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Abstract

:

The East Kunlun Orogenic Belt is located in the western part of the Central Orogenic Belt of China, with a large number of Triassic igneous rocks parallel to the Paleo-Tethys ophiolite belt, which provides a large amount of geological information for the tectonic evolution of the Paleo-Tethys Ocean. The granitoids studied in this paper are located in the Ela Mountain area in the eastern part of the East Kunlun Orogenic Belt. Zircon U-Pb dating results show that these different types of granitoids were crystallized in the Triassic. The 247.5 Ma porphyritic granites from Zairiri (ZRR) displayed calc-alkaline I-type granite affinities, with the zircon εHf(t) values being mainly positive (−0.5 to + 3.8, TDM2 of 1309–1031 Ma), indicating that they are derived from the partial melting of the juvenile crust and mixed with ancient crustal components. The 236.8 Ma Henqionggou (HQG) granodiorites and 237.5 Ma Daheba (DHB) granodiorites are high-K calc-alkaline I-type granite, and both have mafic microgranular enclaves (MMEs), showing higher and more varied Mg# (39.73–62.73), combined with their negative Hf isotopes (εHf(t) = −2.6 to −1.6, TDM2 = 1430–1369 Ma), suggesting that their primary magmas were the products of partial melting of the Mesoproterozoic lower crust that mixed with mantle-derived rocks. The 236.4 Ma DHB porphyritic diorites showed characteristics of high-K calc-alkaline I-type granitoids, with moderate SiO2 contents, medium Mg# values (40.41–40.65), with the Hf isotopes (εHf(t) = −2.9 to −0.5; TDM2 = 1451–1298 Ma) indistinguishably relative to contemporaneous host granodiorites and MMEs. The petrographic and geochemical characteristics indicate that the porphyritic diorites are the product of well-mixed magma derived from the Mesoproterozoic lower crust and lithospheric mantle. Based on the results of this paper and previous data, the chronology framework of Late Permian–Triassic magmatic rocks in the eastern part of the East Kunlun Orogenic Belt was constructed, and the magmatic activities in this area were divided into three peak periods, with each peak representing an extensional event in a particular tectonic setting, for example, P1 (slab roll-back in subduction period; 254–246 Ma), P2 (slab break-off in transition period of subduction and collision; 244–232 Ma), P3 (delamination after collision; 230–218 Ma).
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1. Introduction


The East Kunlun Orogenic Belt is a typical multi-cycle complex orogenic belt that retains information related to the evolution of the Proto-Teyhys Ocean and the Paleo-Tethys Ocean, and records the information and dynamic process of the formation and evolution of the northern Qinghai–Tibet Plateau. Among them, with the exposure of voluminous magmatic rocks related to the northward subduction of the Paleo-Tethys Ocean in the Late Paleozoic–Early Mesozoic as the main feature, many scholars have carried out relevant research on this area [1,2,3,4,5,6]. However, there has been controversy over the origin, petrogenesis, tectonic background, and deep process of the huge granitic magma in the late Permian–Triassic period in the East Kunlun Orogenic Belt at present. In particular, different scholars have different views on the final closure time of the Paleo-Tethys Ocean. For example, (1) some researchers believe that the Paleo-Tethys Ocean in the East Kunlun Orogenic Belt was closed in the late Permian, and the Triassic granites are the products of the post-collision environment [4,7,8]; (2) some have proposed that the Permian–Early Triassic granites were mostly subduction magmatic rocks, and the collision orogenic movement began in the Middle Triassic [1,9]; (3) others have pointed out that the subduction of the Paleo-Tethys Ocean in the East Kunlun Orogenic Belt lasted until the Late Triassic, and the Early–Middle Triassic granite was the product of continental margin arc magmatism under subduction environment [5,6,10]; and (4) some believe that the oceanic basin was not closed in the Late Triassic, and that the Paleo-Tethys oceanic crust continued to subduct, with the Triassic magmatism related to the subduction of the oceanic crust [11,12].



Based on the above problems, we selected the Triassic intermediate-acid intrusive rocks in the Ela Mountain area of the easternmost section of the East Kunlun Orogenic Belt as the research object in this paper. Through detailed field geological investigation and petrography, LA-ICP-MS zircon U-Pb ages, whole-rock major oxides, trace elements, and zircon in situ Lu-Hf isotopes analysis technology, the genesis and evolution of different types of magma with different ages were studied. Combined with the relevant information published by our predecessors, the rock combination, temporal and spatial distribution, and stratigraphic relationship of the igneous rocks in the same period in the region are summarized to explore the formation and tectonic background, and provide more information for the tectonic evolution history of the Paleo-Tethys Ocean.




2. Geology and Sample Descriptions


The East Kunlun Orogenic Belt is located in the western part of the Central Orogenic Belt of China and the northern part of the Qinghai–Tibet Plateau (Figure 1a). It is located in the southern margin of the Qaidam Block and the northern side of the Bayanhar–Songpan–Ganz tectonic belt. It is bounded by the Altun Fault in the west and separated from the West Kunlun, adjacent to the West Qinling Orogenic Belt in the east (Figure 1b). The Ela Mountain area studied in this paper is located at the easternmost end of the East Kunlun Orogenic Belt (Figure 1c).



The Precambrian strata in the study area are less exposed, namely the Paleoproterozoic–Mesoproterozoic Jinshuikou Group, which is a set with a high degree of metamorphism, mainly including granulite, gneiss, and schist [8,13]. The Mesozoic Triassic strata are the most widely exposed strata in the study area (Figure 2a). In addition, a small amount of Permian strata are sporadically exposed, while quaternary systems are mostly distributed on both sides of the surrounding basins and water systems.
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Figure 1. (a,b) Tectonic map of China revised after [14]. (c) Schematic geological map of the Eastern Kunlun Orogenic Belt, N-KLF: North Kunlun Fault; C-KLF: Center Kunlun Fault; S-KLF: South Kunlun Fault; E-KOB: East Kunlun Orogenic Belt; W-QOB: West Qingling Orogenic Belt (simplified and modified after [5,13]). 
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The magmatic activity in the study area is extremely intense, and both volcanic and intrusive rocks are widely distributed (Figure 2a). According to the isotope age and the relationship with the formation, the intrusive rocks in the area are mainly in the Triassic. Geological surveys in the field have found that the lithology is mainly composed of granodiorite, monzogranite, a small amount of diorite, and syenogranite. Among these rocks, granodiorites are the most widely exposed, with most of them containing MMEs. In comparison, the (quartz) diorite, monzogranite, and syenogranite are smaller in size, and are produced in association with granodiorite as stocks and dikes. In addition, a small number of mafic-intermediate dikes can be seen sporadically. Volcanic eruption activities in the area are also mainly concentrated in the Triassic period, mainly andesite, rhyolite, and a large number of volcanic clastic rocks of the same period.



On the basis of detailed field investigation, we collected porphyritic granites (ZRR-N3), porphyritic diorites (DHB-N5), and granodiorite (DHB-N8 and HQG-N1) samples from three different locations of Zairiri (ZRR), Daheba (DHB), and Henqionggou (HQG) for petrography, LA-ICP-MS zircon U-Pb ages, whole-rock major oxides, trace elements, and zircon in situ Lu–Hf isotopes analysis (Figure 2a,b). The petrographic characteristics of various rocks are described as follows:



Zairiri (ZRR) porphyritic granite: The stock is exposed in the Zairiri region (35°42′08″ N, 99°27′40″ E), which is about 4 km southeast away from Zairigang (Figure 2a). It intruded into the Triassic strata by a small outcrop area (<1 km2) with its south side covered by the Quaternary sediments. The rock is grayish white, porphyritic texture, and massive structure, and the matrix is a microcrystalline structure (Figure 3a). The content of phenocrysts is about 45 vol.%, mainly quartz (25 vol.%), plagioclase (10% vol.%), K-feldspar (5 vol.%), and biotite (5 vol.%). Most of the quartz phenocrysts are melted and eroded in a round shape (Figure 3d). The plagioclase phenocrysts are subeuhedral semiautomorphic in a plate shape, and K-feldspar is irregular granular, biotite in flake, and the particle size of phenocrysts varies from 2 to 12 mm. The matrix accounts for 55 vol.%, mainly composed of feldspar and quartz microcrystals.



Granodiorite plutons: The granodiorites were collected from Daheba (DHB-N8, 35°54′59″ N, 99°36′07″ E) and Henqionggou (HQG-N1, 36°0′09″ N, 99°29′17″ E), respectively, and are part of the Manzhanggang giant granite base (Figure 2a). The macroscopical characteristics of the rocks are that they both contain mafic microgranular enclaves (MMEs), which are circular and elliptical in shape, with a diameter of 10–200 mm, and the largest of 200–500 mm (Figure 3b). The directional arrangement is not obvious, with a distribution density of 3–5/m2.



The host granodiorite is grayish white in color, and shows medium grain granite texture and massive structure. The rock is composed of plagioclase (40–50 vol.%), K-feldspar (10–15 vol.%), quartz (20–25 vol.%), hornblende (5–10 vol.%), and biotite (5–10 vol.%), and most mineral particles are between 1–5 mm (Figure 3e). The accessory minerals are magnetite, zircon, sphene, etc. MMEs are fine-grained gabbro-diorite (Figure 3f), which is composed of hornblende (20 vol.%), biotite (15 vol.%), plagioclase (40–45 vol.%), K-feldspar (15–20 vol.%), and a small amount of quartz (5 vol.%). The mineral particles are generally less than 0.5 mm, the accessory minerals are mainly magnets and a small amount of apatite.



Porphyritic diorite: Several diorite dikes can be seen in the study area. The porphyritic diorite (DHB-N5) studied in this paper occurs in the same location as the DHB granodiorite (DHB-N8; 35°54′59″ N, 99°36′07″ E) and intrudes into the granodiorite (Figure 2b). The rock has a porphyritic texture and massive structure (Figure 3g). The content of phenocrysts is less, accounting for about 10 vol.%, mainly plagioclase, and the size of the phenocrysts is between 1 and 2 mm. The matrix content is about 90 vol.%, which is composed of microcrystalline (0.1–0.2mm) feldspar, hornblende, biotite, a small amount of quartz, etc. The accessory minerals are mainly sphene, apatite, magnetite, etc.




3. Analytical Methods


3.1. Zircon U-Pb Dating


The samples used for zircon dating in this paper were all fresh samples collected from natural outcrops. After the samples were broken, washed, and separated, the zircons were manually selected, and zircons with a better crystal form and larger individuals were selected to prepare the sample target. After procedures such as profile cleaning, the zircon samples were tested. Zircon U-Pb isotopic dating and trace element determination using a laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS), and operated at Yanduzhongshi Geological Analysis Laboratory Ltd., Beijing, China. Helium was used as the carrier gas and argon as the compensation gas to adjust the sensitivity in the process of laser ablation. The analysis data were processed by the software ZSkits (ZSkits 1.1.0, Yanduzhongshi Geological Analysis Laboratory Ltd., Beijing, China). The erosion diameter of this test was 30 μm according to the actual situation of the sample. For the U-Pb isotope dating, the zircon standard 91,500 was used as the external standard for isotope fractionation correction. For each analysis of 5–10 sample points, 91,500 was analyzed twice, and the Plesovice analysis was monitored once. The content of trace elements in zircon was quantitatively calculated using SRM610 as a multi-external standard and Si as the internal standard [15]. Isoplot/Ex_ver3 [16] was used to draw the U-Pb age concordia diagrams and calculate the average age weight of the zircon samples, and the Andersen (2002) method [17] was used to complete the common lead correction.




3.2. Major and Trace Element Analyses


The major and trace element analysis for the bulk rock samples was carried out at Yanduzhongshi Geological Analysis Laboratories Ltd., Beijing, China. X-ray fluorescence spectrometry techniques were used to analyze the major elements of the whole rock. First, the fresh rocks collected in the field were crushed to centimeters, and then only the rock fragments without alteration and veinless bodies were manually selected from the coarse samples, washed with purified water and dried, and then the samples were crushed to a 200 mesh powder for geochemical testing. The major element test first weighed the powder sample and mixed it with Li2B4O7 (1:8) flux, and then heated it to 1150 °C using a melting prototype to melt it into a uniform glass sheet in a platinum crucible, followed by the X-ray fluorescence spectrometry test. The error of the test results was less than 1%.



The trace elements were analyzed using ICP-MS (M90 analytikjena). During the test, a 0.1 g sample was accurately weighed in the polytetrafluoride crucible, 1 mL HF and 3 mL HNO3 were added, and the crucible was placed on an electric hot plate at 190 °C, heated and steamed to dry, added 20% HNO3 extract, fixed volume into a 25 mL plastic colorimetric tube, diluted with secondary water, fixed volume to 25 mL, and shaken well. This solution was directly used for the determination of ICP-MS. According to the monitoring standard sample, the GSR-2 displayed an error of the measured data of less than 5%, and the analysis error of some volatile elements and very low content elements was less than 10%. The major and trace element compositions are listed in Table S2.




3.3. Zircon in Situ Lu-Hf Isotopic Analyses


Zircon in situ Lu-Hf isotope dating was completed by an American thermoelectric Nepture-plus MC-ICP-MS and a NewWaveUP213 laser ablation injection system in Yanduzhongshi Geological Analysis Laboratories Ltd., Beijing, China. The test procedure and calibration methods were similar to Wu et al. (2006) [18]. The zircon denudation frequency was 8 Hz, and the energy was 16 J/cm2 laser denudation 31 s, and the denudation pit was about 43 μm. The diasotope interference of 176Lu on 176Hf was negligible. The average 173Yb/172Yb of each test point was used to meter. As the 176Lu/177Hf ratio in zircon is very low (generally less than 0.002), the isotope interference of 176Lu on 176Hf was negligible. The average 173Yb/172Yb of each test point was used to calculate the fractionation coefficient of Yb, and then deducted the isomeric interference of 176Yb on 176Hf. The isotope ratio of 173Yb/172Yb is 1.35274.





4. Results


4.1. Zircon U-Pb Dating


In this study, we collected four samples from different intrusions in the Ela Mountain area for U-Pb dating by LA-ICP-MS. The representative cathodoluminescence (CL) images of the zircons and U-Pb concordia diagrams are shown in Figure 4 and Figure 5, respectively. The U-Pb data are listed in Supplementary Materials Table S1.



Zircons from porphyritic granite (ZRR-N3), porphyritic diorite (DHB-N5), and granodiorite (DHB-N8 and HQG-N1) are colorless transparent to light gray transparent, euhedral-subhedral, mostly columnar in shape, with a size range of 80–300 um, and a length/width ratio of 1:1–3:1. All of the samples showed clear oscillatory growth zoning on the CL images (Figure 4), and had high Th/U ratios of 0.28 to 1.12, indicating magmatic origin [19,20,21], which can represent their crystallization ages.



A total of twenty spots were analyzed on zircon grains from the sample ZRR porphyritic granite (ZRR-N3). Two spots displayed an older age that would be the earlier zircons trapped in the magma rising process, and one spot displayed obvious Pb loss. The remaining seventeen concordant data points yielded a weighted mean 206Pb/238U age of 247.5 ± 1.4 Ma with MSWD = 0.04, which represents the crystallization age of the porphyritic granite (Figure 5a).



Twenty spots were analyzed on zircon grains from HQG granodiorite (HQG-N1). Four spots deviate from the concordia curve, and one older age that would be the earlier zircons trapped in the magma rising process. The remaining fifteen concordant data points yielded a weighted mean 206Pb/238U age of 236.8 ± 1.3 Ma with MSWD = 0.06, which represents the crystallization age of the Henqionggou granodiorite (Figure 5b).



Twenty-five spots were analyzed on zircon grains from DHB granodiorite (DHB-N8). One spot deviated from the concordia curve, and one spot displayed obvious Pb loss. The remaining twenty-three concordant data points yielded a weighted mean 206Pb/238U age of 237.5 ± 1.4 Ma with MSWD = 2.10, which represents the crystallization age of Daheba granodiorite (Figure 5c).



Twenty-four spots were analyzed on zircon grains from the sample DHB porphyritic diorite (DHB-N5). One spot displayed an older age that would be the earlier zircons trapped in the magma rising process, and one spot deviated from the concordia curve. The remaining twenty-two concordant data points yielded a weighted mean 206Pb/238U age of 236.4 ± 0.9 Ma with MSWD = 1.09, which represents the crystallization age of the porphyritic diorite (Figure 5d).




4.2. Whole-Rock Geochemistry


Samples from the ZRR porphyritic granite had a high content of SiO2 (72.09–73.95 wt.%), Na2O (3.23–4.12), and K2O (3.05–3.17 wt.%), low Fe2O3T of 2.19–2.75 wt.%, CaO of 1.19–1.53 wt.%, P2O5 of 0.068–0.072 wt.%, TiO2 of 0.27–0.28 wt.%, and MgO of 0.64–0.75 wt.%, with Mg# of 33.70–37.25. All of the samples were categorized into calc-alkaline series (Figure 6a,b,d), with Na2O/K2O of 1.02–1.35 and (Na2O + K2O)/Al2O3 of 0.48–0.52. The rocks have Al2O3 of 13.35–13.83 wt.%, and belong to peraluminous (Figure 6c) with A/NK ratios ranging from 1.37 to 1.52 and A/CNK ratios between 1.13 and 1.16. In the chondrite-normalized REE diagram, the porphyritic granites were enriched in LREEs and depleted in HREEs (Figure 7a) with (La/Yb)N ratios of 14.72–17.16. All of the samples displayed medium negative Eu anomalies (Eu/Eu* = 0.61–0.63). In the primitive mantle-normalized trace element diagram (Figure 7b), the samples were relatively enriched in some LILEs (e.g., Rb, Th, U, K, and Pb), and depleted in some HFSEs (e.g., Nb, Ta, P, and Ti).



The granodiorites (DHB and HQG) had a SiO2 content of 65.68–67.95 wt.%, with Na2O + K2O of 6.38–7.09 wt.%, ranging from the calc-alkaline to high-k calc-alkaline series (Figure 6a,b,d). The content of MgO was 1.37–1.85 wt.%, and the value of Mg# varied widely, ranging from 39.58 to 62.73. The rocks belong to the metaluminous to slightly peraluminous (Figure 6c) and had an Al2O3 of 14.61–16.19 wt.%. The granodiorites showed the characteristic of being enriched in LREEs and depleted in HREEs (Figure 7c) with (La/Yb)N ratios of 4.42–20.30. The samples displayed medium to weak negative Eu anomalies (Eu/Eu* = 0.58–0.98). In the primitive mantle-normalized trace element diagram (Figure 7d), the samples were relatively enriched in some LILEs (e.g., Rb, Th, U, K, and Pb), and depleted in some HFSEs (e.g., Nb, Ta, P, and Ti).



The DHB porphyritic diorites had a medium SiO2 (59.96–60.41 wt.%), Na2O (2.97–3.06 wt.%), and K2O (2.52–2.59 wt.%), belonging to high-K calc-alkaline series (Figure 6b). They exhibited a moderate MgO of 2.27–2.35 wt%, with a uniform Mg# value of 40.41–40.65. The rocks were slightly peraluminous with an A/CNK of 1.06–1.07 (Figure 6c). In the chondrite-normalized REE diagram, the porphyritic diorites were enriched in LREEs and depleted in HREEs (Figure 7e) with (La/Yb)N ratios of 14.72–17.16. All samples displayed medium to weak negative Eu anomalies (Eu/Eu* = 0.78–0.89). In the primitive mantle-normalized trace element diagram (Figure 7f), the samples were relatively enriched in some LILEs (e.g., Rb, Th, U, K, and Pb), and depleted in some HFSEs (e.g., Nb, Ta, P, and Ti).




4.3. Zircon Hf Isotopic Compositions


The 176Hf/177Hf ratio of ZRR porphyritic granites (ZRR-N3, n = 12) in zircon was 0.282609–0.282733, the εHf(t) value was mainly positive (Table S3), which was −0.5 to 3.8, and the two-stage model age (TDM2) was 1309–1031 Ma. The zircons of HQG granodiorites (HQG-N1, n = 10) had 176Hf/177Hf ratios of 0.282561–0.282662, εHf(t) values of −2.6 to −1.6 with a TDM2 of 1430 to 1369 Ma. The zircon 176Hf/177Hf ratio of the DHB porphyritic diorites (DHB-N5, n = 11) was 0.282547–0.282614, and εHf(t) was −2.9 to −0.5 with TDM2 of 1451–1298 Ma (Figure 8a,b).





5. Discussion


5.1. Magmatic Process and Petrogenesis


5.1.1. ZRR Porphyritic Granites


Granites are usually divided into I, S, A, and M types according to their mineral composition, chemical composition, source rock characteristics, and tectonic environment [29,30,31,32,33,34,35,36,37].



M-type granite is mainly related to mantle-derived magma and generally occurs in oceanic crust-type ophiolite suite, mostly plagiogranite, associated with basalt, which is derived directly from the melting of the mantle [33,38,39]. Igneous rocks in the study area are mainly intermediate-acid volcanic rocks and intrusive rocks, and basalts and ophiolites have not been reported. The ZRR porphyritic granite is obviously not the M-type.



Generally, the A-type granite is characterized by alkaline mafic minerals, with high Na2O + K2O, FeOT/MgO, Na2O + K2O/CaO, 10,000 Ga/Al, rare earth content, and high HFSE (e.g., Zr, Nb, Y, Ce, Ga, Zr + Nb + Ce + Y > 350 ppm) in chemical composition [29,30,34,40]. There were no alkaline mafic minerals (e.g., riebeckite, arfvedsonite, sodic pyroxene) in the phenocrysts and matrix of the ZRR porphyritic granites. All samples had a lower FeOT/MgO (3.00–3.51), (Na2O + K2O)/Al2O3 (0.48–0.52), (Na2O + K2O)/CaO (1.70–2.03), 10,000 Ga/Al (2.14–2.16) and relatively low HFSEs content (e.g., Zr (150.17–175.58 ppm); Nb (8.35–8.71 ppm); Y (15.00–16.06 ppm); Ce (50.45–70.38 ppm); Ga (15.14–15.80 ppm); Zr + Nb + Ce + Y (225.71–270.73 ppm), which was obviously different from the A-type granite (Figure 9a–e). The zircon saturation temperature values (TZr) of the samples were 734–759 °C (Table S2), which were lower than the temperature of the A-type rock (A-type: TZr > 830 °C) [41,42].



The mafic minerals in the ZRR porphyritic granites were mainly biotite, and there were no characteristic aluminum-rich minerals such as muscovite, garnet, and cordierite of the S-type granite. The Na2O/K2O ratio was between 1.02 and 1.35, which shows characteristics of the I-type granite (Figure 9f). The content of P2O5 in the samples was 0.060–0.072 wt.%, which was lower than that of S-type granite (>0.1; [43]); the Al2O3-SiO2 and P2O5-SiO2 diagrams (Figure 10g,h) also showed the evolution trend of type I granite [34,44]. Considering that most of the porphyritic granites have the characteristics of calc-alkaline series, we infer that ZRR porphyritic granites are a calc-alkaline I-type granite.



In the chondrite-normalized REE diagram and the primitive mantle-normalized trace element diagram, the porphyritic granites showed the characteristics of different extents of Sr, Eu negative anomalies, and strong Nb, Ta, P, Ti negative anomalies (Figure 7a,b), suggesting that there may be mineral separation crystallization during magmatic evolution. They displayed characteristics of the crystallization of feldspar in the Sr–(Rb/Sr) plot (Figure 11a), indicating that there is a separate crystallization of feldspar during magmatic evolution. In the (La/Yb)N-La diagram, there was an obvious evolutionary trend of monazite and allanite (Figure 11b). The depletion of Nb, Ta, and Ti may be related to the separation crystallization of Ti-bearing minerals (Figure 11c). Therefore, in the magmatic evolution process of ZRR porphyritic granites, the separation and crystallization of feldspar and some accessory minerals have an important influence on the change in the element content.



The ZRR porphyritic granites had low MgO (0.64–0.75 wt.%), Fe2O3T (2.19–2.75 wt.%), and MnO (0.64–0.75 wt.%), high SiO2 (72.09–73.95 wt.%), depleted Nb, Ta, P, Ti, and obvious positive anomalies of Rb, K, Pb, which were similar to the bulk continental crust (BBC) composition (Figure 7b), revealing that their original magma originated from the partial melting of the continental crust [26,46], Nb/Ta between 12.57–14.19, average 13.17, close to the crustal value (13.4; [28]), showing the characteristics of a crustal source [44]. The Hf isotope ratio of zircon usually does not change with partial melting or separation crystallization, so it can be used to trace the magma source properties of granite. The 176Hf/177Hf ratio of magmatic zircon in the ZRR porphyritic granites was distributed between 0.282733 and 0.282659, and the εHf(t) value was mainly positive, which was −0.5 to 3.8 (Figure 8). The two-stage model age (TDM2) was 1309–1031 Ma.



Another feature of the ZRR porphyritic granites is that it has peraluminous properties. Peraluminous magmatic rocks are generally believed to be formed by extensive deep penetration of surface rocks. However, some peraluminous magmatic rocks can also be formed through the separation and crystallization of hornblende and pyroxene in the closed system by metaluminous magma [47]. Therefore, is the high aluminum saturation index (A/CNK) of the ZRR porphyritic granites a feature of the inherited source area, or is it controlled by the separation and crystallization of hornblende or pyroxene, or caused by the loss of alkali metals caused by late weathering and alteration [48]? The porphyritic granites samples were relatively fresh, the loss on ignition was low (0.54–0.88), and there was no linear relationship between K2O, Na2O, and the loss on ignition (Table S2), indicating that the alteration was not the reason why the rocks had peraluminous characteristics. In addition, all of the samples were sodium-rich, K2O/Na2O < 1, which was obviously different from the typical potassium granite formed by mica dehydration and melting through metamorphic sedimentary rocks (Figure 9i). Hf isotope analysis showed that the porphyritic granites originated from a juvenile crustal source, mixed with a small amount of ancient crustal component (possibly ancient sedimentary metamorphic rocks), and there was a significant positive correlation between Dy and Er (Figure 11d), indicating the existence of separate crystalline phase of amphibole during magmatic evolution [49].




5.1.2. DHB and HQG Granodiorites


The mafic minerals of granodiorites are mainly hornblende, biotite, and magnetite, which are the characteristics of I-type granite [44]. No alkaline mafic minerals or aluminum-rich minerals such as muscovite, garnet and cordierite have been found. The chemical composition of granodiorite is relatively low in SiO2 content (65.68–67.49), FeOT/MgO (1.06–2.72), (Na2O + K2O)/CaO (1.70–2.03), and the content of HFSEs (Ce, Zr, Nb, Y), is low, with Zr + Nb + Ce + Y (250.90–296.31), 10,000Ga/Al (2.20–2.46), which is obviously different from that of the A-type granite (Figure 9a–e). In addition, the TZr values of the samples were 734–759 °C (Table S2), which was lower than the A-type rock (A-type: TZr > 830 °C; [42]).



The samples of granodiorites had higher contents of Na2O (3.01–3.54) and CaO (3.50–3.77), Na2O/K2O between 0.85 and 1.25, an A/CNK ratio between 0.96 and 1.03 belonging to metaluminous rocks, with a lower Rb/Sr ratio (0.26–0.61), Rb/Ba ratio (0.24–0.30), and higher K/Rb ratio (163.89–209.70), consistent with the I-type granite and different to the S-type granite [34]. The contents of Al2O3 and P2O5 in the samples were 14.61–16.19 wt.% and 0.10–0.17 wt.%, respectively. The diagram of Al2O3-SiO2 and P2O5-SiO2 (Figure 10e,f) also shows the evolution trend of the I-type granite [34]. Combined with the discussion above and the characteristics of the high-K calc-alkaline of all samples, it is indicated that the granodiorites should belong to the high-K calc-alkaline I-type granite.



There was a negative correlation between the Rb/Sr ratio and Sr of the granodiorite samples (Figure 11a), indicating that there was a separate crystallization of feldspar during magmatic evolution, supported by the negative anomalies of Ba, Sr, and Eu (Figure 7c,d). The trace element diagrams of the granodiorite exhibited significant negative Nb, Ta, P, and Ti anomalies (Figure 7c,d), indicating the fractional crystallization of titanite, allanite, and monazite during magma evolution. In the (La/Yb)N-La diagram (Figure 11b) and the TiO2-Zr diagram (Figure 11c), the evolution trend of the separate crystallization of monazite, allanite, titanite, and magnetite was obvious. The obvious positive correlation between Dy and Er (Figure 11d) indicates that amphibole is the main separated crystalline phase during magmatic evolution. Therefore, the separation and crystallization of feldspar, hornblende, and some accessory minerals occurred in the evolution process of granodiorite magma.



The most prominent feature of DHB and HQG granodiorites is that they both have MMEs. The MMEs are mainly composed of gabbro-diorite, diorite, and monzodiorite. MMEs have different sizes, most of them are several centimeters to dozens of centimeters, and they are oval or muddy in shape (Figure 3b). The boundaries between MMEs and host granodiorites are fuzzy, and they are often in a gradual transition state. Petrography observation showed that the particle size of granodiorite was significantly larger than that of the minerals in MMEs (Figure 3e,f), suggesting that the magma forming of MMEs has the characteristics of rapid cooling. In addition, needle-like structures of minerals such as apatite, hornblende, and biotite are common in MMEs and host granodiorites, which are usually caused by rapid cooling [50,51]. In addition, the large number of needle-like apatites further proved that hot mafic magma was injected into cold siliceous melt [52]. It can be seen that the K-feldspar megacrysts in the host granodiorites contained hornblende, biotite-brown plagioclase, and other sieve structures (Figure 3e). The mafic minerals of hornblende and biotite were clustered and distributed in the cluster structure, and the plagioclase in the host granodiorites and MMEs often had a ring structure with a different composition (Figure 3e,f). These phenomena show the characteristics of magma mixing. The chondrite-normalized REE patterns of granodiorites show that the LREEs were enriched and had a steep right-dipping mode, and the HREEs were depleted but relatively flat on the whole, suggesting that partial melting may occur under the condition of the amphibolite-facies (Figure 7c). The Nb/Ta values of granodiorite samples ranged from 9.26 to 13.38, with an average of 11.68, close to the crustal value (13.4; [28]), showing the characteristics of a crustal source [44]. The Mg# values from magma of partial melting in the lower crust of basaltic is generally less than 40, and the mixing of mantle-derived melts is generally more than 40 [53]. DHB and HQG granodiorites had high and inhomogeneous MgO (1.37–1.85 wt.%), Mg# (39.73–62.73 ppm), Cr (14.20–40.85), and Ni (8.49–13.62), which also indicates that the formation of magma may involve the addition of mantle-derived materials. The results of the zircon in situ Hf isotope analysis in granodiorites showed that the εHf(t) value was relatively uniform, and the range of variation was −2.6 to −1.6 (Figure 8). The corresponding two-stage model age (1430–1369 Ma) was nearly consistent with the metamorphic basement age of the lower crust of the eastern part of the East Kunlun Orogenic Belt (1486–1270 Ma) [54]. Therefore, we can infer that the DHB and HQG granodiorites may be caused by the partial melting of the lower crust, with the mixing of mantle components.




5.1.3. DHB Porphyritic Diorites


Intermediate rock is one of the most important rock types at the edge of the convergent plate, which can provide important information about the crust–mantle interaction and dynamic evolution of the orogenic belt. Therefore, its genesis has always been a hot topic for geologists [2,3,28,55]. At present, a variety of genetic models of intermediate rocks have been proposed including: (1) partial melting of a subduction-modified mantle wedge [56,57]; (2) separating crystallization and crustal contamination of the mantle basaltic magma (assimilation-fractional crystallization process [58,59]); (3) interaction between the subduction slab melt or the thickened lower crust source melt and mantle peridotite [60,61]; (4) partial melting of basaltic rocks in the lower crust [62]; and (5) mixing of basaltic magma and felsic magma [63].



Partial melting of a subduction-modified mantle wedge can form intermediate rocks, but the intermediate magma formed under this mechanism usually has high MgO (>8) and Mg# (>65), forming high-Mg intermediate (andesite) magma [56,64]. Compared with the typical high-Mg andesite composition, the DHB porphyritic diorites have lower MgO and Mg# (2.27–2.35 and 40.41–40.65, respectively), indicating that the formation of these rocks is not directly formed by the partial melting of subduction-modified mantle wedge. Moreover, the porphyritic diorites have medium SiO2 contents, which are similar to the bulk continental crust, suggesting that the magma source is related to the crust. No crustal xenoliths were found in the porphyritic diorites, and the relatively consistent εHf(t) values (−2.9 to −0.5) suggest that the magma is less likely to be contaminated by the crust.. Furthermore, significant fractional crystallization would produce significant Eu anomalies because of the removal of plagioclase, which is inconsistent with the DHB porphyritic diorites (Eu/Eu* = 0.78–0.89). Interactions between subduction slab melts or thickened lower crust-derived melts and mantle peridotites tend to form Mg-rich intermediate rocks with adakitic characteristics [60,61]. Compared with typical adakitic intermediate rocks (Figure 12a,b), the DHB porphyritic diorites studied in this paper have relatively low Sr/Y ratios (22.40–24.49) and La/Yb ratios (15.33–17.01). The high K2O/Na2O ratios (0.82–0.85) of the samples are also contradictory to the low K2O/Na2O ratios (<0.5) of adakitic rocks [65]. These characteristics indicate that the DHB porphyritic diorites cannot be a magmatic product of the interaction between subduction slab melt or thickened lower crust source melt and mantle peridotite. Partial melting of basaltic rocks in the lower crust would generate intermediate magma characterized by MgO > 3.0 wt.%, FeOT > 6.0 wt.%, and TiO2 > 1.0 wt.% [2], which is not quite in accordance with the geochemical characteristics of the DHB porphyritic diorites (MgO of 2.27–2.35 wt.%, FeOT of 5.93–6.11 wt.%; TiO2 of 0.56–0.57 wt.%). Therefore, we are inclined to think that the porphyritic diorites were formed through magma mixing processes. Here is the following evidence:



First, the DHB porphyritic diorites studied in this paper and the host granodiorites with MMEs occurred in the same place, which is the co-intrusive dyke of granodiorite. The porphyritic diorites are in pulsating intrusive contact with granodiorites. Field observation showed that the contact interface between the porphyritic diorites and granodiorites had a mostly arced or irregular boundary, and the typical necking phenomenon was observed (Figure 3c). The above phenomenon indicates that the host granodiorites is not completely crystallized in the process of dyke emplacement. This was also verified by accurate zircon U-Pb age results. The LA-ICP-MS zircon U-Pb ages of the porphyritic diorites and granodiorites were 236.4 Ma and 236.8 to 237.5 Ma, respectively. These ages are consistent within the error range, showing the same magmatic crystallization products. Second, petrographic observation showed that the mafic minerals such as needle-like hornblende and microcrystal biotite were dispersed in plagioclase large crystals (Figure 3i), which are usually caused by rapid cooling [50,51]; in addition, the large number of needle-like apatites further proved that hot mafic magma was injected into cold siliceous melt (Figure 3i) [47], suggesting magma mixing. The annular structure and sieve structure of the composition difference of plagioclase in the porphyritic diorites were relatively developed (Figure 3h,i), which indicates that there is a temporary imbalance in the dissolution of Na-rich plagioclase in mafic melt during magma mixing [51], which further indicates magma mixing. Third, in the Harker diagram of the main element, the host granodiorite, MME, and porphyritic diorites showed a good linear variation trend (Figure 10a–g), indicating the characteristics of magma mixing. In the Fe2O3T-MgO diagram (Figure 10h), the porphyritic diorites, host granodiorites, and MMEs were along the line of magma mixing. They were also highly consistent in the REE patterns and trace element spider diagrams, indicating that they had strong geochemical affinity and may have had component exchange (Figure 7e,f). In addition, in terms of the trace element ratio, the porphyritic diorites not only showed similar geochemical characteristics to the crust-derived magma, but also had some mantle-derived magma characteristics. The Rb/Sr (0.34–0.37), Ce/Pb (1.17–2.08), and Nb/U (5.64–6.04) were similar to the continental crust (0.35, 4, and 12, respectively) [26], but unconformed with the primitive mantle (0.034, 9 and 30, respectively) [66], indicating that the DHB porphyritic diorites have an affinity with the continental crust. On the other hand, the Nb/Ta value of porphyritic diorites was 17.30–17.64, which is between the continental crust (13.4) [28] and the primitive mantle (17.5) [27], closer to the primitive mantle, and the Zr/Hf value was 39.57–44.55, slightly higher than the primitive mantle value (36.0–37.8) [27] and significantly higher than the continental crust value (33) [67].



We infer that the formation of DHB porphyritic diorite and granodiorite experienced different extents of magmatic mixing process. It is an irregular mixing between granodiorites and MMEs, with a small amount of mafic magma injected into granitic magma. Mafic magma generally has a high temperature and low viscosity, and the diffusion coefficient is relatively high, so mafic magma appears commonly as enclaves in the granitic magma [71,72]. The structural characteristics of acicular amphibole, biotite, and apatite crystals that are often formed by accelerating cooling in MMEs and around the contact with host granodiorites indicate the process of high-temperature mafic magma injected into cold and acidic magma. The formation of porphyritic diorites may occur at the contact interface between mafic magma and acidic magma in the magma chamber of deep crust, with relatively complete mixing. The intermediate magma (porphyritic diorites) rapidly rises to the surface in weak structural areas such as fractures generated by the condensation of acidic magma (granodiorite), forming porphyritic diorites.





5.2. Tectonic Implications


We used the zircon U-Pb ages of the four intrusive rocks provided in this paper and the previous research results of magmatic chronology in the eastern part of the East Kunlun Orogenic Belt published in recent years for statistical analysis (Figure 13; Table S4). The age histogram revealed the three peak periods of the Late Permian–Triassic magmatism in the eastern East Kunlun Orogenic Belt, and here we named them as P1 (254–246 Ma), P2 (244–232 Ma), and P3 (230–218 Ma), respectively. According to the age distribution characteristics of these magmatic activities, combined with the rock combination and rock type of each period, we analyzed the magmatic activities distributed in the Late Permian–Triassic in the study area by integrating geological factors such as strata and structures, and found that the emergence of a large number of magmatic rocks in each peak period may correspond to different dynamic mechanisms and backgrounds.



Studies on ophiolites (308–345 Ma) in the Paleo-Tethys area of the East Kunlun Orogenic Belt suggest that the Paleo-Tethys Ocean basin of East Kunlun began to expand in the Carboniferous [74,75,76]. The regional angular unconformity of the Upper Permian Gequ Formation above the Upper Carboniferous Ma’erzheng Formation in the East Kunlun area indicates that regional tectonic disturbance occurred in the Late Permian [73,74]. The Xiaomiao mafic dike swarm at about 278 Ma showed obvious Nb-Ta-Ti depletions with an arc attribute and then the granites with arc characteristics were successively discovered, indicating that the Paleo-Tethys Ocean had begun to subduct in the Late Permian [77,78]. However, during the subsequent 278–254 Ma period, only a small amount of magmatic activity was recorded, which manifested as a stable period of magmatic activity, which may imply a low-angle subduction stage relative to the extrusion environment (Figure 14a; [2]). During the P1 (252–248 Ma) peak period, the first magmatic activity erupted (Figure 13), during which mafic dyke swarms with arc properties [2,79,80] and a large number of calc-alkaline to high-K calc-alkaline intermediate-acid magmatic activities with continental margin arc characteristics were widely developed during this period [1,4,9,81], suggesting extensive crust–mantle interactions in a subduction setting. The mafic dyke swarms of the early Triassic (P1 peak period) are the products of the extensive reworking of the lithospheric mantle, which suggests an asthenospheric upwelling event during this period [2,82]. In the subduction environment, slab roll-back can induce upwelling of the asthenosphere and subsequent massive magmatic activity [2,83]. Therefore, we believe that the magmatic peak of the P1 stage may respond to the roll-back of the subduction slab during the subduction stage (Figure 14b).



The ZRR porphyritic granites studied in this paper were formed in the early Triassic (P1 peak period), with calc-alkaline characteristics (Figure 6b), enriched LILE and LREE (e.g., Rb, K and Pb), and depleted HREEs and HFSEs (e.g., Nb, Ta Ti and P; Figure 7a,b), similar to the arc-like granite in a subduction environment [84,85]. Additionally, the granitoids in the study area had medium-high Y, Yb values and low (La/Yb)N and Sr/Y ratios at the P1 peak period, which are similar to the composition of arc-like calc-alkaline rocks (Figure 12a,b), indicating that the granitoids in this period were formed in the active continental margin environment related to the subduction process [84,85]. The average La/Nb ratio of porphyritic granites was 3.73, which is similar to the La/Nb ratio of igneous rock in the active continental margin area (>2, [86]). In the Ta-Yb and Rb-(Ta + Yb) diagrams, the P1 peak period samples fell into the volcanic arc granite area (Figure 12c,d), which supports that the P1 peak period (254–246 Ma) granitoids belong to the volcanic arc or active continental margin [32].



ZRR porphyritic granites and some other igneous rocks of the P1 peak period (254–246 Ma) in the East Kunlun [1,4] showed a significant mantle contribution (i.e., εHf(t) values are mainly positive (Figure 8)), indicating that the rocks should originate from the depleted mantle source area, but the direct partial melting of the depleted mantle cannot form a high SiO2 content granitic melt [85]. To produce these intermediate-acid bulk continental crust-like magmas with mantle characteristics, it is necessary to have a basaltic source in addition to some continental materials [4]. This basaltic rock may be derived from the oceanic crust of the depleted mantle or the basalt of the asthenospheric mantle in the source area. In the subduction zone environment, due to the low geothermal gradient, the ordinary subduction oceanic crust cannot be partially melted directly. The partial melting of the mantle wedge enriched by the fluid metasomatism of the subduction oceanic crust will form andesite magma with a relatively low SiO2 content [85]. If the juvenile subduction oceanic crust (with high low temperature gradient) is directly partially melted, it will form adakite with a high Sr/Y ratio [65]. However, the ZRR porphyritic granites and granites of the same period obviously do not have the geochemical properties of adakite with high Sr and low Y, which cannot be the product of the direct partial melting of the subduction oceanic crust. Therefore, we believe that the possible formation mode of ZRR porphyritic granites is partial melting of the mantle wedge in the early subduction to the bottom of the lower crust, and the upwelling of the asthenosphere in the late subduction stage, resulting in the partial melting of the early juvenile lower crust and a small amount of ancient crustal materials (possibly Al-rich ancient sedimentary rocks). The granitic magma experienced the crystallization differentiation of feldspar and amphibole and finally formed a calc-alkaline I-type granite. In summary, this paper believes that ZRR porphyritic granites are representative of continental arc granite formed in the active continental margin environment during the subduction stage of the Paleo-Tethys Ocean.



P2 (244–232 Ma) is the second period of frequent magmatic activity. The intrusive rocks in this period are mainly granodiorite, monzogranite, syenogranite, and a small amount of diorite and gabbro. Among them, the granodiorite often contains MMEs, and the volcanic rocks are mostly rhyolite, dacite, andesite, and pyroclastic rocks of the same period. The zircon Hf isotope results showed that the magma was mainly derived from the partial melting of the lower crust of the Mesoproterozoic, and some of them mixed with a small amount of mantle material [2,3,5,6]. In terms of sedimentary assemblages, the Middle Triassic Xilikete Formation has the characteristics of marine-continental sedimentary assemblages [73] and an angular unconformity contact with the Late Triassic continental volcanic rocks (Elashan Formation and Babaoshan Formation, Figure 13), indicating that the East Kunlun Orogenic Belt was in a rapid uplift stage during the Middle Triassic, representing the collision between the BayanHar Block and the Eastern Kunlun Block and the disappearance of the Paleo-Tethys Ocean, resulting in local deposition. The intense magmatic activity and crust–mantle magma interaction during this period may have broken-off the subduction slab.



Both the DHB and HQG granodiorites and DHB porphyritic diorites belong to the high-K calc-alkaline series rocks, with similar formation ages and are closely associated in space, and they represent indistinguishable Hf isotopic characteristics (Figure 8), indicating that the magma was mainly formed by partial melting of the lower crust of the Mesoproterozoic. However, field investigation, petrographic study, and the analysis of major and trace elements showed that porphyritic diorites and granodiorites had mixed with the mantle-derived magma to varying degrees. The granodiorite was formed by underplating mantle mafic magma and granitic magma through insufficient mechanical mixing, and MMEs were generally present in the granodiorite. However, porphyritic diorites may be formed in the magma chamber in the deep crust near the contact interface between the mafic magma and granitic magma after full mixing. These intermediate magma ascended along the fracture space of early unconsolidated granodiorite, experiencing the separation and crystallization of a small amount of plagioclase, biotite, and hornblende minerals before magma emplacement.



In the tectonic discrimination diagrams, a small amount of granite in the same period of P2 (244–232 Ma) fell into the syn-collision environment (Figure 12 c,d). Combined with the stratigraphic and magmatic rock association in the area discussed above, we inferred that at the end of Middle Triassic, the Paleo-Tethys Ocean may have closed in this area. A large number of magmatic activities during this period can be explained by the model of slab break-off (Figure 14c). The break-off of the slab formed a decompressive environment, resulting in the upwelling of the asthenosphere. The mafic magma formed by partial melting of the lithospheric mantle underplated the lower crust, resulting in partial melting of the lower crust and forming granitic magma. A small amount of mafic melt was rapidly injected into granitic magma and mechanically mixed to produce the granodiorites with MMEs. At the contact interface between the mafic magma and granitic magma in the magma chamber of the lower crust, the two magmas were fully mixed to form intermediate magma. The intermediate magma after uniform mixing invades along the unconsolidated granodiorite fracture forming the porphyritic diorite veins (Figure 14c). In this process, mantle magma provides enough heat to enhance crustal deep melting [87]. These diorite and granitic melts move upward, and through the crystallization and differentiation of a small amount of plagioclase, hornblende, and other minerals, the widely distributed granodiorite and a small amount of diorite rock strains and dikes are finally formed.



P3 (230–218 Ma), a large number of mafic dikes [3,88,89] and A-type granites related to extension were formed in the area at this time [90], representing the post-collision extension environment. In addition, lots of adakitic magmatic rocks with high Sr/Y, (La/Yb)N and low Y, Yb began to appear in the East Kunlun Orogenic Belt (Figure 12a,b) [2,9,70], reflecting that the East Kunlun Orogenic Belt was already in the extensional tectonic background caused by the delamination of the thickened lower crust and lithospheric mantle (Figure 14d). The Sedimentary, Upper Triassic Elashan Formation, and Babaoshan Formation of continental clastic sedimentary combination also confirmed that the East Kunlun Orogenic Belt had fully entered the post-collisional intracontinental environment in the Late Triassic [73,88].





6. Conclusions


The LA-ICP-MS zircon U-Pb geochronology analysis revealed that the crystallization ages of ZRR porphyritic granite, HQG granodiorite, DHB granodiorite, and DHB porphyritic diorites in Ela Mountain area were 247.5 ± 1.4 Ma, 237.5 ± 1.4 Ma, 236.8 ± 1.3 Ma, and 236.4 ± 0.9 Ma, respectively.



The ZRR porphyritic granite belongs to the calc-alkaline I-type granite, which is mainly derived from the partial melting of the juvenile crust and mixed with ancient crustal components. It is the representative of continental arc granite formed in the active continental margin environment during the subduction of the Paleo-Tethys Ocean. The DHB and HQG granodiorites are high-K calc-alkaline I-type granite. The DHB porphyritic diorites had the same crystallization age and similar Hf isotopic composition as the granodiorites in the area. These are mainly formed by partial melting of the lower crust of the Mesoproterozoic, and have undergone different degrees of mixing with mantle-derived magma. They formed in the late Middle Triassic, at the environment of slab-break off in the transition period of subduction and collision.



The three magmatic peaks of P1 (254–246 Ma), P2 (244–232 Ma), and P3 (230–218 Ma) in the East Kunlun Orogenic Belt corresponded to three extensional events, respectively, P1—slab roll-back in subduction period; P2—slab break-off in transition period of subduction and collision; and P3—delamination after collision.
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Figure 2. (a) Detailed geological map of the Ela Mountain area showing the sampling locations (Modified after 1:250,000 geological maps from the comprehensive geological map of Xinghai and Chaka County, Qinghai Province). (b) Detailed geological map of the Daheba area showing the sampling locations ( modified after 1:10,000 geological map of Daheba polymetallic mining area in Qinghai Province). 
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Figure 3. Field photographs and photomicrographs of the intermediate-acid intrusive rocks in the Ela Mountain area. (a) Porphyritic granite (field photos). (b) Host granodiorite and mafic microgranular enclave (MME) sample (field photos). (c) Field contact relationship between granodiorite and porphyritic diorite (field photos). (d) Porphyritic granite (cross-polarized light). (e) Granodiorite (plane-polarized light). (f) MME (cross-polarized light). (g,h) Porphyritic diorite (cross-polarized light). (i) Porphyritic diorite (plane-polarized light). Mineral abbreviations: Pl, plagioclase; Qtz, quartz; Bt, biotite; Kfs, K-feldspar; Amp, amphibole; Ap, apatite. 
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Figure 4. The representative cathodoluminescence (CL) images of zircons from the intermediate-acid intrusive rocks in the Ela Mountain area. Red and yellow circles indicate the locations of the LA-ICP-MS U-Pb analyses and Lu-Hf isotope analyses, respectively. (a) The representative CL images of zircons from ZRR-N3 (porphyritic granite). (b) The representative CL images of zircons from HQG-N1 (granodiorite). (c) The representative CL images of zircons from DHB-N8 (granodiorte). (d) The representative CL images of zircons from DHB-N5 (porphyritic dirorite). 
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Figure 5. The zircon LA-ICP-MS U-Pb concordia diagrams for the intermediate-acid intrusive rocks in the Ela Mountain area. Weighted-mean ages are shown in each panel. (a) The zircon LA-ICP-MS U-Pb concordia diagrams and weighted-mean ages for ZRR-N3 (porphyritic granite). (b) The zircon LA-ICP-MS U-Pb concordia diagrams and weighted-mean ages for HQG-N1 (granodiorite). (c) The zircon LA-ICP-MS U-Pb concordia diagrams and weighted-mean ages for DHB-N8 (granodiorte). (d) The zircon LA-ICP-MS U-Pb concordia diagrams and weighted-mean ages for DHB-N5 (porphyritic dirorite). 






Figure 5. The zircon LA-ICP-MS U-Pb concordia diagrams for the intermediate-acid intrusive rocks in the Ela Mountain area. Weighted-mean ages are shown in each panel. (a) The zircon LA-ICP-MS U-Pb concordia diagrams and weighted-mean ages for ZRR-N3 (porphyritic granite). (b) The zircon LA-ICP-MS U-Pb concordia diagrams and weighted-mean ages for HQG-N1 (granodiorite). (c) The zircon LA-ICP-MS U-Pb concordia diagrams and weighted-mean ages for DHB-N8 (granodiorte). (d) The zircon LA-ICP-MS U-Pb concordia diagrams and weighted-mean ages for DHB-N5 (porphyritic dirorite).



[image: Minerals 12 00880 g005]







[image: Minerals 12 00880 g006 550] 





Figure 6. The geochemical classification for the intermediate-acid intrusive rocks in the Ela Mountain area. (a) Total alkali versus SiO2 (TAS) diagram [22]; (b) SiO2 versus K2O diagram [23] (c) A/NK versus A/CNK diagram (A/NK = Al2O3/(Na2O + K2O) molar, A/CNK = Al2O3/(CaO + Na2O + K2O) molar [24]; (d) (Na2O + K2O − CaO) versus SiO2 diagram [25]. Data sources: The data for Regional granite were from [1,4], and they indicate previous granites of the same period of the ZRR porphyritic granites (252–247 Ma) in the east section of the East Kunlun Orogenic Belt; the data for Regional granodiorite were from [2,5], and they indicate previous granodiorites of the same period of the DHB and HQG granodiorites (241–235 Ma) in the east section of the East Kunlun Orogenic Belt; the data for regional diorite were from [1,2,3], and they indicate previous diorites of the same period of the DHB porphyritic diorites (241–235 Ma) in the east section of the East Kunlun Orogenic Belt; the data for MME were from [2,5], and they indicate previous MMEs of the same period of the DHB porphyritic diorite (241–235 Ma) in the east section of the East Kunlun Orogenic Belt. 
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Figure 7. The chondrite-normalized REE patterns and primitive mantle-normalized spider diagrams of trace elements. (a,b) ZRR porphyritic granites; (c,d) DHB and HQG granodiorite; (e,f) DHB porphyritic diorite, the grey line for regional MMEs were from [2,5], and they indicate previous MMEs of the same period of the DHB porphyritic diorites (241–235 Ma) in the east section of the East Kunlun Orogenic Belt. The chondrite values were from [26]. The primitive mantle values were from [27]. The bulk continental crust values were from [28]. 
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Figure 8. (a) Diagram of the zircon εHf(t) versus ages for the granotoids in the Ela Mountain area (this study). (b) Plot of the zircon εHf(t) versus ages for the intermediate-acid intrusive rocks in the Ela Mountain area (the sources of the published data are the same as those in Figure 6). 
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Figure 9. (a) (K2O + Na2O) versus 10,000 Ga/Al classification diagram; (b) FeOT/MgO versus (Zr + Nb + Ce + Y) classification diagram; (c) (K2O + Na2O)/CaO versus (Zr + Nb + Ce + Y) classification diagram; (d) Zr versus 10,000 Ga/Al classification diagram; (e) Y versus 10,000 Ga/Al classification diagram (Figure 9a–e is after [34]); (f) Na2O versus K2O diagram (after [31]). A: A-type Granites; I&S: I- and S-type Granites; FG: Fractionated Granites; OGT: Unfractionated I and S-type Granites. 
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Figure 10. (a–g) Harker diagrams for the Triassic igneous rocks in the Ela Mountain area; (h) MgO versus Fe2O3T diagram [45]. The sources of published data are the same as those in Figure 6. 






Figure 10. (a–g) Harker diagrams for the Triassic igneous rocks in the Ela Mountain area; (h) MgO versus Fe2O3T diagram [45]. The sources of published data are the same as those in Figure 6.



[image: Minerals 12 00880 g010]







[image: Minerals 12 00880 g011 550] 





Figure 11. (a) Sr–(Rb/Sr), (b) La–(La/Yb)N, (c) Zr–TiO2, and (d) Er-Dy plots for intermediate-felsic igneous rocks in the Ela Mountain area. Kfs = K-feldspar; Pl = plagioclase; Hb = hornblende; Cpx = clinopyroxene; Bi = biotite; Zr = Zircon; Tit = titanite; Ap = apatite; Mon = monazite; Allan = allanite; Mgt = magnetite. The sources of published data are the same as those in Figure 6. 
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Figure 12. The discrimination diagram of the tectonic environment for early to late Triassic ranitoids in the eastern EKOB. (a) (La/Yb)N versus YbN classification diagram [68]; (b) Sr/Y versus Y classification diagram [65]; (c) Rb versus Yb + Ta diagrams; (d) Ta versus Yb diagrams [32]. Abbreviations: syn-COLG = syn-collision granites; VAG = volcanic arc granites; WPG = within plate granites; ORG = ocean ridge granites. Data sources: The data for Regional igneous rocks (P1: 254–246 Ma) were from [1,4]; the data for Regional igneous rocks (P2: 244–232 Ma) were from [1,2,3,4,5,69]; the data for Regional igneous rocks (P3: 230–218Ma) were from [2,9,70]. 
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Figure 13. The histograms of ages of the Late Permian-Triassic igneous rocks and strata data in the eastern of the East Kunlun Orogenic Belt. The ages data sources are the same as those in Table S4, and the strata data modified after [69,73]. 
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Figure 14. A schematic cartoon illustrating a proposed genetic model for geodynamic evolution in the eastern part of the East Kunlun Orogenic Belt. (a) Low-angle subduction; (b) slab roll-back; (c) slab break-off; (d) delamination. 
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