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of crustal contamination. The residual mineral assemblages 

during the magma-forming process varied from amphibole 

to eclogite facies. These fi ndings indicate that magmatism 

in the Songjianghe region likely resulted from the accretion 

and delamination of the Archean crust in the collage zone 

during the subduction of the Paleo-Pacifi c Plate beneath the 

Eurasian continent. 

   Keywords     U–Pb datings    ·  Elemental geochemistry and 

Sr–Nd–Hf isotopes    ·  Petrogenesis    ·  Middle Jurassic granitic 
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       1  Introduction 

 Granite constitutes a fundamental component of the Earth’s 

continental crust and represents one of the most signifi cant 

products of continental crustal growth and evolution 

(Chappell and White  1992 ). As a direct manifestation of 

deep earth processes and crustal contamination, granitic 

magmatism preserves crucial information on the origin 

of the magma and deep geologic events occuring during 

magma evolution (Brown and Fyfe  1970 ; Whitney  and 

Northrop  1988 ; DePaolo et  al.  1992 ; Pitcher  1997 ; Wu 

et al.  2011 ). The petrogenesis of granitoids that formed in 

orogenic and plate boundary collage zones is notably more 

complex than that of intraplate anorogenic magmatic rocks. 

These granitic rocks represent the products of continued 

collisional orogenic processes and record the tectonic 

transition to intraplate anorogenic environments (Sylvester 

 1998 ; Liegeios et al.  1998 ). 

 Substantial progress has been made in understanding the 

petrogenesis and geodynamic background of the Phanerozoic 

granites in northeastern China. Investigation of the 

Mesozoic granite belt in the Lesser Xing’an-Zhangguangcai 

                     Abstract     The deep geologic processes between the 

Xing’an-Mongolian Orogenic Belt and the North China 

Craton in the Mesozoic are crucial to reveal the magmatic 

and tectonic evolution and their constraints on minerali-

zation in the Jiapigou-Haigou collage zone. In this paper, 

We have presented the geochronology, geochemistry and 

Sr–Nd–Hf isotopic compositions of the Middle Jurassic 

granitic complexes in the Songjianghe area, Jilin Province. 

The granitic complexes can be categorized into four groups 

based on their geologic characteristics, with corresponding 

zircon U–Pb isotope ages of 177 Ma, 172 Ma, 169 Ma and 

168–167 Ma, respectively. These granitoids exhibit calc-

alkaline to high-K calc-alkaline, metaluminous to weakly 

peraluminous I-type characteristics, which show relative 

enrichment in LILEs (Rb, Sr, Ba) and depletion in HFSEs 

(Nb, Zr). Geochemical analyses reveal high initial  87 Sr/ 86 Sr 

ratios of 0.70633–0.70740, coupled with low εNd(t) val-

ues ranging from −10.65 to −13.23. The zircon analyses 

show similarly negative εHf(t) values ranging from −16.9 

to −3.2. The integrated elemental and Hf–Sr–Nd isotopic 

signatures demonstrate that the primitive magmas of the 

four group rocks were primarily derived from partial melt-

ing of thickened Archean lower crust, with the exception 

of the Group IV rocks, which exhibit signifi cant evidence 
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Ranges have revealed that the Early and Middle Jurassic 

granitoids can be chronologically divided into four periods 

as follows: (1) Early Jurassic (> 175 Ma), characterized 

by magma derived from the partial melting of thickened 

lithosphere during the subduction of the Paleo-Pacific 

plate, contributing to the thickening of the lithosphere and 

accelerating the mixing of juvenile crust and ancient crust 

(Wu et al.  2003 ,  1999 ; Han et al.  1998 ); (2) early Middle 

Jurassic (~ 172 Ma), the collision orogeny between the 

Jiamusi Plate and the western Zhangguangcai Massif likely 

resulted in the formation of biotite monzogranite; (3) middle 

Middle Jurassic (~ 168 Ma), the subduction of the oceanic 

plate persisted, producing crust-mantle mixing magmas; 

(4) late Middle Jurassic (162–165 Ma), representing the 

tectonic setting transition from compressional orogeny to 

postorogenic extensional environment (Wu et  al.  1999 ; 

Liang et al.  2015 ). The Early and Middle Jurassic granites 

in Yanbian exhibit similar characteristics (Zhang et  al. 

 2004 ). Recent studies suggest that the formation of the 

Early Jurassic granites in central Yanbian coincided with 

the crust-mantle mixing process at the continental margin 

under the subduction of the Paleo-Pacifi c Plate underneath 

the Eurasian continent (Zhang et al.  2023 ). 

 In recent decades, research on late Mesozoic magmatism 

and geodynamic processes in the collage zone between the 

northern margin of the NCC (North China Craton) and the 

CAOB (Central Asian Orogenic Belt) has received consider-

able attention (Han et al.  1998 ; Liu et al. 2002; Deng et al. 

 2014 ; Li et al.  2017 ). Tectonically, the Songjianghe area 

occupies a central location in the Jiapigou-Haigou collage 

zone between the NCC and the Xing’an-Mongolian Oro-

genic Belt (XMOB). Meanwhile, the study area is a world-

famous gold metallogenic belt with large-scale mineraliza-

tion occurring at 180–174 Ma (Han et al.  2022 ), including 

the Songjianghe gold deposit (154 Ma) (Zhang et al.  2019 ) 

and the Haigou gold deposit (163–161 Ma) (Li et al.  2017 ). 

The Songjianghe area is an ideal region for investigating 

the deep geologic processes in the collage zone triggered 

by the subduction of the Paleo-Pacifi c Ocean beneath the 

Eurasian continent since the Mesozoic (Fig.  1 a). Recent 

studies indicate that the Mesozoic granites in the eastern 

sector of the XMOB primarily formed in the Early-Middle 

Jurassic (Wu et al.  2003 ; Zhang et al.  2002 ,  2004 ; Yang 

et al.  2018 ; Han et al.  2019 ), with their low initial Sr and 

high Nd isotope values suggesting that the magma origi-

nated predominantly from the juvenile crust. Previous 

investigations of granites in the Songjianghe area have 

identifi ed the extensive Middle Jurassic plutons, including 

the Dapuchaihe pluton (165–162 Ma) and the Huangnihe 

pluton (168–153 Ma) (Zhang et al.  2002 ; Deng et al.  2014 ). 

Based on the detailed investigation of the granitic complex 

exposed in the study area (Fig.  1 c), we systematically car-

ried out zircon U–Pb dating, elemental geochemistry and 

Sr–Nd–Hf isotope analyses. These investigations provide 

insights into early Middle Jurassic magmatism and geody-

namic background, off ering fundamental theoretical support 

for further research on the deep geologic processes of the 

Jiapigou-Haigou collage zone and their constraints on Au 

mineralization.         

     2   Regional geology and granitic complexes 

 The study area is located in the central part of the Jia-

pigou-Haigou collage zone on the edge of northeastern 

China. From a tectonic perspective, this indicates an active 

continental margin tectonic environment under the Paleo-

Pacifi c Ocean subduction beneath the Eurasian continent 

since the Mesozoic (Fig.  1 a). Regional geologic studies 

have revealed that the dominant tectonic structure in the 

study region is the NE-trending Huifahe supracrustal 

transform fault, which represents the southern sector of 

the Dunhua-Mishan Fault. Additional signifi cant faults 

include the NWW-trending Fu’erhe, Jinyinbei and Jiapigou 

and the NE-trending Ji’an-Songjiang Fault (Fig.  1 b). The 

strata exposed in the southern section of the pre-Mesozoic 

Jinyinbei Faults consist of granitic gneisses and suprac-

rustal rocks, and the study area is characterized by the 

pre-Mesozoic metamorphic facies and Paleozoic granites. 

Since the Mesozoic, the Songjianghe area has developed 

voluminous granitic complexes and continental volcanic-

sedimentary rocks within the Mesozoic basin, with large-

scale Cenozoic basalts distributed in the southern part of 

the study region (Fig.  1 c). Investigations of granitic intru-

sive rocks reveal that Paleoproterozoic intrusive tonalite-

trondhjemite-granodiorite (TTG) rocks are sporadically 

exposed, with the rock assemblage comprising gabbro, 

granodiorite and monzogranite (Chen et al.  2013 ; Yu et al. 

 2021 ). The Mesozoic intrusive rocks are widely distrib-

uted (Fig.  1 c), and primary lithofacies are gabbro, dior-

ite, granodiorite, monzogranite and quartz diorite. These 

rocks can be subdivided into six periods: Early Triassic, 

Late Triassic, Early Jurassic, Middle Jurassic, Late Juras-

sic and Early Cretaceous (Sun et al.  2008 ). The study area 

has experienced signifi cant geologic processes, includ-

ing Archaen cratonization, the formation of the XMOB 

and the Indo-Chinese and Yanshanian orogenic events. In 

terms of mineralization, the Cu-Ni sulfi de mineralization 

is genetically associated with the Late Triassic basaltic-

ultramafi c intrusive rocks distributed in the northern sector 

of the collage zone between the XMOB and the NCC. The 

Au and Cu-Mo polymetallic mineralizations are closely 

related to early-Middle Jurassic and Early Cretaceous 

granitic complexes (Sun et al.  2012 ,  2013 ). The Jiapigou-

Haigou collage zone represents a signifi cant gold miner-

alization belt in northeastern China (Deng et al.  2014 ), 
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with widely distributed early-Middle Jurassic granitic 

complexes in the northern part, which mainly consist of 

granodiorite and diorite, while Indo-Chinese granites are 

exposed in the southern region. This study revealed that 

the granitic complexes exposed in the Songjianghe area 

are predominantly syenogranite and monzogranite on the 

basis of geologic mapping (Fig.  2 ). These rocks can be fur-

ther subdivided into massive medium-grained syenogran-

ite (177 Ma), gneissic diorite, granodiorite and massive 

quartz monzonite (172 Ma), porphyritic medium-grained 

syenogranite (169 Ma) and massive medium-grained sye-

nogranite and monzogranite (168–167 Ma). Numerous 

weakly gneissic medium- and fi ne-grained syenogranites 

are exposed in the eastern part of the study area, while in 

the medium- and fi ne-grained syenogranite, monzogran-

ite occurs in the central and northern sector. Porphyritic 

medium-grained syenogranite is located proximal to the 

Songjianghe Fault. The gneissic diorite and granodiorite 

are located in the northeast, and massive quartz monzonite 

is located in the southern region, where it intruded the 

  Fig. 1       Geotectonic location of the study area and regional geologic map [modifi ed from Jilin Geological Journal, 2022 (Revised)]  
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Indo-Chinese granite as an irregular intrusion (Fig.  2 ). The 

petrographic characteristics of these rocks are illustrated 

in Fig.  3  and Supp 1.                 

     3   Sampling and analytical methods 

 Based on careful field observations and laser Raman 

mineralogy identification, representative samples were 

selected for corresponding chronologic, major and trace 

elements and Sr–Nd–Hf isotope analyses. 

    3.1   Zircon U–Pb dating 

 Sample processing and zircon separation were carried 

out by the Regional Geological Survey of Hebei Prov-

ince, China. The U–Pb geochronology of zircons was 

performed via laser ablation inductively coupled plasma 

mass spectrometry (LA-ICP-MS) at the Key Laboratory 

of Northeast Asia Mineral Resource Evaluation, Ministry 

of Land and Resources of China, Jilin University. The 

analysis instrument consists of a quadrupole ICP-MS 

(Agilent 7900) coupled to a 193-nm ArF excimer laser 

(COMPexPro 102, Coherent, DE) and an automated posi-

tioning system. During the analyses, the laser spot size 

  Fig. 2       Detailed geology and lithofacies distribution of the Songjianghe granitic complex, showing the sample locations (1:50000 Mineral Geo-

logic Survey, 2018 revision)  
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was 32 μm, the energy density was 10 J/cm 2 , and the rep-

etition frequency was 8 Hz. Concordant ages and graphs 

were obtained using Isoplot/Ex (3.0). Pb was corrected 

using LA-ICP-MS Pb correction (version 3.15) following 

Andersen’s method. The analyzed data are presented as 

U–Pb concordia plots with a  2σ error. 

     3.2   Major and trace element analyses 

 The major element compositions were analyzed with 

x-ray fluorescence (XRF) with an analytical uncertainty 

(1%–3%) at the Langfang Regional Geological Survey, 

Hebei Province, China. Trace element measurements were 

performed with an Agilent 7500a ICP-MS instrument. 

For each analysis, approximately 60  mg of crushed 

whole rock powder was first dissolved in HF/HNO 3  

(10:1) and then placed in a beaker at 100 °C for 6 days. 

After dissolution, the mixture was evaporated to dryness, 

refluxed in 7 N  HNO 3  and then dried again. The dried 

sample was then dissolved in 2%  HNO 3  until the ratio 

of sample-to-solution weight reached 1:1000. Based on 

standard determinations, trace elements are generally 

analyzed with a precision > 10%. 

     3.3   Sr–Nd-Hf isotope analysis 

 Hf isotope analysis was performed at the State Key 

Laboratory for Mineral Deposits Research, Nanjing 

University, with a Neptune multi-collection ICP-MS 

instrument. The analyses were performed primarily at a 

35-lm beam diameter and 8-Hz repetition frequency. The 

instrumental conditions and data acquisition procedures 

were similar to those described by Wu et al. ( 2006 ). Atomic 

masses of 172, 173, 175 to 180 and 182 were measured 

simultaneously in static collection mode. The reference 

zircon Mud Tank ( 176 Hf/ 177 Hf = 0.282507 ± 6) and the 

standard zircon 91,500 were used to monitor performance 

conditions and analytical accuracy (Woodhead and Hergt 

 2005 ; Scherer et al.  2001 ). Initial Hf values were calculated 

using a  176 Lu value with a decay constant of 1.865 ×  10 –11  

per year and chondrite models of  176 Hf/ 177 Hf = 0.282772 and 

 176 Lu/ 177 Hf = 0.0332. The depleted mantle Hf model age 

(TDM) was calculated using measured zircon  176 Lu/ 177 Hf 

ratios, and the depleted mantle model had a  176 Hf/ 177 Hf ratio 

of 0.28325, similar to the mid-ocean ridge basalt (MORB) 

mean value of  176 Lu/ 177 Hf = 0.0384, and a mean crustal (CC) 

ratio of – 0.55 (Nowell et al.  1998 ; Griffi  n et al.  2000 ,  2002 ). 

All isotope results are reported with 2σ uncertainties. 

  Fig. 3       Petrographic and microscopic characteristics of zircon U–Pb isotope dating samples in the study area.  a  The massive syenogranite facies 

(Group I).  c  The gneissic diorite facies (Group II)  e  Massive quartz monzonite (Group II).  g  Porphiritic syenogranite (Group III).  i  Massive sye-

nogranite (Group IV).  k  Massive monzogranite (Group IV). Microscopic-scale petrographic characteristics of the Songjianghe granitic complex 

( b, d, f, h, j  and  l ). Mineral abbreviations: Pl = plagioclase, Qtz = quartz, Hbl = hornblende, Kfs = K-feldspar, Bt = biotite  
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 The in situ Sr–Nd isotopic composition was determined 

by isotope dilution method. The measurements were carried 

out at Guizhou Tongwei Analytical Technology Co., Ltd. 

A thermal ionization mass spectrometer (TIMS) was used 

in the experiments. All the Sr data were corrected by mass 

fractionation to  86 Sr/ 87 Sr = 0.1194 and reported relative to 

the NBS-987 standard value of  87 Sr/ 86  Sr = 0.710222 ± 20 

(2σ). For the Nd isotope analysis,  146 Nd/ 144 Nd = 0.7219 was 

used as a standard for mass fractionation correction, and 

the Nd isotope ratios were normalized to the Ames value 

 143  Nd/ 144  Nd = 0.511966 ± 16 (2σ). The  147 Sm/ 144  Nd and 

 143 Nd/ 144  Nd ratios of 0.1967 and 0.512638, respectively, and 

the average chondrite and depleted mantle ratios of 0.2137 

and 0.51315, respectively, were used in the calculation of the 

εNd(t) values, fSm/Nd ratios and Nd model ages (Hamilton 

et al.  1983 ; Liu et al.  2019 ). 

      4   Results 

    4.1   Zircon U–Pb dating 

 Group I: massive syenogranite (B1017) 

 The zircon grains are euhedral to subhedral, with length-

width ratios ranging from 2.5 to 4.0. The grains show typi-

cal oscillatory growth zoning in the cathodoluminescence 

(CL) images, exhibiting magmatic zircon characteristics 

(Belousova et al.  2002 ). The  206 Pb/ 238 U ages of the analyzed 

zircons range from 174 to 183 Ma, with a weighted mean 

age of  206 Pb/ 238 U = 177.7 ± 1.3 Ma (MSWD = 0.44, n = 18) 

(Supp 2, Fig.  4 ).         

 Group II: gneissic diorite, quartz monzonite (B1003, 

PM2-9-1). 

 Gneissic diorite (B1003): The zircon grains are euhedral 

to subhedral, with length-width ratios ranging from 2.5 to 

4.5. Zircon grains show typical oscillatory growth zoning 

in the CL images, which is characteristic of magmatic 

zircons. The  206 Pb/ 238 U ages of the analyzed zircons range 

from 169 to 178 Ma, yielding a weighted mean age of 

 206 Pb/ 238 U = 172.4 ± 0.9 Ma (MSWD = 1.09, n = 18) (Supp 

2, Fig.  4 ). 

 Quartz monzonite (PM2-9–1): The zircon grains are 

euhedral to subhedral, with a length-width ratio of 1.0–3.5. 

The zircon grains show typical oscillatory growth zoning 

in the CL images (Fig.  4 C), which indicates a magmatic 

origin. The  206 Pb/ 238 U ages of the analyzed zircons 

range from 166 to 174 Ma, with a weighted mean age of 

 206 Pb/ 238 U = 172.3 ± 1.2 Ma (MSWD = 0.84, n = 16) (Supp 

2, Fig.  4 ). 

 Group III: Porphyritic medium-grained syenogranite 

(B0039). 

 The zircon grains are euhedral to subhedral, with length-

width ratios of 3.0–5.0. These grains show typical oscillatory 

growth zoning in the CL images, exhibiting magmatic zircon 

characteristics. The  206 Pb/ 238 U ages of the analyzed zircons 

range from 167 to 173 Ma, with a weighted mean age of 

 206 Pb/ 238 U = 169.6 ± 1.8 Ma (MSWD = 1.3,  n  = 9) (Supp 2, 

Fig.  4 ). 

 Group IV: Medium-grained syenogranite, fi ne-grained 

monzogranite (PM3-10–2, B4001). 

 Medium-grained syenogranite (PM3-10–2): The zircon 

grains are euhedral to subhedral, with length-width ratios 

ranging from 1.0 to 2.5. The grains show typical well-

oscillating growth zoning in the CL images (Fig.  4 E). The U 

and Th concentrations are 266–789 ppm and 106–719 ppm, 

respectively, with U/Th = 0.40–0.91, indicating that they 

are magmatic zircons. The  206 Pb/ 238 U ages of the analyzed 

zircons range between 164 and 171 Ma, yeilding a weighted 

mean age of  206 Pb/ 238 U = 167.9 ± 1.1 Ma (MSWD = 0.68, 

 n  = 14) (Supp 2, Fig.  4 ). 

 Fine-grained monzogranite (B4001): The zircon grains 

are euhedral to subhedral, with length-width ratios of 

2.0–3.5. The grains show good oscillating growth zoning 

in the CL images (Fig.   4 F). The contents of U and Th 

are 34–1198  ppm and 19–244  ppm, respectively. The 

Th/U ratios of 0.10–0.80 indicate that they are magmatic 

zircons. The  206 Pb/ 238 U ages of the analyzed zircons 

range from 162 to 171 Ma, with a weighted mean age of 

 206 Pb/ 238 U = 166.4 ± 1.2 Ma (MSWD = 1.3, n = 17) (Supp 

2, Fig.  4 ). 

     4.2   Geochemistry 

    4.2.1   Major and trace elements 

 The major and trace element compositions of the above four 

groups of granites were analyzed in this study (Supp 3). 

Group I has the following composition:  SiO 2  = 68.61–69.96 

wt%,  Al 2 O 3= 14.67–15.54 wt%, CaO = 1.81–2.12 wt%, 

 K 2 O = 3.67–3.77 wt%,  Na 2 O +  K 2 O content of 8.14–8.34%, 

 K 2 O/Na 2 O ratio of 0.82–0.85 and Mg# value of 33–37. On 

the TAS diagram (Fig.  5 a), Group I plots near the inter-

section of granodiorite, granite and quartz monzonite. 

Group II has the following composition:  SiO 2= 58.69–65.52 

wt%,  Al 2 O 3  = 16.19–17.88 wt%, CaO = 3.25–5.50 

wt%,  K 2 O = 1.66–4.18 wt%,  Na 2 O +  K 2 O content of 

6.26%–8.24%,  K 2 O/Na 2 O ratio of 0.36–1.04 and Mg# 

value of 40–47. On the TAS diagram, the Group II compo-

sitions plot near the intersections of diorite, granodiorite and 

quartz monzonite on both sides of the dividing lines. Group 

III has the following compositions:  SiO 2= 68.95–73.32 

wt%,  Al 2 O 3= 13.54–15.42 wt%, CaO = 0.93–4.16 wt%, 

 K 2 O = 3.23–4.24 wt%,  Na 2 O +  K 2 O content of 7.57–8.93%, 

 K 2 O/Na 2 O ratio of 0.62–0.97 and Mg# value of 30–39. On 

the TAS diagram, the Group III compositional points are 

distributed in the granite region. Group IV has the following 
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  Fig. 4       Zircon U–Pb dating 

concordia and weighted average 

ages for four groups of granitic 

complexes (red circles, U–Pb 

analysis position; blue circles, 

Hf isotope analysis position)  
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composition:  SiO 2= 68.26–72.94 wt%,  Al 2 O 3= 14.71–15.99 

wt%, CaO = 1.21–2.56 wt%,  K 2 O = 2.48–3.91 wt%, 

 Na 2 O +  K 2 O content of 7.63–8.55%,  K 2 O/Na 2 O ratio of 

0.47–0.86 and Mg# value of 32–39. On the TAS diagram, 

the Group IV compositional points plot in the granite region 

and near the intersections among granodiorite, granite and 

quartz monzonite (Fig.  5 a). On the  K 2 O versus  SiO 2  dia-

gram, the Group I and III samples are classifi ed as high-

K calc-alkaline series; most of Group II plots in the calc-

alkaline series region, with a few samples exhibiting high-K 

calc-alkaline affi  nity. The Group IV components plot on the 

boundary between the calc-alkaline series and the high-

K calc-alkaline series and the high-K calc-alkaline series 

region (Fig.  5 b). On the  K 2 O vs.  Na 2 O diagram, the Group 

I and Group III components plot in the potassic series. The 

Group II compositions mainly plot within the sodic series, 

with a minority of them plotting within the potassic series, 

and the Group IV components plot on the boundary between 

the sodic series and the potassic series (Fig.  5 c). As shown 

in the A/NK vs. A/CNK classifi cation diagram, Group I, 

Group III and Group IV belong to the peraluminous series, 

some of the Group I and Group IV points plot close to the 

metaluminous series, whereas Group II compositions show 

metaluminous affi  nity (Fig.  5 d). Therefore, Group I com-

prises high-K calc-alkaline, potassic and weakly peralumi-

nous facies. Group II comprises mainly calc-alkaline, sodic 

and partly high-K calc-alkaline, potassic and metaluminous 

facies. Groups III and IV comprise high-K calc-alkaline, 

potassic and peraluminous facies; meanwhile, Group IV 

exhibits high-K calc-alkaline and calc-alkaline transitional, 

sodic and potassic transitional peraluminous facies.         

  Fig. 5        a  TAS diagram (after Middlemost  1994 ) Ir-Irvine dividing line with basic above and subbasic below;  b   K 2 O vs.  SiO 2  diagram (after 

Ewart  1982 );  c   K 2 O vs.  Na 2 O diagram (Peccerillo and Taylor  1976 ); ( d ) A/NK vs. A/CNK diagram (after Maniar and Piccoli  1989 ). (1) Olivine-

Gabbro; (2) gabbro; (3) gabbro-diorite; (4) diorite; (5) granodiorite; (6) granite; (7) monzogranite; (8) monzogabbro; (9) monzodiorite; (10) 

monzonite; (11) quartzmonzonite; (12) syenite  
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 The characteristics of the rare earth elements (REEs) and 

trace elements revealed that the ∑REE values of Group I 

range from 136.85 to 143.50 ppm, with LREE/HREE ratios 

of 10.83 to 12.55 and δEu* values of 0.70 to 0.91. Group 

II has ∑REE values varying from 61.53 to 207.95 ppm, 

with LREE/HREE ratios of 5.21–13.90 and δEu* values of 

0.69–0.94. Group III has ∑REE values ranging from 57.28 

to 157.62 ppm, with LREE/HREE ratios of 13.95–27.17 and 

δEu* values of 0.90–1.66. Group IV has ∑REE values rang-

ing from 94.20 to 149.69 ppm, with LREE/HREE ratios of 

20.71–27.19 and δEu* values of 1.07–0.36. As shown in 

the chondrite-normalized REE diagram (Fig.  6 a), Group I 

shows weakly Eu negative anomalies and a right-dipping, 

moderately fractionated rare earth distribution. Group II 

shows weakly negative Eu anomalies and a right-dipping, 

moderately low rare earth distribution (Fig.  6 c). Group III 

shows weakly positive Eu anomalies and mid-high fractiona-

tion (Fig.  6 e). Group IV shows weakly positive Eu anomalies 

and high fractionation (Fig.  6 f). These results indicate that 

Groups III and IV experienced distinctive plagioclase frac-

tional crystallization or residue.         

 The trace element analysis revealed that these rocks are 

enriched in large ion lithophile elements (LILEs) and depleted 

in high fi eld strength elements (HFSEs). In addition, on the 

primitive mantle-normalized multi-element variation diagram 

(Fig.  6 ), Group I shows obvious enrichment in Rb, K, Sr, Zr 

  Fig. 6        a ,  c ,  e ,  h  Chondrite-nor-

malized REE diagram (normal-

ized to the chondrite composi-

tion from Boynton  1984 ) for 

samples from the Songjianghe 

granitic complexes.  b ,  d ,  f ,  i  
Primitive-mantle-normalized 

multi-element variation diagram 

(normalized to the primitive 

mantle composition from Sun 

and Mcdonough  1989 )  
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and Sm, strong depletion in Pb and Ba and relative depletion 

in Th, U, Nb, Ta, Hf, Ti and P. Group II is obviously enriched 

in Pb, Rb, Th, U, K, Zr and Hf and relatively depleted in Ba, 

Nb, Ta, P and Ti. Group III has characteristics similar to those 

of Group II, with the diff erence that U, P and Ti show strong 

depletion. Group IV and Group I present similar trends, with 

diff erences in that Nb, Ta, Hf, Ti, Yb, Lu and Y are highly 

depleted. 

     4.2.2   Sr–Nd-Hf isotopic compositions 

 The Lu–Hf isotope analysis results for the representative 

groups of granites from the Songjianghe region are given 

in Supp. 4. The  176 Yb/ 177 Hf and  176 Lu/ 177 Hf ratios of the 

granitic complex samples range from 0.006069 to 0.050159 

and 0.000310–0.001784, respectively. The  176 Hf/ 177 Hf ratios 

of the syenogranite sample (B1017) from Group I range 

from 0.282338 to 0.282923, the values of εHf(t) range from 

−11.8 to −9.10, and the Hf two-stage modeling age  (T DM2 ) 

ranges between 2.47 and 2.70 Ga. The  176 Hf/ 177 Hf ratios of 

the massive quartz monzonite sample (PM2-9–1) from Group 

II range between 0.282393 and 0.282473, the εHf(t) values 

range from – 6.9 to – 9.7, and the Hf two-stage modeling ages 

 (T DM2 ) ranging from 2.27 to 2.52 Ga. The  176 Hf/ 177 Hf ratios 

of the Group III porphyritic syenogranite (B0039) vary from 

0.282310 to 0.282408, the εHf(t) ranges from − 9.3 to − 12.7, 

and the Hf two-stage modeling ages  (T DM2 ) range between 

2.48 and 2.79 Ga. The Group IV syenogranite sample (PM3-

10–2) has initial  176 Hf/ 177 Hf ratios ranging from 0.282191 to 

0.282334, εHf(t) values ranging from −14.4 to −16.9 and Hf 

two-stage model ages  (T DM2 ) varying from 2.72 to 3.13 Ga. 

 The results of the whole-rock Sr–Nd isotope analyses are 

carried out in Supp. 5. The Group III syenogranite (B0039) has 

 87 Rb/ 86 Sr ratios ranging from 0.25674 to 0.30110,  147 Sm/ 144 Nd 

ratios of 0.0902–0.0911,  87 Sr/ 86 Sr ratios ranging from 0.70633 

to 0.70640,  143 Nd/ 144 Nd ratios varying from 0.511973 to 

0.511974, ( 87 Sr/ 86 Sr) i  values of 0.705686–0.705735, εNd(t) 

values ranging between − 10.65 and − 10.70 and Nd stage 

modeling ages  (T DM ) ranging from 1.58 to 1.59 Ga. The 

Group IV syenogranite (PM3-10–2) has  87 Rb/ 86 Sr ratios of 

0.30636–0.31502,  147 Sm/ 144 Nd ratios of 0.0877–0.0889, 

 87 Sr/ 86 Sr ratios of 0.70738–0.70740 and  143 Nd/ 144 Nd values 

ranging from 0.511842 to 0.511848. ( 87 Sr/ 86 Sr) i  values are 

0.706650–0.706653, with εNd(t) values ranging from −13.09 

to −13.23 and Nd stage model ages  (T DM ) between 1.45 and 

1.46 Ga. 

       5   Discussion 

    5.1   Petrogenesis 

 Granitoids are generally classified into mantle-derived 

(M-type), crust-mantle mixing or lower crustal granites 

(I-type), crustal sediment granites (S-type) and alkaline 

granites (A-type) (Chappell and White  1992 ,  2001 ; Chappell 

 1999 ; Eby  1990 ,  1992 ; Bonin  2007 ). These granites can be 

further categorized by tectonic settings, including mid-

ocean ridge granite (ORG), volcanic arc granite (VAG), 

syn-collisional granite (S-COLG) and intraplate granite 

(WPG) (Batchelor and Bowden  1985 ). Additionaly, Defant 

and Drummoud (1990) subdivided the I-type granites into 

typical island arc and adakite types. Wu et al. ( 2003 ) further 

distinguished the I-type granites into “undiff erentiated” and 

“highly diff erentiated” types through theie comprehensive 

study of Phanerozoic granites in Northeast China. 

 The geologic and lithologic characteristics of the four 

groups of granites in the Songjianghe region demonstrate 

that the rock-forming minerals are predominantly composed 

of plagioclase, alkali feldspar and quartz, accompanied by 

melanocratic minerals such as amphibole and biotite, with 

accessory minerals magnetite, zircon and apatite. This 

mineral assemblage exhibits a clear correspondence to that 

of I-type granites (Chappell and White  2001 ). Geochemical 

analysis reveals distinct elemental characteristics of the four 

groups: Group I comprises high-K calc-alkaline and weakly 

peraluminous series rocks. Group II displays primarily 

calc-alkaline, sodic and partially high-K calc-alkaline, with 

metaluminous affi  nity. Group III is characterized by high-K 

calc-alkaline, potassic and peraluminous facies. Group IV 

shows transitional features from high-K calc-alkaline to 

calc-alkaline, sodic-potassic transition and peraluminous 

facies. These geochemical characteristics resemble those of 

I-type granitoids (Chappell and White  2001 ). 

 The A/CNK values of Groups I, II and IV range from 

0.91 to 1.13, with depletion in Ba, Ti and P indicating I-type 

granite affi  nity. Although Group III is slightly enriched in Ba 

and has the characteristics of A-type granite, the depletion 

of HFSEs such as Nb, Ta, Ti and Y signifi cantly diff ers from 

typical A-type granite (Eby  1990 ; Bonin  2007 ). As illus-

trated in Fig.  7 , the compositions of all four groups plot in 

the undiff erentiated or weakly diff erentiated granite region, 

while Group I, III and IV approach or overlap the boundary 

with the highly fractionated granite region (Fig.  7 a). On the 

(Zr + Nb + Ce + Y) vs.  (Na 2 O +  K 2 O)/CaO diagram, Group 

I and II compositions plot in the undiff erentiated or weakly 

diff erentiated region, whereas Group III and IV composi-

tions straddle the boundary between highly diff erentiated 

and undiff erentiated granites.         

 Trace element patterns exhibit characteristics of island-

arc granites (Fig.  6 ), which can be further classifi ed into 
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typical island arc calc-alkaline granite and adakite granite 

(Defant and Drummond  1990 ). On the (La/Yb) N  vs. (Yb) N  

and Sr/Y vs. Y diagrams, Groups I and II plot in the typical 

island arc calc-alkaline granite region adjacent to the adakite 

region, whereas Groups III and IV plot in the adakite region 

(Fig.  7 c, d). Based on these analyses, Groups I and II are 

identifi ed as undiff erentiated or weakly diff erentiated, calc-

alkaline I-type granites, while Groups III and IV represent 

diff erentiated I-type adakite granites. 

     5.2   Magma origin and evolution 

 The petrogenesis of the I-type granites has been explained 

through various mechanisms, which can be summarized 

as follows: (1) fractional crystallization of mantle-derived 

basaltic magmas or mixing of crustal and mantle magmas 

followed by crystallization (AFC process) (Soesoo  2000 ; 

Fowler et al.  2008 ); (2) partial melting of subducting oceanic 

slabs (Martin et al.  2005 ); (3) partial melting of ancient crust 

and juvenile basaltic lower crust (Wu et al.  1998 ; Han et al. 

 1998 ; Hou et al.  2011 ); (4) partial melting of enriched man-

tle driven by subduction-derived fl uids or metasomatized 

lithospheric mantle (Wilde  2015 ; Peng et al.  2016 ). Based on 

the elemental and isotopic geochemical charateristics, this 

paper present distinct features of the four groups of granites 

in the Songjianghe area. 

 The Group I granites exhibit Rb/Sr ratios of 0.29–0.41, 

Nb/Ta ratios of 13.60–23.49 and Lu/Yb values of 0.16–0.17, 

indicating a lower continental crust origin [e.g., (Rb/

Sr)  LC  = 0.02, (Rb/Sr) UC  = 0.32, (Nb/Ta) LC  = 10, (Nb/

Ta) UC  = 11.36), (Lu/Yb) LC  = 0.13, (Lu/Yb) UC  = 0.06] (Sun 

and McDonough  1989 ). The (La/Yb) N  vs. (Yb) N  and the 

Sr/Y versus Y diagrams suggest a partial melting process 

involving amphibole with eclogite as a residual mineral 

(Fig.  7 c, d). Negative Eu anomalies indicate that the partial 

melting residual minerals were dominated by garnet and 

  Fig. 7       Discrimination diagrams of  a  FeOT/MgO vs. 10000 Ga/Al (Whalen et al.  1987 );  b   (Na 2 O +  K 2 O)/CaO vs. Zr + Nb + Ce + Y (Wu et al. 

 2003 );  c  (La/Yb) N  vs. (Yb) N  (Defant and Drummond 1990a, b);  d  Sr/Y vs. Y (Martin  1999 )  
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amphibole, with minor plagioclase. εHf(t) vs. zircon age 

(Ma) and  176 Hf/ 177 Hf vs. zircon age (Ma) diagrams reveal the 

compositions near the 1.8 Ga crustal evolutionary boundary 

and the upper limit of the lower crust, suggesting a magma 

source younger than that of the Archean granitoids (3.0 Ga) 

in the collage zone.  T DM2  values of 2.47–2.70 Ga further 

suggest a Neoarchean lower crust origin, which had been 

metasomatized by melt or juvenile fl uids (Fig.  8 e, f). The 

reducing and water-poor characteristics (Fig.  8 a, b) imply 

that the magma of group I originated from the partial melt-

ing of the lower crust that metasomatized by fl uids, consist-

ent with its low diff erentiation degree and the partial melting 

trends of Groups III and IV (Fig.  10 e). Low Nb/La ratios 

indicate crustal contamination, resulting in lower HFSE/

LILE ratios (Rudnick and Gao  2003 ). Fractional crystal-

lization and assimilation trends are evident on La/Sm vs. La 

and Nb/La vs. La/Yb diagrams (Fig.  10 a, b).         

 Group II comprises gneiss diorite, granodiorite and mas-

sive quartz monzonite; these rocks have Rb/Sr ratios of 

0.11–0.35, Nb/Ta ratios of 9.76–15.18 and Lu/Yb ratios of 

0.14–0.17, suggesting a lower crust origin.  Fe 2 O 3 /FeO vs. 

 SiO 2  and the  Al 2 O 3 /TiO 2  vs. Sr/Y diagrams indicate reduc-

ing and alternately water-poor and weakly water-rich con-

ditons with garnet and amphibole left as remnant minerals 

(Fig.  7 c, d). The compositional points of the quartz monzo-

nite are distributed between the upper boundary of the lower 

crust and the Paleoarchean crust region at ~ 1.8 Ga, with 

 T DM2  ages of 2.27–2.53 Ga. Higher εHf(t) values and  T DM2  

ages than Group I confi rm that the magma originated from 

the Neoarchean lower crust, metasomatized by younger fl u-

ids with signifi cant young crustal input during magma evolu-

tion (Fig.  8 c, e). Furthermore, the εHf(t) values of Group II 

are relatively similar to Group III, and the Sr–Nd isotopes 

indicate a predominant lower crustal component (~ 70%) 

(Fig.  9 ). Conversely, the magma sources were in relatively 

reducing and water-poor conditions, with amphibole occur-

ring as a residual mineral during partial melting (Figs.  7 ,  8 ). 

For the gneiss diorite and granodiorite, their compositions 

exhibit a fraction crystallization trend, while a crustal con-

tamination trend is evident in the Nb/La vs. La/Yb diagram 

(Fig.  10 a, b). Massive quartz monzonite shows lower Nb/La 

ratios indicating crustal contamination and plots in the active 

margin environment region (Fig.  10 c). Weakly negative Eu 

anomalies and depletion in HFSEs suggest that amphibole 

and a minor amount of plagioclase as residual minerals 

(Figs.  6 ,  7 ). Overall, the magma of  Group II formed by 

partial melting of the reduced Neoarchean lower crust (Wu 

et al.  1999 ).                 

 The Group III granites show a typical geochemical 

affi  nity to the adakites, similar to pre-Cenozoic orogenic 

belts of igneous rocks (Martin  1999 ; Zhang et al.  2004 ; 

Wang et  al.  2006a ). Adakitic rocks are classified into 

high-Ba and high-Sr granites (Tarney and Jones  1994 ), 

adakite-like rocks (Harris et al.  1996 ), “C-type adakites” 

(Zhang et al.  2001 ), “crust-derived adakite” (Sheppard et al. 

2001), Sr-rich andesite (Conrey et al.  2001 ) and high-Sr, 

low-Y intermediate-acidic igneous rocks (Ge et al.  2002 ; 

Zeng et al.  2011 ). Recently, Wang et al. ( 2020 ) summarized 

the geochemical composition and petrogenesis of the 

adakites at plate convergent margins and concluded that the 

adakites could be the products of interactions between slab-

related melts and the mantle (Kay  1978 ). Adakites can form 

by partial melting of the subducted oceanic crust (Defant 

and Drummoud  1990 ), delamination of the lower crust 

(Xu et al.  2002 ; Gao et al.  2004 ; Wang et al.  2006b ) and 

subduction of the continental crust (Wang et al.  2007 ; Jiang 

et al.  2014 ) with adakitic melts interacting with the mantle. 

The Group III granites are low-Mg, alumina-rich, high-silica 

adakites (Martin et al.  2005 ), with Rb/Sr ratios of 0.11–0.25, 

Nb/Ta ratios of 8.90–16.14 and Lu/Yb ratios of 0.14–0.17, 

indicating a continental crustal source. (La/Yb) N  vs. (Yb) N  

and Sr/Y vs. Y diagrams, suggest a 10%–25% degree of 

partial melting of amphibolites with 25% garnet restite 

(Fig.  7 c, d). εHf(t) versus zircon age (Ma) and  176 Hf/ 177 Hf 

versus zircon age (Ma) discrimination diagrams show data 

points are distributed above the 1.8 Ga crustal evolutionary 

line near the boundary of the lower crust, with  T DM2  values 

of 2.48–2.79 Ga, indicating an Archean lower crust origin 

that had been metasomatized by younger fl uids or melts 

(Fig.   8 ). Furthermore, the Sr–Nd isotope compositions 

suggesta  ~ 80% lower crustal contribution (Fig.   9 ). The 

source area featured a transitional environment from 

reducing to oxidizing, with  H 2 O-containing fl uids involved 

in partial melting (Fig.  8 a, b). Weakly positive Eu anomalies 

indicate partial melting aff ected alkali feldspar, plagioclase 

and biotite, with 10 ~ 15% amphibole and garnet as residual 

minerals (Fig.  7 c, d). On the La/Sm vs. La diagram, the 

data are basically consistent with the partial melting and 

fractional crystallization trends like those of Groups I and II 

(Fig.  10 a). However, the distribution of composition points 

shows a distincitve crustal contamination trend (Fig.  10 b). 

Crustal contamination is more prominent than fractional 

crystallization, evidenced by detrital zircon material in 

zircon cores (Fig.  4 , B0039). 

 The Group IV granites exhibit strong depletion in HREEs 

(Yb = 0.29–0.60 ppm, Y = 3.6–6.38 ppm), high Sr contents 

of 406.57–812.00 ppm, high La/Yb ratios varying from 

72.04 to 104.16 and Sr/Y ratios of 120.25–149.71. These 

values indicate that the studied samples are low-Mg, peralu-

minous, high-silica adakites (Martin et al.  2005 ). The Rb/Sr 

ratios of 0.07–0.20, a mean Nb/Ta ratio of 9.36 and Lu/Yb 

ratios of 0.15–0.18, suggest a continental lower crust origin. 

The (La/Yb) N  versus (Yb) N  and Sr/Y versus Y diagrams 

indicate a 10–15% partial melting of amphibolites with gar-

net restite (Fig.  7 c, d). Additionally, on the εHf(t) vs. zircon 

age (Ma) and  176 Hf/ 177 Hf vs. zircon age (Ma) discrimination 
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  Fig. 8        a   Fe 2 O 3 /FeO vs.  SiO 2  diagram;  b  Sr/Y vs.  Al 2 O 3/ TiO 2  diagram (Loucks  2014 );  c ,  d  εHf(t) vs. zircon age (Ma) diagram (Vervoort et al. 

 1996 );  e ,  f   176 Lu/ 177 Hf vs. zircon age (Ma) diagram. The granitoid from the east CAOB and YFTB (data from Yang et al.  2006 ; Wu et al.  2006 ). 

CAOB = the Central Asian Orogenic Belt; YFTB = Yanshan Fold and Thrust Belt  
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diagrams, the compositional points plot in the 1.8–2.5 Ga 

region with Hf  (T DM2 ) ages of 2.71–3.13 Ga, indicating a 

middle Archean lower crust or the NCC origin (3.0 Ga). 

Moreover, the Sr–Nd isotope compositions suggest a Mid-

dle Archean lower crust (> 90%) contributon. The magma 

source was an oxidizing, water-rich environment, refl ect-

ing dehydrated partial melting of water-bearing mineral 

facies, with a mineral facies transition from amphibole to 

omphacite (Drummond et al.  1996 ). These conditions are 

consistent with a low degree of partial melting with eclog-

ite as a residual mineral in the Archean mafi c composite 

source region (Fig.  7 d). Furthermore, strong Ba depletion 

indicates basic plagioclase in the residual minerals. The Nb/

La versus La/Yb diagram shows a fractional crystallization 

evolutionary trend (Fig.  10 b). In summary, the magma of 

Group IV represents a dehydration partial melting of the 

middle Neoarchean crust accompanied by eclogite facies 

metamorphism. 

 In conclusion, the petrogenesis of the four groups of 

granites in the Songjianghe area indicate that the magma 

might have originated from the partial melting of Archean 

lower crust. The magma source conditions of these rocks 

varied from reducing to oxidizing, with the residual 

mineral phases ranging from amphibole to eclogite. Crustal 

contamination significantly influenced the magmatic 

evolution, except for Group IV. 

     5.3   Geodynamic and deep geologic processes 

 U–Pb isotopic analyses of the granitic complex reveal 

that the magmatism in the Songjianghe region can be 

chronologically subdivided into two phases: late Early 

Jurassic (177 Ma) and Middle Jurassic (172–167 Ma). The 

geochemical compositions of these rocks exhibit remark-

able consistency with the characteristics of typical island 

arc magmas (Fig.  6 ) (Pearce et al.  1995 ). From the perspec-

tive of regional Mesozoic geotectonic evolution, the study 

area featured a continental margin environment related to the 

subduction of the Paleo-Pacifi c Ocean beneath the Eurasian 

continent while simultaneously occupying the collage zone 

between the XMOB and the NCC. Consequently, the Meso-

zoic magmatic activity demonstrated considerable complex-

ity, maninfesting multiple phases and stages throughout its 

evolution history (Wu et al.  1998 ; Wu and Sun,  1999 ; Han 

et al.  1998 ). 

 Previous investigations of Phanerozoic granites in 

Northeast China have established that the Early Jurassic 

(> 172 Ma) magmatism coincided with the subduction of 

the Paleo-Pacifi c Plate and subsequent lithospheric delami-

nation, processes that facilitated mantle underplating and 

partial melting of ancient and juvenile crust. Through petro-

genesis of Mesozoic granites in the northern margin of the 

NCC, researchers have proposed that a signifi cant tectonic 

transition occurred at 160–150 Ma (Liu et al. 2002; Deng 

et al.  2009 ). Furthermore, during the early to mid-Mesozoic 

prior to 160 Ma, the regional lithosphere remained under a 

strongly postcollisional thickening environment, character-

ized by the emplacement of voluminous high-Sr granites 

with a minor component of peraluminous granites. Based 

on the petrogenesis of the early Middle Jurassic granites in 

the southern sector of the Zhang Guangcai Ranges, it can 

be inferred that the subduction of the Paleo-Pacifi c Plate 

  Fig. 9       Discrimination diagrams of Sr–Nd isotopes of Middle Jurassic granites in the study area and Early Jurassic granites in the Yanbian 

area.  a  εNd(t) vs. ( 87 Sr/ 86 Sr)i diagram (Jahn et al. 1999 );  b  εHf(t) vs. εNd(t) diagram (Dobosi et al.  2003 ) DM:  87 Sr/ 86 Sr = 0.703,Sr = 20 ppm, 

ε Nd  =  + 8, Nd = 1.2  ppm. Basalt:  87 Sr/ 86 Sr = 0.703, Sr = 150  ppm, εNd =  + 8, Nd = 15  ppm. UCC:  87 Sr/ 86 Sr = 0.71, Sr = 350  ppm, εNd = 10, 

Nd = 26 ppm (Taylor and Mclennan  1985 ). LCC:  87 Sr/ 86 Sr = 0.710, Sr = 300 ppm, εNd = – 30, Nd = 24 ppm (Rudnick  1995 )  
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  Fig. 10       Discrimination diagrams of the evolution and formation environment of granitic complexes in the study area  a  La/Sm vs. La diagram 

(Allégre and Minster  1978 ).  b  Nb/La vs. La/Yb diagram (Rudnick and Gao  2003 ).  c  Th/Yb vs. Ta/Yb diagram (Pearce  1983 ; Pearce and Peate 

 1995 ).  d  Rb vs. Y + Nb diagram (after Pearce et al.  1984 ).  e  Rb/Y vs. Nb/Y diagram (after Sajona et al.  1993 ; Grove et al.  2003 ).  f  Nb/Zr vs. Th/

Zr diagram (after Kepezhinskas et al.  1997 )  
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persisted until the early Middle Jurassic (173 Ma), with the 

tectonic setting gradually transitioning from a compressional 

to a postcollisional extensional environment by the late Mid-

dle Jurassic (166 Ma) (Ren  2019 ; Han et al.  2019 ). 

 The element and Sr–Nd-Hf isotope geochemical char-

acteristics of the Jurassic granites in the study area provide 

compelling evidence for magmatism in a typical active con-

tinental margin environment (Fig.  10 ). The magma source 

was characterized by oceanic fl uid metasomatism (Fig.  8 e, 

f) and multistage partial melting processes (Fig.  10 a, b). 

As illustrated in Fig.  11 , all samples plot within the super-

position region of thick lower crust-derived adakites and 

subducted oceanic crust-derived adakites. Combined with 

the features displayed in Fig.  11 c and d, these observations 

indicate that the magmas of Groups I and II formed under 

medium- to low-pressure conditions, with a discernible pres-

sure increase from Group I to Group II. In constrast, the 

magmas of Groups III and IV exhibited medium- to high-

pressure evolutionary trends.         

 Based on these fi ndings, we can further conclude that the 

lower crust of the Songjianghe region experienced compres-

sion under medium- to low-pressure conditions at 177 Ma 

and 172 Ma. These deep geologic processes were driven 

by the subduction of the Paleo-Pacifi c Ocean beneath the 

Eurasian continent, which triggered the crustal thickening 

and delamination in the Jiapigou-Haigou collage zone, along 

with partial melting of the reduced Neoarchean lower crust 

metasomatized by fl uid. At 169–167 Ma, the magmas were 

characterized by medium-high pressure conditions. Partial 

melting of the thickened Neoarchean lower crust occured 

  Fig. 11        a   K 2 O/Na 2 O vs.  Al 2 O 3  diagram (Kepezhinskas et al.  1997 ).  b  Mg# vs.  SiO 2  diagram (Wang et al.  2006a ,  b ).  c  Dy/Yb vs.  SiO 2  diagram 

(Defant and Drummond 1990a).  d  Sr/Y vs.  SiO 2  diagram (Martin et al.  2005 )  
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under a transition from redox to oxidizing conditions, with 

the residual mineral phases ranging from amphibole to 

eclogite. The magmatic evolution process involved fractional 

crystallization and varying degrees of crustal contamination. 

      6   Conclusions 

 Research on zircon U–Pb dating and element geochemistry 

and Sr–Nd–Hf isotopes of the early-Middle Jurassic granitic 

complexes in the Songjianghe area of the Jiapigou-Haigou 

collage zone in northeastern China is presented in this 

paper. Several conclusions were obtained by discussing the 

petrogenesis of these rocks and the deep geologic process 

as follows: 

 The geochronology investigation and U–Pb isotope dating 

of the Middle Jurassic rocks in the Songjianghe area ranged 

from 177 to 167 Ma, providing crucial temporal constraints 

to help understand the associated magmatic evolution. The 

granitic complexes can be systematically classifi ed into 

four distinct lithologic groups based on their compositional 

characteristics. 

 The elemental geochemical analysis shows that all 

four groups of granites belong to the I-type granite 

series, with specific charateristics as follows: Group I 

featuring peraluminous, high-K calc-alkaline/potassic, 

low fractionated I-type granites; Group II featuring 

metaluminous, calc-alkaline/sodic and a low degree 

of fractionated I-type granites; Group III featuring 

peraluminous, high-K calc-alkaline/potassic and relatively 

highly fractioned I-type adakites; Group IV featuring 

peraluminous, high-K calc-alkaline, calc-alkaline/potassic-

sodic transition and high-K calc-alkaline/potassic, highly 

diff erentiated I-type adakites. 

 The isotopic compositions indicate that the primary 

magmas of all four groups originated from the dehydrated 

partial melting of the thickened Neoarchean lower crust 

under variable reducing to oxidizing conditions. The 

magmatic evolution involved residual mineral facies 

transitioning from amphibole to eclogite, accompanied by 

varying degrees of crustal contamination. 

 From a regional geodynamic perspective, the deep 

geologic processes reveal the accretion and delamination 

of Archean lower crust and the lower crust in the collage 

zone, triggered by the subduction of the Paleo-Pacifi c Ocean 

beneath the Eurasian continent. Large-scale delamination 

appears to have occurred after < 166 Ma, with the magmatic 

rocks in the study area showing a predominant affi  nity with 

the NCC magmatism. 

 This research provides signifi cant insights into the tec-

tonic evolution and magmatic processes in the Jiapigou-Hai-

gou collage zone during the Early-Middle Jurassic period, 

contributing to our further understanding of the complex 

geodynamic interactions in northeastern China. 
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