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Abstract

More than 30 mafic dykes crop out in the Sergeevka belt in the coastal South Primorye,

Far East Russia, of which geologic settings have been unclear for years. This study con-

ducted major- and trace elements characterization, Sr–Nd isotope analyses, and Ar–Ar

amphibole and U–Pb zircon datings for these rocks in order to identify their origin. The

results demonstrated that all dykes are characterized by high Ba/Yb and low Nb/Y,

Zr/Y, and Th/Yb ratios, which suggest their origin from arc melts derived from thin

wedge mantle and shallow-dipping slab. These dykes are clearly separated into two dis-

tinct age/geochemistry suites; that is, the Paleogene and Early Cretaceous one with

dolerites/basalts and adakitic rocks, and the Permian–Triassic one with high-Mg and

high-Al gabbro-dolerite varieties. Their geochemistry suggests that the older suite was

sourced from a primitive depleted MORB mantle (DMM)-type mantle, whereas the

younger suite from an enriched mantle II (EM2)-type mantle domain. The transition in

source type from DMM to EM2 occurred during the Jurassic-earliest Cretaceous time,

probably by a strong influence of a mantle plume onto the long-continuing subduction-

related magmatism. The plume influence reached the maximum when the unique

meimechite-picrite complex formed in the region.

K E YWORD S

gabbro-dolerite dykes, Greater South China, mantle plume, shallow subduction, South
Primorye

1 | INTRODUCTION

Facing the Sea of Japan to the south, southern Primorye in Far East

Russia geologically corresponds to the junction between the Central

Asian orogenic belt (CAOB) and the Pacific-rim orogenic belt (Nipponides)

(Ganbat et al., 2021; Isozaki, 2019; Khanchuk, 2001; Şengör &

Natal'in, 1996; Xing et al., 2020; Figure 1). The geotectonic units in

southern Primorye, in particular, the Sergeevka, Samarka, and Taukha

belts on the east of the Khanka Massif represent the northern extensions

of identical geotectonic units recognized in Japan (Golozoubov, 2006;

Grebennikov et al., 2016; Ishiwatari & Tsujimori, 2003; Isozaki

et al., 2014, 2017; Jahn et al., 2015; Khanchuk et al., 1996; Kojima

et al., 2000), as they are composed of coeval subduction-related orogenic

products, such as accretionary complex, blueschist, ophiolite, arc granitoid,
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and shallow marine cover strata. In addition, these belts in southern

Primorye were intruded by numerous Late Paleozoic to Paleogene dykes

of diverse geochemistry (Chashchin et al., 2011; Gonevchuk et al., 1999;

Govorov et al., 1997; Grebennikov et al., 2016; Kogan, 1976; Kruk,

Golozoubov, Khanchuk, et al., 2018; Okamura et al., 1998, 2005; Pri-

khod'ko & Petukhova, 2011; Sayadyan et al., 1996; Shcheka, 1977; Wei

et al., 2018; Wu et al., 2017). These dykes in Primorye are diverse not

only in geochemistry; that is, from basalt to andesite/rhyolite, and with

adakitic rocks, but also in age from Late Paleozoic to Paleogene, clearly

older than the Miocene opening of the Sea of Japan. Therefore, they may

likely have recorded the long-term secular change in magma nature along

the same active continental margin.

The Sergeevka belt in southern Primorye represents a small rem-

nant of the Paleozoic active continental margin along the eastern

margin of the Khanka Massif since the Paleozoic (Khanchuk

et al., 1996). All of the Paleozoic and younger dyke rocks in this belt

were formed likely under the long continuous subduction-relevant

tectonic conditions. Since the neighboring belts on the ocean side are

composed of the Jurassic and younger rocks (Figure 1), the relatively

older dykes in the Sergeevka belt represent the early magmatic

records in Primorye on the Pacific side of the Khanka Massif since the

Paleozoic. Together with Mesozoic and Paleogene dykes in the same

belt, we may reconstruct the secular change in magmatism for nearly

200 my within a single geotectonic domain.

To clarify the secular change in magma sources, we analyzed geo-

chemical and geochronological characteristics of these dykes in the

Sergeevka belt at 22 localities mostly along the southern coast. Our

analyses determined their geochemistry, that is, compositions of

F IGURE 1 (a) Regional scheme
with the location of the study area
and other nearby districts of
Paleozoic-Mesozoic and Paleocene-
Eocene igneous activity; (b) geological
sketch map of Primorye (modified
after Nechaev et al., 2015) showing
the study area
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major, trace, and rare earth elements (REE), utilizing wet chemical and

ICP-MS analyses, Sr–Nd isotopes analyses, and Ar–Ar amphibole and

U–Pb zircon datings. By reporting the analytical results, this article

discusses possible origin of dyke-generating magmas, and their secular

change from the Permo–Triassic to Cretaceous–Paleogene time. We

also compare the present results with those on similar dykes in other

parts of southern Far East Russia, China, Korea, and Japan

(e.g., Davis, 2003; Guo et al., 2007; Liu et al., 2012; Nechaev

et al., 2018; Pouclet et al., 1995; Tsuchiya et al., 2005; Wu

et al., 2017) for finding further geotectonic implications to the circum-

Sea of Japan region. Previous studies assumed the subduction-related

origin of these dykes and related volcanic and plutonic complexes;

nonetheless, some emphasized possible links to large-scale strike-slip

tectonics, including asthenospheric diapirism over 1000 km during the

Cretaceous period (Grebennikov et al., 2016; Khanchuk et al., 2019;

Martynov et al., 2016; Simanenko et al., 2002), and/or to a compli-

cated plume influence onto the subduction system (Nechaev

et al., 2018). We explore a more advanced tectono-magmatic model

for the circum-Sea of Japan region during the late Paleozoic to Paleo-

gene, particularly from the viewpoint of the newly proposed Greater

South China continental block since the Paleozoic (Isozaki, 2019;

Isozaki et al., 2017).

2 | GEOLOGICAL SETTING

The southern Primorye region of Far East Russia is basically composed

of two major geologic entities, that is, the Khanka Massif and the

Sikhote-Alin fold-and-thrust belt on the Pacific side (Figure 1; for

example, Khanchuk et al., 1996). The former is composed of the Pro-

terozoic and lower Paleozoic crystalline rocks; in contrast, the latter

consists of Paleozoic-Mesozoic subduction-related orogenic units,

that is, accretionary complexes, bluseschists, and ophiolites.

The Khanka Massif represents a southern part of the Bureya–Jia-

musi–Khanka (BJK) crustal block or superterrane (Khanchuk, 2001;

Khanchuk et al., 1996) with common signatures of the Pan-African

(�600–500 Ma) metamorphism and magmatism (Zhou et al., 2010).

The Proterozoic crystalline rocks were intruded by granitoids and

adakites in multiple stages from the Ordovician to Paleogene (Kruk,

Golozoubov, Kiselev, et al., 2018; Wu et al., 2017), which were cov-

ered by Paleozoic to Cenozoic volcano-sedimentary rocks that include

Permian–Triassic arc volcanic rocks (Chashchin et al., 2020;

Golozubov et al., 2017; Kruk et al., 2016), Lower Cretaceous and

Cenozoic coal-bearing shallow- and non-marine strata, and Late Ceno-

zoic intraplate basalts (Maksimov & Sakhno, 2008).

The Sikhote-Alin fold-and-thrust belt, on the east, is composed of

several units of Mesozoic accretionary complexes (AC); for example,

the Triassic-Jurassic ACs of the Samarka belt, Jurassic-Cretaceous

ACs of the Taukha belt with fragments of pre-Jurassic oceanic litho-

sphere, and the Zhuravlevka, Kiselevka, and Kema ACs with fragments

of pre-Cretaceous arc igneous complexes and back-arc basin sedi-

ments (Figure 1; Kemkin & Khanchuk, 1993; Kemkin et al., 1997,

1999; Nechaev et al., 1996, 1999; Kojima et al., 2000; Malinovsky

et al., 2008). All of the Sikhote-Alin ACs were intruded by mid-

Cretaceous granitoids, and were also covered by Late Cretaceous

calc-alkaline volcanic rocks and the Late Cenozoic tholeiitic and alka-

line basalts (Golozoubov, 2006; Jahn et al., 2015; Khanchuk

et al., 1996).

The Sergeevka belt occurs along the transitional domain between

the Khanka Massif sensu stricto and the Sikhote-Alin fold-and-thrust

belt (Figure 1). Its western margin is bounded by the northeast–south-

west-trending Shkotovo Fault, whereas eastern margin is bounded by

an unnamed low-angle fault, which puts the massif in contact with the

structurally underlying Samarka belt (Golozoubov, 2006; Figure 2).

This belt consists of the Early Paleozoic highly deformed metamorphic

rocks (�460–490 Ma metamorphism and 460–520 Ma magmatism;

Kruk, Golozoubov, Khanchuk, et al., 2018); for example, gneissose

gabbro, diorite, and granitoids with xenoliths of Proterozoic schists

plus amphibolites (�700–950, up to 2500 Ma; Kruk, Golozoubov,

Khanchuk, et al., 2018), the middle-Paleozoic granitoids (�410–

430 Ma; Kruk, Golozoubov, Khanchuk, et al., 2018), and the Permian–

Triassic ophiolites associated with blueschists (�250 Ma for phengite

and hornblende; Ishiwatari & Tsujimori, 2003). These igneous and

metamorphic rocks are covered by Middle Paleozoic and Mesozoic

volcano-sedimentary rocks of non- to shallow-marine facies (Figure 2;

Golozoubov & Khanchuk, 2011; Nevolin et al., 2011). The Cambrian-

Ordovician, Silurian-Devonian, and Permian–Triassic igneous rocks

have typical subduction-related geochemical signatures, suggesting

their origin in ancient active continental margins (Kruk, Golozoubov,

Khanchuk, et al., 2018). On the other hand, the Albian-Cenomanian

(mid-Cretaceous) basalts and andesites (Podolyan & Sedykh, 1997)

have transitional geochemical signatures between subduction-related

and intraplate types (Simanenko et al., 2002).

As shown in Figure 1, the Sergeevka belt along the southern

Primorye coast occurs in two blocks; that is, eastern and western

blocks. Traditional studies (e.g., Mel'nikov & Izosov, 1984) regarded

the eastern block of the belt belongs to the Sikhote-Alin fold-and-

thrust belt, whereas the western block to the Khanka Massif sensu

lato. Nonetheless, recent studies by Khanchuk et al. (1996, 2016),

Golozoubov (2006), Golozoubov and Khanchuk (2011), and Kruk,

Golozoubov, Khanchuk, et al. (2018) re-interpreted that the Sergeevka

belt as a whole forms a large-scale allochthonous nappe emplaced

over the Sikhote-Alin fold-and-thrust belt. Golozoubov et al. (1999)

further suggested that the Sergeevka belt (terrane) had once located

at least 15� latitudinally to the south of the current position, on the

basis of the unique pre-Albian (Early Cretaceous) flora from the coal

basins of the belt, which is similar to that in northeast Japan but dis-

tinct from those in southern Khanka Massif and northeast China.

3 | RESULTS

3.1 | Dyke description

Previous studies identified numerous dykes intruded into the pre-

Paleogene units of the Sergeevka belt including the Putyatin Island
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and the areas near Nakhodka (Kogan, 1976; Kruk, Golozoubov,

Khanchuk, et al., 2018) and near the field camp of Far East Geological

Institute at the Avangard Town on the southeastern part of the

Tafuinsky granite massif (Nevolin et al., 2011; Figure 2). All the dykes

are intruded into the early-middle Paleozoic granitoids, gabbros, and

metasedimentary rocks and also the Permian volcanic rocks. These

dykes are commonly of mafic composition, sometimes associated with

single dykes of intermediate-felsic composition. Their thickness varies

from 0.2 to 20 m, the shape changes from single, straight-lined to

curving and branching, dipping angle—from subvertical to sub-

horizontal, strike—from northeast–southwest, conformable with rock

bedding and/or cleavage to northwest–southeast, cross-cutting the

visible tectonic structures and lithological boundaries.

The dykes of intermediate-felsic composition often show a unique

lumpy structure that is related to their higher degree of alteration. The

mafic rocks are represented by gabbro, dolerite and picrite. They com-

monly appear as single dykes with straight-lined contacts. However, the

layered gabbro at the Avangard Site forms a branching dyke complex in

the host Early Paleozoic granite. Contact zones of gabbro with granite

consist of fine-grained dolerite that probably represents either a final

phase of this intrusion or its quenching rim, or both. One of contacts of

the dike complex is intruded by the dike of lumpy andesite.

In addition, Wei et al. (2018) recently studied several gabbroic

dykes from the Avangard Site. Geochemical signatures such as tho-

leiitic composition, a right inclined REE pattern with the La/Yb ratio

from 2.9 to 4.4, enrichment of large ion lithophile elements (LILE)

and depletion of high field strength elements were considered to

indicate the gabbro origin from partial melting of the primitive man-

tle material accreted to an active continental margin. The U–Pb dat-

ing of 5 zircon grains shows 123 ± 2 Ma interpreted as a magmatic

age of the dyke, although other more abundant (23) zircon grains

from the rock indicate a wide range of the ages from 240 to

2777 Ma (Wei et al., 2018).

3.2 | Analyzed rock samples

For various geochemical analyses, that is, major and trace element

composition, Sr–Nd isotope ratios, Ar–Ar dating for amphiboles, and

U–Pb dating for zircons, we collected 22 the least altered rock sam-

ples of dykes, all from the coastal outcrops in the study area between

Bolshoy Kamen and Povorotnyi Cape, which locations are plotted in

Figure 2. Refer to Supporting Information S2 for more details of these

localities, such as longitude/latitude coordinates. They range in age

F IGURE 2 Geological map of
the southern Sergeevka block
(after Golozoubov &
Khanchuk, 2011) showing
locations of the investigated
dykes
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widely, from the Permian to Paleogene, suggesting multiple magmatic

episodes in the Sergeevka belt during that time.

The analyzed 22 dykes have wide range in width and in composi-

tion from mafic to felsic, and mafic ones dominate over intermediate

and felsic ones. Figures 3 and 4 illustrate some examples of their field

occurrences. The mafic dykes commonly form single or a series of par-

allel bodies (Figure 4c,d, respectively), thickness of which varies from

0.3–0.5 to 10 m, whereas the contacts are straight-lined or slightly

curved (Figure 4f). Less commonly, they compose more complex,

branching and cutting each other bodies, with massive coarse-grained

(Figure 4d,e) or layered inner parts and darker fine-grained contact

zones (Figure 3a–d,f). All the studied mafic dykes intrude into either

the Permian felsic volcanic rocks (Sample SE4167A; in Figure 4f) or

the Early Paleozoic gabbros (Samples SE3677A, SE3679, SE3691A,

and SE4175A) and granitoids (other samples; in Figure 3b–e).

As illustrated in Figure 4A, one felsic dyke (Sample SE4141A) of

7 m wide penetrated the Early Paleozoic granitoid with planar contact

surfaces. The dyke of intermediate composition (Samples SE3658A

and SE4164B) is situated between the weathered Early Paleozoic

aplite and one of the branches of the layered-gabbro dyke at the

Avangard Site (Figure 3E). Its contact with the hosting aplite includes

a thin (1–3 cm) quenching zone, while contact with the adjacent gab-

bro (left in Figure 3E) is highly tectonized.

Most of the mafic rocks are melanocratic, fine-grained and/or

porphyritic, containing small (up to 1–2 mm) phenocrysts of horn-

blende, clinopyroxene, and plagioclase (albite and oligoclase)

(e.g., Samples 3677A and 4155B; Figure 5). Gabbroic varieties are less

common, representing the inner parts of relatively thick (over 1 m

thick) dykes (e.g., Samples SE3683/3-4; Figure 5). They also consist of

hornblende, clinopyroxene, and plagioclase, forming allotriomorphic

texture. The less altered rocks contain abundant magmatic (primary)

clinopyroxene and hornblende that allows classifying most of them as

lamprophyre, spessartite in particular. Hornblende is a dominant mafic

mineral in layered gabbro from the Avangard Site (Samples

SE3683/3-5 and 14RF41/2-5; Figures 3 and 5), so that this rock may

also be identified as appinite (Murphy, 2013). However, no example

of “multiple and repeated injection of bimodal magma,” typical for the
appinitic complexes worldwide (Murphy, 2019), exists in South

Primorye. Accessory phases of the mafic rocks include Cr-spinel, par-

ticularly abundant in the layered gabbro of the Avangard Site, as well

as ilmenite, magnetite, apatite, titanite, and zircon. The mafic rocks

are commonly altered, with secondary amphibole (actinolite), biotite/

phlogopite, chlorite, epidote, albite, calcite, and rutile associated with

the leucoxene aggregates.

The felsic and intermediate rocks are porphyric, with phenocrysts

of alkali feldspar and plagioclase (albite and oligoclase), quartz,

F IGURE 3 Geological sketch map for the Avangard Site showing the sample locations (a) and field photographs of a layered gabbro boulder
(b) and dykes (c–f)
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hornblende, biotite, muscovite and a strongly altered groundmass with

abundant leucoxene aggregates (e.g., Samples SE4141A and

SE4164B; Figure 5). Dacite of Sample SE4141A contains Ti-magnetite

as a primary opaque mineral, while altered andesite associated with

the layered gabbro at the Avangard Site (Samples SE3658A and

SE4164B; Figure 3) bears remnants of Cr-spinel plus sulfides, in par-

ticular chalcopyrite, cobaltite and alloclasite, which are also observed

as hydrothermal minerals in the Early Cretaceous ore-bearing adakites

of the local gold deposits.

Among the checked dyke rocks, only samples of the least altered

rocks have been analyzed by using geochemical and mineralogical tech-

niques, including wet chemical determination of major oxides, and

ICP-MS for trace elements (twenty-two rock samples), Sr–Nd isotopic

analyses (four bulk rock samples), Ar–Ar dating of amphibole (one analy-

sis), and U–Pb La–ICP MS dating of zircon (19 grains from 1 rock sam-

ple). Refer to Supporting Information S1 for details of the procedures of

geochemical analyses and Supporting Information S2 for analyses.

3.3 | New geochemical/geochronological
constraints to dykes

3.3.1 | Mineral chemistry

Clinopyroxenes

Clinopyroxenes (Table S5) occur mainly as relics preserved in the glo-

merocrysts of mafic rocks. They are represented by augite in the

phenocryst cores and diopside in the rims. All of them are enriched in

Mg (Mg# [Mg/(Mg + Fe) atomic ratio] = 0.77–0.88) and contain up to

1.15 wt.% Cr2O3. Concentrations of aluminum and titanium signifi-

cantly vary; for example, TiO2 from 2.1 to 0.2–0.8 wt.%. A weak crys-

tal zoning is manifested by increasing concentrations of iron and

calcium toward the crystal rims.

Amphiboles

Amphiboles (Table S6) may be distinguished between primary mag-

matic, crystallized directly from the melt and post-magmatic, formed

during cooling of the mafic melt and/or hydrothermal low-grade

metamorphism. The former is represented by brown hornblende, spe-

cifically tschermacitic hornblende in the layered gabbro of Avangard

Site (Figure 3; Table S6). It is characterized by high content of Al2O3

(11–12 wt.%), TiO2 (1–2.5 wt.%), and Na2O + K2O (2.4–3.2 wt.%).

The contents of Ti, Al, and alkalis, as well as Mg# decrease toward the

crystal rims. The post-magmatic amphibole suite, which partly or

completely replace the magmatic hornblende, is dominated by actino-

lite with low contents of aluminum (1.5–2.5 wt.%), titanium and alka-

lis, which Mg# is, however, higher than that of associated primary

hornblende.

Cr-spinels

Cr-spinels (Table S7, Figure 6) are found in gabbro-dolerites and

andesite of Avangard Site. In all the rocks, they occur in different

forms: as fine well-crystallized inclusions in magmatic and post-

magmatic amphiboles and chlorite (Figure 6a,c) and as larger corroded

F IGURE 4 Field photographs of some dykes intruding the Early Paleozoic granites (a–e) and the Permian felsic volcanic rocks (f) in the study
area. Labels in the upper right corners indicate the rock group and sample number (see Table S1 and Figure 2 for sample location)
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(up to 180 μm) aggregates (Figure 6b). Chromite dissolution in

amphibole was observed in some cases (Figure 6d). In the dolerites,

Cr-spinel is widely variable in composition: Mg# = 0.1–0.48, Cr# [Cr/

(Cr + Al) atomic ratio] = 0.38–0.56, Al# [Al/(Al + Fe3+) atomic

ratio] = 0.22–0.36, Fe3+# [Fe3+/(Fe3++Cr + Al) atomic ratio] = 0.08–

0.34, with zoning best manifested by decreasing alumina and increas-

ing magnetite components from core to rim. In the andesite,

Cr-spinels with higher Cr# and Mg# (0.61–0.72 and 0.45–0.54,

respectively) are characteristic, although rims of some grains have

lower (0.08) Mg# (Table S7). Magnetite component is insignificant in

the andesitic Cr-spinel.

Leucoxene

In well-crystallized forms (Table S8; Figure 7) is a characteristic feature

of the studied andesite and dacite. Its content is highest in the most

altered rock—andesite of the Avangard Site (Sample SE3658A). The

leucoxene crystals of pseudocubic (Figure 7d,e), less commonly

pyramidal shape is blue-gray and light-yellow in the hand specimen,

while opaque or weakly translucent in red in thin sections under opti-

cal microscope. Their chemical composition varies widely (SiO2 = 2–

25 wt.%), although two varieties with 22 and 18 wt.% SiO2 are most

common (Table S8). In addition to SiO2 and TiO2, the studied leu-

coxene contains FeO (2.5–4.4 wt.%), Al2O3 (0.8–1.7 wt.%) and CaO

(0.25–0.39 wt.%), with a sporadic presence of MgO and K2O. The

“turtle back” texture caused by heterogeneous composition is com-

mon (Figure 7b). Zoned crystals are less common (Figure 7c). In Sam-

ple SE4141A, the TiO2 phase is preserved in a core of the leucoxene

crystal with rims formed by Ti-magnetite (Figure 7a). The adjacent

crystal consists of leucoxene core and Ti-magnetite rims as well.

3.3.2 | Two distinct suites in geochemistry

The analyzed dyke rocks have wide compositional ranges from pic-

robasalt to dacite, most of which belong to calc-alkaline series typical

for volcanic arcs (Figure 8; Table S1). The arc affinity (Zheng, 2019) of

all the rocks is supported by LILE and light-REE (La/Yb = 10–64)

enrichments, Nb-Ta and Ti troughs, and Pb and Sr peaks in the primi-

tive mantle-normalized grid (Figure 9), and chondrite-normalized REE

spider diagrams (Figure 10). However, end members of the composi-

tional trends indicate high-Mg alkaline and adakitic-felsic melts that

are peculiar for subduction-related magmas (Figure 8).

F IGURE 5 Microscopic images (3.18 � 2.27 mm, each) of the rock thin sections. Left, plane-polarized; right, cross-polarized: (group A1:
Sample SE4141A) plagioclase porphyre; (A2: SE3677A) amphibole-clinopyroxene porphyrite; (A3: SE4155B) clinopyroxene porphyrite; (SE4164B,
A4) highly altered plagioclase porphyrite with sericite pseudomorphs after plagioclase phenocrysts; (B1: SE3683/4) hornblende microgabbro; (B2:
SE3683/3) hornblende gabbro. Pl, plagioclase; Am, amphibole; Cpx, clinopyroxene. The thin sections were dyed with alizarin, resulting in red color
of calcite
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Our new data (Table S1, Figure 8) allow the following two-fold

subdivision of the dyke rocks of the Sergeevka belt; that is, Suite A

and Suite B.

Suite A represents group of dyke rocks characterized by higher

(7–9 or higher) La/Yb ratios; nonetheless they are heterogeneous.

This includes the following 4 types; A1 to A4; namely, adakitic dacite

such as Sample SE4141A with Sr/Y = 85.7, Y = 7.7; La/Yb = 60.5,

Yb = 0.5; Figure 4 (A1 type); high-K calc-alkaline dolerite and basalt

(A2 type); low-K calc-alkaline dolerite and picrite (A3 type); andesite

dyke associated with the layered gabbro (A4 type) such as that at the

Avangard Site (Samples SE3683/1, SE3658A and SE4164B; Figure 3).

In contrast, Suite B represents group of dykes with more homoge-

nous chemistry characterized by lower (7–9 or lower) La/Yb ratio. This

suite includes two types, that is, high-Mg appinitic gabbro-dolerite and

picrite with MgO > 14 wt.% (B1 type), for example, Sample 3683/4

(Figure 5) at the Avangard Site (Figure 3), and high-Al dolerite and picrite

with Al2O3 > 14 wt.% (B2 type). Most of them are calc-alkaline gabbro-

dolerite. However, their low-SiO2 (less than 45 wt.%) varieties have a

relatively high K2O content and may belong to alkaline series (Figure 8).

In addition to the lower La/Yb ratio, these two groups of Suite B are dis-

tinguished from Suite A by the lower Th and U concentrations (Table S1;

Figure 9) and much weaker light-REE enrichment (Figure 10).

In summary, geochemical differences among the distinguished

types are as follows. The A1-type adakitic dacite is different from A2

and A3 types in silica content (Figure 8). The higher SiO2 concentra-

tions are also characteristic of adakitic andesites of A4 type. The felsic

rocks in these groups often have high Sr/Y and La/Yb ratios (>20) and

other characteristics of high-silica (SiO2 > 56 wt.%) adakites (Figure 8;

Moyen, 2009; Castillo, 2012; Wu et al., 2017). The A3 type is distinct

from the A2 type in the absence of well-manifested Nb-Ta minimums

at the primitive mantle-normalized diagrams (Figure 9; Table S1). The

adakitic granitoids of Lower Cretaceous age (132–100 Ma) from small

intrusions of the Krinichnoe and Askol'd gold deposits (Figure 2;

Sayadyan et al., 1996; Gonevchuk et al., 1999; Wu et al., 2017) also

belong to Group A4. They differ from the A1 adakite by a significantly

smaller Nb-Ta minimum in the primitive mantle-normalized values

(Figure 9). The B1 type is distinguished from B2 type and from all

other studied rocks by anomalously high content of MgO. The B2

type has higher (relative to B1) Al2O3 values (Figure 8). A close rela-

tion of these two assemblages is clearly observed at the Avangard Site

(Figures 3 and 4), where the low-Mg gabbro represented by Sample

SE-3683/3 forms one of the dyke layers, while other samples from

the same dyke have high-Mg compositions (Samples SE3683-2,4 and

14RF-2-5, Table S1).

F IGURE 6 Back-scattered images of Cr-spinels. (a) and (b),
andesite, samples SE3658B and SE3683-1, respectively; (c–d),
dolerite, sample SE3684-4; all from the Avangard Site. Chr, Cr-spinel;
Chl, chlorite; Am, amphibole; Mag, magnetite

F IGURE 7 Back-scattered images of leucoxene and other
Ti-phases in polished thin sections (a–c) and extracted grains (d–f). A,
adakitic dacite, sample SE4141A, complex pseuodomorphs after
Ti-phase composed of rutile (Rt), leucoxene (Lx) and Ti-magnetite
(Ti-Mag); (b–f), andesite, sample SE3658A, the Avangard Site:
(b) cluster of leucoxene grains with “turtle back” texture; (c) zoned
leucoxene crystal; (d–f) leucoxene crystals
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F IGURE 8 Hacker classification and
Sr/Y-La/Yb diagrams showing plots of
the studied rocks and associated
gabbro, basalt and adakite, all from the
study area. Data for the associated
rocks are from Gonevchuk et al. (1999),
Okamura et al. (2005), Wu et al. (2017),
and Wei et al. (2018). Fields for adakite
and normal arc andesite-dacite-rhyolite

assemblage are from Moyen (2009) and
Ewart (1982), fields in the K2O versus
SiO2 diagram and TAS (total alkali-silica)
classification diagram are from Le Le
Maitre (2002)
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3.3.3 | Sr-Nd isotopic compositions

The obtained isotopic data (Table S2; Figure 11) fit well with composi-

tional variations of the Paleogene and Early Cretaceous adakitic rock

suites of the Sea-of-Japan region (Guo et al., 2009; Imaoka

et al., 2017; Ji et al., 2007; Osozawa et al., 2019; Pouclet et al., 1995;

Tsuchiya et al., 2005, 2007; Wu et al., 2017). They suggest that

magma sources of the analyzed dykes and associated rocks may have

included both depleted and enriched mantle domains, depleted

MORB mantle (DMM) and enriched mantle II (EM2), respectively.

It must be mentioned, however, that our dataset includes evolved

and altered rocks, which are not necessarily suitable for direct

assessing of mantle source compositions. The high ISr (0.7052 and

0.7067) of the two A4 samples probably reflect interaction with

crustal rocks and/or the effects of secondary hydrothermal processes.

The relatively low ISr (initial 87Sr/86Sr ratio) and high εNd(T) of the A1

dacite (0.7036 and 5.29, respectively) support that this is a “classical”
adakite, that is, a product of slab melting processes.

The two samples of the B Suite (Table S2) are more suitable for

assessing mantle source compositions, although their raised 87Sr/86Sr

isotopic ratio (0.7063 and 0.7067) might also be due to the alteration

that was defined by our petrographic study (see above).

The analyzed dyke rocks appear fresh; nonetheless they indeed have

suffered secondary alterations in certain degree; alteration degree gener-

ally increases according to the rock composition toward intermediate

and felsic rock varieties (Figure 5). In this regard, the following discussion

focuses solely on mafic and ultramafic rocks, and on Cr-spinels that may

better preserve primary information of their initial melts. Our interpreta-

tions are based mostly on trace element ratios that are regarded the least

mobile in post-magmatic hydrothermal alterations (Condie, 2005;

Pearce, 1983; Pearce et al., 2005; Pearce & Reagan, 2019).

3.3.4 | Dating

The newly measured zircon U–Pb ages clarified three zircon

populations, that is, 43–48 Ma, 47–51 Ma, and 49–52 Ma, in the A1

adakitic dyke (Figure 12). Nonetheless, these close age groups are dif-

ficult to separate from each other, thus we take an integral estimation

of 48.4 ± 0.7 Ma that most probably reflect a magmatic age of the

rock. It is noteworthy that this age may correspond to the previously

reported zircon U–Pb ages from (58–55 Ma) of the adakitic suite in

northeast China near the Japan Sea (Guo et al., 2007, 2009) to

46–40 Ma ages in Primorye and in South Korea (Chashchin

et al., 2011; Kim et al., 2005; Wu et al., 2017), and also to 44–38 Ma

ages in northeast Japan (Tsuchiya et al., 2005). A few of much older

zircon grains (804.3 ± 7.3 and 530.5 ± 13.3 Ma; Table S3) are most

likely from xenocrysts.

The obtained Ar–Ar dating of amphiboles from the layered B1

gabbro is unequivocal, showing the weighted plateau age 272.2

F IGURE 9 Primitive-mantle normalized multielemental plots for the investigated rocks with addition from Okamura et al. (2005), Wei
et al. (2018), and Wu et al. (2017) on the primitive-mantle-normalized spider diagrams (after McDonough & Sun, 1995)

10 of 21 NECHAEV ET AL.



± 9.5 Ma and the integral (total gas) age 223.7 ± 9.5 (Figure 13;

Table S4). The former may indicate the Early-Middle Permian age

of the main magmatic-amphibole crystallization phase that either

continued as multi-phase magmatic crystallization or was partly

altered in Late Triassic or later. Perhaps both processes took place

since the dated gabbro from Group B1 have a layered structure

evidencing multi-phase magmatic activity and bear a secondary

amphibole.

As mentioned above, Wei et al. (2018) presented results of U–Pb

dating of zircon extracted for the B1-2 gabbro from the Avangard

Site. Twenty-eight zircon grains have been analyzed in total, among

which 5 zircon grains indicate 123 ± 2 Ma interpreted as a magmatic

age of the dyke, while others indicate a wide range of the ages from

240 to 2777 Ma (Wei et al., 2018). Our attempt to extract zircon from

the same gabbro has failed. The dates by Wei et al. (2018) do not cor-

respond to the Ar–Ar dating of this study. In addition, such a wide age

range of zircon is not common for a magmatic mantle-derived host.

Judging from these, we regard the emphasized age of 123 Ma for this

dyke by Wei et al. (2018) invalid, although this date corresponds to

the probable age of the A4 rock group (note that the A4 andesite is

closely associated with the B1 gabbro-dolerite at the Avangard Site,

Figure 3).

In summary, the obtained ages characterize single dykes of the

complex suites and, even with additions from Okamura et al. (2005),

Wei et al. (2018) and Wu et al. (2017), are too few to reliably date all

the A and B groups of studied rocks. As presented in the text above

and in Table S1, these dates are: 48.4 Ma, U–Pb zircon age of adakitic

dacite (A1, this study) and 54.8 Ma, K–Ar age of basalt (A2, Okamura

et al., 2005); 100–132 Ma, K–Ar, Rb–Sr and U–Pb ages of gabbro-

granitic complex from Krinichnoe and Askol'd gold-ore deposits

(A4, Gonevchuk et al., 1999; Sayadyan et al., 1996; Wu et al., 2017);

F IGURE 10 Chondrite-normalized REE spider diagrams (Sun & McDonough, 1989) showing geochemical differences between the groups of
studied rocks with addition from Okamura et al. (2005), Wei et al. (2018), and Wu et al. (2017)

F IGURE 11 Sr-Nd isotopic compositions of the studied rocks
with addition from Wu et al. (2017). Fields of the Paleogene and early
Cretaceous adakitic rocks are also reported (Guo et al., 2009; Imaoka
et al., 2017; Ji et al., 2007; Osozawa et al., 2019; Pouclet et al., 1995;
Tsuchiya et al., 2005; Wu et al., 2017). The DMM, HIMU, EM1, EM2,
and Pacific MORB compositions are from Hart (1988). See Figure 7
for symbols
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210–280 Ma, Ar–Ar hornblende age of the layered gabbro (B1, this

study). In general, the dyke rocks of Suite A are Cretaceous–

Paleogene in age, whereas those of Suite B are Permian–Triassic. This

may reflect a major change in magma sources, as we discuss later.

4 | DISCUSSION

4.1 | Origin of Suite A

As shown in most of the classical Harker and Sr/Y–La/Yb diagrams

(Figure 8), the present data for dolerites, picrites, and basalts of Suite

A are plotted in the domain/trend of ordinary arc rocks with adakitic

variations. These trends probably represent the conventional “ordi-
nary arc” magma sourced from the mantle wedge with some contribu-

tion from adakitic (slab-derived) melts and the crustal contamination

(Castillo, 2012; Moyen, 2009; Wu et al., 2017). The ratios of Th/Yb

versus Ta/Yb, Ba/Yb versus Th/Yb, and Nb/Y versus Zr/Y (Figure 14;

Condie, 2005; Pearce, 1983; Pearce et al., 2005; Pearce &

Reagan, 2019) indicate that the rocks of Suite A are mostly calc-alka-

line, probably originated along an active continental margin with an

enriched mantle wedge underneath. In addition, the parent magmas

were influenced by melts/fluids ascending from both shallower and

deeper parts of the subducting slab reflected by higher Ba/Yb and

Th/Yb ratios, respectively (Figure 14d; Pearce et al., 2005). No signifi-

cant contribution from the depleted mantle is detected (Figure 14b,c).

Petrology of the adakitic rocks from Primorye was recently

described in detail by Wu et al. (2017). Their study concluded that the

Cretaceous adakites had originated from the partial melting of meta-

mafic rocks from the subducted slab. In contrast, the Eocene adakitic

rocks were likely derived from subduction-related andesitic melts that

underwent fractionation of clinopyoxene, orthopyroxene, garnet and

amphibole. However, the Sr–Nd isotopic data of this study show that

the Eocene adakites might have also been strongly influenced by

metabasalts of subducted slab (Figure 11).

4.2 | Origin of Suite B

In contrast to the above-mentioned rocks of Suite A, gabbro, dolerite

and picrite of Suite B recorded a distinct influence from a primitive/

depleted mantle, indicated by the lower Ta/Yb, Nb/Y and Zr Y ratios

(Figure 14b,c). These indications appear contrary to the Sr–Nd isotope

systematic that suggest their geochemical similarity to an EM2 end-

member of mantle rocks (Figure 11). This contradiction, nonetheless,

can be explained by the hydrothermal alteration that can increase
87Sr/86Sr ratio without significant changes in Ta/Yb, Nb/Y and Zr Y

ratios. The higher Ba/Yb ratio reflects shallow-subduction

(Figure 14d; Pearce et al., 2005).

The rocks of Suite B also show compositional variation that is

uncommon for ordinary calc-alkaline magmas; that is, anomalously

high-magnesium to relatively high-aluminum compositions (Figure 8).

A similar trend was reported from the Recent basalt lavas in the

Aleutian Arc (Gust & Perfit, 1987), and also from the primitive high-

Mg basaltic dykes (associated with high-Al basalt), andesite, and dacite

intruded into the Paleogene Adamello Batholith in the European Alps

(Figure 15a; Hürlimann et al., 2016). The relevant petrological experi-

ments showed that the Adamello high-Mg basalts had generated from

partial melts at pressure of 2.7 ± 0.2 GPa and temperature of 1390

± 30 �C, that is, nearly in the condition of the spinel–garnet transition

in mantle peridotite. On the other hand, the basaltic andesites and

dacites in the same batholith were likely differentiated from mafic

magmas as a result of fractional crystallization at mid- to deep-crustal

levels. The trace element chemistry of amphiboles from the andesite

F IGURE 12 Terra–Wasserburg concordia diagram and distribution of zircon U–Pb ages for adakite of sample SE4141A processed at the
National Museum of Nature and Science, Japan
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dykes revealed the coexistence of amphibole with the primitive melts

that indicates elevated H2O contents in their parental magmas

(Hürlimann et al., 2016).

According to Schmidt and Jagoutz (2017), the generation of an

extremely high-Mg melt (MgO > 14 wt.% at SiO2 = 42–50 wt.%) in

the arc environments is globally rare. For making such a melt, high

temperature and significant fluid contribution are inevitable; nonethe-

less, these may occur in subduction systems polluted by mantle

plume. This notion is supported by the recent petrological experi-

ments and review on widely ranging geochemical data for actual arc

lavas by Pearce and Reagan (2019). Figure 14b shows that the Th/Yb

and Ta/Yb ratios of the B1-type gabbros (this study) are similar to

those of the plume-sourced rocks, as they are plotted along the

plume-subduction interaction trend of Pearce and Reagan (2019).

Their experiments also showed that anhydrous clinopyroxene-

saturated melting of depleted mantle might produce high-Mg picritic

magmas similar to the B1-type rocks of this study (Figure 15b). The

presence of abundant hornblende in the gabbros of Suite B disprove

the generation of anhydrous melting. At the same time, the primitive

high-Mg melts suggested by Hürlimann et al. (2016) may explain the

appearance of the B1-type magma in a water-rich arc environment.

Summarizing the above discussion, we suppose that the high-Mg

rocks of B1-type have been generated from the hydrous partial melt-

ing in a plume-influenced shallow-subduction setting.

4.3 | Hybrid origin of Cr-spinel

Figure 16 shows a wide compositional variation in Cr-spinel that is

abundant in some high-Mg varieties of Suite B and also common in

associated high-Al rocks and the A4-type andesite. Cr-spinel in the B1

and B2-type mafic rocks are plotted in the domains ranging from the

oceanic-island (OIB, plume-related) and back-arc (BABB-MORB) to arc

settings, whereas those in the A4-type andesite are strictly in the arc

setting. The association in the studied rocks of these two types (plume-

and arc-related) of Cr-spinel is explained accordingly by the plume-

F IGURE 13 40Ar/39Ar age
spectra and inverse isochron diagram
for amphibole separates from the B1
gabbro, sample SE3683/2
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subduction interaction suggested above. A few spinel grains from the

B2- and A4-type rocks with compositions that do not correspond to any

of the mentioned geodynamic settings may reflect some alteration.

The diagrams of Figure 16 also demonstrate that Cr-spinels from

the Permian–Triassic Kalinovka and Yakuno Ophiolites in southern

Primorye and Japan (Figure 1) generally indicate a MORB-type (DMM,

depleted mantle) source, whereas those from the Jurassic-earliest

Cretaceous Meimechite–Picrite Complex indicate an OIB source pos-

sibly related to a mantle plume (Ishiwatari & Ichiyama, 2004; Pri-

khod'ko & Petukhova, 2011; Simonov et al., 2014). In addition, Cr

spinels from all the rocks under consideration, that is, those from the

rocks of the B1-, B2-,and A4-types and the Kalinovka and Yakuno

Ophiolites, share similar geochemical characteristics, suggesting their

genetic relations; for example, the formation within the same arc and

back-arc settings thoroughly influenced by a mantle plume activity.

4.4 | Major change in magma sources

The geochemical characteristics of small-scale mafic intrusions and

lavas around the Sea-of-Japan region is summarized in diagram of

Figure 14b, in which all the analyzed dyke rocks from the Sergeevka

belt are plotted in the domain of subduction-related magmas. In con-

trast, the ophiolite and meimechite–picrite complexes from the same

region are plotted almost totally in the domain suggesting mantle-

plume origin.

F IGURE 14 Th/Yb versus Ta/Yb (Pearce, 1983), Ba/Yb versus Th/Yb (Pearce et al., 2005), and Nb/Y versus Zr/Y (Condie, 2005) diagrams for
the studied mafic rocks. (b, c) Show the Permian-earliest Cretaceous mafic rocks from different areas of the Primorye region (Chashchin et al.,
2020; Golozubov et al., 2017; Ichiyama & Ishiwatari, 2004; Ishiwatari, 1985; Khanchuk & Vysotskiy, 2016; Kruk et al., 2016; Kutsukake
et al., 2010; Prikhod'ko & Petukhova, 2011). In addition, unpublished data by N. N. Kruk on the Permian–Triassic volcanic rocks from the studied
area and the areas of Vladivostok and Barabash cities (the Dunay, Barabash, and Vladivostok formations, respectively) are used to outline the field
for Permian–Triassic arc basalts from South Primorye. See Figure 8 for symbols
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Furthermore, dyke rocks of Suite B are geochemically closer not

only to the Permian–Triassic arc volcanic rocks from the southern

Pimorye but also to rocks of the Kalinovka and Yakuno ophiolites

from Sikhote-Alin and Japan (Figure 1). On the other hand, the rocks

of Suite A are closer to the Jurassic-earliest Cretaceous meymechites

and picrites in Sikhote-Alin. This contrast probably indicates that a

major change in magma source occurred in southern Primorye before

the Miocene opening of the Sea of Japan. Namely, the Permian–

Triassic dykes were fed from a primitive/depleted mantle, whereas

the early-middle Cretaceous and Paleogene dykes from an enriched

(EM2) mantle (Figure 14b,c). The Jurassic-earliest Cretaceous (159–

132 Ma) Meimechite-Picrite Complex has distinct signatures of man-

tle plume (Ishiwatari & Ichiyama, 2004; Prikhod'ko &

Petukhova, 2011; Simonov et al., 2014; Figures 14b and 16),

suggesting that the circum-Sea-of-Japan region was regionally

affected by a plume to induce a transition in magma characters from a

primitive to a more enriched composition.

The present data from southern Primorye confirm that the circum-

Sea-of-Japan region has been magmatically uniform in a subduction-

related regime since the Permian at least until the Paleogene, except for

the Jurassic-earliest Cretaceous time when a plume activity became

dominant. As the concordant results were reported also from the coeval

volcanic rocks from the other side of Sea of Japan, we can conclude that

this secular change is not of local but of regional context as to the

circum-Sea-of-Japan domain over 2000 km in diameter.

The available dataset for mafic intrusions around the Sea-of

Japan is still too limited, but we can roughly reconstruct the secular

change in magmatism as follows.

1. The initial plume-subduction interaction onset likely in the Late

Permian when the angle of subducting slab became shallower;

shallow enough to allow further ascent of a plume head to gener-

ate the unique magmas for the gabbro-dolerite of Suite B and the

Kalinovka–Yakuno ophiolites.

F IGURE 15 MgO versus Al2O3 and SiO2for the studied rocks. Also shown are: (a) the primitive basalt-andesite-dacite dyke suite of the
Adamello Batholith in the Alps (Hürlimann et al., 2016); and (b) plume-sourced magma and results of experimental melting from Pearce and
Reagan (2019). Note that most rocks of meimechite–picrite complex in the Japan-Sea region have contents of MgO higher than 20 wt.% and,
Al2O3 lower than 10 wt.%, so that their plots are positioned outside the diagram ranges. See Figure 8 for symbols

F IGURE 16 TiO2 versus Cr/
(Cr + Al) and Al2O3 diagrams by
Arai (1992) and Lenaz and
Princivalle (2005), respectively,
for the analyzed Cr-spinel
crystals for the investigated rocks
from Primorye. Crystals from
mafic rocks from the Kalinovka
Ophiolite (Khanchuk &
Vysotskiy, 2016), Yakuno
Ophiolite (Ishiwatari, 1985), and
meimechite–picrite complex

(Shcheka, 1983; Shcheka
et al., 2003, 2009; Simonov
et al., 2014) from the Sikhote-
Alin accretionary prism are
shown for comparison
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2. During the Jurassic–earliest Cretaceous, the plume activity culmi-

nated, as recorded by the meimechite–picrite complex and plume-

related basalts and picrites from the accretionary complexes of

Central Asia, Russian Far East, and Japan (Ishiwatari et al., 2013;

Ishiwatari & Ichiyama, 2004; Safonova et al., 2009; and references

therein). The plume activity effectively slowed down the subduc-

tion rate throughout East Asia.

3. In the early-middle Cretaceous, as the plume activity declined, the

subduction angle and rate returned to the previous status, which

left the A4-type adakites.

4.5 | Tectonic implications

In this regard, the popular model of strike-slip margin for the Creta-

ceous East Asia (e.g., Golozoubov, 2006; Khanchuk et al., 1996, 1997,

2016, 2019; Li et al., 2020; Liu et al., 2017; Maruyama et al., 1997;

Yamakita & Otoh, 2000) appears significantly discordant to the

regional magmatic history discussed above. There are several key

issues to be checked to prove or disprove the claimed strike-slip

motion particularly during the mid-Cretaceous time. First, as to the

timing, many researchers pointed out that the Albian-Cenomanian

was the time for the maximum transform motion (e.g., Khanchuk

et al., 2019); however, this time interval is characterized by the

above-mentioned intensive subduction-related magmatism in a

regional extent. Second, magmatism in any form is less common along

major strike-slip faults including transform plate boundaries

(Duarte, 2019). Apparently clear NNE–SSW-running lineaments

observed in Primorye and northeast China (e. g., Central Sikhote Alin

fault, etc. in Figure 1) are eye-catching; nonetheless, they do not auto-

matically indicate the claimed long-distance displacement over

1000 km, without practically testable reference points for off-set by

fault. Further documentation is necessarily for confirming the real

amount of displacement for each lineament.

Despite the strike-slip margin interpretation, there is a new model

proposed for the East Asian margin; that is, Greater South China

(GSC) (Isozaki, 2019; Isozaki et al., 2014). The reconstructed older

mega-continental block named GSC includes modern-day South

China block proper on the main continent, East China Sea, southwest/

northeast Japan, and the Khanka/Jiamusi/Bureya megablock in

Primorye/northeast China (Figure 17). This reconstruction was based

on several lines of evidence; that is, the common age spectra of detri-

tal zircons in Paleozoic sandstones reflecting the same provenance

(Isozaki et al., 2014, 2015, 2017), common marine fauna for

F IGURE 17 Geodynamic schemes (modified from Isozaki et al., 2017) illustrating the discussion above. (a) Paleogeographic map showing the
reconstructed greater South China that includes the Khanka and Bureya-Jiamusi blocks (BJK), in a larger framework of East Asia prior to the final
closure of Central-Asian Orogenic Belt and during the initial stage of East Asia plume activity. The plume-shallow subduction area is shown after
the East Asian large adakitic province (Nechaev et al., 2018). (b) The current distribution of fragments of Greater South China in the East Asian
region (for comparison). The yellow stars indicate locations of the Triassic mafic igneous activity after Tang et al. (2013), Wang et al. (2013), Gao
et al. (2017), and Xu et al. (2018) for South China; Yang and Wu (2009) for the eastern North China; Kim and Turek (1996) and Yi et al. (2016) for
Korea; Ishiwatari (1985) and Ichiyama and Ishiwatari (2004) for Japan; Golozubov et al. (2017) and Wang et al. (2015) for Khanka Massif and this
study for Sergeevka belt. Note that the Jurassic and Early Cretaceous igneous activity including small mafic intrusions and lavas was more
widespread, covering a large part of intracontinental East Asia (Figure 17a; Wu et al., 2005; Nechaev et al., 2018)
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paleolatitude/environments in southern Primorye, northeast–

southwest Japan, and South China proper (Isozaki, 2019; Zakharov

et al., 1996).

In this tectonic framework, the regional occurrence of similar intru-

sions and lavas and their coeval shift in magmatic nature ubiquitously

around the Sea of Japan (Figure 17) can be reasonably explained with-

out assuming imaginary strike-slip dislocation. This model is supported

also by other study results (Liu et al., 2017; Tsutsumi et al., 2016; Xing

et al., 2019) that confirmed a significant age cluster about 500 Ma in

detrital zircon that well corresponds to the ages of detrital monazite

from the Cenozoic sands, and to those of zircons from the

Neoproterozoic sandstones and igneous-metamorphic rocks of South

China (Gao et al., 2020; Yokoyama et al., 2010).

5 | CONCLUSIONS

The present geochemical and geochronological analyses revealed that

the dykes penetrated the western Sergeevka block in the southern

coastal areas of Primorye are grouped into two geochemically distinct

suites; that is, Suite A composed of Paleogene and Early Cretaceous

adakitic and mafic rocks and Suite B of extremely high-Mg and high-

Al gabbro-dolerites. Although both suites were formed within the tec-

tonic framework of subduction from the Pacific side; Suite B is unique

in recording a rare magmatic arc phenomenon. The dykes of Suite B,

which are characterized geochemically by high Ba/Yb and low Nb/Y,

Zr/Y, and Th/Yb ratios, were likely derived from primitive melts of

mantle wedge under shallow-angle subduction setting coupled with

deep mantle plume.

The Sr–Nd isotopic data further support that the magmas for

intrusions were sourced both from depleted and enriched parts of

mantle, that is, MORB and EM2. The Ar–Ar age for amphiboles in

high-Mg gabbros indicates that this suite formed during the Permian

to Late Triassic time. These Permian–Triassic mafic dykes of Suite B

are geochemically close to those of the Kalinovka (Sikhote Alin)-

Yakuno (southwest Japan) ophiolites in both sides of the Sea of Japan,

thus they probably shared regionally the initial stage of the plume-

subduction interaction along the Permo–Triassic arc. Subsequently,

the meimechite–picrite complex in Sikhote-Alin, likely recorded the

peak plume activity during Jurassic and earliest Cretaceous.

The adakitic and mafic rocks of the Late Cretaceous to Paleogene

of Suite A likely represent magmatic records of a waning stage of the

plume activity associated with deepening and accelerating subduction.

In summary, the present study positively suggests a plume-related

change of the mantle composition during the Jurassic-early Creta-

ceous (Nechaev et al., 2018); that is, from a primitive mantle to EM2,

with respect to a change in subduction regime, from deep-angle dur-

ing the Permian–Triassic to shallow-angle during the Triassic to Early

Cretaceous, then back to deep-angle again in the mid-Cretaceous to

Paleogene. The above conclusions with relevant tectono-magmatic

interpretations in southern Primorye appear consistent with the data

from the circum-Sea of Japan region, for example, NW China, Korean

peninsula, and southwest/northeast Japan (Figure 17); on the

contrary, they are significantly inconsistent with the widely accepted

tectonic views of large-scale strike-slip tectonics in the early to mid-

Cretaceous East Asia (e. g., Khanchuk et al., 1996, Khanchuk

et al., 1997, Khanchuk et al., 2016, Khanchuk et al., 2019; Maruyama

et al., 1997; Yamakita & Otoh, 2000; Golozoubov, 2006; Liu

et al., 2017; Li et al., 2020). Instead, the recent-proposed tectonic

framework of GSC (Isozaki, 2019; Isozaki et al., 2014, 2015; Isozaki

et al., 2017) appears more suitable for all available data on the Late

Paleozoic to Paleogene magmatism in the circum-Sea of Japan region

in Far East Asia.
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