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Abstract In this paper, we report zircon U-Pb ages, Hf
isotopes and whole-rock geochemical data for the Permian
to Early Triassic granitoids from the western margin of the
Jiamusi Block (WJB), NE China. The intermediate to felsic
(Si0, = 59.67-74.04 wt%) granitoids belong to calc-alka-
line series and are characterized by enrichments in light
rare earth elements and large ion lithophile elements with
pronounced negative Nb, Ta and Ti anomalies, revealing
typical continental magmatic arc geochemical signatures.
The zircon U-Pb determinations on the granodiorite, mon-
zogranite, syenogranite and quartz diorite samples yielded
ages between ca. 275-245 Ma, which, together with the
published coeval intrusive rocks, indicates that Permian to
Early Triassic continental arc magmatism occurred exten-
sively in the WJB. The low and mainly negative zircon
eue() values between —7.6 and +1.6 and the zircon Hf
model ages of 1.2-1.8 Ga, which are significantly older
than their crystallization ages, suggest that they were
mainly derived from reworking of ancient crustal materi-
als with a limited input of juvenile components. The geo-
chemical systematics and petrogenetic considerations indi-
cate that the studied granitoids were generated from a zone
of melting, assimilation, storage, and homogenization, i.e.,
a MASHed zone at the base of Paleo- to Mesoproterozoic
continental crust, where large portions of igneous rocks and
minor clay-poor sediments involved in the source region.
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In combination with regional geological data, we argue that
the Jiamusi Block was unlikely the rifted segment of the
Songliao Block and two possible geodynamical models
were proposed to interpret the formation of the ca. 275-
245 Ma granitoids in the WIB. In the context of Permian
global plate reconstruction, we suggest that Paleo-Pacific
plate subduction was initiated in the Permian to Early Tri-
assic beneath the Jiamusi Block, and even whole eastern
NE China.
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Continental arc - Paleo-Pacific Ocean

Introduction

The Central Asian Orogenic Belt (CAOB) is one of the
largest and most complex accretionary collages. This huge
accretionary collage has a long strike length and evolution-
ary history that make it a natural laboratory to unravel geo-
dynamic processes during accretionary orogenesis and con-
tinental growth (Kovalenko et al. 2004; Xiao et al. 2004;
Windley et al. 2007; Safonova et al. 2011; Kroner et al.
2014). NE China is located in the easternmost segment
of the CAOB where several microcontinental blocks have
been recognized (Fig. 1). The western part, including the
Erguna, Xing’an and Songliao blocks (Fig. 1), marks the
broad collision zone between the North China and Siberia
cratons involving the formation of multi-arc systems and
accretionary complexes during subduction of the Paleo-
Asian oceanic slab (Windley et al. 2007; Safonova et al.
2009; Lehmann et al. 2010). The eastern part includes
the Nadanhada Terrane (Fig. 1), which, together with
the Sikhote-Alin Terrane of the Russian Far East and the
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Fig. 1 Schematic diagram showing main tectonic subdivisions of central and eastern Asia (modified from Li 2006)

Japanese islands, belongs to the Paleo-Pacific margin and is
characterized by late Paleozoic to early Mesozoic subduc-
tion complexes, large-scale NE-trending granite and vol-
canic belts, and wrench fault systems (Cheng et al. 2006;
Wu et al. 2007; Zhou et al. 2009, 2014; Ge et al. 2015;
Sun et al. 2015a, b). Between them is the Jiamusi-Khanka
Block, it is a key area for understanding the origin of Pan-
African metamorphic crustal fragments (e.g. Wilde et al.
1999, 2000, 2003, 2010; Yang et al. 2014, 2015a, b), and
the processes of subduction-accretion since late Paleozoic
(Yu et al. 2013a; Bi et al. 2015; Sun et al. 2015a; Yang et al.
2015a, b), although its tectonic affinity has remained con-
troversial so far.

In the past decades, numerous researchers have been
reported on the structural, petrological, geochronologi-
cal and geochemical investigations on the Jiamusi-Khanka
Block, and large amounts of new data have been reported
on the ages, origins and tectonic settings of the Mashan
Complex, Heilongjiang Complex and widespread Early
Cambrian to Late Triassic igneous rocks (e.g. Wilde et al.
1999, 2000, 2003, 2010; Wu et al. 2001; Yang et al. 2012,
2014, 2015a, b). However, various and competing tectonic
models proposed for the evolution of the Jiamusi-Khanka
Block are still tentative and have not been fully evaluated.
This is particularly the case with the late Paleozoic to early
Mesozoic subduction/accretion history of the western Jia-
musi Block, of which, there is an ongoing debate on the
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relationships between the Jiamusi and Songliao blocks.
One hypothesis suggests that the Jiamusi Block rifted from
the Songliao Block at some times during the Middle to
Late Permian (275-258 Ma) (Zhou et al. 2009; Zhu et al.
2015), and their subsequent suturing along a N-S-trending
belt defined by the Heilongjiang Complex occurred through
the Late Triassic to Early Jurassic (Zhou et al. 2009, 2010)
or after the Late Jurassic (Zhu et al. 2015, 2016), whereas
others consider that the Jiamusi Block was an exotic block
possibly derived from Gondwana (e.g. Wilde et al. 1999,
2003; Wu et al. 2011; Yang et al. 2015a), and its amalgama-
tion with the Songliao Block along the Heilongjiang Com-
plex did not happen until the Early Jurassic (Wu et al. 2007,
2011; Ge et al. 2015). At the western margin of the Jiamusi
Block (WJB) lie vast late Paleozoic to early Mesozoic gran-
itoids, which are geographically closely associated with the
Heilongjiang Complex and show similar features of arc
rock. Therefore, they could provide valuable constraints
on the evolution of the Jiamusi Block. Unfortunately, few
of these plutonic rocks have been comprehensively studied
using the modern analysis methods, which has hindered
our understanding of the tectonic settings and origins of the
granitic magmas. In addition, due to poor constraints on the
spatial and temporal distribution of the arc-related intrusive
rocks, it is difficult to determine which oceanic subduction
was responsible for the late Paleozoic to early Mesozoic
tectonic evolution of the eastern NE China.
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Fig. 2 a Sketch map of eastern Heilongjiang Province showing location of Permian—Earliest Triassic arc-type igneous rocks and Heilongjiang
Complex (numbers as in Table 2) and b a detailed geological map of the Gucheng-Boli region showing sample location (after HBGMR 1993)

In this study, we report detailed field, petrological, LA-
ICP-MS U-Pb zircon geochronological, whole-rock geo-
chemical and zircon Hf isotopic data for the Permian—Early
Triassic granitoids in the WJB, and compare these with
coeval arc-type igneous rocks of the surrounding areas.
Our results and conclusions provide further insight into
the tectonic affinity of the Jiamusi Block and contribute to
understanding the early stages of subduction processes in
the eastern NE China as well as their possible links with
Paleo-Pacific Ocean.

Geological setting and sample descriptions
Regional context
The CAOB is bounded by the Siberia Craton to the north,

the East European Craton to the west, and the Tarim and
North China cratons to the south (Fig. 1), and is generally

thought to have evolved from the latest Mesoproterozoic
to the late Paleozoic (Kroner et al. 2007, 2014; Safonova
and Santosh 2014). NE China, part of the eastern CAOB,
is considered to have formed by the amalgamation of sev-
eral microcontinents, including the Erguna and Xing’an
blocks in the northwest, the Songliao Block in the central
part and the Jiamusi-Khanka Block and Nadanhada Terrane
in the east, which are bounded to each other by deep faults
(Figs. 1, 2a; Wu et al. 2007).

The Jiamusi Block is believed to extend northward into
the Bureya Block and eastward into the Khanka Block
in the Russian Far East and has been referred to as the
Khanka—Jiamusi—Bureya block (Cao et al. 1992; Wu et al.
2007; Wilde et al. 2010; Zhou et al. 2010; Yang et al. 2014,
2015a). It comprises two different rock series: the Mashan
Complex and various stages of igneous rocks. The Mashan
Complex is composed dominantly of sedimentary rocks
and minor volcanic rocks. It was metamorphosed in amphi-
bolite- to granulite-facies characterized by a tight clockwise
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P-T path (Jiang 1992; Lennon et al. 1997), with peak tem-
peratures and pressures up to 850 °C and 7.4 kb, respec-
tively (Jiang 1992). Precise zircon U-Pb ages indicate that
the granulite facies metamorphism occurred at ca. 500 Ma
and that detrital zircons were no older than ca. 1100 Ma
(Wilde et al. 1999, 2000; Zhou and Wilde 2013). However,
Ren et al. (2012) questioned this viewpoint and argued that
the granulite facies metamorphism should have occurred
at some time earlier than the formation of anhydrous ana-
tectic granitoids (i.e., ca. 530 Ma). The intrusive rocks in
the Jiamusi Block are divided into two phases: firstly, the
early Paleozoic (540-484 Ma) intrusions that form tectonic
sheets dismembering the Mashan supracrustals are associ-
ated with the Late Pan-African orogeny (Bi et al. 2014a;
Yang et al. 2014); secondly, the undeformed Permian (299-
254 Ma) intrusions are widespread and were emplaced in
an active continental margin setting (Wu et al. 2001, 2011;
Yu et al. 2013a, b; Bi et al. 2014b, 2015; Sun et al. 2015a;
Yang et al. 2015a). These Phanerozoic intrusions, together
with widespread volcanic rocks (Meng et al. 2008), make
up much of the Jiamusi Block. The Khanka Block occurs
mainly in Far East Russia with only a small segment crop-
ping out in NE China. The metamorphic rocks of the Rus-
sian part of the Khanka Block yield an age for the proto-
lith of 757 £ 4 Ma, and the age of peak metamorphism is
506.9 + 2.6 Ma (Khanchuk et al. 2010). The granitoids in
the Chinese part of the Khanka Block formed in the early
Paleozoic orogeny collapse stage, in a Permian active con-
tinental margin setting, and in a Late Triassic extensional
environment (Wilde et al. 2003; Yang et al. 2012, 2015a, b;
Wang et al. 2015).

Lying west of the Jiamusi Block is the Songliao Block
that consists of the Mesozoic Songliao Basin, the Lesser
Xing’an Range, and the Zhangguangcai Range. The Lesser
Xing’an and Zhangguangcai Ranges are characterized by
voluminous Phanerozoic granitoids along with rare Paleo-
zoic strata (Wu et al. 2002). The Phanerozoic granitoids
are composed mainly of syn-collisional Mesozoic granitic
rocks, interpreted to result from westward subduction of
the Jiamusi beneath the Songliao block between 216 + 4
and 184 + 4 Ma (Wu et al. 2002, 2007). Data from several
hundred drill holes of the Songliao Basin reveal that Paleo-
zoic—Mesozoic granitoids and Paleozoic strata (Gao et al.
2007; Pei et al. 2007) are widespread in the basement, with
minor Precambrian components (Wang et al. 2006; Pei
et al. 2007) that may represent a tectonic slice of the North
China Craton (Wu et al. 2011).

Intervening between the Jiamusi and Songliao blocks
is the Heilongjiang Complex that is exposed along the
Jiayin—-Mudanjiang Fault, extending from Luobei in the
north, through Yilan in the central, to Mudanjiang in the
south (Fig. 2a). The Heilongjiang Complex is composed
mainly of serpentinite, glaucophane-bearing metabasalt,
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greenschist, marble, quartz-schist, two mica-schists, and
quartzite (Wu et al. 2007). The rocks were metamorphosed
in the epidote—blueschist facies, with P-T conditions of
0.9-1.1 GPa and 320-450 °C, respectively (Zhou et al.
2009). Field observations show that the Heilongjiang Com-
plex is structurally interleaved with the Mashan Complex
(Cao et al. 1992; Wu et al. 2007). It has been considered
to be an accretionary complex with suturing at ca. 185 Ma,
related to Paleo-Pacific Ocean subduction (Wu et al. 2007;
Zhou et al. 2009). Most recently, however, Zhu et al. (2015)
reported that the basaltic protoliths of some blueschists
from the Heilongjiang Complex formed at ~142 Ma, sug-
gesting the suturing must have happened at some time after
~142 Ma.

The Yuejinshan accretionary complex, trending NE-SW
between the Jiamusi Massif and the Nadanhada Terrane, is
composed of a metamorphic mélange and ultramafic—mafic
rocks. The mélange consists of upper greenschist facies
mica-schist, phengite-schist, quartz-schist, marble, and
mafic—ultramafic igneous rocks. The ultramafic—mafic rock
association consists of oceanic meta-ultramafic—mafic vol-
canic and intrusive rocks, including meta-peridotite, pyrox-
enite (layered) gabbro, diorite and basalt. Yang et al. (1998)
reported a whole-rock Rb—Sr isochron age of 188 + 4 Ma
for greenschist in the Dongfanghong area. Zhang et al.
(1997) and Zhou et al. (2014) identified MORB-type meta-
basalt from the Yuejinshan Complex. More recently, the
Permian (290-274 Ma) Dongfanghong gabbro has also
been recognized, and geochemical data suggest that they
formed in an immature island arc (Sun et al. 2015a) or a
continental arc (Bi et al. 2015), possibly related to subduc-
tion of the Paleo-Pacific Plate beneath the Jiamusi Block
(Sun et al. 2015a; Yang et al. 2015a). Due to a lack of com-
prehensive and detailed studies, the architecture, geochro-
nology, geochemistry and tectonic evolution of the Yuejin-
shan accretionary complex is still debated.

Field relations and petrology

The present study was carried out in the Gucheng-Boli
region in the eastern Heilongjiang Province, situated
within the WJB (Fig. 2a). The outcropping units include
the Mashan Complex, the Heilongjiang Complex, rare
Paleozoic strata, and voluminous Mesozoic to Cenozoic
volcanic—sedimentary assemblages (HBGMR 1993). The
intrusive rocks are widely distributed in the western Jia-
musi Block (Fig. 2b; HBGMR 1993), the types of which
vary from basic to acidic, most are granitoids emplaced as
batholiths with only minor stocks or dikes. In this paper, we
focused on nine granitic intrusions, named the Daerlong,
Damadang, Dongfanghong, Shengchan II, Jinfeng, Fuxing,
Tuchengzi, Hexing and Shengchan I plutons (Fig. 2b). The
geological boundaries between the plutons are uncertain



Int J Earth Sci (Geol Rundsch) (2017) 106:1919-1942

1923

as the region is heavily forested. Their field relations, rock
associations and petrographic features are summarized in
Table 1, and representative photographs of the samples are
shown in Fig. 3.

Analytical methods
Zircon U-Pb dating by LA-ICP-MS

Zircons from ten sample analyzed in this study were
extracted from whole-rock samples by using combined
magnetic and heavy liquid separation at the Langfang
Regional Geological Survey, Hebei Province, China.
Recovered zircon grains together with chips of zircon
standards Qinghu were mounted in epoxy disks and pol-
ished to expose the longitudinal section of crystals for
analysis. All zircons were then examined under transmitted
and reflected light with an optical microscope. Cathodolu-
minescence (CL) images were collected using a CL spec-
trometer (Garton Mono CL3+) equipped on a Quanta 200F
ESEM with 2-min scanning time at conditions of 15 kV and
120 nA. Distinct domains within the zircons were selected
for analysis based on transmitted and reflected light micro-
graphs as well as CL images. Samples were analyzed for
U-Pb geochronology on an Agilent 7500 inductively cou-
pled plasma—mass spectrometer (ICP-MS) equipped with
a 193 nm laser system at the Institute of Geology and Geo-
physics, Chinese Academy of Sciences, Beijing, China.
The diameter of the laser spot was 32 pm throughout the
analyses, and the ablation rate was 10 Hz. Zircon 91500
was used as the external standard and a standard silicate
glass (Nist 610) was used to optimize the instrument. Iso-
topic ratios and element contents were calculated using the
Glitter program (ver. 4.4, Macquarie University). Common
Pb was corrected following Andersen (2002). The age cal-
culations and concordia plots were made using Isoplot (ver.
3.0) (Ludwig 2003).

Lu—Hf isotope analysis

Eight of the dated samples were selected for the in situ
zircon Hf isotopic analyses that were carried out on a
Neptune multi-collector ICPMS, equipped with 193 nm
laser, at the Institute of Geology and Geophysics, Chi-
nese Academy of Sciences (Beijing), China. Hf isotopic
analyses were reported with spot of 63 wm in diameter,
laser repetition rate of 10 Hz, and laser beam energy den-
sity of 10 J/cm®. The detailed analytical procedures were
described by Wu et al. (2006). Isobaric interference cor-
rection for 7°Lu on '"Hf was performed by measuring
the intensity of the interference-free ! Lu isotope plus a
recommended '"°Lu/!"’Lu ratio of 0.02655 to calculate

176 u/'"THF ratios. Isobaric interference of °Yb on !7®Hf
was corrected by measuring an interference-free !"*Yb
isotope and using a '"Lu/'"?Yb ratio of 0.5886. The
measured 7°Hf/'7"Hf ratio of standard zircon 91,500 of
0.282289 + 0.000024 is within error of the commonly
accepted value of 0.282284 + 0.000022 determined using
the solution method (Griffin et al. 2006). The measured
76Hf/'7THf and '"SLu/!"Hf ratios were used to calculate
the initial '7®Hf/!”"Hf ratios, taking the decay constant for
76Lu as 1.865 x 10~ !!/year (Scherer et al. 2001). The pre-
sent-day chondritic ratios of '"°Hf/!""Hf = 0.282785 + 11
and '"°Lu/"""Hf = 0.0336 + 1 (Bouvier et al. 2008) were
adopted to calculate ey(f) values, and the solution method
(Amelin et al. 2000) was used to calculate Hf model ages.

Major and trace element analysis

After petrographic examination, 30 fresh granitoid sam-
ples were selected, crushed, and powdered in an agate
mill. Whole-rock chemical analyses were conducted at
the Beijing Research Institute of Uranium Geology, Bei-
jing, China. Major element analyses were made by X-ray
fluorescence (XRF; AB-104L, PW2404) using fused
glass disks according to Chinese national standard (GB/
T14506.14-2010). Trace element concentrations were
determined using an ELEMENT XR inductively coupled
with plasma mass spectrometer (ICP-MS) according to
Chinese national standard (GB/T14506.30-2010). The ana-
lytical results for Chinese standard rock (GDW07104) indi-
cated that the analytical precision was better than 5 % for
major elements and 10 % for trace and rare earth elements.

Analytical results
Zircon U-Pb ages and Lu—Hf isotopes

The resulting LA-ICP-MS U-Pb data of 10 granitoids are
listed in Supplementary Table S1, and zircon Lu-Hf iso-
topic compositions of eight of the dated samples are given
Supplementary Table S2. The CL images of representative
zircons and age concordia plots are shown in Figs. 4 and 5.

Shengchan I pluton

Zircon grains from the granodiorite sample (14GW073)
are generally euhedral and display fine-scale oscillatory
zoning with occasional dark and narrow rim on CL images
(Fig. 4). The 2°Pb/**8U ages given by 16 analytical zircons
range from 239 to 266 Ma, defining a weighted mean age
of 249 4+ 4 Ma (MSWD = 2.10) (Fig. 5a), which is consid-
ered to represent the crystallization age of the granodiorite
(i.e., Early Triassic).
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Fig. 3 Photographs and microphotographs (cross-polarized light)
showing field relationships and textures. a Outcrop of Jinfeng sye-
nogranite, intruding marbles of the Mashan Complex, b microgranu-
lar enclave (ME) locally exists in the Shengchan II monzogranite, ¢
Hexing syenogranite cut by diabase and alkali-feldspar granite dykes,
d Dongfanghong granodiorite cut by a alkali-feldspar granite dyke,
and minor dioritic MEs can been found, e ME locally exists in the

Hexing pluton

Zircons separated from the syenogranite sample
(14GW079) are generally euhedral to subhedral, although
some are slightly rounded. Most grains are bright and
show oscillatory and banded zoning, whereas the minority
displays weak oscillatory zoning and dark luminescence
(Fig. 4). Except for three analyses (spots 1, 4, 10) show-
ing obvious Pb loss, the remaining 21 analyses display
Th/U ratios of 0.34-0.59 and yield a concordia age group
of 246 + 2 Ma (MSWD = 0.38) (Fig. 5b), interpreted as
the magmatic crystallization age of the syenogranite (i.e.,
Early Triassic). Twenty of the dated zircons were measured
for Lu—Hf isotopes. With one exception showing ey(f) and
Tz values of —22.9 and 2719 Ma, the others exhibit rela-
tively homogeneous Hf isotopic compositions with initial
6Hf/'"THS ratios, ey(f), and Tpy;, values varying from
0.281691 to 0.282329, from —4.6 to +1.6, and from 1165
to 1565 Ma, respectively (Fig. 6; Supplementary Table S2).

Tuchengzi pluton

Zircons from the quartz diorite sample (14GWO088) are
generally euhedral in shape with length: width ratios of

Damadang granodiorite, f Fuxing granodiorite (sample 14GW067),
g Jinfeng syenogranite (sample 14GWO068), h Shengchan II monzo-
granite (sample 14GWO074), i Dongfanghong granodiorite (sample
14GWO085), j Hexing syenogranite (sample 14GW079), k Tuchengzi
quartz diorite (sample 14GWO087), 1 Damadang granodiorite (sam-
ple 14GW107) and m Daerlong granodiorite (sample 14GW366). Q
quartz, Af alkaline feldspar, P! plagioclase, Bi biotite, Hb hornblende

1:1-4:1. They have high Th/U ratios of 0.14-0.54 and dis-
play fine-scale oscillatory zoning (Fig. 4). The 2°Pb/*3¥U
ages obtained from 24 analytical spots are in the range of
244-256 Ma, yielding a weighted mean age of 250 4+ 2 Ma
MSWD = 0.60) (Fig. 5c), interpreted to represent the
crystallization age of the quartz diorite (i.e., Early Trias-
sic). Twenty analyses of the dated zircons were conducted
for Lu—Hf isotopes, and their initial '"SHf/'”’Hf ratios
range from 0.281956 to 0.282311, and ey(#) and Ty, val-
ues vary from —6.6 to —4.2, and from 1542 to 1696 Ma,
respectively (Fig. 6; Supplementary Table S2).

Fuxing pluton

Zircons from the granodiorite sample (14GWO067) are
euhedral in shape and exhibit fine-scale oscillatory zon-
ing (Fig. 4). A total of 24 analyses were made on 24 zir-
cons. Excluding one spot with a discordant age and four
spots with older ages (734 + 6, 319 + 4, 284 + 4, and
275 + 3 Ma), the other 19 analyses give 2°Pb/>*%U ages
of 248-263 Ma, yielding a weighted mean age of 256 + 2
(MSWD = 1.70, Fig. 5d). The younger age (256 £ 2 Ma)
is interpreted as the crystallization age of the granodiorite
(i.e., Late Permian), whereas the older ones (734, 319, 284,
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Fig. 4 Cathodoluminescence (CL) images of zircons selected from the Permian—Early Triassic granitoids in the Gucheng-Boli region. The num-
bers on these images indicate individual analysis spots, and the values below show zircon ages and ey (f) values

and 275 Ma) represent the crystallization ages of xenocrys-
tic zircons entrained in the granodiorite magma. Twenty of
the dated zircons were analyzed for Lu—Hf isotopes, and
16 analyses with ages of ~256 Ma have initial '"°Hf/'7"Hf
ratios of 0.281972-0.282300 with ey(f) and Tpy,, values
of —6.6 to —4.4 and 1559-1697 Ma, respectively (Fig. 6;
Supplementary Table S2). The xenocrystic zircons with
older ages (275-734 Ma) have 76H£/177Hf ratios, eys(#) and
Thwmp values in the range of 0.281717-0.282227, —3.9 to
—2.1, and 1482-1846 Ma, respectively.

Jinfeng pluton

Zircons separated from the syenogranite sample
(14GWO068) are prismatic and display oscillatory and
banded zoning with occasional dark and narrow rim
(Fig. 4). Analyses for U-Pb isotopes were conducted on 24
zircons. Fourteen analyses yield 2°Pb/?*8U ages of 247—
257 Ma, defining a concordia age group of 254 £+ 2 Ma
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(MSWD = 0.36, Fig. 5e), which is considered as the
emplacement age of this pluton (i.e., Late Permian). The
remaining 10 spots give one age group at 297 + 4 Ma
(MSWD = 0.23, n = 7) and three older inherited ages
of 277 & 5 Ma, 434 £ 7 Ma, and 469 £+ 7 Ma. Twenty
analyses were conducted for Lu—Hf isotopes on the dated
zircons. Thirteen magmatic zircons with ages of ~254 Ma
have initial ""*Hf/'""Hf ratios of 0.282072-0.282339 with
eye(?) and Tpyy, values of —7.6 to —5.6 and 1633-1762 Ma,
respectively (Fig. 6; Supplementary Table S2).

Shengchan II pluton

Zircons from the monzogranite sample (14GW(074) are
prismatic in shape with fine-scale oscillatory zoning
(Fig. 4). Twenty-five analyses on 25 zircons give *’°Pb/>**U
ages ranging from 251 to 266 Ma, yielding a peak age pop-
ulation of 258 + 2 Ma (MSWD = 0.95) (Fig. 5f), which
is considered to represent the time of crystallization of the
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Fig.5 Zircon LA-ICP-MS
U-Pb concordia diagrams for
the Permian—Early Triassic
granitoids from the Gucheng-
Boli region. The weighted mean
age and MSWD are shown in
each figure
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Fig. 6 a ey(r) versus t diagram of the Permian—Early Triassic grani-
toids from the Gucheng-Boli region, also showing the ca. 299-
254 Ma granitoids from the EJB (Yu et al. 2013a; Bi et al. 2014b;
Yang et al. 2015a) and the ca. 540-484 Ma granitoids from the Jia-

monzogranite (i.e., Late Permian). Fifteen of the dated
zircons were analyzed for Lu—Hf isotopes, and they have
initial '"°Hf/'""Hf ratios of 0.281947-0.282320 with ey (f)
and Tpyp, values of —5.8 to +1.6 and 1181-1647 Ma,
respectively (Fig. 6; Supplementary Table S2).

Dongfanghong pluton

Zircons from the granodiorite sample (14GWO083) are pris-
matic and exhibit fine-scale oscillatory zoning (Fig. 4).
Twenty-four analyses were made on 24 zircons. Excluding
three analyses showing obvious Pb loss and one xenocrys-
tic zircon with an older age (295 &+ 7 Ma), the remaining 20
analyses yield 2°°Pb/>*8U ages of 237-261 Ma, defining a
weighted mean age of 253 + 3 (MSWD = 0.39, Fig. 5g),
interpreted as the crystallization age of the granodiorite (i.e.,
Late Permian). Fifteen of the dated zircons were conducted
for Lu—Hf isotopes, and 14 data with ages of ~253 Ma have
initial '"°Hf/'""Hf ratios, ey(f) and Tpyy, values ranging from
0.281913 to 0.282240, from —6.3 to —1.0, and from 1346 to
1675 Ma, respectively (Fig. 6; Supplementary Table S2).

Damadang pluton

Zircons from the granodiorite sample (14GW107) are
euhedral in shape with length: width ratios of 3:1-5:1.
They have high Th/U ratios of 0.18-0.69 and exhibit fine-
scale oscillatory zoning (Fig. 4). Except for one xenocrys-
tic zircon with an older age (291 & 5 Ma), the remaining
23 analyses yield 2°°Pb/>*U ages of 255-261 Ma, giv-
ing a weighted mean age of 258 £ 2 (MSWD = 0.21,
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Fig. 5h), which is considered as the crystallization age of
the granodiorite (i.e., Late Permian). Twenty of the dated
zircons were measured for Lu—Hf isotopes, and 19 analy-
ses with ages of ~258 Ma have initial '"°Hf/!’"Hf ratios of
0.282003-0.282256, with ey(t) and Tpy;, values varying
from —8.7 to —4.2, and from 1548 to 1833 Ma, respec-
tively (Fig. 6; Supplementary Table S2).

Daerlong pluton

Two samples from the Daerlong pluton were dated; they
are both granodiorites (14GW364, 14GW366). Zircons
from the two samples are generally euhedral and prismatic
in shape and exhibit fine-scale oscillatory zoning (Fig. 4).
Twenty-five spots were analyzed on 25 zircons from sam-
ple 14GW364. Excluding 13 spots with discordant ages,
the remaining 12 analyses define a weighted mean age of
275 £ 2 (MSWD = 0.78, Fig. 5i). Twenty-five zircons
from sample 14GW366 were analyzed and the °°Pb/>%U
ages obtained range from 266 to 503 Ma, yielding one
group of concordia ages: 274 £ 2 Ma (MSWD = 1.50,
n = 15), and ten older inherited grains of ages: ~295 Ma
(n = 2), ~315 Ma (n = 4), 382 and 503 Ma (Fig. 5j). The
crystallization ages of the two samples are the same within
errors, indicating that the Daerlong pluton was emplaced in
the Early Permian (~275 Ma). Twenty of the dated zircons
of sample 14GW366 were conducted for Lu-Hf isotopes,
and 11 data with ages of ~275 Ma have initial '"*Hf/'""Hf
ratios of 0.281987-0.282355, with ey(t) and Ty, values
varying from —7.6 to —1.3, and from 1376 to 1774 Ma,
respectively (Fig. 6; Supplementary Table S2).
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Fig. 7 a Total alkali versus SiO, classification (TAS, after Irvine and
Baragar 1971), b K,0 versus SiO, classification, after Peccerillo and
Taylor (1976), ¢ A/NK versus A/CNK classification, after Maniar and

Whole-rock geochemistry

The major and trace element compositions of the Early Per-
mian, Late Permian, and Early Triassic granitoid samples
are given in Supplementary Table S3.

Early Permian granodiorite

The Early Permian granodiorites of the Daerlong pluton
have SiO, = 62.38-65.67 wt%, TiO, = 0.66-1.03 wt%,
total Fe,O; = 4.54-5.50 wt%, MgO = 1.59-1.95 wt%,
AlL,O; = 15.84-16.93 wt%, and Na,O/K,0 = 0.85-1.95
(Supplementary Table S3). They are classified in the sub-
alkalic series on a plot of total alkalis against SiO, (TAS;
Fig. 7a; Irvine and Baragar 1971) and assigned to the
medium-K to high-K calc-alkaline igneous rocks on the
K,O versus SiO, diagram (Fig. 7b; Peccerillo and Taylor

Piccoli (1989) and d FeOt/(FeOt + MgO) versus SiO, diagram, after
Frost et al. (2001), Fe* = FeOt/(FeOt + MgO)

1976). Their A/CNK [molar Al,0,/(CaO +K,0 + Na,O)]
values range from 1.00 to 1.04, indicative of weakly per-
aluminous granites (Fig. 7c; Maniar and Piccoli 1989).
Relatively low Fe* [Fe* = FeOt/(FeOt + MgO)] values of
0.71-0.72 classify them as magnesian granitoids (Fig. 7d;
Frost et al. 2001). On the FeOt/(FeOt 4 MgO) versus SiO,
diagram (Fig. 7d; Frost et al. 2001), they plot in the field
of Cordilleran granites which are considered as I-type gran-
ites of Chappell and White (1974) and equivalent to the vol-
canic arc granites of Pearce et al. (1984) or island arc and
continental arc granitoids of Maniar and Piccoli (1989). In
the chondrite-normalized REE diagram (Fig. 8a), they are
characterized by slightly LREE enrichment patterns with
(La/Yb)y values of 5.13—18.2. Except for sample 14GW364
(8Eu = 0.97), the remaining samples show obviously nega-
tive Eu anomalies (3Eu = 0.41-0.74). In the primitive-man-
tle-normalized trace element diagrams (Fig. 8b), they show
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Fig. 8 Chondrite-normalized REE patterns (a, ¢, e) and primitive-mantle (PM)-normalized trace element (b, d, f) diagrams for the Permian—
Early Triassic granitoids from the Gucheng-Boli region. The values of chondrite and PM are from Sun and McDonough (1989)

similar patterns, although there are notable differences in
the absolute element concentrations (Supplementary Table
S3). All samples are enriched in Rb, Ba, Th, K, Pb, and
LREEs, but are depleted in HREEs, Nb, Ta, and Ti with no
obvious anomalies of Zr, Hf, and Sr (Fig. 8b).

Late Permian granitoid

The 258-254 Ma granitoids are represented by granodi-
orites, monzogranites and syenogranites from the Fuxing,
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Jinfeng, Shengchan II, Dongfanghong and Damadang plu-
tons. They exhibit relatively variable major element com-
positions, with SiO, = 60.49-72.77 wt%, MgO = 0.41-
1.90 wt%, Mg# values = 29.1-51.6, and Na,O/
K,0 = 0.22-1.84 (Supplementary Table S3). They belong
to high-K to shoshonitic calc-alkaline series (Fig. 7b) and
show partly peraluminous features with ACNK ratios of
0.93-1.29 (Fig. 7¢). On the FeOt/(FeOt + MgO) versus
Si0, diagram (Fig. 7d), most granitoid samples occupy
the field of magnesian Cordilleran granites. In addition to
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sample 14GWO070 exhibiting a relatively flat REE pattern
with a negative Eu anomaly (Fig. 8c), the other samples
show LREE enrichments ((La/Yb)y = 12.4-54.0) with
slightly negative or no obvious Eu anomalies (3Eu = 0.47—
1.06). These samples contain variable Sr (85-866 ppm)
and Y (8-24 ppm) contents with relatively low Sr/Y ratios
(6-71, with average of 34). All the samples exhibit enrich-
ments in Rb, Th, U, K, Pb, and LREEs, and depletions in
HREEs, Nb, Ta, and Ti with no obvious anomalies of Zr,
Hf, and variable Sr and Ba anomalies (Fig. 8d).

Early Triassic granitoid

The 250-246 Ma granitoids consist of quartz diorites, gran-
odiorites and syenogranites from the Tuchengzi, Shengchan
I and Hexing plutons. These samples display the follow-
ing geochemical characteristics: (1) variable SiO, content
of 59.67-74.04 wt% and low to medium Mg# (20.1-43.2)
with medium to high Na,O/K,O ratios of 0.71-1.70; (2)
high-K calc-alkaline series with ACNK ratios of 0.93-1.07,
classifying them as metaluminous to weakly peralumi-
nous granitoids (Fig. 7b, c¢); (3) relatively high Fe* values
of 0.73-0.89, indicative of a ferroan to magnesian feature
(Fig. 7d); (4) fractionated REE patterns with (La/Yb)y
values of 11.3-23.7 and weakly negative Eu anomalies
(8Eu = 0.46-0.98) (Fig. 8e); and (5) low concentrations of
Cr and Ni and low ratios of St/Y with negative Nb, Ta, Ti
and P anomalies, but positive Rb and K anomalies, and no
obvious Th, U, Zr, Hf, Sr and Ba anomalies (Fig. 8f).

Discussion

Permian—Early Triassic (ca. 275-245 Ma) continental
arc magmatism in the WJB

Zircon U-Pb dating results of the granitoids from the Daer-
long, Damadang, Dongfanghong, Shengchan II, Jinfeng,
Fuxing, Tuchengzi, Hexing and Shengchan I plutons show
that they were emplaced in the Gucheng-Boli region dur-
ing a short time period between 278 & 3 and 246 £ 2 Ma.
Prior to this study, some intrusive rocks with approxi-
mately indistinguishable ages have been recognized in
other parts of the WIB (Table 2), including the ~270 Ma
Qingshan, ~267 Ma Shichang, ~256 Ma Chushan and
~254 Ma Chaihe granodiorites and monzogranites in the
northern Mudanjiang (Wu et al. 2001), the ~265 Ma Yong-
ging granodiorites in the western Shuangyashan (Zhang
et al. 2013), the ~259 Ma Meizuo granodiorites in southern
Huanan (Huang et al. 2008), the ~256 Ma Taipinggou gab-
bros in the northern Luobei (Li et al. 2010; our unpublished
data), and the ~272 to 250 Ma Pingdingshan monzogran-
ites in southeastern Jiayin (Bao et al. 2014). These ages

indicate that extensive Permian to Early Triassic magma-
tism occurred continuously at least from ca. 275 to 245 Ma
over more than 400 km in extent in the WIB (Fig. 2a).

As shown above, the granitoids studied in this paper as
well as the coeval intrusive rocks within the WIB are char-
acterized by variable SiO, contents and a rock association
of granodiorite, monzogranite, syenogranite, quartz diorite
and minor gabbro, similar to those of the continental arc
magmatism (e.g. Wilson 1989) as is also revealed by their
calc-alkalic compositions, the LREEs and LILEs enrich-
ments and negative Nb, Ta and Ti anomalies (Fig. 8), which
are characteristic features shared by many subduction-
related magmatic rocks (e.g. Rogers and Hawkesworth
1989; Murphy 2007). Formation of the Permian—Early
Triassic granitic rocks in continental arc setting is further
confirmed by the different trace element discrimination
diagrams (Fig. 9), of which almost all the samples fall into
the volcanic arc granite field (VAG), pre-collisional granite
field and normal continental arc field in the plots of Nb ver-
sus Y (Fig. 9a), Rb versus Nb + Y (Fig. 9b), R, versus R,
(Fig. 9c) and Rb/Zr versus Nb (Fig. 9d), respectively. Fur-
thermore, their N-S-trending linear distributions (Fig. 2a)
are very similar to the present-day circum-Pacific mag-
matic arc (Jahn 1974; Cawood et al. 2009). Therefore, the
voluminous intrusive rocks with ages of ca. 275-245 Ma
are interpreted to constitute fragments of a magmatic conti-
nental arc with an N-S orientation in the WIB.

Petrogenesis
Early Permian granodiorite

The Early Permian granodiorite samples of the Daerlong
pluton display similar geochemical compositions (Figs. 7,
10; Supplementary Table S3). They have intermediate
SiO, contents (62.38-65.67 wt%) and high Na,O/K,0O
ratios (0.85-1.95) with moderate Mg# values (44.9-45.8)
and low Cr and Ni concentrations, indicating a crustal
source. Although the Mg# values of these granodiorites
(44.9-45.8) are slightly higher than those of experimen-
tal melts from infracrustal rocks (usually with Mg# val-
ues lower than 43; Patifio Douce 1995; Patifio Douce and
Beard 1995), the significant injection of mantle-derived
magma can be precluded as evidenced by the uniform
geochemical and zircon Hf isotopic compositions as well
as the general absence of MMEs (Table 1). In the petro-
genetic diagram of AFM versus CFM (Fig. 11a), these
granodiorite samples plot in the field of partial melts from
metabasaltic to metatonalitic sources (Altherr et al. 2000).
Moreover, a low and restricted range of Rb/Ba, Rb/Sr, and
AL, O5/(FeOt 4+ MgO + TiO,) ratios and a relatively wide
range in total contents of Al,O; + FeOt + MgO + TiO,
(Fig. 11b, c¢) strongly suggest that the crustal source
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Table 2 Petrological features and radiometric ages of the Permian to Earliest Triassic arc-type igneous rocks along the eastern NE China

No. Sample no.  Sample location  Lithology Igneous classification =~ Method Age (Ma) References
Western margin of the Jiamusi Block

1 PDS5-1 Pingdingshan Monzogranite I-type granite LA-ICP-MS 272 +2 Bao et al. (2014)

2 PDS7-1 Pingdingshan Monzogranite I-type granite LA-ICP-MS 250 £3 Bao et al. (2014)

3 07LB16 Taipinggou Metagabbro LA-ICP-MS 256 £1 Liet al. (2010)

4 12YQO1 Yongqing Granodiorite I-type granite LA-ICP-MS 265=+1 Zhang et al. (2013)
5 MZ06 Meizuo Granodiorite I-type granite LA-ICP-MS 259 +4 Huang et al. (2008)
6 98SW119 Qingshan Gneissic granodiorite I-type granite SHRIMP 270+ 4 Wu et al. (2001)

7 M9B Shichang Gneissic granodiorite I-type granite SHRIMP 267 +£2 Wau et al. (2001)

8 97SAW028  Chushan Gneissic granodiorite I-type granite SHRIMP 256 £ 5 Wau et al. (2001)

9 97SAW027  Chaihe Gneissic granodiorite I-type granite SHRIMP 254 + 4 Wu et al. (2001)
10 14GWO073 Shengchan I Granodiorite I-type granite LA-ICP-MS 249 +4 This study

11 14GWO079 Hexing Syenogranite I-type granite LA-ICP-MS 246 +2 This study

12 14GWO088 Tuchengzi Quartz diorite I-type granite LA-ICP-MS 250 +£2 This study

13 14GW067 Fuxing Granodiorite I-type granite LA-ICP-MS 256 2 This study

14 14GW068 Jinfeng Syenogranite I-type granite LA-ICP-MS 254 +£2 This study

15 14GW074 Shengchan II Monzogranite I-type granite LA-ICP-MS 258 £2 This study

16 14GWO083 Dongfanghong Granodiorite I-type granite LA-ICP-MS 253 £3 This study

17 14GW107 Damadang Granodiorite I-type granite LA-ICP-MS 258 £2 This study

18 14GW364 Daerlong Granodiorite I-type granite LA-ICP-MS 275+2 This study

19 14GW366 Daerlong Granodiorite I-type granite LA-ICP-MS 274 +2 This study

Eastern margin of the Songliao Block

20 P6-3 Sihaolinchang Monzogranite I-type granite LA-ICP-MS 261 £1 Wei (2012)

21 P10-2 Sihaolinchang Granodiorite I-type granite LA-ICP-MS 244 £2 Wei (2012)

22 1009-1 Dafeng Monzogranite I-type granite LA-ICP-MS 261 £1 Wei (2012)

23 1006-1 Dalazi Monzogranite I-type granite LA-ICP-MS 262 +£2 Wei (2012)

24 1007-1 Fenglinlinchang ~ Monzogranite I-type granite LA-ICP-MS 264 £ 1 Wei (2012)

25 P18-9 Sandaolinchang Gneissic monzogranite  I-type granite LA-ICP-MS 260 +1 Wei (2012)

26 HB-1 Yuquan Rhyolite LA-ICP-MS 294 +3 Meng et al. (2011)
27 HB14-1 Yuquan Basaltic andesite LA-ICP-MS 293 £2 Meng et al. (2011)
28 HB17-1 Fanshentun Basaltic andesite LA-ICP-MS 293 +£2 Meng et al. (2011)
29 HMD4-1 Weihu Mountain ~ Dacite LA-ICP-MS 286 +2 Meng et al. (2011)
30 HYSI1-1 Taiantun Rhyolite LA-ICP-MS 291 +4 Meng et al. (2011)
31 HYS2-1 Taiantun Rhyolite LA-ICP-MS 29143 Meng et al. (2011)
32 11HNA1 Huanggigou Quartz diorite I-type granite LA-ICP-MS 256 £1 Yu et al. (2013a, b)
33 11HNA4 Xiaobeihu Monzogranite I-type granite LA-ICP-MS  255+2 Yu et al. (2013a, b)
34 11HNAT11 Lalagou Granodiorite I-type granite LA-ICP-MS 252 +2 Yu et al. (2013a, b)
35 DYO0519-1 Weicaohe Monzogranite I-type granite LA-ICP-MS 266 £ 1 Wu et al. (2011)
Eastern margin of the Jiamusi Block

36 10GW240 Liulian Granodiorite I-type granite LA-ICP-MS 284 +2 Yu et al. (2013a)
37 11GW070 Liulian Hornblende gabbro LA-ICP-MS 278 £2 Yu et al. (2013a)
38 11GW041 Renyi Monzogranite I-type granite LA-ICP-MS 261 £3 Bi et al. (2014b)
39 13GW197 Renyi Monzogranite I-type granite LA-ICP-MS 278 £3 Bietal. (2014b)
40 10GW251 Jinshan Granodiorite I-type granite LA-ICP-MS 260 £ 8 Bietal. (2014b)
41 12GW032 Huangfengshan Monzogranite I-type granite LA-ICP-MS 295+3 Yang et al. (2015a)
42 12GW029 Tiexi Diorite LA-ICP-MS 296 £2 Yang et al. (2015a)
43 12GWO010 Chaoxiantun Monzogranite I-type granite LA-ICP-MS 287 +3 Yang et al. (2015a)
44 12GW022 Shuangyehu Granite porphyry I-type granite LA-ICP-MS 258 +2 Yang et al. (2015a)
45 12GW041 Yangtianzhai Granodiorite I-type granite LA-ICP-MS 257 +3 Yang et al. (2015a)
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Table 2 continued

No. Sample no.  Sample location  Lithology Igneous classification ~ Method Age (Ma) References
46 12GW047 Majiajie Granodiorite I-type granite LA-ICP-MS 262 +3 Yang et al. (2015a)
47 HBQI-1 Quannong Rhyolite LA-ICP-MS 291 +£2 Meng et al. (2008)
48 HBQ3-1 Wujiugi Dacite LA-ICP-MS 286 £3 Meng et al. (2008)
49 HBQI18-2 Wujiugi Basaltic andesite LA-ICP-MS 293 +2 Meng et al. (2008)
50 HBQI12 Longtou Rhyolitic tuff LA-ICP-MS 263 +2 Meng et al. (2008)
51 HBQI13 Longtou Dacite LA-ICP-MS 263 +£5 Meng et al. (2008)
52 HBQ14 Lizhongxinan Dacite LA-ICP-MS 288 £2 Meng et al. (2008)
53 HM4-1 Dongfa Rhyolite LA-ICP-MS 264 +7 Meng et al. (2008)
54 HM6 Peide Rhyolite LA-ICP-MS 268 £2 Meng et al. (2008)
55 13HHL-3 Shuguang Gabbro LA-ICP-MS 274 +2 Bietal. (2015)
56 13GW044 Shuguang Plagiogranite LA-ICP-MS 27742 Bietal. (2015)
57 10GW261 Rizhao Gabbro LA-ICP-MS 290 +3 Bietal. (2015)
58 11GW096 Rizhao Hornblende gabbro LA-ICP-MS 286 +£2 Bi et al. (2015)
59 11GW097 Rizhao Hornblende gabbro LA-ICP-MS 282 +2 Bietal. (2015)
60 RH02-3 Dongfanghong Hornblende gabbro SHRIMP 274+ 4 Sun et al. (2015a)
61 RHO02-10 Dongfanghong Hornblende gabbro SHRIMP 276 £ 3 Sun et al. (2015a)
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Fig. 9 a Nb versus Y diagram, and b Rb versus Y + Nb diagram
(after Pearce 1996); ORG oceanic ridge granites, post-COLG post-
collisional granites, syn-COLG syn-collisional granites, VAG volcanic
arc granites, WPG within-plate granites, ¢ R versus R, diagram (after

Batchelor and Bowden 1985), d Nb—Rb/Zr bivariate plot with fields
after Brown et al. (1984), A primitive island arcs and continental arcs,
B normal continental arcs and C mature continental arcs
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Fig. 10 Major and trace element Harker variation diagrams showing the magmatic evolution of the Middle-Late Triassic granitoids from the

Gucheng—Chabagqi region

materials are dominantly composed of basic igneous rocks
such as basalts or amphibolites for the Daerlong granodior-
ite (Sylvester 1998; Patifio Douce 1999). Notably, several
experimental studies have shown that dehydration melting
of an amphibolite source is likely to generate a low-K ton-
alitic—trondhjemitic melt rather than a high-K calc-alkaline
melt (e.g. Roberts and Clemens 1993; Wyllie et al. 1996).
Thus, we favor the illustration proposed by Patifio Douce
(1999) that some assimilation of metasediment compo-
nents by basaltic sources may have occurred at relatively

@ Springer

low-pressure conditions to engender high-K abundances
in the Daerlong granodiorites (Fig. 7b), as indicated by the
frequent occurrence of 295-503 Ma inherited zircon grains
(Fig. 5j), and no HREE depletion (Fig. 8a) with low Sr/Y
values but high Y concentrations (Fig. 11d). Alternatively,
the Daerlong granodiorites have a relatively tight range of
eye(?) values (—7.6 to —1.3) and Ty, ages (1.38-1.78 Ga);
therefore, we conclude that the Early Permian granodior-
itic magma was derived chiefly from the partial melting of
pre-existing ancient basaltic materials in lower crust with
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after Sylvester (1998), ¢ ALOs/(FeO + MgO + TiO,) versus

involvement of assimilation of metasediment components
under low pressures during magma ascent. This conclusion
is further supported by Shellnutt and Dostal (2015), who
have conducted the equilibrium partial melt modeling using
program MELTS and found the best result that produced
the granodiorites was from a mixed meta-sedimentary
and meta-basaltic source with an initial water content of
1.0 wt% and a fO, value of FMQ + 1.

Late Permian and Early Triassic granitoids

As described earlier, the Late Permian (258-254 Ma)
rocks consist of a suite of granodiorites, monzogranites
and syenogranites, while the Early Triassic (250-246 Ma)
rocks are represented by a quartz diorite—granodiorite—sye-
nogranite association. Although these units do not coexist
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Patifio Douce (1999) and d Sr/Y versus Y diagram (after Defant and
Drummond 1990)

within plutons, they have similar geochemical variations
and zircon Hf isotopic compositions (Fig. 10; Supplemen-
tary Table S2, S3), indicating a common source or petro-
genetic process. Both the two stages of granitoids have a
wide range of SiO, (59.67-74.04 wt%) and MgO contents
(0.16-2.06 wt%), and high Y concentrations with low St/Y
values, similar to igneous rocks in modern arcs (Fig. 11d).
Furthermore, the granitoid samples show variable LREE
enrichment patterns with weak negative or no obvious Eu
anomalies (8Eu = 0.46-1.06) (Fig. 8c, e), implying that
their source region was composed dominantly of plagio-
clase and hornblende without garnet (Patiio Douce and
Beard 1995; Rapp and Watson 1995). The petrogenetic dia-
grams of AFM versus CFM (Fig. 12a), Rb/Ba versus Rb/
Sr (Fig. 11b), and Al,0,/(FeOt + MgO + TiO,) versus
Al,O; + FeOt + MgO + TiO, (Fig. 11c) indicate that the
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Late Permian—Early Triassic granitic melts were derived
from miscellaneous crustal materials chiefly composed
of igneous rocks (e.g. basalt and its equivalents) and par-
tially clay-poor sedimentary rocks including graywackes
and shales (Sylvester 1998; Patifio Douce 1999; Altherr
et al. 2000). In the Mg# versus SiO, diagram (Fig. 10k),
it is evident that the 258-246 Ma granitoid samples show
a trend defining an AFC or magma mixing process, dis-
tinct from that of felsic melt-peridotite interaction on the
basis of experimental results (Rapp et al. 1999). The evi-
dent systematic trends between SiO, and other major and
trace elements indicate that crystal fractionation occurred
during magma evolution (Fig. 10). Clinopyroxene (Cpx)
and hornblende (Hb) are potential fractional phases that
account for the decreases in MgO, TFe,0O;, and CaO with
increasing SiO, (Fig. 10b, c, e), which is further supported
by the covariations between Sr and Ba, TiO, and V as well
as Ni versus Cr (Fig. 10h, j, 1). The Al,O5 decreases with
increasing SiO, and covariations between Sr and Rb and
Ba (Fig. 10a, i) suggest plagioclase (Pl) is a major frac-
tionated phase. Likewise, separation of accessory miner-
als such as apatite (Ap) and Fe-Ti oxides could explain the
observed reductions in P,0O5 and TiO, with increasing SiO,
(Fig. 10d, f), and depletions in P and Ti (Fig. 8d, f).
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Khabarovsk, Dongfanghong, Jiamusi, Akiyoshi, Yakuno, and Gym-
pie areas (after Zhang 1997; Sun et al. 2015a and references cited
therein). K Kazakhstan, T Tarim Craton, NC North China Craton, SC
South China Craton, JB Jiamusi Block

A fractional mineral assemblage of
(Cpx + Hb 4 P1 + Ap + Fe-Ti oxides) could explain the
systematic elements variations observed in the 258-246 Ma
granitoid samples. However, no single closed-system
fractionation processes can produce the variable isotopic
compositions in these samples (egdf) = — 22.9 to +1.7;
Fig. 6). This finding indicates that wall-rock assimilation or
magma mixing may potentially explain these isotopic fea-
tures. Firstly, four of the eight dated samples contain inher-
ited zircons with ages of 275-734 Ma (Fig. 54, e, g, h),
together with the observations that most plutons intruded
the Mashan supracrustal rocks (Fig. 3a), indicating some
crustal assimilation did take place during magma evolution.
Secondly, it is commonly found that zircons having homo-
geneous U-Pb ages but with variable Hf isotopic composi-
tions are the result of magma mixing of magmas derived
from distinct source rocks (e.g. Belousova et al. 2006; Yang
et al. 2008). Notably, some of the measured zircon grains
have ey(r) values varying from 4-0.2 to +1.6, demonstrat-
ing that some depleted mantle components with high posi-
tive ey(f) values have been involved in the melting source.
This conclusion is also supported by the common occur-
rences of mantle-derived MMEs (Fig. 3b, d, e) and rela-
tively high Mg# values (43.6-51.2, average of 46.7) of the
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Fuxing, Jinfeng and Damadang plutons. In summary, the
Late Permian and Early Triassic granitoids might be gen-
erated from the miscellaneous crustal materials composed
of dominantly igneous rocks and partially clay-poor sedi-
mentary rocks, coupled with involvement of depleted man-
tle-derived melts, assimilation with crustal wall-rocks, and
fractional crystallization during magma generation, ascent
and emplacement.

Implications for the MASH hypothesis

Our data discussed above reveal that materials from
multi-sources, multi-stages might have been incorporated
during the magma genesis of the granitoid rocks from the
WIB. Many studies in Andes have demonstrated enriched
incompatible trace element compositions in continental
arc magmas traversing thick crust as compared to those
traversing thin crust (e.g. McMillan et al. 1993). Thus,
the LILE and LREE enrichments in the WJB grani-
toids (Fig. 8) suggest involvement of thick continental
crust through which the magma traversed. In addition,
as described in Whalen et al. (1999), plot of Ba versus
Sr/Y is considered to discriminate between a slab-melt-
related and slab-fluid-related enrichment in the mantle
wedge. Our granitoid samples generally exhibit low Sr/Y
values with significant Ba enrichment trend from 164 to
2400 ppm (Fig. 10g), suggesting that, initially, slab gen-
erated fluids probably caused LILE enrichment in the
WIB source magma. All these features are consistent
with continental arcs in western South and North Amer-
ica, where materials from subducted oceanic slab, mantle
wedge and continental crust could be involved and their
source areas could be temporally and spatially differ-
ent (e.g. Feeley et al. 1998; Mamani et al. 2010). Col-
lectively, we infer that melting, fractional crystallization,
assimilation, storage, and homogenization (MASH) pro-
cesses proposed by Hildreth and Moorbath (1988) may
have occurred during formation of the studied granitoids
(Fig. 12a, b). Firstly, LILE-enriched fluids were gener-
ated through dehydration of the upper part of subducting
oceanic lithosphere, when interacting with the overly-
ing mantle wedge. Subsequently, these ascending LILE-
enriched fluids induced partial melting of the mantle
wedge, continuously impelling the rising basaltic melts
to pond at the base of thick crust as a MASH zone, where
conditions are favorable for high-volume dehydration
partial melting of pre-existing ancient lower-crustal rocks
to produce fractionated, buoyant, possibly hybrid granitic
melts. At last, such granitic melts must have experienced
crustal assimilation-fractional crystallization (AFC) pro-
cesses while ascending through thick crust to their final
level of emplacement.

Crustal evolution of the Jiamusi Block and the
relationships to the Songliao Block

Granitic rocks are among the most important constituents
of the Earth’s continental crust and play an important role
in deciphering crustal growth through geological times
(e.g. Wu et al. 2011). So far, two major periods of grani-
toids with ages between 540-484 and 299-246 Ma have
been identified, which thus can provide important clues to
understand the crustal nature and evolution of the Jiamusi
Block. Zircon Hf isotopic data show that both the 540-484
and 299-246 Ma granitoids have gy(f) values overlapping
the chondritic uniform reservoir value (Fig. 6a), with the
two-stage Hf model ages (i.e., ca. 1.2-2.4 Ga and ca. 1.0-
2.8 Ga, respectively) being significantly older than their
crystallization ages (Supplementary Table S1, S2). This
suggests that reworking of ancient crust mainly occurred
during the Early Cambrian, Permian, and Early Triassic.
However, some samples, especially those in the eastern
margin of the Jiamusi Block (EJB), have relatively high
and positive ey(?) values (e.g. Yu et al. 2013a; Yang et al.
2015a; Fig. 6), indicating significant injection of juvenile
materials that were probably derived directly from depleted
mantle might also have involved in the crustal source. In
addition, it is evident that the ey(¢) values of zircons from
the 540484 and 299-246 Ma granitic rocks are mostly
located in the crustal evolution region of the Jiamusi Block
as estimated by the isotopic evolved tendency and average
two-stage Hf model ages (ca. 1.4-2.1 Ga; Fig. 6a). All the
above information suggests that crustal growth in the Jia-
musi Block mainly occurred in the Paleo-Mesoproterozoic,
whereas reworking of the ancient crust and some accretion
of new crust took place in the early Paleozoic and Per-
mian—Early Triassic. Furthermore, it is worthy noting that
the 278-246 Ma granitoids in the WJB have distinct zircon
Hf isotopic characteristics from those of the nearly coeval
granitoids in the EJB, i.e., the ey(#) values of the granitic
rocks decrease from west to east (Fig. 6b), implying the
magma sources in the east involved more juvenile compo-
nents than in the west, and further revealing the heteroge-
neity of deep crust in the Jiamusi Block.

At present, some researchers proposed that the Jiamusi
Block was rifted from the Songliao Block of the CAOB
sometime before or around 275-258 Ma (Zhou et al. 2009;
Zhu et al. 2015). More recently, Zhu et al. (2016) further
argued that the continental rifting between the joint Jiamusi
and Songliao blocks took place during Permian to Triassic
time and continued its evolution into an open ocean that
subsequently closed after ~140 Ma. In this paper, how-
ever, our data fail to favor the Jiamusi-Songliao link for
the following reasons. Firstly, the crustal basement of the
Songliao Block consists mainly of Mesozoic granitoids and
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Paleozoic strata with minor Precambrian components (e.g.
Wu et al. 2002; Wang et al. 2006; Pei et al. 2007). System-
atic zircon Lu—Hf and whole-rock Sr—Nd isotopic studies
indicate that the Songliao Block contain a large proportion
of juvenile crustal material, and continental growth in this
block occurred during the Neoproterozoic to Cambrian
(ca. 0.5-2.1 Ga), whereas reworking and accretion of new
crust mainly took place during the Permian—Jurassic (e.g.
Wu et al. 2000, 2003; Meng et al. 2011; Yu et al. 2013b).
As pointed out above, the crustal nature and evolution of
the Jiamusi Block is devoid of these events of the Songliao
Block. Secondly, the Pre-Permian sedimentary sequences
in the easternmost Songliao Block (ESB) have significant
differences with those in the WJB (HBGMR 1993; Meng
et al. 2011), of which the former contains no Pan-African
khondalitic records but has widespread late Paleozoic vol-
canic-sedimentary rocks. Therefore, a pre-Permian correla-
tion of the Jiamusi Block and the Songliao Block is ques-
tionable. Thirdly, geochemical and geochronological data
show that the WJIB developed in a continental arc setting
during in the Permian—Early Triassic (ca. 275-245 Ma), not
a continental rift environment as supposed by Zhou et al.
(2009) and Zhu et al. (2015, 2016). Taken together, we
argue that the Jiamusi Block was unlikely the rifted seg-
ment of the Songliao Block.

Possible tectonic evolution models

As outlined earlier, the massive granitoids and minor
gabbros with ages of ca. 275-245 Ma constitute an N-S-
trending arc magmatic belt in the WJB, nearly parallel to
the distribution of the Heilongjiang Complex (Fig. 2a). In
addition, the coeval 292-244 Ma mafic to felsic igneous
rocks with arc-affinity (mostly I-type granitoids and their
eruptive counterparts, Meng et al. 2011; Wu et al. 2011;
Wei 2012; Yu et al. 2013b; our unpublished data) in the
Lesser Xing’an and Zhangguangcai ranges also distribute
around the Heilongjiang Complex in a north—south direc-
tion (Fig. 2a). The Heilongjiang Complex between the Jia-
musi and Songliao blocks is the remains of a paleo-ocean
named Mudanjiang Ocean by Wu et al. (2011), records
complex subduction, collision and accretion processes
and therefore probably becomes the key to interpret the
formation of these N-S-trending arc magmatic belts. As
significant components of the Heilongjiang complex, the
blueschists are well exposed along the Mudanjiang Fault,
geochronological data show that they partly formed dur-
ing the Permian with protolith ages between 281 £ 3 and
258 4+ 2 Ma (Zhou et al. 2009; Ge et al. 2015; Zhu et al.
2015). Moreover, the geochemical characteristics indi-
cate that the protoliths of the blueschists have OIB affin-
ities (Zhou et al. 2009; Ge et al. 2015; Zhu et al. 2015),
together with the unlikely linkage between the Jiamusi and

@ Springer

Songliao blocks, we infer that they may be generated in an
ocean island setting, in other words, the Mudanjiang Ocean
existed at least since the Early Permian, and its subduction
may have initiated at that time (Ge et al. 2015). In particu-
lar, most of lithologies in the eastern NE China were only
metamorphosed in sub-greenschist to greenschist facies
(e.g. HBGMR 1993; Zhou et al. 2009; Zhu et al. 2016),
unlike other typical continent—continent collisional belts
resulted from a single-sided subduction that contain large
amounts of high-grade metamorphic rocks forming at the
subduction stage of continental crust following the closure
of an ancient ocean (Zhao 2015). To summarize the above
discussion, we proposed a possible divergent double-sided
subduction model for the formation and evolution of the
eastern NE China (Fig. 12a). In the period 292-244 Ma, the
Jiamusi and Songliao blocks were separated by the Mudan-
jiang Ocean whose lithosphere was undergoing divergent
double-sided subduction beneath the eastern margin of the
Songliao Block (ESB) and the western margin of the Jia-
musi Block (WIB). This type of double subduction evolu-
tion involved the development of magmatic arcs on both
the active continental margins (Fig. 2a), represented by the
ca. 292-244 Ma Fengmao, Shangzhi, and Xiaobeihu arc-
type igneous rocks at the ESB and the ca. 275-245 Ma
Luobei, Linkou and Mudanjiang arc-related intrusive rocks
on the WIB.

The above divergent double-sided subduction model is
based on the assumption that the WJB has been located in
the vicinity of the Songliao Block and influenced by the
tectonic evolution of the Mudanjiang Ocean since the Early
Permian. An increasing number of data have been reported
that favor an exotic origin, possibly Gondwana, for the Jia-
musi Block (e.g. Wilde et al. 1999, 2000; Wu et al. 2011;
Yang et al. 2014, 2015a); therefore, an alternative interpre-
tation that the Jiamusi Block is a drifting terrane situated
in an area slightly far from the Songliao Block during the
Permian and the ca. 275-245 Ma granitoids of the WIB
were emplaced in a continental arc setting related to west-
ward subduction of the Paleo-Pacific Ocean is also possible
(Fig. 12b). This model is supported by the recent studies
by Yu et al. (2013a), Yang et al. (2015a, b) and Sun et al.
(2015a), in which the spatial configuration of the ca. 299-
254 Ma immature continental arc rocks in the eastern mar-
gin of the Jiamusi Block (EJB) and the ~275 Ma immature
island arc Dongfanghong gabbro in the Yuejinshan Com-
plex to the east is best explained by processes associated
with westward subduction of the Paleo-Pacific Plate.

In summary, in the absence of reliable paleo-magnetic
and geophysical data, we cannot reach an irrefutable con-
clusion about which of the two models was responsible
for the generation of the studied granitoids in this paper.
Nevertheless, it should be noted that some studies (e.g.
Zhou et al. 2009; Ge et al. 2015) recently argued that the
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Mudanjiang Ocean between Jiamusi and Songliao blocks
must be different from the Paleo-Asian Ocean, and in a
sense, might also be a part of the Paleo-Pacific Ocean (see
details in Ge et al. 2015). Moreover, from a global perspec-
tive (Fig. 12c), Permian arc rocks in the Khabarovsk accre-
tionary complex, Russian Far East (Suzuki et al. 2005); the
Akiyoshi accretionary complex and Yakuno Ophiolite, SW
Japan (Sano 1992; Isozaki 1997); and the Gympie Group
in eastern Australia (Sivell and Waterhouse 1988) are also
reported along the Western Paleo-Pacific margin. In this
context, we propose that all these N-S-trending arc mag-
matic belts, including the ca. 275-245 Ma intrusions in the
WIB, the ca. 292-244 igneous rocks in the ESB, and the ca.
299-254 Ma igneous rocks in the EJB, might not be caused
by Paleo-Asian Ocean subduction, instead, they probably
represent the magmatic records of the Permian—Early Tri-
assic subduction of the Paleo-Pacific Oceanic Plate beneath
the Jiamusi Block, and even whole eastern NE China.

Conclusions

Based on the above discussion, we draw the following
conclusions:

1. Extensive Permian to Early Triassic continental arc
magmatism occurred continuously at least from ca.
275 to 245 Ma over more than 400 km in extent in the
WIB.

2. Petrogenetic considerations indicate that a MASH-like
process may have occurred during formation of the
studied granitoids. The 278-275 Ma granodiorites were
derived from the pre-existing ancient basaltic materials
in lower crust with involvement of metasediment assim-
ilation under low pressures during magma ascent. The
258-246 Ma granitic magma might be generated from
the miscellaneous crustal source composed of domi-
nantly igneous rocks and partially clay-poor sediments,
coupled with mantle-derived melt hybridization, wall-
rock assimilation, and fractional crystallization.

3. Continental growth in the Jiamusi Block occurred dur-
ing the Paleo-Mesoproterozoic, whereas reworking
of the ancient crust and accretion of some new crust
occurred in the early Paleozoic and Permian—Early
Triassic. The crustal nature and the Pre-Permian sedi-
mentary units of the WJB and is distinct from those of
the ESB, implying the Jiamusi Block was unlikely the
rifted segment of the Songliao Block.

4. In the eastern NE China, these ca. 299-245 Ma mafic
to felsic intrusions and their eruptive counterparts con-
stituted an N—S-trending arc magmatic belt, suggesting
that Paleo-Pacific Plate subduction was initiated in the
Permian to Early Triassic.
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