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INTRODUCTION

The Lesser Khingan (Jiamusi) Terrane (continen�
tal block) is a part of the Bureya�Jiamusi Superterrane
(Fig. 1) and is one of the largest tectonic structures of
the eastern part of the Central Asian Fold Belt
(Parfenov et al., 2003; Geodinamika… 2006; etc.).
Until recently (Selivanov et al., 1995; Dobkin, 2000;
Geodinamika…, 2006), this terrane was regarded as a
classic Early Precambrian sialic block, usually subdi�
vided into the Early Precambrian basement (meta�
morphic rocks of the Amur Group; the Russian part of
the block) and Upper Proterozoic (Upper Riphean)–
Cambrian cover (terrigenous–carbonate deposits of
the Khingan Group).

However, owing to complex geological, geochro�
nological, and isotope�geochemical studies in recent
years, it was established that the conditionally Early
Precambrian metamorphic series comprise sedimen�
tary and volcanic rocks of different ages, including
Early Precambrian (Wilde et al., 2000, 2003; Kotov
et al., 2009a, 2009b; Salnikova et al., 2013; etc.).
Accordingly, the age and tectonic conditions of sedi�
mentation of terrigenous–carbonate deposits of the
Khingan Group, which are likely one of the most
ancient formations in the structure of the Lesser

Khingan Terrane, are debatable issues. Moreover, the
interest in the latter is fueled by the fact that the
reconstruction of Late and Early Paleozoic processes
is a key to understanding the history of the formation
of orogenic structures in Central Asia (Mossakovskii
et al., 1993; Didenko et al., 1994; Parfenov et al.,
2003; etc.).

In this regard, we have carried out comprehensive
geological, geochemical, and geochronological iso�
tope�geochemical studies of rocks of the Khingan
Group to clarify their age and determine the condi�
tions of their accumulation.

BRIEF DESCRIPTION 
OF THE LESSER KHINGAN TERRANE

As noted above, the metamorphic series of the
Amur Group within the Russian part of the terrain in
the correlation schemes developed for geological com�
plexes of the Lesser Khingan Terrane (Resheniya…,
1994; Selivanov et al., 1995; Dobkin, 2000; Geodi�
namika…, 2006; etc.) are attributed to the most
ancient formations.

However, as a result of complex geological, U�Pb
geochronological, and Sm�Nd isotopic and geochem�
ical studies, it has been recently established that the
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protoliths of metamorphic rocks of this group have a
younger age, but not Early Precambrian as previously
thought. In particular, the minimum age of detrital
zircons from metasedimentary rocks of the Uril For�
mation of the Amur Group is about 240 Ma, which to
a first approximation corresponds to the lower age
boundary of the formation of their protoliths. The
upper age boundary (220–210 Ma) of accumulation of
protoliths of metasedimentary rocks of this formation is
constrained by the age of superimposed structural and
metamorphic transformations (Salnikova et al., 2013).
At the same time, the Nd model age of metasedimen�
tary rocks of the Tulovchikha Formation of the Amur
Group is about 1.7 Ga; the age of gabbro of the Amur
Complex intruding metasedimentary rocks is 486 ±
18 Ma (Kotov et al., 2009a, 2009b). In other words, the
age of this formation is in the range of 1.7–0.5 Ga. All
this indicates that sedimentary and volcanic rocks of
different ages, but not Early Precambrian, are “com�
bined” in the sequence of the Amur Group.

The terrigenous–carbonate deposits of the Khin�
gan Group (Iginchi, Murandavi, and Londoko forma�
tions, Kimkan sequence) are attributed to the Upper
Precambrian (Upper Riphean)–Cambrian strati�
graphic level in the correlation schemes of geological
complexes available (Resheniya…, 1994; Selivanov
et al., 1995; Dobkin, 2000; Geodinamika…, 2006; etc.)
Being considered to be the most ancient structures in
the structure of the Lesser Khingan Terrane, these for�
mations attract special attention.

It is known that deposits of the Khingan Group are
intruded by Early Paleozoic granitoids of the Biro�
bidzhan and Bira complexes (Martynyuk et al., 1990;
Selivanov et al., 1995; Dobkin, 2000; Geodinamika…,
2006), the age datings of which are in the range of 480–
461 Ma (Sorokin et al., 2010a, 2011), and subalkaline
gabbroids of the Ust’�Birakan massif (429 ± 1 Ma;
Buchko et al., 2012). In recent years, Cambrian grani�
toids with age datings in the range of 540–490 Ma have
been identified the structure of the Lesser Khingan Ter�
rane (Wu et al., 2011; Bi et al., 2014; Yang et al., 2014;
Sorokin et al. (in press)). In addition, the manifestation
of high�pressure metamorphism (~500 Ma; Wilde et al.,
2000, 2003), indicating that the terrain had a complex
history of development in the Early Paleozoic, was
found.

According to the current ideas (Resheniya…, 1994;
Selivanov et al., 1995; Dobkin, 2000; Geodinamika…,
2006; etc.), Late Paleozoic magmatic formations are
represented by Middle–Late Carbonaceous mul�
tiphase gabbro�diorite�granodiorite�granite intru�
sions of the Tyrma–Bureya complex and Permo�Tri�
assic subalkaline leucogranites, granites, and syenites
of the Kharinskii complex. There are no reliable geo�
chronological data for these formations within the
Lesser Khingan Terrane, except for gabbroids of the
Kimkan sequence (257 ± 1 Ma; Buchko et al., 2011,
2013). At the same time, petrotypical massifs of the
Tyrma�Bureya and Kharinskii complexes, which crop
out within the Bureya (Turan) Terrane have Late Trias�
sic–Early Jurassic age (Sorokin et al., 2010b; Sorokin
and Kudryashov, 2013).

Finally, the youngest formations superimposed on
this complex structural collage are represented by vast
fields of Late Mesozoic volcanics and intrusions of the
Khingan–Okhotsk Belt (Geodinamika…, 2006).

This work is aimed at studying terrigenous rocks
of the Iginchi and Murandavi formations and Kim�
kan sequence of the Upper Riphean–Cambrian
Khingan Group.

OBJECTS OF STUDY

In this work, we do not consider deposits of the
Khingan Group in detail since they have already been
described in the literature (Selivanov et al., 1995;
Dobkin, 2000; Geodinamika…, 2006; Smirnova and
Sorokin (in press)).

In the framework of developed explanatory notes to
state geological maps of the third generation, the fol�
lowing sequence of sedimentary formations is proposed
(from top to bottom): Iginchi (more than –1000 m),
Murandavi (1300–2500 m), Londoko (1000 m) forma�
tions, Kimkan sequence (900–2000 m) (Selivanov
et al., 1995; Dobkin, 2000; Geodinamika…, 2006).

The Iginchi Formation is composed of interbedded
sandstones and siltstones and, to a lesser extent,
quartz�sericite schists and phyllites. The Murandavi
Formation is composed of calcareous dolomites, silt�
stones, and siliceous�clayey shales with intercalations
of hematite and magnetite�hematite ores, limestones,
sandstones, and rarely magnesites. The Londoko For�

Fig. 1. Geological scheme of the northern part of the Lesser Khingan terrane of the eastern part of the Central Asian Fold Belt
(modified after (Dobkin, 2000)). (1) Conditionally Upper Riphean siltstones, sandstones, and mudstones of the Iginchi Forma�
tion; (2) conditionally Vendian�Lower Cambrian sandstones, limestones, and siltstones of the Murandavi Formation; (3) Lower
Cambrian limestones, dolomites, clayey shales, and sandstones of the Londoko Formation; (4) Lower Cambrian sandstones and
siltstones of the Kimkan sequence; (5) Early Paleozoic gabbro and diorites; (6) Early Paleozoic granites, granodiorites, leucog�
ranites, quartz monzonites, and granosyenites; (7) conditionally Late Paleozoic gabbro and diorites; (8) conditionally Late Pale�
ozoic granites, granodiorites, and quartz diorites; (9) Early Cretaceous andesites, andesitic basalts, Early to Late Cretaceous rhy�
olites and their lavas, lava breccias, and tuffs; (10) Upper Cretaceous sandstones, conglomerates, and siltstones; (11) Cenozoic
loose deposits; (12) conventional body of gneissic granites (536 ± 6 Ma); (13) faults; (14) sampling sites for U�Pb geochronology
(LA�ICP�MS) and their numbers. In the map inset: the tectonic scheme showing positions of the sites of study in the structure
of the eastern part of the Central Asian Fold Belt (after (Parfenov et al., 2003)). (1) Continental massifs (AR—Argun, BJ(B)—
Bureya, BJ(L)—Lesser Khingan, BJ(KH)—Khanka); (16) Paleozoic–Early Mesozoic fold belts (SM—South Mongolian,
SL—Solonker, VD—Vundurmiao); (17) Late Jurassic–Early Cretaceous orogenic belts; (18) area of study.
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mation is represented by limestones alternating with
carbonaceous and clayey shales. The Kimkan
sequence is predominantly made of clayey and sili�
ceous�clayey, as well as carbonaceous shales, phtan�
ites, siltstones, sandstones, and limestones (Fig. 2).

On the basis of findings of Lower Atdabanian
microphytolites, sponges, and brachiopods, the upper
age boundary of deposits of the Khingan Group is
considered to be the Lower Cambrian; the lower age
boundary is considered conditionally to be the Upper
Riphean (Selivanov et al., 1995; Dobkin, 2000; Geodi�
namika.., 2006).

It was noted above that the deposits of this group
are intruded by Early Paleozoic intrusions with the age
of 480–429 Ma (Sorokin et al., 2010a, 2011; Buchko
et al., 2012). In addition, according to new data
(Sorokin et al. (in press)), terrigenous sediments of the
Murandavi Formation of the Khingan Group are
intruded by dike bodies of hornblende gneissogranites
with the age of 535 ± 6 Ma. These data indicate that
the introduction of these dikes was at the turn of the
Vendian–Cambrian and the accumulation of terige�
nous rocks of the Khingan Group (Murandavi and
underlying Iginchi formations) occurred in the Late
Proterozoic.

In general, the presence of Cambrian granitoids in
the structure of the Lesser Khingan Terrain (Wu et al.,
2011; Bi et al., 2014; Yang et al., 2014; Sorokin et al.
(in press)) and the manifestation of the granulite
metamorphism stage (~500 Ma; Wilde et al., 2000,
2003) contradict the idea of the continuous evolution

of the Khingan Group lasting from the Late Riphean
to Cambrian (Resheniya…, 1994; Selivanov et al.,
1995; Dobkin, 2000; Geodinamika…, 2006) (Fig. 2).

RESEARCH METHODS

Studies of the chemical composition of rocks were
performed using the X�ray fluorescence (the major
components, Zr) at the Institute of Geology and Nature
Management, Far Eastern Branch, Russian Academy
of Sciences (Blagoveshchensk) and ICP�MS (Li, Rb,
Sr, Ba, REE, Y, Th, U, Nb, Ta, Zn, Co, Ni, Sc, V, Cr)
methods at the Institute of Tectonics and Geophysics,
Far Eastern Branch, Russian Academy of Sciences
(Khabarovsk). Homogenization of powder samples for
the X�ray fluorescence analysis was performed by fusing
of them with a mixture of lithium metaborate and tet�
raborate in a muffle furnace at 1050–1100°C. The mea�
surements were performed using a Pioneer 4S X�ray
spectrometer. The intensity of analytical lines was cor�
rected for background absorbance and secondary fluo�
rescence. For the ICP�MS analysis, samples were
decomposed with acid. Measurements were made using
an Elan 6100 DRC in standard mode. The device sensi�
tivity mass calibration was performed using standard
solutions comprising all elements in the samples being
analyzed. The relative error in determining the contents
of major and minor elements is 5–10%.

The concentrations and isotopic compositions of
Sm and Nd were determined at the Institute of Pre�
cambrian Geology and Geochronology, Russian

Fig. 2. Generalized stratigraphic column of terrigenous rocks of the Khingan Group of the Lesser Khingan Terrane (modified
after (Dobkin, 2000)).
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Academy of Sciences (St. Petersburg). Samples of
100 mg pounded into powder and spiked with a mixed
149Sm�150Nd spike were decomposed in Teflon vessels
in a mixture of HCI + HF + HNO3 at a temperature
of 110°C. The completeness of decomposition was
checked under a binocular microscope. The Nd and Sm
isotopic compositions were measured on a TRITON TI
multicollector mass spectrometer in static mode. The
measured 143Nd/144Nd ratio was normalized to the
ratio 146Nd/144Nd = 0.7219 and then to the ratio
143Nd/144Nd = 0.512115 in the Nd standard JNdi�1.
The weighted average 143Nd/144Nd in the Nd standard
JNdi�1 for the measurement period was 0.512108 ± 8
(n = 7). The laboratory blanks were 0.03–0.2 ng for
Sm and 0.1–0.5 ng for Nd. The accuracy of determin�
ing the Sm and Nd isotope concentrations was ±0.5%;
the accuracy of determining the 147Sm/l44Nd and
143Nd/l44Nd isotope ratios was ±0.5 and ±0.005%,
respectively. In order to calculate εNd(t) values and
model ages tNd(DM), the modern CHUR values
(143Nd/144Nd = 0.512638, 147Sm/144Nd = 0.1967) after
(Jacobsen and Wasserburg, 1984) and DM values
(143Nd/144Nd = 0.513151, 147Sm/144Nd = 0.2136) after
(Goldstein and Jacobsen, 1988) were used.

Zircon grains were extracted using heavy liquids in
the mineralogical laboratory of the Institute of Geol�
ogy and Nature Management (Blagoveshchensk). The
U�Pb geochronological study of detrital zircons
(about 100 grains from each sample) was performed in
the GeoAnalytical Lab of Washington State University
(USA) using an ELEMENT 2 ICP�MS mass spec�
trometer equipped with a New Wave YAG 213 laser
ablation system with a preliminary study of the inter�
nal structure of zircon grains on CL images. The
diameter of the crater did not exceed 20 µm. Calibra�
tion was performed using the standards FC (Duluth
complex, 1099.0 ± 0.6 Ma (Paces and Miller, 1993)),
MD (Mt. Dromedary, 99.12 ± 0.14 Ma (Renne et al.,
1998)), R3 (Braintree complex, 418.9 ± 0.4 Ma (Black
et al., 2004)), and T2 (Temora 2, 416.78 ± 0.33 Ma
(Black et al., 2004)). Experimental data were pro�
cessed using ISOPLOT software (Ludwig, 1999). The
206Pb/238U and 207Pb/206Pb ratios were continuously
monitored during the measurement in order to avoid
abnormal values related to the measurement of nonho�
mogeneous sites with varying age zoning and inclu�
sions. The data interpretation was performed according
to the recommendations given in (Whitehouse et al.,
1999; Gehrels, 2011). In particular, only those age dat�
ings were taken into consideration whose discordance
did not exceed 10%. For zircons whose ages were more
ancient than 1.0 Ga, the 207Pb/206Pb ages were used; for
younger zircons, the 206Pb/238U ages were used. All age
errors in the text and figures are given at the level ±2σ.

MAJOR PETROGRAPHIC 
AND GEOCHEMICAL FEATURES OF ROCKS

The Iginchi Formation is dominated by massive
silty sandstones and small�, medium�, and coarse�
grained dark, light, and greenish gray sandstones.
They are composed of angular, semiangular, and rarely
subrounded fragments of quartz (40–60%), feldspar
(15–20%), biotite flakes (10–15%), muscovite (5–
15%), and single grains of epidote (up to 5%). The
accessory minerals are dominated by zircon, sphene,
leucoxene, apatite, and ore minerals. The texture is
blastoaleuropsammitic and blastopsammitic. Mica�
siliceous cement is basal, contact, and porous.

The terrigenous rocks of the Murandavi Formation
are dominated by small� and medium�grained massive
light gray, yellowish gray, and dark gray sandstones.
The clastic material is represented by quartz (30–
65%), feldspar (5–30%), biotite flakes (10–15%), and
muscovite (5–15%); volcanic material and carbonates
occur as single fragments. Accessory minerals are
dominated by zircon, apatite, garnet, sphene, and ore
minerals. The texture is blastopsammitic. The mica�
ceous–siliceous cement is contact.

The Kimkan sequence is dominated by massive
and schistose dark gray and greenish gray silty sand�
stones. They are composed of slightly angular and
subrounded fragments of quartz (40–50%), feldspar
(15–25%), biotite flakes (10–15%), and muscovite
(5–10%), as well as fragments of volcanic rocks and
quartzite. Such minerals as zircon, sphene, leucox�
ene, and ore minerals dominate among accessory
minerals. The texture is blastoaleuropsammitic. The
cement is basal, rarely contact micaceous–siliceous
and hydromica–ferruginous.

The mineralogical composition of polymictic ter�
rigenous rocks of the Khingan Group is a reason that

these rocks are enriched in Na2O, Al2O3,  with
respect to SiO2 (Table 1). According to these peculiar�
ities, their figurative points on the classification dia�
grams are mainly located in the fields of greywacke,
sub�greywacke (Figs. 3a–3c), and polymictic sand�
stones (Fig. 3d).

One of the main methods of studying the sedimen�
tary formations is the calculation of petrochemical
modules and indexes. By analyzing these parameters,
we can clarify the petrochemical classification of rocks
and reconstruct the physical and chemical conditions of
sedimentation. As follows from Table 2, where some of
the most commonly used petrochemical parameters are
given, the values of geochemical modules and indexes
for terrigenous rocks of the Khingan Group vary within
narrow ranges. There is a slight tendency for the follow�
ing modules to increase: AM = Al2O3/SiO2 (Ketris,
1976), TM = TiO2/Al2O3 (Migdisov, 1960), the total
normalized alkalinity (feldspar indicator) SPM =
(Na2O + K2O)/Al2O3 (Yudovich, 1981) in sandstones
and silty sandstones of the Kimkan sequence compared

2Fe O3
*
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Table 1. Chemical compositions of representative samples of Upper Proterozoic and Lower Paleozoic terrigenous deposits
of the Khingan Group of the Lesser Khingan terrane

Compo�
nents

Iginchi Formation

Silty sandstones Sandstone

S�1167 S�
1167�2

S�
1167�3

S�
1167�6 S�1168 S�

1168�1
S�

1168�2
S�

1168�3
S�

1168�4
S�

1168�6
S�

1168�7 S�1169 S�
1169�1

S�
1169�2

SiO2 73.70 65.28 72.10 74.27 76.43 71.44 71.31 73.41 73.08 75.64 74.63 75.53 67.87 69.94

TiO2 0.74 0.90 0.77 0.59 0.62 0.95 0.78 0.76 0.82 0.66 0.67 0.62 0.93 0.94

Al2O3 11.27 15.70 10.92 9.83 9.93 13.77 11.72 11.45 11.36 10.16 10.79 9.29 12.95 11.57

7.12 7.23 8.15 7.23 6.82 6.23 6.84 7.67 7.76 6.93 6.92 7.39 6.97 6.84

MnO 0.05 0.05 0.06 0.04 0.06 0.06 0.07 0.07 0.06 0.06 0.06 0.06 0.09 0.10

MgO 1.43 1.69 1.67 1.66 1.44 1.21 1.91 1.41 1.36 1.29 1.35 1.47 1.99 1.92

CaO 0.80 0.85 0.86 0.91 0.84 0.72 1.85 0.82 0.73 0.86 1.06 0.96 2.14 2.51

Na2O 0.78 0.81 0.92 1.37 0.59 0.64 1.40 0.82 0.86 0.82 1.08 1.05 3.01 2.02

K2O 2.50 3.83 2.70 2.01 2.14 2.85 2.27 2.40 2.48 2.04 2.08 2.26 2.61 2.31

P2O5 0.12 0.12 0.12 0.13 0.11 0.10 0.08 0.12 0.10 0.09 0.10 0.10 0.18 0.17

p.p.p. 1.24 2.93 1.39 1.72 0.85 1.71 1.49 0.90 1.16 1.19 1.06 1.04 1.03 1.35

Total 99.75 99.39 99.66 99.76 99.83 99.68 99.72 99.83 99.77 99.74 99.80 99.77 99.77 99.67

Li 25 29 29 23 46 35 50 35 39 37 42 65 43 43

Rb 128 157 125 85 135 123 160 135 138 114 97 135 98 96

Sr 72 85 75 80 76 86 204 92 107 117 127 89 116 145

Ba 567 860 643 455 374 615 374 454 472 426 460 370 509 405

La 23.84 23.20 20.20 25.54 25.79 35.61 29.57 29.06 27.40 28.88 33.62 36.92 30.30 30.59

Ce 50.44 47.62 42.15 53.89 54.53 90.51 62.66 62.63 59.36 61.40 86.25 93.79 63.41 63.30

Pr 5.79 5.50 4.90 6.28 6.25 9.05 7.22 7.24 6.80 7.05 8.38 9.06 7.64 7.66

Nd 22.65 21.50 19.12 24.28 24.44 35.13 28.44 28.70 26.66 27.70 32.48 35.61 31.10 29.92

Sm 4.20 4.20 3.68 4.54 4.81 6.67 5.38 5.46 5.01 5.13 6.16 6.39 6.15 5.75

Eu 0.79 0.91 0.66 0.85 0.86 1.17 1.29 0.96 0.91 0.91 1.10 1.13 1.32 1.20

Gd 4.06 3.88 3.40 4.36 4.54 6.16 4.83 5.08 4.64 4.52 5.65 5.85 5.99 5.63

Tb 0.40 0.41 0.36 0.47 0.46 0.61 0.48 0.50 0.45 0.44 0.56 0.59 0.66 0.62

Dy 1.76 1.89 1.59 2.06 1.86 2.38 1.88 1.97 1.75 1.74 2.31 2.38 2.93 2.87

Ho 0.29 0.33 0.27 0.32 0.27 0.34 0.28 0.28 0.23 0.25 0.33 0.35 0.44 0.46

Er 0.84 0.97 0.77 0.89 0.73 0.88 0.76 0.71 0.60 0.70 0.88 0.90 1.11 1.27

Tm 0.11 0.15 0.12 0.12 0.09 0.10 0.10 0.08 0.06 0.08 0.11 0.10 0.13 0.16

Yb 0.86 1.04 0.79 0.85 0.65 0.76 0.75 0.57 0.47 0.61 0.77 0.66 0.85 1.13

Lu 0.14 0.18 0.13 0.14 0.10 0.12 0.12 0.09 0.07 0.10 0.13 0.10 0.12 0.18

Y 27 33 29 25 28 36 28 30 30 25 29 25 31 29

Th 9.01 8.48 10.10 9.91 9.32 10.89 9.35 9.98 9.58 9.52 12.09 15.99 8.80 8.62

U 1.43 2.10 1.60 1.57 1.82 2.80 1.98 2.08 2.02 2.00 2.32 2.15 2.23 1.98

Zr 212 194 258 194 209 234 213 241 236 209 240 265 189 217

Nb 8.00 10.00 7.00 7.00 8.00 11.00 9.00 9.00 10.00 8.00 8.00 7.00 9.00 9.00

Ta 0.82 0.75 0.79 0.57 0.70 1.05 0.85 0.86 0.91 0.74 0.85 0.76 0.98 0.85

Zn 76 84 73 30 70 69 68 60 61 75 75 66 70 56

Co 14 20 17 20 17 15 12 18 16 11 18 13 21 14

Ni 25 39 25 27 26 23 15 24 16 12 31 17 37 26

Sc 10.45 15.75 10.85 8.84 9.27 13.18 12.30 10.84 10.82 11.30 11.22 9.42 14.30 11.81

V 72 133 77 69 67 105 88 85 82 71 70 65 95 81

Cr 110 97 100 139 98 119 154 111 94 132 138 191 140 310

2Fe O3
*
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Table 1. (Contd.)

Compo�
nents

Murandavi Formation

Sandstone

Yu�72 Yu�72�1 Yu�72�2 Yu�72�3 Yu�72�4 Yu�72�5 Yu�72�6 Yu�72�7 S�1170�1 S�1170�2 S�1170�3

SiO2 70.30 69.09 72.82 71.77 69.15 70.62 74.91 68.90 71.11 69.71 65.36

TiO2 0.93 1.01 0.82 0.70 1.00 0.92 0.70 1.05 0.91 0.85 1.03

Al2O3 11.87 13.09 10.69 11.48 12.45 11.70 10.80 12.43 12.01 12.81 13.68

6.42 6.77 6.12 6.14 6.67 6.47 6.13 6.97 6.91 6.93 8.57

MnO 0.08 0.07 0.08 0.08 0.07 0.08 0.08 0.08 0.08 0.07 0.09

MgO 1.84 2.00 1.51 1.26 2.11 1.72 1.30 1.87 2.00 1.76 2.26

CaO 1.64 0.91 2.20 1.87 1.42 1.64 2.81 1.87 1.90 2.2 2.09

Na2O 2.30 1.28 2.05 1.80 1.62 2.31 0.57 2.07 1.70 1.72 1.52

K2O 2.93 2.12 4.02 1.85 1.40 3.13 2.03 1.42 2.34 2.72 2.48

P2O5 0.15 0.15 0.15 0.16 0.11 0.14 0.15 0.15 0.14 0.20 0.15

p.p.p. 3.85 0.89 1.10 0.54 2.18 1.38 0.88 1.29 0.74 0.82 2.26

Total 100.15 99.83 98.54 99.49 98.84 98.79 99.14 98.52 99.84 99.79 99.49

Li 28 40 29 20 27 25 18 20 42 31 66

Rb 68 132 91 54 104 73 66 79 96 105 128

Sr 147 132 130 149 123 144 170 147 141 143 120

Ba 482 849 232 221 552 436 380 454 637 614 369

La 36.82 46.10 31.54 31.81 34.73 29.89 23.64 29.19 30.26 26.86 30.14

Ce 67.43 105.18 75.92 56.72 80.26 57.23 48.80 62.77 64 57.06 64.33

Pr 7.36 10.10 8.32 6.73 9.18 7.66 7.19 9.15 7.55 6.67 7.57

Nd 31.37 34.51 30.52 28.71 33.50 31.94 28.27 35.09 30.28 26.92 30.42

Sm 7.25 7.05 5.48 6.37 5.99 6.66 5.53 6.33 5.90 5.32 5.89

Eu 1.94 1.96 1.06 1.74 1.34 1.51 1.22 1.25 1.28 1.35 1.16

Gd 7.56 9.45 6.67 6.27 7.00 5.64 4.89 5.73 5.78 5.14 5.73

Tb 0.82 0.92 0.83 0.75 0.76 0.75 0.81 0.88 0.63 0.59 0.64

Dy 4.87 3.22 3.78 4.91 2.88 4.28 5.06 4.57 2.68 2.7 2.73

Ho 1.04 0.56 0.72 1.06 0.43 0.85 0.97 0.80 0.37 0.4 0.38

Er 3.12 1.73 2.41 3.00 1.23 2.13 2.41 2.11 0.84 0.95 0.89

Tm 0.37 0.19 0.37 0.37 0.14 0.28 0.37 0.33 0.09 0.1 0.09

Yb 2.31 1.10 2.63 2.38 0.81 1.90 2.49 2.28 0.49 0.62 0.53

Lu 0.35 0.12 0.36 0.36 0.10 0.31 0.40 0.36 0.07 0.08 0.08

Y 31 36 31 27 36 31 30 32 26 37 31

Th 10.02 9.51 9.97 9.42 9.66 9.71 8.88 10.22 8.99 7.3 8.87

U 1.53 2.01 1.68 1.86 1.54 1.76 1.67 1.58 1.68 1.79 1.53

Zr 195 225 221 170 231 204 218 272 197 174 214

Nb 12 13 14 11 14 12 11 14 9 10 11

Ta 0.82 0.94 0.70 0.77 0.61 0.80 0.59 0.50 0.80 0.79 0.88

Zn 92 107 78 86 60 96 76 112 84 72 78

Co 15 16 15 14 15 15 15 16 14 14 18

Ni 24 37 25 23 32 24 27 27 34 35 53

Sc 11.24 12.66 9.19 9.56 10.67 11.18 8.79 10.94 13.54 16.41 19.4

V 94 106 69 79 83 90 66 72 89 81 116

Cr 116 152 104 156 141 112 92 120 221 214 230

2Fe O3
*
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Table 1. (Contd.)

Compo�
nents

Kimkan sequence

Silty sandstones

S�1165 S�1165�1 S�1165�2 S�1165�3 S�1165�4 S�1165�5 S�1165�6 S�1165�7 S�1165�8

SiO2 72.84 68.89 64.32 66.31 63.01 68.70 68.52 69.79 71.16

TiO2 0.45 0.61 0.70 0.65 0.72 0.48 0.48 0.56 0.52

Al2O3 12.63 13.32 14.63 14.00 14.83 14.09 14.31 13.55 13.29

3.24 4.84 6.86 6.47 7.11 4.64 4.29 4.53 4.06

MnO 0.08 0.07 0.12 0.11 0.08 0.05 0.06 0.07 0.07

MgO 1.38 2.02 2.53 2.42 2.77 1.77 2.02 1.97 1.76

CaO 2.76 2.94 2.88 3.44 2.33 2.33 3.25 3.03 3.17

Na2O 2.50 2.11 1.99 2.14 2.13 2.99 1.95 2.16 2.29

K2O 2.19 3.04 3.06 2.56 4.94 3.53 3.54 2.94 2.19

P2O5 0.09 0.13 0.15 0.14 0.15 0.09 0.09 0.11 0.11

p.p.p. 1.46 1.64 2.19 1.43 1.54 1.07 1.21 1.08 1.09

Total 99.62 99.61 99.44 99.67 99.59 99.75 99.73 99.78 99.71

Li 29 40 52 44 52 40 35 33 30

Rb 116 151 170 155 233 162 182 164 132

Sr 209 195 164 165 142 190 176 179 182

Ba 1130 1238 1353 1158 1390 1428 1602 1361 1178

La 45.80 46.97 28.32 29.21 24.13 41.68 27.07 31.84 31.43

Ce 109.64 90.94 77.17 56.51 53.04 98.64 75.53 98.00 89.83

Pr 10.96 11.16 7.34 7.46 6.10 10.30 6.77 7.98 7.70

Nd 40.82 41.86 28.28 28.12 23.75 39.11 25.58 30.04 29.14

Sm 7.89 8.01 6.14 5.67 5.09 7.72 5.37 6.00 5.69

Eu 0.89 1.08 0.95 0.88 0.81 0.98 0.61 0.81 0.75

Gd 8.21 8.24 6.82 5.82 5.36 7.92 5.77 6.38 5.93

Tb 1.09 1.15 1.00 0.81 0.71 1.02 0.80 0.85 0.76

Dy 5.92 6.51 5.80 4.61 3.84 5.32 4.83 4.86 4.28

Ho 1.17 1.29 1.16 0.92 0.73 0.96 0.96 0.94 0.83

Er 3.35 3.88 3.46 2.79 2.14 2.71 2.96 2.81 2.46

Tm 0.46 0.56 0.50 0.43 0.31 0.36 0.45 0.40 0.35

Yb 2.92 3.70 3.43 3.02 2.14 2.40 3.02 2.74 2.36

Lu 0.42 0.54 0.48 0.44 0.34 0.36 0.44 0.41 0.36

Y 36 35 35 23 42 41 25 34 27

Th 26.84 22.16 20.16 21.59 15.62 25.53 28.42 22.17 22.60

U 4.56 7.14 3.24 3.23 3.45 4.68 7.18 5.96 5.29

Zr 187 188 175 179 147 183 193 184 183

Nb 8.00 9.00 9.00 9.00 9.00 10.00 8.00 9.00 8.00

Ta 1.06 1.02 1.12 1.13 1.04 1.29 1.17 1.06 0.98

Zn 77 97 115 100 108 90 93 88 82

Co 7 12 17 15 19 9 8 12 11

Ni 19 22 33 28 32 17 21 24 25

Sc 6.50 8.94 12.09 10.73 13.00 7.83 8.23 9.88 8.37

V 42 62 94 81 121 49 52 72 58

Cr 91 98 94 122 88 84 84 107 102

Oxides are given in wt %; elements are given in ppm.  is total iron.

2Fe O3
*

2Fe O3
*
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with sandstones of the Iginchi and Murandavi forma�
tions, which is likely associated with an increase in a
number of clay minerals in the Kimkan sequence.
According to the hydrolysate module HM = (Al2O3 +
TiO2 + Fe2O3 + FeO + MnO)/SiO2 = 0.22–0.46
(Yudovich et al., 1977) and femic module FM =
(Fe2O3 + FeO + MgO)/SiO2 = 0.06–0.17 (Yudovich,
1981), terrigenous rocks of the Khingan Group corre�
spond to greywacke and mesomictic and polymictic

quartz sandstones and siltstones. Wide variations in
the values of the chemical indexes of weathering
CIW = 58–93 (Harnois, 1988) and CIA = 48–80
(Nesbitt and Young, 1982; Visser and Young, 1990)
(Table 2) indicate that rocks in the source areas were
likely transformed to varying degrees by processes of
chemical weathering.

There are specific regularities in the distribution of
rare earth elements (REEs) in the studied rocks. For
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example, sandstones and silty sandstones of the Igin�
chi Formation are depleted in rare earth elements
(ΣREE = 98–194 ppm) compared with the overlying
sediments of the Murandavi Formation (ΣREE = 132–
222 ppm) and the Kimkan sequence (ΣREE = 128–
240 ppm) (Table 2), which is, first of all, due to a relative
depletion in the first heavy REEs (Fig. 4). In accor�
dance with this, the La/Yb ratio decreases up the sec�
tion from 15–40 (Iginchi Formation) to 5.6–11.8
(Kimkan sequence). In the same direction, the Eu/Eu*
ratio increases (Fig. 4) from 0.55–0.76 (Iginchi Forma�
tion) to 0.33–0.47 (Kimkan sequence) (Table 2).

The distribution plots of concentrations of trace
elements normalized to the upper continental crust

composition in silty sandstones and sandstones of the
Iginchi Formation and sandstones of the Murandavi
Formation are similar, except for the higher concen�
trations of heavy rare earths in the latter. Furthermore,
these rocks contain Rb, Ba, U, Th, Zr, LREE, and Pb
in concentrations similar to those in the upper conti�
nental crust at distinct relative depletion in Sr, Nb, Ta,
and Yb (Figs. 5a and 5b). As seen in the spider diagram
(Fig. 5c), silty sandstones and sandstones of the Kim�
kan sequence are characterized by higher concentra�
tions of most of the lithophile elements, except for the
negative anomalies of Nb, Ta, and Sr. This geochemi�
cal feature allows us to assume that these rocks are

Table 2. Minimum and maximum values of some geochemical parameters and petrochemical modules and indexes calcu�
lated for Upper Proterozoic and Lower Paleozoic terrigenous deposits of the Lesser Khingan terrane

Parameters Iginchi Formation Murandavi Formation Kimkan sequence

ΣREE
min 98 132 128

max 194 222 240

[La/Yb]n

min 15.13 6.45 5.61

max 39.92 41.62 11.79

[Gd/Yb)n

min 3.02 1.59 1.54

max 8.04 9.47 2.67

Eu/Eu*
min 0.55 0.53 0.33

max 0.76 0.83 0.47

AM
min 0.12 0.14 0.17

max 0.24 0.21 0.24

HM
min 0.23 0.24 0.22

max 0.36 0.36 0.36

FM
min 0.10 0.10 0.06

max 0.14 0.17 0.16

TM
min 0.06 0.06 0.03

max 0.08 0.08 0.05

SPM
min 0.25 0.24 0.34

max 0.43 0.57 0.48

CIW
min 59.39 59.18 58.06

max 85.35 77.68 65.73

CIA
min 52.59 47.69 52.04

max 71.63 68.37 55.29

AM = Al2O3/SiO2 (Ketris, 1976), HM = (Al2O3 + TiO2 + Fe2O3 + FeO + MnO)/SiO2 (Yudovich et al., 1977), FM = (Fe2O3 + FeO +
MgO)/SiO2 (Yudovich, 1981), TM = TiO2/Al2O3 (Migdisov, 1960), SPM = (Na2O + K2O)/Al2O3 (Yudovich, 1981), CIW = 100 ×
Al2O3/(Al2O3 + CaO + Na2O) (Hanois, 1988), CIA = (Al2O3/(Al2O3 + CaO + Na2O + K2O)) × 100 (Nessbit and Young, 1982; Vis�
ser and Young, 1990).
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close to the deposits of the underlying Iginchi and
Murandavi formations (Figs. 5a and 5b).

PALEORECONSTRUCTION OF SOURCE 
AREAS AND GEODYNAMIC SETTINGS

OF SEDIMENTATION

In order to identify the compositions of rocks in
source areas, the diagrams of distribution of macro�
components and trace elements are usually used. In
particular, the positions of figurative points of compo�
sitions of terrigenous rocks of the Khingan Group on
the diagrams of (Na2O–CaO–K2O) and (CaO +
MgO)–SiO2/10–(Na2O + K2O) (Figs. 6a and 6b),
based on the silica–alkalis ratio in sediments, indicate
that a source area during the period of sedimentation
was composed of felsic rocks (in particular, granite).
Only a few points of sandstones from the Iginchi For�
mation are close to the field of recycled sediments
(Fig. 6a). A similar conclusion can be drawn from the
analysis of discrimination diagrams plotted on the
basis of the behavior of lithophile elements, such as
La, Th, Sc, Ti, Zr, Nb, and Y (Figs. 7c–7d), and a fac�
tor diagram (Fig. 6f).

In order to reconstruct paleogeodynamic settings
of sedimentation, a series of discrimination diagrams
was developed. They include the commonly used dia�

grams based on the tendencies of decreasing  +
MgO, TiO2, and Al2O3/SiO2 values and increasing
K2O/Na2O and Al2O3/(CaO + Na2O) values from
sandstones of oceanic island arcs to those in the island
arcs developed on the continental crust, and then to
the active and passive continental margins (Interpre�
tatsiya…, 2001; etc.). As seen in these diagrams
(Fig. 7), terrigenous rocks of the Khingan Group are

characterized by moderate values of  + MgO,
Al2O3/SiO2, K2O/Na2O, and Al2O3/(CaO + Na2O) and
they are attributed to sediments which formed in the
island arc settings developed on the continental crust
and at the active continental margin. An analysis of
ternary and binary discriminatory diagrams (Fig. 8)
based on the distribution of trace elements leads to
similar conclusions.

RESULTS OF U�Pb GEOCHRONOLOGY

In total, 105 grains of detrital zircons were extracted
from polymictic silty sandstone of the Iginchi Forma�
tion (Sample C�1167), 92 grains of which yielded con�
cordant age values. As seen in Figs. 9 and 10, Late Riph�
ean (960–767 Ma) zircons (73%) dominate, whereas
Middle and Early Riphean zircons (1.59–1.12 Ga,
13%) and Early Proterozoic zircons (2.18–1.69 Ga,
14%) are in subordinate amounts and they do not form
distinct peaks on the age histogram (Fig. 9).

We extracted 115 detrital zircons from polymictic
sandstones of the Murandavi Formation, 94 of which
yielded concordant age values. Most of these zircons

2Fe O3
*

2Fe O3
*

(74%) have Late Riphean age (954–652 Ma) (Figs. 9
and 11). There are only a few grains (2%) of Middle
and Late Riphean zircons (1.55–1.09 Ga). In spite of
a large proportion (24%) of Early Proterozoic zircons
(2.50–1.70 Ga), they do not form distinct age peaks
on the age histogram (Fig. 9).

Only 52 grains from 105 detrital zircons extracted
from polymictic silty sandstone of the Kimkan
sequence (Sample C�1165) yielded concordant age
values, among which the unified population of Early
Paleozoic and Vendian zircons is clearly dominant
(66%; 638–481 Ma) (Figs. 9 and 12). As seen in the
histogram (Fig. 9), a group of Late Riphean zircons
(957–881 Ma, 23%) dominates, while more ancient
zircons (1.66–1.06 Ga) are present in a smaller
amount (11%).

DISCUSSION OF RESULTS

The material composition of sedimentary com�
plexes is one of the least studied aspects in the history
of the formation of the Central Asian Fold Belt. The
modern structural plan shows that these complexes are
fragments of the ancient vast basins, and their
geochemical characteristics are a quite sensitive indi�
cator of geodynamic conditions of sedimentation.
According to current ideas, the thick terrigenous
sequences are the most applicable sites for the recon�
struction of geodynamic conditions of their forma�
tion. The study of such objects allows one to identify
the main features of the evolution of sedimentary
basins and thus trace the evolution of geodynamic
conditions for a long period of sedimentation. How�
ever, the experience of studying sedimentary com�
plexes of the Central Asian Fold Belt shows that the
study of sedimentary complexes even small in thick�
ness and the period of sedimentation makes it possible
to clarify the tectonic evolution of the major geological
structures (He et al., 2005; Meng et al., 2010; Zhou
et al., 2010; Han et al., 2011; Sorokin et al., 2012,
2015; Maslov et al., 2012, 2013, 2015; Kozakov et al.,
2013; Chumakov et al., 2013; Zhou and Wilde, 2013;
Smirnova et al., 2013; Smirnova and Sorokin (in
press); etc.).

The paleoreconstruction of geological processes
that occurred in the Late Precambrian and Early Pale�
ozoic is of particular importance, since orogenic com�
plexes in Central Asia began to form from the Late
Precambrian (Mossakovskii et al., 1993; Didenko
et al., 1994; Parfenov et al., 2003; etc.).

The “key objects” in the structure of the Lesser
Khingan Terrane which can significantly clarify the
Late Precambrian history of the Central Asian Fold
Belt include the Upper Riphean–Cambrian Khingan
Group. The results of study of the latter are discussed
in this article.

As follows from the results obtained, the youngest
detrital zircons from the terrigenous deposits of the
Iginchi and Murandavi formations yield the Late
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Fig. 9. Histograms and curves of relative probability of ages of detrital zircons from silty sandstone of the Kimkan sequence
(Sample S�1165), sandstone of the Murandavi Formation (Sample Yu�72�5), and silty sandstone of the Iginchi Formation
(Sample S�1167) of the Khingan Group of the Lesser Khingan Terrane.
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Riphean age. It should be recalled that the deposits of
the Murandavi Formation are intruded by granite
bodies with age of 535 ± 6 Ma (Sorokin et al. (in
press)). According to this, the upper age boundary of
the Murandavi and underlying Iginchi formations is
the Vendian–Cambrian boundary. Thus, it should be

accepted that the age of these formations is the Late
Riphean–Vendian.

The Late Riphean zircon population is present in
the deposits of the Kimkan sequence. However, these
deposits contain younger zircons of Vendian–Early
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Ordovician age. This indicates that deposits of this
sequence have younger age than those of Murandavi
and Iginchi formations. Given the fact that the deposits
of the Khingan Group, as a whole, and the Kimkan
sequence, in particular, are intruded by Early Paleozoic
intrusions with ages varying in the range of 480–429 Ma
(see above), one can suggest with confidence that the
accumulation of deposits of the Kimkan sequence
occurred in the Late Cambrian–Early Ordovician.

Thus, the geochronological data obtained make it
possibly to clarify the age boundaries of stratigraphic
units which are attributed to the Khingan Group of
the Lesser Khingan Terrane of the eastern part of the
Central Asian Fold Belt. Thus, it is clear that the
Murandavi and underlying Iginchi formations
belong to the Late Riphean–Vendian and the Kim�
kan sequence belongs to the Late Cambrian–Early
Ordovician.

The periods of formation of the Murandavi and
Iginchi formations, on one hand, and the Kimkan

sequence, on the other hand, are separated by the stage
of granitoid magmatism at the turn of the Vendian–
Cambrian. Because of this, they cannot be attributed to
a unified sedimentary sequence.

Mineralogical and geochemical characteristics
(Fig. 6) of terrigenous rocks of the Iginchi and Muran�
davi formations and Kimkan sequence show that, in
the source areas during the period of sedimentation,
felsic rocks dominated. On the basis of the fact that the
studied deposits are characterized by model ages of
tNd(DM) = 1.5–1.7 Ga at negative εNd(0) = –9.3 to ⎯11.4
(Table 3), one can assume that the main sources of
these deposits were Early Riphean complexes and (or)
the younger igneous rocks, the primary melts of which
resulted from the reworking of the continental crust of
a particular age.

The analysis of discrimination diagrams shows that
the sedimentation of deposits of the Iginchi and
Murandavi formations and Kimkan sequence occurred
most likely in a subduction setting, namely, the island
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Group of the Lesser Khingan Terrane.
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Table 3. Sm�Nd isotope geochronology of Upper Proterozoic and Lower Paleozoic terrigenous deposits of the Lesser Khingan terrane

Sample Rock Formation Sm Nd 147Sm/144Nd 143Nd/144Nd εNd(0) tNd(DM)

S�1165 Silty sandstone Kimkan sequence 7.89 40.75 0.1171 0.512054 ± 3 –11.4 1725

S�1165�1 Silty sandstone Kimkan sequence 8.09 42.07 0.1163 0.512088 ± 3 –10.7 1659

S�1170 Sandstone Murandavi Formation 8.46 44.5 0.1150 0.512161 ± 2 –9.3 1527

S�1167 Silty sandstone Iginchi Formation 6.13 31.52 0.1177 0.512118 ± 1 –10.1 1636

S�1167�1 Sandstone Iginchi Formation 5.12 27.02 0.1146 0.512121 ± 2 –10.1 1581

S�1168 Silty sandstone Iginchi Formation 6.11 31.65 0.1166 0.512101 ± 2 –10.5 1645

S�1169 Sandstone Iginchi Formation 6.26 34.18 0.1107 0.512098 ± 3 –10.5 1555

Errors (2σ) in determining 143Nd/144Nd correspond to the last significant digits after the decimal point.

arc developed on the continental crust and (or) at the
active continental margin (Figs. 7 and 8), which is con�
sistent with the composition of greywacke sediments.
Moreover, this interpretation is confirmed by the fact

that sedimentation occurred against the backdrop of
magmatic activity, as evidenced by the presence of Late
Riphean zircons in sandstones and silty sandstones of
the Iginchi and Murandavi formations and Vendian–
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Early Ordovician zircons in deposits of the Kimkan
sequence.

CONCLUSIONS

On the basis of the results of our research, the fol�
lowing conclusions were made:

(1) The ages of the Murandavi and underlying Igin�
chi formations are Late Riphean–Vendian; the age of
the Kimkan sequence is Late Cambrian–Early Ordov�
ician.

(2) The deposits of Iginchi and Murandavi forma�
tions, on one hand, and the Kimkan sequence, on the
other hand, vary greatly in age, and the periods of for�
mation of these complexes are separated by the stage
of granitoid magmatism at the turn of the Vendian–
Cambrian. Because of this, they cannot be attributed
to a unified sedimentary sequence.

(3) It is the most probable that the sedimentation of
the Iginchi and Murandavi formations and the Kim�

kan sequence occurred under subduction conditions
against the backdrop of magmatic activity.
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