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Adakites or adakitic rocks usually show special geochemical signatures and are petrological probes to reveal the tectono–magmatic evolutionary history of paleo–orogenic belts. Here, we present a comprehensive study on the zircon U–Pb geochronology, whole-rock geochemistry, and zircon Lu-Hf isotopes of Mogetong adakitic pluton in East Kunlun orogen, Northern Tibetan Plateau, to constrain its petrogenesis and tectonic setting, and thus to reveal its implications for the Paleo–Tethyan orogeny. The studied pluton comprises of quartz monzonite porphyry with zircon U–Pb crystallization age of ca. 215 Ma, which is coeval to their diorite enclaves (ca. 212 Ma). The quartz monzonite porphyries have intermediate SiO2 (63.31–65.74 wt%), relatively high Al2O3 (15.52–16.02 wt%), K2O (2.83–3.34 wt%), and Sr (462–729 ppm), but low Y (9.14–15.7 ppm) and Yb (0.73–1.39 ppm) with high Mg# (47–55), Sr/Y (30–57) and La/Yb ratios resembling typical high–K calc-alkaline and high Mg# adakitic rocks. Zircon Lu–Hf isotopes show that the studied samples have weakly juvenile zircon Lu-Hf isotopes (εHf(t) = 1.80–4.03) with older model age (1.00–1.14 Ga). The relative low content of Cr (14–59 ppm) and Ni (8–30 ppm), as well as the petrological, geochemical, and Lu-Hf isotopic data, indicates that the Mogetong adakitic rocks were generated by partial melting of thickened lower crust with a certain contribution of the underplated mantle-derived magma in slab break-off setting. This study shows that the Late Triassic adakitic magmatism in East Kunlun orogen may be the response of tectonic transition from oceanic subduction to post–subduction extension, and the reworking of ancient continental crust with subsequent variable crust-mantle magma mixing is the major mechanism of continental crust evolution in the Paleo–Tethyan orogenic belt.
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INTRODUCTION
The East Kunlun orogen, one composite Tethyan tectonic belt in the Northern Tibet Plateau, contains large–scale Permian–Triassic granitoid batholiths and coeval volcanic rocks and thus constitutes a giant magmatic arc (Xiong et al., 2014; Zhang et al., 2021; Zhong et al., 2021). The East Kunlun magmatic arc records the subduction of the Paleo–Tethyan oceanic lithosphere and the subsequent syn–collision and post–collisional extension, which is the ideal window to understand the tectonic evolution, magma–related mineralization, and crustal growth of Paleo–Tethyan orogenic belt and to understand the crustal growth mechanism and orogeny of Tibetan Plateau (Xiong et al., 2012, 2014, 2019; Huang et al., 2014; Li et al., 2015, 2018). However, the petrogenesis and tectonic settings of these Paleo–Tethyan orogeny–related granitoids and volcanic equivalents are still hotly debated and several controversial models have been proposed For example, some studies propose that most Permian to Middle Triassic granitoids are formed in a subduction setting and the Kunlun Paleo–Tethyan ocean was finally closed in Late Triassic, while other studies emphasize that the Kunlun Paleo–Tethyan ocean was closed in Late Permian, and the Late Permian–Triassic granitoids all are generated in post–collisional setting, while some scholars even propose that the Paleo–Tethyan oceanic subduction lasted until the Late Triassic or Jurassic (Huang et al., 2014; Xiong et al., 2014; Chen et al., 2015, 2017; Ding et al., 2015; Li et al., 2015, 2018; Liu et al., 2017; Dong et al., 2018; Yu et al., 2020).
Recently, some studies reveal that Triassic adakites or adakitic rocks were developed in East Kunlun orogen (Yuan et al., 2009; Xiong et al., 2014; Chen et al., 2017; Zhang et al., 2017; Liang et al., 2021; Zhong et al., 2021), providing a special probe to unravel the tectonic–magmatic evolution of East Kunlun Paleo–Tethyan orogeny, since the adakites or adakitic rocks are unique with distinct geochemical signatures (e.g., high Sr/Y ratios and low Y and Yb) and can be formed in certain tectonic settings (Defant and Drummond, 1990; Martin et al., 2005; Castillo, 2012). Early studies show that adakites can be formed by partial melting of the subducted oceanic slab (Defant and Drummond, 1990; Castillo, 2012), melting of the thickened lower crust (Petford and Gallagher, 2001; Chung et al., 2003; Hou et al., 2011; Yu et al., 2018, 2019), melting of delaminated lower crust with mixing with mantle material (Xu et al., 2002; Wang et al., 2007a), magma mixing between mafic and felsic magma and differentiation of mantle–derived magma by fractional crystallization of hornblende and/or garnet (Qin et al., 2010; Foley et al., 2013). Thus, identifying the petrogenetic types of adakitic rocks and constraining their magmatic ages and tectonic settings is the key to revealing the tectonic–magmatic evolutionary history and crustal growth mechanism of Paleo–orogenic belt.
In this study, new petrological, geochronological, and geochemical data for a Late Triassic adakitic pluton in East Kunlun orogen are presented. Since previous case studies focus on the Middle Triassic adakitic rocks in East Kunlun orogen, the petrogenesis and tectonic setting of Late Triassic adakitic rocks remain unknown. Thus, the aim of this study is to: 1) comprehensively characterize the geochemical affinities of the Late Triassic adakitic rocks in East Kunlun orogen, and 2) reveal their petrogenesis and geodynamic implications for the Triassic tectonic–magmatic evolution of East Kunlun orogen. Collectively, this dataset aims to advance the understanding of the Paleo–Tethyan orogeny, magmatism–related metallization and crustal growth in Northern Tibet Plateau.
GEOLOGICAL SETTING
The East Kunlun Orogenic Belt (EKOB), located in northwestern China, extends east–west for up to 1,500 km, is bounded by the Qaidam Basin to the north, the Bayan Har–Songpan–Ganzi block to the south, the Qinling–Dabie orogenic belt to the east and the NE–trending Altyn Tagh fault to the west (Figure 1A; Xiong et al., 2015; Yu et al., 2018; Liu et al., 2021; Peng et al., 2021). Based on the central and south Kunlun faults, the EKOB can be divided into the North East Kunlun terrane and the South East Kunlun terrane (Figure 1B). The EKOB is part of the Paleo–Tethyan tectonic domain, and the Kunlun A’nyemaqen ophiolite belt represents the missing Paleo–Tethys ocean (Yang et al., 1996; Bian et al., 2004). Previous studies indicate that the Kunlun A’nyemaqen Paleo–Tethys oceanic slab began to subduct beneath the Kunlun terrane in the late Permian, but when and how did the ocean close remains a great debate. Due to the Paleo–Tethys oceanic subduction and subsequent collision, large–scale late Permian to Triassic magmatism occurred in the EKOB (Figure 1B; Xiong et al., 2014; Yu et al., 2017; Dong et al., 2018). Furthermore, numerous late Triassic porphyry and skarn–type mineral deposits occurred during the Paleo–Tethys orogeny (Table 1; Xia et al., 2017; Zhang et al., 2017; Qu et al., 2019; Zhong et al., 2021), making the EKOB one of the most important polymetallic belts in China. Thus, studying the petrogenesis of late Triassic igneous rocks is not only conducive to revealing the magmatic–tectonic evolution of EKOB, but also conducive to understanding the metallogeny background of late Triassic porphyry or skarn–type deposits.
[image: Figure 1]FIGURE 1 | (A) Tectonic outline of the Tibetan Plateau showing the location of East Kunlun orogen (after Roger et al., 2004); (B) Simplified geological map of the eastern section of East Kunlun showing the distribution of Permian-Triassic granites (after Xiong et al., 2014); (C) Simplified geological map of the studied Mogetong pluton.
TABLE 1 | Compilation of geochronological age data for Triassic magmatic rocks associated mineralization in East Kunlun.
[image: Table 1]SAMPLING AND PETROGRAPHY
The studied Mogetong pluton is located in the south Kunlun terrane and exposes it as a small stock of about 8 km southwest to the Tuosuo Lake (Figures 1B,C). The studied pluton consists of quartz monzonite porphyry and it intrudes into the early Triassic sandstone (Figures 2A,B). Mafic microgranular enclaves (MMEs) occur sporadically in the Mogetong pluton, and the MMEs are mainly composed of diorite and usually show sharp contact with the host quartz monzonite or quartz monzonite porphyry (Figures 2C,D).
[image: Figure 2]FIGURE 2 | Field and microscope graphics of the Mogetong pluton in the East Kunlun. (A–B) Host quartz monzonite porphyry; (C–D) Mafic enclave hosted in quartz monzonite porphyry; (E–F) Microphotographs of the quartz monzonite porphyry and enclave, respectively. Abbreviations: Amp, amphibole; Bi, biotite; Kfs, K-feldspar; Pl, plagioclase; Q, quartz.
The host quartz monzonite porphyry shows porphyritic texture with phenocryst minerals of plagioclase (5–7 vol%), K-feldspar (3–5 vol%), quartz (5–8 vol%), and biotite (2–3 vol. %). The matrix of the quartz monzonite porphyry comprises fine-grained plagioclase (40–45 vol. %), K-feldspar (25–30 vol%), quartz (8–10 vol%) and biotite (2 vol%) as well as minor accessory minerals of zircon, titanite, apatite, and opaque minerals (Figure 2E). While the MMEs are texturally and mineralogically different to their host rocks, showing fine-grained granitic texture with major minerals of euhedral plagioclase (45–50 vol%), hornblende (20–25 vol%), biotite (5 vol%) as well as subhedral K-feldspar (10–15 vol%) and anhedral quartz (5 vol%) (Figure 2F). Nine representative samples were sampled for the geochemical study, and two samples, i.e., the quartz monzonite porphyry (sample 17MD22–1) and the MMEs (sample 18NM42–4) were collected for zircon U–Pb dating at N35°18.8′, E98°18.9'.
ANALYTICAL METHODS
The studied samples were collected from fresh outcrops and zircons were separated by heavy liquid and magnetic methods. Zircon grains were photographed with an optical microscope and the internal structures were analyzed by cathodoluminescence (CL). Zircon U–Pb dating was finished by laser ablation–inductively coupled plasma–mass spectrometry (LA–ICP–MS) at the Stake Key Laboratory of Geological Processes and Mineral Resources (GPMR), China University of Geosciences, Wuhan. Laser sampling was performed using a GeoLas 2005 system with a spot size of 32 μm. An Agilent 7500a ICP–MS instrument was used to acquire ion signal intensities. Helium was applied as a carrier gas, and Ar was used as the make–up gas and mixed with the carrier gas via a T–connector before entering the ICP source. Nitrogen was added to the central gas flow (Ar + He) of the Ar plasma to lower the detection limits and improve precision. Concordia diagrams and weighted–mean ages were made by Isoplot/Ex_ver3 (Ludwig, 2003). Data were processed using ICPMSDataCal (Liu et al., 2010). The detailed operating conditions for the laser system and ICP–MS instrument are as described by Liu et al. (2013).
Whole–rock samples were crushed in a corundum jaw crusher (to 60 mesh). About 60 g of this material was powdered in an agate ring mill to<200 mesh for whole–rock geochemical analysis. The major element analysis was conducted by standard X–ray fluorescence (XRF) methods, using a Shimadzu Sequential 1800 spectrometer at the GPMR. Precision is <4% and accuracy is <3% for the major element. The detailed techniques for the major element analysis were described by Ma et al. (2012). Trace elements were analyzed using an Agilent 7500a ICP–MS at GPMR. The samples were digested by HF + HNO3 acid in Teflon bombs. Analyses of USGS standards (AGV–2, BHVO–2, BCR–2, and RGM2) indicate an accuracy of <5–10% for most trace elements. The sample digestion procedures and ICP–MS methods are as described by Liu et al. (2008).
In situ zircon Hf isotopic analysis was performed on the dated zircon domains using an excimer (193 nm wavelength) laser ablation inductively coupled plasma mass spectrometer (LA–MC–ICP–MS) at the State Key Laboratory of Continental Dynamics, Northwest University, Xi’an, China. The GeoLas 200 M laser–ablation system (MicroLas, Göttingen, Germany) was used for the laser ablation experiments. Helium was used as carrier gas transporting the ablated sample from the ablation cell to the ICP–MS torch. A 44 μm beam size was adopted in this study with a laser pulse frequency of 10 Hz. Zircon standards 91,500, GJ–1 and Monastery were used as references. The detailed analytical technique for this method was described by Yuan et al. (2008).
RESULTS
Zircon U–Pb Geochronology
All the studied zircons are euhedral, elongate, inclusion–free, and transparent. LA–ICP–MS zircon U–Pb data are given in Table 2, and representative zircon CL images and analyzed spots are shown in Figure 3. The zircons have euhedral crystal shapes and exhibit oscillatory or broad zoning. The zircons from the quartz monzonite porphyry (sample 17MD22–1) and MMEs (18NM42–4) all have high concentrations of Th and U and high Th/U ratios (0.38–0.80 and 0.49–0.85, respectively; Table 2), indicating their magmatic origin (Corfu et al., 2003).
TABLE 2 | LA-ICP-MS zircon U-Pb data for the Mogetong quartz monzonite porphyry and enclave in the East Kunlun orogen, northern Tibetan Plateau.
[image: Table 2][image: Figure 3]FIGURE 3 | Zircon U-Pb concordia diagrams and reprehensive zircon CL images for the Mogetong quartz monzonite porphyry and MMEs.
Twenty-three analyses from sample 17MD22–1 yield concordant 206Pb/238U ages of 211–219 Ma (Table 2) and a weighted mean age of 215 ± 1 Ma (MSWD = 0.34; Figure 3A), which is identical to their Tera-Wasserburg U–Pb lower intercept age of 215 ± 1 Ma (MSWD = 0.85), were within the acceptable error. Thus, the 215 ± 1 Ma is interpreted as the crystallization age of the Mogetong quartz monzonite porphyry. Fifteen analyses from sample 18NM42–4 exhibit 206Pb/238U show ages ranging from 208 Ma to 223 Ma and yield a concordant age of 212 ± 2 Ma with a weighted mean age of 209 ± 2 Ma (MSWD = 0.67; Figure 3B and Table 2). These two ages were consistent with the acceptable error, so the concordant age of 212 ± 2 Ma represented the crystallization age of MMEs. Thus, the above results indicate the zircons of MMEs have nearly identical crystallization age to that of the zircons in host rocks.
Whole–Rock Geochemistry
Geochemical analyses of representative samples are listed in Table 3. The Mongetong quartz monzonite porphyries have a narrow range of SiO2 contents (63.31–65.74 wt%), moderate contents of TiO2 (0.47–0.68 wt%), Al2O3 (15.19–16.02 wt%), FeOT (2.54–3.83 wt%), MgO (1.33–2.67 wt%), and high contents of total alkaline (Na2O + K2O = 7.03–8.19 wt%). The quartz monzonite porphyries define a sub–alkaline trend in the total alkalis–silica (TAS) diagram (Figure 4A) and a high-K calc–alkaline trend with high K2O contents (2.83–3.34 wt%; Table 3 and Figure 4B). These samples are metaluminous with A/CNK values of 0.94–1.02 (Table 3), and it is worth noting that the Mongetong quartz monzonite porphyries exhibit high Mg# values (47–55). The MMEs show mafic-intermediate composition with SiO2 of 49.73–56.94 wt%, TiO2 of 1.14–1.20 wt%, FeOT of 6.00–7.93 wt%, MgO of 3.88–3.91 wt%, and exhibit much higher Na2O/K2O values (2.18–3.23) and similar Mg# (47–54).
TABLE 3 | Whole-rock major and trace element compositions of the studied pluton in the EKOB, northern Tibetan Plateau.
[image: Table 3][image: Figure 4]FIGURE 4 | (A) TAS classification and nomenclature diagram (Middlemost, 1994); (B) SiO2 versus K2O diagram for the studied rocks (Peccerillo and Taylor, 1976).
The Mongetong quartz monzonite porphyries are characterized by enrichment in light rare earth elements (LREEs) and depletion in heavy rare earth elements (HREEs) [(La/Yb)N = 14.73–32.87; Figure 5A]. The host rocks and MMEs all display high total REEs (RREE = 148–222 ppm) and slightly negative Eu anomalies (Eu/Eu* = 0.8–0.9). To sum up, the host rocks and MMEs exhibit similar trace elements patterns, exhibiting overall enrichment in large ion lithophile elements (LILE; e.g., Th, U, K) and LREE, and depleted in high field strength elements (HFSE; e.g., Nb, Ta, Ti and p; Figure 5B). Importantly, the quartz monzonite porphyries have high contents of Sr (462–729 ppm) and Ba (752–1,019 ppm), but low contents of Y (9.14–15.7 ppm) and Yb (0.73–1.39 ppm) and low values of Sr/Y (30–57) and La/Yb (27–49), resembling typical adakites or adakitic rocks.
[image: Figure 5]FIGURE 5 | (A) Chondrite-normalized REE patterns [normalization values after Taylor and Mclennan (1985)] and (B) Primitive mantle-normalized trace element spider diagrams [normalization values after Sun and McDonough (1989)] for the studied Mogetong pluton.
Zircon Lu–Hf Isotope
Zircon Lu–Hf isotopic data are shown in Table 4. Fifteen spots were analyzed for the sample 17MD22–1 and all the analyses have similar initial 176Hf/177Hf values of between 0.282690 and 0.282753. The zircons exhibit weakly juvenile Hf isotopes (εHf(t) = 1.80–4.03), with Hf isotopic model ages ranging from 1.00 Ga to 1.14 Ga (Table 4; Figure 6).
TABLE 4 | Zircon Lu-Hf isotopic compositions for the Mogetong quartz monzonite porphyry in EKOB, northern Tibetan Plateau.
[image: Table 4][image: Figure 6]FIGURE 6 | Zircon εHf(t) versus age diagram. Data sources for the Triassic felsic igneous rocks in East Kunlun are as follows: Xiong et al. (2012, 2014, 2019), Huang et al. (2014), Li et al. (2015, 2018).
DISCUSSION
Magma Source and Petrogenesis
Several Triassic adakitic rocks have been reported in the East Kunlun orogenic belt, and most of them exhibit crystallization age of Middle–Late Triassic (Yuan et al., 2009; Xiong et al., 2014; Chen et al., 2017; Zhang et al., 2017; Liang et al., 2021; Zhong et al., 2021), thus providing a window to constrain the magma-tectonic evolution of East Kunlun Paleo-Tethyan orogen. The studied Mongetong quartz monzonite porphyries have adakitic affinities, e.g., intermediate SiO2, high Sr, low Y and Yb contents, and high Sr/Y and La/Yb ratios (Table 3; Figure 7). Their high SiO2 contents and moderate (CaO + Na2O) values show that the studied pluton is a high–silicon adakite like the other Triassic adakitic rocks in East Kunlun (Table 3; Martin et al., 2005; Castillo, 2012).
[image: Figure 7]FIGURE 7 | (A) Sr/Y versus Y and (B) (La/Yb)N versus (Yb)N diagrams for the studied adakitic rocks (Defant and Drummond, 1990; Martin et al., 2005). Data sources for the adakites are from Yuan et al. (2009), Ding et al. (2014), Xia et al. (2014), Xiong et al. (2014), Chen et al. (2017), Shao et al. (2017), Zhang et al. (2017), Yin et al. (2020), Li et al. (2021), Liang et al. (2021), Zhong et al. (2021) and this study.
Adakites or adakitic rocks were originally recognized in Cenozoic Aleutian island arcs where their generation is associated with the subduction of relatively young (≤25 Ma) oceanic slabs (Defant and Drummond, 1990). Slab melting of subducted oceanic slabs has been proposed to account for the genesis of adakitic rocks (Defant and Drummond, 1990; Drummond et al., 1996; Ma et al., 2014; Zheng et al., 2021). However, several other mechanisms have also been proposed to account for the origin of adakitic rocks, such as partial melting of the thickened basaltic lower crust (Atherton and Petford, 1993; Chung et al., 2003; Wang et al., 2007a; Yu et al., 2018, Yu et al., 2019), partial melting of mantle peridotite metasomatized by slab melt under water–bearing condition (Martin et al., 2005; Castillo, 2008), magma mixing between felsic and basaltic magmas (Qin et al., 2010; Foley et al., 2013), low–pressure fractional crystallization of parental basaltic magmas (Castillo, 2012; Chen et al., 2016), and high–pressure fractional crystallization (involving garnet) of mafic magmas (Martin et al., 2005; Macpherson et al., 2006; Chiaradia, 2009). Adakitic magmas derived from melting of subducted oceanic slabs usually have the following geochemical characteristics: depleted or relative juvenile radiogenic isotopes with young model ages, and sodic series with relatively low K2O content and K2O/Na2O values (Defant and Drummond, 1990; Martin et al., 2005; Wang et al., 2007b). The Mogetong adakitic quartz monzonite porphyries have old zircon Hf isotopic model ages (1.00–1.14 Ga; Figure 6) and they exhibit high K2O/Na2O values (0.57–0.81) with high-K calc-alkaline affinities (Figure 4, 8A), which is identical to the felsic rocks derived from partial melting of the ancient lower continental crust in East Kunlun (Xiong et al., 2014; Ding et al., 2015; Li et al., 2021). Moreover, the studied adakitic rocks have weak juvenile zircon Hf isotopes (εHf(t) = 1.80–4.03), which is much lower than the East Kunlun Paleo-Tethyan MORB (εHf(t) = 15–20; Huang et al., 2014; Hu et al., 2016), and it is unlikely that the Mogetong adakitic quartz monzonite porphyries were derived from basaltic slab melting. Besides, phase equilibrium modeling and experimental studies reveal that melting of either pristine or altered oceanic basaltic slab usually leads to the generation of high-SiO2 and strongly sodic adakitic melts (Hernández-Uribe et al., 2019; Li et al., 2022), and the melts are usually rich in SiO2 (>68 wt%) and Al2O3 (>18 wt%), but poor in FeO and MgO (<0.2 wt%), which is not the case of the studied Mogetong adakitic rocks (e.g., potassium, low contents of Al2O3 (15.19–16.02 wt%) and moderate contents of SiO2 (63.31–65.74 wt%) and MgO (1.33–2.67 wt%); Figures 4, 8 and Table 3). Besides, the partial melts from fresh or hydrothermally altered MORB usually have (La/Yb)N >194 and (La/Yb)N >15, respectively, and those from altered MORB are characterized by strong negative Th anomalies (Hernández-Uribe et al., 2019), which are not the case of the studied Mogetong adakitic rocks (e.g., (La/Yb)N = 18–33; enrichment in Th; Figure 5B and Table 3).
[image: Figure 8]FIGURE 8 | Geochemical characteristics of major elements for the studied adakitic rocks and published data for other Triassic adakites in EKOB. Mantle melts, mantle AFC curves, and crust AFC curves are from Stern and Kilian (1996). Data for metabasaltic and eclogite experimental melts (1–4.0 GPa) are from Rapp et al. (1999) and references therein. K2O/Na2O versus CaO/Al2O3 and MgO versus SiO2 diagrams are from Wang et al. (2006), Chen et al. (2018) and references therein. Data sources are same to Figure 7.
Besides, adakitic magmas derived from partial melting of thickened basaltic lower crust without crust-mantle interaction would have relatively low MgO contents and Mg# values, and these melts are usually characterized by low Mg# values (<40) regardless of the melting degree (Atherton and Petford, 1993; Castillo, 2012). The Mogetong adakitic quartz monzonite porphyries have high Mg# values (Mg# = 47–55; Figures 8B–D), which is distinct from the thickened basaltic lower crust–derived adakitic rocks. Conversely, adakitic rocks formed by high-pressure partial melting of continental crust would have relatively high (Gd/Yb)N ratios (>5.8) (Huang and He, 2010), however, this is not the case of the Mogetong adakitic rocks ((Gd/Yb)N = 2.14–3.09). The Mogetong adakitic quartz monzonite porphyries show partial melting trends rather than fractional crystallization trends (Figure 9A), indicating fractional crystallization of parental basaltic magmas may not be the most critical factor accounting for the genesis of the studied rocks. Typical adakitic rocks derived by fractional crystallization of basaltic magmas usually have low SiO2 content (Martin et al., 2005; Chiaradia, 2009; Castillo, 2012), which is different from the Mogetong adakitic rocks as well as other Triassic adakitic rocks in East Kunlun (Figures 8B,D). In addition, given that high–pressure fractional crystallization involving garnet usually causes a decrease in HREEs and Y contents, the Sr/Y and Dy/Yb ratios in the residual magmas should increase with increasing SiO2 and MgO content (Macpherson et al., 2006; Laurent et al., 2013). However, the Mogetong adakitic quartz monzonite porphyries do not show such a trend in the Sr/Y versus MgO and Dy/Yb versus SiO2 diagrams (Figures 9B,C). During low–pressure fractional crystallization involving hornblende and plagioclase, the net effect of hornblende and plagioclase fractionation is a decrease in δEu with increasing SiO2 content, which is observed in most typical arc adakites (Martin et al., 2005; Moyen, 2009), but is not present in the Mogetong adakitic rocks (Figure 9D).
[image: Figure 9]FIGURE 9 | (A) La versus La/Yb, (B) Sr/Y versus MgO, (C) Dy/Yb versus SiO2, and (D) δEu versus SiO2 (Drummond et al., 1996) diagrams showing the compositional evolution of the studied Mogetong adakitic quartz monzonite porphyries and enclaves. Abbreviations: HPFC = high-pressure fractional crystallization; LPFC = low-pressure fractional crystallization. Data sources are same to Figure 7.
Here, we propose that magma mixing between felsic and basaltic magmas is the most possible mechanism accounting for the generation of the studied Mogetong quartz monzonite porphyries. Their moderate SiO2 contents (63.31–65.74 wt%) but high Mg# values (47–55), as well as weak juvenile Hf isotopes, support the model of crust-mantle interaction (Figures 6, 8D). The studied rocks exhibit much more depleted zircon Hf isotope than those derived from the ancient continent crust (Figure 6), indicating the significant contribution of mantle-derived magma. Furthermore, the high field strength element ratios of these samples also support the crust–mantle mixing model, such as their Nb/Ta values (average 14.87) ranging between the average continental crust (Nb/Ta = 11; Sun and McDonough, 1989) and the average primary mantle (Nb/Ta = 17.7; Taylor and McLennan, 1985). The correlation trend between La and La/Yb also confirms the major role of magma mixing (Figure 9A). Besides, the presence of the MMEs further indicate the occurring of magma mixing, although several petrogenetic models have been proposed for the origin of MMEs (Qin et al., 2010; Xiong et al., 2012, 2014), including 1) restites, 2) cognate fragments of cumulates, 3) quenched mafic melts derived from the mantle, and 4) mixing of mafic and felsic magmas. The MMEs in the Late Triassic Mogetong pluton have granitic textures with euhedral plagioclase, biotite and amphibole, subhedral K-feldspar, and anhedral quartz (Figure 2F), which does not support the cumulates and quenched mafic melts model but indicates that the MMEs crystallized from a melt. The MMEs have mafic-intermediate compositions with slightly silica contents of 49.73–56.94 wt%, which also contradicts the idea of the MMEs being cognate fragments of mafic cumulates and quenched mafic melts. Moreover, the euhedral magmatic zircons with clear igneous oscillatory and identical U-Pb ages to their host rocks also preclude the restite model, but support the magma mixing model (Figure 3). These features, as well as the fact of different trace elemental patterns between the MMEs and their host rocks, support the magma mixing model for the origin of the studied Mogetong pluton and MMEs, and the contemporary most mafic enclave (sample 18NM42–9) could represent the basaltic end-member. The Mogetong adakitic rocks have variable and positive values of εHf(t) (1.80–4.03) with moderate Mg# (47–54), which also indicate a mantle component in their source. However, petrological and geochemical evidence indicates that the contribution of mantle material is not significant. For example, the MMEs are sporadically developed in the Mogetong adakitic pluton and the host rocks have low contents of Cr (14–59 ppm) and Ni (8–30 ppm). More importantly, the Hf isotopes of the studied rocks are much lower than those of the underplating primitive basaltic magma (εHf(t) = 8–15; Hu et al., 2018) or the Paleo-Tethyan MORB in the East Kunlun (εHf(t) = 15–20; Huang et al., 2014; Hu et al., 2016). The continental crust-like Nb/Ta values of the Mogetong adakitic rocks (14–16) are much lower than the MORB-like Nb/Ta values of the MMEs (17–20), which also support this suggestion (Taylor and McLennan, 1985; Sun and McDonough, 1989).
Implications for Tectonic Setting and Continent Crustal Evolution
The tectonic evolution of East Kunlun Paleo-Tethyan orogen during the late Paleozoic to early Mesozoic is still controversial and the key problem is the timing of the tectonic transition from oceanic slab subduction to continental collision (Li et al., 2013a, Li et al., 2018; Liu et al., 2017; Dong et al., 2018; Xiong et al., 2019; Yu et al., 2020; Zhang et al., 2021). Since there is an obvious genetic link between the magma source and tectonic setting of adakitic rocks, the detailed petrogenesis study could contribute to our understanding of the evolution of Triassic East Kunlun Paleo–Tethyan orogen. The above discussion on the petrogenesis shows that the Mogetong adakitic magma was originated from crust-mantle mixing, indicating that there was a significant contribution of mantle material in the Late Triassic. This is further supported by the zircon Hf isotopes of Triassic adakites (Figure 10). A comprehensive comparison of the Hf isotopic composition of Triassic adakites in East Kunlun orogen shows that there is a significant juvenile trend in the Late Triassic (Figure 10). Besides, the published data shows that there were two episodic adakitic magmatisms in the East Kunlun orogen, i.e. the Middle Triassic and Late Triassic, however, the latter is the main metallogeny stage for the porphyry–and/or skarn–type deposits (Yuan et al., 2009; Xiong et al., 2014; Chen et al., 2017; Zhang et al., 2017; Liang et al., 2021; Zhong et al., 2021). The above characteristics all indicate that the East Kunlun was in a special tectonic setting during the Late Triassic.
[image: Figure 10]FIGURE 10 | Temporal evolution of zircon εHf(t) and Hf isotope model age for the Triassic adakites in East Kunlun orogenic belt. Data sources are same to Figure 7.
Through an integrated geochemical comparison among the Triassic adakites in East Kunlun orogen, we propose a revised tectonic evolution model for the East Kunlun Paleo-Tethyan orogen. As mentioned above, the crust-mantle magma mixing is the main genetic mechanism for the Late Triassic adakites in the East Kunlun, thus, revealing the properties of the late Triassic mantle-derived magma is the key to understanding the tectonic setting of Late Triassic adakitic magmatism. Previous studies have shown that mid-ocean ridge subduction, slab break–off, and slab roll–back and lithospheric delamination could trigger the underplating of mantle-derived magma and subsequent crustal melting and magma mixing (Martin et al., 2005; Wang et al., 2007b; Tang et al., 2010; Keller and Schoene, 2018). At present, however, Triassic mafic magmatic rocks with N–MORB affinities, back-arc basalts, back-arc basin, and the temporal–spatial migration trend of Triassic magmatism have not been found or reported in the East Kunlun orogen, precluding the model of mid-ocean ridge subduction and slab rollback (Hu et al., 2016; Xiong et al., 2019). Besides, lithospheric delamination-related magma will interact with mantle peridotite, forming adakitic magmas with high contents of Ni and Cr (Huang et al., 2008; Qin et al., 2010), but the Mogetong adakitic quartz monzonite porphyries do not exhibit high Cr and Ni contents.
Meanwhile, recent studies have shown that whole-rock Sr/Y and La/Yb ratios of felsic rocks can effectively reveal continent crustal thickness (Chapman et al., 2015). To eliminate mafic rocks generated in the mantle and to avoid the influence of magma mixing and/or highly fractional crystallization on the calculation results, the data set was filtered to include rocks with moderate SiO2 content (55–68 wt%) and MgO content (one to four wt%). Data with Rb/Sr > 0.2 or Rb/Sr < 0.05 were further discarded, providing a trace elemental filter for mantle-derived rocks or rocks formed by melting of pre-existing metasedimentary framework rocks (Chapman et al., 2015). Using these empirical correlations, we investigate temporal variations of crustal thickness in the East Kunlun orogen, and our results suggest that crustal thickness increased during the Early-Middle Triassic and remained constant during the Late Triassic (Figure 11). The calculated results also indicate that the continent crustal thinning of East Kunlun did not occur during the Late Triassic, precluding the model of lithospheric delamination in the Late Triassic. Here, we propose that slab break-off may occur in the Late Triassic, which induced the underplating of mantle-derive mafic magma and promoted the melting of thickened crust and subsequent magma mixing (Figure 12). The Late Triassic OIB-like mafic igneous rocks and mafic dyke swarms in East Kunlun may be the response of slab break-off (Hu et al., 2016; Xiong et al., 2019). The slab break–off model also matches the linear distribution of Late Triassic adakites along the Eastern Kunlun Paleo-Tethyan suture zone (Dong et al., 2018). Besides, mantle-derived mafic magma underplating in the break–off model not only provides heat, but also provides ore-forming metals, which may be the key to the Late Triassic mineralization flare-up in the Eastern Kunlun orogen (Zhang et al., 2017; Zhong et al., 2021). Several pieces of evidence support the idea that late Triassic Mogetong adakites were formed in a post–subduction extensional setting, such as mantle–derived high Nb–Ta rhyolite (213 Ma; Ding et al., 2011), crustal–derived shoshonitic volcanic rocks (228–215 Ma; Hu et al., 2016), and coeval mafic dyke (226–210 Ma; Xiong et al., 2011, 2019; Hu et al., 2016; Liu et al., 2017). The angular unconformity between Late Triassic land facies volcanic-sedimentary rocks, e.g., Babaoshan Formation red clastic sedimentary rocks and E’lashan Formation volcanic rocks, and underlying sea-land facies strata is the records of tectonic transition from oceanic subduction to post-subduction collision or extension (Li et al., 2013a).
[image: Figure 11]FIGURE 11 | Temporal changes of calculated crustal thickness from (La/Yb)N (A) and Sr/Y (B) for the East Kunlun during the Triassic. Crustal thickness with uncertainty is calculated by using the correlation equations in Chapman et al. (2015). Data sources are from Xiong et al. (2012), Huang et al. (2014), Xiong et al. (2014), Chen et al. (2015), Ding et al. (2015), Li et al. (2015), Xiong et al. (2016), Chen et al. (2017), Liu et al. (2017), Dong et al. (2018), Li et al. (2018), Xiong et al. (2019), Yu et al. (2020).
[image: Figure 12]FIGURE 12 | Schematic cartoon showing the possible Paleo-Tethyan tectono-magma dynamic model for the generation of the studied Late Triassic adakitic pluton in the East Kunlun.
This study also suggests that the reworking of the ancient lithosphere and subsequent magma mixing are the important mechanisms for the generation of granitoids and continental crust growth. It is previously well accepted that the growth and evolution of the continental crust in orogen is mostly dominated by felsic magmatism, such as the Central Asian Orogenic Belt (Li et al., 2013b; Kröner et al., 2014), and the late Paleozoic to early Mesozoic felsic igneous rocks in the Central Asian Orogenic Belt are characterized by much depleted Sr–Nd–Hf isotopic compositions, indicating juvenile materials played a key role in crustal growth in Central Asia (Jahn et al., 2000; Li et al., 2013b; Xiao and Santosh, 2014). However, our study shows that the isotopic compositions of the Triassic adakites in East Kunlun are different from those of the Central Asian Orogenic Belt but identical to those derived from the melting of Precambrian continental crust with a contribution of mantle-derived magma, implying a different crustal evolution mechanism in East Kunlun (Xiong et al., 2012, 2014; Yu et al., 2017; Li et al., 2018). We propose that the reworking of a dominantly ancient continental crust with certain addition of lithospheric mantle materials is another major mechanism for the generation of felsic igneous rocks and the evolution of the continental crust.
CONCLUSION

(1) LA–ICP–MS zircon U–Pb geochronology studies show that the Mogetong quartz monzonite porphyries and enclaves in East Kunlun have identical crystallization ages of ca. 215–212 Ma. The Mogetong quartz monzonite porphyries are characterized by high SiO2, K2O and Sr, but low Y and Yb with high Mg# values, Sr/Y and La/Yb ratios, resembling typical high–K calc–alkaline and high Mg# adakitic rocks.
(2) Petrology, geochemistry and zircon Lu–Hf isotope reveals that the Mogetong adakitic quartz monzonite porphyries were generated by partial melting of thickened lower crust with a certain contribution of magma mixing in slab break-off setting.
(3) This study shows that the Late Triassic adakitic magmatism in East Kunlun orogen may be the response of tectonic transition from oceanic subduction to post–subduction extension and the reworking of ancient continental crust with subsequent crust-mantle magma mixing is the major mechanism of continental crust evolution in Paleo–Tethyan orogenic belt.
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Samples 17MD18-4 17MD19-1 17MD20-1 18NM42-5 18NM42-6 18NM42-7 18NM42-8 18NM42-4 18NM42-9

Rock quartz monzonite porphyry enclave

types

Major element (wt%)
S0, 6432 65.74 6355 6335 6343 63.69 6331 56.94 4973
TO, 053 047 064 067 068 065 064 1.20 1.14
ALO5 15.19 15.74 15.40 15.88 16.02 15.66 15.62 16.17 19.59
FeO" 302 254 383 354 363 331 332 6.00 7.93
MO 005 004 007 005 005 006 005 012 016
MgO 1.98 133 267 178 179 215 225 388 391
CaO 245 257 226 252 260 341 3.19 367 10.29
Na,0 511 500 452 448 451 389 412 4.66 223
K0 3.08 283 330 328 334 314 3.19 2.4 069
P05 021 020 025 030 031 025 024 0.46 025
Lol 365 3.10 284 297 295 286 3.43 307 227
Total 98.85 98.83 98.85 98.68 9878 98.96 98.76 98.98 99.05
K,O/Na;0 060 057 073 073 074 081 077 0.46 031
Mg" 54 48 55 47 47 54 55 54 47

Trace element (ppm)
U 369 26.1 60.8 424 436 646 720 555 340
Be 235 208 206 251 270 238 219 225 1.10
sc 6.92 422 8.48 6.03 617 7.75 7.67 146 208
v 46.1 273 606 329 340 522 49.9 116 200
cr a7 136 50.1 14.1 17.0 379 37 60 145
Co 100 6.42 12.7 9.38 964 13 11.0 221 19.7
Ni 25.4 822 30.1 103 106 225 219 380 8.06
cu 694 574 10.73 5.00 483 107 9.4 9.5 83
zn 444 56.3 51.1 635 62.4 522 509 776 97.0
Ga 17.8 184 18.2 18.8 184 187 18.0 196 19.4
Rb 104 924 118 135 131 100 113 89.7 201
st 557 524 599 515 462 729 660 770 668
Y 12.9 9.14 15.2 15.4 157 14.1 138 24.1 217
zr 166 174 173 196 193 172 163 194 105
No 19.7 17.9 256 26.1 264 188 185 29.7 547
Mo 033 022 092 0.18 018 038 025 042 0.13
Sn 1.82 1.50 249 1.94 227 1.65 1.80 248 0.92
Cs 4.45 7.07 5.59 5.66 521 5.46 712 5.46 1na
Ba 811 881 1,019 800 812 877 752 582 213
La 30.1 356 470 49.0 392 340 332 446 13.4
Ce 704 624 863 910 733 629 615 845 31.0
Pr 7.64 666 896 935 784 6.71 6.46 925 420
Nd 26.0 227 30.9 325 28.7 245 243 35.0 19.0
sm 433 363 519 5.10 494 4.41 436 636 438
Eu 1.06 1.02 1.32 1.29 132 1.17 1.14 1.7 1.40
Gd 334 279 399 377 362 387 326 533 434
™ 046 035 054 051 050 046 045 077 065
Dy 237 1.74 2.90 278 286 2.60 2.58 4.54 3.92
Ho 042 031 056 051 053 050 048 082 076
Er 1.19 0.80 1.52 1.40 1.40 1.36 131 235 217
™ 0.18 0.12 021 021 020 0.19 0.18 032 031
Yb 1.13 073 1.39 1.24 1.37 1.25 1.18 2.04 1.99
L 017 0.12 022 020 019 0.18 0.18 032 031
Hf 4.05 4.06 4.30 4.58 449 412 3.93 451 267
Ta 1.43 123 171 180 177 1.28 1.16 1.79 027
m 048 047 066 066 053 048 048 038 047
) 215 206 201 228 19.4 185 167 17.0 17.2
Th 125 9.82 146 14.0 124 9.23 8.99 9.76 1.50
SREE 171 148 206 214 182 158 154 222 100
(LaYO)N 233 329 229 26.7 193 184 19.0 14.7 45
U 085 098 089 090 095 093 093 090 098

Note: Total Fe as FeO": Mg"

00'molar MgO/(MgO + FeO); 8Eu = Eun/(Smn'Gdn)'"2.
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Analysis  Contents  Ratios Isotopic ratios Isotopic ages (Ma)
Th U ThU  207Pb/ 10 207Pb/ 10 206Pb/ 10 207Pb/ 1o 207Pb/ 1o 206Pb/ 1o
20pp 2%y 238U 20%pp 235U 28y

17MD11-2 (quartz monzonite porphyry)
1 537 1430 038 00503 00022 02404 00107 003448 000049 209 102 219 9 219 3
2 436 852 051 00507 00029 02382 00132 003440  0.00056 228 133 217 1 218 3
3 738 1213 061 00507 00034 02391 00155 003375  0.00049 228 156 218 13 214 3
4 298 576 052 00549 00056 02497 00235 003406  0.00097 409 236 226 19 216 6
5 552 1,133 049 00528 00065 02442 00279 003374 000077 320 288 222 23 214 5
6 317 609 052 00482 00056 02242 00256 00335  0.0008 109 252 205 21 212 5
7 395 746 053 00497 00031 02835 00147 00337 00005 189 144 213 12 213 3
8 354 709 050 00609 00044 02848 00195 00345 00009 639 157 254 15 219 5
9 463 992 047 00504 00035 02404 00163 00342  0.0007 217 156 219 13 217 4
10 403 837 048 00512 00042 02382 00181 00344 00007 250 189 217 15 218 4
1 464 896 052 00517 00067 02435 00283 00341 00010 272 274 221 23 216 6
12 558 1057 053 00499 00032 02800 00146 00334 00005 187 150 210 12 212 3
13 332 639 052 00517 00056 02433 00275 00342 00010 272 51 221 2 217 6
14 423 763 055 00517 00049 02387 00210 00342 00007 272 218 217 17 217 4
15 547 733 075 00505 00044 02853 00206 00336  0.0006 217 5 215 17 213 4
16 626 784 080 00512 00030 02336 00133 00338 00005 256 140 213 1 214 3
17 444 900 049 00531 00044 02404 00205 00332 00010 345 195 219 17 2n 6
18 652 1610 040 00527 00044 02509 00198 00345  0.0006 322 186 227 16 218 4
19 480 1077 045 00519 00034 02402 00147 00339  0.0006 280 155 219 12 215 4
20 321 710 045 00534 00057 02439 00206 00345 00011 346 241 222 17 219 7
21 250 493 051 00535 00095 02445 00407 00337 00012 354 357 222 33 214 8
22 648 1,151 056 00498 00026 02807 00117 00336 00004 187 120 211 10 213 3
23 314 658 048 00520 00068 02404 00291 00336 00012 328 o7 219 24 213 8

18NM42-4 (enclave)
1 510 791 102 00506 00027 02316 00123 00330 00004 233 121 211 10 209 3
2 315 568 1.11 00537 00056 02472 00260 00336  0.0007 367 237 224 20 213 4
3 458 876 041 00512 00036 02384 00167 00337 00007 250 165 217 4 214 4
4 527 1016 074 00510 00030 02833 00137 00332  0.0006 243 137 213 1 210 4
5 601 1032 041 00494 00031 02297 00136 00339 00005 169 148 210 1 215 3
6 448 837 010 00502 00032 02856 00147 00335 00006 211 146 215 12 213 4
7 603 1068 068 00498 00035 02801 00159 00329  0.0006 187 165 210 13 208 4
8 608 1,112 003 00499 00030 02800 00142 00329  0.0006 191 134 210 12 208 4
9 425 773 054 00504 00029 02264 00118 00331  0.0005 217 133 207 10 210 3
10 564 931 072 00504 00039 02830 00171 00334 00006 213 178 213 14212 4
1 673 935 043 00520 00022 02880 00099 00332  0.0004 287 98 217 8 211 3
12 491 816 063 00510 00031 02448 00157 00342 00006 239 136 222 13 217 3
13 311 580 040 00541 00035 02557 00147 00352  0.0006 372 151 231 12 223 4
14 498 922 124 00548 00039 02555 00170 00341  0.0006 467 159 231 14 216 4
15 622 1241 103 00553 00040 02463 00160 00329  0.0007 433 168 224 13 209 4
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