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Abstract The role of subducted sediments in arc magmatism has been widely documented. However,
identifying the sedimentary provenance (e.g., pelagic vs. terrigenous) input in subduction systems is
difficult because of the wide compositional range of sedimentary components and the complex magmatic
evolution of arcs. Here we report zircon U‐Pb‐Hf‐O isotopes and whole‐rock elemental and Sr‐Nd‐Hf
isotopic compositions of four Early Jurassic subduction‐related mafic intrusions from the Yanbian area, NE
China. These rocks show typical trace element and isotopic features of arc magmas. In combination with the
published data, we discover two distinct elemental‐isotopic arrays of the Early Jurassic mafic rocks across
the arc magmatic belt. Such geochemical variations are mainly attributed to variable subducted sediment
input into the mantle wedge instead of crustal contamination or assimilation during magmatic evolution.
The mantle source for the southern Yanbian mafic rocks was enriched by addition of a crustal component
dominated by terrigenous sediments, whereas that for the northern Lesser Hinggan‐Zhangguangcai
Range, mafic rocks was modified by another crustal component comprising mainly pelagic sediments. The
results can be best interpreted if the southern part was a continental arc as opposed to an oceanic arc in
the north, which is analogous to the modern Kamchatka‐Honshu‐Izu‐Bonin‐Mariana arc systems in the
western Pacific. Our reconstructed architecture, based mainly on the geochemical data, further suggests that
the Khanka‐Jiamusi‐Buleya Massif was probably sinistrally and northwardly displaced to the present
position after Mesozoic subduction of the Paleo‐Pacific Ocean.

Plain Language Summary Subducted sediments play an important role in generation of arc
magmatism. However, the identification of the source (pelagic vs. terrigenous) of the sediments in
subduction systems is difficult because of the wide compositional range of sedimentary components and the
complex magmatic evolution of arcs. Here we carry out an integrated analysis of Sr‐Nd‐Hf‐O isotopic and
elemental compositions of subduction‐related mafic intrusions across the Early Jurassic Paleo‐Pacific
subduction zone in NE China. The combined geochemical data from our and previous studies suggest that
the southern Yanbian mafic rocks were generated by melting of a depleted mantle with input of a
terrigenous sediment component, whereas the mafic rocks from the northern Lesser
Hinggan‐Zhangguangcai Range were derived from a depleted mantle modified by a pelagic sediment
component. We thus propose that the Mesozoic subduction zone in NE China consisted of an intraoceanic
arc in the northern segment and a continental arc in the southern part, as observed from the modern
Kamchatka‐Honshu‐Izu‐Bonin‐Mariana arc systems in the western Pacific. Our study therefore provides a
potential method to identify the provenance of the subducted sediments added into the subarc mantle,
which may allow to reconstruct the architecture of paleo‐subduction zones.

1. Introduction

Subduction zones are among the most important sites for mass and energy exchange between the Earth's
mantle and crust and also the regions of crustal growth (Aizawa et al., 1999; Hawkesworth et al., 1993;
Manning, 2004; Marini et al., 2005; McCulloch & Gamble, 1991; Scholl & von Huene, 2007; Tatsumi &
Kogiso, 2003). At subduction zones, crustal materials such as altered oceanic crust and
pelagic/terrigenous sediments are introduced into mantle (Elliott et al., 1997; Hanyu et al., 2006;
Marschall & Schumacher, 2012; Tatsumi & Kogiso, 2003; Walowski et al., 2016). Melts and/or fluids
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liberated from the subducted sediments interact with the overlying mantle wedge and facilitate melting of
the mantle source to generate arc magmas (Cousens et al., 1994; Hermann & Spandler, 2008; Kessel et al.,
2005; Macdonald et al., 2000; Marini et al., 2005; Marschall & Schumacher, 2012; Stolz et al., 1996;
Tatsumi et al., 1986; Tatsumi & Kogiso, 2003). Petrological and geochemical studies indicate that the
subduction‐related magmas have compositions similar to those of the average continental crust but
different from those of the mid‐ocean ridge basalts (MORBs) and oceanic island basalts (OIBs). For
instance, most arc basalts formed at convergent plate margins are marked by enrichments in Large Ion
Lithophile Element (LILE) and Light Rare Earth Elements (LREE) and relative depletions in High
Field Strength Element (HFSE) compared to MORBs and oceanic island basalts. A possible explanation
is that arc magmas may inherit the geochemical characteristics of the sediments subducted into the
mantle wedge (Cousens et al., 1994; Marini et al., 2005; Plank, 2005; Plank & Langmuir, 1993;
Shimoda et al., 1998).

According to seismological and petrological data, two types of magmatic arcs can be identified in modern
subduction zones. Continental arcs (e.g., the Andes arc) form when an oceanic plate is subducted beneath
a continental plate, whereas oceanic arcs (e.g., the Izu‐Bonin‐Mariana arcs) form by subduction of an
oceanic plate beneath another oceanic plate (Cao et al., 2017; Porritt et al., 2016). Because of the location
distant from continental crust, sediments transported from the subducted slab into the mantle wedge are
usually pelagic in oceanic arcs. In contrast, terrigenous sediments are predominant in continental arcs.
However, some recent studies also show that the sedimentary components consist of both terrigenous and
pelagic origins in most subduction zones. For instance, pelagic sedimentary rocks from the modern (e.g.,
the Izu‐Bonin‐Mariana arcs) and ancient oceanic arcs (e.g., oceanic arcs in the Arabian‐Nubian Shield) also
contain abundant old continental detritus (Chauvel et al., 2009; X. H. Li et al., 2018; Plank et al., 2007; Plank
& Langmuir, 1998). Furthermore, both pelagic and terrigenous sediments display large range in their
compositions (Chauvel et al., 2008, 2009; Lin, 1992; Plank et al., 2007; Plank & Langmuir, 1998).
Accordingly, these complexities make it difficult to identify the provenance (pelagic vs. terrigenous) of the
recycled sediments and to investigate the mechanisms through which the mantle wedges are enriched
(e.g., Nichols et al., 1994; Plank, 2005; Rapp et al., 2008; Tollstrup & Gill, 2005).

A potential way to evaluate the contribution of subducted sediments (terrigenous or pelagic sediments) to
the source of magmatic rocks produced in modern subduction zones is to use the distinct elemental and
isotopic signatures of the two types of sediment. Hafnium is concentrated in zircon, while Nd is mainly
concentrated in clay minerals. Thus, the coarser‐grained terrigenous sediments have higher Hf/Nd and
lower Lu/Hf ratios and nonradiogenic Hf isotopic compositions, whereas the finer‐grained pelagic
sediments usually have lower Hf/Nd and higher Lu/Hf ratios and more radiogenic Hf with time (Bayon
et al., 2009; David et al., 2001; Marini et al., 2005; Plank & Langmuir, 1998; Vervoort et al., 1999, 2011).
Theoretically, addition of sediments with different provenance into the mantle source will produce arc
magmas with distinct elemental and isotopic compositions in Nd and Hf. However, in an εNd versus εHf

diagram, most terrigenous sediments plot along or even above the terrestrial array (Chauvel et al., 2008,
2009; van de Flierdt et al., 2007; Vervoort et al., 1999, 2011). Since the evolution of Nd and Hf isotopes of ter-
rigenous sediments depends largely on the source rock and deposition time, the decoupling between Hf and
Nd isotopes of such sediments is much weaker than expected. The terrigenous sediments derived from the
ancient terranes comprisingmainly felsic protoliths such as the Himalaya sandstones would show less radio-
genic Hf than Nd (Richards et al., 2005), whereas those derived from the young orogens or accretionary com-
plex such as the southwest Japan have insignificant Hf‐Nd isotopic decoupling (e.g., Hanyu et al., 2006;
Okamura et al., 2016). In fact, most modern continental arc magmas plot along or above the terrestrial array
in the εNd via εHf diagram, suggesting that the time for the transportation and deposition of terrigenous
sediments is not enough to lead to accumulate more radiogenic Nd than Hf.

In contrast with the degree of Hf‐Nd isotopic decoupling, the differences in some elements and elemental
ratios between the pelagic and terrigenous sediments are more obvious and time‐independent such as
Lu/Hf, Hf/Nd, and Th/La. These elemental imprints can be alternative fingerprints to evaluate the contribu-
tion of subducted sediments with different provenance to the mantle source for the arc igneous rocks (e.g.,
Churikova et al., 2001; Cousens et al., 1994; Handley et al., 2011; Lin, 1992; Marini et al., 2005; Marschall &
Schumacher, 2012; Münker et al., 2004; J. A. Pearce et al., 1999; Portnyagin et al., 2005; Shimoda et al., 1998;
Turner et al., 2009; Walowski et al., 2016).
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NE China, as a part of the circum‐Pacific tectonic domain, is characterized by widespread Phanerozoic gran-
itoids with subordinate Mesozoic mafic intrusions (Guo et al., 2015; Wu et al., 2011; Yu et al., 2012).
However, typical Mesozoic arc basalts are absent in this ancient subduction zone due to extensive uplifting,
unroofing, and erosion. Alternatively, their coeval intrusive counterparts (e.g., gabbro and diorite) were
partly preserved and may provide potential information on the architecture and evolution of this paleo‐
subduction zone. Previous studies on the Early Jurassic mafic intrusions suggested that they were generated
by melting of a mantle wedge that had been metasomatized by components derived from subducting sedi-
ments (Guo et al., 2015; Yu et al., 2012). Nevertheless, the provenance of the sediments subducted along
the arc magmatic belt and the architecture of the subduction zone are still poorly constrained.

Here we present in situ zirconU‐Pb‐Hf‐O isotopic compositions and whole‐rock elemental and Sr‐Nd‐Hf iso-
topic results from four Early Jurassic mafic intrusions from the Yanbian area in NE China. By integration
with the sedimentary records from the subduction‐accretionary complexes and geochemical comparison
with the contemporaneous mafic rocks in the Lesser Hinggan‐Zhangguangcai Range (LHZR)—the northern
part of this arc magmatic belt, these new data provide insights into the provenance of the subducted sedi-
ments associated with the Mesozoic subduction of the Paleo‐Pacific Ocean. The combined results enable
us to outline the architecture of the Early Jurassic subduction zone in NE China and provide a potential
method to reconstruct the structure of ancient subduction zones by identifying the provenance of subducted
sediments recorded in arc magmas.

2. Geological Background and Sample Description

The Central Asian Orogenic Belt (CAOB) is a giant accretionary orogen situated between the Siberian
Craton in the north and the North China and Tarim Cratons in the south (Figure 1a). NE China forms
the eastern segment of the CAOB. It comprises several microblocks including the Wandashan, Khanka,
Jiamusi, Bureya, and Hinggan Massifs from east to west (Guo et al., 2010; Maruyama et al., 1989; Wu
et al., 2000; Xiao et al., 2003; B. Xu et al., 2015; Figure 1b). This region has undergone two main stages of
tectonic evolution (Guo et al., 2015; Maruyama et al., 1989; Wu et al., 2000, 2011): subduction and closure
of the Paleo‐Asian Ocean in the Paleozoic and westward subduction and accretion of the Paleo‐Pacific
Ocean since the Early Jurassic.

The Mesozoic subduction of the Paleo‐Pacific Ocean has been documented in the subduction‐accretionary
complex along the N‐S‐trending LHZR‐Yanbian arc magmatic belt (Figure 1c). The Heilongjiang
Complex, considered as an accretionary complex, lies parallel to this arc magmatic belt (Ge et al., 2016;
Zhou et al., 2009; Zhou & Li, 2017; Figure 1c). It consists of mafic‐ultramafic rocks, quartz‐feldspathic
schists, and radiolarian cherts and has experienced blueschist‐facies metamorphism (Zhou et al., 2009;
Zhou & Li, 2017). The Raohe Complex, located in the northern segment of the belt, is composed of mafic
intrusions and lavas and deep‐oceanic radiolaria‐bearing silicalite (Cheng et al., 2006; Zhou et al., 2014).
In addition, the Kaishantun ophiolitic mélange, located in the Yanbian area at the southern segment of
the belt, consists predominantly of a suite of mafic‐ultramafic rocks and terrigenous sediments (e.g., nagel-
fluh; Shao & Tang, 1995). The sedimentary records preserved in these subduction‐accretionary complexes
indicate that the amount of pelagic sediments increased from south to north in the belt. Mesozoic magma-
tism (mainly Triassic‐Jurassic granitoids) was extensive in association with the subduction of the Paleo‐
Pacific Ocean (Wu et al., 2011). The mafic intrusions are distributed heterogeneously from north to south
among the LHZR‐Yanbian arc magmatic belt (Figure 1c).

The Yanbian area is located at the junction of China, Russia, and Korea and about 100‐km west of the Japan
Sea. It is situated between the North China Craton to the south and the Buleya‐Jiamusi‐Khanka Massifs to
the northeast (Figures 1b and 1c). Phanerozoic granitoids are widespread and occupy about 70% of this
region (Wu et al., 2000, 2011; Figure 2). These granitoids were emplaced from the Permian (285 Ma) to
Early Cretaceous (112 Ma) with a peak at 210–115 Ma (Wu et al., 2011; Y. B. Zhang et al., 2004).
Compared to the voluminous granitoids, the Early Jurassic mafic intrusions are distributed heterogeneously
in the Yanbian area and its adjacent regions (e.g., the LHZR in the northern part of the magmatic belt). The
mafic intrusions consist of hornblende‐bearing norite, gabbro, diorite, and mafic dykes (BGMRJL, 1989).
Formation of these Early Jurassic (187–182 Ma) mafic intrusive complexes in the Yanbian area and LHZR
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Figure 1. (a) Simplified tectonic map of the Central Asian Orogenic Belt (modified after Sengör et al., 1993, and Windley et al., 2007) and (b) NE China (modified
after Wu et al., 2007) and (c) distribution of Phanerozoic granitoids, mafic intrusions, and Heilongjiang Complex in NE China (after Wu et al., 2011, and Yu et al.,
2012).
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has previously been attributed to westward subduction of the Paleo‐Pacific Ocean beneath the Eurasian
Continent (Guo et al., 2015; Yu et al., 2012).

Themafic rocks in this study are all diorites and were sampled from four localities, including Shacongdingzi,
Shangnan, Kaishantun, and Chunyang in the Yanbian area (Figure 2). The locations, detailed occurrence,
and petrologic description are summarized below.

1. The Shacongdingzi diorite is located at about 40 km northeast to Helong City. The diorite is fine‐ to
medium‐grained and mainly comprises plagioclase (50–60%), hornblende (30–40%), clinopyroxene
(~5%), and biotite (~5%), with accessory zircon, apatite, and magnetite (Figures 3a–3c).

2. The Shangnan diorite is located at about 50 km north to Helong City. The diorite is fine‐ to medium‐

grained and contains plagioclase (55–60%), hornblende (40–45%), clinopyroxene (~2%), and biotite
(~3%), with accessory minerals such as zircon, apatite, and magnetite (Figure 3d).

3. The Kaishantun diorite is located at about 45 km east to Longjing City. The rocks are gray, medium‐ to
coarse‐grained, and contain plagioclase (50–55%) and hornblende (45–50%), with subordinate clinopyr-
oxene (~2%) and accessory zircon, apatite, and magnetite (Figure 3e).

4. The Chunyang diorite is located at around 90 km northwest to Wangqing City. The rocks are medium‐ to
coarse‐grained and mainly consist of plagioclase (~60%) and hornblende (~40%), with accessory zircon,
magnetite, and apatite (Figure 3f).

3. Analytical Methods
3.1. In Situ Zircon U‐Pb‐Hf‐O Isotope Analyses

Zircons were extracted from four samples (13GF‐52, 13GF‐62, 13GF‐72, and 13GF‐95) using conventional
heavy‐liquid and magnetic separation techniques. Zircon grains were then handpicked under a binocular

Figure 2. A geological map of the Yanbian area, showing the distributions of the Early Jurassic mafic intrusions (modified
after BGMRJL, 1989). 06TM‐2 is from Guo et al. (2015).
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microscope, mounted in epoxy resin discs together with zircon standards TEMORA, Mud Tank, Qinghu and
Penglai, and polished to about half thickness for analysis. Cathodoluminescence (CL) images of analyzed
zircons were obtained using a JEOL JXA‐8100 microprobe.

Zircon U‐Pb dating and trace element analyses were conducted using laser‐ablation multicollector induc-
tively coupled plasma mass spectrometry at the Guangzhou Institute of Geochemistry (GIG), Chinese
Academy of Sciences (CAS). Detailed analytical procedures were described in C. Y. Li et al. (2012). The
laser‐ablation multicollector inductively coupled plasma mass spectrometry (ICP‐MS) system consists of
an Agilent 7500a ICP‐MS coupled with a Resonetic RESOLution M‐50 ArF‐Excimer laser source
(λ = 193 nm). The conditions were 80‐mJ laser energy and repetition rate of 10 Hz with a spot size of
63 μm in diameter and ablation time of 40 s. The ablated aerosol was carried to the inductively coupled
plasma source by helium via a Squid system to smooth the signals. NIST610 (Gao et al., 2002; N. J. G.
Pearce et al., 1997) and zircon standard TEMORA (Black et al., 2003) were used as external calibration stan-
dards and 29Si as the internal standard. Each block of five unknowns was bracketed by analyses of standards.
Quantitative calibration for zircon isotope ratios and trace elements was performed by ICPMSDataCal 7.0
(Y. S. Liu et al., 2008, 2010). Weighted mean calculations of zircon age and concordia diagrams were made
using Isoplote program (version 3.0; Ludwig, 2003).

Figure 3. Photomicrographs of mafic intrusions from the Yanbian area, NE China. (a), (b), (d), and (e) are in cross‐polar-
ized light, while (c) and (f) are in plane‐polarized light. Mineral abbreviations are after Whitney and Evans (2010).
Cpx = clinopyroxene; Pl = plagioclase; Hbl = hornblende; Bt = biotite; Mag = magnetite; Zrn = zircon.
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In situ zircon oxygen isotopes were analyzed in the same grains that were dated for U‐Pb isotopes, using a
Secondary Ion Microprobe Spectrometer Cameca IMS 1280 at the Institute of Geology and Geophysics,
CAS. The Cs+ primary ion beam was accelerated at 10 kV with an intensity of ca. 2 nA. The ellipsoidal spot
is about 20 μm × 30 μm in size. A normal‐incidence electron flood gun was used to compensate for sample
charging during analysis. Secondary ions were extracted with a −10‐kV potential. Oxygen isotopes were
measured inmulticollectormode using teo off‐axis Faraday cupswith each analysis consisting of 4 × 20 cycles
of ion counting. Internal precision of a single analysis was better than 0.2‰ for 18O/16O. Oxygen isotope
results are reported in the conventional δ18O notation and standardized to Vienna Standard Mean Ocean
Water (VSMOW; Baertschi, 1976). The instrumental mass fractionation factor was corrected using zircon
standard 91500 with (δ18O)VSMOW = 9.9‰ (Wiedenbeck et al., 2004). Detailed description of working con-
ditions and analytical procedures were reported by X. H. Li et al. (2010) and Tang et al. (2015).

In situ zircon Lu‐Hf isotopes were measured using a Neptune multicollector ICP‐MS equipped with a
193‐nm laser ablation system at the Institute of Geology and Geophysics, CAS. The analytical technique
and calibration methods were described by Wu et al. (2006) and X. H. Li et al. (2010). Lutetium‐Hf isotope
measurements were obtained on the same spots that were previously analyzed for oxygen isotope. Laser
ablation operating conditions include an ablation time of 26 s, repetition rate of 10 Hz, laser beam energy
density of 10 J/cm2, and ablation spot diameter of 63 μm. Measured 176Hf/177Hf ratios were normalized to
179Hf/177Hf = 0.7325. The single zircon U‐Pb ages were used to calculate εHf(t) values with the parameters
including 176Lu decay constant of λ = 1.867 × 10−11 year−1 (Söderlund et al., 2004), chondritic values of
176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 (Bouvier et al., 2008).

A comprehensive data set of the in situ zircon U‐Pb, Lu‐Hf, and O isotope results is presented in Data Set S1
in the supporting information.

3.2. Whole‐Rock Major and Trace Elements and Sr‐Nd‐Hf Isotope Analyses

Samples for whole‐rockmajor and trace elements and Sr‐Nd‐Hf isotope analyses were crushed, and the fresh
chips were selected and washed in 0.05 N HCl and purified water. The cleaned chips were then powdered in
an agate mortar to less than 200meshes. Whole‐rockmajor oxides were analyzed by X‐ray fluorescence spec-
trometry on fused glass pellets at the GIG, CAS. The analytical precisions for major elements were better
than 2%.

Trace element analyses were carried out using ICP‐MS at Institute of Geochemistry, CAS. Detailed analytical
procedures were described by Qi et al. (2000). About 50‐mg powders digested in 1‐mlHF and 0.5‐mlHNO3 in
Teflon beakers sealed in screw‐top stainless steel bombs at 190 °C for 12 hr. The analytical precision is gen-
erally better than 5% for elements with concentrations >200 ppm and 5–10% for concentrations <200 ppm.
The results of whole‐rock major and trace elements composition are listed in Data Set S2.

Strontium and Nd isotopes were determined using a Neptune multicollector ICP‐MS at the GIG, CAS.
Detailed description of the analytical procedures was reported by Wei et al. (2002) and Liang et al. (2003).
Powders were dissolved in HF‐HClO4 at 150 °C for a week. Strontium and the Rare Earth Element (REE)
were separated using ion exchange columns with a 0.1% HNO3 eluant, and Nd fractions were further sepa-
rated using HDEHP‐coated Kef columns with a 0.18 N HCl eluant. The NBS SRM 987 and JNDi‐1 standards
were used as monitors of the detector efficiency drift of the instrument for Sr and Nd isotopes, respectively.
Measured 87Sr/86Sr and 143Nd/144Nd ratios were normalized to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219,
respectively. The reported 87Sr/86Sr and 143Nd/144Nd ratios were adjusted to the NBS SRM 987 standard with
an average of 87Sr/86Sr = 0.710249 (2σ, n = 14) and the JNDi‐1 standard with an average of 143Nd/
144Nd = 0.512093 ± 5 (2σ, n = 14), respectively. The U.S. Geological Survey standard BHVO‐2 was used as
the standard to monitor the instrumental performance for Sr and Nd isotopes and yielded an average of
87Sr/86Sr = 0.703489 ± 6 (2σ, n = 12) and an average of 143Nd/144Nd = 0.512981 ± 5 (2σ, n = 12).

Hafnium isotope analyses were conducted using a Finnigan Neptune multicollector ICP‐MS system in the
GIG, CAS. Detailed analytical procedures were described by X. H. Li et al. (2006). For Hf isotope analyses,
mixtures of 0.5‐g whole‐rock powders and 1.0‐g Li2B4O7 were first fused in Pt crucibles at 1,250 °C for
15 min in a high‐frequency furnace. The glasses (~400 mg) were then dissolved in 2 NHCl. Hf fractions were
separated using a modified ion exchange single‐column with Ln‐Spec resin. Measured 176Hf/177Hf ratios
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were normalized to 179Hf/177Hf = 0.7325. The reported 176Hf/177Hf ratios were adjusted to the JMC‐475
standard (0.282160 ± 7, 2σ). During Hf isotope analyses, the BHVO‐2 standard gave an average of 176Hf/
177Hf = 0.283097 ± 12 (2σ), which is consistent with the recommended value (Weis et al., 2005). The
whole‐rock Sr‐Nd‐Hf isotopic compositions are listed in Data Set S3.

4. Results
4.1. Zircon U‐Pb Ages and Hf‐O Isotopic Compositions
4.1.1. Shacongdingzi Diorite
Zircons separated from diorite sample 13GF‐52 are euhedral and prismatic and approximately 150 to 400 μm
long with length/width ratios of 2.0–3.0. Most zircon grains show well‐developed oscillatory zoning in CL
images (Figure S1a) and high Th/U ratios (0.47–1.43), indicating a magmatic origin. Nineteen U‐Pb isotope
analyses on concordant zircons yield a mean weighted 206 Pb/238U age of 173 ± 2 Ma (MSWD = 2.2, n = 17;
Figure S2a), which is interpreted to reflect an Early Jurassic emplacement age for the Shacongdingzi diorite.

Sixteen of those zircon grains were analyzed for Hf and O isotopic compositions. They give a narrow εHf(t)
range between +1.0 and +4.0 and a TDM range of 825–939 Ma. The O isotopic compositions of zircons show
a narrow δ18OVSMOW range between 6.2‰ and 6.8‰, higher than that of mantle zircon of
δ18OVSMOW = 5.3 ± 0.3‰ (Valley, 2003).
4.1.2. Shangnan Diorite
Zircons from diorite sample 13GF‐62 are also euhedral, transparent, and approximately 200–400 μm long
and 100–200 μmwide with length/width ratios of 2.0–3.0. Most zircon grains exhibit well‐developed oscilla-
tory zoning in CL images (Figure S1b) and have high Th/U ratios (0.65–1.09), suggesting a magmatic origin.
Sixteen U‐Pb analyses of concordant zircons yield a mean weighted 206Pb/238U age of 177 ± 2 Ma
(MSWD = 1.5, n = 16; Figure S2b), which is considered as the crystallization age for the
Shacongdingzi diorite.

Hafnium and O isotopic analyses were carried out on 13 of those zircon grains. The zircon grains have an
εHf(t) range between +1.6 and +5.3 and a TDM range of 756–975 Ma. The zircons have δ18OVSMOW values
ranging from 5.8‰ to 6.6‰, which is slightly higher than that of mantle zircon (Valley, 2003).
4.1.3. Kaishantun Diorite
Zircons from diorite sample 13GF‐72 are relatively short (60–150 μm long) with length to width ratios of
approximately 2:1. Most of the crystals are euhedral with concentric oscillatory zoning (Figure S1c).
Twenty‐one analyses on zircons yield relatively high Th/U ratios (0.33–1.62). Four zircon grains yield
Paleozoic apparent 206Pb/238U ages of 401, 407, 431, and 445 Ma (Figure S2c), similar to the early
Paleozoic tonalite in the Yanbian area (Z. W. Wang, Pei, et al., 2016). Three zircon grains give Triassic
U‐Pb ages (207, 213, and 251 Ma), and discordant Middle Jurassic U‐Pb ages (160 and 163 Ma) are obtained
from two grains. The concordant zircon U‐Pb ages are similar to ages from the Paleozoic basement rocks of
the region and to the Early Mesozoic granitoids from the Khanka Massif (K. Liu, Zhang, Wilde, Zhou, et al.,
2017), respectively. The remaining 11 U‐Pb isotopic analyses define a weighted mean 206Pb/238U age of
180 ± 3 Ma (MSWD = 3.6, n = 11; Figure S2c), which is interpreted as the emplacement age for the
Kaishantun diorite.

The four Paleozoic zircon grains show an εHf(t) range between −6.7 and −8.4 and a TDM range from 1,411 to
1,467 Ma. These zircons yield a δ18OVSMOW range between 7.7‰ and 9.0‰. The main group of magmatic
zircons (180 Ma) display a large εHf(t) range between +0.2 and +9.7 and a TDM range from 591 to 957 Ma.
They show a δ18OVSMOW range from 5.6‰ to 7.1‰. The Hf and O isotopic compositions of these magmatic
zircons are distinct from those of the inherited Paleozoic zircons.
4.1.4. Chunyang Diorite
Zircons from diorite sample 13GF‐95 are euhedral, prismatic, 100 to 250 μm in length with a range of
length/width ratio from 1.2 to 2.5, and show oscillatory zoning (Figure S1d). They have high Th/U ratios
(0.29–0.95) consistent with a magmatic origin. A total of 27 analyses on concordant zircons yield a weighted
mean 206Pb/238U age of 188 ± 2 Ma (MSWD = 2.7, n = 27; Figure S2c), similar to that of the Tumen mafic
intrusive complexes in the Yanbian area and other mafic intrusions in the LHZR (Guo et al., 2015; Yu
et al., 2012).
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Twenty‐two of those zircon grains were analyzed for their Hf and O isotopes. They have an εHf(t) range
between +5.3 and +11.1 and a TDM range from 539 to 751 Ma. These zircons yield a narrow δ18OVSMOW

range between 6.1‰ and 7.6‰, higher than that of mantle zircon.

In summary, the Yanbian mafic intrusions were formed between 188 and 173 Ma, which is roughly equiva-
lent to those of themafic intrusions in the N‐S‐trending LHZR‐Yanbian belt to the north (Guo et al., 2015; Yu
et al., 2012). In addition, the emplacement ages of the mafic rocks in the Yanbian area becomes younger
from north to south (Figure 2). Zircons from the Yanbian mafic intrusions also show a large εHf(t) variation
from +0.2 to +11.1 and generally display higher δ18OVSMOW values (5.6–7.6‰) than mantle zircons
(Figures 4a and 4b). The zircon Hf‐O isotopic array yields a trend of mixing between a juvenile component
with mantle‐like δ18OVSMOW and MORB‐like εHf(t) and a recycled crustal component composed both terri-
genous and pelagic sediments that have higher δ18OVSMOW and negative εHf(t) (Figure 4c). Furthermore, the
zircon δ18OVSMOW and εHf(t) values tend to decrease simultaneously with the youthening of emplacement
from north to south (Figure 4d).

Inherited zircons from the Kaishantun pluton, with U‐Pb ages from 445 to 207 Ma (Figure S2c), display
much less radiogenic Hf (εHf(t) = −8.4 to −6.7) and higher δ18OVSMOW (7.7–9.0‰) than the magmatic zir-
cons from the same sample. The combined Hf‐O isotopic compositions of these inherited zircons clearly
reflect the involvement of crustal material, perhaps of sedimentary origin (Figures 4c and 4d).

Figure 4. (a) εHf(t) and (b) δ
18OVSMOW isotope histograms; (c) δ18OVSMOW versus εHf(t) diagrams of zircon; and (d) rela-

tionship between zircon U‐Pb age and Hf and O isotopes of the Yanbian mafic intrusions. Terrigenous sediment is
represented by the compositions of average upper continental crust (UCC), pelagic sediment is represented by pelagic
clays from the western Pacific (W. Pacifc), and depleted mantle in NE China is estimated from the mafic components of
the Hegenshan ophiolite suite and the Dashizhai arc basalts in Inner Mongolia (Guo et al., 2009; Miao et al., 2008). Hf‐O
isotopic compositions of end‐member components used in the modeling are the following: (1) depleted mantle has
εHf(t) = +18 (Guo et al., 2009; Miao et al., 2008) and δ18OVSMOW = 5.25 (Valley, 2003); (2) terrigenous sediment (UCC)
has εHf(t) = −15 (Chauvel et al., 2014) and δ18OVSMOW = 10 (Bindeman, 2008; Eiler, 2001); and (3) pelagic sediment
from Western Pacifc has εHf(t) = −4.5 (J. A. Pearce et al., 1999; Woodhead, 1989) and δ18OVSMOW = 18 (Clayton et al.,
1972; Woodhead, 1989). Assumed proportions of Hf concentration of terrigenous sediment and pelagic sediment to
depleted mantle are 3:1 and 2:1, respectively. VSMOW = Vienna Standard Mean Ocean Water.
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4.2. Whole‐Rock Major and Trace Elements

The Early Jurassic mafic rocks show large variations in SiO2 (51.0–57.3 wt%), MgO (2.4–7.6 wt%), Fe2O3

(6.6–9.2 wt%), and Mg# (41–63, Mg# = 100 × Mg / (Mg + Fe)). In a K2O‐SiO2 diagram, most of the samples
also plot in the field of medium‐K calc‐alkaline series with subordinate samples in the field of high‐K calc‐
alkaline series (Figure S3). By comparison, the contemporaneous mafic rocks (mainly gabbros) in the LHZR
generally have lower CaO, Fe2O3, MgO, andMg# contents (Figure S3; Yu et al., 2012). On the (Na2O+K2O)‐
FeOT

‐MgO (AFM) and Hf/3‐Th‐Ta diagrams, the Yanbian diorites plot within the calc‐alkaline field, while
the mafic rocks in the LHZRmainly plot in the field of tholeiitic series (Figures 5a and 5b). Furthermore, on
the Th/Yb versus Nb/Yb and Zr/Y versus Zr discrimination diagrams (J. A. Pearce, 1983, 2014), all Yanbian
mafic intrusions fall into the fields of continental arc, whereas the mafic intrusions from the LHZR fall into
the fields of oceanic arc (Figures 5c and 5d).

On the primitive mantle‐normalized incompatible element abundance diagrams (Figures 6a–6d), the
Yanbianmafic rocks exhibit enrichments of LILE (e.g., Rb, Ba, K, and Sr) and LREE, and depletions in HFSE
(e.g., Nb, Ta, and Ti), as observed in most arc magmas (J. A. Pearce & Peate, 1995; Shinjo et al., 1999). These
mafic rocks show subparallel chondrite‐normalized REE patterns, characterized by variable enrichment of
LREE relative to HREE ((La/Yb)N= 3.5–9.2,N denotes chondrite normalization) and Eu anomalies (Eu/Eu*

(2 × EuCN/(SmCN + GdCN)) = 0.83–1.19, Figures 6e–6h).

Figure 5. (a) AFM ternary (Irvine & Baragar, 1971), (b) Hf/3‐Th‐Ta (Wood, 1980), (c) Th/Yb versus Nb/Yb (J. A. Pearce,
2014), and (d) Zr/Y versus Zr (J. A. Pearce, 1983) plot for the Early Jurassic Yanbian mafic intrusions and contempora-
neous mafic‐ultramafic intrusive rocks in NE China. Data for mafic intrusive rocks from the Lesser Hinggan‐
Zhangguangcai Range is from Yu et al. (2012). In (b), the fields are the following: (A) N‐typeMORB; (B) E‐typeMORB and
within plate tholeiites; (C) alkaline within‐plate basalts; and (D) volcanic‐arc basalts. In (D), the CAB and IAT are sepa-
rated by a Hf/Th ratio of 3. MORB = mid‐ocean ridge basalt; IOB = oceanic island basalt; CAB = calc‐alkaline basalt;
IAT = island‐arc tholeiite.
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4.3. Whole‐Rock Sr‐Nd‐Hf Isotopes

The four diorite plutons in the Yanbian area show relatively large Sr‐Nd‐Hf isotopic variations (Data Set S3
and Figure 7), although the isotopic ranges are quite narrow for the samples collected within each pluton.
Four samples at Shacongdingzi display a narrow range of initial 87Sr/86Sr(i) from 0.7053 to 0.7054, an
εNd(t) range from −1.8 to −2.3, and an εHf(t) range from +1.2 to +2.0. Three samples from Shangnan have
quite similar Sr‐Nd‐Hf isotopic composition compared to those of the Shacongdingzi diorite, with 87Sr/
86Sr(i) = 0.7054 to 0.7055, εNd(t) = −1.2 to 1.0, and εHf(t) = +2.5 to +2.7. Four samples at Chunyang show
a uniform and lower initial 87Sr/86Sr(i) of 0.7046–0.7048 and higher εNd(t) (+2.1 to +2.5) and εHf(t)
(+7.6 to +9.0) than those of the Shacongdingzi and Shannan dioritic intrusions. Compared with the other

Figure 6. (a–d) Primitivemantle normalized trace element diagrams and (e–h) chondrite normalized REE patterns for the
Yanbian mafic intrusions. Primitive mantle and chondrite normalization values are from Sun and McDonough (1989).
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diorites, four samples from the Kaishantun diorite have lower initial 87Sr/
86Sr(i) (0.7043–0.7046) and higher εNd(t) (+4.8 to + 5.3) and εHf(t) values
(+12.0 to +12.3). In general, the Early Jurassic mafic intrusive rocks show
Sr‐Nd‐Hf isotopic compositions within the ranges of arc magmas in the
western Pacific (Figure 7).

Compared to the synchronous mafic intrusions in the LHZR—the
northern part of the subduction zone, the Yanbian diorites have similar
Nd and Hf isotopic compositions but clearly lower radiogenic Sr isotopes
(Figure 7; Guo et al., 2015). Two variation trends can be identified: The
Yanbian mafic rocks define a Sr‐Nd isotopic array toward the terrigenous
sediments, whereas the LHZR mafic counterparts show another Sr‐Nd
isotopic array toward pelagic sediments (Figure 7a). However, the mafic
rocks from both the Yanbian area and the LHZR lie along the igneous
rock array between the oceanic and continental arc magmas in the Nd‐
Hf isotopic diagram (Figure 7b; Bayon et al., 2009).

5. Discussion

The Early Jurassic Yanbian mafic rocks are characterized by calc‐alkaline
affinities, LREE and LILE enrichments, and HFSE depletion (e.g., Nb and
Ta), which are typically observed in modern subduction‐related mafic
magmas (Elburg et al., 2002; Harry & Green, 1999). The geochemical sig-
natures of the Yanbian mafic rocks could reflect a combination of
shallow‐level, crustal‐chamber processes involving magmatic differentia-
tion and crustal assimilation or could be explained by deeper, source‐
related process. In the following, we will first discuss the roles of
magmatic differentiation and source enrichment in the generation of
these mafic rocks and then reconstruct the architecture of Paleo‐Pacific
subduction zone in NE China.

5.1. Magmatic Differentiation
5.1.1. Crustal Contamination or AFC Processes
The Early Jurassic mafic rocks in the Yanbian area show large Sr‐Nd‐Hf
isotopic variations over wide compositional ranges. However, each indivi-
dual pluton shows quite homogeneous Sr‐Nd‐Hf isotopic compositions.
These features may be attributed to variable proportions of crustal input
into the mantle source or to crustal contamination and/or assimilation
coupled with fractional crystallization (AFC) during magma ascent.
Both processes may modify the chemical and isotopic compositions of
the evolved melt. Thus, evaluating the effects of crustal or source contam-
ination is critical to assess the nature of mantle source (original or modi-
fied) for the Yanbian mafic intrusions. In the following text, we will
discuss the role of crustal contamination or AFC processes in the petro-
genesis of individual intrusion.

1. The Yanbian mafic rocks generally show a positive correlation between
87Sr/86Sr(i) ratio and Sr concentration (Figure 8a), which is quite different

from that is expected for crustal contamination since the upper continental crust generally has a lower Sr con-
centration but higher 87Sr/86Sr ratio than all theYanbianmafic rocks (Rudnick&Gao, 2003;Wedepohl, 1995).

2. The effect of source or crustal contamination can be distinguished by using Sr‐O isotope correlation
(James, 1981), that is, source contamination causes a small increase in δ18OVSMOW and a significant
increase in 87Sr/86Sr, whereas crustal contamination will lead to a faster increase in δ18OVSMOW than
87Sr/86Sr. According to Valley et al. (2005), we calculated the whole‐rock δ18OVSMOW by using the
equation:

Δ18O(zircon − rock) = δ18O (zircon) − δ18O (rock) ≈ −0.0612 (wt.%SiO2) + 2.5.

Figure 7. (a) Sr‐Nd and (b) Hf‐Nd isotope diagrams for the Yanbian mafic
intrusions and contemporaneous mafic‐ultramafic intrusive rocks from the
Lesser Hinggan‐Zhangguangcai Range in NE China. Data sources: The Sr‐
Nd‐Hf isotopic data of arc magmas from the continental arcs (Kamchatka
and Honshu) and oceanic arcs (Izu‐Bonin‐Mariana) in the western Pacific
are collected from the database GEOROC (http://georoc.mpch‐mainz.gwdg.
de/georoc) and listed in the Data Set S4. Fields of zircon‐free and zircon‐
bearing sedimentary rocks are from Bayon et al. (2009). Other data sources:
mafic intrusions in the Lesser Hinggan‐Zhangguangcai Range (Guo et al.,
2015); depleted mantle in NE China (Guo et al., 2009; Miao et al., 2008);
Terrigenous sediment represented by the compositions of average upper
continental crust (UCC; James, 1981); and pelagic sediment from western
Pacific (Cousens et al., 1994; J. A. Pearce et al., 1999; Woodhead, 1989).
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Figure 8. (a) 87Sr/86Sr(i) versus Sr, (b) whole‐rock δ18OVSMOW versus 87Sr/86Sr(i) (James, 1981), (c) εHf(t) versus Hf, (d) εHf(t) versus Sm/Nd, (e) εHf(t) versus
Lu/Hf, (f) εNd(t) versus La/Nb, and (g) εHf(t) versus La/Nb plots for the Yanbian mafic intrusions. In (a), the Sr concentration and 87Sr/86Sr(i) for the upper
continental crust (UCC) are according toWedepohl (1995). In (b), the δ18OVSMOW and 87Sr/86Sr for depletedmantle (DM)/basalt are 6 and 0.703 (James, 1981), the
87Sr/86Sr for the Early Paleozoic granitic rocks in NE China is 0.708 (according to Shimoda et al., 1998, and Wu et al., 2003), and the whole‐rock δ18OVSMOW
is calculated according to the inherited zircons in this study. AFC modeling (Depaolo, 1981; Powell, 1984) and crustal contamination results are shown in (c) to (g).
In the AFC modeling, r values (0.1 and 0.25) denote the assimilation rates (a ratio of the rate of assimilation to the rate of fractional crystallization). Tick marks on
the AFC modeling curves indicate the fraction of the residual magma (F). Tick marks on the crustal contamination modeling curves indicate the fraction of the
crustal assimilant. All curves have tick marks at 10% increments. MORB has Hf = 2.05 (Sun & McDonough, 1989) and εHf(t) = +18 (Guo et al., 2009, Miao
et al., 2008), and average UCC has Hf = 5.8 ppm (Wedepohl, 1995) and εHf(t) = −15 (Chauvel et al., 2014). The primary melt (13GF‐73) has Lu = 0.22 ppm,
Hf = 1.55 ppm, Sm = 2.61 ppm, Nd = 10.90 ppm, La = 7.32 ppm, Nb = 1.95 ppm, and εNd(t) = +5.3 and εHf(t) = +12.3. The assumed assimilant (Early Paleozoic
granitic rocks in NE China) has Lu = 0.24 ppm, Hf = 3.30 ppm, Sm = 4.71 ppm, Nd = 25.13 ppm, La = 16.90 ppm, Nb = 8.62 ppm, εNd(t) = −6.2 (according to
Wu et al., 2003, and Z.W.Wang, Pei, et al., 2016), and εHf(t) =−8.4 (according to εHf(t) of the early Paleozoic inherited zircons in this study). During AFCmodeling,
the bulk partition coefficients (KD) for Lu, Hf, Sm, Nd, La, and Nb are 0.1, 0.2, 0.4, 0.5, 0.2, and 0.4, respectively. See detailed discussion in the text.
MORB = mid‐ocean ridge basalt; AFC = assimilation coupled with fractional crystallization.
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We assume that the mantle/basalt end‐member component has 87Sr/86Sr = 0.703 and δ18OVSMOW = 6.0‰
(James, 1981), and the crustal component has 87Sr/86Sr = 0.708 (Wu et al., 2003) and δ18OVSMOW = 12‰
(according to the δ18OVSMOW of the inherited Early Paleozoic zircons in this study). In the plot of
δ18OVSMOW versus 87Sr/86Sr(i) diagram (Figure 8b), the Yanbian mafic rocks cluster along the convex‐
downward curves, indicating a source contamination rather than crustal contamination of a mantle‐derived
magma.

3. Among the four mafic intrusions, the Kaishantun diorites have the highest εNd(t) and εHf(t). Regardless of
inherited Early Paleozoic zircons, a striking feature of these rocks is their lower Hf concentration and
εHf(t) than those of average MORB (Figure 6c; S. S. Sun & McDonough, 1989; Workman & Hart, 2005).
Since MORBs are high‐degree melts from the convecting depleted mantle, they should have very low
Hf contents and highly radiogenic Hf isotopic compositions. Given that the continental crust beneath
the Yanbian area has high Hf concentration and unradiogenic Hf isotopic composition (Z. W. Wang,
Pei, et al., 2016, and this study), it is unlikely that the Kaishantun diorites were formed through crustal
contamination of a low‐Hf and high‐εHf magma such as MORB. Similarly, these rocks can neither be pro-
duced by AFC processes of a MORB‐type magma. Furthermore, crustal contamination and AFC model-
ing (Depaolo, 1981; Powell, 1984) was performed to evaluate the possible role of such processes in the
generation of the Kaishantun diorites. We selected a MORB‐like melt as the primary magma and the
average composition of the early Paleozoic granitic rocks in NE China (~430 Ma; Z. W. Wang, Pei,
et al., 2016; Wu et al., 2003) as the average continental crust to represent a felsic assimilant. With the
assimilation rate (r) between 0.1 and 0.25, the Kaishantun diorites plot distant from the AFC modeling
curves, indicating an insignificant role of AFC processes (Figure 8c). Moreover, the modeling results also
suggest a minor role of contamination of the felsic assimilant or average upper continental crust in their
generation (Figure 6c). Thus, a likely origin for the inherited zircons (e.g., 401–445Ma) in the Kaishantun
diorites may originate from the subducted terrigenous sediments, since zircon has the capacity to survive
under high‐temperature and high‐pressure conditions (Dai et al., 2011, 2017; Valley, 2003).

4. The Shacongdingzi, Shangnan, and Chunyang plutons show lower Sm/Nd, Lu/Hf, La/Nb, εNd(t), and
εHf(t) than those of the Kaishantun pluton (Figures 8d–8g). These elemental and isotopic variations
among the four mafic intrusions indicate that these three plutons may be generated by crustal contam-
ination or AFC of the Kaishantun mafic magma. Thus, crustal contamination and AFC modeling was
also performed to evaluate the possible role of such processes in the generation of these three dioritic
intrusions. Here we select the sample 13GF‐73 from the Kaishantun intrusion that has the highest
MgO, εNd(t), and εHf(t) values to be the candidate for the primary magma and the average composition
of the early Paleozoic granitic rocks in NE China (~430 Ma; Z. W. Wang, Pei, et al., 2016; Wu et al.,
2003) as the average continental crust to represent a felsic assimilant. With the assimilation rate (r)
between 0.1 and 0.25, the samples from the other three mafic intrusions plot distant from the modeling
curves, indicating an insignificant role of AFC processes in their formation (Figures 8d–8g).
Furthermore, crustal contamination modeling results suggest addition of 30–50% of continental crustal
components into the parental magma‐like sample 13GF‐73 to produce the geochemical and isotopic com-
positions of the three mafic intrusions (Figures 8d–8g). However, addition of such a large volume of con-
tinental crustal component could not be reequilibrated for the heat budget (Fan et al., 2004). Thus, the
modeling results suggest that the other three mafic intrusions cannot be formed through crustal assim-
ilation of the Kaishantun dioritic magma. The absence of crustal xenoliths in these three mafic intrusions
also suggests a negligible role of bulk contamination by the wall rocks during magmatic evolution.

Summarizing, it is reasonable to conclude that the role of crustal contamination or AFC processes wasminor
in the petrogenesis of the early Jurassic mafic intrusions.
5.1.2. Fractional Crystallization
Although likely of mantle origin, most of the Yanbian diorite samples have lowMgO orMg# and compatible
element concentrations (e.g., Cr, Ni, and Co) relative to contemporaneous ultramafic‐mafic rocks in NE
China (Figure S3; Guo et al., 2015; Yu et al., 2012). Hence, the Yanbian diorites cannot represent primary
mantle‐derived magmas, and fractional crystallization could explain some of the systematic geochemical
variations. Fractional crystallization can lead to systematic geochemical variations. Both MgO and Fe2O3

correlate negatively with SiO2, suggesting a role of fractionation of ferromagnesian minerals (e.g., hornble-
nde and clinopyroxene; Figure S3). Nickel and Cr are well correlated in most of the Yanbian diorites,
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indicating either substantial clinopyroxene fractionation and/or combined olivine and spinel fractionation
(Figure 9a; Pfänder et al., 2002). Likewise, the positive correlation between Al2O3 and SiO2 but negative
correlation between CaO and SiO2 indicate clinopyroxene and minor plagioclase fractionation (Figure
S3). Most samples have Eu/Eu* marginally higher than 1.0 and also show weak (moderately in the case of
the Kaishantun diorite) positive Sr and Eu anomalies, additionally indicating a role of minor plagioclase
accumulation (Figures 6 and 9b). Thus, a fractional assemblage of olivine/spinel + clinopyroxene +
hornblende + plagioclase may be responsible for the elemental variations observed within these mafic
rocks in the Yanbian area.

5.2. The Role of Subducted Sediments in the Mantle Sources
5.2.1. Enrichment Mechanisms in the Mantle Sources: Fluid or Melt?
Numerous studies on the arc magmatism have demonstrated that the subarc mantle is usually modified by
the subducting slab and the overlying sediments (e.g., Churikova et al., 2001; Hawkesworth et al., 1993;
Marini et al., 2005). Themantle wedge above a subducted slab can be enriched by the addition of (1) aqueous
fluid derived from dehydration of the subducting slab and/or (2) silicate melt derived from melting of the
subducted sediments (e.g., Churikova et al., 2001; Elburg et al., 2002; Woodhead et al., 2001). As a result
of the different geochemical behaviors in fluids and melts, some elements can be used to decipher the con-
tribution of fluids and melts to a depleted mantle wedge. For instance, aqueous fluid usually has high con-
centrations of fluid‐mobile trace elements such as LILE (e.g., K, Rb, Sr, and Ba) and Pb but low
concentrations of LREE, Th, and HFSE (e.g., Zr, Hf, Nb, and Ta) from the subducting slab to the mantle
wedge. In contrast, the silicate melt of the subducted sediments contains high contents of Th, LREE, and
LILE. Thus, subduction‐related magmas derived from fluid‐metasomatized mantle sources have higher
LILE/LREE, LILE/HFSE, and LILE/Th ratios than those derived frommelt‐modified mantle source regions.
Ratios of fluid‐mobile trace elements to fluid‐immobile trace elements may effectively identify the role of
fluid from melt of the subducted sediments in the mantle source (Woodhead et al., 2001).

Here we use the Ba/La, Rb/Nb, and Th/Yb ratios to constrain the respective role of slab fluids and melts in
the petrogenesis of the Early Jurassic mafic intrusions across the arc magmatic belt (Figures 10a and 10b).
For the southern Yanbian mafic rocks, the Shacongdingzi, Shangnan, and Chunyang intrusions display
low Ba/La and Rb/Nb and high Th/Yb ratios, indicating a predominant role of sediment melt in their mantle
sources. The Kaishantun diorites, which have the highest Ba/La and Rb/Nb ratios, show a dominant contri-
bution from a slab‐fluid component. The northern LHZRmafic rocks display a small variability in Ba/La and
Rb/Nb accompanied by a large variability in Th/Yb (Figures 10a and 10b), suggesting an increasing contri-
bution of sediment melt to their source. Consequently, except for the Kaishantun diorites which were pre-
dominantly derived from a fluid‐enriched mantle source, the other mafic rocks in the Yanbian area and
the LHZR region were derived from the mantle sources enriched by the predominant sediment melts.

Figure 9. Plots of (a) Ni versus Cr (Pfänder et al., 2002) and (b) Total REE versus Eu/Eu* diagrams for the Yanbian mafic
intrusions, showing the roles of fractionation and/or accumulation of clinopyroxene and plagioclase in the magma evo-
lution. Data for mafic intrusive rocks from the Lesser Hinggan‐Zhangguangcai Range are from Yu et al. (2012).
Sp = spinel; Cpx = clinopyroxene; Pl = plagioclase; Ol = olivine; REE = Rare Earth Elements.
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5.2.2. Terrigenous Sediments in the Mantle Source of Yanbian Mafic Rocks
The Early Jurassic Yanbian mafic rocks are characterized by depletion of Nb and Ta (Figure 6). Generally,
the Nb‐Ta depletion in arc mafic magmas is attributed to an addition of LILE‐ and/or LREE‐enriched and
Nb‐Ta‐depleted slab‐derived fluids and melts to the depleted mantle wedge (e.g., Baier et al., 2008;
Handley et al., 2007; J. A. Pearce & Peate, 1995). Moreover, relative to MORBs, the Yanbianmafic rocks have
less radiogenic Nd and Hf but more radiogenic Sr isotopic compositions and also have zircon δ18OVSMOW

higher than normal mantle value (Figures 4b and 7), indicating the involvement of subducted sediments
in their mantle source. The zircon Hf‐O isotopic variations, which suggest a mixing trend between a depleted
mantle and a sediment component, can best be explained by the involvement of terrigenous and pelagic sedi-
ments, respectively (Figure 4c).

On the other hand, the inheritance of the Early Paleozoic zircons leads to nonradiogenic Hf (εHf(t) = −8.4 to
−6.7) and δ18OVSMOW as high as 9.0‰ (Figures 4a and 4b). Since we have excluded significant crustal assim-
ilation during the magmatic evolution, the nonradiogenic Hf and elevated O isotopic compositions of inher-
ited zircons further confirm their derivation from the Paleozoic terrane in the Yanbian area (Z. W. Wang,
Pei, et al., 2016; Wu et al., 2003; Zhou &Wilde, 2013). In addition, their Sr‐Nd isotopic array toward terrige-
nous sediment indicates the involvement of terrigenous sediments in their origin (Figure 7a). Such inherited
zircons have also been reported in the deep‐seated magma elsewhere in the world (e.g., Sulu‐Dabie orogeny)
since zircon has the capacity to survive under high‐temperature and high‐pressure conditions (Dai et al.,
2011, 2017). Furthermore, the sedimentary component of the Kaishantun ophiolitic mélange in the
Yanbian area consists predominantly of sandstone, conglomerate, and mudstone (Shao & Tang, 1995), indi-
cating a terrigenous origin of the subducted sediments. Finally, the mafic intrusions are calc‐alkaline in
character and were formed in a continental arc (Figure 5), also implying the predominant role of subducted
terrigenous sediments. Accordingly, the mantle source for the Early Jurassic Yanbian mafic intrusions was
mainly enriched by subducted terrigenous sediments.
5.2.3. Compositionally Distinct Sediment Input Across the Subduction Zone
In NE China, besides the early Jurassic Yanbianmafic intrusions in the south, contemporaneous mafic rocks
are also distributed in the LHZR—the northern segment of the subduction zone (Guo et al., 2015; Yu et al.,
2012). Thesemafic rocks show tholeiitic affinities (Figures 5a and 5b). Compared to the Yanbianmafic intru-
sions, they have higher Sr isotope ratios at a given εNd(t) (Figure 7a). Regardless of the high

87Sr/86Sr(i), geo-
chemical features such as low K, Rb, and Th argue against an important role of continental crustal
contamination or assimilation in their petrogenesis. Instead, the previous studies considered that their man-
tle source was modified by subducted sediments (Guo et al., 2015; Yu et al., 2012). However, the provenance
(pelagic vs. terrigenous) of the subducted sediments remains unclear. In the following, we will combine the
geochemical proxy and geological records to address this issue.

Figure 10. (a) Ba/La versus Th/Yb and (b) Rb/Nb versus Th/Yb diagrams showing the possible enriched components in the mantle source of the Early Jurassic
mafic rocks from Yanbian area and Lesser Hinggan‐Zhangguangcai Range in NE China (Yu et al., 2012). MORB = mid‐ocean ridge basalt.
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Because of the “zircon effect” during transportation, the pelagic and terrigenous sediments have distinct
chemical compositions, that is, pelagic sediments have lower Hf/Nd and higher Lu/Hf ratios and develop
more radiogenic Hf with time than those of terrigenous sediments (Bayon et al., 2009; David et al., 2001;
Marini et al., 2005; Plank & Langmuir, 1998; Vervoort et al., 1999, 2011). Also, the continent‐derived detritus
generally has much higher Th concentrations than the pelagic detritus and has higher Th/REE ratios (Plank
& Langmuir, 1998). In NE China, however, the Yanbian mafic rocks display Nd‐Hf isotopic array along the
arc igneous rock array, which is similar to those of the LHZR mafic rocks (Figure 7b). As discussed above,
the subducted sediments added into the mantle source of the Yanbian mafic rocks were mainly derived from
the Early Paleozoic (~430 Ma) granitic rocks or terranes in NE China. The time for transportation and
deposition of the source protoliths is too short to produce the Nd‐Hf isotopic decoupling as observed in
the Himalaya sandstones (Richards et al., 2005). Although the Yanbian mafic rocks were likely derived from
the mantle wedge enriched by subducted terrigenous sediments, they plot within the Hf‐Nd isotopic array of
arc igneous rocks (Figure 7b). Actually, the mafic rocks from the modern continental arcs (e.g., Kamchatka
andHonshu arcs) and oceanic arcs (e.g., Izu‐Bonin andMariana arcs) in the western Pacific also showNd‐Hf
correlations along the terrestrial array without Nd‐Hf decoupling (Figure 7b).

Thus, Th/REE and Hf/REE ratios of the mafic rocks can be applied to trace the provenance of subducted
sediments. In fact, Lu/Hf, Th/La, and Th/Yb ratios have been widely used to track the contribution of sedi-
ments to enrichment processes of subarc mantle (Plank, 2005; Plank & Langmuir, 1998; Woodhead et al.,
2001). In NE China, except for the Kaishantun diorites which were derived from a mantle source modified
by a fluid component (Figure 10), the mafic intrusions show similar Ba/La and Rb/Nb ratios that indicate
similar degrees of fluid metasomatism in their mantle sources. For the purpose of comparison, we select
those early Jurassic mafic intrusions with similar Ba/La and Rb/Nb ratios to further distinguish the sediment
input. In Lu/Hf versus Th/La and Lu/Hf versus Th/Yb plots, themafic rocks from the northern LHZR clearly
have higher Lu/Hf and lower Th/La and Th/Yb ratios than those from southern Yanbian area (Figures 11a
and 11b), indicating that the mantle source of the Yanbian mafic rocks was predominantly enriched by ter-
rigenous sediments, whereas the mantle source for the LHZR mafic intrusions was likely metasomatized by
a component composed mainly of pelagic sediments. On the other hand, in the northern segment of the sub-
duction zone, deep‐sea oceanic radiolarian silicalite, cherts, and oozes of pelagic origin are well developed in
the subduction‐accretionary complexes such as the Heilongjiang Complex, Raohe Complex, and the accre-
tionary wedge in the southern Sikhote‐Alin orogenic belt of the Russian Far East (Cheng et al., 2006; K. Liu,
Zhang, Wilde, Liu, et al., 2017; Zhou et al., 2009, 2014). The sedimentary records also indicate the important
contribution of subducted pelagic sediments to the enrichment process of subarc mantle beneath the north-
ern segment of NE China.

In summary, the geochemical difference between the southern Yanbian and northern LHZR mafic intru-
sions can be interpreted as a result of input of compositionally distinct subducted sediments into the mantle
source through the arc magmatic belt. Such geochemical variations of arc basalts can also be found in mod-
ern subduction zones, for example, the Kamchatka‐Honshu‐Izu‐Bonin‐Mariana arc systems in the western
Pacific (e.g., Bergal‐Kuvikas et al., 2017; Elliott et al., 1997; Freymuth et al., 2016; Hoang et al., 2013). The
continental arc mafic rocks (e.g., in the Kamchatka and Honshu arcs) derived from amantle wedge enriched
by addition of predominantly subducted terrigenous sediments also have higher Th/La and Th/Yb and lower
Lu/Hf ratios than those oceanic arc basalts (e.g., in the Izu‐Bonin‐Mariana arcs), which originate from a
mantle source metasomatized by subducted pelagic sediments (Figures 11c and 11d).

5.2.4. Subarc Mantle Enrichment by Subducted Sediments
Previous studies have demonstrated that terrigenous sediments usually have higher Hf/Sm but lower Ba/Nb
ratios than those of pelagic sediments (e.g., Richards et al., 2005), we thus use the correlations between these
two geochemical proxies and εNd(t) and εHf(t) to further evaluate the contribution of the two types of sedi-
ments to the subarc mantle enrichment across the belt (Figure 12). In NE China, the possible provenance
for the terrigenous sediments includes the Khanka, Jiamusi, and HingganMassifs and the suturing orogenic
belts between these terrains. According to Zhou and Wilde (2013), these massifs are composed mainly of
Pan‐African metaigneous protoliths and metasedimentary granulites, intruded by Early Paleozoic grani-
toids. Both the metasedimentary granulites and granitic rocks have highly evolved isotopic compositions
(Wu et al., 2000, 2003). For our modeling, we use the composition of the upper continental crust to approx-
imate the terrigenous sediment component because of the only limited geochemical data exist for these
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Paleozoic terrains. Also, we select the deep‐sea siliceous rocks from the western Pacific to represent the
subducted pelagic sediment component (e.g., Cousens et al., 1994; J. A. Pearce et al., 1999; Woodhead,
1989). At the same time, we assume a depleted mantle as the other end‐member candidate. Trace element
and isotopic modeling results show that the compositional range of the Yanbian mafic intrusive rocks is
consistent with derivation from a depleted mantle wedge metasomatized by a variable addition (2–10%) of
terrigenous sediments (Figure 12). Additionally, the mafic rocks in the LHZR were plausibly formed by
melting of a depleted mantle source enriched by addition of 3–10% melt of pelagic sediment (Figure 12).
Again, the Kaishantun diorites have compositions different from the other mafic intrusions in the Yanbian
area andwere derived from amantle source predominantly enriched by sedimentfluids (Figures 12c and 12d).

In summary, we identify two distinct subducted sediment components involved in the enriched mantle
sources beneath NE China. To the south, the mantle wedge beneath what is now the Yanbian area was
mainly contaminated by addition of subducted terrigenous sediments, and enrichment was both fluid‐
and melt‐induced. In the north, the mantle wedge beneath what is now the LHZR was largely enriched
by subducted pelagic sediments.

5.3. Geological Implications
5.3.1. Geological Records of the Paleo‐Pacific Oceanic Subduction in NE China
The Phanerozoic tectonic evolution of NE China has been mainly controlled by the Paleo‐Asian Oceanic
subduction and the subsequent tectonic superimposition through the Paleo‐Pacific slab subduction (e.g.,

Figure 11. (a) Lu/Hf versus Th/La and (b) Lu/Hf versus Th/Yb diagrams showing the possible subducted sediments in themantle source of the Early Jurassic mafic
rocks from Yanbian area and Lesser Hinggan‐Zhangguangcai Range in NE China (Yu et al., 2012). The directions of arrow indicate that of the Early Jurassic
mafic rocks from Yanbian area and Lesser Hinggan‐Zhangguangcai Range in NE China were mainly modified by terrigenous sediments and pelagic sediments,
respectively. (c) Lu/Hf versus Th/La and (d) Lu/Hf versus Th/Yb plots showing a comparison of mafic rocks between the modern continental arcs (Kamchatka and
Honshu) and oceanic arcs (Izu‐Bonin‐Mariana) in the western Pacific. Data sources for the Kamchatka, Honshu, and Izu‐Bonin‐Mariana arcs are collected from the
database GEOROC (http://georoc.mpch‐mainz.gwdg.de/georoc) and listed in Data Set S4.
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Guo, 2016; Meng et al., 2011; Wu et al., 2000, 2011; W. L. Xu et al., 2013). However, it is a matter of active
debate when subduction of the Paleo‐Pacific Ocean beneath the Eurasian continent started. The proposed
ages include Late Permian to Early Triassic (Ernst et al., 2007; M. D. Sun et al., 2015), Late Triassic (Zhou
et al., 2014), and Early Jurassic (Guo et al., 2015; Wu et al., 2007; Yu et al., 2012).

The Early Jurassic Yanbianmafic intrusive rocks show elemental and isotopic signatures associated with the
subduction of Paleo‐Pacific slab. Recently, Yu et al. (2012) reported the N‐S‐trending belt of Early Jurassic
(186–182 Ma) mafic intrusions belt along the LHZR. These mafic rocks were also attributed to melting of
mantle wedge under a back‐arc setting closely related to subduction of the Paleo‐Pacific Ocean (Yu et al.,
2012). In addition, Guo et al. (2015) proposed that the Early Jurassic (ca. 187 Ma) Tumen mafic intrusive
complex was derived from a depleted mantle wedge metasomatized by hydrous sediment melt from the sub-
ducted Paleo‐Pacific slab. Spatially, the Early Jurassic (188–173 Ma) Yanbian mafic intrusions represent the
southern extent of the N‐S‐trending arc mafic magmatic belt.

The Heilongjiang Complex, which is located among the LHZR, Hinggan, and Jiamusi Massifs, has widely
been regarded as a subduction‐accretionary complex formed by westward subduction of the Paleo‐Pacific

Figure 12. (a) εNd(t) versus Hf/Sm, (b) εHf(t) versus Hf/Sm, (c) εNd(t) versus Ba/Nb, and (d) εHf(t) versus Ba/Nb diagrams of Early Jurassic mafic rocks, showing the
role of subducted sediments in the mantle enrichment beneath the Yanbian area and Lesser Hinggan‐Zhangguangcai Range in NE China. Trace element con-
centrations and Nd and Hf isotopic data of the mafic rocks from Lesser Hinggan‐Zhangguangcai Range are from Yu et al. (2012) and Guo et al. (2015), respectively.
Neodymium and Hf concentrations and Nd‐Hf isotopic compositions of the end‐member components in (c)–(f) are the same as in Figure 8. Other parameters used
in the modelling are (1) DM has Ba = 3 ppm, Nb = 0.3 ppm, Hf = 0.3 ppm, Nd = 1.2 ppm, Sm = 0.4 ppm (based on Sun & McDonough, 1989), εNd(t) = +12,
and εHf(t) = +18 (Guo et al., 2009, Miao et al., 2008); (2) pelagic sediment from the western Pacific (W. Pacific) has Ba = 1380 ppm, Nb = 13 ppm, Hf = 3.8 ppm,
Nd = 36 ppm, Sm = 8.7 ppm (Cousens et al., 1994), εNd(t) = −6 (Cousens et al., 1994), and εHf(t) = −4.5 (J. A. Pearce et al., 1999; Woodhead, 1989); (3) terrigenous
sediment (upper continental crust) has Ba = 668 ppm, Nb = 26 ppm, Hf = 5.8 ppm, Nd = 27 ppm, Sm = 4.5 ppm (Wedepohl, 1995), εNd(t) = −10, and
εHf(t) = −15 (Chauvel et al., 2014). During partial melting of the pelagic sediments, the volume of sediment melt (F) is assumed to be 0.3, and the bulk partition
coefficients (KD) for Ba, Nb, Nd, Hf, and Sm are 0.1, 0.6, 0.05, 0.9, and 0.1, respectively. The numbers in percent shown on the tick marks of the curves denote the
proportions of the subducted sediment being added into the mantle wedge. DM = depleted mantle.
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slab during 210–155 Ma (Ge et al., 2016; Wu et al., 2007; Zhou et al., 2009, 2014; Zhou &Wilde, 2013). These
metamorphic complexes and the coeval I‐type granitoids also constitute an N‐S‐ trending metamorphic‐
magmatic belt, which coincides with the mafic magmatic belt (Figure 1c; F. Wang et al., 2015; Wu et al.,
2011; W. L. Xu et al., 2013). The spatial association between arc magmatism and blueschist‐facies meta-
morphism clearly indicates the westward subduction of the Paleo‐Pacific Plate. Accordingly, the coexistence
of the Early Jurassic mafic intrusions, metamorphic complexes, and the coeval I‐type granitoids recorded the
beginning of tectonic superimposition exerted by the Paleo‐Pacific Oceanic subduction.
5.3.2. The Architecture of Paleo‐Pacific Subduction Zone in NE China
NE China consists of a collage of several microcontinental massifs (e.g., Jiamusi, Khanka, Buleya, and
Hinggan Massifs; Figure 1b). Although the Khanka, Jiamusi, and Buleya Massifs have widely been consid-
ered to have collided and amalgamated with the CAOB due to the Paleo‐Pacific Oceanic subduction, the spa-
tial distribution and timing of collision between them remains controversial (e.g., Chen et al., 2000; K. Liu,
Zhang, Wilde, Zhou, et al., 2017; Z. W. Wang, Pei, et al., 2016; Wu et al., 2002, 2007; Zhou et al., 2014, 2009;
Zhou & Wilde, 2013).

The mantle wedge in the south was predominantly metasomatized by addition of terrigenous sediments,
which were probably from the Khanka, Jiamusi, and Buleya Massifs, as indicated by the presence of the
inherited zircon with ages similar to rocks from those regions. This suggests that at least in the Early
Jurassic, these Paleozoic terrains were still located in the southeastern CAOB. The sedimentary records
and U‐ Pb ages of detrital zircons from the accretionary complexes in NE China and Far East of Russia also
support such a hypothesis (K. Liu, Zhang, Wilde, Liu, et al., 2017; Z. W. Wang, Pei, et al., 2016; Zhou &
Wilde, 2013). Thus, we develop a geodynamic model to link the petrogenesis of the Yanbianmafic intrusions
with the Early Jurassic Paleo‐Pacific Oceanic subduction. During the Early Jurassic, the Paleo‐Pacific slab
was subducted beneath the Paleozoic terrains (e.g., Khanka, Jiamusi, and Buleya Massifs). The terrigenous
sediments that were eroded from these Paleozoic massifs, together with the oceanic lithosphere, were intro-
duced into the mantle wedge. The fluids and melts released from the subducted slab (both the subducted
sediments and altered oceanic crust) variably reacted with the depleted mantle wedge, forming composition-
ally distinct sources. Melting of the heterogeneous mantle wedge formed the Early Jurassic mafic intrusions
in the Yanbian area and its adjacent regions.

The geochemical comparison of the Early Jurassic mafic intrusions between the southern and northern
parts of the arc magmatic belt reveals an obvious difference in the provenance of the subducted sedi-
ments. This is supported by the tectonic discrimination diagrams (Figure 5). The Yanbian mafic intrusions
are calc‐alkaline and plot within the fields of continental arc, whereas the mafic intrusions from the
LHZR are tholeiitic and fall into the fields of oceanic arc. This suggests that the mafic intrusions in the
southern part of this arc magmatic belt were likely formed in a continental arc, whereas those in
the northern part of the belt were probably generated in an oceanic arc. The Early Jurassic subduction
zone in NE China might consist of both continental and oceanic arcs, analogous to the modern
Kamchatka‐Honshu‐Izu‐ Bonin‐Mariana arc systems in the western Pacific (Plank et al., 2007).
Accordingly, we develop a cartoon to illustrate the tectonic evolution of the NE China since the Early
Jurassic as follows (Figure 13):

1. The 190–170 Ma (Figures 13a and 13b). The Khanka‐Jiamusi‐Buleya Massif was located in the southern
part of the subduction zone and separated from the CAOB by the Dunhua‐Mishan Fault, which is one of
the branches of the northern segment of Tan‐Lu Fault (Figure 13a). The Paleo‐Pacific Plate (i.e., the
Izanagi Plate) was subducted beneath the Khanka‐Jiamusi‐BuleyaMassif and formed an active continen-
tal margin (Figure 13b). In contrast, in the northern part of the subduction zone, the LHZRwas separated
from the CAOB by the Mudanjiang Ocean (Figure 13a). The Paleo‐Pacific Plate subducted beneath the
Mudanjiang Oceanic Plate and formed an oceanic arc (Figure 13b).

2. The 140–120 Ma (Figure 13c). With the oceanic ridge spreading and the strong displacement along the
transform faults, the Paleo‐Pacific Plate (Izanagi Plate) moved from a NW direction to a northward direc-
tion (Koppers et al., 2001; K. Liu, Zhang, Wilde, Liu, et al., 2017; Seton et al., 2012; W. D. Sun et al., 2007;
J. W. Xu et al., 1987). Oblique subduction toward the East Asian continent occurred, leading to the large‐
scale strike‐slipping movement of the Tan‐Lu Fault System (J. W. Xu et al., 1987). The preexisting
Khanka‐Jiamusi‐Buleya Massif was probably moved northward to the present‐day position in response
to the sinistral strike‐slipping motion of the Dunhua‐Mishan Fault (F. Wang, Xu, et al., 2016). At the
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same time, the Yanbian area moved eastward, and the LHZR retreated westward, forming the Late
Mesozoic tectonic architecture of NE China.

3. The Present (Figure 13d). Due to rollback and retreat of the subducting Pacific slab and the subsequent
opening of the Japan Sea and multiple‐stage changes of moving direction of the Pacific Plate as well
(Koppers et al., 2001; W. D. Sun et al., 2007; Y. Q. Zhang et al., 2003), the Khanka‐Jiamusi‐Buleya
Massif and LHZR were divided into several micromassifs, and the present‐day tectonic framework of
NE China was ultimately formed.

6. Conclusions

ZirconU‐Pb ages indicate that the Early Jurassic mafic intrusions in the Yanbian area were emplaced at 188–
173 Ma, temporally consistent with the N‐S‐trending LHZR‐Yanbian arc magmatic belt. The comprehensive
geochemical results suggest the following conclusions:

1. The southern Yanbian mafic rocks are calc‐alkaline and were derived from a mantle wedge variably
enriched through predominant addition of subducted terrigenous sediments. In contrast, the mantle
wedge in the northern part of the arc magmatic belt was mainly modified by the subducted pelagic sedi-
ments. Ratios of Hf and Th to REEs can be effective geochemical proxies to discriminate the provenance
of subducted sediments.

Figure 13. Reconstruction of the tectonic evolution of the NE China since the Early Jurassic. (a) Early Jurassic (190–170Ma) subduction of the Paleo‐Pacific Ocean
(Izanagi Plate); (b) schematic cross sections showing the geodynamics of KJBM continental arc and LHZR island arc; (c) preexisted KJBMwasmoved to the present‐
day positions in response to the sinistral strike‐slip movement of the DMF (140–120 Ma); and (d) present setting. See detailed discussion in the text. LHZR =
Lesser Hinggan‐Zhangguangcai Range; CAOB = Central Asian Orogenic Belt; KJBM = Khanka‐Jiamusi‐Buleya Massif; NT = Nadanhada Terrane; TLF = Tan‐Lu
Fault; DMF = Dunhua‐Mishan Fault; BM = Buleya Massif; JM = Jiamusi Massif; KM = Khanka Massif.
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2. The Early Jurassic subduction zone in NE China might consist of both continental and oceanic arcs, ana-
logous to the modern Kamchatka‐Honshu‐Izu‐Bonin‐Mariana arc systems in the western Pacific.

3. The reconstructed architecture implies that theMesozoic subduction of the Paleo‐Pacific Ocean led to the
sinistral strike‐slipping movement of the Dunhua‐Mishan Fault and displaced the Khanka‐Jiamusi‐
Buleya Massif northward to the present position.
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