ARTICLE IN PRESS

Journal of Asian Earth Sciences xxx (2015) XXX-XXX

Contents lists available at ScienceDirect

Journal of Asian Earth Sciences

~'«V >rawble-

ELSEVIER journal homepage: www.elsevier.com/locate/jseaes

Emplacement ages, geochemical and Sr-Nd-Hf isotopic characterization
of Mesozoic to early Cenozoic granitoids of the Sikhote-Alin Orogenic
Belt, Russian Far East: Crustal growth and regional tectonic evolution

Bor-ming Jahn3*, Galina Valuib, Nikolai Krukcd, V. Gonevchukb, Masako Usukia Jeremy T.J. Wua

aDepartment of Geosciences, National Taiwan University, Taipei 106, Taiwan

bFar Eastern Geological Institute, Russian Academy ofSciences, Vladivostok, Russia
clnstitute of Geology and Mineralogy ofSiberian Branch, Russian Academy ofSciences, Novosibirsk, Russia

dNovosibirsk State University, Novosibirsk, Russia

ARTICLE INFO

Article history:

Received 18 May 2015

Received in revised form 10 August 2015
Accepted 10 August 2015

Available online xxxx

Keywords:

Sikhote-Alin

Accretionary orogen

Granitoids

Juvenile crust

Zircon age

Sr-Nd-H f isotope compositions

Cretaceous magmatism

1. Introduction

ABSTRACT

The Sikhote-Alin Range of the Russian Far East is an important accretionary orogen of the Western Pacific
Orogenic Belt. In order to study the formation and tectonic evolution of the orogen, we performed zircon
U-Pb dating, as well as geochemical and Sr-Nd-Hf isotopic analyses on 24 granitoid samples from var-
ious massifs in the Primorye and Khabarovsk regions. The zircon dating revealed that the granitoids were
emplaced from 131 to 56 Ma (Cretaceous to Paleogene). In the Primorye Region, granitoids in the coastal
Sikhote-Alin intruded the Cretaceous Taukha Accretionary Terrane from ca. 90 to 56 Ma, whereas those
along the Central Sikhote-Alin Fault zone intruded the Jurassic Samarka Accretionary Terrane during ca.
110-75 Ma. The “oldest” monzogranite (131 Ma) was emplaced in the Lermontovka area of the NW
Primorye Region. Granitoid massifs along the Central Sikhote-Alin Fault zone in the Khabarovsk Region
formed from 109 to 58 Ma. Thus, the most important tectonothermal events in the Sikhote-Alin orogen
took place in the Cretaceous.

Geochemical analysis indicates that most samples are I-type granitoids. They have initial 87Sr/86Sr ratios
ranging from 0.7040 to 0.7083, and initial Nd isotopic ratios, expressed as eNd(t) values, from +3.0to -6.0
(mostly 0to -5). The data suggest that the granitoid magmas were generated by partial melting of sources
with mixed lithologies, including the subducted accretionary complex +hidden Paleozoic-Proterozoic
basementrocks. Based onwhole-rock Nd isotopic data, we estimated variable proportions (36-77%) ofjuve-
nile component (=mantle-derived basaltic rocks) in the generation of the granitic magmas. Furthermore,
zircon Hf isotopic data (eH(t) =0 to +15) indicate that the zircon grains crystallized from melts of mixed
sources and that crustal assimilation occurred during magmatic differentiation.

The quasi-continuous magmatism in the Sikhote-Alin orogen suggests that the Paleo-Pacific plate sub-
ductionwas very active inthe Late Cretaceous. The apparently regular progression ofgranitic intrusion ages
from 80to 56 Ma in the Taukha Terrane may reflect oblique underflow ofthe Paleo-Pacific plate beneath the
Eurasian continental margin. Subduction was not only manifested by granitic intrusion, but also by abun-
dant silicic volcanism. The Late Cretaceous Paleo-Pacific plate motion probably changed from parallel or
sub-parallel to oblique relative to the continental margin ofthe Sikhote-Alin, leading to the change of mag-
matic source region and geochemical characteristics ofthe derived igneous rocks. Late Cretaceous rapid sea-
floor spreading at ca. 100 Ma induced highly active subduction and led to voluminous magmatism in the
entire Circum-Pacific realm. Finally, the present age and isotopic study lends support to the hypothesis of
geologic and tectonic correlation between Sikhote-Alin and SWJapan.

© 2015 Elsevier Ltd. All rights reserved.

of Asia consists of four to five Precambrian cratons which are
welded together by younger orogenic belts. A gigantic belt, the

The Asian continent is a complex mosaic composed of numer- Altaids (Sengor et al., 1993) or Central Asian Orogenic Belt (C/10B;
ous tectonic blocks of various sizes. To simplify, the eastern part Jahn, 2004; Jahn et al., 2000a,b) between the Russian, Siberian and
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Tarim-North China cratons was formed by the successive accretion
of island arcs and rifted microcontinents. The evolution of the
CAOB is generally regarded to be related to the birth and death
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of the Paleo-Asian Ocean, hence the C/IOB represents the Paleo-
Asian Tectonic Realm. Similarly, the second gigantic belt, the
Tethysides, between the Tarim-North China and India-Arabian era-
tons, was also formed by stacking ofarc and micro-continental ter-
ranes, with a final stage of continental collision that produced the
Himalayan Range and elevated the Tibetan Plateau. Thus, the
Tethysides belongs to the Tethyan Tectonic Realm. The orogenic
belts the eastern margin of Asia comprise Mesozoic and younger
continental and oceanic arcs formed by subduction of the Pacific
Plate and its marginal seas. Rifted microcontinental blocks make
up a small component. Thus, the third group of orogenic belts con-
stitute the Pacific Tectonic Realm. Sengor and Natal'in (1996)
coined this tectonic realm as the “Nipponides".

Through extensive field investigations, zircon age dating and
Nd-Sr-Hf isotopic tracer studies in the last two decades, the C/TOB
is renowned for massive generation of juvenile continental crust
(e.g., Sengor and Natal’in, 1996; Jahn, 2004; Jahn et al.. 2000a,b),
Isotopic studies on the crustal rocks of the Tethysides are compar-
atively rare; however, the available data and on-going research of
SL Chungand co-workers have indicated that a significant propor-
tion of these crustal rocks are also ofjuvenile characteristics (Chu
et al., 2006; Lin et al., 2013). Though the orogenic belts of the
Pacific Realm are known to comprise mainly accretionary orogens,
the true crustal characteristics and evolution remain much debated.
For example, the Japanese Islands have long been considered as the
classic example of an accretionary orogen in which voluminous
granitoids was transferred from the mantle to the crust via melting
of subducted slabs (Isozaki, 1996, 1997; Maruyama, 1997;
Maruyama et al., 1997). This model has not been supported by
the available Nd-Sr isotopic data for SW Japan (Jahn, 2010), but
probably is true for NEJapan and Hokkaido (Jahn et al., 2014).

The Sikhote-Alin Orogenic Belt of the Russian Far East is a part
of the Pacific Tectonic Realm. Its geological and tectonic evolution
has been correlated with that of SW Japan (Ishiwatari and
Tsujimori, 2003; Khanchuk, 2001; Sato et al., 2004, 2006). In this
work we carried out a comprehensive investigation on the

emplacement ages and geochemical-isotopic characteristics of
the granitoids from the Sikhote-Alin Belt. These data are used to
discuss the granitoid petrogenesis and implications for the crustal
and tectonic evolution in the Sikhote-Alin accretionary orogen.

2. Geological setting of the Sikhote-Alin Orogenic Belt

The Sikhote-Alin Orogenic Belt is composed of Mesozoic
tectonostratigraphic terranes lying to the east of the late-
Precambrian crustal blocks - Bureya, Jiamusi and Khanka (Fig. 1).
Structural nappes, ophiolite melanges, and chaotic olistostromes
occur widely in the belt (Geology of the USSR, 1971; Melnikov
and Golozubov, 1980; Khanchuk et al., 1988; Zonenshain et al.,
1990a,b). Parfenov (1984) was the first to interpret the Sikhote-
Alin Beltas an accretionaiy orogen, and this interpretation was fur-
ther elaborated by Natal’in (1991).

The Pre-Mesozoic tectonic units include (1) the Neoproterozoic
Bureya, Jiamusi and Khanka Blocks (Wilde, in press), and (2) the
Paleozoic Dzhagdy-Kerbinsky, Galamsky and Laoelin-Grodekovo
terranes (Fig. 1). The Laoelin-Grodekovo terrane is the southern
extension of the Zhangguangcai Range of NE China. The Khanka
Block consists of Precambrian continental basement overlain by
thick Paleozoic continental margin deposits, including Cambrian
calcareous sediments and post-Silurian non-marine strata. It is
probably part of a larger continental segment (=Amuria superter-
rane or microcontinent) that includes the Bureya and Jiamusi
blocks to the north (Khanchuk, 2001; Khanchuk et al., 1996). A
basic granulite (two-pyroxene-amphibole schist; Si02=47%,
ALD 3= 17.1%, MgO =8.6%) from the 1Gianka Block near the Khanka
Lake has been dated using SHRIMP analysis on zircon grains
(Khanchuk et al., 2010). Type 1 zircon grains (inner cores) yielded
757 £4 Ma, and type-2 zircon grains (structureless and rims of
zoned zircons) gave 507 +3 Ma. The age of 757 Ma probably repre-
sents the formation time ofthe protolith (basaltic) and 507 Ma the
time of the granulite facies metamorphism. In NE China, the pre-
Mesozoic basement (Jamusi Block) is composed of the Mashan

Pre-Mesozoic terranes

I ] Precambrian - Early Paleozoic
terranes

+ Paleozoic terrane

Jurassic terranes

O Fragments of accretionary prisms

I 1 Fragments of near-continental
turbidite basin

Precambrian-Early Paleozoic
klippe over Jurassic accretionary
prism

Early Cretaceous terranes

~| Neocomian accretionary complex
Fragment of near-continental
turbidite strike-slip basin

Fragments of Barrenian-Albian
|:| island arc system
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Fig. 1. Principal tectonostratigraphic terranes in the Sikhote-Alin Orogenic Belt, Russian Far East (after Golozoubov, 2006).

Please cite this article in press as: Jahn, B.-m,, et al. Emplacement ages, geochemical and Sr-N d-H fisotopic characterization of Mesozoic to early Cenozoic
granitoids ofthe Sikhote-Alin Orogenic Belt, Russian Far East: Crustal growth and regional tectonic evolution.Journal of Asian Earth Sciences (2015), http://



ARTICLE

IN PRESS

B.-m.Jahn et al./Journal ofAsian Earth Sciences xxx (2015) xxx-xxx 3

and Heilongjiang Complexes and Permian granites (Wilde et al.,
2003; Wilde, in press; Wu et al., 2011; Zhou et al., 2010; Zhou
and Wilde, 2013). The high-grade metamorphic rocks of the
Khanka Block are comparable to those of the Mashan Complex,
whose metamorphic ages have been well determined at ca
500 Ma (Wilde et al., 1997, 2000, 2003; Wilde, in press). In fact, a
very important work in NE China has been the recognition of a
huge khondalite belt along the China-Russia border. The khon-
dalitic metasedimentary rocks and associated igneous rocks were
metamorphosed to granulite facies at ca. 500 Ma. This event is reg-
istered in the northern parts of the Erguna and Xing'an Blocks
(Zhou et al., 2011) as well as in the Jiamusi and Khanka Blocks
(Wilde et al., 2000, 2003, 2010; Wilde, in press).

As shown in Fig. 1, the Sikhote-Alin Orogenic Belt proper is con-
stituted by several Mesozoic terranes. The Jurassic terranes com-
prise four accretionary prisms (=Samarka, Nadanhada-Bikin,
Khabarovsk and Badzhal terranes), a turbidite basin (=the Ulban
terrane) and a Precambrian-Early Paleozoic klippe (=the Sergeevka
terrane) overlying accretionary complexes. The Early Cretaceous
terranes include: (1) the Taukha Terrane, an accretionary complex;
(2) the Zhuravlevka Terrane, a fragment of near-continental tur-
bidite basin; (3) the Kema Terrane, mainly composed of island
arc assemblages; and (4) the Kiselevka-Manoma Terrane, another
accretionary complex to the north and west of the Kema terrane.
All the Mesozoic terranes are intruded by Late Cretaceous to
Eocene granitic rocks or covered by vast contemporaneous vol-
canic and volcanisedimentary rocks (Kemkin and Khanchuk,
1994; Kojima et al., 2000).

The Jurassic Samarka accretionary prism consists mainly of ter-
rigenous sediments (sandstones and siltstones). Fragments of
oceanic basalts, mainly OIB, are often associated with clastic sedi-
ments. Blocks of limestone and chert also occur. The Cretaceous
Zhuravlevka Terrane is a vast expanse of turbidite that mainly
occurs to the east of the Central Sikhote-Alin Fault (Fig. 1;
Golozoubov and Khanchuk, 1996). Kojima (1989) considered the
Samarka Terrane to be equivalent to the Mino-Tamba belt in SW
Japan and the Nadanhada Terrane in China, and they were frag-
ments of the same Jurassic accretionary complex.

The Kema Terrane of eastern Sikhote-Alin is mainly composed
of flysch deposits and volcanisedimentary sequences; the volcanic
rocks are basalt, andesite and rhyolite of Cretaceous to Paleocene
ages (e.g., Grebennikov and Popov, 2014). The youngest volcanic
rocks are the Miocene-Pliocene plateau basalt that occurs in the
northern Kema Terrane, in the Khabarovsk Region. Several
researchers considered the Kema Terrane to be of island arc or
back-arc origin (e.g., Malinovsky et al., 2006, 2008; Golozoubov,
2006; Grebennikov and Popov, 2014).

The Taukha Terrane in the southeastern part of the Primorye
Region is mainly a Cretaceous accretionary complex, intruded by
numerous granitoid plutons and stocks (e.g., Kemkin and
Taketani, 2008). The nature of the basement is largely unknown,
but some workers consider it to be composed predominantly of
tholeiitic basalts, similar to that of the Kema Terrane.

Adistinctive feature of the Sikhote-Alin Belt is that it is broken
by a system of sinistral strike-slip faults, the most striking being
the Central Sikhote-Alin Fault (Figs. 1 and 2) with a displacement
of ca. 200 km. The Fault was most active during the Early Creta-
ceous, and the activity was terminated in the Late Cretaceous
(Utkin, 1980).

Mesozoic-Cenozoic magmatic activity in Sikhote-Alin is mainly
manifested in the Central Sikhote-Alin magmatic belt and the East
Sikhote-Alin Volcanic-Plutonic Belt (ESAVPB). The “Central
Sikhote-Alin magmatic belt" includes numerous granitoid plutons
in the Zhuravlevka, Samarka and Nadanhada terranes. In addition,
small volumes of basalt and andesite also occur (Simanenko et al.,
2002). The granitoid plutons and volcanic rocks were mostly

emplaced during the Early Cretaceous and rarely in the Late Creta-
ceous to early Cenozoic (Sakhno, 2001; Khanchuk, 2006).

The East Sikhote-Alin Volcanic-Plutonic Belt (ESAVPB) com-
prises a large volume of volcanic rocks overlying the Kema and
Taukha terranes. These volcanic rocks, including basalt, andesite
and rhyolite, were emplaced in the Late Cretaceous to Middle Pale-
ogene. According to Khanchuk (2001) and Khanchuk and Kemkin
(2003), during the period from Cenomanian (ca. 95 Ma) to Maas-
trichtian (70-65 Ma), the tectonic regime of the ESAVPB was of a
supra-subduction nature, but it changed to a transform or strike-
slip setting in the Paleocene-Eocene. Volcanic activity was accom-
panied by the emplacement of numerous granitoid plutons in the
same areas.

Acorrelation between the tectonic units of Sikhote-Alin and the
Japanese Islands has been proposed by Kojima (1989) and
Khanchuk (2001), and further supported by Ishiwatari and
Tsujimori (2003) based on their study of the distribution
and emplacement of the ophiolite-blueschist complexes. Because
the correlation will be further discussed in the last section, a brief
description of the main features of SW Japan is given in the
Appendix A

3. Occurrences of granitic rocks in Sikhote-Alin and description
of sampling localities

Fig. 2 shows the distribution of granitoid intrusions in the
Primorye region. The granitoid samples were collected from four
general areas: (1) the East Sikhote-Alin Volcanic-Plutonic Belt
(ESAVPB), along the Japan Sea and south of 45°N (Valui samples;
from the Oprichnensky, Vladimirsky, Olginsky and Valentinovsky
massifs); (2) along the Central Sikhote-Alin Fault zone (Gonevchuk
samples from the Shumninsky, Berezovsky, Sadovsky and
Ladoshinsky massifs; Kruk samples from the Dalnensky area
including the Dalnensky and Vostok-2 massifs; and also from the
southernmost tip of Sikhote-Alin: the Ovseenko Cape and Vrangel
massifs of the Uspensky area); (3) the Lermontovka area ofthe NW
Primorye Region (Kruk samples, Gorbun and Chaplievsky massifs),
and (4) to the north of Fig. 2 map area, in the Khabarovsk Region
(N49°20' to 50°35"), including the Chalba and West-Anuy massifs
and small unnamed stocks (Gonevchuk and Kruk samples). A
description of the four areas is given below. This is done as a brief
review for the international reader as the original Russian litera-
ture is hard to access or difficult to understand for non-Russian
reader.

3.1. The East Sikhote-Alin Volcanic-Plutonic Belt (ESAVPB)

According to Valui (2004,2014) and Valui et al. (2008), the four
plutons of the ESAVPB (Oprichninsky, Vladimirsky, Olginsky, and
Valentinovsky) are mainly composed of diorite, granodiorite and
granite. The plutons of the western part of the ESAVPB, within
the Dalnegorsk district, are mono-phase granitic porphyry of the
ilmenite series. K-Ar ages of 83, 69-72, and 60-63 Ma were
obtained for the Dalnegorsk gabbro-diorites, granodiorites, and
granites, respectively (Valui et al., 2008). Many plutons are accom-
panied by important mineralization, for example, borosilicate and
base metal deposits in the Dalnegorsk district.

The granitoids ofthe coastal ESAVPB show various stages of dif-
ferentiation and levels of emplacement (Valui et al., 2008). The
lithological and petrographic characteristics of the plutons may
be represented by two massifs - the Olginsky and Valentinovsky
massifs.

The Olginsky massif is multi-phased, composed of diorite, gra-
nodiorite and coarse-grained granite. As a whole, coarse-grained
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Fig. 2. Distribution of granitoids and extrusive (volcanic) rocks in the Primorye region, Sikhote-Alin (Khanchuk, 2006). The sampling localities and new zircon age data are
also shown. At each sample locality, the sample number, rock-type and zircon age are given in a rectangular box. Symbols: y =granite, 8 =diorite, yS=granodiorite. The
Sergeevsky Massif or Complex, located in the southern part of Sikhote-Alin and near Vladivostok, is a tectonic “klippe”, composed mainly of early Paleozoic metabasic to

metagranitoid rocks.

granite is dominant, but diorite is the earliest phase. Granitic
bodies are intruded by stocks of miarolitic granite and aplitic dikes.
Diorite is generally massive, grey-green and fine-to-medium-
grained. Granodiorite crops out only in the Manevsky Cape area.
It is cut by granite in many places. Granite is generally massive,
porphyritic and coarse-grained. Three samples from the Olginsky
massif were selected for the present study - a diorite (B-621), a
granodiorite (B-783M), and a granite (B-574).

The Valentmovsky massif in southern Sikhote-Alin extends
along the Japan Sea coast for more than 50 km, with a total expo-
sure of about 200 km2. The massif shows a complicated structure
and comprises diorite, quartz diorite, granodiorite, granite, aplite
and granite porphyry. As in the Olginsky massif, the earliest intru-
sive phase is diorite, which occurs as a small stock between the
Bodisko and Tumannyi capes. The northern part of the massif is
composed of uniform granodiorite. In the central part ofthe massif,
a large block (0.5 x 2.5 km) of sedimentary rock is found in gran-
odiorite. K-Ar dating suggests that the Valentinovsky massif was
emplaced during a prolonged period from late Cretaceous (ca.
95 Ma; diorites) to Eocene-Oligocene (alkaline granites and
granite-porphyries of the Tasovaya Bay) (Valui, 2014). Agranodior-
ite (B919-b) and a granite (B984) samples were chosen for the pre-
sent study. In terms of mineralization, the intrusions of the coastal
region host only very minor magnetite-skarn and molybdenum
deposits.

3.2. The Central Sikhote-Alin Fault zone

Numerous granitoid intrusions were emplaced along the Cen-
tral Sikhote-Alin Fault zone. Large granitoid massifs, such as Dal-
nensky and Biserny, occur in the Dalnensky area in the northern
Primorye Region (Fig. 2). The granitoid intrusions are accompanied
by small stocks and dikes of basic to silicic compositions (Soloviev
and Krivoshchekov, 2011). The Dalnensky monzonite-granodiorite
pluton is associated with the celebrated tungsten deposit
“Vostok-2”. The granitoids in the Dalnensky area intruded into
the Jurassic terrigenous siliceous-volcanic strata of the Samarka
Terrane and early Paleozoic amphibolite of the Sergeevsky
metamorphic complex.

The principal rock-types of the granitoid massifs are
medium-grained biotite- and biotite-hornblende granodiorite and
melanocratic granite. In the Dalnensky massif, amphibole-biotite
(x pyroxene) diorite, quartz diorite and monzodiorite form the
early phase. The granitoids were intruded by dikes and small
bodies of biotite granite porphyry, leucocratic granite and aplite.
Samples 8-871/1 (Vostok-2 stock) and 8-872/1 (Dalnensky massif)
are representative of the granitoids from the Dalnensky area.

Inthe middle segment ofthe Central Sikhote-Alin Fault zone, orin
the geographic center of the Primorye Region (Fig. 2), granitoid
samples were collected from four massifs - from north to south,
Ladoshinsky (granite sample GV-1774), Sadovsky (granite sample

Please cite this article in press as: Jahn, B.-m, etal. Emplacement ages, geochemical and Sr-N d-H fisotopic characterization of Mesozoic to early Cenozoic
granitoids ofthe Sikhote-Alin Orogenic Belt, Russian Far East: Crustal growth and regional tectonic evolution.Journal of Asian Earth Sciences (2015), http://



ARTICLE

IN PRESS

B.-m.Jahn et al./Journal ofAsian Earth Sciences xxx (2015) XXX-XXX 5

GV-1583-2), Shumnensky (granite sample GV-722) and Berezovsky
(monzogranite sample GV-1401). The first two massifs intruded into
clastic and volcaniclastic rocks ofthe Samarka terrane ofthe Jurassic
accretionary prism; whereas the last two massifs intruded into the
clastic sedimentary rocks ofthe Zhuravlevka turbidite basin.

The Ladoshinsky massif is characterized by medium-grained
biotite and biotite-homblende granites. These granites are often
cut by small leucocratic granite porphyry and aplite, and are asso-
ciated with minor gabbro and diorite bodies. They are also accom-
panied by tungsten mineralization, such as the Skrytoye deposit
(Soloviev, 1995).

The Sadovsky massif is a large granite intrusion (>100 km2)
with zonal structure. The central part of the massif is composed
of medium- and coarse-grained biotite granite, often with schlie-
ren texture and thin veins of muscovite pegmatite. The marginal
part is characterized by fine-grained porphyritic granite. In addi-
tion, small bodies of melanocratic granite, granodiorite, and alka-
line gabbro are also associated with the Sadovsky massif.

The Shumnensky and Berezovsky massifs occur in the Kavaler-
ovo magmatic area. The area has more than 10 massifs of different
compositions and emplacement ages, many of them are accompa-
nied by tin (Sn) mineralization. The rock-types include gabbro
(Ararat massif), monzodiorite, syenite and monzogranite (Bere-
zovsky massif), granodiorite and plagiogranite (Porubsky massif),
granite and leucogranite (Shumnensky) (Rub et al., 1982; Sakhno
etal., 2011; Gonevchuk et al., 2011; Kruk et al., 2014a). The Shum-
nensky massifis composed of medium-grained porphyritic biotite
granite, and it was dated at 85-70 Ma by the K-Ar method on bio-
tite (Gonevchuk, 2002). The Berezovsky massif was dated at 100-
85 Ma by the K-Ar and Rb-Sr methods (Gonevchuk, 2002;
Gonevchuk et al., 2011).

The Uspenskyareaislocated inthe southernmostpart ofSikhote-
Alin (Fig. 2). Tothe east ofthis area is the southern part ofthe ESAVPB
and to the west the Khanka block. The area is bounded by two major
faults - the Central Sikhote-Alin Fault in the east and the Arsenyev
Fault in the west. It includes the Early Cretaceous Uspensky and
Wrangel Massifs and Late Cretaceous Ovseenko Cape Massifand sev-
eral small intrusive bodies. The granitoids intruded the Jurassic ter-
rigenous siliceous volcaniclastic deposits of the Samarka Terrane
and Early Paleozoic amphibolites of the Sergeevsky complex.
TogetherwiththeoverlyingPermianvolcanisedimentary sequences,
the Seigeevsky complex forms a tectonic allochthon (klippe). The
granitoid massifs were dated by the Rb-Sr and K-Ar methods at
112-98 Ma(Krimskiietal., 1998; Gvozdev, 2010). Metamorphic ages
of metagabbro, metadiorite and amphibolites from the Sergeevsky
complexhave recentlybeen dated at480-490 Maat National Taiwan
University (zircon U-Pb; unpublished data).

The Uspensky Massif is a linear body of ca. 40 km long and
10 km wide. The western part of the massif is composed of
coarse-grained garnet-bearing biotite and two-mica leucocratic
granites; whereas the eastern and central parts are dominated by
medium-grained biotite (iamphibole) granodiorite and melano-
cratic granite. Khanchuk et al. (2008) published two zircon U-Pb
ages (103 £2 and 99 £2 Ma) for the Uspensky granitoids. Recently,
Nd isotopic compositions were determined for a garnet-bearing
leucogranite (eMa(t) =-3.8) by Moskalenko et al. (2011) and for
biotite-amphibole granodiorites and granites (-0.7 to -2.4) by
Kruk et al. (2014a).

The Vrangel Massif (about 50 km2) is mostly composed of
medium-grained equigranular biotite-hornblende granodiorite
and weakly porphyritic biotite granite. Mafic enclaves are fre-
quently found in the granitoids. In places the massif was cut by
dikes of granite porphyry and aplites.

The Ovseenko Cape massif is an isometric body with an expo-
sure area of about 35 km2. The massif is homogeneous and com-
posed of coarse-grained biotite granites. Two granitoid samples

from the Uspensky area were subject to analysis in this work -
sample 8-881/1 represents the Wrangel massif and sample 8-02-
1, the Ovseenko Cape massif.

3.3. The Lermontovka area of the NW Primorye Region

In the Lermontovka area several Cretaceous granitoid massifs
intruded and metamorphosed the Late Jurassic clastic and volcani-
clastic rocks of the eastern part of the Nadanhada Terrane. The
massifs also intruded sub-latitudinal mafic dikes (pyroxenite, gab-
bro and diorite). The granitoids belong to two associations. The
first comprises large massifs (Shivka, Gorbun and Olimpiada) and
small stocks, with one massif connected with the Lermontovka
tungsten deposit. The predominant rock types of the massifs are
coarse- to medium-grained biotite or two-mica cordierite-
bearing granodiorites and melanocratic granites. In places, they
are intruded by fine-grained leucogranitic dikes. Sample 8-11-
54/1 is a melanocratic monzogranite from the Gorbun massif.

The second association is represented by the Chaplievsky massif
and several small satellite bodies. The association comprises fine-
grained pyroxene-amphibole monzodiorite and quartz monzodior-
ite. Mafic enclaves (fine-grained monzogabbro) and fine-grained
biotite-amphibole monzogranite veins also occur in the monzodi-
orites. Sample 8-11-51/3 is representative of the monzodiorite.

3.4. Khabarovsk Region (N49°20I to 50°35")

A number of granitoid massifs of Early Cretaceous and Paleo-
gene age occur in the basin of the Anuy River, a triburaty of the
Amur River. The largest massif is the Gobilly intrusion emplaced
at 105 +2 Ma (Natal’in et al., 1994). The granitoids intruded into
deformed Jurassic strata of the Samarka Terrane and metamorphic
rocks of the Anuy Dome, which is a Mesozoic core complex (Kruk
et al., 2014b). Contact metamorphism produced aureoles of
biotite- and cordierite-bearing hornfels up to 1 km wide.

Large intrusions (up to 100 km2) of Early Cretaceous granitoids
occur in sub-meridional to NE orientation. They consist mainly of
coarse-grained biotite granodiorite or porphyritic melanocratic
granite. Dikes of fine-grained granite and aplite occur but rarely. A
monzogranite sample (AN-2-11) was chosen for the present study.

Granitoids of Paleogene age usually make up small massifs or
stocks (<15km2). They are composed of medium- and fine-
grained biotite and biotite-amphibole leucocratic granites. Aleuco-
cratic granite sample (AN-3-11) was selected for the present
analysis.

Two more granitoid samples came from two complexes of the
Komsomolsk magmatic area - a monzogranite ofthe Silinka com-
plex (Ur-332) and a porphyritic granite of the Chalba complex
(Ur-410). The granitoids intruded into the terrigenous rocks of
the Badzal Terrane of the Jurassic accretionary prism.

The Silinka complex is composed of trachyandesite and a suite
of intrusive rocks ranging from gabbro to leucogranite, with a pre-
dominance of quartz diorite and granodiorite. Quartz diorite and
granodiorite often occur as small intrusive bodies and dikes. The
Silinka complex was emplaced from 102 to 80 Ma based on the
K-Ar and Rb-Sr geochronology (Gonevchuk, 2002; Gonevchuk
etal.,, 2011).

The Chalba complex is characterized by granitic rocks (>80%)
with coarse-grained biotite granite in the central part and
biotite-homblende-bearing granite porphyry in the border. K-Ar
dating suggests that the complex was formed during 90-92 Ma.

A summary of rock types, intrusive age information, sample
localities, pluton names, principal geological features, and mineral
assemblages for all the granitoid samples analyzed in this work is
presented in Table 1.
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Table 1
Brief description of the analyzed granitoid samples from Sikhote-Alin.

Sample No.

B-300

B-301a (=B-257)

B-448 (=B433)

B-456 (=B-494)

B-719 (=B-720)

B-574

B-617a, B-621 (=B611)

B-783M (=B-781)

B-919b (=BI09A)

B-984 (=B-995)

GV-722
GV-1401

GV1583-2

GV1774

4G-332
4G-410

8-11-54/1

8-11-51/3

Rock type
(original
appellation in
parentheses)

Quartz
monzodiorite
(Diorite)

Alkali feldspar
granite (Granite)

Granodiorite
Granodiorite
(Granite)

Granite

Granite

Granodiorite
(Diorite)

Granite
(Granodiorite)

Granite
(Granodiorite)

Granite

Granite

Granite
(Monzogranite)
Granite
(Monzogranite)

Granite

Granite
(Monzogranite)
Granite

Granite
(Monzogranite)

Quartz
monzodiorite
(Monzodiorite)

Literature
age
information
(Ma)

81 (K-Ar)

57.5 (K-Ar)

68 (K-Ar)

68 (K-Ar)

70 (K-Ar)

59 (K-Ar)

60, 65 (K-Ar)

69, 62 (K-Ar)

57 (K-Ar)

76 +2 (K-Ar)
102-105 (K-Ar)

90 £2 (K-Ar)

87 £2 (K-Ar)

94 2 (K-Ar)
90 +2 (K-Ar)

120-127 (Rb-Sr)

K2 (?)

Sample
locality
(Coordinates)

E 136°10°13",
N 44°3004"

E 136°07'29",
N44°29'17"

E 135°28'01",
N 43°55'36"

E 135°28'10",
N 43°5502"

E 135°27'57",
N 43°48'35"

E 135°13'17",
N 43°38'36"

E 135°13'35",
N 43°40'14"

E 135°13'03\
N 43°37'59"

E 134°21'21",
N 43°07'09"

E 134°10'01",
N 43°01'49"

E 134°20\
N 44°15'
E 134-43,
N 44°25'
E 134°15,
N 44°33'

E 134°50,
N45°10'

E 136-00',

N 50-35'

E 136-10,

N 50-35'

E 134°35'24",
N 47°02'05"

E 134°30'23";
N4702'53"

Name of
Pluton or
intrusive body

Oprichnensky
(central. Part.)

Oprichnensky
(central. Part.)

Vladimirsky

Vladimirsky

Vladimirsky

Olginsky

Olginsky

Olginsky

Valentinovsky

Valentinovsky

Shumny
Berezovsky

Bisersky
complex,
Sadovy
intrusive body
Ladoshin
intrusive body

Silinka
Complex
Chalba
Complex
Gorbun

unnamed

Geological and structural features; associated rocks

Located in the central part of pluton

Located in the south-central part of pluton

Located in the northern part of pluton

Located in the middle of the western coast of the Vladimir Bay

Located in the southern part of pluton

Located in the southern part of pluton

Located in the central part of pluton

Located in the southern part of pluton

Located in northern part of pluton

Located in the southern part of pluton

Located within the Central Sikhote-Alin fault zone. Leucocratic
granites with biotite and rarely hornblende.
The intrusive body comprises gabbro and younger monzogranite

Biotite granite prevails in the Sadovy body. Small pegmatite or
leucogranite dikes are also present.

Located in the central part of the Malinovka area. Early granite
stock (phase 1) is intruded by biotite-muscovite granite, which is
cut by dikes of fine-grained biotite granites (phase II).

Granite forms small intrusive body. Sharp contact with granite. K-
Ar and Rb-Sr ages =102-80 Ma

It occurs in the contact zone of the Chalba intrusive body (K-Ar
age =90-92 Ma).

It occurs in the northern part of massif, about 250 m from the
border; melanocratic

Southern part of the massif, about 50 m from the contact.

Petrographic
texture

Massive,
medium-to-
coarse-grained
Coarse-
grained,
equigranular
Medium-to-
fine grained,
hetrogeneous
Coarse-
grained,
equigranular
Coarse-
grained,
equigranular
Coarse-
grained.
equigranular
Fine-to-
medium-
grained,
equigranular
Medium-
grained,
heterogeneous
Coarse-to-
medium-
grained.
equigranular
Coarse-
grained,
equigranular
Coarse-
grained

Coarse-
grained

Coarse-
grained

Porphyritic

Coarse-
grained,
equigranular
Fine-grained,
equigranular

Mineral assemblage or characteristic
phases3

Pl 64%, Hbl %% Px 1% Bt 9% Qz 10%
Kfs 5% Accessory (2%): Mag, 1lm, Ap,
Zm, cassiterite, fergusonite

Pl 279% Qz 32%, Kfs 35%, Bt 5%
Accessory (1%): Mag, Ap, Zrn, Au,
fergusonite

Pl 46%, Qz 21%, Kfs 18% Bt 8% Hbl
5% Accessory (2%): Mag, Ap, Zr, Ain

Pl 28% Qz 36%,Kfs 33%, Bt (2%).
Accessory (1%): Mag, Ap, Zrn, Ain

Pl 30%, Qz 36%, Kfs 30%, Bt 24 Hbl
1% Accessory (1%): Mag, Ap, Zrn, Ain

Pl 33%, Kfs 30%, Qz 32%, Bt 3% Hbl
1% Accessory (1%): Mag, Ap, Zm, Ain,
fergusonite, cassiterite

Pl 60%, Px 15% Hbl 10% Qz 10% Kfs
2% Accessory (3%): Mag, 1lm, Ap,
Zrn £ Ain *cassiterite

Pl 46%, Qz 26%, Kfs 20%, Hbl 4% Bt
3% Accessory (1%): Mag, Ap, Zm, Ain,
cassiterite

Pl 36%, Qz 34%, Kfs 1294 Hbl 3% Bt
14% Accessory (1%): Mag, Ap, Zrn,
Ain, cassiterite, fergusonite

Pl 23%, Qz 40%, Kfs 27%, Hbl 3% Bt
6% Accessory (1%): Mag, Ap, Zm,
fergusonite

Qz 40%, Kfs 35%, Pl 20%, Bt 4% Hbl
<1%

Qz 35%, Pl 30%, Kfs 25%, Bt 6% Px 24
Hb 2%

Qz 45%, Kfs 25%, Pl 25%, Bt 4% Hbl <
1%

Qz 40%, Kfs 30%, Pl 25%, Bt 4% Hbl <
1%

Qz 35%, Kfs 30%, Pl 25%, Bt 5% Px 3%
Hbl 2%

Qz 40%, Kfs 30%, Pl 25%, Bt 4% Hbl 1%
QZ 25%, PI 28%, Kfs 35%, Bt 12%

PI 45%, Kfs 15% Qz 5% Cpx 2-3%, Hbl
25%, Bt 5%
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4. Analytical methods
4.1. Zircon U-Pb geochoronology and Lu-Hf isotope analysis

g Zircon grains were separated from granitic samples using con-
ventional techniques and final purification by hand-picking. They
were mounted in epoxy resin bed and half-sectioned after the resin
bed had dried. Cathodoluminescence (CL) images were taken at the
Beijing SHRIMP Center, Chinese Academy of Geological Sciences,
for examination of zircon internal structures and for selection of
analytical spots. Zircon U-Pb isotopic analyses were performed
using a New Wave UP213 laser ablation system combined with
an Agilent 7500s quadrupole ICPMS (inductively coupled plasma
mass spectrometer) at the Department of Geosciences, National
Taiwan University (NTU-Geosciences). The LA-ICP-MS operating
conditions and analytical procedures were the same as those
reported in Chiu et al. (2009). Due to the small radiogenic growth
of 207Pb in the present zircon samples, only the weighted means of
pooled 206Pb/238U ages are given to represent the ages of the zircon
crystallization.

In-situ Hf isotopic analysis of zircon was performed using a
multi-collector ICP-MS (Neptune), also at NTU-Geosciences. A
New Wave UP193FX laser ablation system was used for spot
vaporization. The Hf isotope analysis was done on the same zircon
grains that were previously analyzed for U-Pb dating. Ablation
time was about 26 s for each measurement with a beam diameter
of ca. 40 pm, an 8 Hz repetition rate, and energy of 100 mj. A
detailed description of the analytical techniques can be found in
Wu et al. (2006) and Xie et al. (2008). Harvard reference zircon
91500 and Australian Mud Tank carbonatite zircon were used as
secondary standards for data quality assessment. During the data
acquisition, 176Hf/177Hf ratios of 0.282293 £22 (2a, n=16) for
Harvard 91500 and 0.282511 +25 (2a, n =39) for the Mud Tank
standards were obtained. These values are in good agreement with
i§. those obtained by solution and ICP-MS methods reported in the lit-
Ié % erature (Goolaerts et al., 2004; Woodhead et al., 2004; Woodhead
and Hergt, 2005; Griffin et al., 2006; Wu et al., 2006).

= O3 X3 3
Q.

&
(0]
nk-re
e
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equigrnular

Medium-
equigrnular

Medium-
grained,
grained,
Medium-
grained,
equigrnular
Medium-
grained,
equigrnular
Coarse-
grained,
porphyritic
Fine-grained
equigranular

4.2. Major and trace element analyses
g g
S3 Samples were crushed in a stainless steel jaw crusher and then
A powdered in an agate mill. Major element contents were deter-
roﬁ EH£ ES%’ ES mined by X-ray fluorescence (XRF) spectroscopy on fused glass
' beads, using a Rigaku RIX-2000 spectrometer. For trace elements
E?;g 5 T- N analysis, about 200 mg of powdered sample was dissolved in a

wz w z z bl Z z w z

o

N o
—5
=c

mixture of HF and HNO3(2:1) in a screw-top Savillex Teflon beaker
for 5-7 days at ~100 °C. This was followed by evaporation to dry-
4 4 ness, refluxing in 6 N HCL and drying twice, and finally re-
$ $ dissolution in 1 N HCL The procedure was repeated until complete
dissolution was achieved. The final solution was split in two parts;
1 SIS a small aliquot (about 10- 2099 was used for subsequent trace ele-
ment analysis by ICP-MS, and the rest for further chemical separa-
tion of Srand Nd for isotopic analysis.

5 S Trace element analysis was performed using an Agilent 7500s at
. NTU-Geosciences. The standard reference materials used for trace
g W3 element analyses are AGV-2, BCR-2, BHVO-2, BIR9-1 and DNC-1.
<Mw The details of analytical procedures may be found in Un et al.
(2012). Analytical errors are 0.5-3% for major elements and 1-10%

for trace elements, depending on the concentrations.

4.3. Whole-rock Sr-Nd isotopic analyses

mQy

For Sr-Nd isotopic analysis, the chemical preparation and mass

analysis were performed at Institute of Earth Sciences (IES), Acade-

| mia Sinica, Taipei. Approximately 150-175 mg of rock powder was
Please cite this article in press as: Jahn, B.-m., et al. Emplacement ages, geochemical and Sr-N d-H fisotopic characterization of Mesozoic to early Cenozoic
granitoids ofthe Sikhote-Alin Orogenic Belt, Russian Far East: Crustal growth and regional tectonic evolution.Journal of Asian Earth Sciences (2015), http://
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dissolved using a HF-HNO3 (2:1) mixture in a screw-top Teflon
beaker for 5-7 days at ~100 °C. The same procedure was followed
by evaporation to dryness, refluxing in 6 N HCL and drying twice,
and then re-dissolution in 1 N HCL The procedure was repeated
until complete dissolution. The sample solution was split into
two portions, a small portion (ca. 2099 for trace element analysis
and the rest for further chemical separation of Sr and Nd using
the conventional ion exchange technique. Sr and rare-earth ele-
ments (REES) were separated in polyethylene columns with a
2.5 ml resin bed of AG 50W-X8,100-200 mesh. Neodymium was
separated from other REEs using 1ml polyethylene columns
packed with Eichrom Ln resin (Ln-B25-A) as a cation exchange
medium. Sr and Nd isotope ratios were measured at 1ES using a
Finnigan MAT 262 and a TRITON mass spectrometer, respectively.
For the isotope measurement, Srwas loaded on a single Ta filament
with H3P04; whereas Nd was loaded on a Re filament with H3P04
and measured using a double-Re-filament configuration. The effect
of mass fractionation in Sr and Nd isotopic measurements was cor-
rected by normalizing to 86Sr/88Sr =0.1194 and 146Nd/144Nd =0.7219,
respectively. Analyses of NBS-987 Sr and JMC Nd standard
throughout the period of data acquisition yielded 86Sr/87Sr=
0.710251 +0.000020 (2a external precision) and 143Nd/144Nd =
0.511818 +0.000010 (2a external precision). Procedural blanks
were ca. 330 pg Srand 300 pg Nd. Within-run or internal precision,
expressed as 2am was better than 0.000010 for both Sr and Nd.
The procedures of chemical separation and mass analysis can be
found in Jahn et al. (2009, 2014).

5. Analytical results

The results of zircon U-Pb age determination, whole-rock
chemical and Sr-Nd isotopic and zircon Hf isotopic analyses are
presented in Tables 2, 4 and 5, respectively. A summary of the
new zircon age data is given in Table 3.

5.1. Zircon U-Pb age data

As a whole, the majority of zircon grains from the granitoids of
Sikhote-Alin have a rather simple morphology of magmatic origin.
Five representative CL images of zircon from each sample are dis-
played in Fig. 3a and b. The magmatic zoning and prismatic habit
are clearly shown. Round spots of ca. 40 pm diameter are the ana-
lytical positions on zircon grains. Uranium concentrations show a
large range from <100 to 5600 ppm, but the majority of these are
lower than 1000 ppm (Table 2). Th/U ratios are exclusively higher
than 0.1, and the majority are between 0.4 and 4.0. Such high ratios
suggest that all the zircon grains analyzed have magmatic origin.
This is consistent with the information derived from the CLimages.

The zircon age data are illustrated in the Concordia plots
(Fig. 4A-X). The color code of each data ellipse represents the Th/
U ratio of the analyzed spot. In most cases, the data points form
a tight cluster, yielding a well-defined 206Pb/238U age, which is
interpreted as the time of magmatic intrusion. However, in rare
cases, the zircon analyses revealed a more complicated thermal
or zircon crystallization history. For example, the data of sample
B-300 (Fig. 4A), a quartz monzodiorite (formerly mistermed as
“diorite”) from Oprichnensky, show two clearly defined clusters,
yielding an age of 56.3+0.7 Ma and another of 65.6 £0.9 Ma
(Fig. 4A). Interpretation of the two ages is not straightforward.
The CLimages indicate that all the zircon crystals are of magmatic
origin. An apparent difference between the older (66 Ma) and
younger (56 Ma) zircon grains lies in their Th/U ratios. The older
crystals have an average ratio of 2.19 (16 grains), whereas the
younger ones have a ratio of 1.70 (10 grains). However, this is
insufficient to provide a clear explanation why this rock reflects

two distinct magmatic ages. Perhaps this rock was initially
emplaced at 66 Ma, and some zircon grains lost some radiogenic
Pb at 56 Ma when the associated granite (B-301a) intruded. Inci-
dentally, the Hf isotopic compositions, which will be presented
and discussed later, do not show any difference between the two
zircon groups.

The second rare case is demonstrated by sample 8-11-54/1
(Fig. 4U, V). This is a granite (formerly named as biotite-bearing
monzogranite) from the Gorbun locality near the China-Russia
international border. The zircon crystals have complicated
206Pb/238U ages from 129 to 1316 Ma (Table 2). Apartial set of data
with a string of quasi-concordant data points yielded ages from
130 to 140 Ma (Fig. 4V). The youngest group of 9 spots defined
an age of 131 +2 Ma. This is interpreted as the time of intrusion
ofthe Gorbun granite. The older zircon grains with 2800/238U ages
from 150 to 1316 Ma are likely to be inherited zircon crystals.
However, the CL images of these older grains cannot be distin-
guished from those of the 130 Ma crystals (Fig. 3).

The new zircon ages are summarized in Table 3 and displayed in
two age maps (Figs. 2 and 5). The age data are arranged for three
groups of granitoids. The first group was for samples collected by
G. Valui from the southeastern coastal areas of Sikhote-Alin. All
granitic bodies occur within the Taukha Zone (Cretaceous accre-
tionary complex). The age data indicate that the granitic plutons
were emplaced from the Late Cretaceous (83 Ma) to Early Eocene
(56 Ma), and they appear to show a younging trend toward the
north (Fig. 2).

The second group was collected by V. Gonevchuk from several
ore districts. Four of these (GV-722, GV-1401, GV-1583-2, GV-
1774) are located in or near the Central Sikhote-Alin Fault zone
in the Kavalerovo and Malinovka ore districts and intruded the
Samarka (Jurassic to Cretaceous accretionary complex) and
Zhuravlevka-Amur (Early Cretaceous turbidite basin) terranes of
the Primorye Region. Two other samples (4G-332 and 4G-410; also
designated in English letters as CHG-332 and CHG-410; Fig. 5) are
located in the Komsomolsk ore district (E136°00', N50°35") within
the Badzhal terrane (analogue of the Samarka terrane) of the Kha-
barovsk Region (Fig. 5).

The new zircon dating yielded 74.4+09Ma for GV-722
(granite), 102.8+1.7 Ma for GV-1405 (equivalent to GV-1401;
monzogranite) from the Kavalerovo ore district, 86.0 +0.8 Ma for
GV-1583-2 (granite), and 88.3 £ 0.8 Ma for GV-1774 (granite) from
the Malinovka ore district. The two granitoid samples from the
Komsomolsk ore district yielded two identical ages: 92.4 £0.8 Ma
for 4G-332 (monzogranite) and 91.5 +0.8 Ma for 4G-410 (granite)
(Table 3). Note that the newly obtained zircon ages are quite
similar to the published K-Ar ages, suggesting that the plutons
were emplaced at shallow levels and cooled rapidly.

The third group ofgranitoids was collected by N. Kruk from three
different areas. Two samples (8-02-1 and 8-881/2) came from the
southernmost part of Primorye (Sergeevka Terrane), and they
were emplaced at 68 £ 1 Ma and 93 + 1 Ma, respectively (Table 3).
Two samples (AH-2-11 and AH-3-11; also in English letter as
AN-2-11 and AN-3-11) from the Anyi area (Figs. 2 and 5) yielded
two contrasting ages of 108 and 58 Ma (Table 3, Fig. 5). The rest of
four samples are from the northern Primorye Region (Fig. 2). Two
ofthese (8-871/1 and 8-872/1) occur close to the Central Fault and
have zircon ages of 109 and 106 Ma; whereas the other two
(8-11-54/1 and 8-11-51/3), from the western part of the Samarka
Zone, were dated at 131 and 108 Ma, respectively (Table 3, Fig. 2).

5.2. Whole-rock geochemical data

The result of whole-rock chemical analysis is presented in
Table 4. The silica contents of the 24 granitoid samples vary from
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Table 2

Zircon U-Th-Pb isotopic data & calculated ages for granitoids from Sikhote-Alin.
2°7pb/206ph

Analysis No. Th n ThiU
(ppm)  (ppm)
B-300 wt. mean
=65.6 +0.9 Ma (2ct)
B-300-01 570 205 2.78
B-300-02 1291 402 3.21
B-300-03 746 254 2.94
B-300-04 1215 488 2.49
B-300-05 153 90 1.69
B-300-06 93 611 0.15
B-300-08 153 84 183
B-300-10 961 309 311
B-300-12 474 204 2.32
B-300-15 283 122 2.32
B-300-18 319 139 2.29
B-300-19 357 254 141
B-300-20 128 176 0.73
B-300-21 227 99 2.30
B-300-22 1443 454 3.18
B-300-23 1119 487 2.30
=56.3+0.7 Ma (2ct)

B-300-07 1136 395 2.88
B-300-072 557 273 2.04
B-300-09 312 189 1.65
B-300-112 311 170 183
B-300-13 162 113 1.44
B-300-14 261 194 135
B-300-16 396 217 1.82
B-300-17 145 126 115
B-300-24 272 202 135
B-300-25 400 274 1.46
B-30la wt mean =57.1 +0.4 Ma (2a)
B301A-01 312 196 1.59
B301A-02 104 82 1.27
B301A-03 300 176 171
B301A-04 341 189 181
B301A-05 204 115 177
B301A-06 265 184 1.44
B301A-07 234 179 131
B301A-08 402 223 1.80
B301A-09 199 138 1.44
B301A-11 227 141 161
B301A-12 256 189 135
B301A-13 70 101 0.70
B301A-15 209 127 1.65
B301A-16 93 109 0.86
B301A-17 738 313 2.36
B301A-18 112 84 133
B301A-19 201 137 147
B301A-20 187 162 115
B301A-21 147 92 1.59
B301A-22 487 264 1.84
B301A-23 178 126 142
B301A-24 96 62 1.53

0.05106
0.04676
0.04523
0.04886
0.05202
0.04863
0.04919
0.04697
0.04862
0.04459
0.05061
0.04983
0.04778
0.04564
0.05030
0.04607

0.05121
0.04607
0.05164
0.04923
0.05174
0.04353
0.04607
0.05127
0.04641
0.04682

0.04978
0.04536
0.04863
0.04786
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Table 2 (continued)

Analysis No. Th ] Th/U 207Pb/206Pb  +lcr 207Pb/235U  tlcr
(ppm)  (ppm)
CG332-06 402 213 1.89  0.04827 0.00063 0.09711 0.00272
CG332-07 123 113 1.09 0.04999 0.00253  0.09943 0.00699
CG332-08 325 236 1.38  0.04753 0.00061  0.09377 0.00259
CG332-09 133 117 113  0.04616 0.00089 0.09138 0.00327
CG332-10 235 185 1.27  0.04815 0.00218 0.09711 0.00602
CG332-11 402 226 1.78  0.04696 0.00066  0.09399 0.00277
CG332-12 329 229 144  0.04608 0.00062 0.09079 0.00257
CG332-13 379 222 171 0.04868 0.00062 0.09554 0.00263
CG332-14 155 127 122 0.05043 0.00085 0.10047 0.00330
CG332-15 484 298 1.62 0.04814 0.00056  0.09405 0.00242
CG332-16 253 174 145 0.04778 0.00213  0.09864 0.00607
CG332-18 285 188 152  0.05024 0.00069  0.09885 0.00285
CG332-19 368 219 1.68 0.04871 0.00063 0.09735 0.00272
CG332-20 417 230 181  0.04845 0.00062 0.09739 0.00270
CG332-21 213 147 145 0.04886 0.00076  0.09988 0.00314
CG332-22 196 124 1.58  0.04830 0.00083  0.09578 0.00319
CG332-23 566 265 2.13  0.04749 0.00058  0.09605 0.00258
CG332-24 235 151 155 0.04647 0.00076  0.09206 0.00298
4C-410wt. mean =91.5+ 0.8 Ma(20)
CG410-01 227 179 1.27  0.04562 0.00065 0.09253 0.00276
CG410-02 637 714 0.89  0.04793 0.00132  0.09537 0.00423
CG410-03 234 220 1.06 0.04722 0.00061  0.09395 0.00262
CG410-04 297 216 1.38  0.05000 0.00065 0.09820 0.00272
CG410-05 259 444 0.58 0.04816 0.00051  0.09549 0.00230
CG410-06 415 578 0.72  0.04798 0.00049 0.09319 0.00218
CG410-08 350 325 1.08 0.04877 0.00056  0.09382 0.00241
CG410-10 491 716 0.69  0.05096 0.00051 0.10275 0.00235
CG410-11 198 287 0.69  0.04862 0.00057  0.09961 0.00261
CG410-12 433 575 0.75  0.04837 0.00050 0.09532 0.00226
CG410-13 743 910 0.82 0.05118 0.00133  0.09540 0.00409
CG410-14 220 302 0.73  0.05012 0.00057 0.09967 0.00254
CG410-15 363 559 0.65  0.04955 0.00051 0.09764 0.00228
CG410-16 373 594 0.63  0.04755 0.00048 0.09311 0.00217
CG410-17 266 243 1.09 0.04671 0.00059  0.09064 0.00249
CG410-18 456 701 0.65 0.04753 0.00106  0.09108 0.00356
CG410-19 164 228 0.72  0.04745 0.00124 0.09307 0.00403
CG410-20 548 724 0.76  0.04836 0.00048  0.09425 0.00216
CG410-21 375 500 0.75  0.04857 0.00051  0.09832 0.00235
CG410-22 554 333 1.66  0.04937 0.00056  0.09949 0.00253
CG410-23 722 823 0.88  0.04786 0.00048  0.09427 0.00215
CG410-24 574 732 0.78  0.04729 0.00127 0.09312 0.00403
8-02-1 wt. mean =67.8 £ 0.8 Ma (2a); Average calculation except the young 4 components
8-02-1 01 202 142 143 0.04838 0.00153  0.07077 0.00352
8-02-1 02 92 82 112 0.04941 0.00323 0.07436 0.00642
8-02-1 04 432 381 113 0.04899 0.00072 0.07183 0.00218
8-02-1 05 385 201 191  0.04762 0.00110 0.07005 0.00279
8-02-1 07 567 355 1.60 0.05565 0.00577 0.08358 0.01030
8-02-1 08 1849 1456  1.27  0.05037 0.00052 0.07414 0.00174
8-02-1 09 1190 1226  0.97 0.04882 0.00060 0.07319 0.00198
8-02-1 10 557 324 172 0.05357 0.00387 0.07458 0.00711
8-02-1-11 622 396 1.57  0.05409 0.00115 0.07901 0.00309
8-02-1-12 891 1198  0.74 0.05428 0.00158 0.07932 0.00356
8-02-1-18 2196 2594  0.85 0.05549 0.00377 0.07712 0.00644
8-02-1-19 332 242 1.37  0.04908 0.00103  0.07009 0.00266

206Pb/238U

0.01459
0.01443
0.01431
0.01436
0.01463
0.01452
0.01429
0.01424
0.01445
0.01417
0.01497
0.01427
0.01450
0.01458
0.01483
0.01439
0.01467
0.01437

0.01471
0.01443
0.01443
0.01425
0.01438
0.01409
0.01395
0.01462
0.01486
0.01429
0.01352
0.01443
0.01429
0.01420
0.01408
0.01390
0.01422
0.01414
0.01468
0.01462
0.01429
0.01428

0.01061
0.01091
0.01063
0.01067
0.01089
0.01068
0.01087
0.01010
0.01060
0.01060
0.01008
0.01036



+1g

0.00030
0.00035
0.00029
0.00030
0.00032
0.00030
0.00029
0.00029
0.00030
0.00029
0.00033
0.00029
0.00030
0.00030
0.00031
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0.00030

0.00031
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0.00030
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0.00028
0.00029
0.00030
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0.00030
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0.00030
0.00030
0.00029
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0.00023
0.00027
0.00022
0.00022
0.00027
0.00021
0.00023
0.00027
0.00024
0.00022
0.00022
0.00022

208Pb/232Th

0.00462
0.00455
0.00455
0.00459
0.00464
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0.00450
0.00450
0.00461
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0.00475
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0.00316
0.00333
0.00331
0.00314
0.00327

tler

0.00011
0.00009
0.00012
0.00013
0.00009
0.00012
0.00012
0.00010
0.00012
0.00010
0.00009
0.00012
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0.00008
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Fig. 3. Cathodoluminescence (CL) images of zircon samples. The CLimages were taken at the Beijing SHRIMP Center, Beijing. The rounded spot sizes after U-Pb isotopic
analyses by ICP-MS are about 40 4 T.

57%to 78%,whereas the potash contents from 2.1%to 5.4%.Based on granite (13) and alkalifeldspargranite (3; Fig. 6A). In the A/ICNK vs

their normative compositions and the Q' vs ANOR classification A/NK diagram (Fig. 6B), abouthalfofthe granitoids are metalum i-
(Streckeisen and Le Maitre, 1979), the granitoid samples fallinto 4 nous and the restslightly peraluminous exceptfortwo.Allofthem
rock types: quartze monzodiorite (2 samples), granodiorite (6), may be considered as I-type granitoids exceptforthe two samples
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granitoids of the Sikhote-Alin Orogenic Belt, Russian Far East: Crustal growth and regional tectonic evolution. Journal of Asian Earth Sciences (2015), http://



ARTICLE IN PRESS

R-m.John et aL/Journal ofAsian Earth Sciences xxx (2015) XXX-XXX

Fig. 3 (continued)

which fallin the category of“S-type”. In the FeCT/MgO vs (Zr + Nb +
Ce+Y) plot of Whalen et al. (1987), most samples show variable
degreesoffractionalcrystallization,andafew belongto A-type gran-
itoids (Fig. 6C). Based on the FeOtotai/(FeOtotai + MgO) vs Si02plotof

Frostet al. (2001), mostgranitic samples fall in the “magnesian” or
"Cordilleran-type" granites (Fig. 6E). Samples in the “ferroan” field
indude some A-type granitoids or alkali feldspar granites. In the
“modified alkali-ime index” (MALI=Na20 + K20 - CaO) vs Si02
Please cite this article in press as: Jahn, B.-m,, et al. Emplacement ages, geochemical and Sr-Nd-Hfisotopic characterization of Mesozoic to early Cenozoic
granitoids ofthe Sikhote-Alin Orogenic Belt, Russian Far East: Crustal growth and regional tectonic evolution. Journal of Asian Earth Sciences (2015), http://

29



30

ARTICLE IN PRESS

B.-m.John et ai/Journal ofAsian Earth Sciences xxx (2015) xxx-xXxx

Fig. 3 (continued)

diagram of Frost et al. (2001), most samples are found in the “calc-
alkalic” field, and only three in the “alkali-calcic” field (Fig. 6F).
According to a tectonic discrimination diagram of Pearce et al.
(1984), mostofthe rocks plotin volcanic arc setting exceptforthree
A-type granites in within-plate environment (Fig. 6D).

Chondrite-normalized REE patterns are shown in Fig. 7A-E.
Most of these have “typical granitic patterns” with light REE
enrichment (LaN- 100-200X, LuN- 10-20X), conspicuous negative
Eu anomaly and 10-20 times chondritic abundance for heavy REE.
However, a few exceptional patterns are also noticed. Samples

Please cite this article in press as: Jahn, B.-m,, et al. Emplacement ages, geochemical and Sr-Nd-Hfisotopic characterization of Mesozoic to early Cenozoic
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Rg. 3 (continued)

B-995 (Fig. 7B; a granite, equivalent to zircon sample B-984;
78 Ma; 73% Si02), 8-02-1 (Fig. 7D; an alkali feldspar granite;
68 Ma; 78% Si02), 8-881-2 (Fig. 7D; a granodiorite; 93 Ma; 68%
Si02), and 8-872/1 (Fig. 7E; a granodiorite; 106 Ma; 67% Si02) do
not display any Eu anomalies. All the four patterns are similarly
fractionated, but they do not show any correlation with the
emplacement ages nor the silica contents. In addition, two sam-
ples, GV-722 (Fig. 7B; a granite; 78 Ma; 69% Si02) and AH-3-11
(Fig. 7D; an alkali feldspar granite; 58 Ma; 76% Si02) show REE
patterns of highly differentiated granites with high and near-flat
heavy REE patterns (40-60X chondritic abundances) and extre-
mely large negative Eu anomalies. Such REE patterns appear to
have a faint feature ofthe “lanthanide tetrad effect” as shown in
many highly evolved A-type granites (e.g., Jahn et al., 2001,
2004; Wu et al., 2004). In addition, these granites are often charac-
terized by high Rb and low Sr concentrations, hence very high
Rb/Sr ratios. Their Zr/Hf (33-21) and Nb/Ta (6.0-5.4) ratios are
lower than the average crustal rocks (average crustal rocks have
ratios 0f35-40 and 14-20, respectively).

Primitive-mantle-norm alized spidergrams ofthe granitoids are
shown in Fig. 8A-E. In principle, trace elements in the spidergrams
are arranged in the ascending order, from leftto right, oftheir com-
patibilities with N-MORB basaltic liquid (Sun and McDonough,
1989). The application of such diagrams to granitic rocks also
serves to identify fractionation ofparticular mineral phases during
the generation and differentiation of granitic liquids. The present
spidergrams show depletion or negative anomalies in Nb-Ta, Sr,
P,Zrand Ti. Such a feature of “negative TNT (Ti-Nb-Ta) anomaly”
is most characteristic of granitic rocks, island arc volcanic rocks
and the continental crust in general. The significance of such
anomalies and other features w ill be discussed later.

5.3. Whole-rock Sr-Nd isotopic data

The data ofwhole-rock Srand Nd isotopic analyses are given in
Table 5, and further illustrated in Fig. 9. The Rb concentrations
range from 22 to 447 ppm, whereas Sr from 18 to 790 ppm. The

calculated initial 87Sr/86Sr ratios (JSrvalues) range from 0.7040 to
0.7083; and the age-corrected initial 143N d/144Nd ratios, expressed
as fiNd(t) values, vary from +3.0to -6.0, butin mostcasesthey are
near zero or slightly negative (Fig. 9A). In Fig. 9A the only available
coupled Sr-Nd isotopic data from the literature (Valui and
Moskalenko, 2010) are also shown for comparison.

The present new analyses yielded single-stage Sm-Nd model
ages between 655 and 1940Ma and two-stage model ages from
650to 1370 Ma (Table 5; Fig. 9). In Fig. 9B-D, the literature Nd iso-
topic data (Valui and Moskalenko, 2010; Khanchuk et al., 2013;
Kruk et al., 2014a) are also shown for comparison. In all cases,
the published and new data are quite comparable.

Correct use of single-stage and two-stage model ages may not
be easy for many readers. Single-stage model assumes that the
protolith (source rocks) of a rock, regardless of its composition,
has evolved in amilieu with Sm/Nd ratio similarto thatofthe ana-
lyzed sample. Thatis, during the partial melting of a source rock,
Sm/Nd ratio was not fractionated between the melt produced
and the source rock. However, Sm/Nd fractionation frequently
occurred during subsequent magma differentiation, leading to a
ratio different from that ofthe initial melt or the average source
rock. In this case, calculated single-stage model ages could be very
different from the “true time” of the source separation from the
depleted mantle reservoir. The most dramatic case is shown by
highly differentiated granitic rocks with the “lanthanide tetrad
effect” (Jahn et al., 2001; Jahn, 2010). The 147Sm/144Nd ratios of
these rocks often show values higher than the chondritic
(0.1967) or even depleted mantle (0.2137) values, hence leading
to negative or future model ages. To overcome this problem, a
two-stage model was proposed (DePaolo et al,, 1991), in which
the protolith of a granitic rock is assumed to have evolved in a
milieu  with the average “continental” Sm/Nd  ratio
(147Sm/144Nd - 0.118, or/sm/Nd - -0.4) forthe period from its initial
separation from the depleted mantle reservoirto the time ofpartial
melting. As many granitic melts have undergone fractional crystal-
lization, the two-stage model ages may be more meaningful than
the single-stage ages. Therefore, two types of model ages are pre-
sented in Table 4.

Please cite this article in press as: Jahn, B.-m,, et al. Emplacement ages, geochemical and Sr-Nd-Hfisotopic characterization of Mesozoic to early Cenozoic
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Fig. 5. Summary of zircon ages of all the 24 granitoid samples from the Primorye and Khabarovsk regions.

5.4. Zircon Hfisotopic data

Zircon Hfisotopic compositions of the granitoids are given in
Table 5, and further illustrated in Fig. 10. Fig. 10A shows that (1)
the majority of the analyzed zircon domains are characterized by
positive sHf(0 values, and (2) all individual samples have a range
of zircon £Hf(tj values, as commonly observed in granitic rocks.
The range of values is beyond the analytical uncertainty of
0.5-1.0 epsilon unit. Note thatthe whole data setappearto suggest
a faint trend of increasing eHf(t) values as the emplacement age
gets younger. However, such a trend is absent in the whole-rock
eNd(t) values (Fig. 10B). On the other hand, the Hfisotopic data of
three granitoids occurring in the Central Sikhote-Alin Fault zone
(GV-722, GV-1774, and GV-1583-2) appears to show an opposite
trend; that is, the eHf(t) values decrease with the younging of
granitic intrusions.

6. Discussion

6.1. Significance ofzircon ages and major thermal events in the
Primorye region

As demonstrated earlier, the clear magmatic zoning, the range
ofTh/U ratios (>0.5) in zircon crystals and the clustering ofconcor-
dant data points provide a strong argument for zircon crystalliza-
tion in magmas. Thus, the zircon ages represent the
emplacement time of the granitoid intrusions. The new age data
indicate that the most important tectonothermal events of the
Sikhote-Alin Orogenic Belt occurred in the Cretaceous. Note that
the magmatic events are often accompanied by importantmineral-
izations (e.g., Gonevchuk et al., 2010; Rodionov et al., 2010).

The granitic intrusive events in different tectonic units may be
summarized as follows. The granitic rocks from the southeastern
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(1984) suggests that the majority of granitic samples formed in an arc setting except three samples which fall in the field of "within-plate granites™ (E) In the
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et al (2001), the majority of granitic samples fall in the “calc-alkalic” field, and only three in the “alkali-calcic” field, MALI is the modified alkali-lime index and is equal to

Na20 +K20 - CaO.

coastal areas were emplaced in the late Cretaceous to early Eocene
(83-56 Ma), and they intruded into the early Cretaceous accre-
tionary complex of the Tauka Terrane. The granitoids that occur
along, or dose to, the Central Sikhote-Alin Fault zone were
emplaced in Middle to Late Cretaceous, from 109 to 75 Ma, and
they intruded into the Jurassic to early Cretaceous accretionary
complex of the Samarka Terrane. The other granitoids, including
those occurring in the Khabarovsk Region, were emplaced from
131 to 58 Ma in the turbidite basin of the Amur Terrane (=Zhu~
ravlevka Terrnae). It may be concluded that the granitoids of
Sikhote-Alin were mainly generated and emplaced in the
Cretaceous, from 131 to 57 Ma.

Despite thatthe overall zircon geochronology is rather straight-
forward, sample 8-11-54/1 (biotite-bearing monzogranite) shows
a more complicated age pattern (Fig. 4U and V). The presence of

inherited zircon grains suggests thatthe protolith ofthis rock con-
tained a late Precambrian to early Paleozoic crustal component, or
the granitoid magma has assimilated some crustal material during
igneous differentiation. This seems to be corroborated by its nega-
tive «Nd(O value of -4.1 (Table 5).

The tectonothermal events are also recorded in the explosive
eruptions of felsic magmas in the East Sikhote-Alin Volcanic-
Plutonic Belt (ESAVPB). Grebennikov and Popov (2014) summa-
rized thatthe “ignim brite” or silicic volcanism occurs in two types
- (1) voluminous plateau silicic volcanism filling large depressions,
and (2) small caldera-type ignim brites, formed by collapse oftheir
roofinto the magma generation zone. In fact, the two coastal ter-
ranes of accretionary complexes (Kema and Taukha) are exten-
sively covered by felsic volcanic rocks. Grebennikov and Popov
(2014) also noted that the voluminous plateau ignim brites from
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Fig. 7. Chondrite-normalized REE patterns of the granitoids from Sikhote-Alin.
Chondrite values are from Sun and McDonough (1989).

the ESAVB constitute a significant part ofthe Silicic Large Igneous
Province (SLIP) that covers the Russian Far East along the coastal
areas of the Japan and Okhotsk Seas.
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Fig. 8. Primitive mantle-normalized spidergrams of the granitoids from Sikhote-
Alin. Primitive-mantle values are from Sun and McDonough (1989).

In the ESAVPB, three large ignim brite complexes occur - (1) the
Primorsky, (2) the Siyanovsky-Levosobolevsky, and (3) the
Bogopolsky Complexes. These “complexes” have a wide areal dis-
tribution but are not restricted to small areas. Therefore, it might
be more appropriate to callthe complexes as “sequences”. The ign-
imbrites of the Primorye Region comprise mainly tuffs and ign-
im brites, with subordinate rhyodacite and rhyolite lavas. The
available age (Kurchavov, 1979; Mikhailov, 1989) and paleofioral
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Fig. 10. (A) Zircon initial Hf isotopic compositions seem to show a weak increasing
trend of eHi(t) values with the younging of granite intrusions. However, this trend is
not demonstrated in the whole-rock Nd isotopic compositions (B). On the other
hand, the Hf isotopic data of three granitoids from the Central Sikhote-Alin Fault
zone (GV-722, GV-1774, and GV-1583-2) appears to show an opposite trend (blue
lines); that is, the eHf(t) values decrease with the younging of granitic intrusions.

data (Nevolina, 1960) suggestthatthe volcanic rocks were erupted
during the period of 90-82 Ma (Turonian-Campanian). The vol-
canic rocks are mainly of rhyodacitic to rhyolite in compositions
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Fig. 11. Aplot of crust-model ages (Tbwm) of zircon grains vs eH(t) values.

(Si02=65-78%) and of “S-type” (granitoid equivalent) affinity,
based on their A/CNK ratios or ASI index (Grebennikov and
Popov, 2014).

The volcanic rocks of the Siyanovsky-Levosobolevsky Complex
are welded tuffs and ignim brites ofdacitic to rhyodacitic composi-
tions (Si02=67-71%). They are estimated to have erupted during
the period of Maastrichtian to Paleocene (ca. 70-55 Ma;
Grebennikov and Popov, 2014), but precise age data are lacking.
The chemical compositions of the ignim brites show that they are
mainly of “S-type”. By contrast, the volcanic rocks ofthe Bogopol-
sky Complex are characterized by two lithological facies; the early
stage rocks are of S-type, whereas the late stage rocks are ofA-type
(Grebennikov and Popov, 2014). The volcanic rocks were erupted
from the Paleocene to the early Eocene (ca. 60-50 Ma), based on
Rb/Sr isochron ages of 60-53 Ma (Popov and Grebennikov, 2001)
and K-Ar ages (Baskina and Favorskaya, 1969).

In conclusion, the three volcanic complexes or sequences have
recorded three periods of volcanic eruptions: (1) 90-82 Ma, (2)
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70-55 Ma, and (3) 60-50 Ma. In fact, these periods basically coin-
cide with the intrusive episodes revealed by the presentzircon U -
Pb dating, even though the uncertainty ofthe volcanic chronology
is higher.

6.2. Petrogenesis ofthe granitoids - geochemical and Sr-Nd-Hf
isotopic constraints

The granitoids of the present study occur in different geologic
terrenes and were emplaced at different times. Therefore, they
cannot be related by a differentiation process from a single paren-
tal magma, nor by different degrees of partial melting from a com-
mon source. However, their petrogenetic processes could be
understood from, and constrained by, their geochemical and iso-
topic characteristics. The principal geochemical constraints are:
(1) Based on the Q-ANOR classification, the major rock types are
granite and granodiorite, with three as alkali feldspar granite and
two as quartz-monzodiorite (Fig. 6A). (2) The A/NK vs A/CNK plot
(Fig. 6B) suggests thatthe m ajority (22/24) ofgranitoids are meta-
luminous to weakly peraluminous, thus they belong to the “I-type”
genetic category; only two with A/ICNK >1.1 belong to the “S-
type”. Surprisingly, this is in strong contrast w ith the chemical nat-
ure ofthe ignim brites which are mainly “S-type” (Grebennikov and
Popov, 2014). Note that peraluminous melts may form by melting
ofbiotite-bearing metaluminous felsic rocks (M iller, 1985) or even
by water-excess melting ofmafic rocks (Ellis and Thompson, 1986),
but not necessarily by melting of metasedimentary rocks. (3) The
m ajority of the granitoids (21 out of 24) fall in the “volcanic-arc
granites” (VAG) field (Fig. 6D), so they were most probably gener-
ated in a continental arc setting. (4) The FeO*MgO or FeOtot/
(FeOtot + MgO) ratios indicate that many rocks have undergone sig-
nificant fractional crystallization (Fig. 6C and E). (5) Three rocks (B-
257, GV-722, AH-3-11) fall in the field of “within-plate granites”,
but they are highly differentiated, show REE patterns with huge
negative Eu anomalies and faint lanthanide tetrad effect
(Figs. 7A and 8B, D). That is, they might not have been necessarily
generated in a “within-plate” setting; their parental magmas could
have been generated in a continental arc setting, like the other
samples. Note that sample B-257 is equivalentto B-301a in the zir-
con age maps (Figs. 2 and 5), its occurrence in the coastal arc area
cannot be related to an intraplate setting. (6) The spidergrams
(Fig. 8A-E) show depletion or negative anomaly in Nb-Ta, Sr, P,
Zr and Ti. The feature of “negative TNT (Ti-Nb-Ta) anomaly” is
most characteristic of granitic rocks, island arc volcanic rocks and
the continental crust in general. The anomaly is commonly attrib-
uted to the fractionation ofaccessory minerals, such as titanite and
iimenite (for Ti), magnetite, iimenite and amphibole (for Nb-Ta),
apatite (for P), zircon (for Zr), and some major phases, such as feld-
spars (for Sr). Fractionation of monazite, allanite and titanite could
exerta huge effectin LREE depletion. Apparently, this did notoccur
as the REE patterns ofthe granitoids ofinterest do not show signif-
icant LREE depletion.

The whole-rock Sr-Nd and zircon Hfisotopic compositions pro-
vide the most stringent petrogenetic constraint. The calculated ini-
tial 87Sr/86Sr ratios (ISrvalues) range from 0.7040 to 0.7083, and the
initial fiNd(t) values range from +3.0to -6.0, butin most cases they
are slightly negative (Fig. 9A). Single-stage Sm-Nd model ages vary
between 655 and 1940 Ma and two-stage model ages range from
659 to 1370 Ma (Table 4; Fig. 9B and D). In comparison, zircon Hf
isotopic data show that most analyzed zircon domains have posi-
tive £nKO values (Fig. 10A). Besides, the entire data-set appears
to suggest an increasing trend ofeHf(t) values as the emplacement
age gets younger (Fig. 10A). Such a trend is lacking in the whole-
rock Nd isotopic compositions (Fig. 10B). The zircon Lu-Hfmodel
ages yielded a range of 200-2000 Ma, but the m ajority are from
500 to 1500 Ma (Fig. 11).

The display ofa large range ofeHf(t) values in zircon grains from
the same sample is frequently observed in granitic rocks (e.g.,
G riffin et al.,, 2002; Jahn et al., 2014). A likely explanation is given
as follows. Zircon crystallizes atagiven time in an evolving granitic
magma likely preserves its chemical and isotopic compositions in
equilibrium with the magma at that time. The bulk composition
ofa magma chamberw ill change through fractional crystallization,
but the crystallization process in a closed system w ill not modify
the isotopic composition. A change ofisotopic composition could
only be achieved through an open-system behavior, such as influx
of an external magma or assimilation of country rocks in the
magma chamber. Zircon crystals formed at any given stage would
registerthe Hfisotopic composition ofthe evolving magma atthat
stage. Since zircon crystals do notgrow atthe same time, the indi-
vidual grains from a single rock might have recorded the Hfiso-
topic compositions ofdifferent stages of magma evolution.

Consequently, the Sr-Nd-Hf isotopic data suggest that the
granitoid magmas of Sikhote-Alin were generated by partial melt-
ing of sources with significant proportions of mantle-derived
materials intercalated with older continental crust components.
The magma differentiation was probably accompanied by crustal
assimilation as evidenced by the zircon Hf isotopic data. The
mantle-derived materials could include the subducted oceanic
basalt or underplated basaltic magma to the lower part of the
Sikhote-Alin basement. In fact, fragments ofthe subducted oceanic
plate are registered by seismic tomography at mantle depths as
high-velocity objects (Biwaard et al,, 1998). The crustal compo-
nent might be represented by the hidden older basement rocks
and the accretionay complexes of terrigenous derivation. One
might argue that “old basement rocks” do not exist in the
Sikhote-Alin accretionary orogen; however, they are identifiable
from the Nd-Hfisotopic pointofview. Moreover, the crustal thick-
ness beneath the Sikhote-Alin is 38 km (Rodnikov et al., 1996,
2008), and such a thick crust cannot be made up entirely of only
accretionary complexes. Therefore, the existence of an old conti-
nental basement is hypothesized, as for the case of SW Japan
(Jahn, 2010).

In a geochemical and Nd isotopic study ofthe Early Cretaceous
granitoids ofthe Samarka terrene (130-98 Ma), Kruk etal. (2014a)
found that the granitoids ofthe first stage (Khungari Group; 130-
123 Ma) occur as a rather uniform melanogranite-granite associa-
tion and are characterized by high K/Na, low Ca, and elevated
A120 3. They are akin to the S-type granites. Two Nd isotope analy-
ses yielded eNd(t) =-4.1 and -3.7, with Sm-Nd model ages (TDM)
of ~1.3Ga. Granitoids of the second stage (Tatibi Group; 110-
98 Ma) are more variable in composition and show a wider range
of K/Na and A/ICNK, higher CaO and lower P205 than granitoids of
the first stage. They belong to S- and I-type granites. Six Sm-Nd
isotopic analyses yielded £Nd(t) =-0.7 to -3.8, and TDm ages of
0.82-1.55 Ga. When geochemical and Nd isotopic data ofthe upper
crustal rocks ofthe Samarka terrene (=sandstones and siltstones of
the turbidite matrix of a Jurassic accretionary prism and interca-
lated basalts) are compared, the Early Cretaceous granitoids were
considered to have been produced by partial melting of the
Samarka accretionary prism (Kruk et al., 2014a). By contrast, the
generation of the second stage granitoids involved underplating
ofbasaltic magmas and triggered anatexis ofa mixed rock assem-
blage including metabasaltic and metasedimentary rocks ofaccre-
tionary complex. This produced a great diversity ofgranitoids from
S-to I-type (Kruk et al., 2014a).

6.3. Juvenile crustal growth and comparison with other parts of the
Western Pacific orogens

Generation and intrusion of granitoid magmas represent
upward transport of crustal materials from the lower part of the
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crustand/or from the upper mantle. Anatexis of metasedimentary
rocks may lead to the formation of peraluminous leucogranite, but
such pure crustal melts are often limited in volume and in tectonic
setting. Many lines of evidence advocate that generation of
voluminous granitoid melts must have involved participation of
mantle-derived liquid. The evidence includes (1) close association
of granitic and basaltic rocks in orogenic belts in continental
hot-spots and in regions of crustal extension; (2) petrological and
geochemical arguments in favor of mixing of a mantle-derived
component and crustal melt, including numerous mafic microgran-
ular enclaves characteristic of many quartz diorite and granodiorite
plutons of the studied region, and (3) thermal consideration and
experimental demonstration of basalt-induced crustal melting
(Huppert and Sparks, 1988). Thus, the generation of granitoid
magmas implies an input of mantle material to the continental
crust Basaltic underplating to the lower crust and voluminous
emplacement of basaltic sills are commonly considered to be the
most effective way to trigger partial melting aswell as to provide
the mantle componentto the granitoid liquids. If the source rocks
are pre-existing metabasic rocks, the partial melts could become
pure juvenile granitoids. Oxygen isotopic compositions (Valui
et al., 2008) come to a similar conclusion regarding a significant
contribution ofjuvenile protolith in the generation of granitoid
rocks.

Using the Nd isotopic constraint, the proportion ofthe mantle
component in the generation of the granitoids from Sikhote-Alin
can be estimated. Fig. 12 shows a crude estimate ofthe proportion
ofthe mantle (juvenile) to recycled components. The estimate was
done using a simple two-componentm ixing calculation, assuming
the two end-members to be a mantle-derived basalt (-mantle
component) and an old continental crust (-crustal component).
The data of the Cenozoic granitoids from Hokkaido (Jatm et al.,
2014) and Paleozoic-to-Mesozoic granitoids from Central Asia
(jahn, 2004) are also shown for comparison. The mixing propor-
tions forallgranitoid samples can be calculated using the following
equation;

Xm= Ndc x (a*- g)/[erx (Ndm- Ndc)- (™ x Ndra- scx Ndc)] x 100

where Xm=mantle-derived juvenile component (represented by
basalt); 8e Bl e"1- Nd isotopic compositions ofthe crust, rock mea-
sured, and mantle component, respectively. Ndc, Ndm=Nd concen-
tration in the crustand mantle components, respectively. The inset
ofFig. 12 was taken from Jahn (2004), and the assumed parameters
used are: sm=+8, £c=-12 (NE China and Inner Mongolia), -30
(Central Mongolia and Transbaikalia), -15 (Altai Mountains), -4
(Junggar), -15 (Kazakhstan), Ndm=15ppm, and Ndc=25 ppm.
For the granitoids of Hokkaido and Sikhote-Alin, gm=+10 and
ec=-10 were used; butwe chose Ndc =26.6 ppm (average of9 sed-
im entary rocks; Khanchuk et al., 2013; Kruk et al., 2014a) for the
case of Sikhote-Alin.

Fig. 12 shows that the proportion ofthe mantle componentin
the granitoids of Sikhote-Alin varies from 77% to 36%. This repre-
sents a significant addition ofjuvenile crust to the Sikhote-Alin
orogenic belt. However, the amountis lower than the granitoids
from the Cenozoic accretionaiy terranes in Hokkaido (ca. 65-
95%) and the Paleozoic accretionary terranes in the Central Asian
Orogenic Belt In any case, the overall range of slightly negative
£Nd(t) values (mostly from 0to -4) requires acontribution ofolder
crustal rocks in the granitoid generation. The large range o fzircon
Hfisotope compositions also supports a role of recycled crust in
the generation and differentiation ofgranitic magmas.

In the above estimate of the mande/crust proportion, the
major sources of error come from the poor knowledge of the
end members. Based on the peraluminous S-type character and
negative £Nd(t) values (-4.0 to -0.7), Kruk et al. (2014a) pro-
posed that the Khungari group granitoids of the Samarka Terrane
were produced by partial melting of the accretionary complex.
The accretionary complex is characterized by sandstone, silt-
stone, mixed clastic layers, large olistoliths and plates of flints.
Occasionally, basalt, gabbro, limestone, and meta-ophiolitic
schist also occur (Eliseeva et al., 1976). The terrigenous m atrix
rocks contain radiolarians of Jurassic age (Kemkin and
Khanchuk, 1992), whereas the siliceous rocks from inclusions
are dated mainly at the Triassic-Early Jurassic or, less commonly,
Paleozoic ages (Kemkin and Golozubov, 1997; Mazarovich, 1985;
Volokhin et al., 2003).
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Fig. 13. Zircon age histogram for the Sikhote-Alin granitoids. A gap may be
observed for the period from 130 to [IOMa (magmatic quiescence period). The
small gap of 110-95 Ma is probably an artifact because granitoids of 100-105 Ma
have been recognized by conventional zircon dating of two granitoids from the
Uspensk Intrusion (Khanchuk et al., 2008).

6.4. Tectonic implications

6.4.1. Paleo-Pacific and Eurasian plate interaction

The form ation and evolution ofthe EastAsian continental mar-
gin have involved complicated tectonom agm atic processes, includ-
ing subduction, accretion and magmatism. Furthermore, the
tectonic processes are characterized by the “transform” nature or
strike-slip displacementofindividual terranes or blocks of differ-
ent tectonic history (e.g., Abrajevitch et al., 2012; Isozaki et al.,
2010; Kemkin, 2008; Khanchuk, 2001, 2006; Kirilova, 2003;
Kojima, 1989; Maruyama et al., 1997; Tazawa, 2004; Zonenshain
etal., 1990a,b). A large part of the Russian Far Eastis built up of
accretionary complexes that formed along the convergent margin
during the Cretaceous. A complex distribution ofcoeval complexes
aswell asjuxtaposition ofdifferent age units indicates a consider-
able margin-parallel translation of terranes, which was repre-
sented by the sinistral strike-slip fault systems in the region, of
which the Central Sikhote-Alin Fault is the most celebrated (e.g.
Khanchuk, 2001, 2006; Otsuki, 1992; Sengor and Natal’in, 1996;
Tazawa, 2004). A paleomagnetic study led Abrajevitch et al.
(2012) to hypothesize that the West Sakhalin Basin has moved
from sub-equatorial latitude during the early Cretaceous to about
40°N by the late Cretaceous. Similarly, the Nadanhada Terrane of
NE China (or Nadanhada-Bikin Terrane in Fig. 1) was probably
accreted to the Asian continental margin from low-latitude during
the late Mesozoic (Mizutani and Kojima, 1992).

The tectonic evolution and crustal formation are intim ately
linked to the interaction between the Paleo-Pacific (=lzanagi) and
Eurasian plates. Fig. 13 shows an apparent magmatic quiescence
period between 130 and 110 Ma (Early Cretaceous). A second
apparent gap between 105 and 95 Ma, based only on our zircon
age data, cannot be taken for another quiescence period because
two granitoids from the Uspensk Intrusion from South Primorye
have been dated at 103 and 104 Ma by the conventional zircon
U-Pb method (Khanchuk et al., 2008). The Early Cretaceous quies-
cence period may im ply the lack of subduction activity due proba-
bly to a strike-slip or transformal plate interaction, as depicted
from the tectonic analysis o fGolozoubov (2006). However, the pre-
sent database of 24 zircon ages (Fig. 13) is likely insufficient to
reach a definite conclusion.

Nevertheless, the quasi-continuous magmatism in the Late Cre-
taceous (Fig. 13) indicates that the Paleo-Pacific plate subduction
was active, and the apparentregularyounging ofgranitic intrusion
ages, from 80 to 56 Ma (Fig. 2), in the Taukha Terrane may in fact
suggest an obligue subduction of the oceanic plate beneath the
Eurasian continental margin. The subduction-induced magmatism

rig. 14. Areconstructed terrane map of Khanchuk (2001) showing the correlation
and geologic continuity between the Japanese Islands and Sikhote-Alin. Note that
the “North Asian Craton” used by Khanchuk (2001) and shown in the upper left is
equivalent to the more familiar “Siberian Craton".

produced notonly granitic intrusion, butalso abundant silicic vol-
canism accompanied by subordinate basaltic eruptions. An impor-
tant implication from the present geochronological work is that
during Late Cretaceous the Paleo-Pacific plate motion probably
changed from a parallel or sub-parallel (magm atic quiescence) to
oblique (active arc magmatism) relative to the continental margin
ofSikhote-Alin. Late Cretaceous rapid sea-floor spreading at about
100 Ma (Larson, 1991; Larson and Pitman, 1972) induced highly
active subduction and led to voluminous magmatism in the entire
circum -P adfic areas (Jahn, 1974).

6.42. Geological correlation between Sikhote-Alin and SW Japan
Finally, we discuss the problem of the geological correlation
between the Sikhote-Alin and the Japanese Islands. Based on the
lithostratigraphy, biostratigraphy (radiolarian assemblages) and
geological structures, the Samarka terrane was correlated w ith
the Nadanhada terrane in China and the Mino-Tamba beltin Japan
(Fig. 14; Kojima, 1989; Khanchuk, 2001). These terranes represent
fragments of the same Jurassic accretionaiy complex. Khanchuk
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Ishioka and lizumi (2003).

(2001) also considered that the Central Sikhote-Alin Fault and the
Median and Tanakura Tectonic Lines (Japan) belong to the same
Early Cretaceous Fault, and are comparable to the present San
Andreas Fault in California. The Hida Belt could be correlated with
the Sergeevka Terrane and the Khanka Block. The Taukha terrane
may be a part of the Early Cretaceous subduction complex associ-
ated with the coeval arc volcanic rocks in NE Honshu and SW Hok-
kaido ofJapan (Kiminami et al., 1992). Based on tectonic and faunal
data, Matsukawa et al. (1997) proposed that the Jurassic to Early
Cretaceous accretionary wedge and Early Cretaceous arc terranes
(Taukha and others in NEJapan) were displaced from their original
positions more than 1000 km northward and then accreted to the
continental margin in the Albian time (113-100 Ma). Based on the
age, lithology and structural position data of ophiolites and blues-
chists that occur in Sikhote-Alin and Japan, Ishiwatari and
Tsujimori  (2003) proposed a geologic continuation between
Sikhote-Alin and Japan before the Miocene opening of the Japan
Sea.

Evidence for the geologic correlations mentioned above may be
strong for some cases but weak for the others. Geologic correlation
could be made with two considerations: chronostratigraphic and
lithostratigraphic. Based on the fossil assemblages and range of
granitoid emplacement ages (Nakajima et al., 1990), the chronos-
tratigraphic correlation between Sikhote-Alin and SWJapan could
be well acceptable. However, we note that the similar Cretaceous
age pattern is not unique to the two areas but is rampant in the
Circum-Pacifk regions. Therefore, the correlation has to be made
with great care.

On the other hand, the whole-rock Sr-Nd isotopic data obtained
for granitoid samples may be used to test the geologic correlation
between Sikhote-Alin and SW Japan. The Sr-Nd isotopic data of

Sikhote-Alin (Fig. 9) fall within the range of SW Japan (Jahn,
2010; Jahn et al., 2014), though the range of Sikhote-Alin is much
smaller and does not show very negative values as seen in SW
Japan. However, if only the data of Cretaceous granitoids are exam-
ined, a remarkable similarity between Sikhote-Alin and SW Japan
is observed (Fig. 15). Therefore, the available age and isotopic sig-
natures of granitoids lend support to the geologic correlation.

It has been hypothesized that the initial development of the
Japanese accretionary orogen began in the early Paleozoic, in the
eastern margin of Cathaysia, SE China (Isozaki, 1996, 1997;
Isozaki et al., 2010; Maruyama et al., 1997). The proto-Japan
(microcontinent) was rifted off after the Cretaceous. The available
Sr-Nd isotope data of granitoids (e.g., Jahn, 2010 and references
therein) and detrital zircon ages (Fujisaki et al., 2014) support
the affinity of SW Japan to Cathaysia. If Sikhote-Alin can indeed
be correlated with SWJapan and both formed a physical continuity
as depicted in Fig. 14 (Khanchuk, 2001), we may also expect the
initial development of Sikhote-Alin along Cathaysia. In any case,
many lines of evidence support the correlation between the SW
Japan and Sikhote-Alin accretionary orogens, but some of them
can be challenged, particularly between the Taukha Terrane and
NE Japan as advocated by Kiminami et al. (1992) and followed by
many workers. The challenge comes mainly from the contrasting
Sr-Nd isotopic signatures of granitoids from these two tectonic
units (Jahn et al., in preparation).

7. Conclusions

Based on the newly obtained geochemical, isotopic and
geochronological data, we present the following conclusions:
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1971).

1. Zircon dating revealed that granitoids of the Sikhote-Alin oro-
gen were intruded from 130 to 56 Ma (Cretaceous to Paleo-
gene). Granitoids in the coastal area were emplaced in the
Taukha Terrane from 90 to 56 Ma, whereas those along the Cen-
tral Sikhote-Alin Fault intruded the Samarka Terrane from 110
to 75 Ma. The “oldest" monzogranite (131 Ma) was emplaced
to the west of the Central Sikhote-Alin Fault and within the
Khanka Block. Thus, the most important tectonothermal events
in the East Sikhote-Alin occurred in the Cretaceous.

2. Geochemical analysis indicates that most granitoids are I-type.
Whole-rock Sr-Nd isotopic data suggest that the magmas were
generated by partial melting of mixed source rocks including
the subduction-related accretionary complex as well as unex-
posed Paleozoic-Proterozoic basement rocks. Zircon Hf isotopic
data further indicate that zircon grains crystallized from mixed-
source melts and that crustal assimilation took place during
magmatic differentiation. Overall, the Sr-Nd-Hf isotopic data
indicate a significant proportion of the mantle component
(36-77%) in the generation ofthe granitoid rocks. This suggests
an addition ofjuvenile crust in Sikhote-Alia

3. The apparent regular change of granitic intrusion ages from 80
to 56 Ma in the Taukha Terrane was probably produced by obli-
que subduction of the Paleo-Parific plate beneath the Eurasia
continental margin.

4. Subduction-induced magmatism produced not only widespread
granitoids, but also abundant silicic volcanic rocks. During the
Late Cretaceous the Paleo-Parific plate motion probably chan-
ged from a parallel or sub-parallel (=magmatic quiescence per-
iod) to oblique (active arc magmatism period) relative to the
continental margin of Sikhote-Alin. We admit that the idea of
the change of plate motion is speculative as the age and geo-
chemical data do not provide an unequivocal support

5. The geologic correlation between the Sikhote-Alin and SW
Japan accretionary orogenic belts is supported by the present
geochronologic and Sr-Nd isotopic study.
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Appendix A. Briefgeological description of SWJapan

The Japanese Islands have developed mainly through conver-
gence between oceanic and continental plates along active margins
(e.g., Isozaki, 1997; Isozaki et al, 2010). According to Isozaki et al.
(2010), 9 belts of accretionary complex occur as thin subhorizontal
fault-bounded units, i.e., nappe, and they show a clear downward
and oceanward younging polarity. Numerous oceanic fragments
derived from subducted oceanic plates, including deep-sea sedi-
ments and seamount basalts and reef limestone, were accreted to
Japan. Furthermore, the Permo-Triassic tectonics is regarded as
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most important because the basic framework of the Japanese oro-
genic belts was established and stabilized at that time (Isozaki,
1996). The occurrence of Permo-Triassic tectonic units is well
developed in SW Japan and the Ryukyu Islands, but rarely recog-
nized in NE Honshu and Hokkaido.

The Median Tectonic Line (MTL) is a prominent strike-slip fault
running through most of SW Japan. It divides SW Japan into two
zones: the “Inner Zone” on the back-arc side, and the “Outer Zone”
on the fore-arc side (Fig. Al). In the Outer Zone, the post-Jurassic
accretionary complexes are arranged to show oceanward younging
from the Cretaceous to Miocene (Taira et al., 1988), and further to
the present accretionary prism at the Nankai Trough. No collision-
related Permo-Triassic units have been identified. The deep part of
the accretionary complexes is exposed as a low-pressure to high-
pressure regional metamorphic belt, which includes the eclogite-
bearing Sanbagawa Belt Conspicuous Miocene granitic rocks also
occur on the Pacific side of SW Japan. These granitoids intruded
into the Cretaceous and Tertiary accretionary complexes, and they
were likely produced by remelting of the Shimanto accretionary
complex (Shinjoe, 1997; Jahn, 2010).

In the Inner Zone (Fig. Al), Cretaceous to Paleogene granitoids
are extensively distributed. Note that the majority ofgranitic intru-
sions were emplaced in the Cretaceous, and they intruded into the
pre-Cretaceous accretionary complexes which include regional
metamorphic rocks. Similar to Sikhote-Alin, the intrusive grani-
toids in SW Japan are associated with coeval rhyolites and ign-
imbrites even though much of the cover series has been eroded
to expose the intrusive rocks. Besides, a few collisional belts, or
non-accretionary units (Hida and Oki belts), occur in the northern
part, and they are composed of polymetamorphic gneiss and schist
complexes, with aTriassic regional metamorphism of intermediate
pressure facies (Komatsu, 1990).

Ishihara (1971) made a detailed study of the granitoids and
associated ore deposits. He divided the Inner Zone into three met-
allogenic provinces, from south to north, a Barren, a Tungsten, and
a Molybdenum Province (see also Ishihara and Murakami, 2006).
The three provinces correspond to the Ryoke, Sanyo and San-in
Belts as delineated by Murakami (1974) on the basis ofgranite pet-
rography and age data. The lithological types in the Inner Zone are
more complicated than the granitoids and acid volcanic rocks
alone. The Ryoke belt is a plutonic-metamorphic terrane that com-
prises pre-Cretaceous accretionary complexes with high-level
granites and high-grade, but low P/T, metasediments with migma-
tites and gneissose granites. Granitic rocks are dominant over
metamorphic rocks. The Ryoke and Sanyo granitoids were likely
produced by Cretaceous subduction of the Kula-Pacific ridge
(Nakajima, 1994). Isozaki et al. (2010) described that the Inner
Zone is composed of a 15 km-thick lower crust of unknown com-
position, a .0 km-thick granitic upper crust and thin roof-
pendants of the Paleozoic to Jurassic accretionaiy complex (AC)
units on the surface. These AC units are characterized by subhori-
zontal stacking of multiply fault-bounded units, previously recog-
nized “nappes”’, with a gentle dip angle toward the Eurasian
continent

In addition to granitoids, ophiolite complexes also occur widely
in SE Japan (Ishiwatari and Tsujimori, 2001; Ishiwatari and
Tsujimori, 2003; Fig. A2). They were emplaced from early Paleozoic
to Cenozoic. In SW Japan the early Paleozoic Oeyama ophiolite
occupies the highest structural position, and tectonically overlies
the late Paleozoic Renge blueschist, the Yakuno ophiolite, and the
Permian Akiyoshi (and Ultra-Tamba) accretionaiy complexes.
These tectonic units are separated by thrust faults.

The Yakuno ophiolite is a rather complete succession composed
of harzburgite tectonite, dunite-wehrlite-dinopyroxenite cumu-
late, metagabbro, amphibolite and metabasaltwith abundant black
shale. Study of radiolarian fossils from the black shale (Kurimoto

Early Paleozoic Ophiolite
Ophiolite and blueschist

Late Paleozoic Blueschist .
occurrences in SW Japan
Late Paleozoic Ophiolite (modified from Ishiwatari
_ _ and Tsujimori, 2003)
Early Mesozoic Blueschist

Fig. A2. Distribution of ophiolites and blueschists in SW Japan (modified from
Ishiwatari and Tsujimori, 2003).

and Makimoto, 1990) and radiometric dating (K-Ar on metagabbro
(Shibata et al., 1977) and zircon U-Pb on plagiogranite (Herzig
et al., 1997) indicate that the ophiolite formed in Early Permian
(ca. 285 Ma) and was metamorphosed later during 240-280 Ma.

The Renge blueschist occurs as thin tectonic slices or blocks in
serpentinite  mf£langes underlying the Oeyama ophiolite
(Tsujimori, 1998), and has a phengite K-Ar age of 320 Ma
(Tsujimori and Itaya, 1999).
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