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The Dongfanghong hornblende gabbro is located in the western part of theWandashan Orogen and to the east of
the Jiamusi Block in NE China. It was emplaced into Early Paleozoic oceanic crust (i.e. Dongfanghong ophiolite) at
~275 Ma and both later collided with the eastern margin of the Jiamusi Block. The Dongfanghong gabbro is sub-
alkalinewith highNa2O contents and is characterized by enrichment in light rare earth elements (LREE), large ion
lithosphile elements (LILE), Sr, Eu, and Ba, and depletion in highfield strength elements (HFSE). The enriched iso-
topic signatures (87Sr/86Sri = ~0.7065, εNd(t) = ~−0.5, 208Pb/204Pbi = ~38.05, 207Pb/204Pbi = ~15.56,
206Pb/204Pbi = ~18.20 and zircon εHf(t) = ~+5.8) indicate an enriched mantle (EM2) source, with some addi-
tion of continental material. It has arc geochemical affinities similar to Permian arc igneous rocks in the eastern
margin of the Jiamusi Block, the Yakuno Ophiolite in SW Japan, arc rocks along the western margin of the North
America Craton, and also the Gympie Group in eastern Australia. All these features, together with information
from tectonic discrimination diagrams, suggest that the Dongfanghong gabbro formed in an immature island
arc. The spatial configuration of ~290 Ma immature continental arc rocks in the eastern part of the Jiamusi
Block and the ~275 Ma immature island arc Dongfanghong gabbro in the Wandashan Orogen to the east is
best explained by eastward arc retreat and slab roll-back of the Paleo-Pacific Plate. This model is also supported
by the Carboniferous–Permian stratigraphic transition in the Jiamusi Block from oceanic carbonate rocks to coal-
bearing terrestrial clastic rocks and andesites. We thus suggest that both Paleo-Pacific subduction and roll-back
occurred in the Early Permian along the eastern margin of Asia.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Widespread igneous rocks and terrestrial sedimentary basins
formed in the eastern Central Asian Orogenic Belt (CAOB), the North
China Craton, and the South China Block during the Permian (Jahn,
2004, 2010; Li and Li, 2007; Windley et al., 2007; Yang et al., 2010;
Lehmann et al., 2010; Meng et al., 2011; Lv et al., 2011; Yu et al.,
2013a). Most of these were intraplate/marginal continental geological
events considered to result from subduction of the Mongol-Okhotsk
Ocean, the Paleo-Asian Ocean, the Paleo-Tethys Ocean, and/or the
Paleo-Pacific Ocean (Xiao et al., 2003; Li, 2006; Jian et al., 2010; Wu
et al., 2011; Zhou et al., 2009; Zhou and Wilde, 2013; Donskaya et al.,
2013; Wakita, 2013) (Fig. 1a). However, due to spatial and temporal
overlap, it is difficult to determine which oceanic subduction was re-
sponsible for a given geological event. In South China, some researchers
have applied the Paleo-Pacific subductionmodel to interpret intraplate/
he district, Guangzhou 510640,
marginal continental magmatism and sedimentary events (Li and Li,
2007; Li et al., 2012a,b); whereas others prefer the Paleo-Tethys sub-
duction model (Fan et al., 2010; Hennig et al., 2009; Jian et al., 2009;
Zhong et al., 2013). In NE China, Permo-Triassic magmatism is generally
interpreted to be the result of Paleo-Asian Ocean subduction and ulti-
mate closure (Zhang et al., 2009; Xu et al., 2009; Liu et al., 2010a,b;
Meng et al., 2011; Cao et al., 2012;Wang et al., 2015), but with some in-
fluence from Paleo-Pacific subduction (Wilde and Zhou, in press; Yang
et al., 2015). In particular, there is controversy regarding the timing of
initiation of Paleo-Pacific subduction towards East Asia, for example:
from the Permian (Li and Li, 2007; Li et al., 2012a,b), the Triassic
(Zhou et al., 2014), the Jurassic (Wang et al., 2015; Zhou et al., 2006),
or the Cretaceous (Chen et al., 2008). Therefore, it is important to inves-
tigate and identify the earliest arc rocks related to Paleo-Pacific subduc-
tion along the Pacific margin of East Asia.

In this study, we report SHRIMP U–Pb zircon geochronological,
whole-rock geochemical and Sr–Nd–Pb and zircon Hf isotopic results
for the Dongfanghong gabbro in the Wandashan Orogen, NE China,
and compare these with Permian island arc rocks of the circum-Paleo-
Pacific Ocean. Our results and conclusions contribute to understanding
the early evolution of Paleo-Pacific subduction beneath East Asia.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.tecto.2015.07.034&domain=pdf
http://dx.doi.org/10.1016/j.tecto.2015.07.034
mailto:smd@zju.edu.cn
http://dx.doi.org/10.1016/j.tecto.2015.07.034
http://www.sciencedirect.com/science/journal/00401951
www.elsevier.com/locate/tecto
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Fig. 1. (a) Simplified tectonic sketchmap of East Asia in the Permian (after Xiao et al., 2003; Li, 2006; Jian et al., 2010;Wu et al., 2011; Zhou et al., 2009; Zhou andWilde, 2013; Zhong et al.,
2013; Xiao et al., 2015). BJK: Bureya-Jiamusi Khanka Block; NC: North China Craton; T- Tarim Craton; IC: Indochina Block; Eastern CAOB (Central Asian Orogenic Belt) includes the E—
Erguna, X—Xing'an, and S—Songliao blocks; Western CAOB includes the K—Kazakhstan collage system, B—Beishan, and A—Alxa blocks. (b) Tectonic sketch map of present-day East
Asia (after Sun et al., 2015). Eastern CAOB (Central Asian Orogenic Belt) includes the Erguna, Xing'an, and Songliao blocks.
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2. Geological setting

The Wandashan Orogen, also known as the Nadanhada Terrane (Li
et al., 1979; Mizutani et al., 1990; Shao et al., 1992; Sun et al., 2015), is lo-
cated in NE China. It is the Chinese part of the circum-Pacific Sikhote-Alin
accretionary complex that is best developed in Far East Russia (Kemkin,
2012; Mizutani and Kojima, 1992). Tectonically, the Wandashan Orogen
is located between the Bureya–Jiamusi–Khanka Block to the west
(Sorokin et al., 2010; Wilde et al., 1999, 2000; Wu et al., 2001; Zhou and
Wilde, 2013; Zhou et al., 2009, 2010) and the Cretaceous to Early Paleo-
gene continental arc of the East Sikhote-Alin magmatic belt at the east
(Grebennikov and Popov, 2014) (Fig. 1b).

The Wandashan Orogen consists of two major components: the
Paleozoic to Early Mesozoic Yuejinshan Complex in the west and the
Late Mesozoic Raohe Complex in the east (Zhou et al., 2014) (Fig. 2).
The boundary between the two complexes is not clear in the field due
to poor exposure.

The Yuejinshan Complex is composed of a metamorphic mélange in
the west, with ultramafic–mafic rocks in the east. The mélange consists
of upper greenschist facies mica-schist, phengite-schist, quartz-schist,
marble, and meta-mafic and ultramafic igneous rocks. The ultramafic–
mafic rock association in the east is named the Dongfanghong Ophiolite.
It consists of oceanic meta-ultramafic–mafic volcanic and intrusive
rocks, including meta-peridotite, pyroxenite, (layered) gabbro, diorite
and basalt. The architecture, geochronology, geochemistry and tectonic
evolution of the Dongfanghong Ophiolite is still controversial. Zhang
et al. (1997) and Zhou et al. (2014) also reported MORB-type meta-
basalt from the Yuejinshan Complex.

The Raohe Complex consists of accreted mid-Triassic to mid-Jurassic
radiolarian chert and ultramafic–mafic rocks, and also Late Jurassic to
Early Cretaceous trench-slope terrestrial-sourced clastic rocks. The simi-
larity of radiolarian chert species indicates that the Raohe Complex is
comparable to the Mino Complex in Japan (Mizutani and Kojima, 1992).
The ultramafic–mafic volcanic and intrusive rocks, from bottom to top,
consist of peridotite, pyroxenite, gabbro, and pillow basalt, all showing
OIB-type geochemical and isotopic signatures. Theyhave been recognized
as fragments of oceanic islands and are well exposed in the Dadingzishan
area (Cheng et al., 2006; Guo et al., 2010; Zhou et al., 2014).

3. Sample location and petrology

The Dongfanghong gabbro is an intrusive component of the
Dongfanghong Ophiolite of the Yuejinshan Complex (HBGMR, 1987)
(Fig. 2b). It crops out over a length of 100 m from west to east, and
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is located at 46°11′07″N, 133°01′07″E to the west-southwest of
Dongfanghong Town (Fig. 2b). The gabbro is black and massive, but
the contact relationship with the country-rock ophiolite is not exposed
in this outcrop. Eleven samples were collected several meters apart
along the outcrop. Three of them (RH02-8, 9, 10) contain abundant
hornblende andwere collected from the eastern portion of the outcrop.
The remaining eight samples (RH02-1 to 5, 11 to 13) have abundant
plagioclase and were collected from the western part of the outcrop.

The gabbro samples mainly consist of plagioclase, hornblende
and clinopyroxene (Fig. 3). The plagioclase is euhedral and 2–5 mm
in length. The clinopyroxene commonly occurs as relics, variably
replaced by hornblende (Fig. 3b, c, e, f). Samples RH02-8, 9, 10
have clinopyroxene (15–20%), hornblende (15–30%), and plagioclase
(50–65%). The other samples have clinopyroxene (10–15%), horn-
blende (10–15%), and plagioclase (65–75%).

4. Analytical methods

Approximately 10 kg of each of samples RH02-3 and RH02-10 was
collected for zircon separation and geochemical analysis. Zircon
grains were extracted by crushing and heavy liquid and magnetic
separation at the Langfang Geological Services Corporation, Hebei
Province, China, and about 100 grains from each sample weremounted,
along with the Temora 2 zircon standard (Black et al., 2003).
Cathodoluminescence (CL) images were taken using a Philips XL30
Scanning Electron Microscopy at Curtin University. SHRIMP U–Pb dat-
ing was performed using a SHRIMP II ion microprobe at Curtin Univer-
sity following standard procedures (Nelson et al., 1995). Six scans
were run through the mass stations for data collection on each zircon.
Standard BR266 (559 Ma, U = 909 ppm) (Stern, 2001) was used for U
concentration and age calibration and Temora 2 (417 Ma) (Black et al.,
2003)was used tomonitor analytical conditions. Ages and concordia di-
agramswere calculated using the programs SQUID 1.03 (Ludwig, 2001)
and ISOPLOT 3.0 (Ludwig, 2003).

100 g of each sample was crushed for geochemical analysis. Whole
rock geochemical, zircon hafnium isotopic and Sr–Nd–Pb isotopic anal-
yses were performed at the State Key Laboratory of Isotope Geochemis-
try, Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences. Major elements were analyzed using a Rigaku-100e X-ray
fluorescence spectrometer (XRF). Trace and rare earth elements were
analyzed using a Perkin Elmer Elan-6000 inductively-coupled plasma
mass spectrometer (ICP-MS). The analytical precisions were 5–10% for
REE, Rb, Sr, Cs, Ba, U, Th, Pb, Zr and Hf, and 20% for other trace elements.
The Sr, Nd and Pb isotopes were analyzed using a Thermo-Finnigan
NeptuneMC-ICP-MS. The experimental procedures and the calculations
of initial Sr, Nd, and Pb isotope ratios are the same as in Guo et al.
(2010). Zircon hafnium isotopes were measured using a MC-ICP-MS
equipped with a Geolas-193 nm laser ablation system. The Penglai



Fig. 3. Photomicrographs of gabbro samples RH02-3 (a, d) and RH02-10 (b, c, e, f). (a), (b), (c) are in plane-polarized light; (d), (e), (f) are in cross-polarized light. Cpx: clinopyroxene, Hbl:
hornblende, Pl: plagioclase.
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standard zircon was used for reference, with a recommended
176Hf/177Hf ratio of 0.282906 (Li et al., 2012b). The analyses were con-
ducted on the same sites as the earlier SHRIMP U–Pb analyses. The
εHf(t) values were calculated based on the decay constant for 176Lu of
1.867 × 10−11/year (Soderlund et al., 2004), and the present-day chon-
dritic ratios of 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336
(Bouvier et al., 2008).
Table 1
Dongfanghong gabbro SHRIMP U–Pb zircon data.

Sample No. U
(ppm)

Th
(ppm)

Th/U Pb
(ppm)

206Pbc
(%)

204Pb /
206Pb

207Pb* /
206Pb*

±% 2

2

RH02-3-01 228 198 0.87 11 0.66 0.0004 0.0470 6 0
RH02-3-02 158 113 0.71 7 0.81 0.0004 0.0462 8 0
RH02-3-03 80 39 0.49 3 3.41 0.0019 0.0318 31 0
RH02-3-04 217 143 0.66 10 0.54 0.0003 0.0501 5 0
RH02-3-05 127 106 0.84 6 0.67 0.0004 0.0499 7 0
RH02-3-06 103 79 0.77 5 1.96 0.0011 0.0374 17 0
RH02-3-07 98 77 0.79 4 1.24 0.0007 0.0477 13 0
RH02-3-08 325 314 0.97 16 0.00 0.0000 0.0540 2 0
RH02-3-09 56 24 0.44 2 0.00 0.0000 0.0563 5 0
RH02-3-10 122 105 0.86 6 1.42 0.0008 0.0414 13 0
RH02-3-11 80 63 0.79 4 1.42 0.0008 0.0491 13 0
RH02-3-12 80 40 0.50 3 2.89 0.0016 0.0324 29 0
RH02-3-13 372 311 0.84 18 0.00 0.0000 0.0544 2 0
RH02-3-14 102 44 0.43 4 2.01 0.0011 0.0401 15 0
RH02-3-15 224 153 0.68 10 0.14 0.0001 0.0524 3 0
RH02-10-01 178 103 0.58 7 0.68 0.0004 0.0484 6 0
RH02-10-02 487 505 1.04 18 0.20 0.0001 0.0498 3 0
RH02-10-03 728 343 0.47 27 0.13 0.0001 0.0513 1 0
RH02-10-04 735 778 1.06 28 0.14 0.0001 0.0512 1 0
RH02-10-05 164 122 0.74 6 0.58 0.0003 0.0526 5 0
RH02-10-06 62 43 0.70 2 0.35 0.0002 0.0557 9 0
RH02-10-07 266 115 0.43 10 0.33 0.0002 0.0515 3 0
RH02-10-08 118 46 0.39 4 5.67 0.0031 0.0334 28 0
RH02-10-09 110 84 0.77 4 2.79 0.0015 0.0325 21 0
RH02-10-10 105 84 0.80 4 3.34 0.0018 0.0349 32 0
RH02-10-11 90 34 0.38 3 1.04 0.0006 0.0527 9 0

Errors are 1-sigma; Pbc indicates common 206Pb. *204Pb corrected data.
5. Results

5.1. SHRIMP U–Pb zircon dating

The results of SHRIMP U–Pb zircon dating are presented in Table 1.
Zircons from gabbro samples RH02-3 and RH02-10 are mostly anhedral
and 50 μm in diameter. All of the zircon grains are transparent and pale
07Pb* /
35U

±% 206Pb* /
238U

±% error %
Disc-ordance

207Pb/235U 206Pb/238U

Age
(Ma)

1σ Age
(Ma)

1σ

.28 7 0.0430 2 0.2 8 251 15 271 4

.27 8 0.0429 2 0.2 9 247 17 271 5

.19 31 0.0427 2 0.1 35 175 49 270 6

.30 5 0.0430 2 0.3 2 265 12 272 4

.30 7 0.0438 2 0.2 3 269 17 277 5

.22 17 0.0426 2 0.1 25 203 31 269 5

.28 13 0.0423 2 0.2 6 250 29 267 6

.33 2 0.0438 2 0.6 4 288 6 277 4

.34 6 0.0444 2 0.4 8 302 15 280 6

.25 13 0.0435 2 0.1 18 226 26 275 5

.30 13 0.0440 2 0.2 4 266 30 278 6

.19 29 0.0434 2 0.1 34 181 48 274 6

.33 2 0.0437 2 0.7 5 289 6 276 5

.24 16 0.0439 2 0.1 20 222 31 277 5

.32 4 0.0439 2 0.5 1 281 9 277 4

.29 6 0.0428 1 0.2 5 256 13 270 4

.29 3 0.0429 1 0.4 3 263 8 271 4

.31 2 0.0439 1 0.6 0 276 5 277 3

.31 2 0.0442 1 0.7 1 277 5 279 4

.32 5 0.0438 2 0.3 2 281 13 276 5

.33 9 0.0434 2 0.2 7 294 22 274 5

.32 4 0.0448 2 0.5 0 282 9 283 5

.20 28 0.0428 2 0.1 32 184 46 271 6

.19 21 0.0427 2 0.1 34 178 34 270 4

.20 32 0.0422 2 0.1 29 189 53 267 5

.33 9 0.0449 2 0.2 2 288 22 284 5
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yellow in color. Cathodoluminescence (CL) images (Fig. 4) show that
most zircons have banded structure, indicating an origin in basic igne-
ous rocks (Wan et al., 2005).

Fifteen zircon grains were analyzed from gabbro sample RH02-3.
The measured U and Th concentrations vary from 56 to 372 ppm and
from 24 to 314 ppm, respectively. The Th/U ratios range from 0.43 to
0.97. Five grains were excluded from the calculations because of large
discordance (N10%). The remaining 10 analyses give a concordia age
of 274 ± 4 Ma (MSWD= 1.4) and a 206Pb/238U weighted mean age of
275 ± 3 Ma (MSWD = 0.59) (Fig. 5a).

Eleven zircon grains were analyzed from gabbro sample RH02-10.
The measured U and Th concentrations vary from 62 to 735 ppm and
from 34 to 778 ppm, respectively. The Th/U ratios range from 0.38 to
1.06. Three grains were excluded from the calculations because of
large discordance (N10%). The remaining eight analyses give a
concordia age of 276± 3Ma (MSWD=1.9) and a 206Pb/238Uweighted
mean age of 276 ± 4 Ma (MSWD = 1.4) (Fig. 5b).

Taken together, the 18 concordant analyses define a concordia age of
275 ± 2Ma (MSWD= 0.25) and a 206Pb/238U weighted average age of
275± 2Ma (MSWD=0.94), representing the crystallization age of the
Dongfanghong gabbro.

5.2. Major element analyses

Major element analyses of the Dongfanghong gabbro samples
RH02-1 to RH02-13 are presented in Table 2. After volatile-free cor-
rection, the 11 samples have SiO2 contents of 50.2 to 52.7 wt.%,
Na2O of 2.0 to 3.2 wt.% and K2O of 0.3 to 0.4 wt.% (Fig. 6a, b). They
form two distinct groups based on differences in SiO2 content. In
the TAS diagram, the samples plot in the gabbro field, and belong to
the sub-alkaline series (Fig. 6c). In the ΣFeO/MgO vs. SiO2 diagram,
they plot along the boundary between the calc-alkaline and tholeiite
274 ± 4 Ma
MSWD = 1.4

20
6 P

b
/23
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Fig. 5. SHRIMP zircon concordia diagrams for ga
series (Fig. 6d). The MgO contents of 4.6–6.2 wt.% and Mg# values
of 53 to 64 suggest that the parental magma experienced moderate
amounts of fractionation (Fig. 6e, f). The gabbro is also characterized
by high Al2O3 (19.5 to 22.3 wt.%) and high CaO (9.6 to 13.5 wt.%)
(Fig. 6g, h), indicating a possible high-alumina parental melt with pla-
gioclase accumulation.

5.3. Trace and rare earth element analyses

Trace and rare earth element analyses are presented in Table 2. The
gabbro samples have∑REE contents in the range of 21 to 29 ppm,with
relatively high LREE/HREE ratios [(La/Yb)N of 3.2–4.0] and positive Eu
anomalies (Eu/Eu* = 1.47–2.37) (Fig. 7a). They show positive Ba, K,
Pb, and Sr anomalies and depletion in high field strength elements
(HFSE) Nb, Ta, P, Zr, and Hf (Fig. 7b). The enrichment in Sr and Eu sup-
port plagioclase accumulation as identified by the major element data.
The negative Nb/Ta anomalies and enrichment of LILE suggest that the
source was likely affected by subduction and/or the input of crustal
material.

5.4. Sr–Nd–Pb–Hf isotopes

Sr–Nd–Pb isotopic data are listed in Table 3 and zircon Hf isotopic
data are presented in Table 4.

The initial Sr–Nd–Pb-Hf isotopic compositions were calculated
at 275 Ma. The Dongfanghong gabbro shows signatures of enriched
mantle II (EM2), with initial 87Sr/86Sr ratios of 0.706379 to 0.706564,
εNd(t) values from −0.77 to −0.39 (Fig. 8a), zircon εHf(t) values of
+4.55 to +7.73 (Fig. 8b) with an average value of 5.8 ± 0.3
(MSWD = 4.7), 208Pb/204Pb(i) values from 37.97 to 38.11, 207Pb/204Pb(i)
values from 15.56 to 15.57, and 206Pb/204Pb(i) values from 18.12 to
18.32 (Fig. 8c, d).
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Table 2
Major and trace element data for the Dongfanghong gabbro.

Samples RH02-1 RH02-2 RH02-3 RH02-4 RH02-5 RH02-8 RH02-9 RH02-10 RH02-11 RH02-12 RH02-13

SiO2 50.45 50.83 50.64 50.24 50.36 47.99 48.47 48.78 51.46 49.48 49.56
TiO2 0.54 0.52 0.56 0.48 0.46 0.51 0.60 0.50 0.59 0.79 0.62
Al2O3 19.23 19.49 19.25 18.90 18.72 21.29 20.51 19.99 20.11 19.19 18.98
Fe2O3 7.23 7.15 7.45 7.30 7.24 5.63 6.62 6.93 7.20 7.97 8.11
MnO 0.12 0.11 0.11 0.11 0.13 0.09 0.09 0.10 0.12 0.12 0.12
MgO 5.02 4.83 5.22 5.08 5.25 4.76 5.55 6.22 4.95 4.61 5.22
CaO 9.80 9.91 9.39 9.97 10.57 12.92 12.05 11.77 10.07 9.43 9.16
Na2O 3.08 3.11 3.07 2.94 2.75 2.14 2.06 1.96 2.91 2.84 2.93
K2O 0.42 0.39 0.40 0.40 0.34 0.25 0.27 0.27 0.25 0.35 0.29
P2O5 0.05 0.05 0.06 0.03 0.05 0.03 0.04 0.02 0.04 0.04 0.03
LOI 3.75 3.31 3.58 4.20 3.82 4.12 3.47 3.10 1.94 4.85 4.70
Total 99.69 99.70 99.74 99.65 99.70 99.73 99.72 99.65 99.63 99.68 99.72
Sc 25.4 23.4 25.4 26.9 31.2 27.5 31.7 29.1 28.1 25.8 27.6
Ti 3243 3078 3515 2828 2691 3089 3604 3125 3568 4898 3868
V 190 188 201 188 190 230 234 217 184 201 192
Cr 44 50 46 59 77 85 94 81 60 63 24
Mn 879 819 857 831 962 648 639 801 943 871 964
Co 30 41 27 26 30 26 29 29 32 29 30
Ni 10 15 10 11 11 20 40 20 19 32 13
Cu 8 17 8 7 7 12 11 7 10 12 10
Zn 61 62 64 61 61 51 55 58 65 71 71
Ga 18.3 18.6 18.2 17.9 18.0 18.3 17.1 17.5 19.5 19.3 19.2
Ge 1.9 1.9 1.9 1.8 1.9 1.4 1.7 1.8 1.9 1.9 1.9
Rb 8.8 7.3 9.2 8.7 7.3 3.8 4.2 6.2 3.4 7.6 5.5
Sr 499 483 498 491 477 502 466 479 466 475 476
Y 8.1 6.7 7.1 7.0 7.8 7.0 9.0 6.5 6.5 6.2 6.2
Zr 20.4 19.1 17.5 17.7 16.4 15.3 16.8 13.5 15.2 19.9 13.8
Nb 0.83 0.74 0.81 0.57 0.51 0.70 0.86 0.63 0.61 0.96 0.66
Cs 1.80 1.50 1.94 1.81 1.62 1.09 1.15 1.58 0.70 1.16 1.16
Ba 164 146 161 153 125 227 124 126 116 125 114
La 3.84 3.77 3.78 3.36 3.67 3.91 4.05 3.55 3.45 3.58 3.23
Ce 8.85 8.73 8.42 7.43 8.23 8.60 9.46 7.55 7.57 7.66 6.96
Pr 1.18 1.07 1.09 0.97 1.07 1.10 1.29 0.98 0.96 0.97 0.89
Nd 5.16 4.52 4.63 4.18 4.71 4.63 5.67 4.09 4.12 4.03 3.76
Sm 1.37 1.15 1.18 1.14 1.26 1.20 1.54 1.08 1.06 1.01 0.98
Eu 0.84 0.82 0.79 0.78 0.79 0.71 0.77 0.65 0.84 0.81 0.80
Gd 1.47 1.20 1.31 1.22 1.39 1.27 1.65 1.18 1.14 1.08 1.08
Tb 0.25 0.21 0.22 0.21 0.25 0.22 0.29 0.20 0.20 0.18 0.19
Dy 1.57 1.29 1.38 1.35 1.55 1.35 1.76 1.24 1.26 1.17 1.18
Ho 0.34 0.28 0.29 0.29 0.32 0.28 0.37 0.26 0.27 0.26 0.26
Er 0.90 0.75 0.80 0.79 0.88 0.77 0.98 0.73 0.75 0.72 0.71
Tm 0.13 0.11 0.12 0.12 0.13 0.11 0.14 0.11 0.11 0.11 0.11
Yb 0.82 0.72 0.74 0.76 0.83 0.69 0.87 0.68 0.73 0.71 0.71
Lu 0.13 0.11 0.12 0.12 0.13 0.11 0.13 0.10 0.12 0.11 0.11
Hf 0.68 0.59 0.57 0.55 0.55 0.52 0.62 0.47 0.48 0.58 0.45
Ta 0.07 0.07 0.06 0.05 0.05 0.06 0.07 0.05 0.05 0.07 0.05
Pb 1.99 3.20 3.14 2.76 2.71 3.61 3.16 3.28 2.68 3.18 3.08
Th 0.48 0.48 0.44 0.39 0.45 0.32 0.28 0.27 0.34 0.42 0.33
U 0.11 0.12 0.11 0.09 0.11 0.08 0.07 0.06 0.08 0.11 0.08

127M.-D. Sun et al. / Tectonophysics 659 (2015) 122–136
6. Discussion

6.1. Mantle source and tectonic discrimination of the Dongfanghong gabbro

The above petrological and geochemical results suggest that the
parental magma of the Dongfanghong gabbro was derived from a
water-saturated enriched mantle source that was most likely affected
by subduction. The water/fluid-enriched condition is recognized by
the presence of hornblende, enrichment in Al2O3, Eu and Sr, and also
the depletion of HFSE. The low Ce/Pb (2.3–4.5) and Nb/U (4.6–12.9)
ratios and Sr–Nd–Pb–Hf isotope signatures also suggest an enriched
mantle source. The negative εNd(t) values suggest that the mantle
source was enriched by addition of continental materials and/or
recycling of old oceanic crust.

Tectonic discrimination diagrams suggest that the Dongfanghong
gabbro was formed in an island arc. In the Th–Hf–Ta and La–Y–Nd dis-
crimination diagrams (Fig. 9a, b), the Dongfanghong gabbro plots in
the volcanic arc fields. In the K2O–TiO2–P2O5 discrimination diagram
(Fig. 9c), it plots in the oceanic field. In the MnO–TiO2–P2O5 discrimina-
tion diagram (Fig. 9d) which was designed for distinguishing the
tectonic setting of oceanic basalts, it plots in the island arc tholeiite
(IAT) field. In the Th/Yb vs. Nb/Yb and La/Yb vs. Th/Yb diagrams
(Fig. 9e, f), the gabbro also plots in the field of intra-oceanic island
arcs. In the V vs. Ti diagram (Fig. 9g), it also plots in the island arc tholei-
ite field. Combined with the relatively low K, it is concluded that the
Dongfanghong gabbro most likely formed in an immature island arc.

6.2. Early Permian magmatic and sedimentary evolution of the eastern
margin of the Jiamusi Block

The easternmargin of the Jiamusi Block also has Early Permian igne-
ous rocks, including the Liulian Pluton in the northeast, the Erlongshan
Formation in the east, and the Tiexi Pluton in the southeast (Fig. 2a). The
Liulian hornblende gabbro has a zircon U–Pb age of 278 ± 2 Ma (Yu
et al., 2013b), whereas the Erlongshan Formation andesite has a zircon
U–Pb age of 293±2Ma (Meng et al., 2008) and the Tiexi diorite records
a zircon U–Pb age of 296 ± 2 Ma (Yang et al., 2015). These Early Perm-
ian igneous rocks are mostly intermediate and characterized by high
Na2O (Fig. 6a), low K2O (Fig. 6b), high Al2O3 (Fig. 6g), and are rich in
LREE and LILE, but depleted inHFSE (Fig. 7a, b), with either no orweakly
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positive Eu anomalies. They are thus different from the Permian intra-
plate high-K bimodal igneous rocks in the west of the Jiamusi Block
and in the eastern CAOB (Meng et al., 2011). These rocks plot in the
area of continental arcs in tectonic discrimination diagrams (Fig. 9c, e,
f), indicating an immature continental arc setting (Condie and Crow,
1990; Pearce, 2014; Pearce et al., 1975).
The sedimentary sequences in the Jiamusi Block (Fig. 10) also sup-
port an active continental margin in the Permian. The eastern margin
of the Jiamusi Block has Late Silurian quartz-rich sandstone, with basal
quartz conglomerate overlying the basement composed of Pan-African
Mashan Complex khondalitic rocks, granites and amphibolites. In the
Devonian, fossiliferous reef limestone was deposited (Li, 2008). In the
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Carboniferous, limestone was continuously deposited, but was inter-
leaved with coarse sandstone. These coastal shallow marine facies sed-
imentary rocks contain no igneous record, indicating a passive margin
to the Jiamusi Block. Based on detrital zircon results (Dong, 2013),
non-marine sedimentary rocks (with coal deposits) occurred after
~315 Ma. The change from shallow-marine to non-marine facies likely
suggests a tectonic switch from passive margin to active margin. The
Early Permian andesites (Meng et al., 2008) define the change to an ac-
tive continental margin.

Therefore, the magmatic and sedimentary evidence both suggest
that the initiation of an active continental margin along the eastern
Jiamusi Block occurred in the earliest Early Permian.

6.3. Early Permian circum-Paleo-Pacific arc magmatism in SW Japan,
western North America and eastern Australia

The Permian Dongfanghong gabbro and basic-intermediate igneous
rocks in the Jiamusi Block were formed in an arc setting. Nevertheless it
Table 3
Whole rock Sr–Nd–Pb isotopic results for the Dongfanghong gabbro.

Sample RH02-1 RH02-2 RH02-8

Age (Ma) 275 275 275
Rb (ppm) 8.82 7.29 3.79
Sr (ppm) 499.0 482.6 501.7
Rb/Sr 0.0177 0.0151 0.0076
87Rb/86Sr 0.0511 0.0437 0.0219
87Sr/86Sr 0.706695 0.706629 0.706649
2σ 8 8 6
(87Sr/86Sr)i 0.706496 0.706459 0.706564
Sm (ppm) 1.37 1.15 1.20
Nd (ppm) 5.16 4.52 4.63
147Sm/144Nd 0.1607 0.1535 0.1567
143Nd/144Nd 0.512538 0.512528 0.512527
2σ 4 3 4
εNd(t) −0.69 −0.64 −0.77
2σ 0.04 0.03 0.04
U (ppm) 0.11 0.12 0.08
Th (ppm) 0.48 0.48 0.32
Pb (ppm) 1.99 3.20 3.61
(208Pb/204Pb)m 38.181 38.242 38.114
2σ 0.003 0.003 0.003
(207Pb/204Pb)m 15.565 15.579 15.567
2σ 0.001 0.001 0.001
(206Pb/204Pb)m 18.281 18.420 18.310
2σ 0.001 0.002 0.001
(208Pb/204Pb)t 37.967 38.106 38.035
(207Pb/204Pb)t 15.556 15.574 15.564
(206Pb/204Pb)t 18.124 18.320 18.253
needs to be clarified whether this arc is related to paleo-Pacific subduc-
tion or to other subduction systems, such as the Paleo-Tethys or Paleo-
Asian oceans.

Firstly, the location in the Wandashan Orogen suggests that the
Dongfanghong gabbro is likely related to Paleo-Pacific subduction
(Figs. 1 and 2) (seeWilde and Zhou, in press). Fig. 11a shows the Perm-
ian global plate reconstruction map from Xiao et al. (2015). A proposed
modification is made in Fig. 11b, which shows the possible locations of
the Jiamusi Block and the Dongfanghong arc, suggesting that Paleo-
Pacific Ocean subduction was towards NE China from the east. The no-
menclature ‘Solonker Ocean’, ‘Panthalassa’ and ‘Amuria’ in Xiao et al.
(2015) are equivalent to ‘Paleo-Asian Ocean’, ‘Paleo-Pacific Ocean’ and
‘Eastern CAOB’, respectively.

Secondly, the timing does not support an origin from Paleo-Asian
Ocean subduction. The initiation of an active continental margin along
the southern CAOB (Paleo-Asian Ocean subduction) was much earlier,
possibly in the Devonian (Li et al., 2010, 2014a; Zhao et al., 2013),
whereas an active margin along the eastern Jiamusi Block did
RH02-10 RH02-11 RH02-12 RH02-13

275 275 275 275
6.19 3.44 7.58 5.45
478.8 466.2 474.5 475.7
0.0129 0.0074 0.0160 0.0115
0.0374 0.0214 0.0462 0.0331
0.706688 0.706462 0.706610 0.706533
6 7 8 7
0.706542 0.706379 0.70643 0.706404
1.08 1.06 1.01 0.98
4.09 4.12 4.03 3.76
0.1592 0.1550 0.1521 0.1578
0.512551 0.512542 0.512527 0.512537
5 5 4 4
−0.39 −0.41 −0.61 −0.61
0.05 0.05 0.04 0.04
0.06 0.08 0.11 0.08
0.27 0.34 0.42 0.33
3.28 2.68 3.18 3.08
38.080 38.169 38.158 38.135
0.003 0.004 0.003 0.004
15.558 15.574 15.564 15.561
0.001 0.002 0.001 0.002
18.305 18.369 18.356 18.311
0.001 0.002 0.002 0.002
38.007 38.056 38.038 38.040
15.555 15.57 15.56 15.557
18.253 18.284 18.265 18.240



Table 4
In situ zircon Hf isotopic data for the Dongfanghong gabbro.

Spot# Age (Ma) 176Yb/177Hf ±2σ 176Lu/177Hf ±2σ 176Hf/177Hf ±2σ εHf(t) ±2σ

RH02-3-01 275 0.05226 0.00051 0.001503 0.000010 0.282786 0.000010 5.88 0.28
RH02-3-02 275 0.02575 0.00041 0.000728 0.000009 0.282780 0.000010 5.81 0.74
RH02-3-03 275 0.05448 0.00066 0.001585 0.000014 0.282770 0.000012 5.30 0.81
RH02-3-04 275 0.02384 0.00007 0.000692 0.000003 0.282752 0.000010 4.83 0.74
RH02-3-05 275 0.05452 0.00097 0.001522 0.000027 0.282742 0.000009 4.32 0.71
RH02-3-06 275 0.06320 0.00067 0.001811 0.000021 0.282739 0.000010 4.16 0.75
RH02-3-07 275 0.02574 0.00005 0.000779 0.000002 0.282770 0.000009 5.45 0.71
RH02-3-08 275 0.05501 0.00020 0.001611 0.000008 0.282807 0.000009 6.60 0.71
RH02-3-09 275 0.02680 0.00044 0.000706 0.000010 0.282738 0.000013 4.33 0.85
RH02-3-10 275 0.02812 0.00018 0.000804 0.000004 0.282764 0.000009 5.23 0.71
RH02-3-11 275 0.03268 0.00010 0.000982 0.000002 0.282804 0.000010 6.61 0.74
RH02-3-12 275 0.02649 0.00028 0.000870 0.000012 0.282748 0.000010 4.65 0.74
RH02-3-13 275 0.02298 0.00022 0.000683 0.000007 0.282759 0.000009 5.08 0.71
RH02-3-14 275 0.03821 0.00035 0.001165 0.000011 0.282757 0.000009 4.92 0.71
RH02-3-15 275 0.02100 0.00014 0.000636 0.000005 0.282744 0.000010 4.55 0.74
RH02-10-01 275 0.02138 0.00009 0.000677 0.000003 0.282823 0.000011 7.34 0.77
RH02-10-02 275 0.04669 0.00028 0.001354 0.000007 0.282788 0.000017 5.98 0.99
RH02-10-03 275 0.03047 0.00046 0.000924 0.000013 0.282776 0.000009 5.63 0.71
RH02-10-04 275 0.06203 0.00186 0.001820 0.000044 0.282770 0.000016 5.26 0.96
RH02-10-05 275 0.01930 0.00009 0.000596 0.000002 0.282810 0.000011 6.90 0.78
RH02-10-06 275 0.03778 0.00007 0.001156 0.000006 0.282776 0.000013 5.59 0.85
RH02-10-07 275 0.03682 0.00012 0.001156 0.000009 0.282811 0.000011 6.83 0.78
RH02-10-08 275 0.02413 0.00012 0.000692 0.000002 0.282796 0.000011 6.38 0.78
RH02-10-09 275 0.05742 0.00019 0.001747 0.000001 0.282763 0.000011 5.02 0.78
RH02-10-10 275 0.02861 0.00034 0.000857 0.000013 0.282778 0.000016 5.72 0.96
RH02-10-11 275 0.02996 0.00009 0.000877 0.000001 0.282778 0.000010 5.71 0.74
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not occur until the earliest Permian (Section 6.2), thus such subduction
initiation cannot be caused by Paleo-Asian Ocean subduction.

Thirdly, Permian arc rocks along the circum Paleo-Pacific Oceanmar-
gin, as shown in the modified Permian global plate reconstruction map
(Fig. 11b), are also reported in the Yakuno Ophiolite, SW Japan (Sano,
1992); from Nevada, at the western margin of the North American
Craton (Blein et al., 1994) and at Gympie in eastern Australia (Sivell
and Waterhouse, 1988).

The spatial and time configurations thus likely link the
Dongfanghong gabbro with the westward subduction of the Paleo-
Pacific Ocean. We therefore compare the geochemical signatures of
these contemporaneous arc magmatic rocks.

6.3.1. Yakuno Ophiolite, SW Japan
In southwest Japan, Permian island arc magmatism is recorded on

Honshu Island, represented by the “Yakuno Ophiolite” (Ishiwatari,
1985; Ishiwatari and Tsujimori, 2003) (Fig. 11). The Yakuno Ophiolite
records an intra-oceanic island-arc–back-arc basin system along the
East Asian continent (Suda et al., 2014). It consists of three different seg-
ments, which, from bottom to top, include an unusually thick oceanic
crust (lower unit), island arc crust (middle unit) and oceanic back-arc
basin (upper unit) (Ichiyama and Ishiwatari, 2004). The middle unit
of the Yakuno Ophiolite is comparable to the Dongfanghong gabbro.
The metabasalts in the middle unit have Rb–Sr whole rock radiometric
ages of ~285Ma (Sano, 1992). Zircons fromplagiogranites in themiddle
unit have yielded similar U–Pb ages of 285 ± 2 Ma and 282 ± 2 Ma
(Herzig et al., 1997). Recent SHRIMP U–Pb zircon dating shows that
the amphibolite and metagabbro of the middle–upper unit of the
Yakuno Ophiolite have ages of 293 ± 10 Ma and 288 ± 13 Ma (Suda
et al., 2014). The basic–intermediate rocks (mainly hornblende gabbro)
in the middle unit of the Yakuno Ophiolite are mostly characterized by
high Na2O (Fig. 6a), low to medium K2O (Fig. 6b), and high Al2O3 con-
tents (Fig. 6g), and are rich in LREE and LILE and low in HFSE (Fig. 7a,
b). In the Th–Hf–Ta and La–Y–Nd discrimination diagrams (Fig. 9a, b),
they mainly plot in the volcanic arc field, together with the
Dongfanghong gabbro. In the K2O–TiO2–P2O5 discrimination diagram,
they plot mainly in the oceanic region or near the boundary between
oceanic and continental regions (Fig. 9c). In the Th/Yb vs. Nb/Yb and
La/Yb vs. Th/Yb diagrams (Fig. 9e, f), they again mostly plot in the
area of intra-oceanic island arcs. Thus the basic–intermediate rocks in
the middle unit of the Yakuno Ophiolite are comparable to the
Dongfanghong gabbro from both geochronology and geochemistry,
with the latter indicating an immature island arc tectonic setting.

6.3.2. Western margin of the North American Craton
The western margin of the North America also contains Permian

igneous rocks, present in western Nevada and the northern Sierra
Nevada, and represented by Lower Permian volcanic suites of the
Black Dyke and Goodhue formations (Blein et al., 1994, 1996, 1999,
2001; Bourdier et al., 1991; Lapierre et al., 1994; Rouer et al.,
1988). The Black Dyke Formation mainly consists of breccias, con-
glomerates and basaltic lavas, with fragments of pargasite-bearing
gabbroic cumulates, that also occur as xenoliths in the lavas. Amphi-
bole from the hornblende-bearing gabbroic cumulates records an
40Ar/39Ar age of 276 ± 2 Ma (Blein et al., 1999). The basic-
intermediate rocks in the Black Dyke Formation are mostly charac-
terized by high Na2O (Fig. 6a), low K (Fig. 6b), and low Al2O3 con-
tents (Fig. 6g), and are rich in LREE and LILE and low in HFSE
Fig. 9. Tectonic discrimination diagrams for Permian igneous rocks of the Paleo-Pacific domain
within-plate tholeiites; C, alkaline within-plate basalts; D, volcanic-arc basalts. (b) La/10–Y/15–
salt; andfield 3, oceanic basalt. The subdivision of thefields are: 1A, calc-alkaline basalts; 1C, vol
arc tholeiites; 3A, alkali basalts from intercontinental rift; 3B, 3C, E-type MORB (3B enriched
(d)MnO–TiO2–P2O5 (afterMullen, 1983). The fields areMORB—mid-ocean ridge basalt, OIT—oc
IAT—island-arc tholeiite, Bon—boninite. (e) Th/Yb vs. Nb/Yb (after Pearce, 2014). (f) La/Yb vs. Th
the eastern Jiamusi Block fromMeng et al. (2008), Yu et al. (2013b) and Yang et al. (2015); for S
for Gympie in eastern Australia from Sivell and Waterhouse (1988) and Sivell and McCulloch (
(Fig. 7a, b). In tectonic discrimination diagrams, they plot in the
same field as the Early Permian arc rocks of the eastern Jiamusi
Block. In the Th–Hf–Ta and La–Y–Nd discrimination diagrams
(Fig. 9a, b), the basic–intermediate rocks in the Black Dyke Forma-
tion plot in the volcanic arc field and in the K2O–TiO2–P2O5 discrim-
ination diagram, they mainly plot in the continental region (Fig. 9c).
In the Th/Yb vs. Nb/Yb and La/Yb vs. Th/Yb diagrams (Fig. 9e, f), they
again plot in the area of continental arcs. Considering the above geo-
chemical signatures, the basic–intermediate rocks in the Black Dyke
Formation were most likely derived in a similar tectonic environ-
ment to the Early Permian arc rocks in the eastern Jiamusi Block
(6.2), both in immature continental arc tectonic settings.

6.3.3. New England Orogen, eastern Australia
The New England Orogen in eastern Australia formed along a Paleo-

zoic active continental margin (Aitchison and Flood, 1992; Harrington
and Korsch, 1985; Phillips and Offler, 2011). The Gympie Group volca-
nics are recognized as remnants of an early Permian volcanic arc
(Sivell and Waterhouse, 1988). A Permian intra-oceanic volcanic arc is
also preserved in the Brook Street Terrane, New Zealand (Spandler
et al., 2005). The Gympie Groupwas further constrained as part of an is-
land arc (Sivell and Mcculloch, 2001) due to high Nd–isotope ratios
[εNd (270 Ma) = +7.4 to +8.1] and geochemical features (e.g. high
Zr/Nb, Sr/Nd and La/Nb) that reflect depleted asthenospheric mantle
sources metasomatized by hydrous fluids from subducted lithosphere.
The Gympie Group basalt plots together with the other Permian arc
rocks in the major element diagrams (Fig. 6) and tectonic discrimina-
tion diagrams (Fig. 9), showing immature island arc signatures.

Themore positive Nd isotope values of the Gympie arc rocks suggest
that the recycling oceanic lithosphere towards eastern Australia in the
. (a) Th–Hf–Ta (after Wood, 1980). The fields are: A, N-type MORB; B, E-type MORB and
Nd/8 (after Cabanis and Lecolle, 1989). Field 1, volcanic-arc basalt; field 2, continental ba-
canic-arc tholeiites; 1B is the overlap between 1A and 1C; 2A, continental basalts; 2B, back-
, 3C weakly enriched); 3D, N-type MORB. (c) K2O–TiO2–P2O5 (after Pearce et al., 1975).
eanic island tholeiite, OIA—oceanic island alkali basalt, CAB—island-arc calc-alkaline basalt,
/Yb (after Condie and Crow, 1990). (g) V vs. Ti (after Shervais, 1982; Pearce, 2014). Data for
W Japan from Suda and Hayasaka (2009), for theWestern USA from Blein et al. (2001), and
2001).
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Permian was younger than the one that subducted beneath NE China.
This is consistent with the fact that an active continental margin oc-
curred much earlier in eastern Australia represented by the Ordovician
Macquarie Arc (Glen et al., 2011) under which old Paleo-Pacific litho-
sphere was already subducted.
6.4. Tectonic evolution model

The above discussion shows the geochemical similarities and differ-
ences of Permian arc rocks along the circum Paleo-Pacific margin. Thus
we need to evaluate whether they formed under similar tectonic
conditions.

For eastern Australia, when combined with data from the Carbonif-
erous Connors–Auburn Arc and the exhumation history of eclogite
and blueschist, the formation of the Gympie intra-oceanic arc is consis-
tent with Permian arc retreat and slab roll-back (Phillips and Offler,
2011; Rosenbaum et al., 2012) (Fig. 12c, d).
We suggest that this model is also applicable for the tectonic evolu-
tion of NE China (Fig. 12a, b). The initiation of westward subduction of
the Paleo-Pacific plate toward the Jiamusi Block possibly occurred in
the earliest Early Permian, resulting in immature continental arc
magmatism along the eastern margin of the Jiamusi Block at ~290 Ma.
The intra-oceanic Dongfanghong island arc was developed off-shore to
the east, with formation of the Dongfanghong gabbro at ~275 Ma, indi-
cating a transition from a continental arc to an island arc, most likely re-
lated to slab roll-back. The collision between the Dongfanghong island
arc and the Jiamusi Block probably occurred in the Early Mesozoic,
forming the Yuejinshan Complex (Zhou et al., 2014), which is compara-
ble to the Tablelands Complex in the New England Orogen.

Thus there are similarities between the Late Paleozoic to EarlyMeso-
zoic tectonic evolution of the eastern margin of Australia and the east-
ern margin of the Jiamusi Block. Both of them experienced a transition
from continental arc to island arc formation in the Permian. Proto-SW
Japan, as part of the western Paleo-Pacific, might also have experienced
similar events, as recorded by the Yakuno Ophiolite. However, it
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remains controversial due to lack of evidence for a corresponded conti-
nental arc.

The above rollback model is based on the assumption that the
gabbro is autochthonous. An alternative interpretation that the
Dongfanghong gabbro was formed within the Paleo-Pacific Ocean by
ocean-ocean subduction and was then incorporated into the accretion
complex in the Mesozoic is also possible. However, when combining
the record of magmatism and sedimentary evolution of NE China, arc
magmatism in SW Japan, South China, Eastern Australia and North
America, and also the history of Paleo-Asian and Paleo-Pacific oceans,
we prefer the Paleo-Pacific subduction roll-back model to interpret
the formation of the Dongfanghong gabbro.

7. Conclusions

SHRIMPU–Pb zircon dating andwhole-rock geochemical and Sr–Nd–
Pb isotopic analysis of the Dongfanghong gabbro allow us to determine
its age and tectonic setting. When compared with the Early Permian
igneous rocks along the eastern margin of the Jiamusi Block, western
margin of the North American Craton, SW Japan and eastern Australia,
we are able to draw the following conclusions:

(1) The SHRIMP U–Pb zircon age of the Dongfanghong gabbro is
275 ± 2 Ma.

(2) The geochemical and Sr–Nd–Pb and zircon Hf isotopic results
suggest the Dongfanghong gabbro was derived from an EM2
mantle source.

(3) The Dongfanghong gabbro is a fragment of an immature island
arc of the Paleo-Pacific Ocean.

(4) Paleo-Pacific subduction towards the Jiamusi Block occurred in
the earliest Permian. Roll-back of the Paleo-Pacific plate also oc-
curred in the Early Permian, prior to final amalgamation of the is-
land arc with the East Asian continent in the Early Mesozoic.
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