, the 
source of Middle Jurassic zircons (164 Ma) in sandstones of 
the Upper Dolokhit Subformation remains unclear. We will 
return to this problem below.

In sandstones (sample R-19) of the Malaya Tynda For-
mation of the Malaya Tynda depression, the age groups of 
zircons are close to those of zircons in conglomerates of the 
Strelka depression. For example, the relative age probability 

No. Sample/
Grain no.

Age,
Ma

(176Yb+176Lu)/ 
176Hf (%)

176Lu/177Hf 176Hf/177Hf ɛHf(t) tHf (DM) tHf (C)

47 R-19/90 170 8.5 0.000551 0.282164 ± 18 –17.8 1.52 1.9
48 R-19/6 171 9.5 0.000568 0.282235 ± 24 –15.3 1.42 1.8
49 R-19/93 171 10.6 0.000632 0.282303 ± 18 –12.9 1.33 1.7
50 R-19/77 174 17.3 0.001031 0.282235 ± 21 –15.3 1.44 1.8
51 R-19/92 175 15.2 0.000945 0.282156 ± 17 –18.0 1.54 1.9
52 R-19/59 177 9.1 0.000558 0.282245 ± 15 –14.8 1.40 1.8
53 R-19/66 179 11.0 0.000717 0.282476 ± 21 –6.6 1.09 1.4
54 R-19/1 181 12.1 0.000770 0.282608 ± 15 –1.9 0.91 1.1
55 R-19/76 182 12.6 0.000872 0.282624 ± 18 –1.3 0.89 1.1
56 R-19/4 183 9.8 0.000599 0.282706 ± 18 1.6 0.76 0.9
57 R-19/83 190 16.1 0.000945 0.282602 ± 17 –2.0 0.92 1.1
58 R-19/74 194 25.2 0.001731 0.282681 ± 22 0.8 0.82 1.0
59 R-19/72 231 19.7 0.001181 0.282426 ± 19 –7.3 1.17 1.4
60 R-19/40 330 12.8 0.000767 0.281627 ± 21 –33.4 2.26 2.8
61 R-19/121 342 7.5 0.000496 0.281769 ± 15 –28.1 2.05 2.6
62 R-19/22 345 6.7 0.000450 0.282120 ± 15 –15.6 1.57 1.9
63 R-19/68 346 51.9 0.003318 0.282276 ± 22 –10.7 1.47 1.7
64 R-19/120 1845 15.5 0.000958 0.281538 ± 19 –3.7 2.39 2.5
65 R-19/96 1877 5.9 0.000337 0.281335 ± 17 –9.4 2.63 2.8
66 R-19/44 1910 7.0 0.000409 0.281340 ± 20 –8.6 2.63 2.8
67 R-19/103 2646 4.1 0.000236 0.281145 ± 16 1.5 2.88 2.9

Note. The errors (1σ) of 176Hf/177Hf determination correspond to the last significant figures.

Table 2 (continued)
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curve of zircons (Fig. 5c) have distinct peaks of 171, 230, 
343, and 1873 Ma; in addition, there are many zircons with 
ages within 2480–2648 Ma. Taking into account the identi-
cal structural position of these depressions, we assume that 
the clastic material present in sandstones of the Malaya Tyn-
da Formation was also supplied from igneous and metamor-
phic complexes of the southern framing of the North Asian 
Craton. Above, we described the probable sources of zir-
cons with an age of ~171 Ma and with early Precambrian 
ages. As for zircons with ages of ~230 and ~343 Ma, they 
are nearly coeval with metarhyolites of the Gilyui metamor-
phic complex (231 ± 4 Ma (Velikoslavinskii et al., 2016b)) 
and diorites of the Tok–Algoma complex (238  ±  2 Ma 
(Sal’nikova et al., 2006). The hypothesis of the predominant 
drift of material into the Malaya Tynda depression agrees 
with the ancient model ages of most of clastic zircons, 

tHf(C)  =  1.4–2.9 Ga (Fig. 6c, Table 2). At the same time, 
sandstones of the Malaya Tynda Formation contain zircons 
dated at 181–194 Ma and having younger model ages 
tHf(C)  = 0.9–1.1 Ga (Fig. 6c, Table 2). This suggests that 
part of zircons and part of clastic material were supplied into 
the Malaya Tynda depression from other sources, e.g., the 
Mongol–Okhotsk Belt.

THE TECTONIC NATURE OF THE DEPRESSIONS

As mentioned above, the chemical compositions of rocks 
of the Strelka and Malaya Tynda depressions show signifi-
cant variations (Fig. 2, Table 1). We think this is due to the 
wide variety of rocks in the sources of clastic material. Our 
hypothesis is supported by the Na2O–CaO–K2O (Fig. 7a) 

Fig. 7. Na2O–CaO–K2O (Bhatia, 1983) (a), La/Sc–Th/Co (Cullers, 2002) (b), and (Zr/Sc)–(Th/Sc) (McLennan, 1993) (c) diagrams for metasedi-
mentary rocks of the Strelka and Malaya Tynda depressions. Fields: А, andesites; D, dacites; Gr, granodiorites; G, granites; R, recycled sediments. 
Fe2O3*, total iron as Fe2O3. Designations follow Fig. 2.
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and La/Sc–Th/Co (Fig. 7b) diagrams demonstrating a pre-
dominance of both acid and moderately acid rocks in the 
provenances. Some rocks in the studied depressions, primar-
ily siliceous sandstones and the cement of conglomerates of 
the Upper Dolokhit Subformation, correspond in composi-
tion to recycled sediments (Fig. 7a, c). Apparently, these 
rocks (sample K-9-2) received material from the southern 
framing of the North Asian Craton via intermediate collec-
tors (e.g., sedimentary gneisses). 

The above-noted chemical variations are also observed in 
tectonic diagrams. Independently of the chemical parame-
ters used to construct the diagrams, the composition points 
of metasedimentary rocks of the Strelka and Malaya Tynda 
depressions overlap the composition fields of sediments 

formed in different geodynamic settings (Fig. 8a–d). For ex-
ample, the rocks of the studied depressions are similar in the 
(Fe2O3

*+ MgO)–Al2O3/(CaO+Na2O) and (Fe2O3
*+ MgO)–

TiO2 correlations to island-arc sediments of the continental 
basement and active continental margins. At the same time, 
part of the sandstone samples from the Upper Dolokhit Sub-
formation is similar in composition to oceanic-arc sedi-
ments, and another part, to sediments of passive continental 
margins (Fig. 8a, b). Many rocks of the Strelka and Malaya 
Tynda depressions correspond in the La/Sc–Ti/Zr correla-
tion to sediments of active continental margins (Fig. 8c). 
The F1–F2 diagram shows that the metasedimentary rocks 
of the studied depressions are compositionally similar to 
sedimentary rocks of subduction settings (Fig. 8d).

Fig. 8. Na2O–CaO–K2O (a) (Bhatia, 1983), La/Sc–Th/Co (Cullers, 2002) (b), (Fe2O3* + MgO)–Al2O3/(CaO  +  Na2O) (Bhatia, 1983) (c), 
(Fe2O3*

 + MgO)–TiO2 (Bhatia, 1983) (d), La/Sc–Ti/Zr (Bhatia, 1983) (e), and F1–F2 (Bhatia, 1983) (f) tectonic diagrams for metasedimentary 
rocks of the Strelka and Malaya Tynda depressions. Designations follow Fig. 2. Fields of sandstones from tectonic settings: А, oceanic island arcs; 
В, continental island arcs; С, active continental margins; D, passive continental margins. Fe2O3*, total iron as Fe2O3. F1 = 0.303 – 0.0447SiO2 – 
0.972TiO2 + 0.008Al2O3 – 0.267Fe2O3 + 0.208FeO – 0.082MnO + 0.14MgO + 0.195CaO + 0.719Na2O – 0.032K2O + 7.51P2O5; F2 = 43.57 – 
0.421 SiO2 – 1.988 TiO2 + 0.526Al2O3 – 0.551Fe2O3 + 1.61FeO – 2.72MnO + 0.881MgO + 0.907CaO + 0.177Na2O – 1.84K2O + 7.244P2O.
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The above compositional features are specific to synoro-
genic sedimentary rocks (Maslov et al., 2013, 2015), which 
suggests the orogenic nature of the studied depressions.

In Introduction we mentioned that the Strelka and Mala-
ya Tynda depressions join the Mongol–Okhotsk Orogenic 
Belt in the north and extend along the boundary between the 
belt and the southern framing of the North Asian Craton 
(Fig. 1). This structural position permits them to be consid-
ered marginal troughs. Both troughs are filled with thick 
beds of marine (at the bottom) and continental (at the top) 
terrigenous rocks, with an increase in the grain size of clas-
tic material up the section. Therefore, the rocks should be 
regarded as molasse.

To elucidate the tectonic nature of the Strelka and Mala-
ya Tynda depressions, it is necessary to consider their age 
correlation with the Mongol–Okhotsk Belt. The age of the 
fossil fauna indicates that the depressions formed and 
evolved from the early Middle Jurassic through the early 
Early Cretaceous. The youngest zircons in their rocks have 
a Late Jurassic age: 156 Ma (sample R-25), 162 Ma (sample 
K-9-2), and 162 Ma (sample R-19). The fossil fauna in the 
deposits of the Mongol–Okhotsk Belt poorly substantiates 
their age (Resolutions..., 1994; Khanchuk, 2006; Serezh-
nikov and Volkova, 2007; Petruk and Kozlov, 2009), but 
the available data indicate that the youngest paleo-oceanic 
sediments formed in the Early–Middle Jurassic (Parfenov et 
al., 1999).

The results of recent geochronological studies show that 
the single youngest zircons in metasediments of the Yankan 
(Sorokin et al., 2015b), Tukuringra (Sorokin et al., 2017; 
Zaika et al., 2018), and Un’ya–Bom (Zaika et al., 2019) ter-
ranes of the Mongol–Okhotsk Belt are of Early Jurassic age, 
~175 Ma. Note that the youngest zircons (164, 170, and 
171 Ma) prevailing in sedimentary rocks of the Strelka and 
Malaya Tynda depressions are absent from deposits of the 
Mongol–Okhotsk Belt. This indicates that both depressions 
originated after the complete closure of the Mongol–Ok-
hotsk basin and the formation of an orogenic structure at its 
place. It is also evident that orogenic processes in the east of 
the Mongol–Okhotsk Belt were completed at the Early–
Middle Jurassic boundary. A similar tectonic model was 
earlier proposed for the western part of the belt (Demon-
terova et al., 2017).

The above facts confirm our hypothesis that the clastic 
material filling the Strelka and Malaya Tynda depressions 
was supplied from both the southern framing of the North 
Asian Craton and the Mongol–Okhotsk Orogenic Belt. 
Moreover, they explain the presence of zircons of Middle–
Late Jurassic boundary age (164 Ma) and young model age 
tHf(C) = 0.8–1.0 Ga (Table 2) in sandstones (sample R-25) 
of the Strelka depression. Accepting that orogenic processes 
in the east of the Mongol–Okhotsk Belt were completed in 
the late Early Jurassic and that the belt-framing continental 
structures (the Amur superterrane in the south and the North 
Asian Craton in the north) became proximal to each other, 
we admit that the youngest zircons (164 Ma) got into the 

Strelka depression from the Amur superterrane. This hy-
pothesis is supported by the presence of igneous complexes 
with the similar ages and isotope-geochemical parameters 
(tHf(C)) of zircons in the north of the superterrane (Gou et 
al., 2013; Tang et al., 2015).

Thus, the results obtained indicate that orogenic processes 
in the east of the Mongol–Okhotsk Belt were completed at 
the Early–Middle Jurassic boundary. On the other hand, ac-
cording to the available paleomagnetic data (Zhao et al., 
1994; Halim et al., 1998; Kravchinsky et al., 2002; Metelkin 
et al., 2004, 2007, 2010; Ren et al., 2016), the North Asian 
and North China Cratons and some tectonic blocks in Mon-
golia and Transbaikalia had different paleopositions till the 
Early Cretaceous. We think that this difference was the result 
of intense intraplate shear displacements caused by the rota-
tion of the North Asian Craton relative to the Southeast Asian 
and East Asian continental massifs in the late Mesozoic. In 
particular, sinistral intraplate displacements took place 
throughout the Mesozoic. The paleomagnetic data (Halim et 
al., 1998; Metelkin et al., 2004, 2007) reveal them from the 
Triassic to the Cretaceous. These displacements are eviden
ced by the presence of tectonic bodies of early Paleozoic gra
nitoids among Permian(?) (or younger) rocks in the axial 
zone of the Mongol–Okhotsk Belt (Sorokin et al., 2007).

CONCLUSIONS

Based on the results obtained, we can draw the following 
conclusions:

(1) The Strelka and Malaya Tynda depressions bordering 
the Mongol–Okhotsk Orogenic Belt in the north and extend-
ing along the boundary between the belt and the southern 
framing of the North Asian Craton are marginal troughs. 
They are filled with thick beds of Mesozoic marine (at the 
bottom) and continental (at the top) terrigenous rocks, with 
an increase in the grain size of clastic material up the sec-
tion; the rocks should be regarded as molasses.

(2) The results of U–Th–Pb geochronological study of 
detrital zircons from metasediments of the Strelka and Ma-
laya Tynda depressions and the eastern Mongol–Okhotsk 
Orogenic Belt show that orogenic processes in this part of 
the belt were completed at the Early–Middle Jurassic bound-
ary. The above depressions began to form after the complete 
closure of the Mongol–Okhotsk Basin and the formation of 
an orogenic structure at its place.

(3) The depressions were filled with material supplied 
both from the Selenga–Stanovoi and Dzhugdzhur–Stanovoi 
superterranes on the southern framing of the North Asian 
Craton and from the Mongol–Okhotsk Belt, which was a 
mountain-folded structure in the Middle Jurassic.

(4) After the completion of collision processes, the fold-
ed structures of the Mongol–Okhotsk Belt transformed as a 
result of intense shear displacements in the Late Mesozoic.
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