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Abstract 

 

The Pacific domain is characterized by several oceanic plates that were subducted 

beneath the Asian and American plates during the past hundreds of millions of years. 

The NE Asian continental margin, including NE China and Sikhote-Alin, Russian Far 

East, was affected by the subduction of the Paleo-Pacific oceanic plates in the 

Mesozoic and the Pacific plate in the Cenozoic. Thus, the study area preserves essential 

geological evidence for understanding the subduction history in the NW Pacific and 

its geological responses along the continental margin. Detailed field investigations 

along several traverses, large-scale mapping, whole-rock geochemistry, zircon U-Pb 

dating and Lu-Hf isotope analysis were carried out on igneous and sedimentary rocks 

in the NE China and Sikhote-Alin areas. Based on the data, it will be discussed when 

and how the subduction process influenced magmatism, deformation and terrane 

motion along the continental margin. 

 

NE China is separated into several continental blocks, including the Songliao Block in 

the west and the Bureya-Jiamusi-Khanka Block in the east. The earliest arc magmatism 

related to Paleo-Pacific plate subduction in the area is represented by the Khanka Lake 

granitoids in the northern Khanka Block. Zircon LA-ICP-MS dating identified two 

major magmatic episodes: Triassic (ca. 249 Ma) granodiorite and Late Triassic to Early 

Jurassic (209-199 Ma) syenogranite. Later felsic veins intruded these granitoids 

between 195-184 Ma. The granodiorite (ca. 249 Ma) has abundant mafic enclaves and 

shows adakite-like geochemical features, such as high Sr, Sr/Y and La/Yb, with zircon 

εHf(t) values of −0.65 to 1.61, indicating magma mixing between older lower crust 

and juvenile basaltic magma was important. The syenogranite (209-199 Ma) belongs 

to the highly fractionated I-type granites, showing high SiO2, Na2O, K2O and very low 

Mg, Fe, Ni and Cr. The zircon εHf(t) values are positive, ranging from 1.72 to 5.12, 

suggesting the importance of juvenile materials in its source. The zircon εHf(t) values 

from granodiorite, syenogranite and felsic veins become more positive as the zircon 
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ages become younger, recording the consistent increase of juvenile crustal melting. 

The Khanka Lake granitoids provide evidence of the early-stage subduction of the 

Paleo-Pacific plate in NE China and the eastern Central Asian Orogenic Belt (CAOB). 

 

Subduction-related magmatism was also active along the eastern margin of the 

Songliao Block, namely the Lesser Xing’an-Zhangguangcai Range. The ancient 

Mudanjiang Ocean was located between the Songliao and Jiamusi-Khanka blocks 

before the Cretaceous, and may be a part of the Paleo-Pacific Ocean in NE China. 

Volcanic rocks were sampled and analyzed in order to understand their genesis and 

relationship to subduction. Zircon SHRIMP U-Pb dating and whole-rock geochemical 

analyses were carried out on these volcanic rocks. The results show that most samples 

are Early Jurassic in age (189-178 Ma), including andesite, trachyandesite, 

trachydacite and rhyolite. The rhyolite is a highly fractionated I-type, similar to the 

coeval granites in the Lesser Xing’an-Zhangguangcai Range. The andesitic to trachytic 

rocks were affected by magma mixing along an active continental margin. The samples 

from the Jiamusi Block and one sample from the Lesser Xing’an Range record late 

Early Cretaceous (ca. 100 Ma) ages. In contrast, fractional crystallization was the most 

important genesis mechanism for the basalts and trachydacites. However, magma 

mixing or crustal contamination was also involved in the genesis of several andesitic 

samples. It is proposed that Jurassic arc magma was generated by westward subduction 

of the Mudanjiang Ocean. After closure of the Mudanjiang Ocean, the Paleo-Pacific 

Ocean began to govern the tectonic evolution of the eastern CAOB. The roll-back of 

the Paleo-Pacific slab triggered back-arc extension in NE China and resulted in 

extensive volcanism in the Jiamusi Block during the late Early Cretaceous. 

 

During the Jurassic to Cretaceous, numerous components were accreted along the 

eastern margin of the Jiamusi-Khanka Block to form the Sikhote-Alin accretionary 

orogenic belt. These accretionary units are mainly N-S trending and separated by 

thrusts and strike-slip faults. Six sandstone samples were collected along an E-W 

traverse in the southern Sikhote-Alin orogenic belt for zircon U-Pb dating and Lu-Hf 
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isotopic analysis. They indicate that the Jiamusi-Khanka Block was the most important 

source area for sediments in the Samarka accretionary complex. However, the 

Zhuravlevka turbidite basin, separated by the Central Sikhote-Alin Fault from the 

Samarka belt, was supplied by both the Jiamusi-Khanka Block and the North China 

Craton. The easternmost belt, the Taukha accretionary complex shows no signal of the 

Jiamusi-Khanka Block, but was only fed from the North China Craton. East to west 

trending accretionary processes cannot explain the data, so it is proposed that the 

eastern Sikhote-Alin belts were initially deposited farther south during the Early 

Cretaceous. Afterwards, sinistral strike-slip faulting transported the eastern Sikhote-

Alin belts northward after their deposition. 

 

The arc-related granitoids and volcanic rocks moved eastwards to the coastal Sikhote-

Alin area after major sinistral strike-slip motion during the late Early Cretaceous, 

implying the consistent roll-back of the Paleo-Pacific slab. The whole-rock Sr-Nd 

isotopes of the granitoids show significant enriched features in the Late Cretaceous. 

However, after a magmatic gap (ca. 55-45 Ma), mantle-derived or juvenile crustal 

materials increased abruptly indicated by their depleted isotopic characteristics. The I 

& S-type granitoids and volcanic rocks were superseded by A-type granite and intra-

plate basalts and adakitic volcanic rocks. This change in magma is proposed to 

represent a slab window opening during the early Cenozoic under the continental 

margin, caused by the Izanagi-Pacific ridge subduction. At ca. 55 Ma, MORB-like 

gabbros intruded into the coeval accretionary complexes in Hokkaido, NE Japan, 

whereas A- and S-type granites were emplaced into the coeval fore-arc basins in 

Sakhalin, SE Russian, further supporting the ridge subduction model. Ridge 

subduction and the migration of a triple junction caused a change in the regional stress 

field. The Pacific Plate moved in a WNW or W direction after the consumption of the 

Izanagi Plate which was subducted to the NNW. This important change triggered the 

sinistral strike-slip faulting in Sikhote-Alin, NE China and Korea to change to dextral 

motion. This ridge subduction event is also supported by evidence from the ocean side. 

New research based on magnetic anomalies, seamount chains and plate reconstructions 
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indicates that the Izanagi-Pacific ridge arrived at the eastern Asian margin at ca. 60 

Ma, resulting in plate reorganization in the west Pacific domain. 
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Fig. 3.3. Tectonostratigraphic column of the southern Sikhote-Alin belts, modified 

after Kemkin (2008), Kemkin and Kemkina (2015), Khanchuk et al. (2016), and 

Malinovsky and Golozubov (2011). Only part of the Sergeevka nappes is shown 

on this figure because the stratigraphic information is incomplete. 

Fig. 3.4. Cross-section along the sampling traverse in the southern Sikhote-Alin 
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orogenic belt.  

Fig. 3.5. Outcrop photographs of the southern Sikhote-Alin belts. (a) Foliated siltstone 

in the Samarka accretionary complex, (b) folded chert in the Samarka 

accretionary complex. Red curves mark the folds, (c) conglomerate in the 

Sergeevka nappes, including clasts of gabbro, sandstone, chert and quartzite, (d) 

cumulate gabbro in the Sergeevka nappes, (e) turbidite in the Zhuravlevka 

turbidite basin; (f) mélange in the Taukha accretionary complex, involving 

different-size sandstone lenses in foliated siltstone. 

Fig. 3.6. Photomicrographs of sandstone samples. (a) Sample SAL-19, (b) sample 

SAL-40, (c) deformed zone of sample SAL-40, in which weak deformation and 

sub-grained quartz can be observed, (d) sample SAL-48, (e) sample SAL-49; and 

(f) sample SAL-58.  

Fig. 3.7. Representative CL images of detrital zircons. Dashed and solid circles 

represent analytical spots of U-Pb and Lu-Hf isotopes, respectively. The numbers 

beside the circles are U-Pb ages and εHf(t) values. 

Fig. 3.8. Age spectra of detrital zircons. 

Fig. 3.9. Zircon εHf(t) values versus 206Pb/238U ages. 

Fig. 3.10. Distribution of Archean to Early Cretaceous magmatism in the possible 

source areas for the Sikhote-Alin belts (Cheong et al., 2013; Jiang et al., 2013; 

Kim et al., 2011; Wu, Yang, Wilde, et al., 2007; Zhang et al., 2013; Zhao & Zhai, 

2013). 

Fig. 3.11. Q-P-L diagram for the sandstones in the Samarka, Zhuravlevka, and Taukha 

belts (Dickinson, 1985; Dickinson et al., 1983). 

Fig. 3.12. Ratios (RHf and RPre) versus the longitude of the sample locations. 

Fig. 3.13. Provinces in the Early Cretaceous East Asia show different types of detrital 

zircon spectra. 

Fig. 3.14. Typical spectra of detrital zircons in the (a) 500 Ma-type, (b) bimodal- type, 

and (c) 800 Ma-type provinces in the Early Cretaceous of East Asia. 

Fig. 3.15. Spectra of detrital monazite collected in (a) the main Samarka, (b) the 

Zhuravlevka, and (c) the Taukha belts (Tsutsumi et al., 2016). 
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Fig. 3.16. Tectonic reconstruction of the East Asian continental margin at 150 to 100 

Ma. Faults: CSAF = the Central Sikhote-Alin Fault; MTL = the Median Tectonic 

Line in Japan. The reconstruction in SW Japan is modified after Kato and Saka 

(2003) and Charvet (2013). The plate motion direction is according to Müller et 

al. (2008). 

Fig. 4.1 Sketch map showing Asian tectonics and the Central Asian Orogenic Belt 

(CAOB). Modified after Sengör and Natal'in, (1996) and Wilde (2015). 

Fig. 4.2 Major geological units in the eastern CAOB. Faults: XXF = Xinlin-Xiguitu 

Fault; HHF = Hegenshan-Heihe Fault; SCYF = Solonker-Changchun-Yanji Fault; 

JYF = Jia-Yi Fault; DMF = Dun-Mi Fault; MF = Mudanjiang Fault; WTF = West 

Turan Fault; ARF = Arsen’evsky Fault; YF = Yuejinshan Fault; CSAF = Central 

Sikhote-Alin Fault. 

Fig. 4.3 The magmatic rocks (Permian to Cretaceous) in the eastern CAOB and 

Sikhote-Alin orogenic belt. 

Fig. 4.4 The geological maps of the sample locations. (a) Samples H15-18-1 to H15-

18-4, H15-29-1 to H15-29-5 and H15-31-1 to H15-31-7 in the Yichun area. 

Modified from the 1:200, 000 Yichun and Jinshantun geological maps; (b) 

Samples H15-73-1 to H15-73-6 in the Yabuli area. Modified from the 1:200, 000 

Yimianpo geological map; (c) Samples H15-41-1 to H15-41-6 and H15-45-1 to 

H15-45-6 in the Jiamusi area. Modified from the 1:200, 000 Jiamusi and Huanan 

geological maps; (d) Samples H15-54-1 to H15-54-6 in the Peide area. Modified 

from the 1:200, 000 Hulin geological map. 

Fig. 4.5 Photomicrographs of thin sections. (a) Sample H15-18-1 (basaltic andesite); 

(b) Sample H15-29 (rhyolite); (c) Sample H15-31-1 (andesite); (d) Sample H15-

41-1 (basalt); (e) Sample H15-45-1 (dacite); (f) Sample H15-54-1 (andesite); (g) 

Sample H15-73-1 (andesite). Abbreviations: Pl = plagioclase; Hb = Horblende; 

Cpx = clinopyroxene; Ma = magnetite; Qtz = quartz; Kfs = K-feldspar. 

Fig. 4.6 Cathodoluminescence (CL) images of zircons analyzed by SHRIMP. 

Fig. 4.7 SHRIMP U-Pb diagrams for (a) and (b) sample H15-18-1; (c) sample H15-

29-1; (d) sample H15-31-1; (e) sample H15-41-1; (f) sample H15-45-1; (g) 
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sample H15-54-1; (h) sample H15-73-1. 

Fig. 4.8 (a) Total alkalis vs. silica classification diagram, (b) chondrite-normalized 

REE patterns and (c) primitive mantle-normalized trace element spider diagrams 

for the Jurassic volcanic rocks. (d) Total alkalis vs. silica classification diagram, 

(e) chondrite-normalized REE patterns and (f) primitive mantle-normalized trace 

element spider diagram for the Cretaceous volcanic rocks (Middlemost, 1994; 

Sun and McDonough, 1989). 

Fig. 4.9 Geochemical diagrams for the Jurassic lava. (a) The K2O vs. SiO2 diagram, 

(b) Fe2O3
T vs. SiO2 diagram, (c) La/Sm vs. La diagram, (d) Rb vs. Rb/V diagram 

and (e) 1/V vs. Rb/V diagram are for the Jurassic basaltic andesite, andesite and 

dacite (Schiano et al., 2010); (f) The (K2O + Na2O)/CaO vs. Zr + Nb + Ce + Y 

diagram, (g) Ba vs. Sr diagram and (h) La/Yb vs. La diagram are for the Jurassic 

rhyolite (Whalen et al., 1987; Wu et al., 2003a). 

Fig. 4.10 Geochemical diagrams for the Cretaceous lavas (a) the Zr/Y vs. Zr diagram 

for the Cretaceous volcanic rocks (Pearce and Norry, 1979). (b) AFM diagram 

shows the calc-alkaline series for the Cretaceous volcanic rocks. (c) CaO/Al2O3 

vs. Mg# diagram shows the fractional crystallization of clinopyroxene (Sun et al., 

2013).  

Fig. 4.11 Tectonic model for the subduction of the Mudanjiang and Paleo-Pacific 

oceans during the Early Jurassic to middle Cretaceous. 

Fig. 5.1 Ridge subduction in the Pacific Domain (Sisson and Pavlis, 1993; Windley 

and Xiao, 2018).  
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1996)  
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and Pavils, 1993; Windley and Xiao, 2018)  
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The Dun-Mi Fault; 4. The Jia-Yi Fault; 5: The Tan-Lu Fault  

Fig. 5.7 The Kiselevka Fault in the north Sikhote-Alin orogenic belt (Kudymov, 2010)  

Fig. 5.8 Geological map and location of the Yansan Fault zone in SE Korea (Cheon et 

al., 2019)  

Fig. 5.9 The stress history of the Yansan Fault zone (Cheon et al., 2019)  

Fig. 5.10 Geological map of the Yalu River Fault (Zhang et al., 2019)  

Fig. 5.11 The en echelon patterns of bends along the Tan-Lu Fault zone in the Bohai 

Bay Basin (Huang et al., 2015)  

Fig. 5.12 Major Mesozoic to Cenozoic basins in NE China (Zhang et al., 2017)  

Fig. 5.13 Seismic profile of the Central Songliao Basin (Song et al., 2018)  

Fig. 5.14 The cooling rate based on zircon and apatite fission track and angular 

unconformities in the Songliao Basin (Song et al., 2018)  

Fig. 5.15 The accretionary assemblages and magmatic rocks in Sikhote-Alin (Liu et 

al., 2017b)  

Fig. 5.16 The whole-rock Nd isotopes of the magmatic rocks in Sikhote-Alin and 

adjacent areas  

Fig. 5.17 The zircon Hf isotopes of the Sikhote-Alin granitoids (Tang et al., 2016)  

Fig. 5.18 The A-type granitoids of Paleocene granitoids in Sikhote-Alin (Grebennikov 

et al., 2016)  

Fig. 5.19 The relationship between pluton/caldera alignments with structures. The 

middle Cretaceous plutons are shown by orange color and the Paleocene calderas 

are green.  

Fig. 5.20 The P-shear, R-shear bridge and magmatic intrusions in a sinistral strike-slip 

zone, similar to the Cretaceous pluton alignments in the central Sikhote-Alin  

Fig. 5.21 Model 1: two-stage transform in NE Asian continental margin (Grebennikov 

et al., 2016)  



XXII 
  

Fig. 5.22 Model 2: the far-field effect of Indian-Eurasian collision (Jolivet al., 1990) 

Fig. 5.23 Model 3: the dock of an intra-ocean island arc system in the north Pacific 

(Domeier et al., 2017) 

Fig. 5.24 The Izanagi-Pacific ridge subduction model.



XXIII 
  

List of publications included as part of the thesis 

 

The thesis includes the following three published papers and one manuscript in review: 

 

Liu, K., Zhang, J., Wilde, S. A., Zhou, J., Wang, M., Ge, M., ... & Ling, Y. (2017). 

Initial subduction of the Paleo-Pacific Oceanic plate in NE China: Constraints from 

whole-rock geochemistry and zircon U–Pb and Lu–Hf isotopes of the Khanka Lake 

granitoids. Lithos, 274, 254-270. 

Available at: 

http://dx.doi.org/10.1016/j.lithos.2016.12.022 

 

Liu, K., Zhang, J., Wilde, S. A., Liu, S., Guo, F., Kasatkin, S. A., ... & Wang, J. (2017). 

U-Pb Dating and Lu-Hf Isotopes of Detrital Zircons From the Southern Sikhote-Alin 

Orogenic Belt, Russian Far East: Tectonic Implications for the Early Cretaceous 

Evolution of the Northwest Pacific Margin. Tectonics, 36(11), 2555-2598. 

Available at: 

https://doi.org/10.1002/2017TC004599 

 

Liu, K., Zhang, J., Wilde, S. A., Xiao, W. J., Wang, M. and Ge, M. H. (2019). Zircon 

U-Pb dating and whole-rock geochemistry of volcanic rocks in eastern Heilongjiang 

Province, NE China: Implications for the tectonic evolution of the Mudanjiang and 

Paleo-Pacific oceans from the Jurassic to Cretaceous. Geological Journal, 1-24. 

Available at: 

https://doi.org/10.1002/gj.3623 

 

Liu, K., Zhang, J., Wilde, S. A. and Xiao, W. J. Izanagi-Pacific ridge subduction in NE 

Asia in the early Cenozoic: A review of geological evidence from NE Asia. Earth-

Science Reviews. In review. 

http://dx.doi.org/10.1016/j.lithos.2016.12.022
https://doi.org/10.1002/2017TC004599
https://doi.org/10.1002/gj.3623




1 
 

Statement of contribution of others 

 

This thesis was supported by the School of Earth & Planetary Sciences, Curtin 

University and the School of Earth and Space Sciences, Peking University. The 

individual chapters, consisting of three published papers and one unpublished 

manuscript which is under review when writing this thesis, were conducted under the 

supervision of Prof. Simon A. Wilde at Curtin University and Prof. Jinjiang Zhang at 

Peking University. Field trips, sample preparation and data acquisition were 

undertaken through collaboration between Curtin University, Peking University, 

Institute of Tibetan Plateau Research (Chinese Academy of Sciences) and China 

University of Geosciences (Wuhan). As the author of this thesis, and the first author of 

all published papers and the unpublished manuscript contained within, I declare that I 

have been primarily responsible for all subsequent research, analysis, data 

interpretation and writing up of these papers/chapters.  

 

Kai Liu 

 

 

06/11/2019 





1 
 

An approximate breakdown of persentage contributions by each co-author is 

provided below.  

 

Paper 1: 

Title: Initial subduction of the Paleo-Pacific Oceanic plate in NE China: Constraints 

from whole-rock geochemistry and zircon U–Pb and Lu–Hf isotopes of the Khanka 

Lake granitoids.  

 

Journal: Lithos. Year: 2017. Volume: 274. Pages: 254-270. 

 

Author list (and contributions): Kai Liu (60%), Jinjiang Zhang (10%), Simon A. Wilde 

(10%), Jianbo Zhou (5%), Meng Wang (5%), Maohui Ge (5%), Jiamin Wang (3%), 

YiyunLing (2%). 

 

Paper 2: 

Title: U-Pb Dating and Lu-Hf Isotopes of Detrital Zircons From the Southern Sikhote-

Alin Orogenic Belt, Russian Far East: Tectonic Implications for the Early Cretaceous 

Evolution of the Northwest Pacific Margin.  

 

Journal: Tectonics. Year: 2017. Volume: 36. Pages: 2555-2598. 

 

Author list (and contributions): Kai Liu (60%), Jinjiang Zhang (10%), Simon A. Wilde 

(10%), Shiran Liu (3%), Feng Guo (3%), Sergey A. Kasatkin (3%), Vladimir V. 

Golozoubov (3%), Maohui Ge (3%), Meng Wang (3%), Jiamin Wang (2%). 

 

Paper 3: 

Title: Zircon U-Pb dating and whole-rock geochemistry of volcanic rocks in eastern 

Heilongjiang Province, NE China: Implications for the tectonic evolution of the 

Mudanjiang and Paleo-Pacific oceans from the Jurassic to Cretaceous.  

 



2 
 

Journal: Geological Journal. Year: 2019. Volume: Special Issue. 

 

Author list (and contributions): Kai Liu (60%), Simon A. Wilde (10%), Jinjiang Zhang 

(10%), Wenjiao Xiao (10%), Meng Wang (5%), Maohui Ge (5%). 

 

Paper 4: 

Izanagi-Pacific ridge subduction in the early Cenozoic: A review of magmatism and 

deformation history of the NE Asian continental margin. 

Journal: Earth-Science Reviews. In review. 

 

Author list (and contributions): Kai Liu (70%), Jinjiang Zhang (10%), Wenjiao Xiao 

(10%), Simon A. Wilde (10%). 

 

I, Simon A. Wilde, as one of the co-authors and Kai Liu’s PhD supervisor, endorse that 

the level of contribution indicated above is appropriate. 

 

Simon A. Wilde 

 

Date: 06/11/2019 

 

I, Jinjiang Zhang, as one of the co-authors and Kai Liu’s PhD supervisor, endorse that 

the level of contribution indicated above is appropriate. 

 

Jinjiang Zhang 

 

Date: 30/10/2019 

 

I, Wenjiao Xiao, as one of the co-authors, endorse that the level of contribution 



3 
 

indicated above is appropriate. 

 

Wenjiao Xiao 

 

Date: 04/11/2019 

 

I, Jianbo Zhou, as one of the co-authors, endorse that the level of contribution indicated 

above is appropriate. 

 

Jianbo Zhou 

 

Date: 03/11/2019 

 

I, Feng Guo, as one of the co-authors, endorse that the level of contribution indicated 

above is appropriate. 

 

Feng Guo 

 

Date: 03/11/2019 

 

I, Sergey A. Kasatkin, as one of the co-authors, endorse that the level of contribution 

indicated above is appropriate. 

 

Sergey A. Kasatkin 



4 
 

 

Date: 06/10/2019 

 

I, Vladimir V. Golozoubov, as one of the co-authors, endorse that the level of 

contribution indicated above is appropriate. 

 

Vladimir V. Golozoubov 

 

Date: 06/10/2019 

 

I, Meng Wang, as one of the co-authors, endorse that the level of contribution indicated 

above is appropriate. 

 

Meng Wang 

 

Date: 06/11/2019 

 

I, Jiamin Wang, as one of the co-authors, endorse that the level of contribution 

indicated above is appropriate. 

 

Jiamin Wang 

 

Date: 05/11/2019 

 



5 
 

I, Maohui Ge, as one of the co-authors, endorse that the level of contribution indicated 

above is appropriate. 

 

Maohui Ge 

 

Date: 06/11/2019 

 

I, Yiyun Ling, as one of the co-authors, endorse that the level of contribution indicated 

above is appropriate. 

 

Yiyun Ling 

 

Date: 05/11/2019 

 

I, Shiran Liu, as one of the co-authors, endorse that the level of contribution indicated 

above is appropriate. 

 

Shiran Liu 

 

Date: 06/11/2019 

 

 

 

 

 

 



6 
 

Chapter 1 Introduction 

1.1 Research background 

1.1.1 Accretionary orogens 

Orogens are mainly built along convergent plate margins, such as subduction zones 

and active continental margins. Accretionary orogens are always accompanied by the 

subduction of an oceanic plate and are characterized by intraoceanic or continental 

arcs, fore-arc accretionary prisms and basins and back-arc basins (Cawood et al., 2009; 

Xiao et al., 2003). The most notable present-day accretionary orogeny is the western 

Pacific, from the Tonga, Philippines, Japanese Islands to the Kuril and Aleutian 

subduction zones (Fig. 1.1). In an accretionary orogeny, various kinds of massifs, 

blocks, arcs or tectonostratigraphic terranes can be transported towards the trench and 

finally welded together. Long-term accretion of these assemblages last for hundreds of 

million years, forming wide accretionary complexes, whereas no typical “hard” 

continental-continental collision occured. During the accretionary process, multiple 

linear ophiolites, granitoids, and arc-related basins are juxtaposed and several 

collisional events between arc, microcontinent block and overriding continent/arc may 

happen. Rotation and lateral displacement occur when the linear geological units are 

influenced by interaction between the convergent plates. Thus, the preserved 

architecture and tectonic history of an accretionary orogeny are always complicated. 

In addition, subduction-related metamorphism is commonly observed in accretionary 

orogens, such as paired metamorphic belts; the high-T with low-P belts near the 

magmatic arc and high-P with low-T belts near the trench (Miyashiro, 1973).  

 

Depending on the kinematics of the convergent plates, the accretionary orogens are 

subdivided into “retreat” type and “advance” type (Royden, 1993; Cawood et al., 

2009). The retreat type is characterized by the rollback of the oceanic slab and retreat 

of the trench. The advance type is the opposite and shows a faster rate of the advancing 

oceanic plate than the overriding plate. 
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Fig 1.1 Accretionary complexes and arcs in the west Pacific rim (after Wakita et al., 

2018). P=Permian, T=Triassic, J=Jurassic, K=Cretaceous, N=Neogene, Oph=Ophiolite. 

1.1.2 The identification of accretionary orogens: Materials and 

structures of accretionary wedges 

In an accretionary orogen, continuous accretionary assemblages are docked to a main 

continent or craton which is named the “host continent” and the orogeny is finally 

ended by the closure of the ocean characterized by the collision of the other continent 

or continents, forming what is know as a “Wilson cycle”. Thus, the architecture of a 
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long-term evolved accretionary orogen always contains deformed, bent and 

dismembered multiple island arcs/mature arcs, basins, and accretionary complexes 

with complicated subduction directions. 

 

The most significant signatures to determine an accretionary orogen in both ancient 

and modern orogens are accretionary wedges, magmatic arcs (especially arc magma 

intruding into ancient accretionary wedges) and subduction-related metamorphism. 

 

An accretionary wedge, also named accretionary prism or complex, is the most 

important geological unit that characterizes an accretionary orogen. When an oceanic 

plate is subducted beneath a continental margin, the materials on the oceanic crust are 

scraped into the trench and subduction channel (Isozaki, 1997), including 

basic/ultrabasic rocks (oceanic crust), chert (pelagic chemical sediments), mudstone 

(deep water terrigenous sediments in oceanic basins) and carbonate (shallow sea shelf 

and some seamount caps). All these sediments are deposited in the ocean and finally 

incorporated into the accretionary wedge during the subduction process, contributing 

to the ocean-ward growth of the wedge. Thick turbidites in the trench and fore-arc 

basins are also deformed and mixed with these oceanic components, which is also one 

of the most important signatures of accretionary wedges. Subduction may last for 

several hundreds of millions of years as multiple oceanic basins between 

arc/microcontinents are closed. Thus, several parallel/sub-parallel ophiolite belts are 

often observed in accretionary orogens. However, it does not mean a lot of major 

oceans were present because the scraping of oceanic crustal components is commonly 

discrete even before the closure of an ocean. For example, in the modern circum-

Pacific region, countless ophiolites with various ages are identified in the Japanese 

Islands, Russian Far East and Cordillera of North America. But the Pacific Ocean is 

not close to closure and these ancient ophiolites can only indicate the disappearance of 

margin seas or ocean basins between arcs and continents. 
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Fig. 1.2 Accretionary wedge/prism in the Iranian Makran area (Burg, 2018). 

Accretionary belts are separated by parallel thrusts, showing intensely out-of-sequence 

deformation and the oceanwards younging accretion process. 

The deformation and structure of accretionary wedges is the most distinguishing 

feature to be identified. Normally, an accretionary wedge is separated by major faults 

from surrounding geological units (Fig. 1.2), which are commonly thrusts or strike-

slip faults. The overriding plate can also be deformed during the subduction process, 

but commonly presents as a “coherent unit” with stable volcanic and sedimentary 

sequences. As proposed by Raymond (1984), the “broken unit” in the overriding plate 

margin shows thin-skinned thrusting during advancing subduction and extension in 

retreating subduction and its deformation style is always not as complicated as in the 

accretionary wedge. In the “dismembered unit” and “mélange”, the major part of the 

accretionary wedge, imbricate structure and thrust duplexes are usually observed, 

showing strongly deformed materials scraped from the oceanic crust, and involving 

terrigenous components from the overriding plate. The original sedimentary sequences 

are rarely preserved in the mélange. “Matrix and block” structures are prevalent in the 

strongly-deformed part of accretionary wedges. The matrix is always comprised of 
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mudstone and siltstone that act as weak layers during compression, whereas the blocks 

can be of various types, including lenses of hard basic/ultrabasic rocks, coarse 

sandstones and fragments of chert.  

 

Another important feature of a well-preserved accretionary wedge is the oceanwards 

younging emplacement age of the accretionary components. This is because the special 

growth style of the accretionary wedge. When an oceanic plate is subducted, the older 

accretionary components arrive at the trench earlier and become the hanging wall, 

whereas the late-stage materials are thrust under the older ones as the footwall (Taira, 

2001). Thus, the age of an accretionary wedge will be younger to the subducting ocean 

side, which can be clearly observed in the Cordillera and Japanese Islands (Dickinson, 

1976; Isozaki et al., 2010; Fig. 1.2). Although the sedimentary sequences are destroyed 

by deformation, stratigraphic sequence can be preserved locally in some places, from 

bottom to top presenting as cherts, basalts, mudstones, siltstones and sandstones.  

 

1.1.3 The identification of accretionary orogens: Magmatism and 

crustal growth  

The other important signature of an accretionary orogen is the various kinds of 

magmatic rocks that are included. The most significant magmatic rocks are produced 

by subduction-related arc magmatism. When the oceanic slab enters a subduction zone, 

the remaining sediments on the crust experience higher temperature and pressure, 

leading to dehydration reactions. The released fluids essentially metasomatize the 

overlying mantle wedge and calc-alkaline basaltic magma is generated from the partial 

melting of the mantle wedge. The dehydration reaction is normally triggered at 90-150 

km depth of the slab surface, and the distribution maximum is 110 ± 38 or 128 ± 38 

km (Tatsumi, 1986). Total dehydration happens at 70-300 km depending on the 

different slab angles (Schmidt and Poli, 1998). The arc-related basalt shows more 

oxidized features (Fe3+/total Fe) than mid-ocean ridge and intraplate basalts, caused 

by the SO2 degassing process (Kelly and Cottrell, 2012). The content of H2O (average 
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1.7%) is also higher than the primitive MOR basalt (< 0.5%; Sobolev and Chaussidon, 

1996). The fluids derived from oceanic sediments are enriched in incompatible 

elements (K, Na, Rb, LREEs etc.) and depleted in high field strength elements 

(HFSEs), HREEs and Nb-Ta-Ti, which are the predominant geochemical features of 

arc magma (Kelemen et al., 1990; Fig. 1.3). 

 
Fig. 1.3 The geochemical difference between arc magma, MORB and OIB (Zheng et al., 

2019). 

Some subduction-related magmatic rocks in accretionary orogens show distinguishing 

geochemical features, depending on their genesis. For example, high-Mg andesite, 

boninite, Nb-enriched basalt and adakite are widespread in a subduction zone. The 

high-Mg andesite shows higher MgO and Mg# than normal andesite and granodiorite. 

The distribution of these high-Mg rocks is typically associated with hot and young 

oceanic crust (Katz et al., 2004). In the “subduction of young and hot oceanic crust” 

situation, adakite and boninite commonly occur. Boninite is proposed to result from 

the initial subduction of an island arc or the interaction between a spreading center and 

island arc (Meffre et al., 1996; Stern, 2004), whereas adakite is considered to be the 

partial melt of a young oceanic slab, during which process it shows importantly high 

Sr, low Y and Yb that are in equilibrium with residual eclogite (Defant and Drummond, 
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1990). However, slab melt can also interact with peridotite of the mantle wedge to 

produce adakite and Nb-enriched basalt. In some thickened continental areas, such as 

Tibet, adakite is also widely reported (Chung et al., 2003). Although these rocks occur 

in various tectonic settings, the magmatic associations can be the signature for 

accretionary orogens when they are related to coeval accretionary complexes and long-

term accretion without “hard” continental-continental collision.  

 

I- and S-type granites are characteristic of collisional and accretionary orogens and can 

be distinguished by geochemical and isotopic features in the Lachlan orogen in eastern 

Australia, one of the most famous accretionary orogens in the Paleozoic (Chappell et 

al., 1988). The I-type granites have been considered to be the predominant magmatic 

rock type in both continental and oceanic arcs, whereas the S-type is related to syn-

collision or post-collision orogeny (Barbarin, 1998). However, in the circum-Pacific 

accretionary orogens, S-type granites are extensively distributed where rare 

continental-continental collision occurred (Collins and Richards, 2008). A tripartite 

association including inboard S-type granite, outboard oceanic arc and intervening 

backarc basin is identified in long-term accretionary orogens (Collins and Richards, 

2008). When the oceanic slab rolls back, extension dominates the overriding plate to 

generate a back-arc basin and I-type granite in the thinned supra-subduction crust. 

However, when repeated transient trench advancing happens, the back-arc area 

experiences short-lived compression and crustal thickening. At the late stage of 

contraction, enough meta-sedimentary materials are buried deeply to be partially 

melted and S-type granites are generated, following a new episode of I-type granites 

(Collins and Richards, 2008). Thus, S-type followed by I-type granites are also 

important in accretionary orogens. This tripartite association is one of the signatures 

to identify a long-term accretionary orogeny accompanied by repeated trench advance. 

 

One of the most remarkable features of the magmatism in accretionary orogens is that 

the arc magma may migrate into the previously docked accretionary assemblages 

including arc, microcontinent and accretionary complexes. The mechanisms include 
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trench and arc retreat caused by slab roll-back and lateral growth of crust. For the 

former mechanism, the slab angle becomes steeper when the downgoing slab is 

anchored at 410-660 km depth and thus the arc migrates oceanwards. For the latter 

case, the exotic arcs, tectonostratigraphic terranes or blocks are docked and welded to 

the host continent, which results in the closure of oceanic basins between host 

continent and old accretionary assemblages. New subduction is initiated along the new 

margin after the accretion event, causing the passive migration of arc magmatism to 

the trench side. In some cases, slab roll-back, trench retreat and docking of 

accretionary assemblages are coeval in a giant accretionary orogen, such as the 

Paleozoic Central Asian Orogenic Belt (Xiao et al., 2015). No matter whether it is slab 

roll-back or lateral growth, the long-distance migration of magmatism, with the newly 

born magma intruding into the previous accretionary complexes, is a unique features 

that distinguishes accretionary orogens. 

 

Continental growth is a significant process in long-lived accretionary orogens. 

Convergent plate margins, represented by subduction zones, have been treated as a 

major site to reduce the bulk volume of crust because of the sinking of oceanic crust 

into the mantle. However, in major accretionary orogens, continental growth is 

extensive. In the Central Asian Orogenic Belt (CAOB), a large volume of granites was 

formed by the subduction process and continued to the post-collisional stage after the 

North China Craton collided with the CAOB (Xiao et al., 2003; Jahn et al., 2000). 
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Fig. 1.4 Continental growth revealed by whole-rock Nd isotopes in accretionary orogens 

worldwide (Condie, 2007). 

Nd-Sr isotopes in the granitoids (500-100 Ma) of the CAOB show remarkably high 

proportions (60 to 100 %) of mantle-derived materials (Jahn, 2004). The alkaline and 

peralkaline granitoids in the CAOB are post-accretionary, with mantle-derived basaltic 

magma underplating the accretionary assemblages and heating the crust to generate 

extensive partial melting in the CAOB. After crystallization, the bulk crust grew 

significantly by the input of granitic plutons. However, enriched Nd-Hf isotopes are 

also present in the areas dominated by microcontinental blocks, indicating that both 

juvenile growth and reworking of old crust are important in the CAOB (Jahn, 2004; 

Kröner et al., 2014). The growth rate globally depends on the duration of the orogeny 

and the materials involved in the accretionary orogens. The orogens comprised of 

island arc and accretionary complexes are named “simple orogens”, where mantle-

derived components increase the volume of the bulk continental crust during the 

accretionary history. In contrast, the “complexes orogens” contain microcontinents or 
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ancient blocks, which may experience more reworking of old crust (Condie, 2007). 

For Phanerozoic accretionary orogens, the average accretion rates reached 70 to 150 

km3/km/m.y. (Condie, 2007). Thus, crustal growth in accretionary orogens is mainly 

associated with young oceanic arcs or accretionary complexes, whereas reworking of 

old crust and mixing between juvenile mantle input and crustal basement can also play 

an important role in the more complicated cases. 

 

1.2 Accretionary orogens in the NW Pacific 

The accretionary orogens in the western Pacific include a long belt extending over 

5000 km from Taiwan in the south to Kamchatka in the north, which were called the 

“Nipponides” (Sengör and Natal’In, 1996) or “Pacific-type” and “Miyashiro-type” 

orogens (Maruyama et al., 1997). The west Pacific accretionary orogen is 

characterized by long-term history, multiple accretionary components and complicated 

tectonic scenarios. 

 

The life span of the orogen has lasted over 500 Ma since the Devonian or even the 

Cambrian (Isozaki, 1997). The Japanese Islands extended towards the ocean side by 

~400 km (Maruyama, 1997) and >200 km for the Sikhote-Alin accretionary complexes. 

Some components in the accretionary orogens are identified to be rifted from the 

mainland of Chinese cratons or blocks, such as the Oki and South Kitakami in Japan 

that were derived from the South China Craton (Maruyama et al., 1997; Isozaki et al., 

2015) and Sergeevka in Russia derived from the northeast China blocks (Khanchuk, 

2001). During 700-500 Ma, the Japanese Islands experienced a passive continental 

margin stage. After ca. 500 Ma (Isozaki et al., 2010) or 450 Ma (Maruyama et al., 

1997), the initial subduction of the Paleo-Pacific oceanic plate began to control the 

whole area. Since then, episodic accretion of autochthonous prisms and calc-alkaline 

arc magma was accompanied by coeval high P/T metamorphism. One episode of 

accretionary orogeny reached its climax when a spreading center arrived at the trench, 

which produced numerous intrusive and eruptive rocks along with high P/T 
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metamorphic rocks and tectonic erosion (Maruyama et al., 1997; Isozaki et al., 2010). 

After the spreading ridge passed away, a new Pacific-type orogeny continued. Thus, 

an orogenic cycle in the western Pacific includes subduction-related magma, 

accretionary complexes, exhumation of high P/T metamorphic schists and 

emplacement of ophiolite and ridge subduction at its end. Five complete cycles are 

identified in the Japanese Islands, witnessing the long-term subduction history of the 

Paleo-Pacific plates, including the Renge, Farallon, Izanagi, Kula and Pacific plates 

(Taira, 2001; Isozaki et al., 2010). 

 

 

Fig. 1.5 Plate reconstruction at 190 and 150 Ma  to show the oceanic plates in the 

Pacific domain (Müller et al., 2016). Abbreviations: FAR-Farallon Plate, PHO-Pheonix 

Plate, PAC-Pacific Plate, NAM-North American Plate, WGD-west Gondwana Plate, 

ANT-Antarctic Plate, EUR-Eurasian Plate, VA- Vardar Plate, WMT- west Meso-Tethys 

Ocean, NT- Neo-Tethys Ocean, ML- Proto-Molucca Plate, EGD-east Gondwana Plate, 

IZA-Izanagi Plate. 

 

The components in these accretionary orogens in the NW Pacific vary from 
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autochthonous arc, accretionary complex, continental blocks and exotic oceanic 

materials. 

 

Although the accretionary complexes include many fragments from the oceanic crust, 

the clastic materials are mainly terrigenous and derived from the island arc or 

continental arc and sometimes the interior of the mainland. Detailed detrital zircon 

dating of the sandstones in Japan, Korea, China and the Russian Far East show the 

striking abundance of old components. In SW Japan, ages of 1.8 to 2.5 Ga are reported 

in the Jurassic and Early Cretaceous schists, indicating the contribution of the Chinese 

Cratons, although controversy remains because it is difficult to distinguish the 

provenance between the North and South China cratons (Fujisaki et al., 2014). The 

situation is similar in NE China (Zhou and Li, 2017), Sikhote-Alin (Liu et al., 2017) 

and Sakhalin (Zhao et al., 2017). Old zircon ages are commonly detected there, 

indicating the affinity between those accretionary complexes and the active margin of 

cratons. 

 

Accretion of oceanic materials travelling long distances is also important in the NW 

Pacific accretionary orogens. They are components of oceanic crust before being 

scraped by the thrusts at the trench and in subduction channels. The main lithologies 

can be divided into three major groups (Isozaki, et al., 1990), 1) magmatic rocks, 

mainly including basaltic rocks in seamounts and oceanic plateaus with hot spot or 

plume features, and pillow lava from the middle-ocean ridge (MOR), back- and fore-

arc oceanic crusts; 2) metamorphic rocks, including serpentinized ultramafic rocks, 

high P/T metamorphic schists and greenschist-facies meta-volcanic rocks; and 3) 

oceanic sedimentary rocks without terrigenous infinities, such as limestone and chert. 
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Fig. 1.6 Tectonic model showing block collision process in SW Japan (Charvet, 2013). 

Several microcontinental blocks were docked onto the eastern Asian margin during the 

long-term subduction history. Despite the predominantly accretionary nature of the 

orogeny in the NW Pacific, collisions took place several times when continental blocks 

and mature arcs (continental arcs) arrived. The main signatures of the collision events 
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are presented by following evidence: 1) Extensive thrust sheets and nappes in SW 

Japan (Faure et al., 1986) and southern Sikhote-Alin (Khanchuk, 2001) are identified. 

Charvet et al. (1985) recognized an “Alpine-type orogen in an island-arc position”. 

The Oga nappe consists of limestones and was proposed to be a component or fragment 

of the continental margin of the North China Craton (Chough et al., 2000). The 

Sergeevka nappes in Sikhote-Alin are underlain by high P/T blueschists and were 

proposed to be parts of the Paleozoic continental blocks (Khanchuk et al., 2016). 

Oceanic plateaus may also contribute to the lateral growth in the subduction history. 

However, in the case of Ontong Java Plateau, only 20% are thrust upon to the upper 

plate whereas the remaining 80% is subducted into the mantle (Mann and Taira, 2004), 

which means only buoyant arc and blocks with continental nature and lower density 

form the majorities of exotic materials preserved in accretionary orogens (Charvet, 

2013). Whole-rock Sr-Nd isotopes support the existence of extensively hidden mature 

basement in SW Japan and Sikhote-Alin. In both areas, the Sr-Nd isotopes are mainly 

enriched, indicating important components from older crust (Jahn, 2010; Jahn et al., 

2015). This characteristic is different from the CAOB, even if both the circum-Pacific 

and CAOB are proposed to be the most typical examples of accretionary orogens. 

 

1.3 Major geological events in NE China and Sikhote-Alin: Consensus 

and controversy 

NE China includes the easternmost Central Asian Orogenic Belt (CAOB), bounded by 

the Siberia Craton and Mongol-Okhotsk suture zone to the north and the North China 

Craton to the south. Tectonically, the eastern part of the CAOB includes the Songliao 

Block in the west and the Bureya-Jiamusi-Khanka blocks in the east, which are the 

major microcontinental blocks in the area (Fig. 1.7). The CAOB includes numerous 

blocks, accretionary prims, basins and arcs in Mongolia, southern Russia, Inner 

Mongolia and Xinjiang Province in China (Xiao et al., 2003; Wilde, 2015). It is 

characterized by roughly E-W trending suture zones separating the accretionary 

assemblages of the giant oroclines in central Asia (Xiao et al., 2015). In the NE China 
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part, the eastern CAOB was affected by the subduction of the Mongol-Okhotsk and 

Paleo-Pacific oceanic plates in the Mesozoic. The eastern Songliao and Bureya-

Jiamusi-Khanka blocks experienced extensive magmatism at the continental margin 

(Wu et al., 2011) and strong deformation and high P/T metamorphism in the 

accretionary complexes (Zhou et al., 2009) in the Mesozoic. This process shaped the 

tectonic framework of the eastern CAOB, resulting in N-S trending accretionary 

complexes, magmatic belts and deep faults (Fig. 1.7), which is different from the 

central and western CAOB. 

 

Fig. 1.7 The geological units in NE China and Sikhote-Alin (Liu et al., 2017a). ①

=Heilongjiang Complex, ②=Zhangguangcai Complex. Both accretionary complexes 

are related to the ancient ocean crust between the Songliao and Jiamusi blocks. 

The Sikhote-Alin accretionary complex, also called the Sikhote-Alin orogenic belt 

(Jahn et al., 2015), is one of the most typical accretionary belts/orogens in NW Pacific. 
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The Jurassic to Cretaceous accretionary complex in Sikhote-Alin is comparable with 

SW Japan before the opening of the Sea of Japan in the Miocene (Kojimo, 1989; 

Khanchuk, 2001). The Nadanhada accretionary complex or terrane belongs to the west 

part of the Sikhote-Alin accretionary complex, although it is situated within the 

Chinese territory. The other Mesozoic accretionary complex in NE China is named the 

“Heilongjiang Complex” or “Heilongjiang high-pressure metamorphic belt” (Zhou et 

al., 2009). The Nadanhada and Heilongjiang complexes are the only preserved 

Mesozoic accretionary prisms on the Chinese mainland, attracting many geologists 

who focus on the subduction history of the Paleo-Pacific Ocean in eastern China (Fig. 

1.7). 

 

Studies on the NE China and Sikhote-Alin areas have been popular since the 1990s. 

In the past 30 years, a lot of new data have been collected and important consensus has 

been reached, although controversies still exist. The major advances and debated 

issues are summarized below. 

 

1.3.1 The recognition of early Neoproterozoic basement and the late 

Pan-African orogen in NE China 

Although granitic gneiss was speculated as Paleoproterozoic in age because of the 

strong deformation and high-grade metamorphism, initial zircon U-Pb dating yielded 

ages of 274-256 Ma (Wu et al., 2001). Precambrian basement of the Bureya-Jiamusi-

Khanka blocks appeared unfounded for a long time until several papers were published 

recently. 

 

The first Neoproterozoic protolith age was published by Khanchuk et al. (2010), with 

a zircon SHRIMP U-Pb age of 757±4 Ma from the granulite complex of the Khanka 

Block, defining the Iman Group on the Russian side of the border. The analyzed 

samples are two- pyroxene–amphibole schists with tholeiitic basalt infinities for their 

protoliths, that then experienced granulite facies metamorphism at ca. 507±3 Ma, 
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constrained by metamorphic zircons and rims on the inherited zircons. However, the 

content of SiO2 in the samples is low at 47.16% (Khanchuk et al., 2010), which seems 

unsaturated for the crystallization of zircons. Because of the lack of detailed 

petrological and isotopic analysis, this age has been tentatively considered as the 

protolith age of the metamorphic basement. 

 

Unlike the basaltic features of the granulite complex in the Russian Far East, the 

recently-obtained ages are mainly from orthogneiss and sedimentary rocks. 

 

Yang et al. (2017) described orthogneisses in the southern Jiamusi Block, adjacent to 

the Dun-Mi Fault that separates the Jiamusi and Khanka blocks. SIMS and LA-ICP-

MS zircon U-Pb dating yielded weighted mean ages varying from 898±4 to 891±13 

Ma. The rims of these early Neoproterozoic zircons and metamorphic zircons have 

two metamorphic ages, at ca. 563 Ma and 518-496 Ma. In the central Jiamusi Block, 

protolith ages of 757 to 751 Ma were reported later in the Mashan Complex, with the 

metamorphic ages ranging from 476 to 530 Ma (Yang et al., 2018). Geochemical data 

shows that the oldest orthogneisses were partially melted from a low-pressure crustal 

source consisting of mainly sedimentary rocks (Yang et al., 2017). The granitic gneiss 

with ages of 757 to 751 Ma was generated by a rifting event. The late Neoproterozoic 

metamorphism was linked to collision and post-collision in east Gondwana (Yang et 

al., 2018). 

 

Detrital zircon U-Pb dating results in the Jiamusi Block show that the Mashan and 

Ximashan complexes in NE China and the Kimkanskaya groups in the Russian Far 

East were deposited in the Neoproterozoic (Luan et al., 2017). They were intruded by 

the Pan-African plutons and involved in the granulite-facies metamorphism at ca. 500 

Ma (Wilde et al., 2003). The spectra of detrital zircons indicate the Jiamusi Block may 

have infinities with the Tarim Craton, due to the abundant zircon ages of 1.4 Ga (Luan 

et al., 2017). 
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Fig. 1.8 The location of Neoproterozoic granitic basement of the Jiamusi Block in NE 

China (Yang et al., 2017). 

The SHRIMP dating of both magmatic and metamorphic rocks in the Jiamusi Block 

by Wilde et al. (2003) also supports the correlation with north Australia, Tarim, and 

the North and South China cratons (Fig. 1.9). 

 

However, the tectonic infinity of the blocks in NE China is controversial. The 

evolution of the Jiamusi-Khanka Block was associated with the Sayang-Baikal Orogen 

at the southern margin of the Siberia Craton according to the identification of a 

khondalite belt, including sillimanite- and garnet-bearing gneisses, amphibolite-

plagioclase gneiss, cordierite- and graphite-bearing gneiss (Zhou et al., 2010). The belt 

extends > 1300 km in the southern CAOB margin, involving the Erguna, Xing’an, 

Songliao and Jiamusi-Khanka blocks (Zhou et al., 2011). 
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Fig. 1.9 Different models to explain the origin of the Jiamusi and Khanka blocks. a. The 

Siberia affinity of the Khanka-Jiamusi-Bureya Block (Zhou et al., 2010). b. The infinity 

afinity of Tarim Craton with theand Jiamusi Block (Luan et al., 2017). 

The similarities of the basement information of the Bureya, Jiamusi and Khanka blocks 

support the viewpoint that they were one large continental block, separated by strike-
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slip faults at a later stage (Zhou et al., 2010). This giant late Pan-African orogen 

indicates that the blocks in the eastern CAOB may have been welded together in the 

earliest Paleozoic and argues against the idea that the blocks were exotic and traveled 

a long distance before accreted onto the CAOB (Wu et al., 2007). 

 

1.3.2 The opening and closure of the Mudanjiang Ocean: Magmatic 

and metamorphic history of the Heilongjiang blueschist 

The Mudanjiang Ocean was identified by recent detailed research on the Heilongjiang 

Complex. The Heilongjiang Complex is located on the western margin of the Jiamusi 

Block and adjacent to the Lesser Xing’an-Zhangguangcai Range in the eastern 

Songliao Block. The main lithologies include metagabbro, amphibolite, marble, 

quartzite, blueschist and mica schist, typically the remnants of an oceanic crust scraped 

at the trench. High P/T conditions are recognized by the research on the blueschist and 

mica schist. Magmatic zircons in the blueschist yield protolith ages ranging from ca. 

280 Ma to 210 Ma (Ge et al., 2016; Zhou et al., 2009). The geochemical features of 

the meta-basalt and gabbros show affinities to both E-MORB and OIB, indicating the 

accretion of oceanic crust and seamounts in the Mudanjiang Ocean. The blueschist-

facies metamorphism is dated as Early Jurassic (190-170 Ma), which coincides with 

the abundant Early Jurassic granitoids and volcanic rocks in the Lesser Xing’an-

Zhangguangcai Range with a continental arc signature (Wu et al., 2007, 2011; Zhou et 

al., 2009; Xu et al., 2013; Ge et al., 2016). Thus, the westward subduction model for 

the Mudanjiang Ocean beginning at the Early Jurassic is accepted by most researchers. 

 

However, questions remain about the Late Triassic to Early Jurassic tectonic settings 

in NE China. Some studies proposed a rift or back-arc extension model for the Lesser 

Xing’an-Zhangguangcai Range. The main evidence is the “bimodal magmatic rocks” 

(Yu et al., 2012) and “A-type” rhyolites and granites (Xu et al., 2009). Five mafic-

ultramafic plutons were studied in the Lesser Xing’an-Zhangguangcai Range (Yu et 

al., 2012). The LA-ICP-MS zircon U-Pb dating shows Early Jurassic ages ranging 



26 
 

from 186 to 182 Ma. Geochemical and zircon Lu-Hf isotopic data from these plutons 

indicate they were generated from the partial melting of a depleted mantle influenced 

significantly by slab-released fluids (Yu et al., 2012). The mafic plutons were proposed 

to be components of “bimodal magmatism” with the coeval granitoids, revealing a 

back-arc extension environment during the Paleo-Pacific Plate subduction. The A-type 

granites and rhyolites in the eastern Heilongjiang Province are Late Triassic in age 

(217 to 208 Ma; Xu et al., 2009). The Nd isotopes indicate an origin of mainly juvenile 

lower crust. Although no typical alkaline minerals have been found in the rocks, the 

high-SiO2 rhyolites are classified as A-type, based on high contents of K2O+Na2O and 

Zr+Nb+Ce+Y and it has further been proposed that they represent post-collisional 

magmatism related to closure of the Paleo-Asian Ocean (Xu et al., 2009). 

 

Another important issue is that the previously accepted closure time of the Mudanjiang 

Ocean (Early to Middle Jurassic; see Zhou and Li, 2017 and references therein) has 

been challenged by new data. According to the high-pressure metamorphic ages, the 

subduction of the Mudanjiang Ocean was believed to be active in the Early Jurassic 

(Zhou et al., 2009). The closure time is speculated to be before the Middle Jurassic 

because of the angular unconformities of fluvial sedimentary rocks overlying the 

blueschists (Zhou and Li, 2017). Recently, Zhu et al. (2015) published a protolith age 

of 142±1 Ma, sampled from an alkaline blueschist in the Yilan area, NE China. This 

age is proposed to represent the youngest age of the oceanic crust of the Mudanjiang 

Ocean. Thus, they argued that the Mudanjiang Ocean was not closed by ca. 141 Ma. 

However, no similar ages have been reported and the metamorphic age of this sample 

is unknown. It therefore needs further investigation to verify a possible metamorphic 

event in the Cretaceous. 

 

 

1.3.3 The subduction of the Paleo-Pacific Ocean in NE China and 

Sikhote-Alin areas 
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In the Sikhote-Alin area, the tectonostratigraphic terranes were accretionary belts 

associated with the movement of the Paleo-Pacific plates, such as the Farallon Plate 

and Kula-Izanagi Plate. There were three different types of terranes formed during the 

Jurassic to Cretaceous: 1) the accretionary complex, 2) the turbidite basin related to 

the sinistral strike-slip faults; and 3) arc-related basins related to the subduction of the 

Paleo-Pacific Ocean. The first type is represented by the Jurassic to Early Cretaceous 

Khabarovsk, Nadanhada-Bikin and Samarka terranes in the west and Taukha Terrane 

in the east (Fig. 1.10). The accretionary complexes are characterized by abundant faults 

and folds. In some local areas, continuous sedimentary strata can be recognized which 

consists of, from bottom to top, basalt, chert, mudstone, siltstone and turbiditic 

sandstone, revealing the changing sedimentary facies from ocean to continental margin 

(Kemkin, 2008; Kojima, 1989; Matsuda and Isozaki, 1991). The Nadanhada Terrane 

or accretionary complex in NE China is the western part of the Jurassic accretionary 

complex in Sikhote-Alin. The lithologies, deformation and post-accretion magmatism 

in Nadanhada are similar to the Samarka accretionary complexes in the Russian Far 

East (Zhou et al., 2014). The second type of terrane includes the Early Cretaceous 

Zhuravlevk-Amur terrane which was transported northwards along with the Central 

Sikhote-Alin Fault (Fig. 1.10). The main rock type in the terrane is sandstone 

interlayered by siltstone (Malinovsky and Golozubov, 2011). The third type of terrane 

is represented by the late Early Cretaceous Kema Terrane, which is composed of arc-

related basins and components of island arc (Malinovsky et al., 2006, 2008). The main 

rock types are siltstone, sandstone, conglomerate, tuff and basaltic volcanics 

(Malinovsky et al., 2005). The Sikhote-Alin terranes were accreted one by one to the 

eastern margin of the Bureya-Jiamusi-Khanka Block before the Late Cretaceous 

(Golozoubov et al., 1999; Khanchuk, 2001; Khanchuk et al., 2016). Cretaceous to 

Cenozoic magmatism is widespread in this area, and is mainly recorded by granitoids 

and extrusive equivalents, with minor basaltic rocks (Jahn et al., 2015; Kruk et al., 

2014; Fig. 1.11). The ages of the magmatic rocks range from the Early Cretaceous in 

the west to the Paleogene in the southeast (Jahn et al., 2015; Khanchuk et al., 2016; 

Tang et al., 2016). Younger volcanic rocks are also reported, and the subduction-related 
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felsic magmatism was replaced by intra-plate basaltic and andesitic lava from the 

Eocene to Miocene (Martynov et al., 2017). 

 

The subduction and accretionary orogeny associated with the Paleo-Pacific Ocean is 

recognized by the studies of the Sikhote-Alin accretionary complexes. The presently 

accepted consensus includes: 1) the terranes or accretionary complexes in Sikhote-

Alin are associated with the Jurassic to Cretaceous accretionary belts in SW Japan 

before the opening of the Sea of Japan (Kojima, 1989; Khanchuk, 2001; Jahn et al., 

2015); 2) the various kinds of accretionary terranes were built in the Pacific domain at 

low latitude and travelled northwards in a short time period, probably related to the 

large-scale sinistral strike-slip faults in the NE Asian margin (Khanchuk et al., 2016); 

and 3) magmatism from the Early Cretaceous to Paleocene was generated by the 

oblique subduction of the Izanagi plate and slab roll-back forcing magmatism to 

migrate to the southeast (Fig. 1.11; Jahn et al., 2015; Khanchuk et al., 2016; Tang et 

al., 2016). 

 

However, major controversies about the tectonic evolution of the Sikhote-Alin 

accretionary orogen still remain. The first important issue focuses on the existence of 

hidden continental crust under the accretionary materials. Jahn et al. (2015) carried out 

detailed whole-rock Sr-Nd and zircon Hf isotopic research in the southern Sikhote-

Alin. The results show that the granitoids are significantly enriched in Nd isotopes. 
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Fig. 1.10 Jurassic to Cretaceous accretionary belts in Sikhote-Alin, Russian Far East 

(Khanchuk et al., 2016). 

Combined with the unusual continental thichness (>30 km), it is proposed that there 

may be old crustal basement hidden under the accretionary complexes (Jahn et al., 

2015). However, Khanchuk et al. (2016) explained the signatures of old basement by 

the mixing of the sedimentary rocks that contains a lot of terrigenous materials with 

old ages. No outcrop of crystallized basement rocks has been discovered in the 

Sikhote-Alin accretionary orogen. The second debated issue in the area is about the 

role played by the strike-slip faults during the accretionary orogeny. Most Russian 
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literature emphasizes the importance of the sinistral strike-slip faults in the Cretaceous 

and proposes that the Sikhote-Alin area was a transform continental margin, similar to 

present-day California (Golozoubov et al., 1999; Khanchuk, 2001; Khanchuk et al., 

2016; Grebennikov et al., 2016). However, the collisional orogeny model proposed by 

Faure et al. (1995) and Natal'in (1993) was based on research on the Anuy dome, a 

high-grade metamorphic complex in the northern Sikhote-Alin. The Anuy dome 

represents a microcontinental block, named the Anuy microcontinental block, in their 

model (Fig. 1.12). Although strike-slip faulting was important in the area, it only 

truncated the orogen without significantly changing the tectonic framework in the area. 

 

1.4 Research objectives 

The above summary of the history of the accretionary orogen in the NW Pacific, and 

specifically in NE China and Sikhote-Alin, introduces the important geological events 

revealed by previous research. The most significant tectono-thermal events include: 1) 

the formation of Neoproterozoic basement experiencing widespread late Pan-African 

(ca. 500 Ma) high-grade metamorphism, as recorded by the Mashan Complex in NE 

China; 2) the opening, subduction and closure of the Mudanjiang Ocean during the 

Permian to Jurassic, corresponding to the Heilongjiang Complex and magmatism in 

NE China; and 3) the subduction of the Paleo-Pacific ocean in the eastern Jiamusi-

Khanka Block, generating magmatic rocks and wide accretionary complexes in both 

NE China and Sikhote-Alin. 

 

As mentioned in Section 1.1, these key scientific questions in the area remain highly 

controversial. The first issue about the basement of the Jiamusi and Khanka blocks 

concerns the origin of these blocks and their position in supercontinental 

reconstructions. 
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Fig. 1.11 Granitoids in Sikhote-Alin (Zhao et al., 2017). 

However, the fundamental tectonic framework of present-day NE Asia was not built 

before the westward subduction of the Mudanjiang and Paleo-Pacific oceans was 

initiated in the Mesozoic. Thus, this thesis will focus on two main questions, e.g. the 

subduction of the Mudanjiang and Paleo-Pacific oceans in NE China and in Sikhote-
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Alin, in the Russian Far East. 

 

The essential geological records of subduction include the magmatic rocks and 

accretionary complexes. 

 

Mesozoic magmatic rocks in NE China are represented by voluminous granitoids that 

occupy over 80% of the area (Wu et al., 2011). The Zhangguangcai-Lesser Xing’an 

Range in NE China is the largest magmatic belt in the eastern CAOB; > 600 km long 

and 150-300 km wide. The majority of this belt is comprised of late Permian to Early 

Jurassic granitoids, related to subduction of the Mudanjiang Ocean (Wu et al., 2011; 

Ge et al., 2016). Minor components include Jurassic to Cretaceous volcanic rocks (Xu 

et al., 2013) and mafic-ultramafic plutons (Yu et al., 2012). In the Jiamusi Block, 

Triassic to Jurassic magmatic rocks have not been reported so far, and the Mesozoic 

magmatic rocks are represented by extensive Cretaceous volcanic rocks (Sun et al., 

2013). In the Khanka Block, research on magma genesis and its relationship with 

tectonic evolution has been studied much less than in the Zhangguangcai-Lesser 

Xing’an Range. 

 

The most important accretionary complexes in the area are the Heilongjiang Complex 

in the western Jiamusi Block and the Sikhote-Alin accretionary complex to the east. 

The former complex has been studied in detail during the past decade, including the 

protolith and metamorphic ages, P/T conditions and provenance of the meta-

sedimentary rocks (Wu et al., 2007; Zhou et al., 2009; Ge et al., 2016). 

 

However, the Sikhote-Alin accretionary complex, which is much larger and directly 

related to Paleo-Pacific subduction, has not been well understood. The published 

research has focused on magmatism and dating by fossils. The provenance of the 

sedimentary rocks remains unclear, including the faulted and folded sandstones in the 

accretionary wedges and turbidite basins, which make up the majority of the 

accretionary complexes. 
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Fig. 1.12 Collision model of microcontinental blocks in Sikhote-Alin area (Faure et al., 

1995). 

This constrains our understanding of the origin of the sediments and the context of the 

Sikhote-Alin accretionary orogeny. 

 

The research objectives were carefully selected depending on their importance 

scientifically and the scarcity of data: 

1) Determine the lithology, emplacement age, geochemistry and isotope 

signature of the major batholith in the north Khanka Block. Although detailed 

data about the batholiths/plutons in the Zhangguangcai-Lesser Xing’an Range 
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are abundant, details of the magmatism in the northern Khanka Block are 

absent. This research focuses on a batholith to the north of the Khanka Lake, 

the Khanka Lake batholith. The magmatic genesis and tectonic setting are 

discussed and compared to the adjacent magmatism. 

2) Investigate the lithological associations and deformation style of the rocks in 

the southern Sikhote-Alin accretionary orogen. The relationships between the 

belts/terranes in Sikhote-Alin will also be discussed based on the field 

observations. The provenance of these belts/terranes has been determined by 

zircon U-Pb dating and Lu-Hf isotopes of the detrital zircons in the southern 

Sikhote-Alin. Tectonic reconstruction is made according to the published data 

in the orogen and the new data on detrital zircons. 

3) Determine the lithology, eruptive age and geochemistry of the volcanic rocks 

in the Lesser Xing’an-Zhangguangcai Range and Jiamusi Block. There has 

been some data published on granitoids in the area, however, detailed 

geochemical and geochronological data are absent. The magmatic genesis of 

the volcanic rocks and their tectonic implications is discussed in detail. 

Depending on these and published data, a new model for the subduction 

process of the Mudanjiang and Paleo-Pacific oceans is proposed. 

4) Review the recently published data on structures, basins, magmatism, 

geomagnetism and low-temperature geochronology from the Cretaceous to 

Eocene in NE China and Sikhote-Alin. A major change of tectono-thermal 

conditions along the NE Asian margin is recognized, including all aspects of 

the geological records. This change is attributed to the Izanagi-Pacific Ridge 

subduction along the NE Asian margin, the total consumption of the Izanagi 

plate and the different subduction direction of the Pacific plate. 
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1.5 Research methods 

1.5.1 Field work and petrological observations 

The field investigation in this thesis is the foremost work and field observations are 

the most important evidence to judge the geochronological relationship against 

existing geological records. Detailed field work was carried out in several key areas, 

from west to east, including the Lesser Xing’an-Zhangguangcai Range, the Jiamusi-

Khanka Block in NE China and the southern Sikhote-Alin area in the Russian Far East. 

In NE China, the sampling focused on both intrusive and eruptive rocks following the 

large-scale mapping and detailed description of the distribution, lithological 

associations of the igneous rocks, and their relationship with local structures and 

sedimentary rocks. At each outcrop of volcanic and plutonic rocks, 5 to 6 specimens 

(> 10 kg) were collected for zircon U-Pb dating and geochemical analysis. In the 

southern Sikhote-Alin, samples for detrital zircon U-Pb dating and Lu-Hf analysis 

were collected along a ca. 200 km long traverse, across the main terranes/belts in the 

accretionary orogen. The attitudes of sedimentary rocks, folds and faults were 

measured at the sampling sites. The boundary faults between belts/terranes were 

specifically observed where the outcrop was available. However, the most important 

fault in the area, the Central Sikhote-Alin Fault, is represented by a narrow river valley 

in the southern Sikhote-Alin area, where no available outcrop was found in the field. 

Samples in this area are mostly turbidites in the accretionary wedges or turbidite basin. 

In the easternmost belt/terrane, one sandstone sample was collected from the lenses in 

a tectonic mélange. For each sample, 5 kg was collected for zircon U-Pb 

geochronology and Lu-Hf isotope analysis. 

 

Thin-sections were cut from all the samples for petrological investigation. The texture 

and mineral assemblages were characterized for both igneous and sedimentary rocks 

in order to classify the lithological types. 
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1.5.2 Zircon U-Pb dating 

The methods used in the thesis for zircon U-Pb dating include LA-ICP-MS and 

SHRIMP. Zircons were selected and mounted to prepare them for the 

cathodoluminescence (CL) imaging, which was carried out before the U-Pb analysis 

in order to examine the internal structures of the zircons. Zircons with magmatic 

oscillatory zones and appropriate sizes (> 100 μm) were selected for LA-ICP-MS 

analysis, whereas smaller ones from the volcanic rocks, especially the andesitic and 

basaltic rocks (50-100 μm) were analyzed by SHRIMP. 

 

1.5.3 Zircon Lu-Hf isotopes 

The LA-MC-ICP-MS method was used for in-situ zircon Lu-Hf isotopes analysis after 

the zircon U-Pb dating. The aim was to determine the contribution from enriched and 

depleted sources when the zircons were crystallized. The analyzed spots were placed 

over the U-Pb spots when the zircons were large enough (>200 μm). In the smaller 

zircons (<200 μm), the Lu-Hf spots were placed adjacent to the U-Pb sites to avoid 

excessive damage by laser erosion and inaccuracy of data. Analytical details are 

provided in each Chapter. 

 

1.5.4 Whole-rock geochemistry 

X-ray fluorescence (XRF) and ICP-MS methods were utilized, repectively, for major 

and trace elements analysis for the intrusive and eruptive rocks. The major and trace 

elements presented in the thesis were used to determine the genesis and help to 

determine the tectonic implications, when compared with other regional geological 

records. Precise details of the methods are presented in each Chapter. 

 

1.6 Thesis structure 

The thesis opens with an introductory chapter (Chapter 1) to summarize the present 

understanding of accretionary orogens, the general subduction process in the NW 
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Pacific region and the subduction history of the blocks and accretionary complexes in 

NE China and Sikhote-Alin. The subduction of the Mudanjiang and Paleo-Pacific 

oceans in NE China and Sikhote-Alin is a focus of the thesis. The results of the research 

on the subduction history are presented in four chapters (Chapter 2, 3, 4 and 5), which 

are the majority of the thesis. Chapter 2 has been published in Lithos, Chapter 3 in 

Tectonics, and Chapter 4 in The Geological Journal. Chapter 5 is under review in 

Earth-Science Reviews. 

 

Chapter 2 Initial subduction of the Paleo-Pacific Oceanic plate in NE China: 

Constraints from whole-rock geochemistry and zircon U–Pb and Lu–Hf isotopes of the 

Khanka Lake granitoids. This chapter focuses on the very early-stage subduction of 

the Mudanjiang and Paleo-Pacific oceans during the earliest Triassic to Early Jurassic, 

based on the geochronological, geochemical and isotopic research on granitoids in the 

north Khanka Block. In this chapter, it is proposed that the Triassic to Jurassic I-type 

granitoids in the Khanka Block are comparable with the coeval magmatism in the giant 

N-S trending Lesser Xing’an-Zhangguangcai Range, where they resulted from the 

subduction-related arc magmatism. 

 

Chapter 3 U-Pb Dating and Lu-Hf Isotopes of Detrital Zircons From the Southern 

Sikhote-Alin Orogenic Belt, Russian Far East: Tectonic Implications for the Early 

Cretaceous Evolution of the Northwest Pacific Margin. This chapter describes the field 

investigations in the southern Sikhote-Alin orogenic belt and discusses the orogenic 

process according to the U-Pb and Lu-Hf analyses of detrital zircons from the 

sandstones in various belts/terranes. Provenance analysis is firstly carried out in this 

important area. Sinistral strike-slip faulting during the late Early Cretaceous is 

proposed to be responsible for the northward motion of the terranes/belts, which 

contain the signature of the North China Craton/Korean Peninsula, reflected by old 

zircon groups in the sandstones. 

 

Chapter 4 Zircon U-Pb dating and whole-rock geochemistry of volcanic rocks in 
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eastern Heilongjiang Province, NE China: Implications for the tectonic evolution of 

the Mudanjiang and Paleo-Pacific oceans from the Jurassic to Cretaceous. The 

Jurassic to Cretaceous volcanism in the Lesser Xing’an-Zhangguangcai Range and the 

Jiamusi Block is discussed in this chapter. The main data include SHRIMP zircon U-

Pb dating, major and trace element geochemistry. Isotopes were not analyzed in this 

study because all the granitoids and available volcanic rocks show signs of reworking 

of juvenile crust or mantle input revealed by previous research. The results of this 

study support the view that NE China experienced a subduction setting during the 

Jurassic, with back-arc extension in the Cretaceous. In addition, this paper also 

connects the magmatism in Sikhote-Alin and NE China, indicating that Paleo-Pacific 

subduction controlled the whole of NE Asia after the final closure of the Mudanjiang 

Ocean before the Cretaceous. Since then, the arc magmatism moved to Sikhote-Alin, 

turning NE China into a back-arc extension environment. 

 

Chapter 5 Izanagi-Pacific ridge subduction in NE Asia in the early Cenozoic: A review 

of geological evidence from NE Asia. This chapter is a review paper, which focuses on 

an important change of tectonic settings in NE Asia in the early Cenozoic (65-50 Ma). 

The manuscript summarizes the recently published data in Sikhote-Alin, NE China 

and adjacent areas, concentrating on zircon U-Pb geochronology, geochemistry and 

isotopes of igneous rocks, structural analysis of faults and basins, low-temperature 

geochronology of basins and mountains and geomagnetism. The major changes in the 

magmatic nature and kinematics of plates are discussed based on the reviewed data. 

These significant changes are attributed to the Izanagi-Pacific ridge subduction during 

the early Cenozoic and the following subduction of the Pacific plate at the NE Asian 

margin. This review paper supplies essential evidence from the continental side to 

support the Izanagi-Pacific ridge subduction event proposed by research mainly based 

on the oceanic plates. 

 

The thesis ends with a chapter (Chapter 6) briefly summarizing the major conclusions 

of the four papers and a chapter listing all the references (Chapter 7). The data used in 
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this thesis are not listed, but are available from the Author by email 

(k.liu@mail.iggcas.ac.cn). 
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Chapter 2 Initial subduction of the Paleo-Pacific Oceanic 

plate in NE China: Constraints from whole-rock 

geochemistry and zircon U–Pb and Lu–Hf isotopes of the 

Khanka Lake granitoids 

 

2.0 Abstract 

Northeast China is located in the eastern part of the Central Asian Orogenic Belt 

(CAOB) and was influenced by Paleo-Pacific subduction during the Mesozoic. 

Abundant granitoids from the late Paleozoic to early Mesozoic in NE China record 

this process, including the Khanka Lake granitoids, which resulted in extensive growth 

of continental crust in the area. However, the question of how and when the Paleo-

Pacific tectonic system began to affect NE China is still highly controversial. The 

Khanka Lake granitoids can be subdivided into two main components based on their 

geochemical characteristics, namely granodiorite and syenogranite. The granodiorite 

has a U–Pb age of 249 Ma and is adakite-like (enriched in LREE and LILEs with high 

Mg#, Sr, La/Yb, Sr/Y and Na2O/K2O), with zircon εHf(t) values of −0.65 to 1.61, 

produced by the magma mixing between melting of the lower continental crust and 

juvenile basaltic magma. The syenogranite has zircon U–Pb ages of 209 to 199 Ma 

and geochemical features of highly fractionated I-type granites, with high SiO2, total 

alkalis and low Mg (and Mg#), Fe, Cr and Ni, and positive zircon εHf(t) of 1.72 to 

5.12, indicating an origin from remelting of juvenile crust. The granitoids were 

intruded by felsic veins between 195 and 184 Ma with positive zircon εHf(t) from 0.57 

to 5.32. The εHf(t) values of the granitoids become more positive as the zircon U–Pb 

ages become younger, suggesting continuous melting of juvenile crust during 

subduction. It is concluded that the Khanka Lake granitoids record the early stage of 

subduction of the Paleo-Pacific Oceanic plate, which commenced at least ca. 250 Ma 

ago. 
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2.1. Introduction 

Northeast China (NE China) is located in the eastern part of the Central Asian Orogenic 

Belt (CAOB). It is a region of great importance with respect to understanding the 

tectonic evolution of Northeast Asia (Figs. 2.1 and 2.2; Wilde et al., 2010; Xu et al., 

2013, 2014). One feature of this region is the complicated interaction between three 

tectonic realms: the Paleo-Asian Ocean, the Mongol-Okhotsk Ocean, and the Paleo-

Pacific Ocean. The Paleo-Asian Ocean closed during the late Paleozoic, resulting in 

many E–W trending suture zones between the Siberia and North China cratons (Wilde, 

2015; Wilde and Zhou, 2015; Zhou et al., 2013). In the northeastern part of the CAOB, 

a similar trending suture zone (the Mongol-Okhotsk Suture zone) was produced by the 

final collision between the Siberia Craton and the amalgamated NE China blocks 

during the Late Jurassic to Early Cretaceous (Khanchuk et al., 2015; Kravchinsky et 

al., 2002; Zonenshain et al., 1990). During the early Mesozoic, the Paleo-Pacific Ocean 

began to influence and then dominate the tectonic framework of the eastern CAOB 

and even the whole of eastern Asia (Guo et al., 2015; Wilde, 2015; Wu et al., 2003a, 

2003b, 2011; Xu et al., 2013). This complicated process has left magmatic records, 

making NE China a crucial site for studying the relationship between the Paleo-Pacific 

Ocean and Paleo-Asian Ocean realms, with wider implications for other accretionary 

orogens. 

 

The most fundamental and controversial question related to NE China is the initial 

time of the Paleo-Pacific subduction, ons which many studies have been initiated (Li,  

2006; Meng et al., 2010; Wu et al., 2007; Xu et al., 2013; Zhou et al., 2009a, 2009b). 

 

There are several blocks (or massifs) consisting mainly of Phanerozoic magmatic 

rocks, volcano-sedimentary rocks and minor Precambrian basement in the eastern 

CAOB (Fig. 2.2.2). 
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Fig. 2.1. Sketch map showing Asian tectonics and the Central Asian Orogenic Belt 

(CAOB). BJKB is the abbreviation for the Bureya–Jiamusi–Khanka Block, 

easternmost segment of the CAOB. Modified after Sengör and Natal'in (1996) and 

Wilde (2015). 

Previous research has confirmed that the Erguna, Xing'an, and Songliao Blocks are 

mainly amalgamated arcs (with minor Precambrian basement) influenced by the Paleo-

Asian and Mongol-Okhotsk realms, whereas the Nadanhada Terrane and Sikhote-Alin 

terranes in the east are accretionary prisms or basins related to subduction of the Paleo-

Pacific Oceanic plate during the Late Triassic to Early Cretaceous (Cheng et al., 2006; 

Zhou et al., 2014). However, the formation, affinity and tectonic evolution of the 

central block that lies between the eastern CAOB and the accretionary terranes—the 

Bureya-Jiamusi-Khanka Block—is still open to debate (Meng et al., 2010; Wilde et al., 

1997; Wu et al., 2011; Zhou et al., 2009a, 2009b). Wilde et al. (1999) and Wu et al. 

(2007) proposed that this united block was an exotic block probably derived from a 

peri-Gondwana position that traveled northwards until it collided with the CAOB in 

the Jurassic. Some researchers have also suggested that the Bureya–Jiamusi–Khanka 
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Block might have been connected to the Siberia Craton during the early Paleozoic 

based on the widespread late Pan-African rocks in both the southern Siberia Craton 

and NE China (Wilde et al., 1997; Zhou et al., 2009a, 2010). In this model, after ca. 

450 Ma, the Bureya–Jiamusi–Khanka Block broke away from southern Siberia and 

moved eastwards, with final accretion to the CAOB taking place in the Jurassic (Zhou 

et al., 2010, 2014).  

 
Fig. 2.2. Tectonic framework of NE China (modified from Wilde et al., 2000; Wu et al., 

2007; Zhou et al., 2010). The main tectonic boundaries: ARF: Arsen'evsky Fault; SXF: 

Solonker-Xar Moron Fault; CYF: Changchun-Yanji Fault; MF: Mudanjiang Fault; 

DMF: Dunhua-Mishan Fault; JYF: Jiamusi-Yitong Fault; HHF: Hegenshan-Heihe 

Fault; XXF: Xinlin-Xiguitu Fault. 

The tectonic setting of the Bureya–Jiamusi–Khanka Block during the early Mesozoic 

is likewise unclear. Xu et al. (2009, 2013) hold the view that post-collision 

delamination of the CAOB controlled this region during the whole of the Triassic and 
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that Paleo-Pacific subduction began after the Early Jurassic. Other researchers consider 

that Paleo-Pacific subduction had already started in the Triassic (Guo et al., 2015; Shao 

et al., 2013; Wu et al., 2007, 2011; Zhou et al., 2009a, 2010, 2014), or even the Early 

Permian (Sun et al., 2015). 

 

2.2. Geological setting 

The Jiamusi–Khanka Block is located at the southeastern margin of the CAOB (Fig. 

2.2). The accretionary Sikhote-Alin terranes (including the Nadanhada Terrane) are 

adjacent to its eastern margin, whereas the Heilongjiang Complex (another 

accretionary complex) lies in the west (Jahn et al., 2015; Kemkin, 2008; Khanchuk, 

2010a). The Jiamusi and Khanka Blocks are separated by the Dunhua- Mishan strike-

slip fault (the Dun-Mi Fault), a branch of the Tan-Lu Fault (Fig. 2.2.3; Zhou et al., 

2009b, 2010). To the southwest, the Khanka Block was bounded by the Changchun-

Yanji suture zone (Fig. 2.2.2; Zhou et al., 2013). 

 

The Bureya–Jiamusi–Khanka Block shares a ~500 Ma Pan-African basement (Fig. 

2.2.3; Khanchuk, 2010b; Wilde et al., 2000; Zhou et al., 2010), namely the Mashan 

Complex, which consist of granulite facies metamorphic rocks (Wilde et al., 1997; 

Zhou et al., 2010). At the western edge of the Jiamusi–Khanka Block, the Heilongjiang 

Complex (Fig. 2. 2.3; Zhou et al., 2009a, 2009b) extends north to south and is 

composed of clastic sediments, chemical sediments and basalts including blueschists. 

It records the subduction history related to the Mudanjiang Ocean during the Mesozoic, 

which was an ocean between the Bureya–Jiamusi–Khanka Block and Songliao Block, 

lying roughly parallel to the N–S trending Mudanjiang Fault (Wu et al., 2007; Zhou et 

al., 2009a, 2009b). 
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Fig. 2.3. Distribution of magmatic rocks in eastern NE China (modified from Wu et al., 

2011). The age data of igneous rocks are from Cheng et al. (2006), Wei et al. (2008), Wu 

et al. (2011), Shao et al. (2013), Yang et al. (2012) and references therein. DMF: 

Dunhua-Mishan Fault; JYF: Jiamusi-Yitong Fault; MF: Mudanjiang Fault; YF: 

Yuejinshan Fault. 

There are also voluminous magmatic rocks of late Paleozoic to early Mesozoic age 

exposed extensively with a general N–S trend within the Jiamusi–Khanka Block and 

the adjacent Lesser Xing'an–Zhangguangcai Range (Fig. 2.3; Wu et al., 2011; Xu et 
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al., 2013). The ages of these granitoids become younger in the Jiamusi–Khanka Block 

westwards to the Lesser Xing'an–Zhangguangcai Range (Fig. 2.3). At the eastern 

margin of the Jiamusi–Khanka Block, dacites, rhyolites, andesitic tuffs, and granitoids 

have Late Carboniferous to middle Permian ages (Meng et al., 2008; Yu et al., 2012), 

whereas at the western margin of the Jiamusi– Khanka Block, adjacent to the eastern 

Lesser Xing'an–Zhangguangcai Range, granitoids are late Permian to Early Triassic in 

age (mainly I-type granitoids with some adakite-like granodiorites; Huang et al., 2008; 

Khanchuk, 2010a; Song et al., 1994; Wu et al., 2001, 2011). Farther west, the 

granitoids are mainly of Late Triassic to Early Jurassic age with highly fractionated I-

type characteristics (Guo et al., 2010; Wu et al., 2003a, 2003b, 2011). 

 
Fig. 2.4. Geological map of the Khanka Lake granitoids showing the sample locations 

(modified from the 1:200,000 Hulin and Mishan geological maps). 

 

The Khanka Lake granitoids in the northwestern Khanka Block outcrop along the 

northwest bank of Khanka Lake (Figs. 2.3 and 2.4). This composite batholith occupies 

an area of ca. 450 km2 and consists of granodiorite (Fig. 2.2.5a, b), syenogranite (Fig. 

2.2.5c), and later felsic and diorite dikes/veins. The granites account for 60% of the 

batholith and intruded into early Paleozoic slate, phyllite, and marl (Fig. 2.2.4), 

producing marble by contact metamorphism. Locally, granodiorites are also intruded 

by granite (Fig. 2.2.5c and d). The other major component of the Khanka Lake 
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granitoids is granodiorite, which contains more Fe–Mg minerals and abundant 

elliptical mafic enclaves (Fig. 2.2.5a). However, few contact relations between the 

granodiorite and biotite syenogranite can be found because of the extensive soil cover. 

There are also some other intermediate veins and mafic dikes intruding the granite, 

varying from diorite and granodiorite to pegmatite in composition, throughout the 

batholith (Fig. 2.2.5b). 

 

2.3 Sample descriptions 

The sample locations are shown in Fig. 2.2. 3 and listed in Appendix 1. 

 

2.3.1 Granodiorite 

The granodiorite is mainly exposed in the western part of the intrusion, accounting for 

25–30% of the area. Samples NE13-30 to 36 were collected from outcrops in the 

central part of the Khanka Lake batholith (Fig. 2.2. 4). The samples are medium- to 

coarse-grained with an allotriomorphic granular texture (Fig. 2.2.5e). The mineral 

assemblage consists of plagioclase (~55%), quartz (~20%), hornblende (~10%), and 

biotite (~ 5%), with accessory titanite. Samples NE13-30 and 31 were selected for 

zircon U–Pb dating and Lu–Hf isotopic analysis, whereas samples NE13-32 to 36 were 

prepared for geochemical analysis. 

 

2.3.2 Syenogranite 

Samples NE13-38 to 47, LJ-190 to 194, LJ-200 to 204, and LJ-208 to 212 were 

collected from the syenogranite (Fig. 2.2.4). 

Samples NE13-38, 40, 41 42, LJ-190 to 194, and LJ-208 to 212 are fine- to medium-

grained biotite syenogranite (Fig. 2.2.5f), which are porphyritic with phenocrysts of 

K-feldspar and quartz. The main mineral assemblage is quartz (~40%), K-feldspar 

(~35%), plagioclase (15–20%), and biotite (5–8%).  
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Fig. 2.5. (a), (b), (c) and (d) are the outcrops and (e), (f), (g) and (h) are 

photomircrographs of the studied granitoids. (a) Granodiorite with diorite enclaves; (b) 

a diorite dike intruding granodiorite; (c) contact between granite and diorite; (d) 

contact between syenogranite and diorite; (e) granodiorite sample NE13-30; (f) 

syenogranite sample NE13-38; (g) syenogranite sample LJ-200; (h) diorite vein sample 

LJ-205. Mineral abbreviations: Qtz = quartz; Or = orthoclase; Plg = plagioclase; Bt = 

biotite; Hbl = hornblende; Ttn = titanite; Ap = apatite. All photomicrographs are in 

cross-polarized light. 
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Whereas samples NE13-39, NE13-43 to 47, LJ-200 to 204 are fine- to medium-grained 

biotite-bearing syenogranite with medium- to coarse-grained allotriomorphic granular 

textures (Fig. 2.2. 5g). However, the mineral content varies: quartz (25–40%), perthite 

(45–60%), plagioclase (15–20%), with minor biotite. Samples LJ-201 and 204 contain 

apatite as the main accessory mineral and relatively more plagioclase. 

 
Fig. 2.6. Representative CL images of zircons from the studied granitoids. Solid and 

dashed circles represent analytical spots of U–Pb and Lu–Hf isotopes, respectively, 

while the digits beside the circles are U–Pb ages and εHf(t) values. 

Zircons were selected from samples NE13-38, 39 and 43 for U–Pb dating and Lu–Hf 

isotopic measurements. The other 22 samples were prepared for geochemical analysis. 

 

2.3.3 Pegmatite and diorite veins 

Pegmatite contains mainly quartz (~40%) and K-feldspar (~60%), whereas the diorite 

consists of plagioclase (~55%), hornblende (~35%), and minor quartz (Fig. 2.5h). The 

hornblende occurs in small dark patches in the diorite veins (Fig. 2.5h). Samples LJ-

205 and 206 were collected from two separated diorite veins for zircon U–Pb and Lu–

Hf isotopic analysis. No geochemical analyses were conducted because of the strong 

weathering. 
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2.4 Analytical methods 

2.4.1 Zircon U–Pb dating 

Zircons were separated by standard heavy-liquid and magnetic techniques, and picked 

under a binocular microscope. About 300 zircons from each sample were embedded 

in a 25-mm epoxy resin disk and polished to reveal approximately half of the grain's 

thickness. Cathodoluminescence (CL) imaging was used to observe the internal 

structure of zircons, utilizing the Quanta 200 FEG Scanning Electron Microscope at 

the Key Laboratory of Orogenic Belts and Crustal Evolution of the Education Ministry 

of China, Peking University. 

Zircon U–Pb isotopic analyses were carried out using laser ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS) at the Key Laboratory of 

Continental Collision and Plateau Uplift, Chinese Academy of Sciences, Beijing. Laser 

sampling was performed on a NewWave and ATL 193 nm ArF excimer laser ablation 

system (UP193FX), with short pulse times (<4 ns). Element and isotope signal 

intensities were acquired by an Agilent 7500a ICP-MS. Both high-purity helium and 

argon were used as carrier gases, which were mixed via a T-connector before entering 

the ICP-MS. Helium gas was controlled by a mass flow controller installed in the laser 

system, whereas argon gas was controlled by the ICP-MS. Helium and argon carrier 

gas flows were optimized by ablating NIST SRM 612 reference glass to obtain 

maximum signal intensity for 238U and 208Pb, minimum oxide and double-charge 

interference, minimum gas blank, and most stable signal intensity. With spots of 35 

μm, the analyses consist of 15–20s gas blank acquisition (warm up), 40s data 

acquisition from the sample aerosol (ablation) and 45–55s washout time in the spot 

sampling mode of the laser system and TRF data acquisition mode of the Agilent 

ChemStation. The 91500 and Plesovice standard zircons were used as external 

standards for the matrix-matched calibration. NIST SRM 612 reference glass was 

analyzed as an external standard for the trace element content calibration. Plesovice, 

91500, and NIST SRM 612 standards were analyzed after each five to ten analyses of 

the samples. Off-line isotope ratios and trace element concentrations were calculated 



60 
 

using the GLITTER_Ver4.0 program (Van Achterbergh et al., 2001); U–Pb concordia 

diagrams, weighted mean calculations, and probability density plots of U–Pb ages 

were made by using Isoplot/Ex_ver 2.49 (Ludwig, 2001). 

 

2.4.2 Zircon Lu–Hf isotopes 

Zircon Lu–Hf isotopes were analyzed at the State Key Laboratory of Geological 

Processes and Mineral Resources of the China University of Geosciences, Wuhan. The 

Lu–Hf isotopes were obtained from locations adjacent to the LA-LCP-MS sites using 

a Neptune MC-ICP-MS (Thermo Fisher Scientific, Germany) in combination with a 

Geolas 2005 excimer ArF laser ablation system (Lambda Physik, Göttingen, Germany). 

Based on the instrumentation and data acquisition protocols (Hu et al., 2012), the 

analyses were conducted with a beam of 44 μm, using the ICPMSDataCal to conduct 

the off-line signal selection and integration and mass bias calibrations (Liu et al., 2010). 

The parameters that were used to calculate the isotopes were as follows: 176Hf/177Hf 

ratios were 0.282793 (chondrite) and 0.28325 (depleted mantle), 176Lu/177Hf ratios 

were 0.0338 (chondrite) and 0.0384 (depleted mantle), the radioactive decay 

coefficient of 176Lu to 176Hf was 1.867 × 10−11a−1, and the 176Lu/177Hf ratio of 

bulk continental crust was 0.015 (Griffin et al., 2004; Iizuka et al., 2015; Söderlund et 

al., 2004). 

 

2.4.3 Major and trace element geochemistry 

All the samples for whole-rock geochemical analysis were trimmed to remove the 

weathered surfaces, and the fresh inner portions that remained were washed and 

crushed to a 200-mesh size in an agate mill. The analyses of major and trace elements 

were obtained by ICP-emission spectrometry and inductively coupled plasma-mass 

spectrometry (ICP-MS) using natural rock standards as reference samples for 

calibration at the Acme Analytical Laboratories in Vancouver, Canada. Before the 

analysis of major elements, 0.2g of rock-powder was fused with 1.5g LiBO2 and then 

dissolved in 100 mL 5% HNO3. 
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Fig. 2.7. Zircon U–Pb concordia diagrams. (a) and (b) granodiorite sample NE13-30 

and NE13-31; (c) syenogranite sample NE13-38; (d) syenogranite sample NE13-39; (e) 

and (f) syenogranite sample NE13-43; (g) and (h) diorite vein sample LJ-205 and LJ-

206, respectively. The blue ellipses are concordant ages and the red dashed ellipses are 

discordant ones. The data used for calculating the mean 206Pb/238U ages are shown in 

the small rectangles in (a), (b), (c), (d) and (f). 
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One gram of each sample was placed in a furnace at 1000 °C for several hours before 

being cooled in desiccators and reweighed to calibrate the loss on ignition (LOI). The 

detection limit of ICP-emission spectrometry is 0.01%. Trace elements (including 

rare earth elements, REEs) were analyzed by ICP-MS on pulps after 0.25 g of rock-

powder was dissolved with four acid digestions.

 
Fig. 2.8. Zircon εHf(t) values vs. crystallization ages for five samples: NE13-30 

(granodiorite), NE13-38 (syenogranite), NE13-43 (syenogranite), LJ-205 and LJ-206 

(felsic veins). (a) shows the zircons from samples in this study and those from the Pan-

African granitoids, which represent the Lu–Hf isotopic field of basement in the 

Jiamusi–Khanka Block (Bi et al., 2014). (b) is an enlargement of (a) from 260 to 170 

Ma, showing the positive trending of zircon εHf(t) values with a decrease in zircon U–

Pb ages in the Khanka Lake granitoids. 

2.5 Results 

2.5.1 Zircon U–Pb and Lu–Hf isotopes 

Seven samples (NE13-30, NE13-31, NE13-38, NE13-39, NE13-43, LJ-205, LJ-206) 

were analyzed for dating. Lu–Hf isotopes were analyzed for five of these samples: 

NE13-30, NE13-38, NE13-39, LJ-205, and LJ-206. The U–Pb and Lu–Hf isotopic 

analytical results are presented in Appendices 2 and 3, respectively, and typical CL 

images of zircons are shown in Fig. 2.6. 
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Fig. 2.9. Classification diagrams of major elements in the Khanka Lake granitoids. (a) 

Total alkalis vs. silica classification (TAS classification diagram, after Middlemost, 

1994); (b) K2O vs. SiO2 (Peccerillo and Taylor, 1976); (c) A/CNK vs. A/NK (A/NK = 

[molar Al2O3 / (Na2O + K2O)], A/CNK = [molar Al2O3 / (CaO + Na2O + K2O)]; 

Maniar and Piccoli, 1989). 

2.5.1.1. Granodiorite (samples NE13-30 and NE13-31) 

The zircons from the granodiorite samples NE13-30 and NE13-31 are elliptical or 

rounded in shape with length/width ratios varying from 1.5:1 to 4:1, and the lengths 

range from 100 μm to 350 μm (Fig. 2.6). Most of the zircons show weak oscillatory 

zones. The Th/U ratios range from 0.37–0.95 for sample NE13-30 and 0.11–0.65 for 

sample NE13-31 (Appendix 2), indicating a magmatic origin. Thirty-three sites were 

analyzed from sample NE13-30, and 26 concordant data were obtained, which cluster 

between 246 and 252 Ma with a weighted mean age of 249 ± 2 Ma (MSWD = 0.44; 

Fig. 2.7a). For sample NE13-31, the 206Pb/238U ages range from 246 to 251 Ma, with 

a weighted mean age of 249 ± 1 Ma (MSWD = 0.26, n = 22; Fig. 2.7b) and with one 

inherited grain with an age of 337 Ma. 
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Fig. 2.10. Chondrite-normalized REE patterns and primitive mantle-normalized trace 

element spider diagrams for Early Triassic granodiorites (a and b) and Late Triassic to 

Early Jurassic granites (c and d). Chondrite and primitive mantle normalization values 

are from Sun and McDonough (1989). 

Sample NE13-30 was chosen for in-situ Lu–Hf isotope analyses on 25 zircons with 

concordant U–Pb ages. The 176Hf/177Hf ratios range from 0.282601 to 0.282666, the 

εHf(t) values vary from -1.29 to 0.97 (Fig. 2. 8b), and their TC model ages from 1057 

to 1182 Ma (Appendix 3). 

 

2.5.1.2. Syenogranite (samples NE13-38, NE13-39, and NE13-43) 

The zircons from biotite syenogranite sample NE13-38, NE13-39 and NE13-43 have 

rounded or elongate shapes with lengths of 100–380 μm and length/width ratios of 

1:1–4.5:1 (Fig. 2.6). Most of the zircons show magmatic oscillatory zones in the CL 

images, but some zircons from sample NE13-39 are dark in CL and without obvious 

oscillatory zones (Fig. 2.6). The Th/U ratios range from 0.31–1.07 for sample NE13-

38, 0.34–0.84 for sample NE13-39, and 0.11–0.97 for sample NE13-43 (Appendix 2), 
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supporting a magmatic origin. 

 

Fig. 2.11. Petrogenetic diagrams for the Early Triassic Khanka Late granodiorite. (a) 

Sr/Y vs. Y and (b) (La/Yb)N vs. (Yb)N; both indicate adakite-like features. 

Nineteen and 23 concordant data for samples NE13-38 and NE13- 43, record weighted 

mean ages of 209 ± 3 Ma (MSWD = 2.7; Fig. 2.7c) and 208 ± 2 Ma (MSWD = 0.9; 

Fig. 2.7e), respectively. Nineteen concordant data for sample NE13-39 give a weighted 

mean 206Pb/238Uage of 199 ± 3 Ma (MSWD = 0.79; Fig. 2.7d). It is notable that one 

zircon with similar CL features to those in the granodiorites (NE13-30, NE13-31) 

records a 206Pb/238U age of 239 Ma. In sample NE13-43, there is also one inherited 

zircon with an age of ca. 340 Ma. 

 

According to the two ages of emplacement (199 Ma and ~ 208 Ma), in-situ zircon Lu–

Hf isotope analyses were conducted on 22 zircons from sample NE13-38 (~ 209 Ma) 

and 22 zircons from sample NE13- 39 (~ 199 Ma). The 176Hf/177Hf ratios of zircons 

from sample NE13-38 are 0.282698–0.282792,  and  the  εHf(t)  values  range  

from  1.04  to 4.44 (Fig. 2.8b), with TC model ages from 831 to 1020 Ma. However, 

the zircons from sample NE13-39 show higher 176Hf/177Hf ratios of 0.282791–

0.282832 and more positive εHf(t) values of 4.26–5.56 and younger TC model ages 

from 760 to 832 Ma (Appendix 3). The single zircon with an age of 239 Ma has an 

εHf(t) value of 0.04 and a TC model age of 1099 Ma, which is similar to that of zircons 

in the granodiorite (~249 Ma). 



66 
 

2.5.1.3. Diorite veins (samples LJ-205 and LJ-206) 

Two samples (LJ-205, LJ-206) from diorite veins were selected for U–Pb and Lu–Hf 

isotopic analyses. The zircons can be divided into two groups according to their 

different characteristics in the CL images. The length of the first group ranges from 50 

to 260 μm, with length/ width ratios of 1.5:1–4:1 (Fig. 2.6). Zircons from the other 

group are smaller in size with lengths of 50–150 μm and length/width ratios of 1.1–

2:1. All the zircons of the first group have typical magmatic oscillatory zones, but the 

other group shows only weak zoning (Fig. 2.6). The high Th/U ratios of 0.22–1.20 

confirm a magmatic origin (Appendix 2). Thirty-four sites were analyzed in sample 

LJ-205 and 18 concordant data were obtained, with ages ranging from 187 Ma to 218 

Ma (Fig. 2.7g). Sample LJ-206 yielded 17 concordant ages from 30 analyses, and they 

ranged in age from 184 Ma to 209 Ma (Fig. 2.7h). In both samples, zircons from 199 

Ma to 218 Ma were similar to those from the biotite syenogranite, indicating that these 

are likely inherited zircons captured from the surrounding rocks. It is considered that 

the younger zircons with ages of 184–195 Ma mark the intrusion age of the two veins. 

Twelve zircons with concordant ages from sample LJ-205 were selected for Lu–Hf 

isotopic analyses. The 176Hf/177Hf ratios and εHf(t) values are 0.282668–0.282819 and 

−0.04–4.65 (Fig. 2.8b), respectively. The TC model ages range from 801 Ma to 1080 

Ma. From sample LJ-206, 10 Lu–Hf isotopic data were obtained, having εHf(t) values 

of 2.90–3.92 and TC model ages of 847–904 Ma. 

 

2.5.2 Major and trace elements 

Geochemical analyses were carried out on 5 samples of granodiorite and 22 samples 

of syenogranite; results are listed in Appendix 1.  
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Fig. 2.12. Petrogenetic diagrams for the Late Triassic to Early Jurassic Khanka Lake 

syenogranite. (a) (Na2O + K2O) vs. (Ga × 10,000/Al) and (b) (Na2O + K2O) vs. (Zr + Nb 

+ Ce + Y) (after Whalen et al., 1987). (c) P2O5 vs. SiO2, (d) Y vs. Rb and (e) Th vs. Rb 

(after Chappell, 1999; Li et al., 2007). (f) Ba vs. Sr (after Janoušek et al., 2004). (g) Total 

REE vs. SiO2. 
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2.5.2.1. Granodiorite 

The five samples plot near the intersection of granodiorite, quartz diorite, and quartz 

monzonite on the Na2O + K2O vs. SiO2 diagram (Fig. 2.9a). With K2O contents of 

1.51–3.42%, they plot in the medium- to high-K calc-alkaline series in the K2O vs. 

SiO2 diagram (Fig. 2.9b). The K2O/Na2O ratios range from 0.33–0.90, and the ratios 

of A/CNK (Al2O3 / (CaO + Na2O + K2O)mol) range from 0.92 to 0.99 (<1.0), displaying 

a metaluminous character (Fig. 2.9c). An important characteristic of the granodiorites 

is the relatively high Al2O3 contents (16.54–17.20%) and low MgO contents (1.60–

1.83%), which means they plot in the field of adakites (Defant and Drummond, 1990). 

The Mg# of 48–50 (Mg# = 100 × Mg / (Mg + Fetotal) as atomic ratio) are higher than 

normal crust-derived granitoids (Rapp and Watson, 1995; Rapp et al., 1991). 

 

All five samples show strongly fractionated chondrite- normalized REE patterns (Fig. 

2.10a; Sun and McDonough, 1989) with total REE concentrations from 86 to 122 and 

(La/Yb)N from 16 to 25 (Appendix 1). The HREE pattern is relatively flat and the Eu 

anomalies are negative to weakly positive (δEu = 0.87–1.27; δEu = (EuN/SQRT (SmN 

× GdN)) (Appendix 1). The samples show high Sr (743–840 ppm) but low Yb (0.56–

0.85) and Y (6.90–9.80) concentrations, with high Sr/Y ratios (76–122; Appendix 1). 

Rubidium, Ba, Sr, Zr, and Hf show positive anomalies, whereas Nb, Ta, and P have 

negative anomalies (Fig. 2.10b). 

 

2.5.2.2. Syenogranite 

Twenty-two samples of granite (NE13-(40–42); LJ-(190–194); NE13-(44–47), LJ-

(200–204), and LJ-(208–212)) plot in the field of granite in the plutonic igneous rock 

diagram (Fig. 2.9a), and they can be subdivided into two groups. Group 1 includes 5 

syenogranite samples: LJ-200 to LJ-204, whereas Group 2 includes the 17 

syenogranite samples: NE13-(44–47), LJ-(190–194) and LJ-(208–212). Group 1 has 

relatively low SiO2 contents (68.97–74.67%) and K2O/Na2O ratios (0.26–0.76), 

compared to Group 2 which has extremely high SiO2 contents (75.74–78.15%) and 
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higher K2O/Na2O ratios (0.95–2.37) (Appendix 1). However, Group 1 and 2 share 

some similarities. The A/CNK values of both groups cluster between 0.92–1.11, 

mostly from 1 to 1.1, indicating a weak peraluminous character (Fig. 2.9c). Fe2O3
T and 

MgO are relatively low (0.26–1.62% and 0.05–0.23%, respectively), and the Mg# 

values are from 19.9 to 32.2. In addition, the samples show enrichment in LREEs and 

LILEs, depletion in Rb, Ba, Th, K, Zr, and Hf, and negative anomalies of Nb, Ta, P, 

and Ti (Fig. 2.10d). 

 

In addition, samples LJ-200 and LJ-202 in Group 1 have the highest total REE contents 

and strongest negative Eu anomalies (Fig. 2.10c). Samples LJ-(208–212) in Group 2 

can be distinguished from the other high-SiO2 granite samples (Fig. 2.9c) by showing 

lower total REE concentrations (26.12–79.64 ppm) and weaker Eu anomalies (δEu = 

0.50–1.06), whereas other high-SiO2 samples have total REE of 66.44–121.04 ppm 

and δEu  of 0.12–0.56 (Fig. 2.10c). 

 

2.6 Petrogenesis of the Khanka Lake granitoids 

2.6.1 Petrogenesis of the granodiorites (ca. 249 Ma) 

The most outstanding feature of the granodiorites is that they plot in the field of 

adakites (Fig. 2.11a). High Sr (743–840 ppm, average 799), Sr/Y (76–122, average 97), 

(La/Yb)N ratios (16–25; Fig. 2.11b), Al2O3 (ca. 17%) and Na2O (3.8–4.6%) with low 

Y, Yb (<10 and 1, respectively) are similar to classical adakites (Defant and 

Drummond, 1990; Peacock et al., 1994; Smithies, 2000). 

 

Adakites were originally attributed to the partial melting of young subducted slabs 

(<25 Ma; Defant and Drummond, 1990), but later studies have proposed alternative 

mechanisms for the origins of such rocks. These models include: partial melting of 

thickened lithosphere (Atherton and Petford, 1993; Barnes et al., 1996; Chung et al., 

2003; Condie, 2005; Gao et al., 2004; Hou et al., 2004), magma mixing between crust 

and slab-modified mantle (Guo et al., 2007, 2009), assimilation and fractional 
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crystallization of melts from the mantle wedge metasomatized by fluids from a 

subducted oceanic slab (Castillo et al., 1999) and partial melting from the mafic lower 

crust under normal pressure (Ma et al., 2015; Qian and Hermann, 2013). 

 

Melting of the mantle wedge does not explain the petrogenesis of the Khanka Lake 

granodiorite, since the low contents of Fe, Mg, Cr and Ni preclude the possibility that 

these adakite-like magmas could be generated from the mafic-ultramafic mantle wedge 

or the interaction between the parent magma with mantle peridotite (Castillo et al., 

1999; Defant and Drummond, 1990; Guo et al., 2007). In the present case, the slab-

melting model also cannot explain the chemical features of the Khanka Lake 

granodiorite. Oceanic crust is tholeiitic with low potassium contents, which is the 

reason why adakites always show low K2O and K2O/Na2O (<0.6; Xiao and Clemens, 

2007). However, the Khanka Lake granodiorites show medium-high K calc-alkalic 

features with relatively high K2O/Na2O ratios (>0.5), indicating that the source 

material could be basaltic rocks from the lower continental crust which have more 

potassium and shows Nb-Ta-Zr-Hf anomalies, different from MORB. The studied 

rocks have moderate Si2O contents (<70%), low Rb/Ba (<0.1), Nb/U (<15), which is 

similar to melts derived from mafic lower crust (Gao et al., 2004; Ma et al., 2015). 

Magma mixing between melts from the mafic lower crust and juvenile magma is more 

appropriate to explain the genesis of the Khanka Lake granodiorite. The εHf(t) values 

of the Khanka Lake granodiorite shows a small range from −0.9 to 1.3 (average 0.3, 

Fig. 2.8a) with two- stage model ages from 1182 to 1057 Ma, implying that the Mesoto 

Neoproterozoic basement of the Jiamusi–Khanka Block is important in the magma 

genesis (Griffin et al., 2000; Yang et al., 2015c). The low εHf(t) values of zircons also 

rule out the possibility of slab-melting. However, participation of juvenile crust is 

required because the εHf(t) values of zircons are beyond the range of the Pan-African 

basement of the Jiamusi–Khanka Block. There are extensive elliptical or elongated 

mafic enclaves in the granodiorite (Fig. 2.5a). The boundary between the enclaves and 

granodiorite is diffuse, indicating that both the mafic magma and felsic magma did not 

solidify during the mixing. The magma mixing explanation is also consistent with the 
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high Mg# of ~ 50, which is higher than the Mg# of melting from the lower crust (Rapp 

and Watson, 1995; Rapp et al., 1991). 

 

Traditionally, the high Sr/Y and La/Yb ratios in adakites with high K2O/Na2O are 

considered to be the signatures of partial melts from a thickened crust or foundered 

lower crust (depth >50 km; Chung et al., 2003; Gao et al., 2004). However, new 

experimental petrological research proposes that these adakite-like rocks are most 

likely derived from the partial melting of mafic lower crust at condition of 800–950 °C 

and 10–12.5 kbar, which corresponds to a depth of 30–40 km (Qian and Hermann, 

2013). By starting with a protolith composition of mafic lower crust in the North China 

Craton, the adakite-like characteristics can be generated in partial melts that are in 

equilibrium with two-pyroxene granulite (<33 km), garnet-bearing granulite (33–45 

km) or eclogite (>45 km), which means a thickened crustal setting is possible but not 

necessary (Ma et al., 2015). In the Jiamusi–Khanka Block, however, the known 

granulite is not two- pyroxene granulite or garnet-bearing granulite, but khondalite 

with a sedimentary protolith (Wilde et al., 1997), which cannot form the protolith of 

the adakite-like granodiorite (Qian and Hermann, 2013; Ma et al., 2015). Thus, it is 

difficult to estimate the partial melting P–T conditions of the Khanka Lake granodiorite, 

although the adakite-like characteristics are recognized. 

 

In summary, magma mixing between the melts from the old mafic lower crust and 

juvenile basaltic magma is responsible for the origin and evolution of the adakitic 

granodiorite during the earliest Triassic (ca. 249 Ma). A high-pressure environment is 

possible but not necessary in the source area. 

 

2.6.2 Petrogenesis of the syenogranite (209–199 Ma) 

Syenogranite samples of Group 1 plot in the field of A-type granite, whereas Group 2 

plots as highly fractionated I&S-type granite (Fig. 2.12a and b; Whalen et al., 1987). 
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However, Group 1 is different from typical A-type granite because of much lower Ga 

× 10,000/Al and Zr + Nb + Ce + Y (Fig. 2.12a, b; Whalen et al., 1987). There is also 

no mafic alkaline mineral, such as arfvedsonite or riebeckite, to confirm that they are 

A-type granite (Wu et al., 2003a, 2003b). Furthermore, the P2O5 content decreases 

with higher SiO2 within each group, indicating that they are I-type granites (Fig. 2.12c; 

Chappell, 1999; Deng et al., 2014; Li et al., 2007; Wolf and London, 1994; Wu et al., 

2003a), which is consistent with the plots of Th vs. Rb and Y vs. Rb (Fig. 2.12d, e; 

Chappell, 1999; Deng et al., 2014; Li et al., 2007). 

All granitoids show depletion of Ba, Nb, Ta, Sr, P and Ti, similar to the widespread 

highly-fractionated I-type granites in NE China, Tibet and South China (Chen and 

Tang, 2015; Li et al., 2007; Wu et al., 2003a, 2003b; Zhu et al., 2009). Both Sr and Ba 

decrease rapidly, which can be interpreted as the separation of either K-feldspar or the 

assemblage of plagioclase and biotite (Fig. 2.12f; Janoušek et al., 2004; Li et al., 2007; 

Zhu et al., 2009). However, the proportion of biotite and plagioclase decreases as the 

quartz and K-feldspar increase in the syenogranite, indicating that biotite and 

plagioclase are the dominant fractionated mineral phases. This differentiation also 

explains why, as the SiO2 content increases, the contents of Na2O and Al2O3 decrease, 

whereas K2O and Rb increase (figures not shown). The negative anomalies of Nb, Ta 

and Ti probably result from the fractionation of titanite in the parent magma (Xiong, 

2006), whereas the separation of apatite contributes to the decrease of P2O5 and REE 

content (Fig. 2.12c and g). The separation of these accessory minerals also fits the 

geochemical characteristic that some element contents (including P2O5, CaO, Fe2O3
T 

and TREEs) vary considerably when the SiO2 content stabilizes between 71%–74%. 

The TC model age range of 1020–831 Ma indicates that Neoproterozoic granitoids in 

the gneissic basement were likely the protolith of the syenogranite (Fig. 2.8b; Guo et 

al., 2010; Yang et al., 2015a). However, the εHf(t) values become more positive as the 

zircon age becomes younger and some zircons are more positive than the values of the 

basement of the Jiamusi–Khanka Block, indicating that the proportion of juvenile 

material in the parent magma increases with time (Fig. 2.8; Jahn et al., 2000; Jahn, 

2001; Wu et al., 2003b). In addition, they belong to the medium- to high-K calc-alkalic 
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series and depleted in HREE and HFSE and enriched in LREE and LILE, indicating 

an active continental margin environment (Grove et al., 2003; Pearce, 1982; Wang et 

al., 2015a, 2015b; Yang et al., 2015a, 2015b).The low Sr, Sr/Y, and Mg# and strongly 

negative Eu anomalies suggest that these granites are crust-derived at low-pressure 

because there is probably residual plagioclase in the source and no mixing with mantle 

magma occurred (Rapp and Watson, 1995; Zhang et al., 2006). 

It is concluded that the syenogranite was generated from reworking and remelting of 

basement, with some juvenile input, under low- pressure conditions within an active 

continental marginal setting.  They then experienced strong fractionation of 

plagioclase, biotite and some accessory minerals (including apatite and titanite). 

 

2.7 Tectonic implications 

2.7.1 Paleogeographic position of the Khanka Lake granitoids during 

the early Mesozoic 

 

In order to understand the tectonic setting of the Khanka Lake batholith, it is necessary 

to discuss the paleogeographic position of the Khanka Lake granitoids because after 

their emplacement they were likely moved northeastwards due to the Dun-Mi Fault, 

the northern segment of the Tan-Lu Fault (Fig. 2.2. 3; Wu et al., 2007, 2011; Xu et al., 

2013; Zhou et al., 2009a, 2009b). The initial activity on the Dun-Mi Fault has been 

dated along the ductile shear zone at ca. 161 Ma by the biotite Ar–Ar method, although 

the most important sinistral movement took place in the late Early Cretaceous, which 

produced pull-apart or graben basins in NE China (Sun et al., 2010). Most researchers 

suggest a sinistral displacement of 150–250 km based on studies of geological units 

which were cut by the strike-slip fault (Fig. 2.13). The Hulin and Jixi basins shared the 

similar uplifted basement, which was overlain by similar strata since the Early 

Cretaceous, indicating they belonged to an intact basin before being separated by the 

Dun-Mi Fault (Zhao et al., 2009). The Changchun-Yanji Fault and related accretionary 

complexes were also dislocated by the Dun-Mi Fault (Li et al., 2002; Wang et al., 2000). 
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It was estimated that a left-lateral offset of approximately 200 km occurred along the 

Dun-Mi Fault based on the above evidence. Therefore, the Khanka Lake granitoids 

should be moved southwest by ca. 200 km from their present location and thus should 

be near the present site of Mudanjiang and aligned with the Zhangguangcai Range in 

an N–S trending magma belt formed in the early Mesozoic (Fig. 2.13b). 

 
Fig. 2.13. Sketch map of major geological units in eastern NE China, including the 

granitoids, accretionary complexes, Cretaceous basins and major faults. (a) Present 

setting and (b) Early Cretaceous setting before major movement along the Dun-Mi 

Fault. Modified after Zhao et al. (2009) and Zhou et al. (2009b, 2013). LXR = Lesser 

Xing'an Range. ZGCR = Zhangguangcai Range. KLB = Khanka Lake batholith. JXB = 

Jixi Basin. HLB = Hulin Basin. Fault names: I. Changchun-Yanji Fault; II. Jia-Yi 

Fault; III. Dun-Mi Fault; IV. Mudanjiang Fault; V. Yuejinshan Fault 

2.7.2 The N–S trending magmatic belt in NE China 

The magmatic rocks along the western Jiamusi and Khanka Blocks and those in the 

Lesser Xing'an–Zhangguangcai Range constitute a N–S trending magmatic belt in NE 

China. Recently, more magmatic rocks of late Paleozoic to early Mesozoic age have 

been identified in the belt, which has two peak ages: late Permian to Early Triassic and 

Late Triassic to Early Jurassic (Fig. 2.2.3; Guo et al., 2010; Huang et al., 2008; Wu et 

al., 2001; Xu et al., 2013). 

  

Most plutons of the first stage are calc-alkali I-type granitoids (Guo et al., 2010; Wu et 

al., 2011), some of which are adakite-like granodiorites (black stars in Fig. 2.3). 
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Adakite-like granodiorites with zircon U–Pb ages of 244 Ma (Sr/Y = 28.0–127.6, δEu 

= 0.68–1.38) were reported to the northwest of Jiamusi city (Wei et al., 2008). 

Granitoids of ca. 245 Ma were also discovered in the middle Zhangguangcai Range, 

with a high Sr/Y ratio of 72 and δEu of 1.07 (Shao et al., 2013). Furthermore, a huge 

N–S trending granodiorite batholith with an age of 270–254 Ma crops out to the 

northeast of Mudanjiang city in the western Jiamusi Block, and part of it is also 

characterized by high Sr/Y ratios (18.04–90.95; Wu et al., 2001). If the offset on the 

Dun-Mi Fault were removed, the adakite-like granodiorites in the Khanka Lake 

batholith with ages of ca. 249 Ma would form the southern part of the belt of I-type 

and adakite-like rocks near Mudanjiang. 

 

The later stage of magmatism at 210–180 Ma is found around the northern and western 

margin of Khanka Lake (Khanchuk, 2010a; Yang et al., 2015a). These granites all have 

positive εNd(t) and/or zircon εHf(t) values (Guo et al., 2010; Wu et al., 2011). 

Contemporary igneous rocks (T3–J1) in the N–S trending magmatic rocks include 

various rock types. In the Lesser Xing'an–Zhangguangcai Range and western Khanka 

Block, intermediate to mafic rocks are found, including andesite, basalt, basaltic 

andesite and gabbro-diabase (228–202 Ma; Shao et al., 2013; Wang et al., 2015a, 

2015b) and olivine norite, gabbro, hornblendite and diorite (190–180 Ma; Guo et al., 

2015; Yu et al., 2012). Further research on geochemistry and isotopes indicates that 

they show island-arc characteristics and probably related to the mantle wedge 

metasomatized by slab-deriving fluids, resulting from the subduction of the Paleo-

Pacific Oceanic plate. Felsic rocks, such as granitoids, are more extensively distributed 

in the eastern NE China. The highly-fractionated I-type granitoids in the Lesser 

Xing'an–Zhangguangcai Range are the majority of the N–S trending magmatic belt 

(Wu et al., 2003a, 2003b, 2011). Recently, similar granitoids are found in the western 

Khanka Block and the Bureya Block. The granitoids and diorite enclaves (211–208 

Ma) in the Jidong area were generated by the magma mixing during the westwards 

subduction of the Paleo-Pacific Oceanic plate (Yang et al., 2015b). Whereas in the 

central Bureya Block, the N–S trending magmatic belt includes I-type leucogranite 
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and trachyrhyolite (210–199 Ma),  which  are  proposed to  be  related to the 

amalgamation between the Bureya Block and western CAOB blocks (Sorokin et al., 

2016). 

 

2.7.3 Tectonic setting of the Jiamusi–Khanka Block during the early 

Mesozoic 

The early Mesozoic magmatism in NE China is poorly understood with respect to the 

tectonic setting. The granitoids (including the adakite-like rocks) of Permian to Early 

Triassic age in the western Jiamusi–Khanka Block show typical I-type characteristics, 

such as A/CNK<1.0, Na2O/K2O>1, enrichment of LILEs and LREEs, relatively high 

CaO, and positive εNd(t) and/or εHf(t) values, which are consistent with an active 

continental margin setting. Igneous rocks formed in the active continental margin are 

also reported in the adjacent areas, with ages ranging from Early Permian to Early 

Triassic, such as andesite, dacite, rhyolite and granitoids  in  the  eastern  Jiamusi  

Block  (Meng et al., 2008; Yang et al., 2015a), and gabbros in the Dongfanghong  

area (Bi et al., 2015; Sun et al., 2015). The detailed studies on these igneous rocks 

show that they are generated along an active continental margin. Thus, it is proposed 

that the late Permian to Early Triassic granitoids are related to an N–S trending 

subduction system (Ge et al., 2016; Huang et al., 2008; Wu et al., 2001). 

 

For the Late Triassic to Early Jurassic granitoids, however, two extremely different 

hypotheses have been proposed: delamination during the post-collision stage of the 

eastern CAOB related to the closure of the Paleo-Asian Ocean (Xu et al., 2009, 2013; 

Yu et al., 2012) and subduction related to the Mudanjiang Ocean or the Paleo-Pacific 

Plate (Guo et al., 2015; Wilde and Zhou, 2015; Wu et al., 2011; Zhou et al., 2009a, 

2013, 2014). 

 

In order to discuss the tectonics of NE China during the early Mesozoic, it is important 

to understand the accretionary complexes along the eastern and western margins of the 
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Jiamusi–Khanka Block (Fig. 2.2.3). They are both Triassic to Middle Jurassic in age 

related to the Paleo-Pacific Ocean and Mudanjiang Ocean, respectively (Zhou et al., 

2009a, 2009b, 2014). In the west, the Heilongjiang Complex contains blueschists 

which are considered to be slices scraped from the Mudangjiang Ocean. The protoliths 

of these blueschists are OIB and E-MORB type basalts with zircon U–Pb ages from 

280 Ma to 210 Ma (Ge et al., 2016; Zhou et al., 2009a, 2009b), indicating that the 

Mudanjiang Ocean between the Jiamusi–Khanka Block and the eastern CAOB existed 

during the early Permian to Early Triassic, which denies the possibility of collision 

(including post-collision delamination) between the Jiamusi–Khanka Block and the 

western blocks. To the east, the Nadanhada Terrane is part of the Sikhote-Alin 

accretionary terranes which are the tectonostratigraphic terranes related to Paleo-

Pacific subduction (Cheng et al., 2006; Jahn et al., 2015; Khanchuk et al., 2016). 

Sediments ranging from pelagic chert to terrigenous turbidite in the Nadanhada 

Terrane were mainly deposited from the Triassic to Middle Jurassic (Shao et al., 1991). 

Mafic to ultramafic rocks are separated from these sedimentary rocks by faults, and 

include OIB with an age of ca. 170 Ma and minor N-MORB with an age of 216 Ma 

(Cheng et al., 2006; Zhou et al., 2014). However, the final assemblage between the 

Nadanhada Terrane and Jiamusi Block took place between 150 Ma and 130 Ma, as is 

constrained by the youngest paleontological age of sediments and the zircon U–Pb age 

of an undeformed S-type granite intruding the Nadanhada Terrane (Zhou et al., 2014). 

So during the early Mesozoic, the effect of subduction of the Paleo-Pacific and the 

Mudanjiang Oceanic plates is of great importance in the eastern CAOB and can 

explain the sub-parallel N–S trending magmatic belt. 

 

The closure of the Paleo-Asian Ocean and final collision of the CAOB in this area, 

along the Changchun-Yanji suture zone at the southwestern margin of Khanka Block, 

was  completed  before  the  late  Paleozoic  (Li et al., 2014; Xu et al., 2014; 

Zhao et al., 2013). Some Late Triassic A-type rhyolites were generated in the Suifenhe 

area, indicating local post-collision extension of the southeastern CAOB (Xu et al., 

2009). However, this kind of A-type rhyolite is rare in the Lesser Xing'an–
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Zhangguangcai Range, which is instead dominated by I-type granitoids, indicating the 

different tectonic realm from the Paleo-Asian Ocean (Wu et al., 2003a, 2003b, 2011). 

In addition, the trend of the magmatic belts associated with different tectonic realms 

are distinct: the N–S trending magma belt in the Lesser Xing'an–Zhangguangcai Range 

and western Khanka Block is consistent with the subduction direction of the Paleo-

Pacific Ocean and Mudanjiang Ocean, whereas the magmatic belts associated with the 

Paleo-Asian Ocean trend roughly E–W along some large suture zones, including the 

Xinlin-Xiguitu suture zone and the Xar Moron-Changchun-Yanji Fault zone (Figs. 2.1 

and 2.2; Li, 2006; Xiao et al., 2003; Xu et al., 2014). 

 

Another important question about the Mesozoic tectonic setting in NE China is the 

relationship between the Mudanjiang Ocean and Paleo-Pacific Ocean. The Mudanjiang 

Ocean was located between the Bureya–Jiamusi–Khanka Block and the Songliao 

Block, represented by the Heilongjiang Complex that consists of the accretionary 

complex and remnant oceanic crust of the oceanic crust (Zhou et al., 2009a). The 

Mudanjiang Ocean was considered to be a small ocean, alike to the Red Sea (Zhou et 

al., 2009a). However, some new data from the blueschist near Yilan indicate that the 

ocean was opened at least from ca. 280 Ma and closed before the Late Jurassic, 

indicating the width of the oceanic crust is possibly larger than the previously 

estimated scale (Ge et al., 2007). However, it is proposed that the subduction of the 

Mudanjiang Ocean is under the Paleo-Pacific Ocean tectonic realm based on the 

following evidence. Firstly, the Bureya–Jiamusi–Khanka Block is a continental crust 

fragment. No matter deriving from the northern Gondwana (Wu et al., 2007) or the 

CAOB (Zhou et al., 2010), the area of the Bureya–Jiamusi–Khanka Block is only ~ 

300,000 km2, not large enough to separate two different oceans, suggesting the 

Mudanjiang Ocean is probably a branch of the Paleo-Pacific Ocean. Secondly, the N–

S trending magmatic belt indicate the subduction of the oceanic crust is E–W trending, 

which is consistent with the tectonic realm of the Paleo-Pacific Ocean (Maruyama et 

al., 1997). 
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Therefore, the weight of evidence indicates that the Bureya–Jiamusi– Khanka Block 

was within the realm of the Paleo-Pacific Ocean, not the Paleo-Asian Ocean. This is 

further substantiated by the fauna of the southwestern Khanka Block, including early 

to late Permian fusulinids and ammonoids from limestone in the Yanji area, 

establishing that the Khanka Block has similarities to other circum-Pacific terranes 

(Shao et al., 1995). As a result, the continental arc associated with Paleo-Pacific 

subduction resulted in a N–S trending belt of thickened lithosphere from the late 

Permian to Early Triassic, with continuous subduction of the Paleo-Pacific Oceanic 

plate causing remelting of juvenile crust throughout this period. 

 

2.8 Conclusions 

(1) The Khanka Lake granitoids in NE China consist of granodiorite with zircon U–

Pb ages of ca. 249 Ma, together with syenogranite between 209 and 199 Ma. Some 

diorite veins intruded the batholith between 195 and 184 Ma. 

 

(2) The ca. 249 Ma granodiorites are medium-high potassium, adakite-like rocks 

produced by magma mixing between the melts from lower continental crust and 

juvenile basaltic rocks. 

 

(3) The 199–209 Ma granitoids are highly fractionated I-types derived from remelting 

of juvenile lower crust under low pressure. 

 

(4) The Khanka Lake batholith was most likely the southern part   of the N–S 

trending Lesser Xing'an–Zhangguangcai Range in NE China before activity along the 

Dun-Mi Fault moved it ca. 200 km to the northeast. This belt formed at an active 

continental margin from the late Permian to Early Triassic, with Paleo-Pacific (and 

Mudanjiang) Ocean subduction was responsible for the remelting of juvenile crust 

during the Late Triassic to Early Jurassic. 
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(5) The Khanka Block was thus in a subduction setting of the PaleoPacific Ocean 

realm during the earliest Mesozoic. 
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Chapter 3 U-Pb Dating and Lu-Hf Isotopes of Detrital Zircons From 

the Southern Sikhote-Alin Orogenic Belt, Russian Far East: Tectonic 

Implications for the Early Cretaceous Evolution of the Northwest 

Pacific Margin 

 

3.0 Abstract  

The Sikhote-Alin orogenic belt in Russian Far East is comprised of several N-S 

trending belts, including the Late Jurassic to Early Cretaceous accretionary prisms and 

turbidite basin which are now separated by thrusts and strike-slip faults. The origin 

and collage of the belts have been studied for decades. However, the provenance of 

the belts remains unclear. Six sandstone samples were collected along a 200 km long 

east-west traverse across the major belts in the southern Sikhote-Alin for U-Pb dating 

and Lu-Hf isotope analysis to constrain the provenance and evaluate the evolution of 

the northwest Pacific margin at this time. The result reveals that the sediments from 

the main Samarka belt was mainly from the adjacent Bureya-Jiamusi-Khanka Block 

(BJKB); the eastern Samarka belt and the Zhuravlevka turbidite basin were supplied 

by detritus from both the North China Craton (NCC) and the BJKB; the Taukha belt 

was mainly fed by sediments from the NCC; whereas the data from the Sergeevka 

nappes are insufficient to resolve their provenance. In the Late Jurassic to Early 

Cretaceous, collision and subduction was important in the initial collage of most belts 

in Sikhote-Alin. However, merely E-W trending collage cannot explain the increasing 

importance of the NCC provenance from west to east. It is proposed that the main 

Samarka belt was located adjacent to the BJKB when deposited, whereas the other 

belts were farther south to accept the materials from the NCC. Sinistral strike-slip 

faulting transported the eastern belts northward after their initial collage by thrusting. 
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3.1 Introduction 

The East Asian continent consists of three major cratons which are, from north to south, 

the Siberia Craton, North China Craton, and South China Craton (Fig. 3.1). Several 

orogenic belts/suture zones welded the cratons to form the tectonic framework of 

northeastern Asian continent. 

 

The Central Asian Orogenic Belt (CAOB) is located between the Siberia and North 

China cratons. This gigantic orogenic belt is composed of many arcs, basins, and 

continental blocks within the Paleo-Asian Ocean which was closed in the Late 

Paleozoic (Chen et al., 2016; Rowley et al., 1985; Şengör, 1984; Șengör et al., 1993; 

Sengör & Natal’In, 1996; Song et al., 2015; Wilde, 2015; Windley et al., 2007; Xiao 

et al., 2003; Xu et al., 2015; Zhao et al., 2013; Zonenshain, 1973). The eastern segment 

of the Mongol-Okhotsk Ocean between the CAOB and Siberia Craton did not close 

until the Early Cretaceous (Donskaya et al., 2013; Khanchuk, Didenko, Popeko, et al., 

2015; Kravchinsky et al., 2002). The South China Craton (SCC) collided with and was 

subducted beneath the North  China  Craton  (NCC)  along  the  Dabie-Sulu  

Orogen between ca. 240–225 Ma, resulting in high-pressure and ultrahigh-pressure 

metamorphism (Liu & Liou, 2011; Wu & Zheng, 2013; R. Zhang et al., 2009), whereas 

the orogenic belt along the East Asian margin belongs to the Pacific tectonic realm or 

the Pacific orogenic belt, which was active after the collage of the three major cratons 

(Zhou & Li, 2017). There are numerous Mesozoic to Cenozoic accretionary complexes, 

arcs, and continental blocks in the Pacific tectonic realm, extending from Taiwan to 

Kamchatka for ~3,000 km. The Pacific orogenic belt is named as “Nipponides” by 

Sengör and Natal’In (1996). 
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Fig. 3.1. Tectonic framework of East Asia at the end of the Early Cretaceous 

after termination of northward transport. Modified after Sun, Xu, Wilde, & 

Chen (2015) and Xu et al. (1987). Japanese Islands are moved back to the Asian 

continental margin before the opening of the Sea of Japan (Khanchuk, 2001; 

Kojima, 1989; Taira, 2001). The main strike-slip faults in East Asia are 

(numbers in black circles): 1. Central Sikhote-Alin Fault; 2. Median Tectonic 

Line; 3. Dun-Mi Fault; 4. Jia-Yi Fault; and 5. Tan-Lu Fault. 

The Sikhote-Alin orogenic belt is part of the Pacific orogenic belt and is located along 

the eastern margin of the CAOB (Figs. 3.1 and 3.2). Over the past 30 years, many 
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studies on paleontology, stratigraphy, and paleomagnetism were carried out to reveal 

the geological history of the NNE trending belts of the Sikhote-Alin orogenic belt and 

adjacent areas. The lithology and structural features of belts in Sikhote-Alin were 

compared and associated with the Japanese Islands, especially SW Japan. However, 

the origin and tectonic evolution of these belts are still very controversial. Based on 

the “terrane tectonics” theory, many late Mesozoic “tectonostratigraphic terranes” 

were identified in NE China, Sikhote-Alin, and Japanese Islands (Fig. 3.1; Howell et 

al., 1985; Khanchuk, 2001; Kojima, 1989; Kojima et al., 2000; Mizutani, 1987; Shao 

& Tang, 1995). Most boundaries between these terranes/belts are thrusts or strike-slip 

faults. The terranes were believed to be transported from south to north by the strike-

slip faults, and the displacement was estimated from hundreds to thousands of 

kilometers (Gilder et al., 1999; Khanchuk, 2001, 2016; Lee, 1999; Xu et al., 1987; Xu 

& Zhu, 1994; Yin & Nie, 1993). However, collisional orgeny was recognized in SW 

Japan and some other places in the continental margin (Charvet et al., 1985; Faure et 

al., 1986; Natal’in, 1993; Otsuki, 1992). The collision of buoyant blocks (mature arcs 

or continental blocks) onto the hinterland is considered to be very important to shape 

the tectonics of the East Asia, such as the large thrust sheet/nappe tectonics. There are 

some other studies suggesting that the Pacific tectonic realm is a typical “accretionary 

orogen,” especially for the Japanese Islands. In their models, Japanese Islands were 

basically an accretionary complex built in long-term subduction of the Paleo-Pacific 

Ocean. High-pressure metamorphism and ridge subduction were important for the 

deformation and magmatism in the SW Japan according to their models (Isozaki et al., 

2010; Maruyama, 1997). 

 

In Sikhote-Alin, detailed research has been implemented on structural geology, 

micropaleontology, and magmatism (Golozoubov et al., 1999; Jahn et al., 2015; 

Khanchuk, 2001; Khanchuk et al., 1996; Kemkin & Kemkina, 2000; Kojima, 1989; 

Kojima et al., 2008; Tang et al., 2016). However, the provenance issue, which is very 

significant to understand the origin and tectonic history of the belts, remains unclear. 

U-Pb dating and Lu-Hf isotopes of detrital zircons are an effective means for 
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determining the provenance of sediments (Bingen et al., 2001; Cawood et al., 2012; 

Fernández et al., 2010; Fernandez-Suarez et al., 2002; Gehrels, 2014; Grasse et al., 

2001; Gutiérrez-Alonso et al., 2003; Wyld & Wright, 2001). Here we present U-Pb 

dating and Lu-Hf isotopic data for detrital zircons from the southern Sikhote-Alin 

orogenic belt in order to ascertain their maximum depositional age, their provenance, 

and to better understand the tectonic processes operating along the eastern Asian 

continental margin during the Late Jurassic to Early Cretaceous. 

 

3.2 Geological Outline of the Southern Sikhote-Alin Orogenic Belt 

The southern Sikhote-Alin orogenic belt is located to the east of the Bureya-Jiamusi-

Khanka block (BJKB), which has a Neoproterozoic basement ca. 850–960 Ma in age 

and records late Pan-African granulite-facies metamorphism at ~500 Ma (Fig. 3.1; 

Wilde et al., 1997; Wilde et al., 2003; Yang et al., 2017). After Jurassic, the BJKB 

became the easternmost part of the CAOB. However, the location of the BJKB prior 

to the Jurassic is controversial, with some authors considering it to be part of the 

CAOB that underwent rifting in the Triassic (Zhou et al., 2009), whereas others have 

considered it is an exotic block that was accreted to the CAOB in the Jurassic (Wu, 

Han, et al., 2007), possibly being derived from Gondwana (Wilde et al., 1999) or 

Siberia (Zhou et al., 2009). New detrital zircon data show that the Jiamusi Block may 

have affinity of the Tarim Craton (Luan et al., 2017). These various hypotheses have 

been invoked to explain the origin of the Heilongjiang Complex, developed along the 

western margin of the Jiamusi Block, which is an accretionary complex that welded 

the Jiamusi Block to the Songliao Block of the CAOB in the Early Jurassic (Wu, Han, 

et al., 2007; Zhou et al., 2009). Significantly, terrigenous rocks in the Sikhote-Alin 

orogenic belt along the eastern margin of the BJKB were mainly deposited after the 

Early Jurassic. The N-S trending belts/zones investigated in this study are, from west 

to east, the Samarka accretionary complex (Jurassic), the Zhuravlevka turbidite basin 

(Early Cretaceous), and the Taukha accretionary complex (Early Cretaceous). In 

addition, the Sergeevka nappes are thrust over the southern Samarka accretionary 
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complex. The northwestern boundary of the Taukha belt and the boundary between the 

Kema and Zhuravlevka belts are likely thrusts. However, the western boundary of the 

Taukha belt is sinistral strike-slip fault. Likewise, the Central Sikhote-Alin Fault, the 

boundary between the Samarka belt and the Zhuravlevka basin, is a famous sinistral 

strike-slip fault in the Russian Far East (Fig. 3.2a and 3.2b). 

 

The oldest units in the Sikhote-Alin are the Sergeevka nappes (SR on Fig. 3.2a), which 

include several separate early Paleozoic continental fragments that were thrust over 

the Samarka belt (SM on Fig. 3.2a). These nappes are also known as the Sergeevka 

Terrane in the Russian literatures (Khanchuk et al., 2016), although it is inappropriate 

to refer to these as a terrane because they are present in several areas and do not form 

a coherent geological unit (Fig. 3.2a). The Sergeevka nappes contain Early Ordovician 

granitoids with a biotite Ar-Ar age of 491 Ma (Fig. 3.2a; Khanchuk et al., 1996). The 

fragments mainly comprise gabbro, diorite, migmatite, and amphibolite and are 

themselves overlain by Jurassic conglomerate and sandstone (Fig. 3.3, 3.4, and 3.5c 

and 3.5d). Some blueschist-facies metamorphic rocks are present between the Jurassic 

sedimentary rocks and Early Paleozoic continental fragments, representing a pre-

Cretaceous orogeny (Khanchuk, 2006; Khanchuk et al., 2016). 

 

The Samarka belt is a Late Jurassic accretionary complex (SM on Fig. 3.2a) that 

consists of several deformed tectonic slices or thrust sheets (Fig. 3. 4). The boundaries 

between slices are reverse faults/thrusts. In each slice, the depositional sequence 

changes from chert and siltstone upward into sandstone. At the top of some slices, 

sedimentary rocks were faulted and folded into mélange that is characterized by strong 

deformation and contains blocks of various sizes (Fig. 3.3 and 3.5a and 3.5b; Kemkin, 

2008). The chert varies in age from Late Permian to Early Jurassic and represents 

pelagic sediments. In contrast, the clastic rocks are mainly terrigenous and Late 

Jurassic in age (Kemkin et al., 2006). 
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Fig. 3.2. (a) Geological map of the southern Sikhote-Alin. Modified after 

Grebennikov et al. (2016). Abbreviations: JB = Jiamusi Block; KB = Khanka 

Block; SR = Sergeevka nappes; KHB = Khabarovsk belt; NB = Nadanhada-

Bikin belt; SM = Samarka belt; KS: Kisilevsky belt; ZH = Zhuravlevka 

turbidite basin; TU = Taukha accretionary complex; KM = Kema arc. Faults 

(numbers in black circles): (1) Dun-Mi Fault, (2) Koukansky Fault, (3) 

Arsen’evsky Fault, (4) Central Sikhote-Alin Fault, and (5) Fourmanovsky Fault. 

(b) Sample locations in the southern Sikhote-Alin belts. Numbers are 

abbreviated from samples SAL-19, SAL-40, SAL-41, SAL-48, SAL-49, and 

SAL-58. 

The mélange contains blocks of limestone, chert, and basalt within a siltstone matrix. 

Another feature of the Samarka accretionary complex is that it contains fragments of 
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Paleozoic ophiolites, including peridotite, gabbro, and basalt pillows, interpreted as 

components from an oceanic plateau but now outcropped as nappe/klippe in the 

Samarka accretionary complex (Khanchuk & Vysotskiy, 2016). The age of ophiolite 

was estimated as Late Devonian to Early Carboniferous based on the conodont and 

foraminifera research in the sedimentary rocks contacting the pillow basalts 

(Khanchuk & Vysotskiy, 2016). 

 

To the east, the Zhuravlevka turbidite basin (ZH on Fig. 3.2a) is truncated by the 

Central Sikhote-Alin Fault (Fig. 3.2a). The basin was mainly filled by turbidites 

showing well-developed Bouma sequences (Fig. 3.5e), with some chert and 

conglomerates cropping out locally. Faults accompanied by vertically dipping strata 

are present near the boundaries of the basin, whereas deformation in the interior is 

represented by broad folds, less steeply inclined strata and several NNE trending 

strike-slip faults and thrusts (Fig. 3.4). Heavy mineral studies and paleontological 

evidence suggest that depositional age spans the whole of the Early Cretaceous (from 

the late Berriasian to late Albian) and that these sediments were mainly derived from 

mature continental crust (Malinovsky & Golozubov, 2011). 

 

Along the margin of the Sea of Japan, the Taukha belt (TU on Fig. 3.2a) is a Late 

Jurassic to Early Cretaceous accretionary complex lying to the east of the Zhuravlevka 

turbidite basin and to the south of the Kema belt, an Early Cretaceous island arc (KM 

on Fig. 3.2a). The boundary between the Taukha belt and the Zhuravlevka basin is 

mainly sinistral strike slip with thrust characteristic in the north segment (Fig. 3.4; 

Golozoubov, 2006; Kemkin & Kemkina, 2000). The rock types in the Taukha 

accretionary complex are similar to those in the Samarka accretionary complex 

although the age is younger. 
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Fig. 3.3. Tectonostratigraphic column of the southern Sikhote-Alin belts, 

modified after Kemkin (2008), Kemkin and Kemkina (2015), Khanchuk et al. 

(2016), and Malinovsky and Golozubov (2011). Only part of the Sergeevka 

nappes is shown on this figure because the stratigraphic information is 

incomplete. 
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For example, in some areas where the original stratigraphic sequence has survived, the 

chert that has been dated from Late Triassic to Late Jurassic in age, changes upward to 

chert-mudstone, siltstone, turbidite, and olistostromes, which are latest Jurassic to 

Early Cretaceous in age (Fig. 3.3 and 3.5f; Kemkin & Kemkina, 2000). This chert-

siltstone-sandstone sequence is considered to represent oceanic plate stratigraphy 

(Berger & Winterer, 1974; Isozaki et al., 1990). Some mélange zones crop out where 

the siltstone and sandstone are strongly deformed by folds and faults in the northern 

Taukha belt. Jurassic basalts overlain by Late Jurassic chert are found locally in the 

northwest Taukha belt (Kemkin & Kemkina, 2000; Kemkin et al., 2016). Radiolarian 

research suggests that the limestone and chert blocks in the mélange could be as old 

as Late Devonian or Permian (Fig. 3.2b; Kemkin & Kemkina, 2000, 2015). 

 
Fig. 3.4. Cross section along the sampling traverse in the southern Sikhote-Alin 

orogenic belt. 

The Jurassic to Cretaceous belts in the southern Sikhote-Alin are separated by a series 

of faults which are, from west to east, the Arsen’evsky Fault, the Central Sikhote-Alin 

Fault, and the Fourmanovsky Fault (Faults 3, 4, and 5, respectively, on Fig. 3.2a). The 

Central Sikhote-Alin Fault is a sinistral strike-slip fault which is traceable for over 

1,000 km in length (Utkin, 2013), and the offset on this fault may be greater than 200 

km, based on the dislocated Samarka and Zhuravlevka belts (Fig. 3.1 and 3.2a; Utkin, 

1993). Deep seismic sounding shows that the Arsen’evsky and Central Sikhote-Alin 
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faults cut the Moho at a depth of ~40 km (Argentov et al., 1976). The Fourmanovsky 

Fault is characterized by sinistral strike slip in the western part with thrusting in the 

north part (Fig. 3.2). 

 
Fig. 3.5. Outcrop photographs of the southern Sikhote-Alin belts. (a) Foliated 

siltstone in the Samarka accretionary complex, (b) folded chert in the Samarka 

accretionary complex. Red curves mark the folds, (c) conglomerate in the 

Sergeevka nappes, including clasts of gabbro, sandstone, chert and quartzite, 

(d) cumulate gabbro in the Sergeevka nappes, (e) turbidite in the Zhuravlevka 

turbidite basin; (f) mélange in the Taukha accretionary complex, involving 

different-size sandstone lenses in foliated siltstone. 

During the Early Cretaceous to Paleogene, felsic magmatic rocks were emplaced 



104 
 

extensively into the belts of the southern Sikhote-Alin (Fig. 3.2a). The earliest 

granitoids are 131 to 124 Ma in age and are rare, only being found in the Nadanhada-

Bikin accretionary complex and the adjacent part of the Zhuravlevka turbidite basin 

(Fig. 3.2a; Cheng et al., 2006; Grebennikov et al., 2016; Jahn et al., 2015). However, 

magmatism was interrupted between 130 and 110 Ma in the other belts, after which it 

was reactivated by rapid oblique Paleo-Pacific subduction (the Izanagi Plate) and 

became quasi-continuous from 110 Ma to 56 Ma (Jahn et al., 2015; Kruk et al., 2014; 

Tang et al., 2016). 

 

The correlation between the Jurassic to Cretaceous belts in NE China, Sikhote-Alin, 

and SW Japan has been discussed for decades. Based on paleontological and 

paleomagnetic data, Kojima (1989) proposed that the Late Jurassic Nadanhada-Bikin 

accretionary complex in NE China and Sikhote-Alin are the northern extension of the 

Tanba-Mino belt in SW Japan (Fig. 3.1). Khanchuk (2001) also connected the arc 

magmatism and accretionary complexes in the Sikhote-Alin with equivalents in SW 

Japan. The correlation between the Taukha belt and the Northern Kitakami belt was 

supported by the paleontological research and stratigraphic characteristic (Kojima et 

al., 2008). 

 

3.3 Sample Locations and Petrology 

Six sandstone samples were collected along a 200 km traverse, extending from west 

to east in the southern Sikhote-Alin orogenic belt, in order to evaluate any changes in 

provenance within the belts, especially across the Central Sikhote-Alin Fault (Fig. 3.2b, 

3.3, and 3.4). 

 

Sample SAL-19 was collected in the central part of the Samarka belt. It is a sandstone 

within a fine- to medium-grained Bouma sequence. However, the chert-siltstone-

sandstone stratigraphic sequence is disrupted because of faults and folds (Fig. 3.5a). 

Some basalt blocks are present near the contact between the sandstone and the 

underlying folded and thinly bedded chert. Sample SAL-19 is a dark grey, fine-grained 
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sandstone that is poorly sorted with angular quartz grains that are 15–30 μm in length 

(Fig. 3.6a) and composed mainly of quartz (25%) and plagioclase (30%), with minor 

muscovite (1%). The space between the grains is filled by lithic fragments (45%), 

which are mainly felsic volcanic fragments. 

 

Sample SAL-40 was collected from the eastern Samarka belt, separated from sample 

SAL-19 by an unnamed fault (Fig. 3.2b). This fault cuts Paleogene granitoids, 

indicating movement after granitoid emplacement, although the precise timing of 

movement is unknown. Sample SAL-40 is a dark grey, coarse-grained sandstone that 

is poorly sorted or rounded (Fig. 3.6b). The main minerals are quartz (45%), 

plagioclase (25%), K-feldspar (10%), sericite (3%), and clay minerals (2%), with felsic 

lithic fragments (15%). The clastic grains are mainly 70–100 μm in length. Subgrained 

quartz and local quartz veins are observed in thin section (Fig. 3.6c). Adjacent to these 

areas, K-feldspar and quartz are weakly oriented and reduced in grain size (15–40 μm) 

due to granulation (Fig. 3.6c). 

 

Sample SAL-41 was collected from a Jurassic sandstone interbedded with 

conglomerate from one of the Sergeevka nappes. The conglomerate contains fragments 

of gabbro, chert, sandstone, and quartzite (Fig. 3.5c). Because the sample is small in 

size and was used to obtain zircons as a whole, no thin section was made of this sample. 

However, based on the outcrop, it is a grey, medium- to coarse-grained sandstone that 

is poorly sorted or rounded. Some small angular fragments of chert and gabbro, 0.5–2 

cm in diameter, were observed. 

 

Sample SAL-48 was obtained from the Zhuravlevka turbidite basin, located 50 km to 

the east of sample SAL-41. Sample SAL-48 is separated from samples SAL-40 and 

SAL-41 by the Central Sikhote-Alin Fault (Fault 4 on Fig. 3.2a). The outcrop consists 

of turbidite with interbedded mudstone and siltstone defining a Bouma sequence. 

Grains in sample SAL-41 are angular and poorly sorted and 30–150 μm in length (Fig. 

3.6d). It mainly comprises quartz (60%), plagioclase (25%), opaque minerals (10%), 
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and lithic fragments (5%). 

 

Two samples (SAL-49 and SAL-58) were collected from the Taukha accretionary belt 

(Fig. 3.2b). The former was located 40 km to the east of sample SAL-48 and the latter 

110 km northeast of SAL-48. Both samples from the Taukha accretionary complex are 

separated from sample SAL-48 (in the Zhuravlevka basin) by the Fourmanovsky Fault 

(Fault 5 on Fig. 3.2a). Sample SAL-49 is a coarse sandstone that contains minor 

subangular chert fragments (0.5–3 cm), and it is moderately well sorted and with 

poorly rounded grains that range in length from 100–200 μm. The main minerals are 

quartz (55%), K-feldspar (35%), and muscovite (5%), with lithic fragments (5%; Fig. 

3.6e). Sample SAL-58 was collected from a mélange that occurs in the northern 

Taukha belt, 60 km to the southwest of Plastun (Fig. 3.2a). There are numerous 

sandstone blocks within a matrix of siltstone (Fig. 3.5f), with the size of blocks varying 

from 5 to 150 cm in diameter. Sample SAL-58 shows no sign of deformation and the 

mineralogy consists of quartz (70%), K-feldspar (15%), and muscovite (5%), with 

lithic fragments (10%). The grains are poorly sorted with lengths from 20 to 150 μm 

(Fig. 3.6f). 

 

Overall, in the southern Sikhote-Alin orogenic belt, sandstones are always interbedded 

with mudstones and underlain by folded and/or faulted chert, showing a change from 

a typical pelagic marine sequence to terrigenous sedimentation. Some sandstones 

include angular fragments of chert and/or mudstone and show graded bedding 

(including Bouma sequences), suggesting strong hydrodynamic conditions related to 

turbidity currents. The quartz and feldspar grains are all poorly sorted and angular, 

with lithic fragments and feldspar collectively greater than quartz in some units. All 

these features are typical of sediments deposited on a continental slope and trench, 

resulting from erosion of an adjacent continental margin or an arc, with deposition by 

turbidity currents after short-distance transport. 
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Fig. 3.6. Photomicrographs of sandstone samples. (a) Sample SAL-19, (b) 

sample SAL-40, (c) deformed zone of sample SAL-40, in which weak 

deformation and sub-grained quartz can be observed, (d) sample SAL-48, (e) 

sample SAL-49; and (f) sample SAL-58. Abbreviation: Qtz = quartz; Pl = 

plagioclase; Kfs = K-feldspar; Lf = lithic fragments; Ms = muscovite. 

 

3.4 Methodology 

Zircons were separated from the six samples by standard heavy-liquid and magnetic 
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techniques and handpicked under a binocular microscope. About 200 zircon grains 

from each sample were embedded in a 25 mm epoxy resin disk and polished to 

approximately half of the grain’s thickness. Cathodoluminescence (CL) imaging was 

obtained using a Quanta 200 FEG Scanning Electron Microscope at the Key 

Laboratory of Orogenic Belts and Crustal Evolution of the Education Ministry of 

China, Peking University in order to observe the internal structure of the zircons. 

 

Zircon U-Pb isotopic analyses were carried out using laser ablation inductively 

coupled plasma mass spectrometry (LA-ICP-MS) at the Key Laboratory of 

Continental Collision and Plateau Uplift, Chinese Academy of Sciences, Beijing. Laser 

sampling was performed using a NewWave and ATL 193 nm ArF excimer laser 

ablation system (UP193FX), with short pulses (<4 ns) and a spot size of 35 μm. 

Element and isotope ion-signal intensities were acquired by an Agilent 7500a ICP-MS. 

Both high-purity helium and argon were used as carrier gases, which were mixed via 

a T-connector before entering the MS. Helium was adjusted by a mass flow controller 

installed in the laser system, whereas argon was controlled by the ICP-MS. Helium 

and argon carrier gas flows were optimized by ablating National Institute of Standards 

and Technology (NIST) Standard Reference Material (SRM) 612 reference glass to 

obtain maximum signal intensity for 238U and 208Pb, minimum oxide, and double-

charge interference, minimum gas blank, and most stable signal intensity. The 

analytical procedure was 15–20 s gas blank acquisition (warm up), 40 s data 

acquisition from the sample aerosol (ablation), and 45–55 s washout time in the spot 

sampling mode and TRF data acquisition mode of the Agilent ChemStation. Zircon 

91500 was used as an external standard for the matrix-matched calibration. NIST SRM 

612 reference glass was analyzed as an external standard for the trace element content 

calibration. The 91500 zircon and NIST SRM 612 standards were analyzed after each 

5 to 10 analyses. Off-line isotope ratios and trace element concentrations were 

calculated using the GLITTER_Ver4.0 program (Van Achterbergh et al., 2001); U-Pb 

concordia diagrams, weighted mean calculations, and probability density plots of U-

Pb ages were made using Isoplot/Ex_ver 3 (Ludwig, 2001). 
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The zircon Lu-Hf isotopes were analyzed at the State Key Laboratory of Geological 

Processes and Mineral Resources of the China University of Geosciences, Wuhan. 

Based on the in-house instrumentation and data acquisition protocols (Hu et al., 2012), 

the analyses were conducted with a beam of 44 μm, using the ICPMSDataCal program 

to conduct the off-line signal selection and integration and mass bias calibrations (Liu 

et al., 2010). The Lu-Hf isotopes of zircons were obtained from the same LA-LCP-MS 

sites or adjacent domains of same CL structure when insufficient material was 

available. Data were acquired using a Neptune MC-ICP-MS (Thermo Fisher Scientific, 

Germany) in combination with a Geolas 2005 excimer ArF laser ablation system 

(Lambda Physik, Göttingen, Germany). In order to correct for isobaric interferences, 

the mass bias of Hf (βHf) and Yb (βYb) were calculated using 179Hf/177Hf = 0.7325 

and 173Yb/171Yb = 1.13017, which were normalized by an exponential correction for 

mass bias (Segal et al., 2003). By measuring the interference-free 173Yb isotope and 

using 176Yb/173Yb = 0.79381, the interference of 176Yb on 176Hf was corrected 

(Segal et al., 2003). Similarly, the interference of 176Lu on 176Hf was corrected by 

measuring the interference-free 175Lu and using 176Lu/175Lu = 0.02656 (Blichert-

Toft & Albarède, 1997). Because of the similarity between Yb and Lu, the mass bias 

of Yb (βYb) was used to calculate the mass fractionation of Lu (Hu et al., 2012). Other 

parameters used to calculate the isotopes were as follows: 176Hf/177Hf ratios were 

0.282793 (chondrite) and 0.28325 (depleted mantle), 176Lu/177Hf ratios were 0.0338 

(chondrite) and 0.0384 (depleted mantle), the radioactive decay coefficient of 176Lu 

to 176Hf was 1.867 × 10-11 a-1, and the 176Lu/177Hf ratio of bulk continental crust 

was 0.015 (Griffin et al., 2004; Iizuka et al., 2015; Söderlund et al., 2004). 
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Fig. 3.7. Representative CL images of detrital zircons. Dashed and solid circles 

represent analytical spots of U-Pb and Lu-Hf isotopes, respectively. The 

numbers beside the circles are U-Pb ages and εHf(t) values. 

3.5 Results 

Representative CL images of the analyzed detrital zircons are shown in Fig. 3.7. The 

results of U-Pb dating and Lu-Hf isotopic analysis are shown in Fig. 3.8 and 3.9, 

respectively, with detailed analytical data presented in Tables 1 and 2, respectively. 

The ages of young zircons (<1,000 Ma) are shown by 206Pb/238U ages in Fig. 3.8 and 

9, whereas the old ones (>1,000 Ma) use 207Pb/206Pb ages. Zircon U-Pb ages with 

high discordance (>10%) were excluded from the calculations. 

 

When the age206Pb/238U of zircon is younger than 1,000 Ma, 

Discordance = (Age206Pb/238U/Age207Pb/235U – 1) ×100%; 

When the age206Pb/238U of zircon is older than 1,000 Ma, 

Discordance = (Age207Pb/235U/Age207Pb/Pb206 – 1) ×100%; 

Discordance is expressed by absolute value. 

 

Because of their sizes (<50 μm), not all the zircons could be analysed for Lu-Hf 

isotopes. Most detrital zircons are from felsic magmatic rocks which were melted from 

crust. Thus, εHf(t) and TDM2 are used here to evaluate the characteristics of the Lu-

Hf isotopes, representing the isotopic feature of the crust in which the zircons were 
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crystallized. 

 

Fig. 3.8. Age spectra of detrital zircons. The spectra diagram uses 206Pb/238U 

ages for young zircons (<1,000 Ma) and 207Pb/206Pb ages for old ones (>1,000 

Ma). Zircons with high discordance (>10%) are excluded. (a) Sample SAL-19 

from the central Samarka accretionary complex, (b) sample SAL-40 from the 

eastern Samarka accretionary complex, (c) sample SAL-41 from the Sergeevka 

nappes, (d) sample SAL-48 from the Zhuravlevka turbidite basin, (e) sample 

SAL-49 from the Taukha accretionary complex, and (f) sample SAL-58 from the 

Taukha accretionary complex. Four common age groups are marked by yellow 

bands, namely, 170–260 Ma, 450–550 Ma, 1.6–1.9 Ga, and 2.3–2.6 Ga. The late 

Pan-African age of 450–550 Ma is important in the BJKB, whereas the ~1.8 Ga 

and 2.5 Ga ages are dominant in the NCC. 

3.5.1 The Samarka Accretionary Complex 
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3.5.1.2 Sample SAL-19 

Most zircons are 30–200 μm in length and show magmatic oscillatory zones (Fig. 3.7), 

although a few zircons have core-rim structures. Seventy-three concordant ages were 

obtained from 95 analyses and define six age groups (Fig. 3.8a): 162–227 Ma (33%), 

236–268 Ma (19%), 275–434 Ma (12%), 452–579 Ma, 729–1,197 Ma (12%), and 

1,580–2,756 Ma (11%). Three peak ages are shown in the spectrum, 181 Ma, 263 Ma, 

and 502 Ma (Fig. 3.8a). The Th/U ratios of 72 of the concordant analyses vary from 

0.19 to 2.38, indicating a magmatic origin, and only one zircon with an age of 503 Ma 

has a Th/U ratio of 0.07, possibly indicating a metamorphic origin. Zircons from the 

Early Permian to Early Jurassic account for 59% of the analyses. Thirty zircons were 

analyzed for Lu-Hf isotopes and the εHf(t) values of 23 of these vary between -3 and 

11 (Fig. 3.9a), with TDM2 model ages from 494 to 1,456 Ma. However, four zircons 

with ages of 162–180 Ma show quite different εHf(t), ranging from -23 to -6, with 

TDM2 model ages of 3.8–2.1 Ga. 

 

3.5.1.2 Sample SAL-40 

Zircons from sample SAL-40 range from 40 to 150 μm in length and have a variety of 

structures and crystal forms. Some zircons show magmatic oscillatory zones, whereas 

some are sector zoned and others are only weakly zoned (Fig.3.7). Sixty-two zircons 

were analyzed, and 47 concordant ages were obtained with the Th/U ratios ranging 

from 0.1 to 7.1. In this sample, 36% of zircon ages range from 1.8 to 2.6 Ga with a 

peak age at 1.85 Ga, forming a major age group. There are five other age populations 

defined by Phanerozoic and Neoproterozoic zircons (Fig. 3.8b): 150–210 Ma (15%), 

246–285 Ma (19%), 302–389 Ma (11%), 458–507 Ma (9%), and 599–1,151 Ma (11%). 

Two age peaks are defined by the Phanerozoic zircons, namely, 205 Ma and 247 Ma. 

The εHf(t) values of the Phanerozoic zircons (507–150 Ma) are similar to those in 

sample SAL-19, mostly ranging from -0.7 to 10.7 (Fig. 3.9b), with TDM2 model ages 

from 1,211 to 508 Ma. One zircon with an age of 898 Ma recorded the most positive 

εHf(t) value of 11.2. The εHf(t) values of 2.4–1.9 Ga zircons range from -2 to 1.6, with 
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TDM2 model ages from 2.8 to 2.2 Ga. 

 

3.5.2 The Sergeevka Nappes 

Approximately 100 zircons were obtained from sample SAL-41, and most were too 

small to analyze (15–40 μm in diameter). Suitable zircons ranged from 40 to 100 μm 

in diameter and show weak or no zoning (Fig. 3.7), with Th/U ratios of 0.30–1.96. 

There were 26 concordant U-Pb ages from 49 analyses, with 11 Neoproterozoic 

zircons (761–1,010 Ma) accounting for 42% of the total, much higher than in other 

samples (Fig. 3.8c). The late Pan-African and Paleozoic zircons are the second most 

important population (seven zircons with ages from 301 to 489 Ma), whereas only one 

Mesozoic zircon was obtained with an age of 178 Ma. Only six zircons were large 

enough to be analyzed for Lu-Hf isotopes. Two Pan-African zircons show positive 

εHf(t) values of 0.5 and 10.5 (Fig. 3.9c); two other zircons with ages of ~1.0 Ga have 

εHf(t) values of -1.3 and 3.7, whereas those of two zircons ~1.8 Ga in age are -0.1 and 

1.0 (Fig. 3.9c). 

 

3.5.3 The Zhuravlevka Turbidite Basin 

Zircons from sample SAL-48 can be divided into two groups. One group is 

characterized by oscillatory zones and the grains are 80–200 μm in length, whereas the 

other group has weak oscillatory zoning, sector zoning, or no zoning at all and these 

grains have lengths from 80 to 150 μm (Fig. 3.7). Seventy-nine concordant zircon U-

Pb ages were recorded from 99 analyses. The Th/U ratios mostly range from 0.05 to 

1.92, although two zircons have Th/U ratios of 0.04 and 0.05 possibly indicating a 

metamorphic origin. The age populations (Fig. 3.8d) are 129–132 Ma (3%), 175–209 

Ma (11%), 216–228 Ma (10%), 240–267 Ma (6%), 337–502 Ma (8%), 752–920 Ma 

(4%), 1.6–2.1 Ga (43%), and 2.2–2.7 Ga (14%). There are five age peaks in the 

spectrum: 131 Ma, 189 Ma, 222 Ma, 470 Ma, and 1.9 Ga. Two zircons with ages of 

129 and 132 Ma are the youngest recorded in this study. The Hf isotopic features are 

distinct from the previous samples, with most Phanerozoic zircons (72%) having 
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negative εHf(t) values (-23.5 to -1.3), with TDM2 model ages from 2.4 to 1.3 Ga, 

whereas only six zircons (21%) record positive values (1.6 to 9.4), with TDM2 model 

ages from 636 to 1,029 Ma. 

 

3.5.4 The Taukha Accretionary Complex 

3.5.4.1 Sample SAL-49 

Zircons from sample SAL-49 are 50 to 150 μm in length. Of 98 analyses, 88 were 

concordant. The Phanerozoic zircons show weak oscillatory zones with small 

inclusions of opaque material, whereas the Precambrian ones are weakly zoned, sector 

zoned, or no zoning at all (Fig. 3.7). The Th/U ratios range from 0.22 to 1.55. About 

70% of the zircons are in the range 1.5–2.6 Ga with a peak age at 1.9 Ga (Fig. 3.8e). 

The other 30% range in age from 414 Ma to 176 Ma, with three age ranges, 176–226 

Ma (17%), 239–262 Ma (10%), and 309–414 Ma (3%). Five zircons with ages ranging 

from 1.5 to 2.6 Ga were selected for Lu-Hf isotope analysis, recording εHf(t) values 

of -10.1 to -2.1 (Fig. 3.9e). Seventeen Phanerozoic zircons were also analyzed for Lu-

Hf isotopes, and their εHf(t) values vary from -17.2 to 7.9. However, ~70% record 

negative values from -17.2 to -1, with TDM2 model ages from 2.1 to 1.1 Ga. 

 

3.5.4.2 Sample SAL-58 

Zircons from sample SAL-58 range from 50 to 200 μm in length/diameter. Most show 

magmatic oscillatory zones in CL, with some showing sector zones (Fig. 3.7). Eighty-

eight concordant ages were obtained from a total of 96 analyses. The Th/U ratios 

are >0.5, which are the highest of the six samples. The age spectrum is similar to 

sample SAL-49; however, the proportion of 1.5–2.6 Ga zircons (41%) is smaller (Fig. 

3.8f). Phanerozoic zircons account for 59%, with three age ranges: 145–210 Ma (35%), 

217–239 Ma (15%), and 250–270 Ma (5%).  
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Fig. 3.9. Zircon εHf(t) values versus 206Pb/238U ages. (a) Sample SAL-19 from 

the central Samarka accretionary complex, (b) sample SAL-40 from the eastern 

Samarka accretionary complex, (c) sample SAL-41 from the Sergeevka nappes, 

(d) sample SAL-48 from the Zhuravlevka turbidite basin, (e) sample SAL-49 

from the Taukha accretionary complex, and(f) sample SAL-58 from the Taukha 

accretionary complex. The fields of zircon εHf(t) values of the BJKB and NCC 

are modified after Cheong et al. (2013) and Yang et al. (2006). 

Two Precambrian zircons and 32 Phanerozoic zircons were analyzed for Lu-Hf 

isotopes. The εHf(t) of the Phanerozoic zircons is mainly negative (80%), ranging from 

-24.5 to -0.5, with TDM2 model ages from 2.5 to 1.1 Ga, whereas the εHf(t) of the two 
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Precambrian zircons (~1.8 Ga and 2.3 Ga) are -4.2 and -1.2, respectively, with TDM2 

model ages of 2.6 Ga and 2.8 Ga, respectively (Fig. 3.9f). 

 

3.6 Discussion 

3.6.1 Depositional Ages of Sandstones in the Southern Sikhote-Alin 

Orogenic Belt 

Detrital zircon data can help determine the maximum depositional age of the analyzed 

sandstone sample (Dickinson & Gehrels, 2009; Gehrels, 2014). Generally, in the active 

continental margin, the youngest zircon age is close to the depositional age because 

the supply of volcanic materials from arc magmatism. However, only one youngest 

zircon age is not enough to constrain the depositional age. In this study, the youngest 

peak age in the spectrum (Gehrels, 2014) and previous paleontological research are 

applied together to solve this issue. 

 

In the Samarka belt, the youngest zircon ages recorded from samples SAL-19 and 

SAL-40 are 162 Ma and 150 Ma, respectively, implying that they were deposited after 

the Middle Jurassic. According to Russian paleontological research, sandstone near 

sample SAL-19 is underlain by the Olenekian-Bathonian chert and the Oxfordian-

Tithonian mudstone and siltstone (Kemkin, 2008; Khanchuk, 2001), which means the 

sandstone was deposited after the Late Jurassic. 

 

In the Sergeevka nappes, a shallow-marine and clastic rock assemblage ranges in age 

ranging from Devonian to Jurassic (Khanchuk, 2006; Khanchuk et al., 2016). The 

youngest zircon U-Pb age recorded in this study is 178 Ma in sample SAL-41. 

However, no fossil data in the outcrop of sample SAL-41 are available to further 

constrain this, so it is proposed that deposition may occur in or after the Middle 

Jurassic. 

 

The Zhuravlevka basin is composed mainly of turbidites with depositional ages 
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ranging from the Berriasian to Albian (Malinovsky & Golozubov, 2011). But the 

youngest zircon in sample SAL-48 has an age of 129 Ma and the youngest peak is 

~131 Ma, constraining the depositional age in the late Early Cretaceous. This 

maximum depositional age is verified by the faunal research in the sandstone and 

siltstone from the same outcrop, showing an Aptian to Albian age (Golozoubov, 2006). 

In the Taukha accretionary complex, the age of turbidite is Berriasian to Valanginian 

(i.e., Early Cretaceous: 145–133 Ma) according to detailed faunal research 

(Golozoubov et al., 1992; Kemkin & Kemkina, 2000). The new zircon ages support 

this result, with the youngest zircon U-Pb age constraining the maximum depositional 

age of the sandstone at 145 Ma. 

 

3.6.2 Possible Provenance of the Detrital Zircons 

In the Late Jurassic to Early Cretaceous of NE Asia, four geological units had the 

potential to feed the southern Sikhote-Alin orogenic belt (Fig.3.1): the Siberia Craton 

(SC), the eastern CAOB, especially the Bureya-Jiamusi- Khanka Block (BJKB), the 

North China Craton (NCC), and the South China Craton (SCC). 

 

Although the northern Korean Peninsula is a contiguous part of the eastern NCC (Zhao 

et al., 2005), the southern Korean Peninsula has tectonic affinities with the SCC 

because of the similarities in rock assemblages and metamorphic history from the 

Neoproterozoic to Mesozoic. With respect to the provenance of the Sikhote-Alin area, 

we will discuss the whole of the Korean Peninsula along with the eastern NCC because 

they have been a united source area following collision along the Imjingang Belt in 

the Middle Triassic (Fig.3.1; Cheong et al., 2013; Kim et al., 2008). 

 

3.6.2.1 Possible Provenance of the Precambrian Detrital Zircons 

The Precambrian zircons in the southern Sikhote-Alin show two major peaks at 2.5 

and 1.8 Ga, with a much smaller population at around 0.8 Ga (Fig.3.8b–8f). 
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Late Archean and Paleoproterozoic ages (2.5 and 1.8 Ga) are most widespread in the 

eastern NCC. The oldest units in the eastern NCC are early Archean in age, including 

~3.8 Ga, 3.7–3.6 Ga, and 3.3–3.1 Ga rocks (Wu et al., 2008). However, the 

predominant rocks are 2.7–2.5 Ga in age, including high-grade tonalitic-trondhjemitic- 

granodioritic (TTG) gneisses and granitoids (Zhao & Zhai, 2013). Paleoproterozoic 

rocks (1.95–1.85 Ga) mainly crop out in three linear tectonic belts in the western, 

central, and eastern NCC. One view is that these belts represent continent-continent 

collisional belts (Wilde et al., 2002; Zhai & Santosh, 2011; Zhao et al., 2012, 2005, 

2001; Zhao & Zhai, 2013), whereas other researchers propose that they were generated 

as continental rifts within a single continent (Li et al., 2005, 2004, 2006; Zhang & 

Yang, 1988). Minor mafic dykes were emplaced in the NCC from ~1.8 to 0.9 Ga (Peng 

et al., 2008, 2011). Precambrian granitoids and metamorphic rocks are also found in 

the Korean Peninsula. In North Korea, the TTG gneisses and granitic rocks have ages 

ranging from 1.93 to 1.85 Ga (Zhai et al., 2007; Zhao et al., 2006). In the Ryeongnam 

massif of South Korea, granite gneisses with ages of 1.9–2.1 Ga are likewise reported 

(Turek & Kim, 1996). The detrital zircons from the river mouths in North Korea are 

also dominated by Paleoproterozoic populations (~2.2–2.1 Ga and 1.9–1.8 Ga) with 

minor Archean zircons (~2.5 Ga; Wu, Yang, Lo, et al., 2007). 

 

In the Hida metamorphic complex of Japan, zircons with ages of 1.8 Ga and 1.1 Ga 

were obtained from meta- sedimentary gneiss and a few Permian to Triassic granites, 

and the 1.1 Ga peak is less important (Horie et al., 2010; Sano et al., 2000). Thus, there 

is a possibility that the Hida metamorphic complex contributed Precambrian zircon to 

the Sikhote-Alin orogenic belt. However, the 2.5–2.0 Ga zircons are absent in both 

gneiss and granite, indicating that the Hida metamorphic complex cannot be the main 

source area. 

 

Paleoproterozoic A- and S-type granites formed at 1.9–1.8 Ga are also found in South 

China (Chen et al., 2015; Qiu et al., 2000; Zheng et al., 2004, 2006). However, the 

most widespread magmatic and metamorphic rocks in the SCC are from 1.0 to 0.75 
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Ga, for example, the igneous rocks of 1,000–850 Ma related to the collision between 

the Yangtze and Cathaysia blocks, and the bimodal magmatism at 850–750 Ma due to 

rifting of the Rodinia supercontinent (Charvet, 2013; Charvet et al., 2010; Li et al., 

1999; Z. X. Li et al., 2002; X. H. Li et al., 2002; Li & Li, 2007). The 1.0–0.75 Ga 

zircons are always well represented in sandstones from the SCC (Jia et al., 2010; Yang 

et al., 2012). However, the age population of 1.0 to 0.75 Ga in age is small in the 

southern Sikhote-Alin orogenic belt, so it is considered that the SCC is unlikely to be 

the source area. Instead, the 1.0–0.75 Ga zircons in the southern Sikhote-Alin are most 

likely derived from the Neoproterozoic basement of the BJKB (Kim et al., 2008; Lee 

et al., 1998, 2003; Luan et al., 2017; Wilde et al., 2015; Wu et al., 2011; Yang et al., 

2017). 

 

Zircon age spectra with peak ages at 3.3, 3.0, 2.6, and 1.8 Ga, especially the 1.8 Ga 

ages, were also reported in the southern Siberia Craton (Rojas-Agramonte et al., 2011), 

which is consistent with zircon ages from the Zhuravlevka and Taukha belts. However, 

the eastern segment of the Mongol-Okhotsk Ocean between the Siberia Craton and the 

eastern CAOB was not closed before the Early Cretaceous, which makes it unlikely 

that sediments were transported to the Sikhote-Alin, because the transport distance 

would be too large given that the sedimentary characteristics of sandstones from the 

Sikhote-Alin indicate that they resulted from near- source deposition (Fig. 3.5; 

Donskaya et al., 2013; Khanchuk et al., 2016; Kravchinsky et al., 2002). Thus, it is 

proposed that the Siberia Craton could not be the source area for the southern Sikhote-

Alin orogenic belt. 

 

3.6.2.2 Potential Provenance of Phanerozoic Zircons 

In the BJKB, the Pan-African metamorphic and igneous rocks range in age from 540 

to 480 Ma with a peak of ~500 Ma (Wilde et al., 2000; Zhou et al., 2011). In the middle 

Paleozoic, only a few inherited zircons with 390–290 Ma ages are reported in the 

granitic rocks along the western BJKB (Miao et al., 2015). A magmatic arc belt (290–
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274 Ma in age) was generated along the eastern margin of the Jiamusi Block (Bi et al., 

2015; Meng et al., 2008; Sun, Xu, Wilde, Chen, et al., 2015; Yu et al., 2013), whereas 

there are 270–244 Ma I-type granodiorites and 220–170 Ma highly fractionated I-type 

granitoids in the western BJKB and adjacent areas(Jahn et al., 2015; Liu et al., 2017; 

Wu et al., 2003a, 2003b, 2011; Xu et al., 2013; Yang et al., 2015b). These granites are 

mostly the result of reworking of juvenile crust, commonly with weak negative to 

positive zircon εHf(t) values from -4 to 16 (Cao et al., 2011; Meng et al., 2011; Yang 

et al., 2006; Yu et al., 2012). 

 

In the Phanerozoic, Mesozoic magmatism, especially the granitoids and relevant 

volcanic rocks, was generated in the NCC (Griffin et al., 1998; Menzies et al., 2007, 

1993; Qi et al., 2015; Wilde et al., 2003; Yang et al., 2008; Zhang et al., 2014; Zhu et 

al., 2012). Intrusive and volcanic rocks were emplaced in the NCC from the Early 

Triassic to Late Cretaceous, with the Triassic magmatic rocks mainly located along the 

western segment of the northern margin of the NCC. Thus, it is unlikely to be the 

source of the Sikhote-Alin orogenic belt. After the Jurassic, magmatism moved 

eastward and also increased in volume (Zhang et al., 2014). The most important zircon 

age populations are 180–150 Ma and 130–110 Ma, usually with negative to weakly 

positive zircon εHf(t) values of -32 to 5, because of the involvement of basement in 

the magma source (Yang et al., 2009; Zhang et al., 2007; R. Zhang et al., 2009; S. H. 

Zhang et al., 2009; Zheng et al., 2004; Zhu et al., 2012). Similar magmatic events also 

took place in the Korean Peninsula at this time. The northern Korean Peninsula is 

characterized by middle Cretaceous granites (~110 Ma) and also contains some 

granites ranging in age from 250 to 170 Ma (Wu, Yang, Lo, et al., 2007). In the 

southern Korean Peninsula, 190–160 Ma is the most important magmatic episode, with 

local early Paleozoic arc magmatism at 440–370 Ma and Triassic granites at 260–220 

Ma (Cheong et al., 2013, 2014; S. Kim et al., 2011; J. Kim et al., 2011; Kim et al., 

2015). In addition, zircon Lu-Hf isotopes of Korean Peninsula rocks imply that 

Paleoarchean to Paleoproterozoic crust provided important source materials to these 

granitoids, and thus, the zircon εHf(t) values are negative from -31 to -2 (Cheong et 
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al., 2013, 2014, 2015). However, there are minor granitoids (265–252 Ma) recording 

positive zircon εHf(t) values of 10 to 15, with TDM2 model ages from 600 to 400 Ma 

(Cheong et al., 2013). 

 

In the eastern Siberia Craton and adjacent coastal areas, the Paleo-Pacific subduction-

related magmatism mainly took place in the Late Cretaceous, located along an active 

continental margin (up to 3,000 km long) and is the most important magmatic event 

regionally (Kirillova, 2003). However, it is younger than the depositional age of 

sandstones in the southern Sikhote-Alin, meaning that eastern Siberia and adjacent 

areas cannot be the source area for these rocks. 

 

Fig. 3.10. Distribution of Archean to Early Cretaceous magmatism in the 

possible source areas for the Sikhote-Alin belts (Cheong et al., 2013; Jiang et al., 

2013; Kim et al., 2011; Wu, Yang, Wilde, et al., 2007; Zhang et al., 2013; Zhao & 

Zhai, 2013). 

3.6.3 Provenance Analysis in the Southern Sikhote-Alin Orogenic Belt 

3.6.3.1 The Samarka Accretionary Complex 

The spectrum of zircon ages in sample SAL-19 is similar to that of the Nadanhada 



122 
 

accretionary belt, which is located along the eastern margin of the BJKB, where the 

sediments were shown to be derived from the eastern CAOB, especially the BJKB, 

although no Archean zircons were reported from the latter (Sun, Xu, Wilde, & Chen, 

2015; Zhou et al., 2014; Fig. 3.8a, 3.8g, and 3.10). 

 

In sample SAL-19, zircons with ages of 268–236 Ma and 227–162 Ma were most 

likely derived from the adjacent magmatic rocks in the western BJKB, whereas the 

Early Permian ages (275–302 Ma) mostly likely came from the magmatic rocks in the 

eastern and central BJKB (Bi et al., 2015; Sun, Xu, Wilde, Chen, et al., 2015; Sun, Xu, 

Wilde, & Chen, 2015; Wu et al., 2011; Yang et al., 2015). The Phanerozoic zircons 

show weakly negative to positive εHf(t) values from -6 to 11 which are similar to those 

from the BJKB (Fig. 3.9a). In addition, the age groups of ~502 Ma and 1,000–700 Ma 

are in accord with the Pan-African and Neoproterozoic basement ages, respectively, in 

the Jiamusi-Khanka Block (Yang et al., 2017; Zhou et al., 2014). However, there are 

some zircons with ages of 1.6–2.7 Ga (<10%), indicating a possible minor contribution 

from the eastern NCC, which is consistent with the evidence that three Jurassic zircons 

have negative εHf(t) values (-20 to -22.5). 

 

Although collected in the same belt, sample SAL-40 shows a different provenance (Fig. 

3.8b). Late Pan-African (458–507 Ma) and Neoproterozoic (599–1,151 Ma) zircon 

ages indicate that the BJKB likewise supplied sediments to the unit hosting sample 

SAL-40, with most Phanerozoic zircons showing positive εHf(t) values with young 

TDM2 model ages, further supporting this view (Fig. 3.9b). However, ages from 1.8 

to 2.6 Ga are more important in sample SAL-40, accounting for 36%, which implies 

that the eastern NCC and/or Korean Peninsula provided more detritus to this part of 

the Samarka accretionary complex. 

 

There is an unnamed but significant fault that separates the two sample sites, marking 

the boundary between different components or thrust sheets/slices within the Samarka 

accretionary complex, which are called the main Samarka belt (sample SAL-19) and 
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eastern Samarka belt (sample SAL-40), respectively. According torecently published 

data, detrital zircons from the “coastal Samarka belt” (the southernmost part of the 

Samarka accretionary complex adjacent to the coast of the Sea of Japan) show an age 

spectrum with peaks at 189 Ma, 247 Ma, and 1.8 Ga, similar to sample SAL-40 in this 

study, implying that significant detritus was derived from the NCC and Korean 

Peninsula (Tsutsumi et al., 2016). Thus, the Samarka accretionary is not a single 

geological unit and was divided into several thrust slices/sheets according to the 

structural analysis and geometry (Fig. 3.4). Different components of the Samarka belt 

show at least two kinds of provenance characteristic, one is the BJKB and the other is 

the NCC. 

 

3.6.3.2 The Sergeevka Nappes 

The nappes include fragments of the Paleozoic continental margin, and the major rock 

types are silica-unsaturated mafic rocks containing much fewer zircons than the 

granitoids (Fig. 3.7). The number of zircons in sample SAL-41 is thus too small for a 

valid provenance analysis. However, it is inferred that the Neoproterozoic zircons and 

late Pan-African zircons with positive εHf(t) values may have originated from the 

BJKB or the local denudation of mafic and metamorphic rocks (Fig. 3.8c and 3.9c). 

The zircons with Paleoproterzoic ages could have been supplied from the NCC or the 

Korean Peninsula. A source in the SCC is also possible for this sandstone because of 

the abundance of zircons with ages from 700 to 1,000 Ma. Thus, the provenance of the 

Sergeevka nappes remains uncertain based on this study and requires further research. 

 

3.6.3.3 The Zhuravlevka Turbidite Basin 

The zircon age spectrum of sample SAL-48 is similar to that of sample SAL-40, 

suggesting derivation from both the NCC and BJKB (Fig. 3.8d). 

 

Zircons with an age of 420–500 Ma are an important component of the BJKB and the 

adjacent blocks of the eastern CAOB. However, the abundance of 420–500 Ma zircons 
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is much lower than that of the Neoproterozoic and Archean zircons, suggesting the 

eastern NCC and Korean Peninsula was also an important source of detritus. 

Precambrian zircons make up 57% of the population and show major peaks at 1.8 Ga 

and 2.5 Ga, which is characteristic of the eastern NCC and Korean Peninsula (Darby 

& Gehrels, 2006; Li & Huang, 2013; Zhao et al., 2005; Zhu et al., 2012). This is further 

verified by the Phanerozoic zircon Lu-Hf isotopes, with up to 73% having negative 

εHf(t) values (Fig. 3.9d). The age population at ~250 Ma is small, whereas zircons 

with Middle Jurassic to Cretaceous ages are abundant, which correlates with the most 

important period of Mesozoic magmatism in the eastern NCC and Korean Peninsula 

(Cheong et al., 2013, 2014; Qi et al., 2015; Zhang et al., 2013; Zhu et al., 2012). 

 

3.6.3.4 The Taukha Accretionary Complex 

Both samples SAL-49 and SAL-58 from the Taukha accretionary complex are 

characterized by two main age groups; one Paleoproterozoic and the other Phanerozoic 

(Fig. 3.8e and 3.8f). The absence of late Pan-African and Neoproterozoic ages 

indicates that the BJKB did not supply sediments to the Taukha accretionary complex 

during the Late Jurassic to Early Cretaceous. Thus, the eastern NCC (including the 

Korean Peninsula) was the most likely source. The zircons with ages of ~2.5 Ga and 

1.8 Ga record basement ages of the NCC (Zhao et al., 2005). The zircons with ages of 

420–300 Ma could be derived from arc magmatism in the central Korean Peninsula 

(Kim et al., 2015), and those with ages of 260–230 Ma might be related to arc 

magmatism and the continent-continent collision belt along the Imjingang Belt (the 

possible extension of the Sulu-Dabie orogenic belt into the Korean Peninsula; Cheong 

et al., 2014; J. Kim et al., 2011). Zircons with ages of 220–150 Ma are likely related 

to collisional magmatism in the eastern NCC and/or Paleo-Pacific subduction-related 

magmatism in the southern Korean Peninsula (Kusky et al., 2007; Li et al., 2013; S. 

H. Zhang et al., 2009; Zhang et al., 2013). About 70–80% of the Phanerozoic zircons 

have negative εHf(t) values in samples SAL-49 and SAL-58, consistent with a NCC 

source (Fig. 3.9e and 3.9f; Yang et al., 2006; Sun, Xu, Wilde, & Chen, 2015). However, 
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there are also a few zircons with positive εHf(t) values; for example, five Mesozoic 

zircons in sample SAL-49 show positive εHf(t) values from 2.8 to 7.9. These values 

are consistent with the Neoproterozoic juvenile crustal component in South Korea 

(Cheong et al., 2013). 

 

3.6.4 Provenance Variation in the Southern Sikhote-Alin Orogenic 

Belt 

According to the composition of sandstones in the southern Sikhote-Alin orogenic belt, 

different samples show different tectonic settings for the provenance area, changing 

gradually from an arc to a continental setting (Fig. 3.11). 

 

For sample SAL-19, a transitional arc setting fits the absence of a zircon age peak at 

1.8 Ga from the NCC and the abundance of Jurassic zircons most likely derived from 

the continental arc in the eastern CAOB, which is supported by their negative εHf(t) 

values. Sample SAL-40 has less lithic fragments and more quartz, illustrating the 

growing importance of sediments from the Asian continental basement. Samples SAL-

48 and SAL-49 plot in the transitional continental area, implying that the deformation 

belt at the northern margin of the NCC and Korean Peninsula was the main source area. 

For sample SAL-49, a likely minor contribution from South Korea is indicated by the 

similar positive ε(Hf) t values of five Mesozoic zircons (Cheong et al., 2013). 
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Fig. 3.11. Q-P-L diagram for the sandstones in the Samarka, Zhuravlevka, and 

Taukha belts (Dickinson, 1985; Dickinson et al., 1983). Numbers in the figure: 1. 

Recycled orogen; 2. Craton interior; 3. Transitional continent; 4. Basement 

uplift;5. Dissected arc; 6. Transitional arc; 7. Undissected arc. The arrow shows 

the change in trend of the tectonic setting of the provenance area from an arc to 

a transitional continent and finally to a recycled orogen, during which the 

contribution from the old craton is increasingly important. 

Finally, sample SAL-58 was likely fed by a recycled orogen, such as 

existedaccretionary complex and suture zone/fold-thrust belts of collision orogen 

(Dickinson et al., 1983). Collision events between mature block/arcs happened in the 

Japanese Island from Late Paleozoic to Mesozoic and accretionary complexes were 

built in the gaps of collision (Charvet, 2013; Charvet et al., 1983; Isozaki, 1997; 

Maruyama, 1997). The highlands associated with the pre-Early Cretaceous subduction 

and collision events were possible to supply detritus to the Taukha accretionary 

complex. However, the first-cycle of sediments shows that the eastern NCC and 

Korean Peninsula were the initial source areas indicated by the bimodal zircon age 

spectrum. 
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Fig. 3.12. Ratios (RHf and RPre) versus the longitude of the sample locations. 

The two ratios are calculated to show the different provenance of samples 

investigated in this study. RHf is the ratio of the number of Phanerozoic zircons 

with positive εHf(t) values divided the number of the Phanerozoic zircons in 

each sample. RPre is the ratio of the number of Archean and Paleoproterozoic 

zircons in each sample divided the number of Precambrian zircons. Both ratios 

increase from west to east, meaning that in these samples the contribution from 

the eastern NCC and/or Korean Peninsula increases from west to east. This is 

because the Phanerozoic zircons with positive εHf(t) values are mostly from the 

eastern BJKB, whereas the Archean and Proterozoic zircons are mostly from 

the eastern NCC. Sample SAL-41 is not shown because the number of analyses 

is insufficient for a meaningful result. 

Along the sample traverse (Fig. 3.2b), the proportion of zircons with 1.8 and 2.5 Ga 

ages and Phanerozoic zircons with negative zircon εHf(t) values increases from west to 

east, which likewise indicates the growing importance of the NCC and/or Korean 

Peninsula as the source (Fig. 3.12). For sample SAL-49, the decoupling of RPre and 

RHf in Fig. 3.10 is attributed to the five Mesozoic zircons with positive εHf(t) values, 

most likely showing the minor proportion contributed by Neoproterozoic juvenile 

crust in South Korea (Cheong et al., 2013). 
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Fig. 3.13. Provinces in the Early Cretaceous East Asia show different types of 

detrital zircon spectra. The dashed lines show the range of each province. The 

green dashed line shows the 500 Ma-type province; the red one shows the 

bimodal-type province; the yellow one shows the 800 Ma-type province. The 

paleophytogeograhic provinces are also shown, modified after Kimura (1979, 

2000) and Golozoubov et al. (1999). 

3.7 Tectonic Implications 

Three provinces with different zircon age spectra can be recognized along the eastern 

Asian continental margin from southeastern Russia to south China (Fig. 3.13), based 

on the U-Pb age data of detrital zircons collected from the Late Jurassic to Early 

Cretaceous sandstones and modern river sands. Each zircon age spectrum is generally 

limited to within a particular area, which helps us better understand the specific 
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geological characteristics in different areas and thus allows to compare that with the 

southern Sikhote-Alin orogenic belt. 

  

1. Bimodal type: This type of zircon age spectrum shows two important age groups, 

that is, a Phanerozoic group and a Paleoproterozoic to Archean group (with peaks 

at ~1.8 and 2.5 Ga; Fig. 3.14a). Very few, if any, zircons with ages between the 

two major groups have been found. The bimodal-type spectrum appears in the 

Late Jurassic to Early Cretaceous sandstones from the basins in the interior of the 

NCC (Li & Huang, 2013; Wang et al., 2016), SW Japan (Aoki et al., 2014; Fujisaki 

et al., 2014; Isozaki et al., 2010; Nakama et al., 2010) and South Korea (Lee et al., 

2015). Modern river sands along the coast of the eastern NCC and Korean 

Peninsula also have similar spectra (Wu, Yang, Lo, et al., 2007; Yang et al., 2009). 

2. 500 Ma type: This type of zircon age spectrum is characterized by important peaks 

at ~180, 220, 250, and 500 Ma, but ages around ~1.8 or 2.5 Ga are much lesser 

abundant than in the Bimodal type, or, indeed, sometimes absent (Fig. 3.14b). A 

minor age group from 0.7 to 1.0 Ga can also be found in the interior of the eastern 

CAOB, consistent with the Neoproterozoic basement of the BJKB (Khanchuk et 

al., 2010; Wilde et al., 1997; Yang et al., 2017). The 500 Ma-type spectrum is also 

found around the BJKB, such as the Heilongjiang Complex and Nadanhada belt 

(Zhou et al., 2009, 2015; Sun, Xu, Wilde, & Chen, 2015), and the river sands from 

the middle reach of the Amur River. 

3. 800 Ma type: The spectra in the eastern SCC always contain a prominent age peak 

at ~0.8 Ga, which is the most significant characteristic of this area (Fig. 3.14c; 

Wang et al., 2014; Yui et al., 2012). Zircon peaks at ~130 Ma, 170 Ma, 1.8 Ga, 

and 2.5 Ga are also present in this type, derived from Jurassic- Cretaceous 

magmatism and basement rocks of the SCC. This type of spectrum is dominant in 

almost all of the modern river sands collected from the Yangtze River and its 

branches (Yang et al., 2012). However, very few Late Jurassic to Early Cretaceous 

sandstones can be found in the present SCC, except perhaps the Tananao complex 

in Taiwan which fits well with the 800 Ma-type spectrums (Li et al., 2012; Yui et 
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al., 2012). 

 

Fig. 3.14. Typical spectra of detrital zircons in the (a) 500 Ma-type, (b) bimodal- 

type, and (c) 800 Ma-type provinces in the Early Cretaceous of East Asia. 

In the southern Sikhote-Alin, sample SAL-19 from the main Samarka accretionary 

complex shows a 500 Ma- type spectrum. Samples SAL-49 and SAL-58 from the 

Taukha accretionary complex have typical bimodal-type spectra. However, sample 

SAL-40 from the eastern Samarka belt and sample SAL-48 from the Zhuravlevka 

basin are a mixture of sediments with the 500 Ma type and bimodal type. The detrital 
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monazite ages in the Samarka belt and Zhuravlevka basin also support this viewpoint 

(Tsutsumi et al., 2016). In the main Samarka belt, there is a significant peak at ~500 

Ma, which is not shown in the monazite data from the Zhuravlevka or Taukha (Fig. 

3.15). Thus, the influence from the BJKB to the Zhuravlevka and Taukha was quite 

weak. Importantly, located in their present geographic positions, it is difficult for the 

eastern Samarka accretionary complex, the Zhuravlevka turbidite basin, and the 

Taukha accretionary complex to be fed by sediments from the eastern NCC or Korean 

Peninsula (Fig. 3.1 and 3.10). 

 

It is also virtually impossible for the Taukha belt to exclude sediments from the BJKB 

in its present location. This strongly indicates that the belts in the southern Sikhote-

Alin area were moved by tectonic movement significantly, such as subduction, 

collision, and strike slip. Therefore, discussing the tectonic settings will be very 

necessary in order to explain the abrupt changing of provenance types across the 

Central Sikhote-Alin Fault. 

 

Many hypotheses have been raised in the past decades in the Pacific tectonic realm to 

explain the collage of the numerous belts in this region, including the (1) collision 

orogeny, (2) accretionary orogeny, and (3) strike-slip faulting along a transform margin. 

In SW Japan, collision orogeny was identified based on the discovery of large thrust 

sheet and nappes (Charvet et al., 1985; Faure et al., 1986). These nappe tectonics are 

explained by the intermittent docking of continental blocks/mature arcs to the 

hinterland. 
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Fig. 3.15. Spectra of detrital monazite collected in (a) the main Samarka, (b) the 

Zhuravlevka, and (c) the Taukha belts (Tsutsumi et al., 2016). 

The Sr-Nd isotopic research of granitoids in SW Japan supports this viewpoint because 

the participation of old crust can be detected in the felsic magmatism (Jahn, 2010). 

Structural geological analysis also reveals nappe/thrust tectonics similar to that in the 

classical collisional orogenic belt (Charvet et al., 1985). Faure et al. (1995) proposed 

similar model in Sikhote-Alin, underlining the importance of continental blocks in 

orogeny. Recently, Jahn et al. (2015) studied the Sr-Nd isotopes in the granitoids in 
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Sikhote-Alin. The result also supports the possible existence of an old crust basement. 

However, the explanation of Sr-Nd isotopes is argued because the remelting of the 

sedimentary rocks in Sikhote-Alin, including abundant detritus from old continental 

blocks/cratons, can also explain the isotopic data (Khanchuk et al., 2016; Kruk et al., 

2014). 

 

Some other studies suggest that accretionary orogeny, instead of collision, was 

dominant in the Japanese Island (Isozaki et al., 2010; Maruyama, 1997). In their 

models, the Japanese Islands are basically a large accretionary prism which was 

influenced by high-pressure metamorphism, accretion of sea mount/plateau, and ridge 

subduction. 

  

As a result, the Japanese Islands grew continuously eastward due to persistent 

subduction and underthrusting of the oceanic plate. The age of the thrust sheets, 

therefore, tends to be younger from hinterland to the ocean side. 

 

According to some Russian geologists, the eastern Asian margin was a transform plate 

boundary in Early Cretaceous, alike to the modern plate margin in California, alike to 

the Saint Andreas Fault (Golozoubov, 2006; Golozoubov et al., 1999; Khanchuk, 2001; 

Khanchuk et al., 2016). Accretionary orogeny associated with subduction took place 

in the Jurassic and Late Cretaceous in their representative model (Khanchuk et al., 

2016). Whereas in the Early Cretaceous (145–100 Ma), the collage of some major units 

in Sikhote-Alin was attributed to the northward displacement by strike-slip faults. It is 

noted that strike-slip faulting is also emphasized by the “collisional orogeny” and 

“accretionary orogeny” models, although it is not considered to be the only/major 

geodynamic mechanism. For example, the post- collision strike-slip faulting was 

important in reworking of the south Kitakami-Kurosegawa continental block after its 

collision with the hinterland of Japan (Charvet, 2013; Kato & Saka, 2003, 2006). In 

the previous models for Sikhote-Alin, the “terranes” were suggested to be built near 

South China and then moved northward to its present location by sinistral strike-slip 
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faulting (Natal’in, 1993). 

 

In the southern Sikhote-Alin, nappe/thrust tectonics can be identified in the Sergeevka 

nappes (Fig. 3.2 and 3.4), in which the two-stage evolution is similar to that of the 

south Kitakami-Kurosegawa block in Japan, namely, the thrusting at the early stage 

and reworking by strike-slip faulting at the later stage (Fig. 3.16a). High-pressure 

metamorphism (blueschist facies) happened when the slab was subducted and then 

exhumed during the collsion. These nappes were thrust upon the Samarka accretionary 

complex, suggesting a collisional orogeny (Khanchuk et al., 2016). At the first stage, 

the subduction and collision between the Sergeevka and Samarka were responsible for 

the emplacement of the nappes (Fig. 3.16a). At the later stage, the continental block 

was dismembered into several fragments, which is clearly shown on the regional 

geological map (Fig. 3.2). 

 

One of the key questions about the tectonics in Sikhote-Alin is that if the collisional 

orogeny played an important role. In the northern Sikhote-Alin area, Faure et al. (1995) 

identified a continental block, the Anuy microcontinent, which was proposed to collide 

with the western belts in the middle Cretaceous. Nd isotopes of granites also indicate 

that the basement of the Sikhote-Alin orogenic belt may be an old crust, instead of a 

juvenile one (Jahn et al., 2015). However, this conclusion should be drawn carefully 

now. In reality, there is no valid geochronological data showing any evidence of “old 

continental basement” so far. Thus, in addition to the Sergeevka block, the existence 

of other old crust/continental block is difficult to assure, making it difficult to identify 

the collisional orogeny in Sikhote-Alin. This issue still needs more detailed research 

in future. 

 

Anyway, no matter accretion or collision model of the belts from east to west does not 

fit the new data in this study. The detrital zircon dating and Lu-Hf isotopes reveal that 

the provenance features of belts separated by the Central Sikhote-Alin Fault are quite 

different. The affinity of NCC/Korean Peninsula is recognized in the eastern Samarka 
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belt, Zhuravlevka basin, and Taukha accretionary complex, whereas the Nadanhada 

and main Samarka accretionary complexes were dominated by the BJKB. The 

provenance of the Nadanhada and main Samarka belts is comprehensible because they 

are adjacent to the BJKB. But it is very difficult to explain the weak signal of the BJKB 

and strong influence from the NCC in other belts because they are adjacent to the 

eastern CAOB as well. In this study, the sinistral strike-slip faulting, represented by 

the Central Sikhote-Alin Fault, is proposed to be responsible for this issue. It is 

suggested that the eastern Samarka, Zhuravlevka, and Taukha belts were not located 

adjacent to the BJKB when deposited, but farther south than their present locations, 

possibly near the Korean Peninsula to accept the sediments from the NCC (Fig. 3.16b). 

The sinistral strike-slip faulting system transported the belts to north. This strike-slip 

faulting system should be active after the collision of the Sergeevka nappes and the 

initial collage between the Zhuravlevka, Kema, and Taukha belts (Fig. 3.16c) because 

the Central Sikhote-Alin Fault cuts the Samarka belt, Sergeevka nappes, and most 

boundaries between the major belts (Fig. 3.2). It should be noted that thrusting was the 

initial contact relationship between most belts in Sikhote-Alin except the Zhruavlevka 

turbidite basin which was deposited along the Central Sikhote- Alin Fault at the very 

beginning (Khanchuk et al., 2016; Malinovsky & Golozubov, 2011). 

 

Evidence for northward transport is also recorded by the floral distribution in the 

sedimentary rocks. Two major paleophytogeographic provinces are recognized in the 

area, the Tetori-type floral province in the north and the Ryoseki-type floral province 

in the south (Fig. 3.12; Batten, 1984; Kimura, 1979; Vakhrameev, 1987; Yabe et al., 

2003). A mixed-type floral province is further recognized between these two (Kimura 

et al., 1988; Kimura, 2000). Although the province boundaries are roughly latitudinal, 

more detailed research shows an irregular flora distribution in the southern Sikhote-

Alin (Fig. 3.12). Plants from the southernmost Sikhote-Alin are similar to the Ryoseki-

type flora, whereas some areas in the Sikhote-Alin are assigned to the mixed-type flora 

domain (Golozoubov et al., 1999; Kimura, 2000). Tectonic reconstruction based on the 

floral assemblages in East Asia indicates that northward movement could be more than 
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5° of latitude in SW Japan and 15° of latitude in the southern Sikhote-Alin 

(Golozoubov et al., 1999). However, there remain uncertainties about the affinity of 

belts as recorded by the detrital zircon, monazite, and flora. The reason is that the floral 

assemblage is mainly determined by latitude, whereas the provenance of sediments is 

mainly constrained by their paleogeographic location when deposited. However, in 

this instance, both pieces of evidence are consistent with northward transport after the 

initial collision, including the paleomagnetic research published recently, showing that 

northward movement was important for some belts in Sikhote-Alin (Didenko et al., 

2014; Khanchuk, Didenko, Tikhomirova, et al., 2015). 

 

The exact offset is very difficult to evaluate for the Cental Sikhote-Alin Fault because 

(1) the sinistral displacement may be changed by the complicated deformations in the 

region, for example, the dextral movement at later stage, faulting and folding due to 

subduction or collision; (2) the Central Sikhote-Alin Fault has been an inactive fault 

for dozens of million years, making the direct evidence used to evaluate the offset, 

such as rivers and ranges, very obscure; and (3) the forest almost cover the whole 

Sikhote-Alin area and there is even no good outcrop of the fault founded for now. Thus, 

the offset of the sinistral faults in the Sikhote-Alin area is still an unsolved issue which 

needs more detailed research and direct evidence. 
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Fig. 3.16. Tectonic reconstruction of the East Asian continental margin at 150 to 

100 Ma. Faults: CSAF = the Central Sikhote-Alin Fault; MTL = the Median 

Tectonic Line in Japan. The reconstruction in SW Japan is modified after Kato 

and Saka (2003) and Charvet (2013). The plate motion direction is according to 

Müller et al. (2008). 

The timing of this northward transport with parallel-margin left-lateral motion has not 

been well constrained. However, in the southern Sikhote-Alin it can be inferred that 

the northward movement occurred in the late Early Cretaceous based on the magmatic 

and floral evidence. There is also a magmatic gap between 130 and 110 Ma in the 
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Sikhote-Alin, probably due to plate motion parallel to the continental margin, which 

weakened the effect of subduction beneath the continent and thus reduced arc 

magmatism (Jahn et al., 2015; Khanchuk, 2001; Khanchuk et al., 2016; Maruyama, 

1997). After ~110 Ma, magmatism in the Sikhote-Alin became quasi-continuous from 

100 to 56 Ma as a result of westward subduction of the Izanagi and Pacific plates (Jahn 

et al., 2015; Kruk et al., 2014). The floral assemblages were different in various basins 

of the southern Sikhote-Alin prior to this magmatic gap (Golozoubov et al., 1999). 

However, the flora were similar between 110 and 100 Ma (Golozobov et al., 1999), 

providing some constraint on the timing of sinistral movement on the major strike-slip 

faults. 

 

3.8 Conclusions 

The southern Sihote-Alin orogenic belt is composed, from west to east, of the Samarka, 

Zhuravlevka, and Taukha belts, which are separated by thrusts and strike-slip faults. 

The Sergeevka nappes include Paleozoic continental margin fragments that were 

covered by late Paleozoic to Mesozoic sedimentary rocks and were thrust over the 

Samarka accretionary complex. 

 

Detrital zircon U-Pb ages and Lu-Hf isotopes of sandstones in the various belts 

constrain the provenance as follows: (1) the main Samarka belt mainly received 

terrigenous sediments from the eastern CAOB (mainly from the BJKB); (2) the 

Zhuravlevka basin and eastern Samarka belt were fed by both the eastern CAOB and 

NCC (probably including the Korean Peninsula); (3) the sediments of the Taukha belt 

were derived from the eastern NCC and Korean Peninsula; and (4) the provenance of 

the Jurassic sediments in the Sergeevka nappes is largely unconstrained due to 

insufficient data and needs to be further investigated. 

 

The initial contact relationship between most belts in the Sikhote-Alin orogenic belt is 

thrust resulted from collisional orogeny and subduction of the Paleo-Pacific Ocean. 
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However, the Zhuravlevka turbidite basin was deposited along the Central Sikhote-

Alin Fault. 

 

The Sergeevka nappes were thrust upon the Samarka belt before the Early Cretaceous 

and then reworked by sinistral strike-slip faults. The Taukha belt and Kema arc collided 

with the Zhuravlevka basin before the Late Cretaceous. However, sinistral strike-slip 

faulting was important in the final collage of the Sikhote-Alin orogenic belt after the 

initial thrusting. The eastern Samarka belt, Zhuravlevka basin, and Taukha belt were 

transported northward from the margin of the NCC to their present location. The 

timing of this northward movement is estimated as the late Early Cretaceous. 
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Chapter 4 Zircon U-Pb dating and whole-rock geochemistry 

of volcanic rocks in eastern Heilongjiang Province, NE 

China: Implications for the tectonic evolution of the 

Mudanjiang and Paleo-Pacific oceans from the Jurassic to 

Cretaceous 

 

4.0 Abstract 

The eastern Heilongjiang Province, NE China is located in the eastern CAOB (Central 

Asian Orogenic Belt). Previous studies suggest that subduction of the Mudanjiang and 

Paleo-Pacific oceans had been initiated in this area during the early Mesozoic. 

However, research on the Mesozoic volcanic rocks is insufficient, limiting our 

understanding of the relationship between magmatism and subduction process. To 

solve the problem, seven volcanic rocks in the Lesser Xing’an-Zhangguangcai Range 

and the Jiamusi Block were collected for zircon U-Pb dating (SHRIMP) and whole-

rock geochemical analysis. Most samples from the Lesser Xing’an-Zhangguangcai 

Range are Jurassic in age (189 – 178 Ma), including andesite, trachyandesite, 

trachydacite and rhyolite. The andesitic to trachytic rocks were generated by magma 

mixing at an active continental margin, whereas the rhyolite is highly fractionated I-

type. All the samples from the Jiamusi Block and one basaltic andesite from the Lesser 

Xing’an Range are middle Cretaceous in age (ca. 100 Ma) and were formed in a back-

arc extensional setting (roll-back). Fractional crystallization was important in the 

generation of most Cretaceous rocks (basalt to trachydacite). However, magma mixing 

or crustal contamination was required to explain some andesites from the Jiamusi 

Block showing extremely low Cr, Ni and Mg#. When integrated with the coeval 

blueschist-facies metamorphism, the Early Jurassic volcanism indicate an active 

continental margin in the Lesser Xing’an-Zhangguangcai Range due to the westward 

subduction of the Mudanjiang Ocean. After the closure of the Mudanjiang Ocean, two 
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NE/NNE trending sinistral strike-slip faults in NE China were triggered, accompanied 

by the slab roll-back of the Paleo-Pacific oceanic plate. The Jurassic continental arc 

and accretionary complexes in NE China were cut through by the two strike-slip faults 

and bended to form small oroclines. At ca. 100 Ma, numerous accretionary complexes 

were accreted along the eastern margin of the CAOB, further forcing the retreat of 

trench and slab roll-back. The middle Cretaceous intra-continental volcanism was 

generated in the Lesser Xing’an-Zhangguangcai Range and Jiamusi Block during this 

roll-back process. 

 

4.1 Introduction 

The eastern Heilongjiang Province, NE China is located in the eastern margin of the 

Central Asian Orogenic Belt (CAOB; Fig. 4.1). It is bounded by the Sikhote-Alin 

orogenic belt of the Russian Far East, which is a Paleo-Pacific accretionary complex 

comprising several NNE trending belts with different origins (Figs. 1 and 2). The 

Songliao Basin limits the study area (NE China) to the west. The area includes the 

Lesser Xing’an-Zhangguangcai Range in the west and the Jiamusi-Khanka Block in 

the east (Fig. 4.3). Magmatic rocks are the most important components in the eastern 

CAOB and occupy up to ~80 % of the area (Fig. 4.3). These magmatic rocks are the 

products of several major tectonothermal events, especially the subduction and back-

arc extension related to the Paleo-Pacific plates (Farallon, Izanagi and Pacific plates). 

The magmatic rocks record both the materials reworked from the continental crust and 

input from the mantle (Jahn, 2004; Jahn et al., 2000; Kröner et al., 2014; Wu et al., 

2000). They are the most essential evidence concerning crustal growth and the 

subduction process of the NW Paleo-Pacific Ocean (Wu et al., 2011; Liu et al., 2017a, 

b). 

 

The eastern CAOB was influenced by several major tectonic regimes, namely the 

Paleo-Asian Ocean, Mongol-Okhotsk Ocean and Paleo-Pacific Ocean (Xu et al., 2015). 

The Paleo-Asian Ocean included all the various oceanic components and continental 
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fragments between the Siberia and North China cratons, and was finally closed in the 

late Paleozoic (Wilde, 2015; Xiao et al., 2004; Zhao et al., 2013) along the Solonker-

Changchun-Yanji Fault (SCYF in Fig. 4.2). 

 

Fig. 4.1 Sketch map showing Asian tectonics and the Central Asian Orogenic Belt 

(CAOB). Modified after Sengör and Natal'in, (1996) and Wilde (2015). 

The Mongol-Okhotsk Ocean was located between the southeastern Siberia Craton and 

the combined blocks of NE China and Mongolia, and was closed in the Late Jurassic 

to Early Cretaceous (Cogné et al., 2005; Kravchinsky et al., 2002; Tomurtogoo et al., 

2005; van der Voo et al., 1999), leaving a narrow suture zone in the northeastern part 

of the CAOB (Fig. 4.2). The effects of subduction and post-collisional events related 

to the Mongol-Okhotsk Ocean produced NE and E-W trending magmatic belts in 

northeastern Mongolia, the Trans-Baikal area in Russia and the Great Xing’an Range 

in China (Donskaya et al., 2012; Tang et al., 2014; Tomurtogoo et al., 2005; Xu et al., 

2013; Zorin, 1999). Closure of both the Paleo-Asian and Mongol-Okhotsk oceans 

resulted in generally E-W trending magmatic arcs and suture zones. Whereas the N-S 

trending magmatic belts in the eastern CAOB mainly resulted from the subduction of 
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the Paleo-Pacific and the Mudanjiang oceans. The former was subducted along the 

eastern margin of the Bureya-Jiamusi-Khanka Block marked by the Sikhote-Alin 

accretioanry belt (Fig. 4.2) and the latter was located between this block and the Lesser 

Xing’an-Zhangguangcai Range, indicated by the Heilongjiang Complex (Fig. 4.2). 

Most studies indicate that the Paleo-Pacific and Mudanjiang oceans dominated the 

Mesozoic tectonics in NE China and Sikhote-Alin after closure of the Paleo-Asian 

Ocean (Zhou et al., 2009; Khanchuk et al., 2015; Wilde, 2015; Wilde and Zhou, 2015; 

Sun et al., 2018).  

 

However, the tectonic settings of the Zhangguangcai Range and Bureya-Jiamusi-

Khanka Block during the Mesozoic remains controversial and is one of the key 

questions to be resolved in geological study of the eastern CAOB. Some researchers 

consider that the Lesser Xing’an-Zhangguangcai Range and the Jiamusi Block were 

active continental margins in the Early Jurassic (Wu et al., 2007; Zhou et al., 2009; Liu 

et al., 2016), whereas others argue that this area was in extension during the Late 

Triassic to Early Jurassic (Wu et al., 2002; Xu et al., 2009; Yu et al., 2012; Wang et al., 

2015). As for the tectonic environment in the Cretaceous, only a few studies (e.g. Sun 

et al., 2013) have been carried out. The age and geochemical features of most 

Cretaceous volcanic rocks, as well as the relationship between the volcanic rocks and 

subduction in the area remain unclear. 

 

In an attempt to resolve these issues, Mesozoic volcanic rocks in the Lesser Xing’an-

Zhangguangcai Range and the Jiamusi Block were the focus of this study. Zircon U-

Pb dating and whole-rock geochemical data for the Mesozoic volcanic rocks are 

presented here in order to determine the sequence of events and geodynamic setting.  

 

4.2 Geological background 

The study area is bounded by the Songliao basin to the west, Mongol-Okhotsk belt to 

the north, the Solonker-Changchun-Yanji Fault to the south and the Sikhote-Alin 
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accretionary complexes to the east (Figs. 2 and 3), tectonically including the Lesser 

Xing’an-Zhangguangcai Range and the Bureya-Jiamusi-Khanka Block (Fig. 4.2). 

 
Fig. 4.2 Major geological units in the eastern CAOB. Faults: XXF = Xinlin-Xiguitu 

Fault; HHF = Hegenshan-Heihe Fault; SCYF = Solonker-Changchun-Yanji Fault; JYF 

= Jia-Yi Fault; DMF = Dun-Mi Fault; MF = Mudanjiang Fault; WTF = West Turan 

Fault; ARF = Arsen’evsky Fault; YF = Yuejinshan Fault; CSAF = Central Sikhote-Alin 

Fault. 

4.2.1 Continental blocks 

The Songliao Block is composed of two components, the Lesser Xing’an-

Zhangguangcai Range in the eastern margin and the remainder covered by the 

Songliao Basin (Fig. 4.3). Some research suggested that the basement of the Songliao 

Basin is juvenile crust consisting of late Paleozoic to Mesozoic metavolcano-

sedimentary rocks and granitic gneiss without Precambrian components (Wu et al., 
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2001a). However, more recent work has shown that the oldest age for the basement is 

~1.8 Ga, recorded by a rhyolitic volcanic breccia and meta-diorite obtained from drill 

holes in the southern part of the basin (Pei et al., 2007; Wang et al., 2006b). In the 

Middle Jurassic to Cenozoic, the Songliao Basin experienced rifting, postrift 

subsidence and structural inversion due to changes in the movement direction of the 

Paleo-Pacific plate (Wang et al., 2006b; Kirillova, 2003). Nonmarine volcanic and 

sedimentary rocks were deposited in both basins from the Middle to Late Jurassic. The 

most important episode of volcanism is the Early Cretaceous (135 – 110 Ma; Li et al., 

2015; Pei et al., 2008; Sorokin et al., 2013; Zhang et al., 2011), with minor volcanic 

rocks formed in the Middle Jurassic (~165 Ma; Gao et al., 2007; Wu et al., 2000). The 

Lesser Xing’an-Zhangguangcai Range is located at the eastern margin of the Songliao 

Block (Fig. 4.3), in which the most important components are the magmatic rocks (Wei 

et al., 2012; Wu et al., 2011; Xu et al., 2013), formed in the early Paleozoic (500 – 470 

Ma), early Permian (280 – 290 Ma), late Pemian to Early Triassic (260 – 240 Ma), 

Late Triassic to Early Jurassic (220 – 170 Ma), and middle Cretaceous (~100 Ma). The 

most widespread component is the Late Triassic to Early Jurassic magmatic rocks. 

 

The Bureya-Jiamusi-Khanka Block is dissected by the northern branches of the Tan-

Lu Fault, namely the Dun-Mi and Jia-Yi faults (DMF and JYF in Fig. 4.2, respectively). 

High-grade orthogneisses exposed in the southern Jiamusi Block yield zircon U-Pb 

ages of 898 – 891 Ma (Yang et al., 2017), whereas a ~933 Ma gabbro-granite complex 

is also reported in the northern Bureya Block (Sorokin et al., 2016a). Thus, early 

Neoproterozoic rocks are the oldest known basement in this united block. The more 

widespread but younger basement shared by the three blocks is formed by late Pan-

African (~500 Ma; Wilde et al., 1997, 2000, 2003) granulite and early Paleozoic 

granitoids (Tsutsumi et al., 2014; Xu et al., 2018). 
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Fig. 4.3 The magmatic rocks (Permian to Cretaceous) in the eastern CAOB and 

Sikhote-Alin orogenic belt. 

Paleozoic sedimentary cover was deposited along the eastern margin of the Jiamusi 

and the Khanka blocks, including Early Paleozoic marbles, non-marine terrigenous 

rocks and late Paleozoic volcano-sedimentary strata (Khanchuk et al., 2016; Meng et 

al., 2008; Yang et al., 2015a; Zhang et al., 2015). Some N-S trending late Permian to 
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Early Triassic granitoids intruded into the western Jiamusi and Khanka blocks (Liu et 

al., 2017a; Huang et al., 2008; Wu et al., 2001b; Yang et al., 2016; Xu et al., 2018), 

whereas the Late Triassic to Early Jurassic magmatic rocks are exposed rarely in the 

Jiamusi Block but extensively in the western Bureya and Khanka blocks (Liu et al., 

2017a; Ma et al., 2016; Yang et al., 2015b; Sorokin et al., 2007, 2010, 2016b). The 

middle Cretaceous magmatism, including a ~100 Ma basalt-andesite-dacite 

association, is widespread in the Jiamusi Block (Sun et al., 2013). 

 

4.2.2 Accretionary complexes/terranes related to the Mudanjiang 

Ocean and Paleo-Pacific Ocean 

Between the Songliao and Bureya-Jiamusi-Khanka blocks, two accretionary 

complexes are recognized near the Mudanjiang Fault, namely, the Heilongjiang 

Complex and the Zhangguangcai Complex (Fig. 4.2), which are the remnants of the 

Mudanjiang Ocean. The Heilongjiang Complex is located on the western margin of 

the Jiamusi Block, and is composed of metagabbro, amphibolite, marble, quartzite, 

blueschist and mica schist. The protolith ages of the blueschist range from the early 

Permian to Triassic, whereas the high-pressure metamorphic ages are Early Jurassic 

(Ge et al, 2016; Zhou et al., 2009). A recent study has suggested the youngest zircon 

age of the blueschist is latest Jurassic (ca. 140 Ma; Zhu et al., 2015). In this case, the 

protolith is younger than the blueschist-facies metamorphism, indicating further 

research is required to resolve this issue. The Zhangguangcai Complex is a N-S 

trending tectonic mélange consisting of amphibolite, biotite-plagioclase metamorphic 

rocks, marble, schists and meta-volcanic rocks (HBGMR, 1993). The protolith age of 

components in this accretionary complex ranges from Paleozoic to Early Mesozoic, 

whereas the timing of the mélange is estimated between the Late Triassic and Early 

Jurassic (Wang et al., 2012). 
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Fig. 4.4 The geological maps of the sample locations. (a) Samples H15-18-1 to H15-18-4, 

H15-29-1 to H15-29-5 and H15-31-1 to H15-31-7 in the Yichun area. Modified from the 

1:200, 000 Yichun and Jinshantun geological maps; (b) Sample H15-73-1 to H15-73-6 in 

the Yabuli area. Modified from the 1:200, 000 Yimianpo geological map; (c) Samples 

H15-41-1 to H15-41-6 and H15-45-1 to H15-45-6 in the Jiamusi area. Modified from the 

1:200, 000 Jiamusi and Huanan geological maps; (d) Sample H15-54-1 to H15-54-6 in 

the Peide area. Modified from the 1:200, 000 Hulin geological map.  
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Numerous accretionary belts (or “tectonostratigraphic terranes” in Russian literatures) 

related to the Paleo-Pacific plate mainly occur in the Sikhote-Alin area of the Russian 

Far East and only partly in NE China. They are mainly Jurassic to Cretaceous in age. 

Three different kinds of belts are present: 1) accretionary complexes, 2) turbidite 

basins related to strike-slip faults and, 3) arc-related basins resulting from subduction 

of the Paleo-Pacific Ocean. For the first type, continuous sedimentary strata can be 

recognized in some local areas, which consists of, from bottom to top, basalt, chert, 

mudstone, sitstone and turbiditic sandstone, revealing changing sedimentary facies 

from ocean to continental margin (Kemkin, 2008; Kojimo, 1989; Matsuda and Isozaki, 

1991). These accretionary complexes are deformed strongly, including abundant faults 

and folds. The second kind of belt is turbidite basins deposited along, and then 

transported by, the Central Sikhote-Alin Fault. The main rock type is sandstone 

interlayered by siltstone (Malinovsky and Golozubov, 2011). The third type is 

composed of arc-related basins and components of island arcs (Malinovsky et al., 2006, 

2008). The main rock types are siltstone, sandstone, conglomerate, tuff and basaltic 

volcanic flows (Malinovsky et al., 2005). The Sikhote-Alin terranes were accreted one 

by one to the eastern margin of the Bureya-Jiamusi-Khanka Block before the Late 

Cretaceous (Golozoubov et al., 1999; Khanchuk et al., 2001, 2016). Cretaceous to 

Cenozoic magmatism is widespread in the whole area, which is mainly recorded by 

plutons and their extrusive equivalents, in which most of them are rhyolitic to andesitic 

(Jahn et al., 2015; Kruk et al., 2014; Fig. 4.3). The known zircon U-Pb ages of the 

magmatic rocks range from the Early Cretaceous in the west to Paleogene in the 

southeast (Jahn et al., 2015; Khanchuk et al., 2016; Tang et al., 2016).  

 

4.3 Sample locations and petrography 

Fourty samples of volcanic rocks were collected from the Lesser Xing’an-

Zhangguangcai Range and the Jiamusi Block, using for zircon U-Pb dating and whole-

rock geochemical analysis (Supplementary Table 1). The sample locations are shown 
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on their local geological maps (Fig. 4.4). 

 

4.3.1 Samples from the Lesser Xing’an-Zhangguangcai Range 

Sample H15-18-1, H15-18-2, H15-18-3 and H15-18-4 were collected from the lower 

Youhao Formation that crops out to the southwest of Yichun (Fig. 4.4a). The lower 

Youhao Formation consists of basalt, basaltic andesite, andesite and andesitic tuff, 

whereas the upper Youhao Formation is more felsic, and the rock types are mainly 

andesite, trachyandesite with minor rhyolite. The samples in this study are fine-grained 

basaltic andesites (Fig. 4.5a), consisting of plagioclase, clinopyroxene, hornblende and 

biotite. 

 

In the Yichun area, the Taiantun Formation is distributed in a N-S trending belt (Fig. 

4.4a). Sample H15-29-1 to H15-29-5 were collected from the lower part of the 

formation and are grey porphyritic rhyolite (Fig. 4.5b). The phenocrysts are quartz and 

K-feldspar, up to 1.5 mm in length, and make up 40% by volume. The groundmass is 

mainly composed of K-feldspar, plagioclase and quartz. Sample H15-31-1 to H15-31-

7 (Fig. 4.4a) were collected from the upper part of the Taiantun Formation that is 

composed of trachydacite, andesite and rhyolitic tuff. It is transitional between 

andesite and dacite and is porphyritic with phenocrysts of plagioclase (Fig. 4.5c). The 

groundmass is mainly composed of plagioclase and hornblende, with minor quartz and 

K-feldspar. 

 

The Taiantun Formation is also exposed in the southern Zhangguangcai Range (Fig. 

4.4b). To the south of Yabuli town, the lower Taiantun Formation is composed of 

andesite, siltstone and slate, with andesitic tuff interlayers. The upper Taiantun 

Formation in this area is composed of andesitic to rhyolitic lava and tuff. Sample H15-

73-1 to H15-73-6 were collected from the lower Taiantun Formation and are andesites 

in composition. They have a porphyritic texture, with phenocrysts of clinopyroxene 

and plagioclase, set in a groundmass of plagioclase, hornblende and clinopyroxene. 
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The plagioclase phenocrysts reach 2 mm in length, whereas the size of hornblende and 

clinopyroxene range from 0.2 – 0.5 mm in diameter (Fig. 4.5g). 

 

4.3.2 Samples from the Jiamusi Block 

In the Jiamusi Block, volcanic rocks crop out extensively near Jiamusi city and the 

town of Peide.  

 

To the south of Jiamusi city, the volcano-sedimentary strata are widely distributed over 

an area of ~1000 km2 (Fig. 4.4c). The lower strata (the Xigemu Formation) are mainly 

composed of basalt, basaltic andesite and dacite, with minor volcanic agglomerate. 

The middle part, the Aoqi Formation is mainly felsite and rhyolite. The upper 

sequences, including the Sifengshan and Furao fomations are mainly composed of 

sedimentary rocks, including sandstone, siltstone, conglomerate, shale, with thin 

layers of coal. Samples H15-41-1 to H15-41-6 and H15-45-1 to H15-45-6 were 

collected from the lower strata. Sample H15-41-1 to H15-41-6 are basalts which are 

black in color with porphyritic cryptocrystalline texture and massive structure. The 

mineral assemblage is plagioclase, hornblende, clinopyroxene and ilimenite (Fig. 4.5d). 

Sample H15-45-1 to H15-45-6 are greyish-yellow dacite with a porphyritic texture. 

The phenocrysts are quartz and K-feldspar up to 0.8 – 1.5 mm in length and the 

groundmass consists of plagioclase, quartz and K-feldspar (Fig. 4.5e). 

 

To the north of Peide town, the Songmuhe Formation crops out and the main rock 

types are andesite and dacite, with minor rhyolite and andesitic tuff (Fig. 4.4d). Sample 

H15-54-1 is andesite that is light grey in color with a porphyritic texture. The 

phenocrysts are mainly plagioclase, and the main minerals in the groundmass are 

plagioclase, clinopyroxene, hornblende, biotite, magnetite and minor quartz (Fig. 4.5f).  
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Fig. 4.5 Micrographs of the thin sections. (a) Sample H15-18-1 (basaltic andesite); (b) 

Sample H15-29 (rhyolite); (c) Sample H15-31-1 (andesite); (d) Sample H15-41-1 

(basalt); (e) Sample H15-45-1 (dacite); (f) Sample H15-54-1 (andesite); (g) Sample H15-

73-1 (andesite). Abbreviations: Pl = plagioclase; Hb = Horblende; Cpx = clinopyroxene; 

Ma = magnetite; Qtz = quartz; Kfs = K-feldspar. 

4.4 Analytical techniques 
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Samples H15-18-1, H15-29-1, H15-30-1, H15-41-1, H15-45-1, H15-54-1 and H15-

73-1 were selected for zircon U-Pb analysis and other 33 fresh samples were selected 

for analysis of whole-rock major and trace elements (Table 2). 

 

Zircon was extracted by crushing, followed by heavy liquid and magnetic separation 

at the Honesty Geological Services Corporation, Langfang, Hebei Province, China. 

Zircons from dacite and rhyolite were abundant with more than 500 grains. However, 

there were less than 100 zircons available from the basalt, basaltic andesite and 

andesite samples, including H15-18-1, H15-54-1 and H15-73-1. The zircons were 

mounted in epoxy resin along with the BR266 standard (Stern, 2001) and polished to 

reveal the center of the grains. Cathodoluminescence (CL) images were taken using a 

Philips XL30 Scanning Electron Microscopy at Curtin University before SHRIMP 

zircon U-Pb analysis. Zircon U-Pb dating was conducted using a SHRIMP II ion 

microprobe at Curtin University following standard procedures (Nelson et al., 1995). 

The mass resolution was ca. 5000 at 1% peak height. The spot size of the ion beam 

was ~30 μm. Six scans through the mass stations were used during the data collection. 

Standard BR266 (559 Ma, U = 909 ppm) was used for U concentration and age 

calibration. Ages and concordia diagrams were calculated using the programs SQUID 

2 (Ludwig, 2009) and ISOPLOT 3.0 (Ludwig, 2003). 

 

For each sample prepared for geochemical analysis, the fresh rocks were crushed to 

powder. The geochemical analyses were performed at the Wuhan Sample Solution 

Analytical Technology Co., Ltd., Wuhan, China. The major elements were analyzed 

using a Rigaku-100e XRF whereas the trace elements were analyzed using an Agilent 

7700e inductively-coupled plasma mass spectrometer (ICP-MS). The analytical 

precision for all major oxides was better than 0.5%. The analytical precisions were 5–

10% for REEs, Rb, Sr, Cs, Ba, U, Th, Pb, Zr and Hf, and 20% for other trace elements. 
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4.5 Results 

4.5.1 SHRIMP zircon U-Pb dating 

Zircons from the volcanic rocks are transparent (or pale yellow) and tabular in shape. 

Most zircons have oscillatory zonation in cathodoluminescence (CL) images, showing 

typical magmatic features (Fig. 4.6). 

 

In sample H15-18-1, zircons range in length from 50-250 μm (Fig. 4.6), and the length 

to width ratios range from 1:1 to 5:1. Seventeen zircons were analyzed from this 

sample, and four zircons are excluded from the calculations because of low U (21-90 

ppm) and Th (11-31 ppm) concentrations. For the other 13 zircons, one shows no 

zonation and have low Th/U ratio (0.05), suggesting a possible metamorphic origin. 

The 206Pb/238U age of this zircon is 565 Ma. The other 12 zircons show higher U and 

Th concentrations ranging from 126-1478 ppm and 50-617 ppm, respectively. The 

Th/U ratios vary from 0.31-1.16, indicating a magmatic origin. Most of the magmatic 

zircons are inherited grains, having 206Pb/238U ages from 174 to 440 Ma (Fig. 4.7a). 

However, two somewhat discordant zircons with clear oscillatory zoning have 

206Pb/238U age of 106 Ma and 104 Ma with a weighted mean age of 105±8 Ma, taken 

to represent the age of the sample H15-18-1, i.e. late Early Cretaceous (Fig. 4.7b). 

 

Zircons from sample H15-29-1 are tabular and 100-250 μm in length with typical 

oscillatory zonation, indicating a magmatic origin (Fig. 4.6). Fifteen zircons were 

analyzed from this sample and the U and Th concentrations range from 88-1059 ppm 

and 30-621 ppm, respectively. The Th/U ratios vary from 0.27-0.61, suggesting a 

magmatic origin. There is one inherited zircon with a 206Pb/238U age of 322 Ma. The 

other zircons have 206Pb/238U ages ranging from 196-206 Ma, with a weighted mean 

age of 203±1 Ma (Fig. 4.7c), hence the age of sample H15-29-1 is end Triassic. 
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Fig. 4.6 Cathodoluminescence (CL) images for analyzed zircons by SHRIMP. 

Fifteen zircons were analyzed from sample H15-31-1, which were tabular, 50-300 μm 

in length, and with length to width ratios ranging from 1:1 to 3:1. All zircons have 

oscillatory zonation, indicating a magmatic origin. The U concentrations range from 

113-1036 ppm, whereas the Th concentrations range from 48-338 ppm. The Th/U 

ratios vary from 0.34-0.61, which supports their magmatic origin. The 15 zircons have 

206Pb/238U ages ranging from 175-189 Ma, with a weighted mean age of 183±3 Ma 

(Fig. 4.7d). Thus, sample H15-31 is Early Jurassic in age. 

 

Zircons in sample H15-41-1 are tabular, 40-200 μm in length, and with length to width 

ratios ranging from 1:1 to 4:1. All zircons have oscillatory zonation (Fig. 4.6). Twelve 

zircons were analyzed, and the U and Th concentrations range from 177-2393 ppm 

and 38-1741 ppm, respectively. The Th/U ratios vary from 0.24-1.85, suggesting a 

magmatic origin. The zircons have 206Pb/238U ages from 100-113 Ma with a weighted 

mean age of 101±2 Ma (Fig. 4.7e), indicating eruption at the end of the Early 

Cretaceous. 
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Fig. 4.7 SHRIMP U-Pb diagrams for (a) and (b) sample H15-18-1; (c) sample H15-29-1; 

(d) sample H15-31-1; (e) sample H15-41-1; (f) sample H15-45-1; (g) sample H15-54-1; 

(h) sample H15-73-1. 
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For sample H15-45, zircons are elongated and 50-200 μm in length, with length to 

width ratios ranging from 1:1 to 2:1 (Fig. 4.6). All zircons show magmatic oscillatory 

zonation. Fourteen zircons were analyzed, and the U and Th concentrations vary from 

121-1291 ppm and 100-2391 ppm, respectively, with the Th/U ratios ranging from 

0.67 to 1.16, indicating a magmatic origin. The zircons have 206Pb/238U ages ranging 

from 105-116 Ma, with a weighted mean age of 109±1 Ma (Fig. 4.7f). Thus, the age 

of sample H15-45 is late Early Cretaceous. 

 

The zircons in sample H15-54 are stubby to euhedral, 50-180 μm in length, with length 

to width ratios ranging from 1:1 to 4:1. Most zircons have magmatic oscillatory 

zonation, however, there are some zircons showing only weak zonation, whereas some 

others show core-rim structure with oscillatory zonation in the core but no zonation in 

the rim (Fig. 4.6). Eight concordant ages were obtained for this sample. Five zircons 

have 206Pb/238U ages ranging from 116-340 Ma, which are interpreted as inherited 

zircons. The other 3 zircons with oscillatory zonation have 206Pb/238U ages ranging 

from 95-110 Ma with an imprecise weighted mean age of 103±11 Ma (Fig. 4.7g). Thus, 

sample H15-54 also formed in the late Early Cretaceous. 

 

There were only 9 zircons extracted from sample H15-73-1. The length of these 

zircons ranges from 20-100 μm, with length to width ratios of 1:1 to 2:1. The zircons 

show magmatic oscillatory zonation (Fig. 4.6). There are 4 concordant ages: 185 Ma, 

282 Ma, 410 Ma and 458 Ma (Fig. 4.7h). Only the 185 Ma zircon has typical 

oscillatory zonation suggesting a magmatic origin and the other 3 zircons have core-

rim structure, indicating they are inherited zircons. Thus, the age of sample H15-73-1 

should be the Early Jurassic or later, but cannot be well constrained. 

 

4.5.2 Geochemistry 

4.5.2.1 Jurassic volcanic rocks 

All the Jurassic volcanic rocks in this study, including samples H15-29-2 to H15-29-
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6, H15-31-2 to H15-31-7 and H15-73-2 to H15-73-6, are from the Lesser Xing’an-

Zhangguangcai Range. There are no Jurassic magmatic rocks found in the Jiamusi 

Block. 

 

In the Na2O+K2O vs. SiO2 diagram (Fig. 4.8a), sample H15-29-2 to H15-29-6 are 

classified as rhyolite, whereas sample H15-31-2 to H15-31-7 are transitional from 

andesite to trachydacite and sample H15-73-2 to H15-73-6 are trachyandesite.  

The rhyolite (H15-29-2 to H15-29-6) has high contents of SiO2 (74.4 – 76.8 %), K2O 

(4.8 – 6.5 %) and total alkalis (8.6 – 9.2 %), whereas the contents of total Fe2O3 (0.72 

– 1.54 %), MgO (0.04 – 0.07 %) and CaO (0.24 – 0.52 %) are low. The Na2O/K2O and 

A/CNK ratios vary from 0.4 to 0.8 and 1.06 to 1.13, respectively, indicating they are 

weakly peraluminous. In the primitive mantle-normalized diagram and chondrite-

normalized diagram (Fig. 4.8b, c), the rhyolite is enriched in large ion lithophile 

elements (LILEs) and light rare earth elements (LREEs) and depleted in high field 

strength elements (HFSEs) and heavy rare earth elements (HREEs). Negative 

anomalies of Ba, Nb-Ta, Sr and Eu (Eu/*Eu=0.26–0.31, with positive anomalies of Rb, 

Th, U, Pb are observed (Fig. 4.8b, c). 

 

The andesite, trachyandesite and trachydacite (H15-31-2 to H15-31-7) have lower 

contents of SiO2 (58.6 – 65.7 %), K2O (1.8 – 3.2 %) and total alkalis (5.4 – 7.7 %) with 

higher contents of total Fe2O3 (4.6 – 6.8 %). However, the contents of MgO in 

trachyandesite (sample H15-31-2 to H15-31-7) is in the range of 0.9 – 3.25 %, lower 

than that in andesite-trachydacite (from 2.87 to 5.65 % in sample H15-73-2 to H15-

73-6). Correspondingly, in the samples H15-31-2 to H15-31-7, the Mg# of the 

trachyandesite varies from 31.3 to 51.0, also lower than the range of 58.7 – 66.1 in the 

andesite-trachydacite. In the primitive mantle-normalized diagram and chondrite-

normalized diagram (Fig. 4.8b, c), both samples show similar enriched LILEs and 

LREES with depleted HFSEs and HREES. They both have strong negative anomalies 

of Nb-Ta and positive anomalies of Th, U and Pb. However, there are negative 

anomalies of Sr and Eu in the trachyandesite, whereas positive anomalies of Sr and Eu 
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are present in the andesite-trachydacite. 

 
Fig. 4.8 (a) Total alkalis vs. silica classification diagram, (b) chondrite-normalized REE 

patterns and (c) primitive mantle-normalized trace element spider diagrams for the 

Jurassic volcanic rocks. (d) Total alkalis vs. silica classification diagram, (e) chondrite-

normalized REE patterns and (f) primitive mantle-normalized trace element spider 

diagrams for the Cretaceous volcanic rocks (Middlemost, 1994; Sun and McDonough, 

1989). 

4.5.1.2 Cretaceous volcanic rocks 

The Cretaceous volcanic rocks in this study represented by all the samples from the 
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Jiamusi Block (H15-41-2 to H15-41-6, H15-45-2 to H15-41-6 and H15-54-2 to H15-

54-6) and one sample from the Lesser Xing’an Range (H15-18-2 to H15-18-6). 

In the Na2O+K2O vs. SiO2 diagram (Fig. 4.8d), samples H15-18-2 to H15-18-6 are 

basalt. Samples H15-41-2 to H15-41-6 are basaltic andesites. Samples H15-45-2 to 

H15-45-6 are trachydacites, and H15-54-2 to H15-54-6 are andesites.  

 

Samples H15-18-2 to H15-18-6 (basalt), H15-41-2 to H15-41-6 (basaltic andesites), 

and H15-54-2 to H15-54-6 have low contents of SiO2 in the range of 50.7 to 59.2 %, 

and high contents of total Fe2O3 (5.3 – 7.6 %) and MgO (1.6 – 4.6 %). The samples 

H15-45-2 to H15-45-6 (trachydacites) have higher contents of SiO2 from 63.6 to 

66.1 %, lower contents of total Fe2O3 (4.3 – 4.5 %) and MgO (1.5 – 2.2 %). The 

andesitic samples H15-54-2 to H15-54-6 have the lowest Mg# values (38.4 to 47.5), 

Cr (<2 ppm) and Ni (<3 ppm). However, the Mg# of other Cretaceous rocks, even the 

trachydacite (H15-45-2 to H15-45-6) are mostly > 48, with a mean value of 51.7. The 

contents of Cr and Ni are >50 ppm and >38 ppm, respectively, much higher than those 

in the andesite (H15-54-2 to H15-54-6). In the primitive mantle-normalized spider 

diagram and chondrite-normalized REE diagram (Fig. 4.8e, f), all the Cretaceous 

volcanic rocks share similar patterns, i.e. enrichment of LREE and LILEs and 

depletion of HREEs and HFSEs. There are strong negative anomalies for Nb-Ta and 

positive anomalies for Th, U and Pb. The trachydacites (H15-45-2 to H15-45-6) have 

negative anomalies of Sr and Eu, however, the basaltic andesite (H15-41-2 to H15-41-

6) and andesite (H15-54-2 to H15-54-6) have positive anomalies of Sr and Eu. The 

basalt (H15-18-2 to H15-18-6) shows negative to weakly positive Sr anomalies 

without an Eu anomaly. 
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Fig. 4.9 Geochemical diagrams for the Jurassic lava. (a) The K2O vs. SiO2 diagram, (b) 

Fe2O3
T vs. SiO2 diagram, (c) La/Sm vs. La diagram, (d) Rb vs. Rb/V diagram and (e) 

1/V vs. Rb/V diagram are for the Jurassic basaltic andesite, andesite and dacite 

(Schiano et al., 2010); (f) The (K2O + Na2O)/CaO vs. Zr + Nb + Ce + Y diagram, (g) Ba 

vs. Sr diagram and (h) La/Yb vs. La diagram are for the Jurassic rhyolite (Whalen et 

al., 1987; Wu et al., 2003a). 
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4.6 Discussion 

4.6.1 Petrogenesis of the Jurassic volcanic rocks  

In addition to the Jurassic volcanic rocks analyzed in this study, trachyte, 

trachyandesite and rhyolite with zircon U-Pb ages of 179 – 184 Ma are reported from 

the Maoershan area (~100 km west to the sample H15-73-1) in the middle 

Zhangguangcai Range (Tang et al., 2011). These will be cited and discussed with our 

data together in this section. 

 

4.6.1.1 Petrogenesis of the andesitic lava 

The Early Jurassic volcanic rocks in the Lesser Xing’an-Zhangguangcai Range are 

characterized by moderate abundances of SiO2, moderate to high contents of K2O and 

total alkalis, enriched LILEs and LREEs and depleted HFSEs and HREEs, similar to 

igneous rocks formed at active continental margins, which is further supported by the 

strong negative anomalies of Nb-Ta and positive anomalies of Th and U (Fig. 4.8b, c; 

Pearce and Peate, 1995). 

 

Generally, andesite-trachyandesite-trachydacite at active continental margins can be 

generated from two kinds of primary magma: 1) basaltic magma which evolves into 

andesitic magma through different mechanisms, such as fractional crystallization, with 

or without crustal assimilation, or magma mixing between mafic and felsic magma 

(Gill, 1981; Graham and Cole, 1991; Hildreth and Moorbath, 1988; Plank and 

Langmuir, 1988; Reubi and Blundy, 2009);  or 2) andesitic primary magma melted 

from upper mantle peridotite under water-saturated conditions to generate high-

magnesian andesitic magma with residual harzburgite in the source (Grove et al., 2002; 

Hirose, 1997; Kelemen, 1995), or melted from subducted oceanic crust with garnet 

amphibolite or eclogite as residuals, producing adakitic magma (Defant and 

Drummond, 1990; Shimoda et al., 1998). 
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Fig. 4.10 Geochemical diagrams for the Cretaceous lava (a) the Zr/Y vs. Zr diagram for 

the Cretaceous volcanic rocks (Pearce and Norry, 1979). (b) AFM diagram shows the 

calc-alkaline series for the Cretaceous volcanic rocks. (c) CaO/Al2O3 vs. Mg# diagram 

shows the fractional crystallization of clinopyroxene (Sun et al., 2013).  

However, the low Sr/Y ratios (< 200) of the andesites in the Lesser Xing’an-

Zhangguangcai Range are distinct from adakitic magma (Defant and Drummond, 

1990). The andesites have low contents of MgO (< 6%) and Mg# (< 66) with high 

FeOT/MgO ratios (1.08 – 5.10), which is also inconsistent with high-magnesian 

andesitic magma generated from the interaction between subducted slab-

melting/fluids and overlying mantle peridotite (Hirose, 1997; Jolly et al., 2007). Thus, 

the primary magma in this study is likely to be basaltic rather than andesitic. 

 

Either magma mixing or fractional crystallization, accompanied by crustal 

assimilation (AFC process), can produce andesitic lava from basaltic primary magma. 

However, the following lines of evidence argue against fractional crystallization and 
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instead support a magma mixing model. First of all, Sr/Nd in the andesite, 

trachyandesite and trachydacite from the Lesser Xing’an-Zhangguangcai Range varies 

from 14 to 47 (except for 8.5 in one sample), higher than that of the mid- to upper-

crust (~10; Rudnick and Gao, 2003), indicating that assimilation during magma ascent 

was not important. Secondly, the volume of andesitic lava should be much smaller than 

that of basaltic lava if the former is fractionated from the latter. However, basalt 

derived from the mantle wedge is rare in the study region and the andesite-dacite-

rhyolite series is dominant, which suggests the importance of continental crust, 

changes the composition of primary basaltic magma in the source region. Thirdly, if 

AFC processes affected the primary basaltic magma, there should be a clear linear 

relation between SiO2 and major elements oxides, such as MgO, Fe2O3T, K2O and 

Na2O. However, this is not shown in the Harker diagrams (Fig. 4.9a, b). Finally, 

fractional crystallization and magma mixing can be distinguished by trace elements 

because of the distinct behaviors of the elements with distinct partition coefficients 

(Treuil and Joron, 1975; Allègre and Minster, 1978). In the La/Sm vs. La, Rb vs. Rb/V 

and 1/V vs. Rb/V diagrams (Fig. 4.9c-e), magma mixing is shown to be more 

significant than fractional crystallization or partial melting for the andesitic-dacitic 

magma (Schiano et al., 2010). 

 

Sample H15-73-3 is more similar to basaltic primary magma because of its low SiO2 

(59 %) and high Mg# (66.1), whereas sample H15-31-1 is closer to the felsic end-

member in composition, with high SiO2 (ca. 65%) and low Mg# (31.3). Thus, the 

basaltic end-member derived from the partial melting of the mantle wedge is 

characterized by low SiO2 and Al2O3 and high MgO, Fe2O3T, Mg#, Cr and Ni. The 

felsic end-member which is melted from the lower crust heated by the ascending 

basaltic magma has higher SiO2 and Al2O3 and lower MgO, Fe2O3T, Mg#, Cr and Ni. 

The andesitic lava is therefore the product of magma mixing of two end-members and 

crustal assimilation was insignificant. 

4.6.1.2 Petrogenesis of the rhyolitic lava 
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Early Jurassic rhyolite in the Lesser Xing’an-Zhangguangcai Range is a minor 

component compared to the andesite and dacite. However, contemporaneous granite 

is widely exposed in this region, which has similar features in major and trace elements 

to the rhyolite. Thus, the granitoids should be treated as the intrusive equivalents of 

the rhyolites (Wu et al., 2003a, b, 2011).  

 

The A/CNK value of the rhyolite ranges from 1.06 to 1.11, indicating it is weakly 

peraluminous. The 10000*Ga/Al ratio of rhyolite (~2.6) is near the boundary between 

A- and I&S-type granite (Whalen et al., 1987), indicating that the rhyolite is 

transitional between A- and highly fractionated I-type granite (Fig. 4.9f). Tang et al. 

(2011) proposed that the rhyolite in the Maoershan area is A-type rhyolite (Fig. 4.9f). 

However, aluminous A-type granite is difficult to distinguish from highly fractionated 

I-type granite/rhyolite (Chappell and White, 1992; King et al., 1997), which is widely 

distributed in NE China (Wu et al., 2003a, b). In the Lesser Xing’an-Zhangguangcai 

Range, Early Jurassic granite/rhyolite is closely associated with hornblende-bearing 

gabbro, diorite, granodiorite and syenogranite (Wu et al., 2003a, b). However, no 

alkaline mafic mineral, such as arfvedsonite or aegirine-augite, is present in the 

rhyolite, indicating that it is a highly fractionated I-type granite, and not an A-type 

granitoid. 

 

The highly fractionated I-type rhyolite (sample H15-29) has high SiO2 (>74 %), K2O 

(4.8 – 6.5 %) and low MgO (<0.1 %), Fe2O3T (<2 %) and Mg# (< 25), indicating that 

the granitic magma was derived from the lower crust without any mantle participation. 

The strongly negative anomalies of Sr and Eu suggest fractionation of plagioclase 

and/or K-feldspar (Fig. 4.8b, c). The fractionation of K-feldspar can also be recognized 

in the Ba vs. Sr diagram (Fig. 4.9g). The extremely low contents of MgO and Fe2O3T 

are the result of fractionated mafic minerals, such as hornblende. The contents of P2O5 

decrease with increasing SiO2, suggesting the fractional crystallization of apatite or 

titanite (Supplementary table 2). In the La/Yb vs. La diagram, there is evidence of 

minor fractionation of monazite and/or allanite (Fig. 4.9h; Wu et al., 2003b). Thus, the 
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Early Jurassic rhyolite is a highly fractionated I-type rhyolite derived from lower 

continental crust without mantle input, and the granitic magma experienced fractional 

crystallization of plagioclase, K-feldspar, hornblende and accessory minerals, 

including apatite, titanite, monazite and allanite. 

 

4.6.2 Petrogenesis of the Cretaceous volcanic rocks 

The middle Cretaceous volcanic rocks mainly consist of basalt (samples H15-41-2 to 

H15-41-6 from the Jiamusi Block), basaltic andesite (sample H15-18-2 to H15-18-6 

from the Lesser Xing’an Range), andesite (H15-54-2 to H15-54-6 from the Jiamusi 

Block) and dacite (H15-45-2 to H15-45-6 from the Jiamusi Block). These 

contemporaneous volcanic rocks are widely distributed in the Lesser Xing’an-

Zhangguangcai Range, Jiamusi Block and Khanka Block (Fig. 4.3).  

 

In the Zr/Y vs. Zr diagram (Fig. 4.10a), the basaltic and andesitic lava shows intra-

plate characteristics, indicating they formed in an extensional setting (Pearce and 

Norry, 1979). This is consistent with the bimodal composite dykes with an age of 100 

Ma found to the south of Jiamusi city, indicating extensional settings in the western 

Jiamusi Block and the Lesser Xing’an-Zhangguangcai Range (Sun et al., 2013). Rather 

than tholeiite, the Cretaceous mafic volcanic rocks are calc-alkaline, which is common 

at active continental margins (Fig. 4.10b). The negative anomalies of Nb-Ta, 

enrichment of LILEs and LREEs and depletion of HFSEs and HREEs indicate the 

influence of fluids released from subducted slab/sediments (Pearce and Peate, 1995). 

Thus, the basaltic and andesitic magma was likely produced in a back-arc extensional 

environment. 

 

The basalts (samples H15-41-2 to H15-41-6) and basaltic-andesites (sample H15-18-

2 to sample H15-18-6) are characterized by low SiO2 (51 – 60.7 %), high MgO (3.7 – 

4.5 %), Fe2O3T (5.3 – 7.6 %), Mg# (57 – 63), Cr (150 – 295 ppm) and Ni (37 – 107 

ppm). They may represent a primary basaltic magma that was less contaminated by 
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continental crust than the andesite and dacite. In subduction zones, basaltic melt is 

attributed to fluids that released from the slab, which lowers the solidus of peridotite 

in the mantle wedge and thus results in the basaltic melts enriched in LILE/HFSE ratios 

(Gill, 1981; Saunders et al., 1980). The crystallization of Fe-rich minerals (such as 

clinopyroxene, hornblende and magnetite) under water-saturated conditions 

contributes to the calc-alkaline trend, namely the absence of Fe-enrichment in the 

basalt and andesite (Sission and Grove, 1993). In the CaO/Al2O3 vs. Mg# diagram, the 

fractionation of clinopyroxene can be recognized (Fig. 4.10c). This also explains the 

varying concentrations of Cr with constant concentration of Ni in samples H15-41-2 

to H15-41-6 and H15-18-2 to H15-18-6, because Cr is much more compatible than Ni 

in clinopyroxene (Green, 1980).  

 

The dacite (samples H15-45-2 to H15-45-6) could have been generated after the 

fractionation of the mafic minerals. Fractional crystallization lowers the contents of 

Fe, Mg, Mg#, Cr and Ni with increasing SiO2 (Supplementary table 2). However, 

fractional crystallization cannot explain the geochemical features of the andesite 

collected north of Peide (samples H15-54-2 to H15-54-6). According to fractional 

crystallization models, the concentrations of incompatible elements (such as Cr, Ni 

and Mg) in dacite should be lower than those in andesite. However, the Mg# values, 

concentrations of Cr and Ni are lower in the andesite (samples H15-54-2 to H15-54-6) 

than those in the dacite (samples H15-45-2 to H15-45-6) in this study. Thus, magma 

mixing with felsic magma melted from continental crust is necessary to reduce the 

Mg#, Cr and Ni. In the adjacent area, magma mixing is also recognized in Huanan, the 

central Jiamusi Block. In this area, a ~100 Ma andesitic dike intruded into the 

contemporaneous granitic wall rocks, whereas numerous andesitic enclaves are found 

near the contact (Sun, 2013). From the central part of the andesitic dike to the granitic 

wall rock, the contents of SiO2 become higher and the εNd(t) more positive, indicating 

the interaction between mafic and felsic magma from different magmatic sources (Sun, 

2013). The andesitic enclaves have similar SiO2 but slightly lower Mg#, Cr and Ni to 

the andesite north of Peide in this study, suggesting a similar magma mixing process.  
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4.7 Tectonic implications 

4.7.1 Tectonic environment of the Jurassic volcanic rocks 

It is important to discuss the Heilongjiang Complex and the Sikhote-Alin accretionary 

complexes (or “Sikhote-Alin orogenic belt”; Jahn et al., 2015; Tang et al., 2016; Liu 

et al, 2017b) before discussing the tectonic environment of the volcanic rocks in this 

area. 

 

The Heilongjiang Complex is located in the western Jiamusi Block, marking the 

remnants of the Mudanjiang Ocean (Fig. 4.2). It consists of components from the 

oceanic crust which experienced high-pressure metamorphism, including lenses of 

mafic-ultramafic rocks, quartz-feldspathic schists, blueschists and other sedimentary 

rocks. The blueschists were metamorphosed to epidote-blueschist facies with P–T 

conditions of approximately T = 320 – 450 °C and P = 0.9 – 1.1 GPa (Zhou et al., 2009; 

Ge et al., 2016). The zircon U-Pb ages of the blueschists, representing the age of their 

protoliths (E-MORB and OIB), range from 281 Ma to 213 Ma (Ge et al., 2016; Zhou 

et al., 2009). The timing of metamorphism, which is recorded by hornblende and 

muscovite Ar-Ar ages, ranges from 198 Ma to 165 Ma, indicating subduction of the 

Mudanjiang Ocean during the Early to Middle Jurassic (Li et al., 2010; Ge et al., 2016; 

Wu et al., 2007; Zhou et al., 2009). Arc-related intrusive rocks in the Early Jurassic 

also includes the mafic-ultramafic intrusions and the giant granitic plutons in the 

Lesser Xing’an-Zhangguangcai Range. The mafic-ultramafic rocks, such as olivine 

gabbro, gabbro and gabbro-diorite show important enrichment of LILEs and LREEs 

and depletion of Nb-Ta and Ti, suggesting arc-related features due to the influence of 

fluids from the subducted sediments (Yu et al., 2012). The occurrence of I-type 

granitoids in NE China is well documented, indicating they are highly-fractionated I-

type granites (Wu et al., 2003a, b; Liu et al., 2016). The geochemical characteristics of 

enriched LILEs, LREEs and depleted Nb-Ta are similar to arc magmas. The positive 

εNd(t) and εHf(t) data suggest that they formed by melting of juvenile crust (Wu et al., 
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2003a, b; Liu et al., 2016). Yu et al. (2012) proposed that the I-type granitoids and the 

mafic-ultramafic rocks represent typical bimodal magmatism and thus were the 

products of back-arc extension. However, the extensive andesite and dacite analyzed 

in our study do not support this view. The lack of intermediate intrusive rocks, such as 

diorite and granodiorite, can be attributed to only weak mixing between the felsic and 

mafic magma in the chamber. 

 

Based on spatial relationships between the volcanic rocks in the Lesser Xing’an-

Zhangguangcai Range and the Heilongjiang Complex, along with the arc-related 

geochemical features of the volcanic rocks, it is proposed that the Early Jurassic 

volcanic rocks were formed in a magmatic arc at an active continental margin. The late 

Triassic to Early Jurassic granitoids (Wu et al., 2011; Ge et al., 2017, 2018) and Early 

Jurassic volcanic rocks in the Lesser Xing’an-Zhangguangcai Range (Xu et al., 2013; 

Tang et al., 2011 and data in this study) represents a continental arc. To the east of this 

arc, the Heilongjiang Complex was the remnant of the coeval mélange. Hence, the 

Mudanjiang Ocean was subducted westwards below this active margin and the fluid 

released from the slab was released into the mantle wedge. Partial melting of the upper 

mantle and overlying crust together produced the Early Jurassic andesite and the I-type 

rhyolite. 

 

Along the east margin of the Jiamusi-Khanka Block, the Paleo-Pacific Oceanic plate 

also began its subduction during the Early Jurassic (Wu et al., 2007; Guo et al., 2015; 

Zhou et al., 2014; Liu et al., 2017a). The direct evidence for this subduction is the 

Sikhote-Alin accretionary complexes. The Sikhote-Alin orogenic belt is consisted of 

several NNE trending accretionary prisms and basins, with ages ranging from Middle 

Jurassic to Early Cretaceous. Unlike the Heilongjiang complex, there is no Jurassic or 

Cretaceous high-pressure metamorphism reported yet in this area. However, 

paleontological and radio-isotopic dating indicate that these NNE trending 

accretionary belts were continuously accreted to the eastern Jiamusi-Khanka Block 

from west to east during Jurassic to Cretaceous (Khanchuk et al., 2016; Jahn et al., 
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2015; Liu et al., 2017b). The Early Jurassic (187 to 174 Ma) arc-related volcanic rocks 

were generated in the Nadanhada accretionary complex (the west part of the Sikhote-

Alin accretionary complexes; Wang et al., 2017), including calc-alkaline andesite-

dacites-rhyolite associations, Nb-enriched andesites and high-Mg andesites. In the 

south Khanka Block, Guo et al. (2015) reported a mafic intrusive complex with age of 

ca. 187 Ma in the Tumen area, which was evolved from a water-saturated parental 

magma because of the dehydration of the subducted Paleo-Pacific slab. 

 

Thus, there were two subduction zones along the western and eastern margin of the 

Jiamusi-Khanka Block in the Early Jurassic, namely the subduction of the Mudanjiang 

and Paleo-Pacific oceans, respectively (Fig. 4.11a). 

 

4.7.2 Tectonic environment of the Cretaceous volcanic rocks 

The closing time of the Mudanjiang Ocean is now constrained well. Some research 

indicates that the collision between the Songliao and Jiamusi-Khanka blocks is 210-

180 Ma (Zhou et al., 2009, 2013, 2017). Recently, Zhu et al. (2015, 2016) suggested 

that the closure should be as late as Early Cretaceous because the protolith age of the 

blueschist was dated to ca. 142 Ma. Thus, the final closure timing needs further 

research. However, the consensus is that eastern CAOB began to be dominated by the 

advance and roll-back of the Paleo-Pacific slab from the Early Cretaceous (Wu et al., 

2005; Sun et al., 2018). 

 

Because of subduction of the Paleo-Pacific Ocean, magmatism in both arc and back-

arc (intra-continental) areas were generated extensively. The Sikhote-Alin 

accretionary complexes, including the Nadanhada Terrane, were accreted to the eastern 

margin of the Bureya-Jiamusi-Khanka Block from the Late Jurassic to middle 

Cretaceous. 
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Fig. 4.11 Tectonic model about the subduction of Mudanjiang and Paleo-Pacific oceans 

during the Early Jurassic to middle Cretaceous. 

 

This process forced the trench to retreat oceanwards and intensified the roll-back of 

the Paleo-Pacific slab. Because of the roll-back process, arc-related magmatism 
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migrated eastwards from the eastern Jiamusi Block (Early Jurassic) to the Sikhote-

Alin accretionary complexes in the Early to Late Cretaceous (Cheng et al., 2006; 

Golozoubov et al., 1999; Kemkin and Kemkina, 2000; Khanchuk et al., 2001, 2016; 

Sun et al., 2015b; Zhou et al., 2014; Jahn et al., 2015). Contemporarily, intra-

continental magmatism in the back-arc area was also moved eastwards from the Great 

Xing’an Range (Late Jurassic to Early Cretaceous) to the Lesser Xing’an-

Zhangguangcai Range and Jiamusi Block (middle Cretaceous). In NE Asia, widely 

distributed metamorphic core complexes and extensional basins indicate a regionally 

extensional event due to the slab roll-back (Wang et al., 2011, 2012). The intra-plate 

basalt and andesite in this study, integrated with the ~100 Ma bimodal dikes and A-

type rhyolite in the Jiamusi Block (Sun et al., 2013), reveal that extension related to 

back-arc roll-back was active in the middle Cretaceous NE China. 

 

4.7.3 Summary of previous models of the Paleo-Pacific subduction 

The correlation between the eastwards migrating magmatism and the subduction of 

the Paleo-Pacific Ocean in NE China has been discussed for decades. Several models 

are summarized below.  

1. Delamination model. Wang et al. (2006a) and Zhang et al. (2010) proposed 

that lithospheric delamination was triggered in the Late Jurassic and the flat slab 

of the Paleo-Pacific Oceanic plate was broken off and sank into asthenosphere. 

The delamination was initiated under the Great Xing’an Range at first and then 

extended eastwards to the Lesser Xing’an-Zhangguangcai Range, Bureya-

Jiamusi-Khanka Block and Korean Peninsula, responded by the migration of 

magmatism. 

 

2. Slab roll-back model. Some studies proposed that the younger tendency of 

magmatism in NE China resulted from the roll-back of the Paleo-Pacific slab, 

whereas the delamination and break-off of the flat slab is not necessary (Sun et 

al., 2013; Ma et al., 2016). As the subduction angle of the slab became steeper, 
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the trench retreated eastwards, causing the back-arc or intra-continental extension 

in NE China. The magmatism with ages ranging from 150 to 80 Ma recorded the 

intra-continental extension. As the slab became steeper, the magmatic belt 

migrated more eastwards from the interior of the eastern CAOB to Korean 

Peninsula and even Japanese Islands. 

 

3. Roll-back with migrating continental arc and intra-continental magmatism 

model. Recently, Sun et al. (2018) proposed a tectonic model emphasizing the 

closure of the Mudanjiang Ocean and the eastward migration of the continental 

arc in Sikhote-Alin, not only the migration of intra-continental magma as 

proposed by previous models. This model firstly considered the migration of the 

continental arc along with the intra-continental magmatism. 

 

The first model neglected the importance of the Mudanjiang Ocean when explaining 

Jurassic to Cretaceous magmatism in the eastern CAOB. According to our study, the 

Early Jurassic volcanic rocks in the Lesser Xing’an-Zhangguangcai Range was related 

to the subduction of the Mudanjiang Ocean, rather than the subduction of the Paleo-

Pacific Oceanic plate (the Izanagi Plate). This is also evidenced by the Early Jurassic 

granitoids in the Lesser Xing’an-Zhangguangcai Range (Wu et al., 2011; Xu et al., 

2013; Liu et al., 2017a) and the Heilongjiang accretionary complex (Zhou et al., 2009, 

2017). Thus, it was not possible for the Paleo-Pacific slab to “ignore” the Mudanjiang 

Ocean and reach far west to the Great Xing’an Range. 

 

For both the first and second model, the sharing issue is that the migration of 

magmatism is more complicated than previously estimated, based on the new 

geochronological and geochemical data. For instance, previous studies showed that the 

volcanic rocks with ages of 135 to 110 Ma were mainly located in the western NE 

China (mainly in the Great Xing’an Range and Songliao Basin). However, recent 

studies reveal that the arc-related granitoids in the western the Sikhote-Alin area also 

have ages from 135 to 110 Ma (Cheng et al., 2006; Kruk et al., 2014; Jahn et al., 2015). 
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Thus, the migration of magmatism in NE Asia should include both the continental arc 

and back-arc areas, like suggested by the third model (Sun et al., 2018). 

 

However, one of the most notable tectonic events in NE Asia is that the sinistral strike-

slip faulting was activated from the Late Jurassic to Early Cretaceous. The strike-slip 

faults cut across the Lesser Xing’an-Zhangguangcai Range, Bureya-Jiamusi-Khanka 

Block and the Sikhote-Alin orogenic belt (Figs. 2 and 3). This strike-slip faulting event 

followed the closure of the Mudanjiang Ocean, and was coeval with the roll-back of 

the Paleo-Pacific slab and migrating magmatism. This important event and its 

influence to tectonics was not discussed in the previous models. In our new model, the 

role played by these strike-slip faults will be estimated, together with the slab roll-back 

process and magmatism. 

 

4.8 New tectonic model of NE Asia from Jurassic to Cretaceous 

In the Early Jurassic, the westward subduction of the Mudanjiang Ocean generated the 

continental arc in the Lesser Xing’an-Zhangguangcai Range and the Heilongjiang 

accretionary complex (Fig. 4.11). The other arc was formed along the eastern margin 

of the Jiamusi Block, recorded by the arc-related volcanic rocks now preserved in the 

Nadanhada accretionary complex (Wang et al., 2017). 

 

The closure of the Mudanjiang Ocean needs more research in future. However, it is 

proposed that the final closure happened between the Middle Jurassic to early Early 

Cretaceous according to the following evidence. The youngest age of the high-pressure 

metamorphism of the Heilongjiang Complex is ca. 180-170 Ma (Zhou et al., 2009; Ge 

et al., 2016), which coincide with the end time of the continental arc magma in the 

Lesser Xing’an-Zhangguangcai Range (Wu et al., 2011). Thus, the lower limit of the 

closure event should be Middle Jurassic. At ca. 130 Ma, the basins to the east of 

Heilongjiang Complex began to accept sediments from the Lesser Xing’an 

Zhangguangcai Range, indicating the Mudanjiang Ocean had been closed before the 
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early Early Cretaceous (Zhang et al., 2015). 

 

After the closure of the Mudanjiang Ocean, the slab of the Paleo-Pacific Ocean 

extended westwards to the Lesser Xing’an-Zhangguangcai Range (Fig. 4.11), even as 

far as the Great Xing’an Range (Sun et al., 2013). The Dun-Mi and Jia-Yi faults, two 

northern branches of the Tan-Lu Fault, were triggered during this period. The earliest 

active age of the Dun-Mi Fault is 161±3 Ma dated by the biotite Ar-Ar method from 

a mylonite in the Mishan area, which is a cooling age of the ductile shear zone, 

suggesting that the initiation of this strike-slip fault was early Middle Jurassic or earlier 

(Sun et al., 2010). More recent researches propose that the most important large-scale 

sinistral strike-slip faulting of the Dun-Mi and Jia-Yi faults happened in the early Early 

Cretaceous, constrained by several deformed and undeformed plutons/dikes (Liu et al., 

2018; Gu et al., 2016; Zhang et al., 2018). It was followed by a regional extension due 

to the slab roll-back from the Early Cretaceous, evidenced by the depression of 

numerous basins and oldest volcanic rocks in the Songliao basin dated to ca. 133 Ma 

(Pei et al., 2008), as well as the structural geological survey (Sun et al., 2010, 2016). 

We propose that the two faults cut through the Jurassic continental arc (Lesser 

Xing’an-Zhangguangcai Range), the Bureya-Jiamusi-Khanka Block and the Jurassic 

accretionary complexes in Sikhote-Alin into several components. The Jurassic 

continental arc and accretionary complexes were bended to for a convex in the eastern 

Jiamusi-Khanka Block and Sikhote-Alin accretionary complexes. An orocline was 

thus created in the Early Cretaceous (Fig. 4.11), similar to the present Tonga area and 

this orocline structure is now preserved in the Nadanhada-Bikin accretionary complex 

and Zhuravlevka turbidite basin (Fig. 4.3).  

During the late Early Cretaceous, the Zhuravlevka turbidite basin, Kema island arc and 

Taukha accretionary complex were accreted from west to east along the Paleo-Pacific 

margin, forcing the trench to retreat eastwards (Fig. 4.11). The most important strike-

slip fault in Sikhote-Alin, the Central Sikhote-Alin Fault and its branches began to 

move the eastern Sikhote-Alin orogenic belt northwards. The continental arc with ages 

ranging from 110 to 100 Ma was located within/near the fault zone (Jahn et al., 2015; 
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Khanchuk et al., 2016). The Fault was active along with the arc volcanos and 

responsible for the lateral component of the oblique subduction of the Izanagi Plate, 

alike to the present tectonics in the Sumatra Island. The intra-continental extension 

continued to move to east, causing the volcanism of ca. 100 Ma in the Lesser Xing’an-

Zhangguangcai Range and adjacent Jiamusi Block (Fig. 4.11). 

 

4.9 Conclusions 

The andesite, trachyandesite, trachydacite and rhyolite in the Lesser Xing’an-

Zhangguangcai Range are Early Jurassic in age (178 – 189 Ma). The andesitic lava 

was product of magma mixing between the basaltic magma from mantle and granitic 

magma from lower crust, whereas the rhyolitic lava was I-type granite which was 

melted from the lower crust and then experienced highly fractionation of plagioclase, 

K-feldspar, hornblende, biotite and accessory minerals, such as apatite, titanite, 

monazite and allanite. The Early Jurassic volcanic rocks were generated in the active 

continental margin and were associated with the westward subduction of the 

Mudanjiang Ocean. 

 

The basalt, basaltic andesite, andesite and trachydacite in the Lesser Xing’an-

Zhangguangcai Range and the Jiamusi Block are middle Cretaceous in age (ca. 100 

Ma). These volcanic rocks show important calc-alkaline trending which is attributed 

to the crystallization of Fe-enriched minerals, such as hornblende, clinopyroxene and 

magnetite. The andesite in the north of Peide may experience higher proportion of 

magma mixing of the felsic magma. The middle Cretaceous volcanic rocks are intra-

continental volcanic rocks generated in the extensional setting. 

 

In the Early Jurassic, continental arc-related magmatic rocks were generated in the 

Lesser Xing’an-Zhangguangcai Range due to the subduction of the Mudanjiang Ocean. 

During the Late Jurassic to Early Cretaceous, the Mudajiang Ocean was closed and the 

Bureya-Jiamusi-Khanka Block collided with the Songliao Block. Afterwards the slab 
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of the Paleo-Pacific Ocean reached the interior of the eastern CAOB. At the same time, 

two strike-slip faults were triggered and cut through the previous geological units. 

Oroclines were formed due to the slab roll-back and sinistral strike-slip faults. This 

process resulted in the eastwards migrating of both arc and intra-continental 

magmatism. In the late Early Cretaceous, the Central Sikhote-Alin Fault began to slide 

along the continental arc and the intra-continental magmatism migrated to the Lesser 

Xing’an-Zhangguangcai Range and the adjacent Jiamusi Block. 
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Chapter5 Izanagi-Pacific ridge subduction in NE Asia in the 

early Cenozoic: A review of geological evidence from NE 

Asia 

5.0 Abstract 

The subduction of a spreading ridge beneath continental margin can significantly 

modify the arc magma source, deformation styles and thermal conditions of the 

overriding plate. In NE Asia, the Izanagi-Pacific Ridge (IPR) subduction is important 

to re-organize the plate motions. However, the geological evidence from the 

continental margin is not well constrained. In this paper, we review the recently 

published data, and recognize four magma/deformation stages during the Late 

Cretaceous to Eocene. It is proposed that the trench-sub-parallel IPR subduction led 

to the remarkable change of tectono-thermal conditions in early Cenozoic NE Asian 

margin. At stage 1 (Late Cretaceous), the N- or NNW-directed subduction of the 

Izanagi plate generated the arc magma involving important old crustal materials and 

leading to the NNE-striking sinistral strike-slip faults. At stage 2 (Paleocene), the 

NWW-striking transform faults between the IPR segments were subducted, 

developing small slab windows and facilitating the initial input of the depleted 

mantle materials. MORB-like gabbros from the spreading ridge intruded into the 

trench in the latest Paleocene. Local nearly N-S extension was active above these 

windows. At stage 3 (Early Eocene), the IPR was totally subducted, forming a 

margin-wide slab window initially in Sikhote-Alin and then SW Japan, which 

interrupted the arc magma and generated the trench-parallel extension. At stage 4 

(Middle to Late Eocene), the lateral slip faults changed to dextral due to the W-

directed subduction of the Pacific plate. Igneous rocks show strongly depleted 

isotopic features after the IPR subduction, indicating the replacement of the magma 

source region. 

 

5.1 Introduction 
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Several oceanic plates were created in the Pacific domain during the Mesozoic to 

Cenozoic, such as the Farallon, Izanagi, Kula and Pacific plates. The long-term 

subduction and consumption of the oceanic plates were accompanied by frequent ridge 

subduction in the circum-Pacific region, which is generally used to explain the 

episodic magmatism, tectonic erosion and accretionary orogeny along the eastern 

Asian margin (Maruyama et al., 1997; Isozaki et al., 2010). Nowadays, ridge 

subduction can be observed around the Pacific Ocean, for instance, the ridges between 

the Nazca and Cocos, Nazca and Antarctic plates are subducting beneath the Andeas 

(Fig. 5.1). Slab window are created in the subducted ridge segment and mantle 

upwelling follows, changing the tectono-thermal condition of the overriding plate and 

feature of magmatism derived from mantle wedge or crust level.  

 
Fig. 5.1 Ridge subduction in the Pacific Domain (Sisson and Pavlis, 1993; Windley and 

Xiao, 2018). 

In the west Pacific, the Izanagi-Pacific Ridge subduction event is the most recent and 
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important one. The regional geological events in NE Asia related the Izanagi-Pacific 

ridge subduction include: 1) the porphyry copper-gold mineralization (Sun et al., 2007; 

2009), the A-type granitoids, adakite and Nb-enriched basalt in Early Cretaceous along 

the Lower Yangtz River belt (Ling et al., 2009); 2) the magmatism related to the 

destruction of the North China Craton at ca. 130 Ma (Ling et al., 2013); and 3) the 

accretionary orogeny in SW Japan. In these models, the Izanagi/Kula-Pacific 

spreading ridge was nearly perpendicular to the eastern Asian margin and moved 

northwards with the N-directed subduction of the Izanagi plate from the Late 

Cretaceous to Early Cenozoic. The ages of felsic magma and metamorphism become 

younger northeastwards along the Median Tectonic Line in SW Japan (Kinoshita, 1995 

and 2002). Maruyama et al. (1997) and Isozaki et al. (2010) attributed the episodic gap 

of arc magma and tectonic erosion in Japan to several times of ridge subduction.  

 

However, new plate reconstruction models are proposed by more recently published 

data on oceanic island chains, magnetic anomaly bands and tectonic numerical 

simulation (Fig. 5.2). The Izanagi-Pacific ridge is now believed to be parallel/sub-

parallel to the Eurasian continental margin, whereas the arriving time of the ridge to 

NE Asia is revised to 60 Ma (Whittaker et al., 2007). After the Izanagi subducted 

rapidly and sank beneath the Asian continent, the young Pacific Plate began its 

subduction at ca. 50 Ma. The most significant influence of this ridge subduction is the 

abrupt change of subduction motion of oceanic plates, from NNW to NWW or nearly 

W. This “50 Ma event” is related to plate reorganization in the Pacific domain, such as 

the changing motion of the Australian plate (Whittaker et al., 2007); the initial 

subduction of the western intra-ocean island arc system, including the Izu-Bonin-

Mariana (Ishizuka et al., 2011; Arculus et al., 2015) and Tonga-Kermadec arcs (Meffre 

et al., 2012); the intraplate deformation in the Pacific Plate and the Hawaii-Emperor 

Bend (O’Connor et al., 2013; Sharp and Clauge, 2006), although some research 

proposed that the ca. 60° bend of this volcano chain should be attributed to mantle 

plume motion or the combined change of both plume/hot spot and plate motion 

direction (Steinberger et al., 2004; Tarduno et al., 2003 and 2009). 
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Although the new model about the Izanagi-Pacific ridge subduction had been proposed 

since a decade ago, the already published evidence was mainly limited within the 

oceanic plate, such as the magnetic chron, oceanic arc or volcano chain. Evidence from 

the continental side is very lack, which leads to various models proposed recently to 

explain the “plate reorganization event at ca. 50 Ma”. For example, one model 

emphasized that it was the dock of an intra-oceanic island arc system in the north 

Pacific, rather than the Izanagi-Pacific Ridge subduction that reconstructed the motion 

of the Pacific plates (Domeier et al., 2017). Some other studies argue that the “50 Ma 

event” in the Pacific domain coincides with the Indian-Eurasian collision at ca. 60-50 

Ma and the plate motion change in NE Asia was caused by the far-field effect of the 

Tibetan plateau building (Tapponnier and Molnar, 1976; Jolivet et al., 1990). 

 

The most important reason for the controversy is that the geological evidence 

supporting different models does not derive from the NE Asian continental margin, a 

key area directly influenced by the Pacific plate reorganization event. In reality, a large 

amount of new data has been published in this essential area on major basins and faults, 

geochemistry and isotope of magmatic rocks and paleomagnetism. This paper aims to 

summarize the recently published data and provides the geological records from NE 

China, Russian Far East and adjacent areas related to the plate reorganization event in 

the early Cenozoic and assess possibility of the Izanagi-Pacific ridge subduction, as 

well as other proposed models so far.  
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Fig. 5.2 Reconstruction of Izanagi-Pacific Ridge subduction in the early Cenozoic and 

the plate motion from the Late Cretaceous to Eocene (Domeier et al., 2017; Müller et 

al., 2016) 

 

5.2 General influences of ridge subduction  

5.2.1 Slab window formation and mantle flow 

The most remarkable and direct result of a spreading center dragged into a subduction 

zone is the formation of a slab window. The formation of slab windows varies with 

several factors, 1) the geometric configuration of the trench-ridge-trench or trench-

ridge-transform triple junction, 2) the motion vector of convergent plates and 3) 

subducted slab angles (Throkelson, 1996). A uniform and large slab window is 

developed from originally separated small and local windows opening along the 
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subducted segments of ridge and transform (Fig. 5.3). The geometry of the window is 

important because the scope on the overriding plate influenced by ridge subduction 

depends on the how large the window opens. Furthermore, intraplate magma, 

rift/extension and any other manifestations of ridge subduction events are always 

restricted in the window. Slab window, hot asthenosphere upwelling through it and 

their geological responses on the overriding plate facilitate our recognition of a ridge 

subduction event in an ancient orogen.  

 

Fig. 5.3 The shapes of slab windows in different convergent directions (Thorkelson, 

1996) 

Once a slab window is generated, asthenosphere mantle can ascend through it, 

changing the chemical and rheological structure in/near the subduction zone. This is 

visualized by body-wave travel-time tomography conducted in the Patagonian Andes 

(Russo et al., 2010). The window between the Nazca and Antarctic plates show much 

slower P-wave velocity than the adjacent slab at the same depth (100 and 200 km 

depth), and the boundary between the Nazca slab and the Patagonian slab window 

clearly coincides with the transform. In some cases, mantle also can flow laterally 
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through the slab window and affect the deep structure of the subducted oceanic 

lithosphere. In the Solomon Sea of SW Pacific, mantle beneath arc flows across the 

slab window, mixing the sub-slab mantle on the subducted Australian plate side. This 

unusual mantle exchange generates submarine volcanoes with geochemical and Sr-

Nd-Pb isotopic compositions similar to the arc magma on the other side of the trench 

(Chadwick et al., 2009). 

 
Fig. 5.4 Magmatism in a spreading ridge subduction zone (Thorselkon, 1996; Sisson 

and Pavils, 1993; Windley and Xiao, 2018) 

5.2.2 Change of magmatism in continental arc and fore-arc area 

The dehydration of subducted oceanic sediments and partial melting of mantle wedge 

cause arc magmatism along the active plate margin. However, when a slab window is 

formed in the subduction zone, the normal dehydration and melting of mantle wedge 

reaction will be interrupted or replaced by intra-plate magmatism related to hot and 

anhydrous asthenosphere (Fig. 5.4).  

 

A very unique feature when an active ridge arrives at a trench is the fore-arc 

magmatism, namely, the MORB-like pluton invades into a coeval or slightly older 
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fore-arc sediments or accretionary wedge. In the arc area, intra-plate magmatism may 

be dominant because of the upwelling asthenosphere and regional extension/rifting. 

The magmatic genesis indicated by trace elements and isotopes can be distinguished 

from the arc magma (Klein and Karsten, 1995; Thorkelson et al., 2011; Tang et al., 

2012). Adakite is also usually observed, which is considered to represent the melting 

of the thin slab edge on the both boundaries of the slab window. 

 

Because of the geometric configuration and subduction direction, the triple junction 

tends to migrate along the trench in most cases. As well, the corresponded deformation 

in the upper plate and ridge subduction related magma always show migration process 

along the convergent margin. 

 

5.2.3 Deformation in the overriding plate 

In the idealized ridge-subduction model, extension and even rifting upon the slab 

window should be the typical setting in the upper plate. This is common feature 

because asthenosphere upwelling is prone to generate environment alike to an active 

rift.  

 

Fig. 5.5 The varying regional stress field in Chile with the migrating of triple junction 
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(Lagabrielle et al., 2004) 

More often, however, the deformation styles are multiple and variable because 

extension caused by slab window is not the only mechanical mechanism near the 

triple-junction area, the changing convergent direction also matters. In many cases, the 

subduction of one plate is replaced by the other one following the migration of the 

triple junction, or after the consumption of the trailing plate. This process can 

contribute to the dramatically change of the local stress direction on the overriding 

plate margin. A famous example is the Farallon-Pacific-North American triple junction 

in Alaska. Before 56-63 Ma, the junction moved to north along the trench. After, the 

direction of migration was inversed and thus enlarged the slab window, resulting in 

trench-parallel extension in Alaska. When the junction moved away from this local 

area, thrusts and folds caused by the Farallon subduction superposed the early 

structures (Sisson and Pavlis, 1995). In Chile, the subduction direction of the Nazca 

plate is oriented at ~N60°E before the Chile triple junction reached the South American 

margin. The margin-parallel motion component gave rise to N-S trending dextral 

strike-slip faults. However, after the junction arrived and then moved northwards, the 

southern Chile was dominated by the subduction of the Antarctic plate, which is almost 

at E-W direction and the N-S faults became mainly thrusts/reverse faults (Lagabrielle 

et al., 2004). 

 

Accelerated tectonic erosion in the fore-arc area is also an important geological process 

in the ridge subduction zone. This is attributed to the positive-negative topography of 

the ridge-transform structure and the mechanically weakening of the overriding plate 

due to the overpressuring and hot fluids derived from the subducted active ridge 

(Bourgois et al., 1996). The subduction of the Chile ridge in Patagonian Andes caused 

very rapid erosion rate of 231 to 443 km3·km-1 ·Ma-1, which is at 2.3 times higher 

than the Peru and Japan subduction erosion rate (von Huene and Lallemand, 1990; 

Sosson et al., 1994).  
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5.3 Brief geological outline of NE China and Sikhote-Alin 

The continental blocks with Neoproterozoic basements include the Bureya, Jiamusi 

and Khanka blocks mainly in NE China and extend into the Russian Far East (Fig. 5.6). 

The three blocks are separated by two branches of the Tan-Lu Fault in NE China, the 

Jia-Yi and Dun-Mi faults (Fig. 5.6), and thus sometimes they are referred as the 

“Bureya-Jiamusi-Khanka Block”. The oldest basement outcrop is found in the 

southeast margin of the Jiamusi Block in NE China. The U–Pb dating of the magmatic 

cores of zircons in an orthogneiss yields an age of 898 ± 4 to 891 ± 13 Ma. Whereas 

the rims or metamorphic zircons have ages of 563 Ma and 518-496 Ma (Yang et al., 

2017). Similar Neoproterozoic magmatic ages with Pan-African metamorphic ages of 

zircons are reported in the Khanka Block as well (Khanchuk et al., 2010). Because of 

other extensively distributed khondalitic sequences (~500 Ma) in the eastern Central 

Asian Orogenic Belt (CAOB), the Bureya-Jiamusi-Khanka Block is proposed to be a 

part amalgamated with other blocks in NE China since 500 Ma (Wilde et al., 2003; 

Zhou et al., 2011; Zhou and Wilde, 2013). 

 

During the Permian to Triassic, a new oceanic basin, the Mudanjiang Ocean, was 

opened between the Bureya-Jiamusi-Khanka Block and the rest of the eastern CAOB 

(Ge et al., 2016; Zhou et al., 2009). The subduction of the Mudanjiang Ocean was 

initiated in the latest Permian to Early Triassic and lasted > 100 Ma until the ocean 

was closed in the Middle to Late Jurassic (Liu et al., 2017; Sun et al., 2018). Afterwards, 

the Paleo-Pacific oceanic slab began to influence the whole eastern CAOB. 

Continental arcs, intra-ocean arcs, fore-arc basins and trenches were generated during 

the long-term westward subduction of the Paleo-Pacific plates, such as the Farallon, 

Izanagi/Kula and Pacific plates. The continuous lateral accretion of subduction-related 

materials to the continental margin extended the territory of NE Asian continent 

towards the ocean side, forming the wide accretionary complexes in Sikhote-Alin, 

Japanese Islands and Sakhalin Island (Maruyama et al., 1997; Isozaki et al., 2010; 

Khanchuk et al., 2016). Typical trench retreat and eastward migration of arc/back-arc 
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magma was resulted in this process during the Cretaceous (Sun et al., 2018).  

 
Fig. 5.6 The tectonic framework of the eastern Asian margin before the open of Sea of 

Japan (Liu et al., 2017b). Numbers in black circles represent major strike-slip faults: 1. 

The Central Sikhote-Alin Fault; 2. The Median Tectonic Line; 3. The Dun-Mi Fault; 4. 

The Jia-Yi Fault; 5: The Tan-Lu Fault 

The Cenozoic history of the NE Asian continental margin was highlighted by 

important tectono-thermal change in the Paleocene to Eocene. The specific 

manifestations are summarized in details in the next sectors, including the changes of 

regional stress field expressed by the fault kinematics and basin uplifts, geochemical 
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and isotopic features of magmatic rocks, and the relationship between arc magma 

alignments and structures. 

 

5.4 Change of convergent direction of the oceanic plate in the early 

Cenozoic 

Regional stress field in the NE Asian margin is mainly controlled by the convergence 

between the Eurasian and (Paleo-) Pacific plates. Once the convergent rate or direction 

was changed, the principle compressional stress and its components in different 

directions followed to change abruptly. Thus, the geological records on structural 

geology, especially the major faults and basins in NE Asian, provide us an opportunity 

to uncover this process. 

 

The eastern Asian continent is characterized by a giant NE to NNE trending strike-slip 

system and related sedimentary basins. The most celebrated faults (>1000 km long) in 

this fault system include the Tan-Lu Fault and its segments in northeast China, the 

Median Tectonic Line in SW Japan and the Central Sikhote-Alin Fault in Russian Far 

East (Fig. 5.6). Parallel or sub-parallel branch faults are limited by these major fault 

zones. They were most active during the Jurassic to early Cenozoic, and Quaternary 

seismic events are also frequently observed for the major faults. The strike-slip fault 

system is located between the Eurasian continent and oceanic plates in the Pacific 

domain, importantly adjusting the deformation of the lithosphere of the eastern 

Eurasian plate and recording the change of stress field dominated by the subduction of 

oceanic plates. Thus, the major kinematic change of the strike-slip fault system during 

the early Cenozoic is used to reflect the interaction between Asian continent and 

Pacific plates.  

 

Basins with various sizes were formed due to the complicated interaction between the 

continental margin and the subducted oceanic plate and specifically controlled by the 

Mesozoic to Cenozoic faults. The change of regional stress field dominated not only 
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the kinematics of the faults, but also the depression and uplift of the basins. Some 

major basins are especially sensitive to these tectonic events. For example, back-arc 

extension in NE China caused the fault-depression and depression of the Songliao 

Basin in the Early Cretaceous. The change of Pacific plate motion later resulted into 

several times of basin inversion from the Late Cretaceous.  

 

Thus, some major faults in Russian Far East, Korea and Sakhalin-Hokkaido and basin 

inversion/uplift events are summarized below to uncover the abrupt change of 

kinematics during the early Cenozoic. 

 

5.4.1 Kinematic change of major faults in NE Asia 

In the north Sikhote-Alin, Sakhalin, NE China and Korea, available data shows that a 

transition from sinistral to dextral strike-slip motion for the major NE or NNE trending 

faults took place during the late Paleocene to Eocene, reflecting that the regional 

principle compression direction changed from NNW to WNW or nearly W. 

The Kiselevka Fault is a NE trending fault, parallel to the north segment of the Tan-

Lu Fault in NE China (Fig. 5.7). The Kiselevka Fault bounds the north margin of the 

Kiselevka-Manoma terrane, a Cretaceous accretionary complex constituted by Jurassic 

to Cretaceous volcano-sedimentary assemblages (Filippov et al., 2010; Filippov and 

Kemkin, 2009). This accretionary complex is related to an intra-ocean arc, not the 

Asian continent because there are very few clasts with mature continental signatures 

found in the terrigenous sediments. The island arc barriered the Kiselevka-Manoma 

complex from the mainland of NE Asia, and then they were docked to the continental 

margin together. The Kiselevka Fault acted as a strike-slip fault between the accreted 

assemblages and the continent after the accretionary orogenic process. Detailed 

structural investigations were conducted near the Udyl Lake and the Amur River bank 

(Kudymov, 2010). In the early Cenozoic, two major deformation stages are recognized 

based on the attitudes of fractures, faults, folds and some en echelon structures along 

the fault zone and grabens. The first-stage deformation style of the fault zone matches 
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a simple shear stress field in the Paleocene. Sinistral shear dominated the fault at this 

stage, accompanied by nearly N-S trending compression and E-W trending extension, 

which was attributed to the NNW- or nearly N-directed motion of the Izanagi Plate. 

The second-stage deformation is characterized by “latitudinal” compression and 

“meridional” extension. During the later stage, the Kiselevka Fault experienced a 

dextral strike-slip motion, consistent with the W-directed subduction of the Pacific 

plate in the Eocene.  

 

Fig. 5.7 The Kiselevka Fault in the north Sikhote-Alin orogenic belt (Kudymov, 2010) 

 

In the west Sakhalin, it is noted that the geological meaning of the angular 

unconformity between Late Cretaceous and Eocene remains unclear. However, 

predominantly NE-directed (30° to 45°) compression and resultant dextral 

displacement were generated along the West Sakhalin and Tym’-Poronai fault 

systems, two N-S trending major fault zones (extend >200 km) bounding the West 

Sakhalin accretionary complex (Golozoubov et al., 2016). Oligocene to Miocene 
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basaltic and rhyolitic dikes or veins striking NE 30°, as well as the NE-SW striking 

grabens or half-grabens are consistent with the regional compression direction and 

dextral strike-slip motion in the west Sakhalin Island. All these structures or 

sedimentary basins were reworked in the Pleistocene when WNW-directed 

compression prevailed and the previous strike-slip faults were dominated by thrusting 

(Golozoubov et al., 2012). 

 
Fig. 5.8 The location and geological map of the Yansan Fault zone in SE Korea (Cheon 

et al., 2019) 

The Yansan Fault in SE Korea extends >170 km in the Gyeongsang Basin with right-

lateral offset of 20-30 km and is hidden in the Sea of Japan at its north and south ends 
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(Fig. 5.8). The fault is the largest one of the Yansan Fault System which includes 6 or 

more parallel strike-slip faults or shear zones that cur through the Mesozoic to 

Cenozoic sedimentary, volcanic and intrusive rocks in the basin (Hwang et al., 2007). 

The fault system experienced several episodes during the Cretaceous to Cenozoic. 

Sinistral strike-slip motion in the Late Cretaceous is recognized by the magnetic 

fabrics research on the 70-60 Ma granitoids, showing that the NE-SW trending 

compression resulted in a NE–SW-trending magnetic foliation (Cho et al., 2007). Cho 

et al. (2016) further explains how the syndepositional tilting and growth fault were 

generated during the deposition of the Dadaepo Formation during the Late Cretaceous. 

Anisotropic magnetic susceptibility (AMS) research on the fault gouge was also used 

by Cheon et al. (2019) to suggest the sinistral fabrics followed by later dextral ones. 

After the early Paleocene, the SE Korean Peninsula was characterized by regional 

extension and dextral strike-slip motion along the NNE- or N-trending faults. The first 

notable evidence is the dense NE-striking andesitic dikes with ages of 51-44 Ma, 

accommodating the NE-directed compression derived from the regional dextral shear 

domain (Cheon et al., 2019). The second evidence is the A-type granitoids (50 Ma in 

age) cut by the dextral strike-slip fault (Cho et al., 2016). The dextral shear also 

triggered some extensional basins with sedimentary and volcanic fills. Thus, the 

transition from sinistral to dextral motion of the NNE-trending strike-slip faults is 

confined to ca. 50-44 Ma (Fig. 5.9). 

 

The Yalu River Fault, a NE-trending strike-slip fault running along the China-North 

Korea border, experienced dextral strike-slip motion in the early Cenozoic after a rift 

stage. This fault is roughly parallel to the Dun-Mi Fault in NE China and extends ~700 

km along the Yalu River. The known earliest movement of the Yalu River Fault was 

initiated in the Early Cretaceous under a regional N-S compression (Zhang et al., 2018). 

The fault zone was dominated by N-S extension in the Late Cretaceous. However, the 

normal faulting and rifting was replaced by E-W compression and dextral strike-slip 

motion after the Late Cretaceous. The precise time of this transition has not been 

constrained well because of the lack of early Cenozoic basin fills. However, the end of 
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the Cretaceous basins and angular unconformities in them indicate that the E-W 

compression accompanied by dextral shear took place in the early Cenozoic (Zhang et 

al., 2018). 

 
Fig. 5.9 The stress history of the Yansan Fault zone (Cheon et al., 2019) 

Initial dextral displacement during the early Cenozoic was also commonly seen in 
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the interior of the NE Asian margin. The north segment of the Tan-Lu Fault 

experienced a transition from sinistral strike-slip motion in the Cretaceous to dextral 

or extension in the early Cenozoic, including the Jia-Yi Fault in NE China (Gu et al., 

2017) and the buried fault zone in the Bohai Bay Basin (Gilder et al., 1999; Hsiao et 

al., 2004; Hsiao et al., 2010; Cheng et al., 2018). The Tan-Lu Fault Zone is famous 

for its giant sinistral strike-slip displacement reaching 400-700 km during the 

Mesozoic (Xu et al., 1987; Xu and Zhu, 1994). The Sulu and Dabie orogens were 

displaced by this fault zone, as well as the north margin of the North China Craton. 

Although the detailed tectonic models vary from each other, the sinistral strike-slip 

motion along with regional compression is verified by geometric, kinematic and 

geochronological data (Gilder et al., 1999; Zhu et al., 2005, 2009, 2012). 

 

Fig. 5.10 Geological map of the Yalu River Fault (Zhang et al., 2019) 

However, the sinistral motion is inversed by extensively extension and dextral motion 
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in the Cenozoic. The offshore 3-D seismic data in the Bohai Bay Basin shows that at 

least 18 en echelon bends along the Tan-Lu Fault Zone are developed in the Cenozoic 

basins, including both the releasing and restraining bends (Fig. 5.11). The right-step 

restraining bends demonstrate that the dextral strike-slip motion of the Tan-Lu Fault 

Zone was active during the late Paleocene to Eocene sediments were deposited (Huang 

et al., 2015). The dextral shear is estimated to be initiated at ca. 40 Ma and became 

intense until ca. 25 Ma when the Sea of Japan was open. The syn-depositional fault 

map based on the seismic data also suggests an abrupt increase of the quantity of NNE-

trending strike-slip faults and their dextral motion shifted from the sinistral in the 

Cretaceous Bohai Bay Basin (Cheng et al., 2018). In NE China, however, the transition 

is different. The Dun-Mi and Jia-Yi faults are two major branches of the Tan-Lu Fault 

across the Bohai Bay Basin. Evidence for sinistral shear of both two faults is strong in 

the Cretaceous, such as the macro- and micro-shear indicators, c-axis fabrics of quartz, 

mylonitic foliations and mineral lineations along the fault zones (Gu et al., 2016). 

Geochronological data indicates that the sinistral strike-slip motion was active during 

160 to 126 Ma for the Jia-Yi Fault (Gu et al., 2016) and 102-96 Ma for the Dun-Mi 

Fault (Liu et al., 2018). Especially, for the Jia-Yi Fault zone, several small-scale basins 

or grabens are developed along the strike. Regional compression in the Late 

Cretaceous resulted in the absence of Upper Cretaceous strata in the basins. Then the 

Paleogene sediments were deposited and deformed and overlain by the Neogene 

sedimentary rocks. Most basins/grabens are bounded by two NE-striking 

transtensional faults, whereas the most popular faults in the interior of the 

basins/grabens are E-W trending normal faults and small NE-trending normal faults 

along the basin margin (Gu et al., 2017). Based on the growth strata and outcrops of 

the faults, it is suggested that N-S extension derived from NE-SW trending dextral 

strike-slip simple shear was responsible for the growth of the basins/grabens (Sun et 

al., 2010; Gu et al., 2017). 
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Fig. 5.11 The en echelon patterns of bends along the Tan-Lu Fault zone in the Bohai 

Bay Basin (Huang et al., 2015) 
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5.4.2 Basin inversion and abrupt uplift during the Paleocene to 

Eocene in NE China 

The eastern margin of NE China was influenced by the subduction of Paleo-Pacific 

plates and had been an active continental margin until the Early Cretaceous, when the 

Sikhote-Alin accretionary complexes were accreted, which afterwards forced the 

trench and arc magma to migrate eastwards (Khanchuk et al., 2016; Sun et al., 2018). 

Thus, after the Early Cretaceous, basins in NE China were developed in a back-arc 

setting. 

 

Fig. 5.12 Major Mesozoic to Cenozoic basins in NE China (Zhang et al., 2017) 

During the whole Early Cretaceous, the back-arc area of NE China experienced a 

widespread regional extension (Fig. 5.12). Main evidence includes the rift basins, 

grabens along strike-slip faults and metamorphic core complexes in Transbaikalia 

region, China-Mongolia border and NE China (Wang et al., 2011). The extension event 

is attributed to post-collisional collapse of the Mongol-Okhotsk orogen and roll-back 

of the Izanagi slab (Wang et al., 2006; Zhang et al., 2010; Sun et al., 2013, 2018).  

However, from the Late Cretaceous, episodic uplift/basin inversion happened in NE 

China. The most important uplift/basin inversion events are the early Late Cretaceous 
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during 88-86 Ma and early Cenozoic during 65-50 Ma (Song et al., 2018). Basaltic 

volcanic rocks erupted at 76-74 Ma and 48-44 Ma immediately following the uplift 

events. Both basin inversion events are recorded by the regional angular 

unconformities, such as the T11 and T02 reflectors in the seismic profile of the 

Songliao Basin (Fig. 5.13; Song et al., 2014; Zhang et al., 2017) and ES3 and ES4 

reflectors in the Sanjiang Basin (Zhang et al., 2012). The Late Cretaceous even is also 

called “Nenjiang movement” in Chinese literatures, and is related to the increase of 

the ridge spreading rate of in the Pacific domain (Müller et al., 2016), the change of 

the NE Asian margin from a Pacific-type to Andean type (Song et al., 2018) or the 

dock of the Okhotomorsk block/microcontinent to the NE Asian margin (Zhang et al., 

2017). The early Ceonozoic one gave birth to the most widespread angular 

unconformity in the Songliao and adjacent basins (such as the Erlian Basin to the west 

and Sanjiang-Amur Basin to the east). The interrupt of sedimentary fills began from 

the earliest Paleocene and continued to the earliest Eocene (Li, 2016; Bai et al., 2017). 

Abrupt uplift of basins or surrounding mountains are revealed by low-temperature 

geochronological data (Fig. 5.14). In the Songliao Basin, thermal modeling based on 

apatite and zircon fission tracks indicate the cooling age of the sedimentary rocks focus 

on 65-50 Ma (Song et al., 2018), as well as the zircon/apatite U-Th/He data showing 

similar results (Song et al., 2014). Biotite 40Ar/39Ar and zircon U-Th/He dating are 

used in some Early Cretaceous plutons in the Jiaodong Peninsula, near the Tan-Lu 

Fault zone and the results indicate that the final-stage cooling of the granitoid plutons 

was abruptly rapid during 65-40 Ma (Wu et al., 2018). Similar uplift and exhumation 

are also recorded in the Great and Lesser Xing’an ranges on both the west and east 

sides of the Songliao Basin, respecitively (Li and Gong, 2011; Li et al., 2011) and the 

Huachuan-Fujin uplift in the Sanjiang Basin (Chen, 2016).  

 

The important uplift/basin inversion event in the early Cenozoic marks a regional E-

W compressional stress, replacing the long-term deposition in the Cretaceous. The 

time of this event coincides with the initiation of dextral motion of most NE- or NNE-

trending faults in NE Asia. It is indicated that the regional principle compressional 
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stress changed from NNW to NW/W, possibly related to the change of plate motion in 

the west Pacific. 

 

Fig. 5.13 Seismic profile of the Central Songliao Basin (Song et al., 2018) 

 

Fig. 5.14 The cooling rate based on zircon and apatite fission track and angular 

unconformities in the Songliao Basin (Song et al., 2018) 

 

5.5 Change of magma genesis from Cretaceous to Eocene in Russian 

Far East 
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From Early Cretaceous, the quasi-continuous magmatism in Sikhote-Alin, Russian Far 

East was active and generated voluminous intrusive rocks into the Late Jurassic to 

Cretaceous accretionary assemblages as well as the equivalent volcanic rocks covering 

them, implying frequent and persistent tectonothermal events in the NW Pacific 

margin. Summarizing the published research on zircon U-Pb geochronology, 

geochemistry and Sr-Nd-Hf isotope, the Sikhote-Alin volcanic and plutonic rocks are 

subdivided into two major episodes, the older one is Early Cretaceous to Paleocene 

and the younger one is the latest Paleocene to Eocene (Fig. 5.15).  

 

Fig. 5.15 The accretionary assemblages and magmatic rocks in Sikhote-Alin (Liu et al., 

2017b) 
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5.5.1 Early Cretaceous to Paleocene: eastwards migrated arc magma 

related to the subduction of the Izanagi Plate 

The earliest magmatic rocks (131 to 110 Ma) in this area are only reported in the west 

Sikhote-Alin, including several silicic plutons/batholiths and andesite-dacite-rhyolite 

sequences in the Nadanhada accretionary complex in NE China, the Amur turbidite 

basin and north Samarka accretionary complex in Russian Far East (Fig. 5.15). The 

oldest granitoid massif (131 Ma) intrudes into the Nadanhada accretionary complex 

and its adjacent area in the Amur turbidite basin in Lermontovka (Jahn et al., 2015). 

Pyroxene-amphibole monzodiorite and quartz monzodiorite represent the minor mafic 

association in the massif. The felsic association is the majority, comprised of biotite or 

two-mica granodiorite and granite. Particularly, cordierite, a typical mineral of 

peraluminous granite is found to the north of Bikin, Russian Far East (Jahn et al., 2015) 

and the Hamahe pluton in Nadanhada, NE China (Cheng et al., 2006), indicating their 

S-type infinity. Geochemical data of these granitic rocks also show S-type 

characteristics with high K/Na, Al and low Ca concentrations (Cheng et al., 2006; Kruk 

et al., 2014a). This may indicate the anatexis of meta-sedimentary rocks from the 

accretionary complex (Kruk et al., 2014a), or the existence of the unknown old 

basement in Sikhote-Alin (Jahn et al., 2015).  

 

During 110-75 Ma, the magmatism rocks became more voluminous and moved to east, 

concentrating along the Central Sikhote-Alin Fault zone. Plutons/batholiths at this 

stage intruded in the eastern Samarka accretionary complex, the western Zhuravlevka 

turbidite basin and locally, the Sergeevka nappes, forming a long and narrow magmatic 

belt (Fig. 5.15).  

 

In the north part of the belt, several large plutons occur in the Dalnensky area which 

are dated to 106 and 109 Ma (Jahn et al., 2015). The main lithology includes 

hornblende-biotite diorite, monzodiorite, granodiorite and monzonite, which are 

intruded by younger dikes and smaller intrusions of granite (Soloviev and 
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Krivoshchekov, 2011). In the central part, principle rock types belong to granitoids, 

mainly biotite-hornblende granites associated with gabbro and diorite. The central part 

has the densest intrusive bodies in the Central Sikhote-Alin Fault zone in the middle 

Cretaceous. In the ~100 km long belt, at least 13 large plutons occur at the both sides 

of the Central Sikhote-Alin Fault. In the south part of the magmatic belt, a few 

batholiths intruded the Sergeevka nappes and the southern Samarka accretionary 

complex in Uspensky area. The ages of the Uspensky massif vary from 103 to 91 Ma 

(Khanchuk et al., 2008; Jahn et al., 2015; Tang et al., 2016). The massif is bounded by 

two major NNE trending faults, the Arsenyev Fault to the west and the Central Sikhote-

Alin Fault to the east. Khanchuk et al. (2008) connected the deformation in the 

granitoids with the strike-slip faulting, proposing that this massif as well as all the 

magmatic rocks in the middle Cretaceous represents “syn-orogenic” or “syn-strike-

slip” magmatism. Biotite (± amphibolite) granodiorite and garnet-two-mica/biotite 

granite are the typical lithology.  

 

Unlike the cordierite-bearing “S-type” granites at the early stage, the 110-75 Ma 

granitoids along the Central Sikhote-Alin Fault zone are more diverse on geochemical 

features. The K/Na and A/CNK ratios range within wide fields, showing a transition 

feature from S- to I-type (Kruk et al., 2014a). According to the data of Jahn et al. (2015) 

and Zhao et al. (2017), most of these granitoids are metaluminous to weakly 

peraluminous, belonging to I-type and they argue that the samples with peraluminous 

(S-type) and “within-plate” features are actually resulted from highly fractionation of 

originally I-type arc magma, characterized by tetrad effects and important Eu negative 

anomalies (Jahn et al., 2015). 

 

The Late Cretaceous to Paleocene magmatic episode (83-55 Ma) migrated more 

eastwards to the eastmost Sikhote-Alin area, along the margin of the Japan Sea. A 

number of volcanic rocks erupted upon the middle Cretaceous Kema island arc 

assemblage and the Early Cretaceous Taukha accretionary complex, with many coeval 

plutons/batholiths covered by these volcanic sequences (Fig. 5.15). The eruptive and 
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intrusive rocks constitute the majority of a linear huge magmatic belt, the East Sikhote-

Alin Volcaonic-Plutonic Belt (ESAVPB), involving the ~1500 km long continental 

margin of Sikhote-Alin with width of ~20-90 km (Khanchuk, 2001; Martynov et al., 

2017). The ESAVPB, along with the volcanic-plutonic belt along the Okhotsk Sea 

margin, is considered to be a Silicic Large Igneous Provinces related to the subduction 

of the Paleo-Pacific Ocean (Grebennikov and Popov, 2014). Granodiorite and granite 

are the most extensive intrusive rocks. Equivalent volcanic sequences mainly include 

dacite, rhyolite, andesite and a few basalt. These granitoids and equivalent volcanic 

rocks are high-K calc-alkaline series with high SiO2 (> 70%) and metaluminous to 

weak peraluminous feature (A/CNK<1.1). I-type are dominant at this stage, similar to 

the granitoids with ages of 110-75 Ma. However, the volume of eruptive rocks, 

including lava, tuff and ignimbrite, are much more abundant than the older stage. 

Above all, the Early Cretaceous to Paleocene magmatic rocks in Sikhote-Alin are 

dominated by I-type felsic granitoids, accompanied by S-type at the earliest stage. All 

of them belong to the high-K calc-alkaline series, accompanied by diorites or gabbros 

and associated with subduction and continental arc settings. This is also supported by 

the common geochemical features, like the enriched Light Rare Earth Elements 

(LREEs) and depleted Nb-Ta-Ti for both granitic and basaltic rocks (Jahn et al., 2015; 

Khanchuk et al., 2016; Tang et al., 2016; Zhao et al., 2017).  

 

An essential issue about these magmatic rocks is that whether their protoliths involving 

an old basement or not. A microcontinent named “Anuy” was proposed to explain the 

formation of the Anuy dome in north Sikhote-Alin (Faure and Natal’in, 1992; Faure et 

al., 1995). The dome consists of a metamorphic core assemblage with multiple 

metamorphic grades, including migmatite, ophiolite nappe, gneiss and micaschist. 

However, later research analyzed the field structures, geochemistry and Nd isotopes 

of both the metamorphic dome and its surrounding sedimentary rocks of the Samarka 

accretionary complex, based on which they argue that the Anuy dome is not the 

remnant of a microcontinent but a metamorphic core complex (Kruk et al., 2014b). 

The εNd(t) values of the 131-55 Ma rocks in Sikhote-Alin range from -5 to +3, but 
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mostly <0 (Fig. 5.16; Jahn et al., 2015; Khanchuk et al., 2016; Zhao et al., 2017). The 

clearly enriched Nd isotope features reveal that Sikhote-Alin may have an old 

basement covered by the Jurassic to Cretaceous accretionary assemblages, showing 

infinity with granitoids in SW Japan (Jahn et al., 2015). Another evidence to speculate 

the existence of an old basement is that the crustal thickness of Sikhote-Alin is about 

38 km (Rodnikov et al., 2008), which is too thick if this area is only constituted of 

deformed sediments without a mature crustal basement. Khanchuk et al. (2016), 

however, argues that the enriched Nd isotopes may be the result of anatexis of the 

accretionary sediments derived from old terrigenous continental blocks, instead of the 

inherited feature from an old basement. Zircon Hf isotopes of the granitoids show large 

variations but mostly positive εHf(t) values (Fig. 5.17; Jahn et al., 2015; Tang et al., 

2016), opposite to the whole-rock Nd isotopes and may indicate the important juvenile 

component in the magma. Thus, for now, the existence of a hidden mature crustal 

basement is still highly debated. The decoupling of the Nd-Hf isotopes and missing 

outcrop of old basement rocks are the keys to solve this issue. But no matter it exists 

or not, it is widely accepted by these studies that the Early Cretaceous to Paleocene 

magmatic rocks were formed in an active continental margin with important mixing 

feature between reworked crust-derived material and juvenile or mantle-derived 

components. 

 

Significantly, these arc magma (131-55 Ma) is characterized by their spatial migration 

from west to east. As described above, the earliest stage of S- and I-type granitoids 

(131-110 Ma) are located in the west Sikhote-Alin and NE China. Later, the Central 

Sikhote-Alin Fault zone became the most important magmatic belt from 110 Ma to 75 

Ma. From ca. 83 Ma to 55 Ma, more and more lava and ignimbrite were erupted to the 

east of the Fault zone and eventually the Late Cretaceous to Paleocene magmatism 

was restricted along the coastal margin. Trench retreat and slab roll-back are thus 

proposed by many previous studies to be responsible for the magmatic migration in 

not only Sikhote-Alin, but also NE China and the Korean Peninsula initiated in the 

Early Cretaceous. In South Korea, Early Jurassic granitoids are most widely 
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distributed, representing the arc magma caused by subduction. But after a long magma 

gap from ca. 160 to 120 Ma, the Cretaceous to Paleocene granitoids, including mainly 

I-type with minor A-type, intruded in the Proterozoic basement and Mesozoic basins 

in South Korea (Sagong et al., 2005). Four groups of intrusive rocks are identified, 

namely, 119-106 Ma, 99-87 Ma, 85-82 Ma and 76-67 Ma. The four NE trending 

magma belts become younger from NW to SE, which is attributed to the change of 

subduction slab angle from shallow (100-85 Ma) to steep (85-65 Ma) and coeval trench 

retreat (Kim et al., 2016). In NE China, the magma migration is clear and has been 

recognized by many published studies. In the early research, it is believed that the 

volcanic rocks migrated from the Great Xing’an Range (150 Ma) to Korea and Japan 

(80 Ma), involving a >1000 km wide region (Wang et al., 2006). But more recent 

research finds out that the Great Xing’an Range may be influenced by the Mongol-

Okhotsk Ocean realm, rather than the Paleo-Pacific Ocean. New data about the 

Cretaceous volcanic rocks in NE China reveals that the magma in this area is not arc 

magma but back-arc and intra-plate magma. The ages of these back-arc andesite and 

basalt range from 130 Ma in the Songliao Basin to 100 Ma in the Jiamusi-Khanka 

Block, corresponding to the eastward migration of arc magma in Sikhote-Alin (Sun et 

al., 2018).  

 

In summary, the NE Asia, including the NE China, Sikhote-Alin and Korean Peninsula, 

was controlled by the long-term oblique subduction of the Paleo-Pacific Oceanic plate 

from Early Cretaceous to Paleocene. The arc magma in Sikhote-Alin and the back-arc 

magma in NE China migrate eastwards contemporarily, possibly caused by the slab 

roll-back and trench retreat. Particularly, the arc-related granitoids in Sikhote-Alin are 

characterized by negative εNd(t) values, indicating important assimilation of crust-

derived material or the existence of mature basement beneath the accretionary 

assemblages. 

 

5.5.2 Late Paleocene to Eocene: abrupt increasing juvenile component 
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input and mantle upwelling 

The Early Cretaceous to Paleocene plutonic and volcanic rocks in Sikhote-Alin are 

homogenously I-type granitic although their spatial migration and various lithology. 

In the late Paleocene to Eocene, however, the magmatic associations, geochemical and 

isotopic features changed significantly. Lava, tuff and ignimbrite became more basic 

from the late Paleocene and basalt-andesite-dacite sequence was dominant, other than 

rhyolite-dacite associations in the Cretaceous and early Paleocene (Grebennikov and 

Popov, 2014). Granitoids from the late Paleocene to Eocene are characterized by 

higher potassium and silicon than the arc magma in the Cretaceous. Main lithology 

includes alkali-feldspar granite, syenogranite, leucogranite with minor aegirine-

riebeckite granite (Grebennikov et al., 2016).  

 

 

Fig. 5.16 The whole-rock Sr-Nd isotopes of the magmatic rocks in Sikhote-Alin and 

adjacent areas 

Two main types of granitoids and equivalent volcanic rocks can be distinguished in 

the early Cenozoic Sikhote-Alin area, the A-type and adakite-like rocks. The A-type 

granitoids/rhyolites are widespread in the eastern Sikhote-Alin from Paleocene to 

Eocene (Fig. 5.18). Their SiO2 contents are mostly >70% and reach 76% in some 

massifs. High Ga/Al values (typically >2.6) of these granitoids show A-type infinity 

(Whalen et al., 1987), whereas most of them also have high FeO/(FeO+MgO) values, 
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classified as ferroan granite. The A/CNK ratios range largely from 0.9 to 1.4 and show 

various features from peralkaline to peraluminous. Most of these alkali-enriched 

granitoids belong to A2 type in the discrimination diagrams of A-type granite, related 

to the magma that have been through a cycle of subduction-zone or continent-continent 

collision (Eby, 1992). Adakite-like volcanic rocks, characterized by high Sr/Y and 

(La/Yb)N values are mostly dated to early Eocene (46-39 Ma; Chashchin et al., 2011; 

Wu et al., 2017). These volcanic rocks are mainly dacite and rhyodacite, associated 

with coeval basalt, andesite and dacite which show no adakitic features. Most of the 

adakitic rocks are presented in the Khanka Block, appearing as small extrusive bodies 

in local basins and only a few in the eastern Sikhote-Alin area. Geochemical data 

indicates that they belong to the “high-SiO2 adakite” with high SiO2 (>60%), low MgO 

(<4%) and K/Rb ratios (130-400). The positive correlation between Sr/Y and SiO2 of 

the Eocene volcanic rocks reveals the importance of fractional crystallization from 

andesite or basalt during the formation of the adakitic characteristics, (Wu et al., 2017).  

 

Fig. 5.17 The zircon Hf isotopes of the Sikhote-Alin granitoids (Tang et al., 2016) 
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Despite of the predominantly negative ε(Nd)t values in the Cretaceous to early 

Paleocene, the Eocene igneous rocks show importantly depleted Nd isotopic features. 

Some trachyandesite and andesite samples without adakitic signatures have ε(Nd)t 

values ranging from -2.08 to 4.48 (Fig. 5.16). The adakite-like rocks also show a 

similar large range, suggesting the protolith of the Eocene rocks are various, including 

both juvenile meta-basaltic rocks for the adakites and ultramafic rocks with significant 

crustal mixture for the calc-alkaline basalt and andesite (Wu et al., 2017).  

 

In the adjacent areas, such as Sakhalin and Hokkaido, the abrupt change of isotopic 

features is also recognized. Eocene is the most important magmatic episode for the 

Sakhalin and Hokkaido areas, marked by voluminous emplacement of granitoids. In 

Sakhalin, granodiorite, granite and tonalite with positive ε(Nd)t values ranging from 1.7 

to 3.1 was emplaced into the eastern Sakhalin accretionary complex during 43-37 Ma 

(Zhao et al., 2019; Liao et al., 2018). The initial 87Sr/86Sr ratios are low, varying from 

0.7042 to 0.7049. The Sr-Nd isotope shows clearly juvenile signatures, indicating that 

mantle-derived component or remelting of juvenile basaltic crust is more important 

than the old crustal component. The geochemical data shows that their protoliths are 

metasedimentary rocks or amphibolite in the accretionary complex. In the southern 

Sakhalin, an Eocene A-type granitic pluton (Okhotsk pluton) intruded into the 

Cretaceous to Paleocene accretionary complex, shows mantle-derived characteristics 

with εNd (T) values of 3.1 to 3.7 and initial 87Sr/86Sr ratios from 0.7047–0.7048. Zircon 

Hf isotopes further verify the “juvenile” features by very positive εHf (T) values 

ranging from +12 to +16 (Liao et al., 2018). The granitoids in Hokkaido are 

comparable to those in Sakhalin. Granites in the Hikada belt, the central Hokkaido 

show εNd (T) values of 1 to 4.7 and initial 87Sr/86Sr ratios from 0.7044–0.7061 and 

zircon εHf (T) values of 8 to 19 (Jahn et al., 2014), suggesting a largely juvenile feature.  

Considering that Sakhalin and Hokkaido represent the Paleocene to Eocene island arc 

built upon the Cretaceous accretionary complex, these important juvenile 

characteristics imply crust growth addition to the older continental crust. 
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Fig. 5.18 The A-type granitoids and adakites in Sikhote-Alin 

Crustal growth is a common feature in the accretionary orogens, such as the Central 

Asian Orogenic Belt (CAOB). Previous studies propose that the CAOB is one of the 

most important area contributing to the Phanerozoic crustal growth all over the world 

(Jahn et al., 2004; Wu et al., 2011). This is explained by the special orogenic process 

and architecture in the CAOB. Liner arc, fore- and back-arc basins, microcontinental 

blocks were formed during the prolonged subduction in the Paleo-Asian Ocean domain. 

Precambrian basement is very lack in most areas of this giant accretionary orogen. 

Thus, the subduction-related magmatism is characterized by juvenile features and 

believed to be derived from the reworked juvenile crust or the direct input of mantle 

component.  

 

Both Sikhote-Alin and SW Japan belong to typical accretionary orogens and were 

named Nipponides” by Sengör and Natal’in, 1996, similar to the CAOB. However, in 

Sikhote-Alin, Sakhalin and Hokkaido, the crustal nature is different. The older igneous 

rocks in Sikhote-Alin is comparable to SW Japan, showing typically negative whole-

rock εNd(T) values and high initial 87Sr/86Sr ratios (Jahn et al., 2015). Some previous 

studies argue that old basement existed in the Early Cretaceous in Sikhote-Alin and 

SW Japan (Jahn et al., 2015; Jahn, 2010), although no precise zircon U-Pb dating age 

of old basement has been reported so far. During the late Paleocene to Eocene, however, 

the old crust signatures disappear and are replaced by obviously juvenile features. The 
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abrupt change is proposed to represent mantle upwelling under the crustal lithosphere, 

consistent with a possible slab window formed during ridge subduction. After the ridge 

encountered the trench in NE Asia, the downgoing slab was totally consumed beneath 

the Asian continent margin. The subducted ridge was teared by the drag of slab to form 

a slab window. Hot asthenosphere passed the window and heated the overriding plate 

to generate voluminous granitoids and equivalent volcanic rocks with important 

mantle signatures. In both Sakhalin and Hokkaido, trench-ridge interaction during the 

ridge subduction is recorded by the emplacement of intrusive rocks. The S- and A-type 

granites intruded into the Paleocene accretionary complex in the central Sakhalin 

Island (Liao et al., 2018; Zhao et al., 2018 and 2019). It is implied that shallow-level 

crust was melted due under high temperature, probably due to the active spreading 

ridge beneath the trench. In the Hidaka belt, Hokkaido, the MORB-like gabbro-diorite 

associations were found to be emplaced into the Late Cretaceous to Paleogene 

accretionary complex at ca. 55 Ma (Maeda and Kagami, 1996). High temperature 

metamorphism took place contemporarily, generating both pelitic and mafic granulite. 

The Sr-Nd isotope of gabbro and granulite vary largely, suggesting the mantle 

component from the subducted ridge and crustal component from the anatexis of 

sediments in accretionary complex (Maeda and Kagami, 1996). 

 

5.6 Change of magma chamber/volcano alignments and their 

relationship with structures in Sikhote-Alin  

The relationship between magma and major structures, namely, the alignment of 

volcanos/magma chambers and faults/fractures, has been discussed for long time. 

However, it remains a question that the major controlling role is played by magma or 

structure. In this section, the change of distribution of magmatic rocks in Sikhote-Alin 

is outlined and discussed the significant change of regional stress field in Sikhote-Alin 

from the Cretaceous to Paleocene. In this area, it is shown that major structures can 

dominate the distribution of magmatism in continental arc. 
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Fig. 5.19 The relationship between pluton/caldera alignments with structures. The 

middle Cretaceous plutons are shown by orange color and the Paleocene calderas are 

green. 

According to the volcanos/plutons alignments and their relationship with structures, 

three magmatic associations are identified in Sikhote-Alin.  

 

1) In the middle Cretaceous (110-75 Ma), granitoids and felsic volcanic rocks were 

regularly presented along the Central Sikhote-Alin Fault and its branches, 

comprising a narrow magmatic band/linear area (Fig. 5.19). The rock types include 

mainly diorite, granodiorite, monzogranite, syenogranite and a few gabbros. Most 

of them are classified to I type and some are S type or the transition between the 

two (Kruk et al., 2014a; Jahn et al., 2015). In addition to the linear area as a whole, 

the most important feature of their occurrence is the shape of intrusive bodies and 

their spatial distribution. Most plutons are elliptic or elongated with length/width 

ratios ranging from 2:1 to 5:1. The long axes of most plutons are usually oblique 

to the Fault with small angles, vary from 10-38° and form typical en echelon 

patterns (Fig. 5.19). In some local areas, there are also a few plutons parallel with 
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or confined by the Fault zone, showing different long-axis direction from the en 

echelon ones (Fig. 5.19). About 70% of the plutons are not more than ~50 km from 

the Central Sikhote-Alin Fault. The distance between ca. 15% of the plutons and 

the Fault, however, reaches as far as 80 km, which seems unrelated to this major 

fault. 

 

 

Fig. 5.20 The P shear, R-shear bridge and magmatic intrusions in a sinistral strike-slip 

zone, similar to the Cretaceous pluton alignments in the central Sikhote-Alin 

2) The second type is called plateau-ignimbrite (Grebennikov and Popov, 2014), 

which occupy a more widespread area along the margin of Sea of Japan, striding 

the major NNE trending faults and accretionary complexes in Sikhote-Alin. The 

age of these volcanic rocks and granitoids in Sikhote-Alin are Late Cretaceous, 

ranging from ca. 85 to 65 Ma. Unlike to narrow linear belt in middle Cretaceous, 

the Late Cretaceous magmatic rocks are mainly to the east of the Central Sikhote-

Alin Fault, with some intrusive or eruptive rocks in the fault zone. The ages 

become younger from NW to SE, which is attributed to the roll-back of the Izanagi 

slab and retreat of trench (Jahn et al., 2015; Tang et al., 2016). I-type granitoids 
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and volcanic rocks are dominant in this period, similar with but more felsic than 

the middle Cretaceous magma. These magmatic rocks are known as the East 

Sikhote-Alin Volcanic-Plutonic Belt (ESAVPB) in some literatures (Khanchuk, 

2001; Jahn et al., 2015), emphasizing the feature that they intruded into or erupted 

upon the NNE trending accretionary complexes after the accretionary orogeny 

before the Late Cretaceous.  

 

3) The third magmatic episode is from the Paleocene to Eocene. The Paleocene 

rocks (65-55 Ma) are andesite-dominated (Fig. 5.19). An important feature of the 

Paleocene rocks is that many of them still keep the ancient caldera-shapes with 

radial or circular faults in the volcano structures. Usually three or more calderas 

cluster in a narrow belt to be a bead-like shape, trending nearly E-W or SE. The 

skew angles of the beads to the Central Sikhote-Alin Fault are large, ranging from 

50° to 77° (Fig. 5.19). However, some other volcanic structures are isolated and 

related to the tectonic depressions or intersects of faults in the east Sikhote-Alin, 

along the margin of Sea of Japan. Whether the volcanos gather together or not, the 

volcanic rocks and ignimbrites are always associated with granitic pluton/batholith 

in the volcano structures, showing possible collapse of overlying eruptive rocks on 

the magma chamber or just simple uplift and erosion of the old volcano structures 

and intrusive bodies.  

 

The Eocene lava (ca. 50-30 Ma), however, changes to basaltic rocks with intra-

plate features and there is no bead-shape found. The Late Cretaceous to Paleocene 

intrusive/eruptive rocks are constrained to the east of the Central Sikhote-Alin 

Fault. But the Eocene volcanic rocks are both extensive in the northeast Sikhote-

Alin and southern Khanka Block. Martynov et al. (2017) divide the Eocene basalts 

into the East zone (NE Sikhote-Alin) and Southwest zone (south Khanka). The 

later one has a long distance from the Late Cretaceous volcanic front, about 300 

km. This is abnormal because the magmatism shows eastwards or southeastwards 

migration from the Late Cretaceous to Paleocene and most of the young magmatic 



252 
 

rocks (<80 Ma) are limited to the east of the Fault. Whereas previous research 

clearly shows that the southwest Eocene basalts were found to the west of the Fault 

and importantly related to the local dextral strike-slip depressions (Utkin et al., 

2007).  

 

Three stages of magma are characterized by different distribution patterns and 

relationships with regional structures.  

 

The first-stage magmatic rocks are closely related to the Central Sikhote-Alin Fault, 

not only because of the short distance between most plutons and the Fault, but also 

their distribution patterns. For example, there are nine plutons in the central and 

southern Sikhote-Alin dated to 105 to 85 Ma by zircon U-Pb method (Fig. 5.19). All 

these plutons are located very near or within the ~20 km wide strike-slip fault zone. 

On both sides of the fault zone, plutons are always elongated oblique to the fault with 

small angles and the most popular angles range from 10° to 33°, consistent with the P-

shear in the simple shear model. These plutons have close association with the major 

sinistral strike-slip fault and its branches. This type of magmatic distribution is 

commonly observed in modern and ancient arcs, for example, the modern Sumatra, 

Kuril arcs and Late Cretaceous Sierra Nevada. These subduction zones are 

characterized by oblique subduction of oceanic plate, major strike-slip fault/shear zone 

in arc and en echelon volcanic arrays (Fig. 5.19). The emplacement and ascent of 

magma is most facilitated by tensional cracks in middle-upper crust. However, the P-

shear in Riedel shear model is a transpressional fracture, not benefitting the 

emplacement of magma chamber. We use the model proposed by Tikoff and Teyssier 

(1992) to explain this issue. In a strike-slip arc, continental-scale P shears are formed 

as en echelon patterns. Although P shears are transpressional, the bridges between the 

spaced P shears must be tensional and dilational jogs or small pull-apart basins are 

developed in the narrow spaces between P shears (Fig. 5.20). The bridges, in reality, 

are small-scale strike-slip fractures (R-shear in the Riedel shear model) with opposite 

directions against the overall strike-slip motion. In this hypothesis, the elongated 
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plutons eventually tend to be parallel with P shears and show an en echelon pattern 

with small angles to the major strike-slip faults. The model is verified in Sierra Nevada 

by the dextral shear zone (the Rosy Finch shear zone) running through the three Late 

Cretaceous en echelon plutons. In Sikhote-Alin, transpressional branches of the major 

strike-slip fault are extensively developed. For instance, in the north part of the fault 

zone, the plutons are either bordered or cut by the major fault and the P-shear 

transpressional fault. The bend of the P-shear faults created local extension and 

supplied space for magmatic emplacement and eruption. 

 

The Late Cretaceous magmatic rocks are extensively and irregularly distributed in the 

southeastern Sikhote-Alin, and no particular pattern or array is observed. Most of them 

are located to the east of the Central Sikhote-Alin Fault, with minor near or within the 

Fault zone. These plutonic-volcanic rocks in Sikhote-Alin are quasi-continuous from 

80 Ma. The granitoids, as well as the dacites and rhyolites, in this period were 

generated intensively in the southeast Sikhote-Alin accretionary orogen, especially in 

the Taukha accretionary complex (Fig. 5.15). Stable and active oblique subduction of 

the Izanagi slab was responsible for the silicic magma. It should be noticed that the 

spatial migration of magmatism is important in the Cretaceous. During 110-85 Ma, the 

majority of arc magma concentrated along the Central Sikhote-Alin Fault. Whereas 

the Late Cretaceous to Early Paleocene magma migrated to the east of the Fault, 

indicating a roll-back of the Izanagi slab. The accretionary complexes (< 100 Ma) 

include the fore-arc basins and prisms in Sakhalin and Hokkaido, also verifying the 

retreat of trench. After this process, the east Sikhote-Alin continental margin changed 

from arc/fore arc to arc/back arc settings.  

 

The third magmatic episode is characterized by bead-like Paleocene volcanic arrays 

(65-55 Ma), quite different from the Cretaceous ones. The en echelon pattern common 

in middle Cretaceous (110-85 Ma) was replaced by volcano clusters with high oblique 

angles to the Central Sikhote-Alin Fault, varying from 50° to 70°. It is implied that the 

previous P-shear-bridge model does not work for these new volcano alignments and 
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the regional stress field may have significantly changed. In Riedel shear model, T-

shear is a potential tensional crack for these high-angle volcano belts. However, 

regional geological evidence does not support this possibility because previous 

sinistral strike-slip faulting was not active at that time. Trench-normal subduction, 

instead, is proposed to be responsible for the Paleocene bead-like volcano clusters (Fig. 

5.19). Nearly E-W compression caused by westwards orthogonal subduction may 

strengthen the N-S trending thrusts and subordinately initiate the E-W trending 

extension. The extension was second-order and only focused on some local areas 

where previous fractures existed, such as the Cretaceous pull-apart basins within/close 

to the Central Sikhote-Alin Fault zone. Magma generated in this period was facilitated 

to intrude the middle-upper crust through these extensional cracks and aligned as 

nearly E-W trending, which is thus oblique to the Central Sikhote-Alin Fault at high 

angle. Regional E-W trending extensional faults/fractures are crustal scale to 

accommodate the emplacement of several magma chambers and eruption of 

corresponding lava. Thus, the bead-like volcano clusters may represent important 

change of maximum principle stress in NW Pacific in the early Cenozoic, from NNE-

SSW to nearly E-W. The change of volcanic alignments took place in other arcs due 

to the different stress field. The NE Honshu, Japan, is taken as an example here. During 

the Late Miocene to Pliocene, dextral strike-slip was dominant in this area because the 

strain was controlled by not only the westwards subduction of the Pacific plate, but 

also the SW compression of the Kuril arc, and the latter one was significantly stronger. 

Dextral strike-slip and local extensional faults led to the NE-SW alignment of volcanos 

in NE Honshu in this period. However, the Pacific plate sped up during the Quaternary 

and the orthogonal compression was thus strengthened. N-S trending thrusts imposed 

the N-S trending strike-slip faults and many local E-W trending extensional fractures 

were generated. Volcano clusters in these local areas were aligned to E-W and the 

overall strike of the arc was N-S, consistent with the direction of trench. 

 

5.7 Discussion: potential models for the tectonic transition in the early Cenozoic 

NE Asia 
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5.7.1 Summary of the Cretaceous to early Cenozoic tectonic-thermal change in 

the NE Asian continental margin 

We have reviewed the major changes of kinematics of structures, magmatic genesis 

and the structure-magma relationship in NE China, Sikhote-Alin and some adjacent 

areas in Korea, Russia and Japan. The geological records in the region indicate an 

important tectonic-thermal condition change during the early Cenozoic. 

 

In summary, the numerous NE- or NNE-striking strike-slip faults in the region were 

characterized by sinistral strike-slip motion in the Cretaceous and afterwards replaced 

by a reversed direction. Examples are the Tan-Lu Fault segment in the Bohai Bay Basin, 

Dun-Mi and Jia-Yi faults in NE China, Kiselevka Fault in north Sikhote-Alin, West 

Sakhalin and Tym’-Poronai fault systems in Sakhalin and Yansan Fault system in SE 

Korea. The major basins, such as the Songliao and Sanjiang-Amur basins experienced 

important inversion event during ca. 65-50 Ma, accompanied by abrupt cooling/uplift 

event of the surrounding mountains in NE China and Jiaodong Peninsula. It should be 

note that all the reviewed Cretaceous to Paleogene basins are located in the back-arc 

area (NE China), not in the arc or fore-arc area (Sikhote-Alin) because of the available 

data of seismic profile and outcrop investigation are more abundant in the Chinese side.  

For the magmatic genesis in the arc area, intense magmatic intrusion or eruption, 

especially the A-type and adakite-like granitoids appeared more abundantly after a 

short magmatic gap during ca. 55-50 Ma in Sikhote-Alin and Japan and ca. 60-50 Ma 

in SE Korea. Cenozoic volcanism shows more various tectonic origins including intra-

plate features, rather than the typical supra-subduction features in the Cretaceous. 

Fore-arc MORB gabbros and diorites intruded into the accretionary prisms in 

Hokkaido at ca. 55 Ma. Anatexis of upper crust and fore-arc/trench sediments resulted 

in the A- and S-type granitoid intrusions in Sakhalin during the early Eocene. 

Importantly, the Sr-Nd isotopes of all these arc and fore-arc magmatic rocks reveal an 

abrupt change from enriched to depleted chracteristics, following the magmatic gap 

during 55-50 Ma. The zircon ε(Hf)t values show a consistently increasing trend from 

the Early Cretaceous to Eocene. All these geochemical and isotopic data indicate a 
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significant increase of mantle component in the protolith area in the early Cenozoic, 

replacing the clear crustal signatures in the Cretaceous. 

 

The relationship between the arc caldera/plutons and local structures in Sikhote-Alin 

also verifies the change of regional stress field. The middle Cretaceous (110-75 Ma) 

plutons/batholiths are limited within a ~100 km wide belt with NNE trending as a 

whole along the Central Sikhote-Alin Fault zone. The plutons show clearly en echelon 

patterns. Their long-axis directions are oblique to the major fault zone with small angle 

(10° to 33°), indicating regional sinistral motion of the arc-parallel strike-slip fault. 

This arc magma chamber pattern is similar to the volcano alignments in the present 

oblique-subduction arcs, such as Sumatra and Kuril and the Cretaceous pluton 

alignments in Sierra Nevada, corresponding with the magma-control depressions 

developed by the R-shear extensional bridges connecting the transpressional P shears. 

In the rest of the Late Cretaceous, the magmatism migrated to the east of the Central 

Sikhote-Alin Fault and were widespread in the whole southeastern Sikhote-Alin area. 

In the late Paleocene, however, the en echelon patterns were replaced by nearly E-W 

striking magma chambers in the east Sikhote-Alin. Afterwards, the volcanic rocks 

became scattered and show no clear liner patterns in the Eocene. The dramatic change 

of volcano/pluton alignment represents the regional stress field varied from sinistral 

simple shear related to NNE-directed oblique subduction to nearly E-W compression 

related to the orthogonal subduction. 

 

5.7.2 Potential models to explain the tectonic-thermal condition 

change in the NE Asian margin 

5.7.2.1 Model 1: The two-stage transform margin in Sikhote-Alin and 

slab windows 

The transform margin model is proposed by most Russian literatures and firstly 

comprehensively summarized by Khanchuk (2001), further improved by later studies 
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on magmatic rocks and structural analysis. They proposed that the continental margin 

in Sikhote-Alin was very similar to the present California at two stages, the middle 

Cretaceous and the Paleocene to Eocene (Fig. 5.21). The evolution of this transform 

margin at the first stage was dominated by a large sinistral strike-slip fault which was 

later cut and dismembered by the open of the Sea of Japan. The Central Sikhote-Alin 

Fault, Tanakura and Median Tectonic lines in Japan are three segements of the Early 

Cretaceous fault (Khanchuk, 2001). According to this prospect, the middle Cretaceous 

magma was generated by the weak subduction and strong sinistral strike-slip motion 

related to the northward rapid subduction of the Izanagi Plate (Simanenko and 

Khanchuk, 2003). The Late Cretaceous continental margin became Andean-type and 

generated plateau-ignimbrites with equivalent intrusions showing typical supra-

subduction features (Grebennikov and Popov, 2014). In the Paleocene to Eocene, the 

previous subduction was ended by a rifting regime. The special A-type granite and 

volcanic rocks were resulted from the regional extensional settings related to a dextral 

strike-slip motion along the second-stage transform margin from 65 to 40 Ma 

(Grebennikov et al., 2016). In the meantime, the subducted slab behaved differently 

from the oceanic plate, which triggered the break of slab and formation of slab 

windows, which provided important pathways for the materials from the 

asthenosphere. Martynov et al. (2017), however, indicates that the intense extension 

and basaltic volcanism reached their peaks at around the middle Eocene and last a long 

time until the open of Sea of Japan (ca. 15 Ma). Slab window related to large-scale 

dextral strike-slip motion facilitated the mantle input with Pacific-MORB features into 

the previously prevalent Indian-MORB type region beneath the Sikhote-Alin orogen 

(Martynov and Khanchuk, 2013). 
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Fig. 5.21 Model 1: two-stage transform in NE Asian continental margin (Grebennikov 

et al., 2016) 
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5.7.2.2 Model 2: Far-field effect of the Indian-Eurasian collision 

Most studies focusing on the strike-slip faults in NE Asia argue that the abrupt change 

of sinistral to dextral motion in the early Cenozoic should be attributed to the Indian-

Eurasian collision during 60-50 Ma (Fig. 5.22). The collision forced the major blocks 

in eastern Asia escaped eastwards and large-scale strike-slip faults accommodated 

most of the deformation and extrusion (Tapponnier and Molnar, 1976; Tapponnier et 

al., 1990). The eastern margin of the Eurasian continent played a free boundary to 

escape and the dextral shear zones in the Okhotsk, Sakhalin and Hokkaido were 

resulted to adjust the regional deformation (Jolivet et al., 1990). Under this tectonic 

regime, the crust of NE Asia was shortened and dominated by E-W compression (Gu 

et al., 2017). 
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Fig. 5.22 Model 2: the far-field effect of Indian-Eurasian collision (Jolivet al., 1990) 

5.7.2.3 Model 3: Dock of the Pacific intra-oceanic arcs to the NE Asian 

margin 

Exotic intra-oceanic arcs were widely distributed in the north Pacific during the Late 

Cretaceous to Paleocene, involving a ~3000 km long subduction zone from Japan, 

Hokkaido, Kamchatka and Aleutian (Fig. 5.23; Konstantinovskaia, 2000). 

Reconstructions of these ancient island arcs are based on paleomagnetic, geological 

and kinematic data preserved in the volcanic and sedimentary rocks (Domeier et al., 

2017). The south-dip Kronotsky and Olutorsky intra-ocean subduction zones were 
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developed initially far from the NE Asian continent where the north- and west-dip 

subduction zones were active in the Late Cretaceous to Paleocene. Domeier et al. 

(2017) also argued that the Izanagi-Pacific ridge was reversed to form this long intra-

ocean subduction zone at ca. 80 Ma, which gave birth to the Kula plate in the north 

Pacific domain. The intra-oceanic island arc system arrived at the NE Asian margin in 

the early Eocene (Alexeiev et al., 2006). Thus, the abrupt change of stress field and 

oceanic plate motion from north-directed to NW- or NWW-directed were the results 

of the dock of this island arc system. 

 
Fig. 5.23 Model 3: the dock of an intra-ocean island arc system in the north Pacific 

(Domeier et al., 2017) 

5.7.2.4 Model 4: Izanagi-Pacific ridge subduction in NE Asia 
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The fourth model mainly attributes the early Cenozoic event to the arrival of the 

Izanagi-Pacific Ridge (IPR) to the NE Asian margin (Fig. 5.2; Whittaker et al., 2007). 

The IPR is proposed to extend over 2000 km long and be parallel or sub-parallel to the 

Asian continental margin. The ridge subduction and coeval slab break-off happened 

during ca. 60 to 55 Ma at the Japanese trench. The previous ridge-push force in the 

Cretaceous was replaced by slab-pull after the Izanagi plate was totally consumed 

beneath the continental margin, triggered the oceanic plate motion varied from NW to 

W. Seton et al. (2015) further explained this process using numerical simulation. It is 

proposed that the arrival of the IPR resulted in a short interrupt of subduction during 

60 to 50 Ma. Before the ridge subduction, the Pacific plate was surrounded by a circus 

of spreading ridges. But afterwards, the initial subduction of the Izu-Bonin-Marianas 

and Tonga arcs increased the west-directed slab-pull force after ca. 50 Ma. The plate 

motion changes in the Pacific regime were also responsible for the rapid reorganization 

of the mid-mantle flow. So, the IPR subduction in the early Cenozoic was not a 

response to the plate-mantle interaction in this model, but the trigger of the 

hemisphere-scale event (Seton et al., 2015; Müller et al., 2016). The major changes of 

no matter magmatic genesis or the regional stress conditions were caused by the IPR 

subduction in the Paleocene to early Eocene. 

 

5.7.3 Examination of Model 1, 2 and 3 based on the reviewed 

geological evidence 

Slab window related to transform margin is the most important feature in the first-type 

model (two-stage transform margin model). This model explains why the mantle 

signatures of these magmatic rocks were abruptly enhanced in the early Cenozoic and 

connected the slab window with the dextral strike-slip motion. However, important 

and basic questions remain that how the windows were opened and what was the 

geodynamic factor that forced the sinistral faults to act inversely in the Paleocene to 

Eocene. Some studies attribute the slab windows to the strike-slip motion or the 

different deformation behaviors of the oceanic plates at variant depths (Grebennikov 
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et al., 2016). However, the proposed differences are not observed to generate any 

similar window structures in the modern subduction zones. Generally, the formation 

of slab windows is caused by the trench-ridge-trench or trench-transform-trench triple 

junction motion when a trench is encountered by a spreading ridge or a transform fault 

(Thorkelson, 1996). After the ridge or transform fault is subducted and teared beneath 

a subduction zone, the different motion vectors of the two subducted plates separated 

by the ridge or transform will force the open of a slab window. The shape and size of 

the window depends on the direction and speed of plate motions (Thorkelson, 1996). 

The other problem of this model is that no explanation is made for the change of major 

faults from sinistral in the Cretaceous to dextral in the early Cenozoic, although this 

event is regarded as an important signature of tectonic reorganization. In summary, the 

transform margin model (Model 1) solves the problem of the abrupt geochemical and 

isotopic changes of magmatism by proposing slab window formation, but keeps the 

questions open that why slab windows were generated in the early Cenozoic and what 

is the relationship between the changes of the fault kinematics and magmatism. 

 

Model 2 can easily explain the kinematic change of major faults in NE Asia by 

extrusion of Asian continental blocks to the Pacific margin which is set up as a free 

boundary (Tapponnier and Molnar, 1976; Jolivet et al., 1990). However, the Indian-

Eurasian collision generated intense deformation along the Himalayas and its foreland 

basin, which is > 5000 km away from the eastern Asian margin. It remains unclear that 

if the far-field effect of the collision was strong enough or not to inverse the rift basins 

as large as the Songliao and Sanjiang basins. The stress decays after such a long travel 

and compressional deformation should become much weaker in NE Asia. However, 

the volcano/pluton alignments controlled by the E-W trending structures are limited to 

the eastern Sikhote-Alin, showing the regional principle compression was E-W and 

the strongest deformation was concentrated in the east, not the west. 
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Fig. 5.24 The Izanagi-Pacific ridge subduction model.  

On the other hand, the dramatic change of magmatism from enriched to depleted 

isotopic features is also hard to understand if the Indian-Eurasian collision was the 

major force. The dextral strike-slip faults in Sakhalin, Hokkaido and Sikhote-Alin 

were born to accommodate the escape deformation in Asian continent. In this scenario, 

the deformation would be limited within the crust or lithosphere level because they are 

rigid to be displaced. Whereas the tectonic-thermal conditions of the mantle wedge 



265 
 

and subducted slab would maintain the status quo, making the isotopic and 

geochemical features of magmatism consistent in the NE Asian margin.  

 

Model 3 introduces an >3000 km long island-arc system into the Late Cretaceous to 

Paleocene tectonic context in the north Pacific regime, including the eastern Hokkaido, 

Kamchatka and Aleutian. The most important feature in this model is that the Izanagi-

Pacific Ridge was believed to be inversed to a south-dip intra-ocean subduction zone 

and a bi-directional subduction system existed in the north Pacific. The dock of the 

island arc system in the Paleocene to Eocene is important to explain the history of the 

volcanic arcs and deformations within the oceanic plate. The collision between the 

island arc system and Asian mainland terminated this intra-oceanic subduction and 

thus enhanced the northwest movement of the Pacific plate. This process meets the 

change of regional stress field in NE Asia. However, how the arc-continent collision 

affected the magmatism in the NE Asian margin is unclear. After the arc-continent 

collision, the westward subduction was still active in the NW Pacific margin and thus 

is difficult to explain the extensive magmatic gap between ca. 60-50 Ma in Sikhote-

Alin, SE Korea and Japan. It is also ambiguous that if the geochemical and isotopic 

features of the mantle wedge would be changed after the collision or not. At a word, 

the intra-ocean island arc model is feasible to reconstruct the motion of the Pacific 

plate, but needs more details for the switch from bi-directional subduction to W- and 

NW-directed subduction and its geological influences on the continental side. 

 

5.7.4 Geological responses of the Izanagi-Pacific Ridge subduction in 

the NE Asian margin: Examination from the magmatic, structural 

and paleomagnetic data 

In this paper, it is proposed that Model 4, the Izanagi-Pacific Ridge subduction model 

is the most appropriate one to understand the tectono-magma change in the early 

Cenozoic. The ridge is estimated to reach the eastern Asian trenches at about 60 Ma 

and be totally subducted under the continent at ca. 55-50 Ma. The time coincides with 
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the fore-arc MORB intrusions in Hokkaido, sediments anataxis in Sakhalin and 

adakite-like and A-type rocks in Sikhote-Alin. The lithological associations match well 

the predicted ones by the ridge subduction model. Slab window proposed by Model 1 

can be attributed to the widen ridge and transform fault after they were subducted 

beneath the continent, which provides a pathway for the mantle-derived materials with 

highly depleted Sr-Nd-Hf isotopic features. The Izanagi plate moved in N- or NNW-

direction in the Cretaceous can explain the giant sinistral strike-slip before the ridge 

subduction. Whereas the initiation of the west-dip subduction of the Pacific plate 

changed the regional compression direction from northwest to nearly west. A new 

dextral strike-slip motion was developed due to the geometric relationship between the 

E-W convergence direction and the NNE striking of the continental arc in the NE Asian 

margin. Also, the NNE-trending alignments of plutons in Cretaceous was replaced by 

the nearly E-W trending alignments of calderas in Sikhote-Alin. Recently and 

previously published paleomagnetic data which were ignored more or less in the 

previous reconstructions further verifies the ridge-subduction scenario. In the 

Cretaceous, all the paleomagnetic data show a long northward travel of terranes in 

Sikhote-Alin and Sakhalin, consistent with the NNW-directed motion of the Izanagi 

plate (Didenko et al., 2014; Ichihashi et al., 2015; Khanchuk et al., 2015). In the latest 

Cretaceous to Paleocene, the Sikhote-Alin terranes were proposed to experience a 

counterclockwise rotation of 20.5°±17.7° from 66 to 51 Ma (Uno et al., 1999), or 

41°±16° from 53 to 50 Ma (Otofuji et al., 2003). After ca. 50 Ma, the relative position 

of the Sikhote-Alin terranes had been fixed to the Eurasian continent and they behaved 

as a unified unit until the open of Sea of Japan in the Miocene (Otofuji et al., 1995). 

Whereas a vertical axis rotation of blocks in the interior of Sakhalin and Hokkaido was 

detected during Eocene to Miocene and explained by the micro-block rotations within 

the dextral shear zones (Takeuchi et al., 1999). The rapid rotation of the Sikhote-Alin 

terranes in the early Cenozoic may be resulted from the rapid NNW-directed 

subduction of the remnant Izanagi plate and the onset of the NWW- or W-directed 

subduction of the Pacific plate. The counterclockwise rotation of convergent direction 

from NNW to NWW or W triggered the counterclockwise rotation of the Sikhote-Alin 
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orogenic belt. This process can be responsible for the intense uplift and basin inversion 

events in the back-arc area (NE China) and the E-W compression in the arc area 

(Sikhote-Alin). After ca. 50 Ma when the switch of convergent direction was finished, 

the Sikhote-Alin terranes began to be influenced by the mantle upwelling across the 

slab window and the increased orthogonal subduction with dextral strike-slip 

component. 

 

5.8 Conclusions 

In this paper, we reviewed major changes of kinematics of major strike-slip faults, 

basin inversion/uplift events, geochemical and isotopic features of magmatic rocks, 

and the relationship between volcano/pluton alignments and local structures in NE 

Asia, especially in NE China and Sikhote-Alin orogenic belt in Russian Far East. 

 

The changes of tectono-thermal conditions in NE Asia are represented by the following 

evidence: 

1) the large-scale strike-slip faults dominated by sinistral motion in the Cretaceous 

were then inversed to dextral in the early Cenozoic;  

 

2) abrupt uplift from ca. 65 to 50 Ma resulted into regional angular unconformity in 

the Songliao, Sanjiang-Amur and adjacent small basins in NE China, as well as the 

dramatically increase of cooling rate of the surrounding mountains;  

 

3) the long-term arc magmatism with supra-subduction features during the 

Cretaceous was replaced by various magmatic associations after a short magmatic 

gap during 60-50 Ma in the NE Asian margin, such as the A-type, adakite-like 

granitoids, basaltic volcanic rocks with intra-plate infinity in Sikhote-Alin and SE 

Korea, fore-arc MORB intrusions in Hokkaido and A- and S-type granitoids in 

Sakhalin;  
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4) the Sr-Nd-Hf isotopes of the magmatic rocks show important increase of mantle-

derived component after the magmatic gap whereas the Cretaceous rocks were 

characterized by strongly enriched features;  

 

5) the plutons in the middle Cretaceous were distributed along the Central Sikhote-

Alin Fault zone with en echelon patterns, showing sinistral simple shear context. 

In the Paleocene to early Eocene, the alignments of calderas changed to roughly 

E-W trending, almost perpendicular to the fault zone, implying an E-W principle 

compression. 

 

The changes of regional structures and magmatic genesis were proposed to be the 

geological evidence of Izanagi-Pacific Ridge subduction sub-parallel to the continental 

margin at ca. 65 to 50 Ma. The slab window formed during the ridge subduction 

facilitated the mantle upwelling, overprinting the Cretaceous arc-magma geochemical 

and enriched isotopic features in NE Asian continental margin. After the consumption 

of the Izanagi plate, the Pacific subduction was initiated at ca. 50 Ma and the 

convergence direction was NWW-SEE or nearly E-W. The sudden change of oceanic 

plate motion forced the Sikhote-Alin terranes rotated counterclockwise in the early 

Cenozoic, enhancing the E-W compressive component to trigger the E-W trending 

local depressions and volcano alignments in Sikhote-Alin, regional angular 

unconformity and uplift in NE China and extensively dextral strike-slip motion along 

the major NNE-trending faults in NE Asia.  
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Chapter 6 Major conclusions and future work 

 

The oceanic plates in the Pacific domain have dominated the tectonic evolution of the 

northeast Asian margin since the Mesozoic, including the continental blocks, arcs and 

arc-related basins in NE China and Sikhote-Alin, Russian Far East. Field investigation, 

petrological observations, whole-rock geochemistry, zircon U-Pb dating and Lu-Hf 

isotopic analyses were conducted on rocks from this area to unravel the magmatic 

genesis, sedimentary provenance and regional subduction history.  

 

The earliest arc magmatism in the area is represented by the Khanka Lake granitoids 

in the northern Khanka Block. Zircon LA-ICP-MS dating yields two major magmatic 

episodes corresponding to the two major lithologies, the earliest Triassic (ca. 249 Ma) 

granodiorite and Late Triassic to Early Jurassic (209-199 Ma) syenogranite. Later 

felsic veins intruded into throughout the batholith during 195-184 Ma. The 

granodiorite (ca. 249 Ma) has abundant mafic enclaves in the outcrop and shows 

adakite-like geochemical features, such as high Sr, Sr/Y and La/Yb, with zircon εHf(t) 

values of −0.65 to 1.61, indicating that magma mixing between old lower crust and 

juvenile basaltic magma was important. The syenogranite (209-199 Ma) belongs to the 

highly fractionated I-type granites, showing high SiO2, Na2O, K2O and very low Mg, 

Fe, Ni and Cr. The zircon εHf(t) values are positive, ranging from 1.72 to 5.12, 

suggesting the importance of juvenile materials in its source. The zircon εHf(t) values 

from granodiorite, syenogranite and felsic veins become more positive as the zircon 

ages become younger, recording the consistent increase of juvenile crust melting. The 

Khanka Lake granitoids are proposed to be evidence of the early-stage subduction of 

the Paleo-Pacific plate in NE China and the eastern CAOB. 

 

Subduction-related magmatism was also active along the eastern margin of the 

Songliao Block, namely in the Lesser Xing’an-Zhangguangcai Range. The ancient 

Mudanjiang Ocean was located between the Songliao and Jiamusi-Khanka blocks 
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before the Cretaceous, and was part of the Paleo-Pacific Ocean in NE China. The 

volcanic rocks here were sampled and analyzed to understand their genesis and 

relationship with subduction. Zircon SHRIMP U-Pb dating and whole-rock 

geochemical analysis were carried out on these volcanic rocks. The results show that 

most samples are Early Jurassic in age (189-178 Ma), including andesite, 

trachyandesite, trachydacite and rhyolite. The rhyolite is highly fractionated I-type, 

similar to the coeval granites in the Lesser Xing’an-Zhangguangcai Range, whereas 

the andesite to trachytic rocks were mainly affected by magma mixing processes at an 

active continental margin. The samples from the Jiamusi Block and one sample from 

the Lesser Xing’an Range yield late Early Cretaceous (ca. 100 Ma) ages. Fractional 

crystallization was the most important genesis mechanism for these basalts and 

trachydacites. However, evidence of magma mixing or crustal contamination was also 

recorded in several andesitic samples. The Jurassic arc magma was generated by the 

westward subduction of the Mudanjiang Ocean. After closure of the Mudanjiang 

Ocean, the Paleo-Pacific Ocean began to govern the tectonic evolution of the eastern 

CAOB. Roll-back of the slab triggered back-arc extension in NE China and resulted 

in extensive volcanism in the Jiamusi Block during the late Early Cretaceous. 

 

During the Jurassic to Cretaceous, numerous accretionary components were accreted 

along the eastern margin of the Jiamusi-Khanka Block to form the Sikhote-Alin 

accretionary orogenic belt. These accretionary belts are mainly N-S trending and 

separated by thrusts and strike-slip faults. Sandstone samples were collected along an 

E-W traverse in the southern Sikhote-Alin orogenic belt for zircon U-Pb dating and 

Lu-Hf isotopic analysis. The results indicate that the Jiamusi-Khanka Block was the 

most important source area for the sediments in the Samarka accretionary complex, 

whereas the Zhuravlevka turbidite basin, separated by the Central Sikhote-Alin Fault 

from the Samark belt, was supplied by both the Jiamusi-Khanka Block and North 

China Craton. The eastmost belt, the Taukha accretionary complex, however, shows 

no signal of the Jiamusi-Khanka Block, but was only fed from the North China Craton. 

The E-W trending accretionary process cannot explain all the data. Thus, it is proposed 
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that the eastern Sikhote-Alin belts were initially deposited farther south during the 

Early Cretaceous. Afterwards sinistral strike-slip faulting transported the eastern 

Sikhote-Alin belts northward after their deposition and formed a tectonic collage. 

 

The magmatic rocks migrated eastwards into the coastal Sikhote-Alin area after major 

sinistral strike-slip motion during the late Early Cretaceous, related to subduction of 

the Izanagi Plate. The whole-rock Nd and zircon Hf isotopes of the granitoids show 

significant enriched features in the Late Cretaceous. However, after a magmatic gap 

between 55 and 45 Ma, mantle input increased abruptly indicated by the dramatically 

depleted isotopic characteristics. Meanwhile, I&S-type granitoids and volcanic rocks 

were replaced by A-type granite and intra-plate basalts and adakitic volcanic rocks. 

This change in magmatism is considered tobe the result of a slab window opening 

during the early Cenozoic under the continental margin, caused by Izanagi-Pacific 

ridge subduction. At ca. 55 Ma, MORB-like gabbros intruded into the coeval 

accretionary complexes in Hokkaido, Japan, whereas A- and S-type granites were 

emplaced into the coeval fore-arc basins in Sakhalin in Far East Russia, further 

supporting a ridge subduction model. Ridge subduction and the migration of a triple 

junction caused a change in the regional stress field. The Pacific plate moved in the 

NWW or W after consumption of the Izanagi plate, which was subducted to the NNW. 

This important change triggered a change in the sinistral strike-slip faults in Sikhote-

Alin, NE China and Korea to dextral or extensional settings. Emplacement of 

Cretaceous en echelon plutons related to the strike-slip faulting ceased and the arc 

region was dominated by nearly E-W trending caldera alignments, corresponding to 

the change in plate motion. Ridge subduction between 60 and 45 Ma is supported by 

evidence from the ocean side. Specifically, new research based on magnetic anomalies, 

seamount chains and plate reconstructions proposes that the Izanagi-Pacific ridge 

arrived at the eastern Asian margin at ca. 60 Ma, resulting in the plate reorganization 

in the west Pacific domain. 

 

Although the Mesozoic to early Cenozoic subduction history is explained by thse data, 
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the model still needs to be improved in details and tested by further studies. The future 

work in this area should include: 

1. The details about the ridge subduction should be improved by collecting more data 

on the Cenozoic volcanism. The main data in Chapter 5 were derived from 

previous studies which focus on Late Cretaceous and Paleocene granitoids. The 

Eocene and later volcanism is still not precisely dated and new geochemical 

analyses are required. Structural data to determine the regional stress field change 

is also not sufficient at present, but is vital for working out the detailed geodynamic 

history of the area. 

 

2. The strike-slip faults in NE China were also active during the Cretaceous, similar 

to the Central Sikhote-Alin Fault on Russian side. But a detailed structural 

investigation should be carried out to understand the relationship between these 

faults and the tectonic dynamics of the major sinistral strike-slip system. 

 

 

3. The local Cretaceous basins in NE China are located between two NE trending 

faults and locally controlled by early-stage normal faults and late-stage thrusts. 

However, the relationship between basins and faults is not fully understood and the 

timing of faults and their dynamics is not well studied. Field investigations, 

kinematics and geochronology need to be carried out in NE China to solve this 

issue. 
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