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Abstract

:

Detrital zircons in the matrix of an accretionary complex play an important role in providing evidence to reconstruct oceanic plate subduction and accretion processes. The Nadanhada accretionary complex (NAC) dominated by the Yuejinshan, Raohe and Tongjiang accretionary complexes provides significant geological evidence to better understand the Paleo-Pacific subduction–accretion process. Most previous studies have focused on the Yuejinshan and Raohe accretionary complexes, while those of the Tongjiang accretionary complex on the north side have focused on blocks. In this study, we present zircon U–Pb dating and Hf isotopic data for the matrix of metasedimentary rock in the Tongjiang accretionary complex. The analysis results show that the zircons in the fine silty mudstone, phyllonite and fine argillaceous siltstone define the youngest weighted mean ages (youngest detrital zircon ages) of 261.4 ± 2.9 Ma (247 Ma), 175.2 ± 4.9 Ma (169 Ma) and 168.6 ± 2.1 Ma (162 Ma), respectively, and yield a younging trend of the accretion materials from west to east. Provenance analysis indicates that the matrix was mainly sourced from the neighboring Jiamusi and Xingkai blocks. Based on previous results of the Permian and Late Triassic blocks in the Yuejinshan region, the Permian and Early Jurassic blocks in the Tongjiang region, and the Late Triassic and Early–Middle Jurassic blocks in the Raohe region, as well as the lower limit of the depositional age of the Late Triassic matrix in the Yuejinshan region and the Middle Jurassic and Early Cretaceous matrices in the Raohe region, we propose that the NAC may record the Late Permian–Triassic, Jurassic and Early Cretaceous oceanic accretion events, representing the westward subduction and accretion process of the Paleo–Pacific Ocean Plate.
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1. Introduction


The accretionary complex represents the vestiges of the extinction of the Paleo–oceanic basin and records the history of the tectonic evolution between oceanic and continental plates. It provides important insights into the structure of accretion–type orogen and the evolutionary history of the ocean basin and offers direct evidence for reconstructing the subduction and accretion process of the oceanic plate [1,2,3,4,5,6,7]. Northeast (NE) China is situated at the intersection of the Siberia Craton, the North China Craton and the Pacific Plate. The accretionary complex in NE China records the subduction and accretion processes of the Paleo–Asian Ocean and Paleo–Pacific Ocean [8,9,10]. The transition between the Paleo-Asian oceanic regime and the Paleo-Pacific regime, the initial timing of subduction, and the subduction and accretion process of the Paleo-Pacific Plate beneath the Eurasian continent remain controversial [11,12,13,14,15]. Different arguments have been proposed to constrain the initial subduction in the Early Jurassic [15,16,17,18,19], Late Triassic [11,20] or Permian [21,22]. The Nadanhada accretionary complex (NAC) is located in the easternmost region of NE China and is separated from Sikhote–Alin Mountain by the Wusuli River. This accretionary complex is an important component of the Wandashan–Sikhote–Alin accretionary complex belt and provides direct materiel records of the subduction and accretion of the Paleo–Pacific Plate beneath the Eurasian continent [12,14,20,23,24,25,26,27,28]. Thus, the NAC is a significant region for studying these geological problems.



The NAC is divided into the Yuejinshan Complex in the west and the Raohe Complex in the east [12,14,20,27,29,30] and sporadically outcrops in the Tongjiang–Fuyuan region. The nature and formation age of the Paleo–oceanic basin represented by the Yuejinshan accretionary complex remains in dispute. Existing studies argue for the subduction–accretion products of the Paleo–Asian Ocean [15,31], Paleo–Pacific Ocean [20,21,32] or Panthalassa [30,33,34] and the formation age of the late Late Paleozoic [15,34] or the Late Triassic–Early Jurassic [12,14,20]. The Raohe accretionary complex is generally considered to represent an accretionary complex formed by the subduction of the Paleo–Pacific Plate beneath the Eurasian continent [15,34,35,36]. The matrix has a progressively younging trend from west to east with ages ranging from the Middle Jurassic to Early Cretaceous, which is modelled as the westward subduction and accretion process of the Paleo–Pacific Plate [12,14,20,25]. However, based on detrital zircon dating of the Middle–Upper Jurassic Dalingqiao Formation in the Raohe region, other studies have suggested that there is no younging trend from west to east [37]. In addition, different viewpoints on the formation background of the Permian igneous rocks in the Jiamusi Block have proposed the subduction of the Paleo–Asian Ocean [38,39], Mongol–Okhotsk Ocean [40,41], Paleo-Pacific Ocean [22,42,43,44] or Panthalassa [30]. In summary, the orogenesis of the NAC and the continental marginal island arc on the west side are still controversial. This has resulted in debate on the initial timing of the subduction of the Paleo–Pacific Plate beneath the Eurasian continent, and a variable initial timing of the Early Jurassic [15,17,18,19], Late Triassic [20,34] or Permian [21,22,45] have been proposed. The NAC is a significant region in NE China for understanding the subduction and accretion process of the Paleo–oceanic basin. However, the process recorded by the NAC is still unclear.



The Tongjiang accretionary complex is situated in the northwestern part of the NAC and is separated from the Raohe and Yuejinshan accretionary complexes by the Cenozoic basin. The matrix includes siltstone, argillaceous siltstone, silty mudstone and phyllonite, and ductile deformation is developed locally. The block includes pyroxenite, siliceous rock, gabbro, basalt, andesite and rhyolite, which are commingled in the matrix. Lenticular blocks occur in the matrix, with various sizes ranging from tens of centimeters to hundreds of meters. Most previous studies have focused on the geochemical and geochronological data of the block in the Tongjiang accretionary complex [18,32,46,47] with a lack of geochronological study of its matrix. Thus, field geological investigation, zircon geochronology and Lu–Hf isotope analysis of the matrix in the Tongjiang accretionary complex were integrated in this study to constrain the age and provenance of the matrix. Based on the age and provenance analysis results of the matrix in this study and combined with previous research studies, we hypothesized that the NAC is the product of the subduction and accretion of the Paleo–Pacific Plate; we also aimed to reconstruct the subduction and accretion process of the Paleo–Pacific Plate beneath the Eurasian continent.




2. Regional Setting


Northeast (NE) China is located in the eastern Central Asian Orogenic Belt and has experienced superposition of the Paleo-Asian Ocean, Mongol–Okhotsk Ocean and Paleo–Pacific Ocean tectonic regimes [11,13,34]. The region is characterized by several micro–continental blocks, accretionary complexes and arc basins and records the accretionary orogenic process of the Xing-Meng Orogenic Belt. The Xing–Meng Orogenic Belt is situated between the Siberian Craton to the north and the North China Craton to the south and is the amalgamation of several micro–continental blocks [9,13,48]. It can be divided into five micro–continental blocks from west to east: the Erguna Block, the Xing’an Block, the Songliao Block, the Jiamusi Block and the Xingkai Block (Figure 1a) [9,13,49].



The NAC is located on the eastern side of the Jiamusi Block, which is separated by the Yuejinshan fault [56] or the Tongjiang-Toulin–Yingchun fault [50]. Moreover, geophysical data show that the tectonic boundary may be the Tongjiang–Baoqing–Dangbi region [57]. This complex is intruded by Cretaceous granites. On the basis of geology, specifically megaliths of a variety of rock types in a matrix of turbidite, this part of the NAC is referred to as the Tongjiang–Yuejinshan–Raohe accretionary complex in this study. The megalith types include peridotite, mid–ocean ridge basalt (MORB) or ocean island (OIB) basalt, deep–sea siliceous rock, seamount limestone (from seamounts), high–magnesium and Nb–enriched volcanic rock and arc igneous rock, all classically found in accretionary complexes. The overall trend of the Tongjiang–Yuejinshan–Raohe accretionary complex is north–south [12,14,18,20,30,32], and the NAC is referred to as the Tongjiang–Yuejinshan–Raohe accretionary complex in this study.



The Tongjiang accretionary complex is located in the northwestern part of the NAC belt and mainly outcrops in the Qindeli, Jiejinkou and Jiangbian regions (Figure 1c). The lithology of the block predominantly includes pyroxenite, basalt, siliceous rock, gabbro, andesite and rhyolite. A fault is apparent and cuts the block and matrices, with mylonitization having developed in some matrices. The zircon U–Pb ages of the blocks are as follows: basalt with an age ranging from 279–270 Ma [33,47], gabbro with an age of 288 ± 2 Ma [32], rhyolite with an age of ~279 Ma [32] and andesite with an age of ~174 Ma [18]. The mafic volcanic block exhibits an OIB affinity [32], the andesitic block indicates high–magnesium geochemical characteristics [18], and the gabbroic and rhyolitic rocks exhibit arc magmatic rock geochemical characteristics [32].



The Yuejinshan accretionary complex is located in the western part of the NAC and mainly outcrops in the Yuejinshan region in places such as Dongfanghong town and the 853 farm (Figure 1b). The lithology of the block predominantly includes ultramafic rocks (dunite, wehrlite and clinopyroxenite), basalt, greenschist, limestone and gabbro, and the formation age is mainly Permian and partly Late Triassic. The zircon U–Pb ages of the blocks are as follows: gabbro with ages ranging from 287–266 Ma [21,32,42,46,55] and basalt with ages of 277 ± 2 Ma [33] and 232 ± 5 Ma [55]. The matrix of the accretionary complex mainly includes felsic schist and some felsic mylonite. The youngest detrital zircon age of the felsic mylonites is 223 ± 7 Ma [55]. The blocks in the Yuejinshan accretionary complex exhibit a MORB or OIB affinity, such as the greenschist block with the geochemical characteristics of OIB basalt [55], mafic volcanic rock dominated by MORB and OIB basalt [32] and gabbroic block with arc magmatic rock geochemical characteristics [21].



The Raohe accretionary complex constitutes the main part of the NAC (Figure 1d) and lies roughly within 60 km of Raohe and abuts the Yuejinshan complex which lies to its southwest. The lithology of the block predominantly includes ultramafic igneous rock, gabbro, diabase, limestone, pillow basalt and siliceous rock with some manganese nodules [58]. Except for limestone containing Carboniferous–Permian fusulinids and corals [59], these blocks mainly formed in the Late Triassic and Early–Middle Jurassic. The zircon U–Pb ages of the Raohe accretionary complex are as follows: mafic intrusive rocks with ages of 219–214 Ma [14,20,51] and basalt with an age of 168–166 [14,20,53]. The Late Triassic–Early Jurassic radiolarian can be observed in the siliceous rock [60]. The blocks of the Early Jurassic volcanic rocks (basaltic andesite, dacite and rhyolite) in the Raohe accretionary complex have ages between 187 and 174 Ma [18]. The matrices of the Raohe accretionary complex mainly comprise clastic rocks such as sandstone, sandy mudstone and mudstone. The minimum peak age in the detrital zircon age spectra and youngest concordant age of the detrital zircons in the matrix correspond to the Middle–Late Jurassic (172–157 Ma) and early Early Cretaceous (140–133 Ma) [14,20,35,52]. The blocks of the Middle Jurassic basaltic volcanic rock in the Raohe accretionary complex exhibit an OIB affinity [14,17,53,54,61]. The Early Jurassic volcanic rocks that occur in the Dongshan, Haiyinshan and Qingshankou regions reveal Nb-enriched or arc geochemical characteristics [17].




3. Sampling and Petrography


A total of three clastic sedimentary rock samples of the Tongjiang accretionary complex (QDL–7–3, QDL–2–7 and QDL–1–2) were collected from outcrops (QDL–7, QDL–2 and QDL–1) along a path from Qindeli farm to Linjiang town in the Tongjiang region, and the sampling locations are shown in Figure 1c. The three samples from the Tongjiang accretionary complex lie along a northeastern strike and 1–2 and 7–3 are about 25 km apart. From all three clastic sediments, detrital zircons were separated, and U–Pb dating and Hf isotopic analysis were conducted.



The sampling site of QDL–7–3 mainly exposes a matrix of fine silty mudstone and argillaceous siltstone, which is intruded by granodiorite porphyry (Figure 2a,b). Sample QDL–7–3 is fine silty mudstone with blastopelitic and micro–lepidoblastic texture and contains argillaceous minerals as the major components. The argillaceous compositions are tawny and crypto–crystal and partly underwent recrystallization, turning to a directional arrangement of scaly sericite (Figure 2c). Fine silty fragments constitute 20% of the framework, angular, subrounded and schistose monocrystallites and are equably distributed among the argillaceous compositions. The silty fragments predominantly include quartz with a few biotite, plagioclase, and argillaceous fragments, and the grain sizes range from 0.03–0.2 mm.



The sampling site of QDL–2–7 mainly exposes the pyroxenite and siliceous rock blocks and the matrix of sandy mudstone and phyllonite. The block has a fault contact with the matrix (Figure 2d,e). Sample QDL–2–7 is phyllonite, with a grain size generally smaller than 0.1 mm, and it exhibits a micro–lepidoblastic texture and schistose structure. This sample is characterized by dynamic recrystallization. The neogenic minerals are dominated by biotite, chlorite and hornblende, and the biotite is foliated. Felsic minerals are distributed in the biotite layer, with augen, lentoid and long ribbon shapes. Hornblende and chlorite are mainly distributed in the felsic aggregates. Biotite accounts for 45%, dynamically recrystallized felsic minerals account for 40%, and chlorite accounts for 10% of the total framework (Figure 2f).



The sampling site of QDL–1–2 mainly exposes andesite and siliceous rock blocks and a matrix of argillaceous siltstone and phyllonite. The block has a fault contact with the matrix (Figure 2g,h). Sample QDL–1–2 is fine argillaceous siltstone and has blasto–clastic and micro–lepidoblastic textures. The clastic components are predominantly composed of quartz, plagioclase, lithic fragments and white mica in a directional arrangement with grain sizes of 0.003–1 mm (a few are 3 mm in size). Quartz (15%) has wavy and banded extinction, with angular to subangular shapes. Plagioclase (5%) exhibits polysynthetic twinning and slight sericitization, with angular and subangular–to–subhedral tabular shapes. The lithic fragments (20%) are dominated by felsic lava with a small amount of mudstone and exhibit augen and long ribbon shapes. The interstitial cryptocrystalline material and recrystallized neogenic minerals are dominated by biotite, chlorite and sericite, with a micro–lepidoblastic texture, and are directionally distributed around the fragments (Figure 2i).




4. Analytical Methods


4.1. Zircon U–Pb Dating


Zircon grains were separated using conventional heavy–liquid and magnetic techniques and then picked by hand picking under a binocular microscope. Zircon grains for each sample were mounted in epoxy resin, and the centers of the grains were polished. All zircon grains were photographed in transmitted light, reflected light and cathodoluminescence (CL) to identify morphology and internal structures to select suitable crystals and analytical points. Zircon U–Pb isotopic analyses were synchronously performed on a GeolasPro laser ablation system attached to an Agilent 7900 inductively coupled plasma block spectrometry (ICP–MS) instrument at Wuhan SampleSolution Analytical Technology Co., Ltd. (Wuhan, China). The spot size of the laser was set to 24 µm, and helium was used as a carrier gas to transfer ablated materials. The analytical technique was the same as that described by Zong et al. (2017) [62]. The U–Pb date was normalized using zircon 91500 as external standard, and GJ–1 was used as monitor standard. Each analysis incorporated a background acquisition of approximately 20–30 s followed by 50 s of data acquisition. ICPMSDataCal software was used to perform off-line selection [63,64]. Weighted average age calculation and probability density plotting were conducted using Isoplot/Ex_ver3 software [65]. The method for calculating discordance for U–Pb data is (207Pb/235U age)/(206Pb/238U age)×100. 204Pb is used to make common Pb correction. Zircon ages were taken as 207Pb/206Pb ages for grains older than 1000 Ma and 206Pb/238U ages for grains younger than 1000 Ma. The results are presented in Supplementary Table S1 and the uncertainties are 1σ.




4.2. Zircon Hf Isotopes


In situ Lu–Hf isotopic analyses were performed on the Geolas HD excimer ArF laser–ablation system attached to a Neptune Plus multi–collector inductively coupled plasma block spectrometer (MC–ICP–MS) at Wuhan SampleSolution Analytical Technology Co., Ltd. A spot size of 44 μm was used, and helium was used as a carrier gas to transfer ablated materials. The analytical technique was the same as that of Hu et al. (2012) [66]. Zircon Hf isotope interference correction was the same as that described by Blichert–Toft et al. (1997) [67] and Fisher et al. (2014) [68]. The data between reference material calculations were mass bias–corrected using ICPMSDataCal [64]. The results are presented in Supplementary Table S2.





5. Results


5.1. Zircon U–Pb Dating


The zircon grains in sample QDL–7–3 are primarily granular with some short prismatic anhedral–subhedral crystals. They have lengths ranging from 45 to 100 μm and length–to–width ratios between 1:1 and 2:1. Zircon grains show well–developed oscillatory zoning (Figure 3a) and high Th/U ratios (0.15–1.48), indicating a typical magmatic origin. In total, 56 detrital zircon analyses were performed, and 55 single zircon grains with a concordance exceeding 90% were selected for final interpretation. The concordant ages range from 247–1789 Ma, and the age spectrum yields four main peak ages of 265 Ma, 341 Ma, 401 Ma and 474 Ma, and older concordant ages are 773 ± 9 Ma, 983 ± 10 Ma, 1350 ± 57 Ma and 1789 ± 45 Ma. Thirty–seven detrital zircons define a weighted mean age of 261.4 ± 2.9 Ma (MSWD = 5.5), and the youngest grain yields an age of 247 ± 3 Ma (Figure 4a,b).



The zircon grains in sample QDL–2–7 are primarily granular with some short prismatic anhedral–subhedral crystals. They have lengths ranging from 50 to 90 μm and length–to–width ratios between 1:1 and 2:1. Zircon grains show well–developed oscillatory zoning (Figure 3b) and high Th/U ratios of 0.13–1.05 (some grains have ratios of 0.02–0.09), indicating a typical magmatic origin. In total, 57 detrital zircon analyses were performed, and 54 single zircon grains with a concordance exceeding 90% were selected for final interpretation. The concordant ages range from 172–1743 Ma and the age spectrum yields five main peak ages of 172 Ma, 251 Ma, 500 Ma, 880 Ma and 954 Ma, and older concordant ages are 759 ± 9 Ma, 1231 ± 57 Ma, 1228 ± 69 Ma, 1377 ± 52 Ma, 1559 ± 72 Ma and 1743 ± 65 Ma. Fifteen detrital zircons define a weighted mean age of 502.5 ± 5.9 Ma (NSWD = 2.5), six detrital zircons define a weighted mean age of 175.2 ± 4.9 Ma (NSWD = 2.2), and the youngest grain yields an age of 169 ± 4 Ma (Figure 4c,d).



The zircon grains in sample QDL–1–2 are primarily granular or short prismatic anhedral–subhedral crystals. They have lengths ranging from 50 to 100 μm and length–to–width ratios between 1:1 and 2:1. Zircon grains show well-developed oscillatory zoning (Figure 3c) and high Th/U ratios of 0.25–1.87 (one grain has a ratio of 0.04), indicating a typical magmatic origin. In total, 58 detrital zircon analyses were performed, and 53 single zircon grains with a concordance exceeding 90% were selected for final interpretation. The concordant ages range from 162–1209 Ma and the age spectrum yields four main peak ages of 165 Ma, 193 Ma, 253 Ma and 452 Ma, and older concordant ages are 306 ± 5 Ma, 481 ± 6 Ma, 498 ± 6 Ma, 860 ± 10 Ma and 1209 ± 88 Ma. Fourteen detrital zircons define a weighted mean age of 249.7 ± 3.1 Ma (NSWD = 2.3), seven detrital zircons define a weighted mean age of 195.4 ± 4.5 Ma (NSWD = 2.1), and the youngest grain yields an age of 162 ± 3 Ma (Figure 4e,f).




5.2. Zircon Hf Isotopes


The zircon grains in the Early–Middle Jurassic (163–197 Ma) age population from three samples have 176Hf/177Hf ratios ranging from 0.281956 to 0.282897, mainly positive εHf(t) values ranging from −25.4 to +7.9, and two–stage model (TDM2) ages ranging from 717 to 2814 Ma. The zircon grains in the Early–Middle Triassic (240–251 Ma) age population have 176Hf/177Hf ratios ranging from 0.282582 to 0.282661, mainly positive εHf(t) values ranging from −1.4 to +1.3, and TDM2 ages ranging from 1199 to 1365 Ma. The zircon grains in the Middle–Late Permian (255–271 Ma) age population have 176Hf/177Hf ratios ranging from 0.282504 to 0.282938, mainly positive εHf(t) values ranging from −4 to +11.7, and TDM2 ages ranging from 549 to 1535 Ma. The zircon grains in the Devonian–Carboniferous (352–402 Ma) age population have 176Hf/177Hf ratios ranging from 0.282273 to 0.282776, mainly positive εHf(t) values ranging from −9.2 to +7.5, and TDM2 ages ranging from 876 to 1976 Ma. The zircon grains in the Late Cambrian–Early Ordovician (473–505 Ma) age population have 176Hf/177Hf ratios ranging from 0.282358 to 0.282566, mainly positive εHf(t) values ranging from −4.1 to +2.9, and TDM2 ages ranging from 1265 to 1730 Ma. The zircon grains in the Mesoproterozoic and Neoproterozoic (860–1377 Ma) age populations have 176Hf/177Hf ratios ranging from 0.282071 to 0.282363, mainly positive εHf(t) values ranging from −0.8 to +12.2, and TDM2 ages ranging from 1262 to 1902 Ma.





6. Discussion


6.1. Depositional Age of the Matrix of the Tongjiang Accretionary Complex


The lithology of the matrix of the Tongjiang accretionary complex is primarily composed of fine argillaceous siltstone, argillaceous siltstone, pebbly sandy mudstone, fine silty mudstone, silty mudstone, mudstone and phyllonite with partially developed mylonitization in the matrix. In this study, we use the zircon U–Pb dating results of samples QDL–7–3, QDL–2–7 and QDL–1–2, which were collected from west to east in the Tongjiang accretionary complex, to constrain the formation age of the matrix. The age of detrital zircons can effectively constrain the stratum depositional age, and the youngest U–Pb concordant age of detrital zircon represents the maximum depositional age [69,70,71]. The maximum depositional age must be younger than the age of the youngest detrital zircon [72]. We combined the youngest detrital zircon age and the youngest weighted average age to constrain the lower limit of the formation age of the matrix.



The detrital zircon ages of sample QDL–7–3 are dispersive and continuous. Thirty–seven detrital zircons define the youngest weighted mean age of 261.4 ± 2.9 Ma, and the two youngest grains yield ages of 247 ± 3 Ma and 247 ± 4 Ma, indicating that the lower limit of the formation age ranges from 261–247 Ma. Six detrital zircons in sample QDL–2–7 define the youngest weighted mean age of 175.2 ± 4.9 Ma, and the youngest grain yields an age of 169 ± 4 Ma, indicating that the lower limit of the formation age is 175 Ma. Twenty–three detrital zircons in sample QDL-1-2 define the youngest weighted mean age of 168.6 ± 2.1 Ma, and the youngest grain yields an age of 162 ± 3 Ma, indicating that the lower limit of the formation age is 169 Ma.



We speculate that the formation age of the matrix of the Tongjiang accretionary complex may be the Late Permian–Early Triassic and Middle Jurassic, and the formation age of the matrix of clastic rocks exhibits a younging trend from west to east.




6.2. Provenance of Detrital Zircons in the Matrix of the Tongjiang Accretionary Complex


Zircon can maintain a stable U–Pb isotope system in geological processes [73], and the provenance of the sediment can be effectively constrained by comparing the detrital zircon age composition of the stratum with the geochronology data in the region that experienced relatively frequent magmatic activities [74]. The zircon grains in the matrix of the Tongjiang accretionary complex show well–developed oscillatory zoning with high Th/U ratios (mostly >0.2), indicating a typical magmatic origin. Thus, the age information of these detrital zircons could correctly constrain the provenance of sediment in the matrix. The age distributions of samples QDL–7–3, QDL–2–7 and QDL–1–2 reveal highly similar age peaks, including the Middle Jurassic (165 Ma and 172 Ma) and the Middle–Late Permian (253 Ma and 265 Ma), which indicates that these samples have partly the same source ages.



The Jurassic detrital zircons are mainly Early–Middle Jurassic (201–162 Ma). The samples QDL–1–2 and QDL–2–7 define weighted mean ages of 168.6 ± 2.1 Ma, 175.2 ± 4.9 Ma and 195.4 ± 4.5 Ma, and these ages are temporally associated with the formation age of the Early Jurassic igneous blocks and Middle Jurassic oceanic island igneous blocks in the NAC belt (Figure 5a,c) [18,75]. During the migration and subduction process, the intra–oceanic island arc and oceanic island suffered continuous subduction and accretion and were eroded to become sediment sources. An oceanic island is likely the main source of the 160–200 Ma detrital zircons [35]. Examples include the Early Jurassic (187–174 Ma) volcanic blocks in the Tongjiang and Raohe accretionary complexes [18] and the Middle Jurassic (168–166 Ma) pillow basalt blocks in the Dadai region [14,20,53]. The zircons in this age population have positive εHf(t) values with Neoproterozoic TDM2 ages, which are similar to those of the zircon Hf isotopic compositions of the Early Jurassic volcanic blocks in the Tongjiang and Raohe accretionary complexes [18]. In addition, the Early Jurassic igneous rocks in the Xingkai block may provide material sources [76]. A Middle Jurassic detrital zircon sample has a εHf(t) value of −25.4, which is same as that of a zircon sample’s εHf(t) value of −22.9 from the Jiamusi Block. Such strongly negative values indicate Archean sources have provided zircons to the melange. The latter is related to the assimilation of the Precambrian ancient crust; both contain this ancient component.



The Triassic detrital zircons are mainly Triassic (252–204 Ma). The youngest dominant zircon population in QDL–1–2 defines a weighted mean age of 249.7 ± 3.1 Ma, and this age is temporally associated with the Early–Middle Triassic granites in the Jiamusi and Xingkai blocks. Examples include the Early–Middle Triassic granites (250–246 Ma) in the Jiamusi Block [22] and the granodiorite (~249 Ma) in the Xingkai Block [77]. Zircons in this age population have εHf(t) values ranging from −1.4 to +1.3 with Mesoproterozoic TDM2 ages, which are similar to those of the zircon Hf isotopic compositions of the Early–Middle Triassic intrusive rocks in the Jiamusi and Xingkai blocks (Figure 6) [22].



Permian (297–253 Ma) detrital zircons are the most common in the analyzed samples. Sample QDL–7–3 defines a weighted mean age of 261.4 ± 2.9 Ma, and this age is temporally associated with the Permian igneous blocks in the Yuejinshan and Tongjiang accretionary complexes and Permian igneous rocks in the Jiamusi and Xingkai blocks (Figure 5a–c). Examples include granites with ages of 294~254 Ma in the Jiamusi Block [32,46,78,79,80,81] and volcanic rocks with ages of 293~263 Ma in the eastern region [32,38,39], granites with ages of 296~257 Ma in the Xingkai Block [80] and the basalt, gabbro and rhyolite blocks in the Yuejinshan and Tongjiang accretionary complexes [21,32,42,46,47,55]. Zircons in this age population have εHf(t) values ranging from −4 to +11.7 with Mesoproterozoic and Neoproterozoic TDM2 ages, which are similar to those of the zircon Hf isotopic compositions of the Permian granites in the Jiamusi and Xingkai blocks (Figure 6) [32,80]. Devonian and Carboniferous (402–306 Ma) detrital zircons are minor components that correspond to the Devonian and Carboniferous volcanic–sedimentary sequences in the eastern margin of the Jiamusi Block [91], such as the Laotudingzi Formation rhyolite dated at 392–388 Ma [82].



Cambrian–Ordovician (523–451 Ma) detrital zircons are temporally associated with the Cambrian–Ordovician granites in the Jiamusi and Xingkai blocks [83,84,85] (Figure 5a,b). Precambrian detrital zircons are a minor component and are mainly Mesoproterozoic and Neoproterozoic in age (1789–759 Ma). This age is temporally associated with the Mesoproterozoic and Neoproterozoic igneous rocks and metamorphic strata in the Jiamusi Block. Examples include the granitic gneiss (898–751 Ma) in the Jiamusi Block [84,86] and the Paleoproterozoic and Mesoproterozoic detrital zircon age peaks in the Precambrian metamorphic stratum [92].



Therefore, we suggest that the detrital zircons in the matrix of the Tongjiang accretionary complex may be mainly derived from blocks in the NAC belt and the Jiamusi and Xingkai blocks. The source rocks are the Precambrian terranes and Paleozoic–Mesozoic igneous rocks in the Jiamusi and Xingkai blocks and the Permian and Early–Middle Jurassic igneous blocks in the NAC belt (Figure 5a–c). The detrital zircon age spectra of the matrix of the Tongjiang, Raohe and Yuejinshan accretionary complexes have some similar age peaks, such as the Proterozoic, Cambrian and Permian age peaks, which indicates that these matrices share some of the same source rocks (Figure 5a,d,e). The detrital zircons in the matrices of the Raohe accretionary complex may be mainly derived from the neighboring Jiamusi and Xingkai blocks, and the Precambrian detrital zircons may be sourced from the Precambrian basement of NE China [14].




6.3. Implications for the Westward Subduction and Accretion Process of the Paleo–Pacific Ocean


The most direct material record of the Paleo–Pacific tectonic regime in NE China is the NAC belt, which is related to subduction. Most studies in recent years have suggested that the Raohe accretionary complex in this belt was the product of Paleo–Pacific subduction and accretion [12,15,34,35,36]. However, the mechanism of subduction of the Yuejinshan accretionary complex has different interpretations, and various opinions have been held about the Paleo–Pacific Ocean [12,20], Paleo–Asian Ocean [15] or Panthalassa [30,34,53]. Moreover, combined with the different degrees of extent and metamorphism between the Yuejinshan and Raohe accretionary complexes and the Yuejinshan accretionary complex being lodged between the two plates based on geophysical characteristics, some scholars have proposed that the Yuejinshan accretionary complex is the product of subduction of the Paleo–Asian Ocean [15,31]. However, the electrical architectural feature of the deep crust indicates that it is an accretionary complex [93]. Based on the initial Late Triassic–Early Jurassic subduction age of the Paleo–Pacific Plate, others have suggested that the Yuejinshan accretionary complex is the product of the Panthalassa [30]. According to the results of previous studies of the formation age of the Mesozoic igneous rock and accretionary complex in the NAC and the Permian arc igneous rock in the Jiamusu Block, different arguments have been put forward to constrain the initial subduction age of the Paleo–Pacific to the Early Jurassic [15,16,17,18,19], Late Triassic [11,20,34] or Permian [21,22,45]. Three observations leading to the conclusion that the subduction direction was toward the west are as follows: (1) The Tongjiang accretionary complex matrix is dated to be Late Permian–Early Triassic and Middle Jurassic; (2) the detritus is likely mainly derived from the neighboring Jiamusi and Xingkai blocks to the west on the continental side of the accretionary complexes; and (3) a west–to–east younging direction for formation of the complex can be assumed based on our data (Figure 7). In combination with the research results of the Yuejinshan and Raohe accretionary complexes, we further determine that the NAC is the product of the subduction and accretion of the Paleo–Pacific Plate, and we offer a model of the subduction and accretion processes during the Late Paleozoic–Mesozoic.



The initial arc material is an important petrologic distinguishing basis for the initial subduction of the ocean basin, and mainly refers to the frontal arc basalt, boninite/high–magnesium andesite, adakite and Nb–enriched arc igneous rock in the subduction zone’s island frontal arc region [94,95,96,97,98]. The frontal arc basalt is the lava formed in the first eruption at the initial stage of the intra-oceanic subduction [94,95,98].



The initial Permian arc igneous associations are exposed in the Yuejinshan accretionary complex. For instance, the Dongfanghong block of the Permian metabasalt (277 ± 2 Ma) [33] with a normal mid–ocean ridge basalt (N-MORB) affinity [20] has double the geochemical characteristics of the mid–oceanic ridge and island arc, similar to the frontal arc basalt (FAB) [99]. The Hamatong block of the Permian metabasalt (274 ± 3 Ma) has an enriched mid–ocean ridge basalt (E-MORB) affinity [47], which is similar to the geochemical characteristics of the Nb–enriched arc basalt and basaltic andesite (NEAB) [99]. The eastern Paleo–Asian Ocean closed during the Middle Triassic [9,13] or Early–Middle Triassic [34,100]. The block of the Late Triassic basalt (232 ± 5 Ma) with an E–MORB affinity has been reported in the Yuejinshan accretionary complex [55], which indicates that the Paleo–ocean recorded by this accretionary complex still existed during the Late Triassic and was not the product of Paleo–Asian Ocean subduction during the Permian.



The NAC belt and the accretionary complex belts in the Russian Far East and Japanese islands related to the westward subduction of the Paleo–Pacific Plate are distributed in eastern Eurasia [14], and a small number of Permian accretionary complexes are distributed in the Russian Far East and Japan [101]. The Permian–Early Triassic (299–245 Ma) arc magmatic rocks in the eastern Jiamusi Block [22], the Permian arc igneous rocks in the Jiamusi Block [99], the Xingkaihu granites (~250 Ma) in the Xingkai Block [77] and the gabbro blocks in the Yuejinshan accretionary complex [21] are interpreted as the product of the subduction of the Paleo–Pacific Plate. In addition, the large region of Late Permian—Triassic island arc magmatic rocks exposed in the southeastern South China Block is also considered to have formed during westward subduction of the Paleo–Pacific Plate [102]. It should be noted that the Permian detrital zircons from the Akiyoshi accretionary complex in southwestern Japan were derived from the Permian volcanic arc related to the subduction of the Paleo–Pacific Plate [89], which is similar in age to that of the youngest detrital zircon (261.4 ± 2.9 Ma) and the provenance of sample QDL–7–3 (Figure 5a,f). Before the Miocene opening of the Japan Sea, the Tongjiang and Yuejinshan accretionary complexes and the Permian accretionary complexes in the Russian Far East and Japan may be Permian accretionary complex belts, which are the product of the subduction and accretion of the Paleo–Pacific Ocean.



The NAC belt not only constrains the initial subduction age of the Paleo–Pacific Plate but also records the subduction and accretion process of the Paleo–Pacific Plate. The following two models document the aforementioned subduction and accretion process: (1) The Paleo–Pacific Plate began and continued to subduct in the Late Triassic, and the Yuejinshan accretionary complex was formed in the Late Triassic to Early Jurassic in the western part of the NAC. The Raohe accretionary complex was formed in the Middle Jurassic to Early Cretaceous in the eastern part of the NAC, which has a younging trend from west to east [14,20]. (2) The Paleo–Pacific Plate began to subduct in the Early Jurassic, which resulted in the formation of the Raohe accretionary complex and was in place in the Early Cretaceous [15]. In order to reveal the subduction and accretion process of the Paleo–Pacific Ocean, we combine the lower limit of the depositional age of the matrix of the Late Permian to Early Triassic and the Middle Jurassic for the Tongjiang accretionary complex, the Late Triassic for the Yuejinshan accretionary complex, the Middle Jurassic–Early Cretaceous for the Raohe accretionary complex and chronological data of the blocks in the NAC belt. We preliminarily consider that the NAC belt is composed of Late Permian–Triassic, Jurassic and Early Cretaceous accretionary complexes from west to east. These accretionary complexes at different stages could correspond to accretionary complexes exposed in the Russian Far East and Japan [101,103,104].



Based on the Permian initial subduction age of the Paleo–Pacific Plate and the Late Permian–Triassic, Jurassic and Early Cretaceous accretionary complexes are distributed from west to east in the NAC belt with a younging trend of the accretion materials from west to east. We preliminarily establish a westward subduction and accretion process of the Paleo–Pacific Plate in the Wandashan region during the Permian to Early Cretaceous (Figure 8).



The Paleo–Pacific Plate began to subduct westward in the Permian. The initial arc igneous assemblage of the frontal arc basalt and Nb–enriched arc basalt is related to the Permian initial subduction. The Late Permian–Triassic accretionary complex was in place in the eastern Jiamusi Block in the late Late Triassic and was mainly derived from the terranes in the Jiamusi and Xingkai blocks (Figure 8a). Based on the youngest detrital zircon weighted mean age of 261.4 ± 2.9 Ma, the youngest detrital zircon age of ~247 Ma of fine silty mudstone in the Tongjiang region and the youngest weighted mean age of 223 ± 7 Ma of the matrix of felsic mylonite in the Yuejinshan region [55], the accretionary age of this accretionary complex is the Late Permian–Triassic. The block is dominated by ultramafic rock, greenschist, limestone and basalt as well as gabbro of Permian age [32,33,47].



The Paleo–Pacific Plate began to subduct in the Jurassic and Early Jurassic intra-oceanic subduction, resulting in the formation of high–magnesium andesite and Nb–enriched basaltic andesite and is characterized by widely developed ocean island igneous rocks. The Late Jurassic accretionary complex experienced accretion in the Late Permian–Triassic accretionary complex, which was mainly derived from the terranes in the Jiamusi and Xingkai blocks and the Early–Middle Jurassic igneous blocks in the accretionary complex (Figure 8b). On the basis of the youngest detrital zircon weighted mean ages of 175.2 ± 4.9 Ma and 168.6 ± 2.1 Ma for samples QDL–2–7 and QDL–1–2, the youngest weighted mean ages of 167 ± 17 Ma and 167 ± 3 Ma for the Hongqiling matrix of sandstone [20] and Dadai matrix of silty mudstone [14], and the youngest weighted mean ages of 172 ± 4 Ma, 157 ± 3 Ma and 167 ± 1 Ma for the matrix of the Dalingqiao Formation sandstone in the Raohe region [35], the accretionary age of this accretionary complex is the Jurassic. The block is dominated by ultramafic rock, limestone, siliceous rock, Late Triassic gabbro and sillite [14,20,51], Early Jurassic volcanic rock [18] and Middle Jurassic pillow basalt [14,18,20,53].



The Paleo–Pacific Plate continued to subduct in the Early Cretaceous, and the Early Cretaceous accretionary complex experienced accretion in the Jurassic accretionary complex during the late Early Cretaceous (Figure 8c). On the basis of the youngest detrital zircon weighted mean ages of 137 ± 1 Ma [20] and 133 ± 4 Ma [14] from sandstone in eastern Dadai and 140 ± 2 Ma from sandstone in eastern Dadingzishan [52], the depositional age of this accretionary complex is the Early Cretaceous.





7. Conclusions


Based on the detrital zircon U–Pb ages and Hf isotopic data presented in this study, we draw the following conclusions:




	
The lower limit of the depositional age of the matrix of the fine silty mudstone, phyllonite and mylonitized fine argillaceous siltstone in the Tongjiang accretionary complex may be 261–247 Ma, 175 Ma and 168 Ma, respectively, with a younging trend from west to east. Provenance analysis suggested that the detrital zircons may be mainly derived from blocks in the NAC belt and the Jiamusi and Xingkai blocks;



	
Combining the lower limit of the depositional age of the matrix in the Yuejinshan and Raohe accretionary complexes and chronological data of the blocks in the NAC belt, we propose that the NAC may be mainly composed of the Late Permian Triassic, Jurassic and Early Cretaceous accretionary complexes from west to east and is the material record of the subduction–accretion of the Paleo–Pacific Plate;



	
Summarizing the rock association of subduction in the NAC belt, we hold the opinion that the initial age of subduction of the Paleo–Pacific Plate may be the Permian. The accretionary complexes in the NAC belt have a younging trend from west to east, indicating a westward subduction and accretion process of the Paleo–Pacific Ocean during the Permian to Early Cretaceous.
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Figure 1. (a) Simplified map of the division of tectonic units in Northeast China and adjacent regions [21]; (b) Geological map of the Yuejinshan accretionary complex; (c) Geological map of the Tongjiang accretionary complex [50]; (d) Geological map of the Raohe accretionary complex [20] (The ages were obtained from [14,18,20,21,32,33,35,44,51,52,53,54,55] and references therein). 
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Figure 2. Photographs of field sampling sites and micrographs of the matrix in the Tongjiang accretionary complex. (a) Granodiorite porphyry intrudes into fine silty mudstone (QDL–7 sampling point); (b) Matrix composed of fine silty mudstone (QDL–7 sampling point); (d) Matrix composed of metamorphic sedimentary rocks and siliceous rock block with a fault contact (QDL–2 sampling point); (e) Matrix composed of phyllonite (QDL–2 sampling point); (g) Siliceous rock block (QDL–1 sampling point); (h) Matrix composed of mylonitizated fine argillaceous siltstone (QDL–1 sampling point); (c,f,i) Fine sand silty mudstone respectively (QDL–7–3), phyllonite (QDL–2–7), and mylonitizated fine argillaceous siltstone (QDL–1–2) micrographs of the sample. Abbreviations: Qtz = quartz, Det = cuttings. 
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Figure 3. Representative CL images of detrital zircons from samples QDL–7–3, QDL–2–7 and QDL–1–2 with laser spots. The yellow circles represent the dating spots for U–Pb analyses and red circles represent the locations of in situ Hf isotope analyses. The uncertainties are 1σ. 
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Figure 4. U–Pb concordia diagrams (a,c,e) and normalized probability distribution (b,d,f) of detrital zircon ages from samples QDL–7–3, QDL–2–7 and QDL–1–2. 
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Figure 5. (a) The distribution of detrital zircon ages from matrix in the Tongjiang accretionary complex; (b) Igneous rock in the Jiamusi and Xingkai blocks [22,32,40,46,77,78,79,80,81,82,83,84,85,86,87,88]; (c) Ages of igneous rock in the NAC belt [14,17,20,32,46,47,51]; (d) Matrix in the Raohe accretionary complex [14,20,35,52]; (e) Matrix in the Yuejinshan accretionary complex [55]; (f) Permian Matrix in the Akiyoshi Belt [89]. 
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Figure 6. εHf(t) versus U–Pb ages of zircons. CAOB—the Central Asian Orogenic Belt, YFTB—the Yanshan Fold and Thrust Belt [90]. Previous data: Cambrian pluton in the Jiamusi Block [83]; Precambrian pluton in the Jiamusi Block [84]; Permian pluton in the Jiamusi and Xingkai blocks [32,80]; Triassic–Early Jurassic pluton in the Jiamusi and Xingkai blocks [22,77]; Early Jurassic volcanic rocks in the NAC belt [18]. 
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Figure 7. Simplified map of the oceanic plate stratigraphy of the Tongjiang AC (outcrop of this study). The andesite ages were obtained from [18]. 
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Figure 8. Schematic diagram depicting the subduction and accretion process of the Paleo–Pacific Plate. (a) Late-Permian Triassic, (b) Jurassic, (c) Early Cretaceous. 
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