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Abstract—This paper reports new geochronological data on metagranitoids (U—Pb SIMS) and ophiolites
(Sm—Nd) from the Khanka massif. New and published data define the Early Neoproterozoic Matveevka—
Nakhimovka terrane with 935- and 915-Ma early suprasubduction magmatism, 850—880-Ma and 757-Ma
withinplate and Pacific-type transform margin magmatism, as well as the Late Neoproterozoic—Early Cam-
brian Dvoryan and Tafuin terranes with 543, 520, 517, and 513-Ma suprasubduction magmatism. These two
terranes are separated by a suture (Voznesenka and Spassk terranes) formed by Ediacaran—Cambrian shelf
deposits and a Cambrian accretionary wedge with ophiolites older than 514 Ma. The greater part of the
Khanka massif formed in the late Cambrian, with the Kordonka island-arc terrane accreted at the end of the
Silurian. The Sergeevka terrane of the Ordovician island arc joined it through the Early Cretaceous strike-slip
movements. Heterogeneous structures of the main part of the Khanka massif can be traced to the north based
on the analogous stages of magmatism and metamorphism, where the Jiamusi massif (including the East
Bureya terrane) is an Early Neoproterozoic block and the eastern Songnen massif (including the West Bureya
terrane) is a Late Neoproterozoic—Cambrian block. These blocks are separated by the Spassk—Wuxingzhen—
Melgin suture formed by their collision in the Late Cambrian. The Bureya—Songnen—Jiamusi—Khanka
superterrane formed as a part of the Gondwana supercontinent approximately 500 Ma ago through orogeny
and accretion of the Rodinia supercontinent fragments.

Keywords: Neoproterozoic, Cambrian, geochronology, granites, ophiolites, Khanka massif, Bureya—Song-

nen—Jiamusi—Khanka superterrane
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INTRODUCTION

Phanerozoic orogenic belts and Precambrian con-
tinental blocks (massifs) are distinguished between the
Siberian (in the north) and Sino-Korean (in the
south) cratons. Orogenic belts represent continental
crust (lithosphere) that was formed on the site of and
(or) on the margin of the former oceanic basin owing
to the terrane accretion to continents (craton) or
during collision of continental blocks. A collage of
several massifs or blocks is distinguished in the eastern
part of the southern Russian Far East and adjacent
areas of China. It is surrounded by Paleozoic and
Mesozoic orogenic belts, whose basement is made up
of Precambrian and Cambrian complexes: Songnen
(Songliao, Bureya, Jiamusi, and Khanka). These mas-
sifs are separated by late faults, have similar geological
structures, and are considered as the Manchurides
[78], Bureya—Jiamusi superterrane [28, 74], and
Bureya—Jiamusi paleoplate [62], below called the
Bureya—Songnen—Jiamusi—Khanka (BSJK) super-
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terrane. The BSJK superterrane is also considered as
being ascribed to the eastern part of the Central Asian
Orogenic Belt [8, 42, 57, 64, 66—69, 91, 95-98, 102,
103, and others].

The BSJK superterrane (Fig. 1) from the east and
north is in contact with the Late Albian—Cenomanian
Sikhote-Alin [47] and Middle Jurassic Mongolian—
Okhotsk [82] orogenic belts. In the northeast, the
BSJK superterrane borders the South Mongolian—
Xing’an [28] or Xing’an [66] belt, which is made up of
the pre-Late Carboniferous Paleozoic subduction—
accretion complex devoid of Precambrian basement
[32, 33, 55, 56, 64, 65, and others]. In the south and
southeast, the BSJK superterrane borders the oro-
genic belt, which was formed through a scissor-like
closure of the Solonker ocean at the end of Permian—
Middle Triassic from the west eastward [54, 64, 70, 79,
and others].

Some believe that the exposures of the Jurassic
Heilongjiang accretionary complex mark a Jurassic
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Fig. 1. Pre-Mesozoic complexes of the Khanka massif and adjacent areas (inset shows the structural units of the basement of the
East Asian continental part, modified according to [5, 28, 73]. Using data [3, 6, 14—20, 28, 29, 44, 45, 49-52, 59, 74, 75, 79, 85,
86, 88, 89, 91, 94-98, 100, 101]. (1) undivided Mesozoic and Cenozoic complexes; (2) a fragment of the Middle—Late Jurassic
accretionary wedge; (3) Early—Middle Triassic metamorphic complex with mainly Permian age of protolith; (4) Permian terrig-
enous shelf deposits and limestones; (5) Permian basic—felsic volcanic rocks, shallow-marine tuffaceous—terrigenous deposits
and limestones; (6) Early Carboniferous continental rhyolites and dacites; (7) Devonian continental basic—felsic volcanic rocks
and their tuffs, more rarely, shallow marine deposits; (&) Early Silurian island-arc basalts, andesites, and sedimentary deposits
(Kordonka Formation); (9) Late Ordovician (~470—455 Ma) continental rhyolites and tuffs; (/0) Cambrian—Ediacaran shelf and
accretionary complexes with Ediacaran—Early Cambrian paleooceanic rock; (/7) Neoproterozoic (a) and Late Neoproterozoic—
Early Cambrian (b) volcanogenic—sedimentary complexes zonally metamorphosed in the greenschist—granulite facies condi-
tions at the end of Cambrian; (/2) Permian granitoids; (/3) Late Permian—Early Triassic (?) Ural—Alaskan-type peridotites and
gabbros; (/4) Early Carboniferous leucogranites; (15) Early Devonian granites (420—409 Ma); (/6) Silurian (432—422 Ma) gran-
itoids; (/7) Late Ordovician (~460—450 Ma) granitoids; (/8) Middle Ordovician granites (Taudemin Complex) (~475—460 Ma);
(19) Early Ordovician gabbros, diorites, and granodiorite gneisses (Sergeevka complex); (20) Late Cambrian—Early Ordovician
granitoids (502—479 Ma); (21) Early Cambrian gabbros (a) and granitoids (b); (22) Neoproterozoic granitoids, rarely basic rocks;
(23) ophiolites; (24) Early Cretaceous sinistral strike-slip; (25) tectonic boundary; (26) outlines of tectonic windows of the Hei-
longjiang complex or remnants of the Sergeevka terrane. Terranes: (DV) Dvoryan; (GR) Grodekovo; (JM) Jiamusi; (KB)

Kabarga; (KR) Kordonka; (MN) Matveevka—Nakhimovka; (SR) Sergeevka; (SP) Spassk; (TF) Tafuin; (VS) Voznesenka.

suture between the Songnen and Jiamusi massifs [91,
92, 101, and others]. However, the isolation of expo-
sures of the Heilongjiang Complex and an intricate
paleotectonic reconstructions of the NS-trending Tri-
assic ocean with no continuation to the south and
north seem to be ambiguous. The Heilongjiang Com-
plex can be considered as the continuation of the
Jurassic continental-margin accretionary complex of
Sikhote Alin (model of gentle subduction) exhumed at
the terminal Early Cretaceous [7].

The characteristic feature of the BSJK superterrane
is the wide development of amphibolite- and locally
granulite-facies metamorphic rocks, whose age was
initially estimated as Archean and Paleoproterozoic
based on their high metamorphic grade. Later, U—Pb*
dating of metamorphic zircon from the Jiamusi massif
yielded a Late Cambrian age of ~500 Ma for the gran-
ulite-facies metamorphism [89, 102] and 506 Ma for

granulites from the northern Khanka massif [44].!
Sm—Nd isotope studies and U—Pb dating of detrital
zircon showed that the protoliths of high-grade rocks
have Neoproterozoic and Cambrian ages instead of
previously inferred Early Precambrian age [12, 13, 23,
27,44, 67, 69, 81, 87, 91, 96, and others].

Data on magmatism predating ~500-Ma regional
metamorphism is of special interest for reconstructing
the early geological evolution of the BSJK superter-
rane. Until recently, the oldest date (757 Ma) was the
crystallization age of a basic sill, which is the protolith
of two-pyroxene—amphibole schist in the Matveevka
Formation of the Khanka massif [44]. However, dif-
ferent stages of Neoproterozoic magmatism were
recently determined within the BSJK superterrane:
940—933 and 804—789 Ma [42], 937—933 and 896—
891 Ma [98], 898—891 Ma [96], 757—751 Ma [97],
917-911, 841 Ma [68], and 929927, 895 Ma [69].

In this paper we report geochronological data on
the Neoproterozoic and Cambrian granitoids (U—Pb

I'F urther, if not indicated, age dates were obtained by U—Pb zir-
con dating.
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SIMS) and ophiolites (Sm—Nd) of the Khanka mas-
sif. Based on obtained and available data, the struc-
tural scheme of the Khanka massif was specified and a
new scheme of the BSJK superterrane was proposed.

THE GEOLOGICAL STRUCTURE
OF THE KHANKA MASSIF

The Khanka massif'is distinguished as the distribu-
tion area of Precambrian and Cambrian complexes. Its
northern boundary is the Early Cretaceous Dunhua—
Mishan fault of the Tan Lu Fault zone (Fig. 1). In the
east and west, the massifs borders the fragment of the
Jurassic accretionary wedge and Permian—Middle
Triassic orogenic belt. Its northeastern part comprises
Late Precambrian—Cambrian complexes that experi-
enced the early stage low-grade metamorphism
(amphibolite and epidote—amphibolite facies) around
730 Ma and late-stage high-grade metamorphism
under the greenschist to granulite facies at the end of
Cambrian (~506 Ma) [23, 44]. Stratigraphic units
were recognized by metamorphic grade and their posi-
tion in the section is conditional [23]. The granulite—
amphibolite complexes are united into the Iman
Group (Ruzhinka and Matveevka formations), while
amphibolite complexes, into the Ussuri Group
including the Nakhimovka, Tat’yanovka, and Tur-
genevka formations. The epidote—amphibolite—
greenschist complex is distinguished as the Lesoza-
vodsk Group (Kabarga, Spassk, and Mitrofanovka
formations). Neoproterozoic oncolites were found in
the dolomites of the Spassk Formation [3]. The
Orlovka Group distinguished in the Kabarga zone is
made up of amygdaloidal basalts, limestones, quartz-
ites with manganese ores, schists and sandstones [3].
Amphibolite-facies metamorphic complexes were
recently mapped in the western Khanka massif
(Kraevskaya and II’inka formations) [19]. The central
part of the massif (Spassk zone with the Evgen’evskaya
Group and Voznesenka zone with the Yaroslavka and
Grigor’evskaya groups) is made up of the Cambrian
terrigenous—carbonate rocks bearing archeocyates
from the Fortunian to stage 3 (from the Tommotian to
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Botomian stages according to the Russian scale) [2—4,

27].2 The Spassk zone differs in the presence of turbid-
ites and terrigenous—mixtite sequences with trilobites
of stages 4—5 (Toyonian and Amganian) in a matrix
[27]. These rocks contain blocks of the older (accord-
ing to Archeocyates) Fortunian (Tommotian) lime-
stones and sheets of limestones of stages 2—3 (Atdaba-
nian—Botomian) [2, 4, 27], olistoplacks, and olisto-
liths of cherts with Cambrian microfossils, and blocks
of amygdaloidal basalts, gabbroids, and gabbrodoler-
ites [10].

The oldest magmatic rocks are metavolcanic rocks
and metaintrusions, which were metamorphosed to
the same grade as host rocks [3]. The central part of
the massif comprises ophiolitic dunites, harzburgites,
pyroxenites, and olivine gabbronorites, which form
several small lenticular, rarely irregularly shaped, bod-
ies 0.5—7 km? in area [36, 48] in association with
basalts and limestones of stage 3 (Botomian) [27].
Later Paleozoic deposits are mainly volcanogenic—
sedimentary in composition and include supposedly
Ordovician continental rhyolites and dacites dated at
454 and 436 Ma [29], Lower Silurian island-arc
basalts and andesites [20, 21], Devonian continental,
more rarely, shallow-water basic to felsic volcanic
rocks, Lower Carboniferous continental rhyolites, as
well as Permian basic—felsic volcanic rocks among
shelf and shallow marine sedimentary rocks [3]. Early
intrusions are Early Cambrian gabbros and granites
with ages of 517 and 513 Ma, respectively, [17] and
Late Cambrian—Early Ordovician granitods dated
within 502—481 Ma [15, 16, 75, 94]. In southern Primo-
rye, the widespread Sergeevka gabbro—diorite—gneiss
complex [31] with age within 489—479 Ma [17] is
intruded by 472—463-Ma granites [85] and 445-Ma
trondhjemites [94]. Granitoids with an age of 460—
450 Ma are distinguished in the western Khanka massif
[14, 16, 45, 94]. There are also Silurian (432—422 Ma)
[85, 94] and Devonian (420—409) [17] granitoid mas-
sifs. Late Permian—initial Triassic granitoids with ages
from 275 to 250 Ma show ubiquitous distribution [14,
16, 29, 45, 94].

METHODS AND STUDIED OBJECTS

New analytical studies were carried out at the Cen-
ter for Isotope Studies (CIS) of VSEGEI using certified
technique. U—Pb SIMS zircon dating was conducted
on a SHRIMP-IIe secondary ion microprobe [77].
Sm—Nd isotope analysis was carried out on a 9-channel
TIMS TRITON mass spectrometer in static mode.

Locality and Description of Samples

Isotope-geochronological methods were used to
study metagranitoids and metamorphic rocks in the
northeast and metagranitoids in the west of the
Khanka massif (Figs. 2, 3), as well as ophiolites in its
central part.

2 Hereinafter, according to the international and Russian scales.
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Fig. 2. The geological scheme of the northern part of the
Khanka massif (modified after [3]). (/) Cenozoic sedi-
mentary (a) and volcanic (b) deposits; (2) Cretaceous vol-
canogenic—sedimentary deposits; (3) Jurassic accretion-
ary complex; (4) Upper Triassic sedimentary deposits;
(5) Permian volcanogenic—sedimentary deposits;
(6) Devonian sedimentary deposits (Tamga Formation);
(7) Cambrian accretionary complex (unmetamorphosed)
(Evgen’evskaya and Orlovka groups and Kabarga Forma-
tion); (8) Neoproterozoic metamorphic complex (Iman
and Ussuri groups); (9) Cretaceous granites; (/0) Permian
granites (Bel’tsovsk Complex); (/7) Late Cambrian—Early
Ordovician granites (Shmakov complex); (/2) Neopro-
terozoic granites. Circled numbers are sample numbers
and age, in Ma, red color shows the age of magmatism,
blue color shows the age of metamorphism. Numerals with
asterisks are after: 1* [44]; 2* [94]; 3* [15]; 4* [29].

The metamorphosed intrusions in the Ussuri Group
were united into the Ussuri gabbro—gneiss granite
(predominant) complex. They form discordant or
stratal bodies among host rocks and were metamor-
phosed together with them [3]. The granitoids show
gneissosity with subparallel orientation of biotite and
lenticular shape of quartz grains, without characteris-
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Fig. 3. The geological scheme of the northwestern part of the Khanka massif. (/) Neogene sedimentary (a) and flood basalt (b)
deposits; (2) Upper Triassic dacites and rhyolites (Tal’ma sequence); (3) Permian sedimentary deposits (Reshetnikovskaya For-
mation); (4) Neoproterozoic—Early Cambrian protolith of the Late Cambrian schists, amphibolites, gneisses, quartzites, and
marbles (Kraevskaya and II’inka sequences); (5) Early—Middle Triassic micaceous schists and blastomylonites (tectonites);
(6) Middle Cretaceous granites; (7) Early Jurassic granites; (&) Late Jurassic granites; (9) Late Permian granitoids; (/0) Cambrian
metagranitoids, more rarely gabbro (Dvoryan complex). Numerals are samples numbers and age of the intrusions, in Ma.

Numerals with asterisks are the age of magmatism after [15].

tic metamorphic banding caused by differentiation
into leucosome and melanosome, unlike gneisses of
the Ussuri Group.

Sample 12 is a fine-grained gneiss granite collected
from mine working (44°35°52.25” N, 133°6"21.316” E).
The rock is made up of quartz, sodic oligoclase, K-
feldspar, biotite, and garnet. In terms of major oxides
(Si0,, 69.5%), it is ascribed to high-Al (Al,O;,
16.3%), low-Ti (TiO,, 0.21%) rocks of the mild-alka-
line series of K alkalinity (K,0/Na,O = 1.9) and is
classed as monzonite.

Sample 16 is a two-pyroxene granulite from the
Tat’yanovka Formation (44°45’9.822” N, 133°8'19.95” E).
This is a banded, fine-grained rock. Leucocratic min-
erals: andesine—secondary K-feldspar, and quartz.
Melanocratic minerals (25—30 vol %) are diopside
and orthopyroxene. The rock is high-Al (Al' = 2.13)
and corresponds to the mild-alkaline potassic granite
with 63.8 Si0O,, 0.66 TiO,, 1.78 Na,0, and 5.78 wt %
K,0.

Sample 609 is a biotite gneiss granite
(44°55°27.616” N 133°16°44.612” E). It is composed of
microcline, plagioclase, and quartz (up to 90%) and
biotite. The granites are high-silica (SiO,, 74.1%),
moderately alkaline, with shift to the potassic region
(alkali contents: K,0, 5.46%; Na,O, 2.6%). They have
the moderate Al content (Al,O5, 13.6%), low contents
of Fe, Mg, and Ti, and high contents of Li, Mo, and Sn.

Sample 19 is a gneiss granite (45°28°22.53” N
133°34’1.548” E). Leucocratic minerals are micro-
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clinized orthoclase—oligoclase and quartz aggregates,
while melanocratic minerals are fine garnet grains and
biotite flakes. Based on petrochemical features, the
studied gneiss granites are classed as calc-alkaline K—
Na, high-Al (Al' = 4.71) rocks, with SiO,, 72.5 and
Na/K > 1 (Na,0, 3.43; K,0, 3.15wt %).

Sample 610 is gneiss granite collected from
sequence of the Nakhimovka  Formation
(45°6’46.622” N, 133°31’8.181” E). It is made up
mainly (up to 90%) of microcline, plagioclase, and
quartz, with less common biotite. It differs in its high
silica content (SiO,, 77.3%), moderate Al,O (11.9%),
low TiO, (<0.1%), low Fe mole fraction, and belongs
to the low- to moderate alkali series of potassic alka-
linity (K,0/Na,0 = 2.7).

Metamorphic Rocks of the Iman and Ussuri Group

Sample 21 is a sillimanite—garnet—biotite—pla-
gioclase schist from the Matveevka Formation
(45°31'45.059” N, 133°35’40.608” E).

Sample 18 is a garnet—biotite—plagioclase gneiss of
the Turgenevka Formation (45°26752.692” N,
133°31'16.782” E).

Metagranitoids of the Dvoryan Complex

Sample 4961 is a metaplagiogranite (44°56°53.96” N,
131°18"25.61” E). It consists of quartz, oligoclase, with
less common amphibole and biotite, and belongs to

No.4 2022
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the sodic series (SiO,, 68.9; Al,O;, 17.2; K,O, 2.56;
and Na,0, 5.56 wt %).

Sample 1041 is a gneiss granite (44°38'27.86” N,
131°41°43.43” E). The mineral assemblage includes
quartz, oligoclase, K-feldspar (frequently perthites
and antiperthites), with subordinate amphibole and
biotite. The rock belongs to the K—Na series. SiO,,
74.35; TiO,, 0.19; Al,0; 13.63; Fe,0,, 1.00; FeO, 0.87;
MgO, 0.19; CaO, 1.11; Na,0, 3.50; and K,0, 4.12 wt %.

Ophiolites

Sample 14 is an olivine metagabbronorite from the
Dmitrievsky gabbroperidotite complex (44°27°746”
N, 132°41°418” E). The rock is highly metamorphosed
under nearly greenschist facies conditions and con-
tains relicts of ortho- and clinopyroxene. SiO,, 49.70;
TiO,, 0.29%; Al,O,, 14.80; Fe,05, 2.48; FeO, 6.07;
CaO0, 10.70; Na,0, 2.85; K,0, 0.098 wt %. The rock is
extremely depleted in rare-earth elements: XREE =
5.79 ppm. The REE content and distribution pattern,
the degree of their fractionation (LREE/HREE =
0.9), as well as a weakly expressed positive Eu anom-
aly, are typical of mantle derivatives.

Sample 14/2 is almost completely metamorphosed
peridotite (44°27°755” N, 132°41°426” E).

RESULTS OF GEOCHRONOLOGICAL
STUDIES

Data on U—Pb isotopic ratios and age of the stud-
ied zircons are given in the Supplement to the on-line
version of this paper.

Metamorphosed Intrusions in the Ussuri Group

Sample 12 is gneiss granite. This sample yielded
transparent, mainly euhedral, long-prismatic zir-
cons, with bipyramidal facets (Fig. 4). The length is
140—315 pum. The cathodoluminescence (CL) images
of most grains show oscillatory zoning typical of mag-
matic zircons. Cores and growth zones are indiscern-
ible. Some zircons have very thin light shells. Mea-
surements were performed for 17 separate zircon
grains. They have U = 162—837 ppm, Th/U = 0.28—
0.63. The weighted average (14 analyses) concordant
age is 935 = 3 Ma. Oscillatory zoning and moderate
Th/U ratio indicate a magmatic origin of the zircons
[63]. The presence of thin shells around magmatic zir-
cons is caused by metamorphic processes, which did
not disturbed initial U—PDb system.

Sample 16 is a two-pyroxene granulite. Zircons in
this sample are mainly subhedral. The grain size is
100—410 pum. Nine zircons were analyzed. Two of
them contain 206 and 316 ppm U with Th/U ratios,
respectively, of 0.22 and 0.32, which correspond to
magmatic zircons with U—Pb concordant weighted
average age of 916 = 32 Ma and shell dated at 497 Ma.
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Other zircons (seven grains) with high U contents
from 1708 to 3908 ppm (metamict zircon) and low
Th/U ratios (0.02—0.06) have a distinct metamorphic
genesis. The concordant U—Pb age of these zircons
based on six measurements is 491 + 7 Ma (Fig. 4). This
age is interpreted as the age of complete recrystalliza-
tion of primary magmatic zircons.

Sample 609 is a gneiss granite. Zircons are sub-
euhedral, short-prismatic. Their length is from 80 to
120 um. In CL, the zircons show zoned structure, with
core and metamorphic shells. Fifteen measurements
were carried out. The concordant U—Pb age of 849 +
20 Ma (Fig. 5) was obtained for cores of magmatic zir-
cons (three grains) with traces of oscillatory zoning.
Their magmatic genesis was confirmed by the pres-
ence of melt inclusions (Tolmacheva E.V., unpub-
lished data). Zircon shells contain fluid inclusions.
They define concordant age (based on six analyses) of
481 + 4 Ma. The elevated contents of U from 1072 to
3283 ppm and Th from 609.4.2 to 3126 ppm in these
zircons could be related to the uranium influx with
fluid during metamorphic transformation. Thus, the
Th/U ratios remain moderate from 0.1 to 0.39.

Sample 610 is a gneiss granite. Zircons in the sam-
ple are strongly modified. In CL, the crystals are
mainly zoned and consist of cores and metamorphic
shells with crystallized fluid inclusions. The cores
contain melt, completely devitrified inclusions, which
indicate their crystallization from magma. Fifteen
analyses were performed. The zircons are character-
ized by the high U > 1000 ppm and a Th/U ratio from
0.02 to 0.51.

All age values are discordant. The upper-intercept
age is 881 * 4 Ma, which can be interpreted as the time
of magmatic crystallization of zircon, subsimultane-
ously with sample 609 (Fig. 5).

Sample 19 is a gneiss granite. Zircons in the sample are
long- and short-prismatic. The grains are 130—295 um
long. CL shows a weak oscillatory zoning. Nine zir-
cons were analyzed. In grain 9, we dated the core at
934 + 17 Ma and the shell at 723 + 13 Ma (Fig. 5). The
concordant U—Pb age of 935 + 11 Ma was obtained for
fine zircons (Fig. 5), four of which have U contents from
595 to 993 ppm, and one grain contains U = 3283 ppm,
Th/U = 0.1-0.45, which is typical of magmatic zir-
cons. In other four zircons with high U contents from
223210 6277 ppm and low Th/U = 0.08—0.24, the U—
Pb isotope system of zircon was disturbed by meta-
morphic transformations. The upper-intercept age of
942 + 10 Ma corresponds to the time of magmatic
event.

Metamorphic Rocks of the Iman ad Ussuri Groups

Sample 21 is a sillimanite—garnet—biotite—pla-
gioclase schist. Zircons from this sample are round,
more rarely, elongate, 50—140 pum long. In CL, the
zircons show a heterogeneous structure, with light
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Fig. 4. CL microimages of typical zircon crystals, age histrogram, and U—Pb concordia diagram (sample 12), CL images of zir-
cons and concordia diagrams for zircons from two-pyroxene granulite (sample 16), gneiss (sample 18), and metamonzonite (sam-

ple 21).
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The upper intercept of discordia, like concordant cluster, indicates the Neoproterozoic age of magmatism of gneiss granite sample 19.
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Fig. 6. Cathodoluminescence images of zircons and U—Pb concordia diagrams.

cores and dark shells in some grains. We analyzed eight
zircons. Five zircons have high U = 1301—1868 ppm
and low Th/U = 0.01—0.03. These zircons, likely of
metamorphic genesis, define a concordant U—Pb age
of 487 + 6 Ma. Cores analyzed in two grains yielded
ages of 677 = 10 and 618 £ 12 Ma. Other three grains
with moderate U contents (U = 783-991 ppm) and low
Th concentrations Th (Th/U = 0.01-0.03) yield
206ph /238 ages from 579 + 8 to 514 + 8 Ma, which
likely reflects the intermediate stages of the transfor-
mation of the older zircons.

Sample 18 is a garnet—biotite—plagioclase gneiss of
the Turgenevka Formation. In CL image, zircons from
this sample are dark colored; some grains show light cores
and traces of thin oscillatory zoning. We studied ten
grains. In three zircons, we analyzed cores that have
low U contents (U = 487—666 ppm) and moderate
Th/U ratios (Th/U = 0.23—0.32) and shells with
high U content, which is typical of all other zircons
(U = 991-16524 ppm). The cores show discordant
206pp /238U ages of 1547 + 24, 1076 + 17, and 820 +

RUSSIAN JOURNAL OF PACIFIC GEOLOGY Vol. 16

15 Ma. All features of the high-U zircons (Th/U =
0.01—0.12) indicate their polymetamorphic (metaso-
matic) genesis, with a wide scatter of dates from 250 to
500 Ma (Fig. 4).

Metagranitoids of the Dvoryan Complex

Sample 4961 is a gneiss granite. Zircons are fis-
sured euhedral prismatic crystals with inclusions. The
length is 100—300 um. In CL (Fig. 6), the majority of
zircons have oscillatory (magmatic) zoning. The
weighted average concordant U—Pb age on eight zir-
cons is 543 + 9 Ma. These magmatic zircons are char-
acterized by a high U = 1036—3108 ppm and low
Th/U = 0.09-0.26.

Sample 1041 is a gneiss granite. Zircons from this
sample are prismatic subeuhedral crystals from 130 to
360 um in size. In CL image, zircons are dark colored,
with traces of oscillatory zoning, while cores and shells
of growth zones are weakly expressed (Fig. 6). Fifteen
zircons define a concordant U—Pb crystallization age
of 520 £ 8 Ma (9 grains) and two metamorphic stages
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of their secondary recrystallization at 448t14 (three
grains) and 244—296 Ma. Magmatic zircons have high
U contents (U = 939—5312 ppm) and low Th/U ratios
0f 0.004—0.19, except for two zircons (7.1 and 8.1) of
clearly expressed magmatic genesis with Th/U = 0.4—
0.52. The U content in the metamorphic zircons varies
from 375 to 1120 ppm (Th/U = 0.1-0.5).

Ophiolites

As mentioned above, ophiolites are olivine gab-
bronorites and peridotites. The absence of zircon in
these rocks makes it impossible to apply U—Pb dating.
Significant metamorphic transformations place con-
straints on Sm—Nd internal isochron dating. In our
case, amphibole and whole-rock gabbronorite and peri-
dotite were used for approximate Sm—Nd dating (Fig. 7,
Table 1). A slope of three-point isochron corresponds
to an age of 598 + 84 Ma, which allowed us to constrain
the upper age limit of the ophiolites at 514 Ma (Fig. 7).

DISCUSSION OF THE RESULTS
AND GEOLOGICAL CORRELATION

New Cambrian dates on metamorphic and mag-
matic zircons in the western part of the Khanka massif
give us grounds to revise the scheme of its terrane
structure [5, 43] and to distinguish a new Dvoryan ter-
rane here made up of gneisses, crystalline schists, and
amphibolites with lenses of quartzites and marbles
(Kraevsky and Il'inka sequences). The Il’inka
sequence is intruded by metadiorites and metagran-
odiorites, with subordinate orthoamphibolites
(metagabbro) and gabbroamphibolites (Dvoryan
complex), which are ascribed to the suprasubduction
moderate-Al plutonic rocks of normal K—Na calc-
alkaline series with low Nb content (5.33 ppm) [19]
(Fig. 1). It is also necessary to distinguish the Kor-
donka terrane (Fig. 1), which is composed of volcano-
genic-sedimentary complex. Finds of graptolites,
brachyopodes, and trilobites indicate its Early Silurian
(Late Llandoverian—Venlockian) age [20, 21]. Rock
associations of the Kordonka terrane are typical of
oceanic island arc with an accretionary wedge [21]. In
addition, new data allowed us to divide the Sergeevka
terrane into two terranes: the western Tafuin and east-
ern Sergeevka terranes. It should be noted that such
subdivision was inferred previously based on finds of
unique Permian Tethyan fauna, which is developed
only in the Sergeevka (or Okrainsky) terrane [12 and

Table 1. The results of Sm—Nd isotope analysis.

KHANCHUK et al.
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Fig. 7. The Sm—Nd amphibole and whole-rock isochron
for gabbros and peridotites of the Dmitrievsky complex.

references therein]. The Sergeevka terrane and its
fragments to the north (including the Khorsky block)
in the present-day structure represent a large tectonic
nappe deformed together with underlying rocks of the
Jurassic accretionary wedge [5, 43]. The Sergeevka
terrane is considered as a part of a suprasubduction
plate, which was separated and displaced along strike-
slips [5].

The western boundary of the Khanka massif needs
to be specified. The Neoproterozoic Kuban metamor-
phic complex (sequence) was distinguished in the
Grodekovo (or Laoeling—Grodekovo) terrane, on the
southwestern end of Primorye [18]. However, on the
continuation of this complex in China (Wudagow
Group), the age of metamorphic zircons was deter-
mined within 249—266 Ma, while the age of the
youngest detrital zircons is 253 Ma, which indicates
the Permian age of protolith [52]. Thus, the Kuban
complex was metamorphosed in the Early Triassic.
The northerly Huangsong metamorphic group was
considered as the Precambrian basement of the
Khanka massif. Recent studies of detrital zircons from
the Huangsong Group showed that it represents a
combination of tectonic nappes of different age, with
age of the youngest populations of 220 Ma. Amphibo-
lites yielded magmatic zircon with an age of 282 Ma.
Given that the age of postmetamorphic intrusions is

No.| Sample Rock, mineral Sm (ppm) | Nd (ppm) 147Sm/"44Nd 43N d/Nd
14wr Olivine gabbronorite, whole-rock 0.395 0.999 0.2388 0.512930 + 6

3 |14/2wr | Peridotite, whole-rock 0.147 0.348 0.2548 0.512967 + 19
5 |14/2am2 | Amphibole 2 0.199 0.399 0.3019 0.513170 £ 26
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~205 Ma, the age of last metamorphism of the Huang-
song Group is 220—205 Ma (Late Triassic) [100].

It was shown that Middle Permian basalts from the
lower part of the Barabash Formation in the area of the
Barabash settlement have an oceanic origin and likely
belong to the active-margin accretionary complex [6].
Early—Middle Permian (282—268 Ma) oceanic basalts
and rhyolite complex (273—268 Ma) found to the
north are considered to be originated through subduc-
tion of a spreading center beneath the accretionary
wedge along the Khanka massif [88]. Hence, it is obvi-
ous that the Grodekovo terrane with its new boundary
(Fig. 1) can be interpreted as the eastern part of the
accretionary wedge in the Yanbian Fold Belt of Perm-
ian island-arc and accretionary complexes [51, 70, and
references therein].

New geochronological data indicate a heterogene-
ity of the Khanka massif basement. Old block repre-
sented by the Matveevka—Nakhimovka terrane
formed at the beginning of the Neoproterozoic can be
distinguished in its northeastern part (Fig. 8). Stages
of suprasubduction granitoid magmatism with ages of
935 £ 3, 935 + 11, and 916 * 32 Ma and within-plate
or transform-margin magmatism with an age of 850—
880 Ma were distinguished in this area. The granitoids
clearly demonstrate the stages of zircon recrystalliza-
tion within 480—490 Ma. Within-plate metabasalts
with an age of 757 Ma and metamorphism of 506 Ma
were previously described [44], while granite gneisses
from the continuation of the Matveevka—Nakhi-
movka terrane in China yielded zircons with mag-
matic cores of 522 and 515 Ma and metamorphic shells
with an age of 510— 500 Ma [102]. New age determi-
nations of metamorphic events in the rocks of the
Iman and Ussuri groups at 487 & 6 and ~500 Ma are
nearly similar to the formation ages of early postmeta-
morphic granitoids: 502, 492 [94], and 490 [15] Ma,
which postdates the 506 Ma-old high-grade (up to
granulite facies) regional metamorphism of the Mat-
veevka—Nakhimovka terrane [44].

The stages of the Neoproterozoic magmatism of
the Matveevka—Nakhimovka terrane coincide with the
stages of basic and granitoid magmatism of 940—933 and
804—789 [42], 937—933 and 896—891Ma [98] revealed in
the eastern Bureya massif; 917—911 and 841 Ma [68],
929—927 and 895 Ma [69] in the Yichun block of the
Jiamusi massif (authors ascribed this block to the
Songnen massif); as well as the 898—891 Ma [96] and
757—751 Ma [97] in the Jiamusi massif. This is also
consistent with conclusions of the cited authors about
suprasubduction geochemical affinity of magmatism
within 935—900 Ma and within-plate affinity of later
magmatic rocks. It is pertinent to mention that the
biotite and amphibole gneisses and amphibolites
(metavolcanic rocks and metasediments), which host
Early Neoproterozoic metagabbros and metagranit-
oids, in the Bureya massif, the Bureya River basin
contain magmatic zircons with ages of ~950, ~940,
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and ~920 Ma [81]. Such a narrow age range of
metavolcanic rocks and the coincidence with the age
of metaintrusions suggest their initial formation in a
suprasubduction volcanic island-arc setting. Thus,
separate parts of the Khanka, Jiamusi, and Bureya
massifs can be united into a single block with similar
Neoproterozoic and Cambrian evolution (Fig. 8).

The Spassk and Voznesenka terranes of the accre-
tionary and fore-arc complexes separated by condi-
tional boundary are located to the southwest of the
Matveevka—Nakhimovka terrane. The Spassk and
Voznesenka terranes represent a closed oceanic basin
(suture), which separates the Neoproterozoic Mat-
veevka—Nakhimovka continental block and Dvoryan
and Tafuin terranes of the Cambrian island arc. The
upper age limit of ophiolites of the Dmitrievsky Com-
plex is no more than 514 Ma, which is older than the
upper age limit of the accretionary wedge, as follows
from the find of Toyonian—Amganian trilobites [27] in
its matrix. The closure of this oceanic basin likely
occurred at the end of Precambrian, but the earlier oro-
genic granites have Early Ordovician ages of 481 &+ 6
[16] and 481 £ 7 [75] Ma. The Early Cambrian deposits
of the Voznesenka fore-arc and Spassk accretionary
complexes (sutures) of terranes are correlated with
coeval similar deposits from the Early Paleozoic fold
belt. The belt was distinguished along the Zhanggu-
angcai Range and in the southern part of the Lesser
Xing’an Range, which is thought to separate the Pre-
cambrian Songnen and Jiamusi blocks, with allow-
ance for the return of the Khanka massif in the pre-
fault position [53, 84]. The Longfengshan ophiolite
complex and suture are inferred in the middle—west-
ern part of the Zhangguangcai Range [66]. The Lesser
Xing’an Range comprises the Lower Cambrian Chen-
ming, Laodaomiaogou, and Wuxingzhen formations
made up mainly of fine-grained terrigenous deposits
and limestones. According to the characteristics of tri-
lobites and brachyopods, the Wuxingzhen formation
corresponds to stage 4 (Toyonian stage according to
the Russian Scale) (~512—514 Ma). The Laodaomia-
ogou Formation comprises the Early Cambrian
acritarchs, while the Chenming Formation contains
microphytolites typical of the end of Ediacaran—
beginning of Cambrian [76 and references therein].
These complexes are considered as deposits of the
Late Neoproterozoic—Cambrian ocean and its margin
[76]. The northern continuation of these complexes is
the deposits of the Melgin zone at the Bureya massif.
The oldest dated rocks (Melgin Formation) are made
up of practically completely marbled limestones and
dolomites with single intercalations of metasandstones
and phyllite-like schists. The limestones comprise
Ediacaran (Vendian) microphytolites [1, 30]. The
younger deposits are coaly—clayey, sericite—cherty
schists, siltstones, sandstones, with a thick limestone
unit in the middle part of the sequence (Chergilen
Formation) and sandstones and lenses (olistoplacks)
of limestones (Allin Formation) [1, 30]. Archeocyates
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of stage 2 (Middle Atdabanian and Late Atdabanian)
were found in limestones of both formations [2]. In
addition, the terrigenous sequence with blocks of
quartzites, marbled limestones, and metabasalts dis-
tinguished in the Melgin zone [1] is comparable to the
accretionary wedge. This is consistent with the con-
clusion that the Early Cambrian terrigenous deposits
were accumulated in an active continental margin set-
ting [25]. Archeocyates of stage 2 (Atdabanian) of the
Melgin zone are identical to archeocyates of the
Spassk terrane, while their species composition sug-
gests that they were formed in a single oceanic basin in
the vicinity of and on the Gondwana margin [4]. The
data presented above allowed us to recognize the
Spassk—Wuxingzhen—Melgin (SWM) suture (Fig. 8).

The Dvoryan terrane is located in the southwestern
part of the Khanka massif. As shown above, the early
metagranitoids of suprasubduction type have ages of
543 £ 9 and 520 = 8 Ma, while high-grade metamor-
phism is dated at 503 £ 20 Ma. The values of eHf (¥) in
zircons are positive in the Ordovician granitoids in the
Dvoryan terrane and negative in the Matveevka—
Nakhimovka terrane, which marks a relatively
younger age of continental crust of the Dvoryan ter-
rane [94].

In the Chinese part of the Dvoryan terrane, the age
of suprasubduction gabbro is determined as 501 Ma
[95]. This area also comprises suprasubduction gabbro
with an age of 435—429 Ma [99], which is comparable
with the age of the Kordonka island-arc terrane. Thus,
the Dvoryan terrane can be considered as a fragment
of the Cambrian ensialic crust. It should be noted that
amphibolite collected at a depth of 190 m from hole
drilled in the Chinese portion of the Dvoryan terrane
yielded Late Neoarchean magmatic zircons (~2.54 Ga),
the age of which is considered as the protolith age,
thus suggesting the presence of the Archean basement
[60]. However, this is inconsistent with other data and
requires additional studies.

A direct northern continuation of the Dvoryan ter-
rane with a westward shift along the strike-slip line is
the Tadong Group of the Songnen massif, where the
protolith age of the amphibolite- and granulite-facies
metamorphic rocks is determined within 750—516 Ma
[87], while the ages of suprasubduction metatonalites
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and tonalites are 516 and 426 Ma [89]. Thus, the Dvo-
ryan terrane can be considered as the southern contin-
uation of the eastern part of the Songnen massif,
which is consistent with conclusion made from com-
parison of ages of detrital zircons. [93, 100].

The distinguished SWM suture divides the Bureya
massif into two parts: the Early Neoproterozoic East
Bureya terrane to the southeast of the suture (Fig. 8),
and the West Bureya terrane to the northwest. The lat-
ter is located on the continuation of the Dvoryan ter-
rane and the northeastern part of the Songnen massif.
In the West Bureya terrane, the youngest detrital zir-
cons in the metaterrigenous deposits of the upper part
of the sequence have an age of 483 Ma [39]. In
gneisses, peaks in the relative-age probability diagram
correspond to 487, 541, 690, 778, and 896 Ma. Zircons
with an age older than 1 Ga are absent. The lower age
limit of protolith accumulation is Late Cambrian,
~487 Ma, based on the young population [26]. To the
south, the SWM suture should be considered as the
boundary between the Songnen and Jiamusi massifs.
In this interpretation, the boundary of the Jiamusi
massif is shifted to the west and it joins the Early Pro-
terozoic Yichun miniblock previously ascribed to the
Songnen massif [66, 68, 69]. This is consistent with Hf
model ages on zircons in the Phanerozoic granitoids,
which suggests that the boundary of the older Jiamusi
province is shifted for ~130 kM west of the previously
accepted boundary along the modern Mudanjiang
fault between the Jiamusi and Songnen massifs:
TDM2 Hf (1.6—1.1) and 1.1-0.4 Ga, respectively.
This indicates a sharply different nature of the Pre-
cambrian basement beneath these two blocks [57].
Moreover, the Jiamusi massif experienced granulite-
facies metamorphism at 540 Ma, which suggests that
the Songnen and Jiamusi blocks separate continental
blocks with different tectonic history up to ~540 Ma
[61 and references therein]. This conclusion is consis-
tent with our data on the 543-Ma age of suprasubduc-
tion granitoids in the Dvoryan terrane as the continu-
ation of the Songnen massif. The most part of the
Songnen massif is overprinted by the Mesozoic
Songliao basin, and structure of its basement is hotly
debatable. The traditional concepts on the ubiquitous
distribution of the Precambrian basement in this area

Fig. 8. The tectonic scheme of the basement of continental part of East Asia and age of early magmatic rocks. Age of zircons after
data from [14—17, 24, 25, 32, 34, 36—40, 42, 44, 45, 50—52, 55, 56, 63, 66, 67, 69, 70, 72, 73, 75, 79, 80, 83, 85, 88, 92, 94, 96—
99, 102, and others]. (1) Early Cretaceous terranes of fragments of the accretionary wedges, turbidite basin, and island arc;
(2) terranes of accretionary wedges of the Middle—Late Jurassic with fragments of Devonian—Early Jurassic oceanic plate (a), of
the Triassic—Early Jurassic with fragments of Devonian—Permian oceanic plate (b); (3) Early Silurian island-arc terrane; (4) oro-
genic belts and terranes with accretionary (including ophiolites and paleooceanic basalts) and island-arc complexes, synkine-
matic granitoids, and metamorphic complexes of Paleozoic (a) and Permian—Triassic (b); (5) terranes of accretionary wedges and
shelf complexes of the Ediacaran—Cambrian sutures (a) and Ediacaran—Early Ordovician continental margins (b); (6) continen-
tal massifs of the early (a) and late (b) Neoproterozoic; (7) cratons; (8) ophiolites; (9) Ordovician gabbro-granite remnants on the
Mesozoic accretionary wedges; (10) valid Cambrian or Early Silurian fauna; (11) continuation of the Sikhote-Alin accretionary
wedge in the tectonic windows of the Heilongjiang Complex as result of Early Cretaceous deformations after gentle Jurassic sub-
duction; (12) Early Cretaceous sinistral strike-slips: (A) Yilan—Yichun; (B) Dunhua—Mishan, (C) Central Sikhote Alin; (13) tec-
tonic boundaries; (14) contours of tectonic windows or allochthons. Dashed violet line is the boundary of Phanerozoic granitoid
provinces with TDM2 Hf (1.6—1.1) to the east and 1.1—0.4 Ga to the west after [57].
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have been revised. The wide distribution of newly
formed Paleozoic continental crust is inferred. The
exception is the Xilinhot block with ancient ages
within 739—1399 Ma [66].

One can suggest that the collision of the Jiamusi
continental block (including the Matveevka—Nakhi-
movka and East Bureya terranes) and Songnen island-
arc block (including the Dvoryan and West Bureya
terranes) occurred in the terminal Cambrian. This
collision likely began from the juxtaposition of the
northern parts of the massifs, as follows from the man-
ifestation of syn- and post-collision mainly A-type
granites with an age of 523—490 Ma in the Songnen
massif [61]. In the north, in the West Bureya terrane, the
oldest post-collision granites (A2-type) have an age
~495—486 Ma [73]. In the south, the age of collision and
post-collision granitoids west of SWM suture decreases
from the north southward from 505—496 to 496—482
([89] and references therein), reaching 481 Ma on its
termination [16, 75].

The Kabarga terrane made up of the alternation of
terrigenous deposits with bodies of basalts, quartzites,
and limestones is considered as a fragment of the
accretionary wedge. The deposits of this terrane are
correlated with the upper part of the Xing’an Group
[3] composed of the Vendian—Cambrian deposits
(Iginchin, Murandav formations and Kimkan
sequence) [9] of the Lesser Xing’an terrane [5]. A thin
(110 m) rhyolite horizon was distinguished in the
lower, terrigenous—carbonate subformation of the
Murandav Formation [9]. In addition, the terrigenous
deposits of the Murandav Formation are cut by dike
bodies (up to 4 m thick) of gneissic hornblende gran-
ites with an age of 535 Ma [41], while detrital zircons
from the Murandav and underlying Iginchin Forma-
tion yield Late Riphean—Vendian ages [35]. The upper
subformation of the Murandav Formation and Kim-
kan sequence, in addition to the ore-bearing jasper-
like cherts, contains enclaves of jaspers, limestones,
and quartzites (metacherts) [9, 30] of paleooceanic
origin [46], which allows the correlation of the upper
part of the Xing’an Group with accretionary wedge.
This is consistent with the age difference between
limestone enclaves and the terrigenous matrix typical
of the accretionary wedge, which was established in
the Kimkan Sequence. The limestones based on pale-
ontological data has the Early Cambrian age [9],
whereas its matrix yielded detrital zircons with Late
Cambrian—Early Ordovician age (up to 481 Ma) [35].
In general, weakly metamorphosed rocks of the Lesser
Xing’an terrane are comparable with complexes of dif-
ferent age of the transform (Ediacaran—Lower Cam-
brian shelf deposits with limited magmatism) and con-
vergent margins (Cambrian—Early Ordovician accre-
tionary wedge) of the Pacific type.

Unlike the main part of the Khanka massif, the ter-
minal Permian fauna in the Sergeevka terrane is
Tethyan, similar to that of the South China [11, 62].
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The taxonomic composition of pre-Albian floral
assemblages sharply differs: boreal at the Khanka mas-
sif and subtropical at the Sergeevka terrane. This sug-
gests that the Sergeevka terrane, together with the
Jurassic accretionary wedge, could ave experienced
significant (by >15°) displacements from the south
northward [58]. This conclusion is confirmed by stud-
ies of detrital zircons from Devonian and Permian
sandstones near the town of Nakhodka, which are cor-
related to the zircon population in the eastern Japan
and indicate the relation with South China [62].

The new age data on the oldest complexes of the
Khanka massif and regional correlations are consis-
tent with concepts that the BSJK superterrane was
formed as a part of the Gondwana supercontinent near
500 Ma owing to orogenesis and accretion of frag-
ments of the Rodinia supercontinent [8, 66, 95, 97,
102, and others].

CONCLUSIONS

The new and previously published geochronological
data indicate that the basement of the Khanka massif
has a heterogeneous structure. The Early Neoprotero-
zoic Matveevka—Nakhimovka terrane with early supra-
subduction magmatism with ages of 935 £ 3, 935 &+ 11,
~915 Ma and within-plate or Pacific-type transform
margin magmatism with ages of 850—880 and 757 Ma, as
well as early regional metamorphism of 506 and 500 Ma
are distinguished in its northeastern part. The south-
western part comprises Late Neoproterozoic—Early
Cambrian Dvoryan and Tafuin terranes with supra-
subduction magmatism dated at 543 £ 9 Ma, 520 + 8,
517, and 513 Ma. These two parts are separated by
suture (Voznesenka and Spassk terranes) formed by
the Cambrian shelf deposits and accretionary wedge
with ophiolites older than 514 Ma. The Kabarga ter-
rane is a fragment of accretionary wedge of supposedly
Cambrian age. The formation of most part of the
Khanka massif occurred in the terminal Cambrian. At
the end of the Silurian, the Early Silurian Kordonka
island-arc terrane was accreted to it. The Ordovician
Sergeevka island-arc terrane joined the Khanka massif
owing to the Albian—Cenomanian strike-slip dis-
placement.

Based on the ages of early magmatic and metamor-
phic stages, heterogeneous structures of the main part
of the Khanka massif are traced to the north, where
the Jiamusi massif (including its East Bureya terrane)
represents the Early Neoproterozoic block, while the
eastern part of the Songnen massif (including the West
Bureya terrane) is the Late Neoproterozoic—Cam-
brian block. These blocks are separated by the
Spassk—Wuxingzhen—Melgin (SWM) suture that
formed during their collision.

The Bureya—Songnen—Jiamusi—Khanka super-
terrane was formed as a part of the Gondwana super-
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continent at 500 Ma through orogenesis and accretion
of fragments of the Rodinia supercontinent.
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