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The Himalayan leucogranites provide a good opportunity to investigate the crustal evolution of the southern Qinghai-Tibet Plateau. In this study, we present zircon U-Pb and monazite U-Th-Pb ages, zircon Hf isotopes and whole-rock Sr-Nd-Pb isotopes and major and trace elements for the Liemai two-mica granite, eastern Himalaya. Together with previously published data we revalued the petrogenesis of the Early Eocene magmatic rocks in this region and their geological implications. The zircon and monazite U-(Th)-Pb dating results showed that the Liemai two-mica granite was generated at ∼ 43 Ma, similar to adjacent Yardoi, Dala and Quedang adakitic two-mica granites, Ridang subvolcanic rocks and Yardoi leucogranite. The Liemai two-mica granite, similar to these coeval adakitic two-mica granites, is enriched in SiO2, Al2O3, Th, U, Pb, La, and Sr, and depleted in MgO, total iron, Yb and Y with high Sr/Y and (La/Yb)N ratios (showing adakitic affinities), and exhibits enriched Sr-Nd-Pb-Hf isotopic compositions, suggesting an origin of a thickened lower crust consisting mainly of garnet amphibolite. Although the Ridang subvolcanic rocks and Yardoi leucogranite show similar Sr-Nd-Hf isotopes to these adjacent coeval two-mica granites, perceptible differences in whole-rock major and trace elements can be observed. Broadly, these granites can be divided into high-Mg# granites (HMGs, the two-mica granites) and low-Mg# granites (LMGs, the Ridang subvolcanic rocks and Yardoi leucogranite). The former has relatively higher contents of total iron, MgO, Mg#, TiO2, P2O5, LREE, Y, Th, Sr, incompatible elements (Cr and Ni) and Eu/Eu* values, and lower contents of SiO2 and Rb/Sr and Rb/Ba ratios, thus is less evolved than the latter. According to recent studies of differentiation processes in silicic magma reservoirs, we proposed that the HMGs represent a congealed crystal mush that was composed of ‘cumulate crystals’ and a trapped interstitial liquid, while the LMGs represent the almost pure liquid that was extracted from the crystal mush. Modeling using the trace elements Sr and Ba shows that the extraction probably occurred when the crystallinity of the mush was ∼ 60%–63%, at least for the most evolved LMGs sample. The HMGs correspond to a residual crystal mush that had a terminal porosity of ∼ 21%–25% filled with a trapped interstitial liquid. Underplating of mafic magmas following slab breakoff of the Neo-Tethys oceanic lithosphere caused partial melting of the amphibolitic lower crust, which had been thickened to ∼50 km prior to ∼43 Ma.
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1 INTRODUCTION
Magma is an important carrier for material and energy exchange among inner spheres of our planet (Mo et al., 2007; Yang et al., 2015a; Yang et al., 2015b; Yang et al., 2016a; Zheng et al., 2016; Cao et al., 2022a). Magmatic rocks are regarded as a “probe” for exploring the deep Earth, and carry crucial information for crustal evolution, plate movement and tectonic events (Mo et al., 2007; Zhu et al., 2009a; Mo, 2011; Hou et al., 2015; Li et al., 2020). It is noteworthy that significant breakthroughs have been made in qualitative and even quantitative estimation for crustal thickness in ancient orogens using some geochemical indices of intermediate-felsic magmatic rocks or accessory minerals therein (Profeta et al., 2015; Hu et al., 2017; Tang et al., 2020; Luffi and Ducea, 2022). For example, magmatic rocks with high Sr/Y and (La/Yb)N ratios, i.e., adakites or adakitic rocks (Martin, 1986; Defant and Drummond, 1990), are typically considered as prototypical products of high pressure condition, thus indicating an abnormally thick crust (>50 km) (Xu et al., 2002; Chung et al., 2003; Dai et al., 2020a; 2020b; Zeng et al., 2020). The theoretical basis for this crustal thickness estimation is the pressure-dependent behavior of Sr, Y, La, and Yb during partial melting of lower crustal mafic rocks (or their metamorphic equivalents) and fractionation of mantle-derived mafic magmas in the lower crust. At low pressure (<∼1.0 GPa), Sr preferentially incorporates into plagioclase, whereas Y and Yb still remain in the melt, resulting in low Sr/Y and La/Yb ratios in the melt. However, at high pressure (>∼1.0 GPa), Y and Yb preferentially partitions into garnet and amphibole, while Sr and La remain in the melt, resulting in melts with high Sr/Y and La/Yb values (Davidson et al., 2007; Moyen, 2009).
In southern Qinghai-Tibet Plateau, voluminous Cenozoic leucogranites were well developed along the Himalaya orogenic belt forming a 2,000 km-long west-east trending leucogranite belt (Liu et al., 2017; Wu et al., 2020; Cao et al., 2022b). These massive magmatic rocks were formed during the collision between India and Eurasia, thus play a crucial role in exploring the evolution of the orogenic belt (Hou et al., 2012; Wu et al., 2015; Fu et al., 2020; Zhang et al., 2020). For instance, the Early Eocene granites were normally considered as adakitic rocks based on their high Sr/Y ratios, thus were viewed as products of partial melting of a thickened (>50 km) lower crust (Zeng et al., 2011, 2015; Hou et al., 2012; Dai et al., 2020a). However, a recent study proposed that the fractional crystallization (plagioclase accumulation), rather than melting at the base of the thickened crust, was probably responsible for generation of the high Sr/Y ratios of these adakitic rocks (Gao et al., 2021). Undoubtedly, this novel viewpoint pushes us to rethink the traditional perception for generation of these Early Eocene magmatic rocks as well as the evolutionary history of crust in the Himalayan orogen.
In this study we present monazite U-Th-Pb and zircon U-Pb ages, zircon Hf and whole-rock Sr-Nd-Pb isotopes and whole-rock major and trace elements for two-mica granite exposed in Liemai (village), southeastern Yardoi dome. Together with previously published data we revalued the petrogenesis of the Early Eocene magmatic rocks in this region and their geological implications.
2 GEOLOGICAL SETTING AND SAMPLE DESCRIPTION
Himalaya, the south most component of the Qinghai-Tibet plateau, is the highest and youngest collisional orogen on Earth resulted from collision between India and Asia during Late Cretaceous to Paleocene (Figure 1; Yin and Harrison, 2000; Yin, 2006; Pan et al., 2012; Kohn, 2014). It is bound by the Indus-Yarlung Tsangpo Suture zone in the north from the Lhasa terrane and the Main Frontier Thrust (MFT) in the south from the Indian plate. The Himalaya can be subdivided into the Tethyan Himalayan Sequence (THS), Higher Himalayan Crystalline Sequence (HHCS), Lower Himalayan Sequence (LHS), and the Sub-Himalayan Sequence (SHS) (Figure 1). These subterranes are separated by several north-dipping fault systems, from north to south including the south Tibet detachment system (STDS), the Main Central Thrust (MCT), and the Main Boundary Thrust (MBT) (Figure 1). The STDS represents a normal fault system while the other two are reverse faults (Leloup et al., 2010; Zhang et al., 2012). The THS represents the Indian passive continental margin sedimentary sequences and mainly comprises Late Proterozoic to Mesozoic unmetamorphosed or low-grade metamorphic siliciclastic and carbonate rocks; The HHCS represents a series of Late Proterozoic to Paleozoic metasedimentary sequences (typically upper amphibolite to lower granulite facies) that were derived from the basement of the Indian continent; The LHS represents a suite of Proterozoic low-grade metamorphic rocks (typically greenschist to amphibolite facies); While the SHS represents a series of coarse-grained clastic sediments (Siwalik Group), which were deposited during foreland molasse sedimentation following the uplift of the Himalaya (Kohn, 2014; Cao et al., 2018; Myrow et al., 2019).
[image: Figure 1]FIGURE 1 | Simplified geological map of Himalaya, showing the subdivision of this orogen and distribution of leucogranites (modified after Yin and Harrison (2000), Yin (2006), Pan et al. (2012) and Kohn (2014)).
Owing to continuous collision between India and Asia, the Himalayan crust experienced intense and extensive deformation, metamorphism and anatexis, which resulted in formation of voluminous leucogranites. These leucogranites constitute two huge sub-parallel leucogranite belts, i.e. the Tethyan Himalayan leucogranite belt (also konwn as the North Himalayan leucogranite belt) to the north and the Higher Himalayan leucogranite belt to the south (Figure 1; Wu et al., 2015). Normally, the Higher Himalayan leucogranites were emplaced into the HHCS adjacent to the STDS forming a discontinuous chain of sheets, dykes, sills, and laccolithic bodies (Figure 1; Wu et al., 2015). In contrast, most Tethyan Himalayan leucogranites are exposed in the cores of the north Himalayan gneiss domes, except for a few isolated intrusions and sills that intruded into the THS (such as the Dala and Quedang two-mica granites) (Figure 1; Wu et al., 2015). The Himalayan leucogranites are composed of biotite granite, two-mica granite, muscovite granite, tourmaline granite, and garnet granite, and were emplaced between 48.5 and 0.7 Ma (Wu et al., 2015, 2020; Cao et al., 2022b). Typically, the Miocene leucogranites are considered as highly fractionated (strong) peraluminous S-type granites (Wu et al., 2015, 2020). While the majority of Eocene granites are characterized by high Sr/Y ratios and, therefore, considered as products of partial melting of a thickened amphibolitic lower crust with minor metapelites (Zeng et al., 2011, 2015; Hou et al., 2012; Dai et al., 2020a).
The Himalayan Eocene granites were mainly exposed in Yardoi (Yalaxiangbo) gneiss dome and areas nearby, occurred as stocks (Yardoi, Dala and Quedang), and dikes or sills (Liemai and Ridang) (Figure 2; Zeng et al., 2015; Cao et al., 2022b). The majority of granites in this region were generated in the Early Eocene (Ca. 40∼48 Ma; Qi et al., 2008; Aikman et al., 2008, 2012; Zeng et al., 2011, 2015; Hou et al., 2012; Wu et al., 2014; Tian et al., 2018; Dai et al., 2020a; Cao et al., 2020) except for minor that were formed at the Early Eocene (∼35 Ma; Zeng et al., 2009; Wu et al., 2014). On the basis of lithologic features, these Early Eocene granites can be divided into two types, i.e., two-mica granite and leucogranite granite (almost without biotite). The former constituted the main part of the Early Eocene granites in Yardoi area, including Yardoi, Dala and Quedang two-mica granite and the majority of adjacent sills (Hou et al., 2012; Zeng et al., 2015; Dai et al., 2020a). While the latter exposed as minor sills or dikes in Yardoi dome (Yardoi leucogranite) or in County Longzi (near Ridang town) (subvolcanic rocks) (Hu et al., 2011b; Zeng et al., 2015). Samples in this study were collected from a sill with a width of 5–8 m that was exposed 10 km away from east of Liemai village (GPS: 92°41′44.37″, 28°25′12.59″; Figures 2, 3A). The rock (two-mica granite) shows fine-grained granitic texture and are composed of eu - to subhedral K-feldspar (35∼40 vol.%) and plagioclase (30∼35 vol.%), anhedral quartz (15∼20 vol.%), sub- to anhedral biotite (10∼15 vol.%) and muscovite (∼5 vol%), and accessory minerals (zircon, monazite, apatite and titanite). Polysynthetic twinning well-developed in plagioclase. Sericitization is very common in K-feldspar (Figures 3B–F).
[image: Figure 2]FIGURE 2 | Simplified geological map of the Yardoi area showing the Yardoi gneiss dome and distribution of Eocene granites (modified after Dai et al. (2020a) and Cao et al. (2021)).
[image: Figure 3]FIGURE 3 | (A) Field photograph, (B) hand specimen photograph, and (C–F) representative photomicrographs of the Liemai two-mica granite [(C) and (E), plane-polarized light; (D) and (F), crossed-polarized light]. Bt, biotite; Kfs, K-feldspar; Pl, plagioclase; Qz, quartz.
3 ANALYTICAL METHODS
3.1 Zircon U-Pb dating and Hf isotopes
Rock sample was crushed and washed, followed by conventional heavy-liquid and magnetic separation to separate zircon grains. Representative zircon grains were handpicked under a binocular microscope and then mounted in epoxy resin and polished to a smooth flat surface. Sample processing was conducted at the Langfang Regional Geological Survey (Hebei Province, China). Prior to U-Pb dating, internal factures of zircons were observed using transmitted, reflected, and cathodoluminescence images. These images were obtained at the Wuhan Sample Solution Analytical Technology Co., Ltd. (Hubei Province, China).
U-Pb dating and trace element analysis of zircon were simultaneously conducted by LA-ICP-MS at the Wuhan Sample Solution Analytical Technology Co., Ltd. Detailed operating conditions for the laser ablation system and the ICP-MS instrument and data reduction are the same as description by Zong et al. (2017). Laser sampling was performed using a GeolasPro laser ablation system that consists of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm) and a MicroLas optical system. An Agilent 7700e ICP-MS instrument was used to acquire ion-signal intensities. Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP. A “wire” signal smoothing device is included in this laser ablation system (Hu et al., 2015). The spot size and frequency of the laser were set to 32 µm and 8 Hz, respectively, in this study. Zircon 91,500 and glass NIST610 were used as external standards for U-Pb dating and trace element calibration, respectively. Each analysis incorporated a background acquisition of approximately 20–30 s followed by 50 s of data acquisition from the sample. An Excel-based software ICPMSDataCal was used to perform off-line selection and integration of background and analyzed signals, time-drift correction and quantitative calibration for trace element analysis and U-Pb dating (Liu et al., 2008, 2010). Concordia diagrams and weighted mean calculations were made using Isoplot/Ex_ver3 (Ludwig, 2003).
Experiments of in situ Hf isotope ratio analysis were conducted using a Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Germany) in combination with a Geolas HD excimer ArF laser ablation system (Coherent, Göttingen, Germany) that was hosted at the Wuhan Sample Solution Analytical Technology Co., Ltd. All the Hf analyses were done on the same or equivalent spots as those for U-Pb laser ablation analyses. A stationary laser ablation spot with a beam diameter of 32 μm was used for the analyses. Detailed operating conditions for the laser ablation system and the MC-ICP-MS instrument and analytical method were described in Hu et al. (2012). The major limitation to accurate in situ zircon Hf isotope determination by LA-MC-ICP-MS is the very large isobaric interference from 176Yb and, to a much lesser extent 176Lu on 176Hf. It has been shown that the mass fractionation of Yb (βYb) isn’t constant over time and that the βYb that is obtained from the introduction of solutions is unsuitable for in situ zircon measurements (Woodhead et al., 2004). The under- or over-estimation of the βYb value would undoubtedly affect the accurate correction of 176Yb and thus the determined 176Hf/177Hf ratio. We applied the directly obtained βYb value from the zircon sample itself in real-time in this study. The 179Hf/177Hf and 173Yb/171Yb ratios were used to calculate the mass bias of Hf (βHf) and Yb (βYb), which were normalized to 179Hf/177Hf = 0.7325 and 173Yb/171Yb = 1.132685 (Fisher et al., 2014) using an exponential correction for mass bias. Interference of 176Yb on 176Hf was corrected by measuring the interference-free 173Yb isotope and using 176Yb/173Yb = 0.79639 (Fisher et al., 2014) to calculate 176Yb/177Hf. Similarly, the relatively minor interference of 176Lu on 176Hf was corrected by measuring the intensity of the interference-free 175Lu isotope and using the recommended 176Lu/175Lu = 0.02656 (Blichert-Toft et al., 1997) to calculate 176Lu/177Hf. We used the mass bias of Yb (βYb) to calculate the mass fractionation of Lu because of their similar physicochemical properties. Off-line selection and integration of analyte signals, and mass bias calibrations were performed using ICPMSDataCal (Ludwig, 2003).
3.2 Monazite U-Th-Pb dating
Similar to zircons, monazite separation and sample processing were conducted at the Langfang Regional Geological Survey. Transmitted, reflected, and BSE images, which were obtained at the Wuhan Sample Solution Analytical Technology Co., Ltd (Hubei Province, China), were used to determine internal features of monazite grains. Twenty-five eu- to subhedral monazite grains without obvious inclusions were selected for in situ LA-ICP-MS isotopic and compositional analyses. U-Pb dating of monazite was conducted by LA-ICP-MS at the Wuhan Sample Solution Analytical Technology Co., Ltd. Laser sampling was performed using a GeolasPro laser ablation system that consists of a COMPexPro 102 ArF excimer laser (wavelength of 193 nm) and a MicroLas optical system. An Agilent 7700e ICP-MS instrument was used to acquire ion-signal intensities. Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP. A “wire” signal smoothing device is included in this laser ablation system, by which smooth signals are produced even at very low laser repetition rates down to 1 Hz (Hu et al., 2015). It is very useful for in-situ U-Pb dating of high-U mineral (Zong et al., 2015). The spot size and frequency of the laser were set to 16 µm and 2 Hz, respectively. The laser energy was set to 80 mJ. Monazite standard 44069 and glass NIST610 were used as external standards for U-Pb dating and trace element calibration, respectively. Each analysis incorporated a background acquisition of approximately 20–30 s followed by 50 s of data acquisition from the sample. An Excel-based software ICPMSDataCal was used to perform off-line selection and integration of background and analyzed signals, time-drift correction and quantitative calibration for trace element analysis and U-Pb dating (Liu et al., 2008, 2010). Concordia diagrams and weighted mean calculations were made using Isoplot/Ex_ver3 (Ludwig, 2003).
3.3 Whole-rock major and trace elements
Major and trace element contents were analyzed at the Beijing Research Institute of Uranium Geology. The fresh rock samples were chipped and powdered to a mesh size of ∼200 using a tungsten carbide ball mill. The details of the analytical procedures are described by Gao et al. (2003). Major oxide analyses were conducted using a PANalytical Axios MAX X-ray Fluorescence Spectrometer with an analytical uncertainty of <5%. The trace element concentrations were analyzed using a Perkin-Elmer NexIon 300D ICPMS with an analytical precision of <1% for elements with concentrations >200 ppm and 1%–3% for elements with concentrations <200 ppm.
3.4 Whole-rock Sr-Nd-Pb isotopes
Whole-rock Sr-Nd-Pb isotopes were analyzed at the Beijing Research Institute of Uranium Geology. Approximately 200 mg of each sample powder was dissolved in an HF + HNO3 acid mixture for 48 h in a Teflon beaker. All samples were prepared in duplicate. The digests were dried, dissolved in hydrochloric acid and heated in closed vials at 160 C for 1 h, and evaporated to dryness. The Sr and Nd were separated and purified by conventional cation-exchange techniques. The initial 87Sr/86Sr ratios and εNd (t) values at the time of crystallization were calculated from the weighted mean zircon U-Pb age and the Rb, Sr, Sm and Nd contents. When calculating the εNd (t) values, we assumed the model composition of a chondritic uniform reservoir at the estimated age. The TDM1 and TDM2 values are the estimated ages of extraction from the depleted mantle according to the one-stage and two-stage crustal pre-histories, respectively, as assumed by Depaolo (1988) and Depaolo et al. (1991). The precision of the calculated initial 87Sr/86Sr values is limited by the errors in the parent/daughter ratios calculated from the geochemical data. Nevertheless, in most cases, errors as high as ±10% in the Rb/Sr ratio introduce uncertainties below 0.0001 in the initial 87Sr/86Sr values (Dolgopolova et al., 2013), and a 10% error in the Nd isotopes results in an uncertainly of about 0.4–0.7 in the εNd (t) values. The measured Pb isotopic ratios were corrected for the instrumental mass fractionation of 0.1 amu-1 by referencing to repeat analyses of the standard NBS-981.
4 RESULTS
4.1 Zircon U-Pb ages and Hf isotopes
U-Pb dating and trace elements results for zircons of the Liemai two-mica granite are shown in appendix (Supplementary Table S1). Cathodoluminescence (CL) images of representative zircon grains from the Liemai two-mica granite are shown in Figure 4A. Eu- to subhedral zircon crystals are long prismatic (80–200 μm), with aspect ratios of 2:1 to 5:1. Most zircon grains exhibit core-(mantle)-rim structure with gray subhedral to anhedral cores and dark rims (Figure 4A). The inherited cores normally show obvious oscillatory growth zoning (Figure 4A), suggesting magmatic origin (Wu and Zheng, 2004). In contrast, some rims display weak but visible oscillatory overgrowth zoning indicating magmatic origin, some others show no oscillatory overgrowth zoning and are homogeneous suggesting metamorphosed origin (Figure 4A; Wu and Zheng, 2004; Hoskin, 2005). Detailed description of zircon structure and analytical position are shown in appendix (Supplementary Table S1). Twenty-three analyses (with a concordance of >90%) yield 206Pb/238U ages ranging from 41.6 to 1721.5 Ma. Fifteen analyses on inhibited cores yield 206Pb/238U ages ranging from 130.0 to 1721.5 Ma. Eight analyses on dark rims or zircons without inherited cores yield 206Pb/238U ages ranging from 41.6 to 43.6 Ma with a weighted Eocene mean age of 43.0 ± 0.5 Ma (MSWD = 0.7) (Figure 4B).
[image: Figure 4]FIGURE 4 | (A) U-Pb concordia diagram of zircons and cathodoluminescence images of representative zircons with corresponding 206Pb/238U ages and ɛHf (t) values and (B) the weighted mean age for zircons of the Liemai two-mica granite; (C) U-Th-Pb concordia diagram of monazites and BSE images of representative monazites with corresponding 208Pb/232Th ages and (D) the weighted mean age for monazites of the Liemai two-mica granite.
Thirteen spots were also analyzed for Lu-Hf isotopes. The analytical results are listed in appendix (Supplementary Table S2). The analyzed zircon grains have 176Lu/177Hf ratios of 0.000018–0.003409 and 176Hf/177Hf ratios of 0.281963–0.282520. Except for one analysis (D5126-06-24), zircon crystals display 176Lu/177Hf ratios <0.002, indicating extremely low accumulations of the radioactive Hf isotope after crystallization (Wu et al., 2007). Seven analyses on juvenile zircon rims yield calculated ɛHf (t) (t = 43 Ma) values of −14.3 to −8.0 (average of −11.1) with two stage Hf model ages (TDM2) of 1,027–1,256 Ma.
4.2 Monazite U-Th-Pb ages
The monazite U-Th-Pb dating and trace elements results for the Liemai two-mica granite are listed in appendix (Supplementary Table S3). The BSE images of representative monazites are showed in Figure 4C. All monazite grains are grey in BSE images, and most of them are homogeneous, although some grains show zoning (Figure 4C). The monazites in the Liemai two-mica granite have high contents of Th (37,794∼113,394 ppm) and U (1,663∼9,254 ppm), and relatively low Pb contents (83∼245 ppm). The 207Pb/235U ages of these monazites are scattered, ranging from 59.3 to 251.9 Ma. In contrast, the 206Pb/238U ages (42.2∼44.9 Ma) and 208Pb/232Th ages (43.1∼44.8 Ma with a weighted Eocene mean age of 43.7 ± 0.2 Ma, N=25, MSWD = 0.7; Figure 4D) are very concentrated. In addition, the 206Pb/238U ages and 208Pb/232Th ages are very concordant with each other (Figure 4D).
4.3 Whole-rock major and trace elements
The whole-rock major and trace element data for the Liemai two-mica granite are listed in appendix (Supplementary Table S4). Samples are characterized by high contents of SiO2 (66.88–67.48 wt.%), Al2O3 (16.24–16.44 wt.%), Na2O (3.72–3.83 wt.%) and K2O (3.03–3.27 wt.%), and relatively low contents of CaO (2.42–2.52 wt%), total iron (TFeO = 2.06–2.11 wt.% TiO2 (0.31–0.33 wt.%), MnO (0.03–0.04 wt.%), MgO (1.24–1.29 wt.%), and P2O5 (0.13–0.14 wt.%) with relatively high Na2O/K2O mass ratios (1.14–1.25) and Mg# [Mg# = MgO×100/(MgO+FeOT) (molar ratio)] values (51.75–52.20) (Supplementary Table S4). The total alkali contents (K2O+Na2O) range from 6.82 to 6.99 wt%, indicative of sub-alkaline series in the total alkalis vs. silica (TAS) diagram (Figure 5A; Middlemost, 1994). The A/CNK values [A/CNK = Al2O3/(CaO + Na2O+ K2O) (molar ratio)] vary from 1.15 to 1.17, whereas the A/NK values [A/NK = Al2O3/(Na2O+ K2O) (molar ratio)] range from 1.69 to 1.72, indicating peraluminous features (Figure 5B; Maniar and Piccoli, 1989). On the K2O vs. SiO2 diagram, the samples show high-K calc-alkaline characteristics (Figure 5C; Peccerillo and Taylor, 1976). On the A-F-C diagram, the Liemai two-mica granite samples plot in the peraluminous granitoid-type field (Figure 5D; Chappell and White, 1992).
[image: Figure 5]FIGURE 5 | (A) SiO2 vs. K2O + Na2O (Middlemost, 1994), (B) A/CNK vs. A/NK (Maniar and Piccoli, 1989), (C) SiO2 vs. K2O (Rickwood, 1989), and (D) A-C-F (Chappell and White, 1992) diagrams for the Liemai two-mica granite. Data source: Quedang two-mica granites are from Zeng et al. (2011) and Hou et al. (2012); Dala two-mica granites are from Zeng et al. (2011, 2015), Hou et al. (2012) and Dai et al. (2020a); Yardoi two-mica granites are from Zeng et al. (2011, 2015); Yardoi leucogranites are from Zeng et al. (2015); Ridang leucogranites (subvolcanic rocks) are from Hu et al. (2011b) and Zeng et al. (2015).
The Liemai two-mica granite is characterized by LREE (light rare Earth element) enrichment and HREE (heavy rare Earth element) depletion with high LREE/HREE ratios (16.0–16.7; Supplementary Table S4), suggesting significant differentiation of LREE from HREE. This is in accordance with the right-leaning chondrite-normalized REE patterns (Figure 6A). The Liemai two-mica granite displays an indistinctive negative Eu anomaly (Eu/Eu*=0.7∼0.8; Supplementary Table S4; Figure 6A). The rock is enriched in LILE (large ion lithophile element) such as Rb and K and depleted in HFSE (high field strength element) such as Nb, Ta, Zr, Hf, and Ti (Figure 6B). Importantly, the Liemai two-mica granite has low concentrations of Y (6.9∼7.4 ppm) and Yb (∼0.5 ppm) and relatively high concentrations of Sr (269∼278 ppm) and La (32.3∼36.0 ppm) with high Sr/Y (36.8∼39.2) and (La/Yb)N (44.5∼50.9) ratios (subscript N represents chondrite-normalized value based on Sun and McDonough, 1989), showing adakitic features (Figures 6C, D; Martin, 1986; Defant and Drummond, 1990).
[image: Figure 6]FIGURE 6 | (A) Chondrite-normalized REE patterns, (B) primitive mantle-normalized trace element patterns, (C) YbN vs. LaN/YbN and (D) Y vs. Sr/Y diagrams for the Liemai two-mica granite (Martin, 1986; Defant and Drummond, 1990). Subscript N represents chondrite-normalized value. Chondrite and primitive mantle values are from Sun and McDonough (1989). Data source: the amphibolite in the Yardoi area was from Hou et al. (2012); the granites/leucogranites are same as in Figure 5.
4.4 Whole-rock Sr-Nd-Pb isotopes
The whole-rock Sr-Nd-Pb isotopic compositions of the Liemai two-mica granite are listed in appendix (Supplementary Table S5). The samples have low (87Sr/86Sr)i ratios (0.718414–0.718423) and negative εNd (t) values (–14.7 to –13.9), with TDM2 ranging from 1,803 to 1,852 Ma. The (206Pb/204Pb)i, (207Pb/204Pb)i, and (208Pb/204Pb)i values are 18.781–18.791, 15.687–15.695 and 39.214–39.236, respectively. All initial values are calculated for 43 Ma.
5 DISCUSSION
5.1 Formation age for the Liemai two-mica granite
As mentioned above, the juvenile zircon rims with oscillatory zoning in the Liemai two-mica granite are magmatic while those without oscillatory zoning are of metamorphosed origin. Interestingly, these rims have undistinguishable 206Pb/238U ages (Supplementary Table S1). This indicates that metamorphism and partial melting of the source rock for the Liemai two-mica granite were possibly coeval. This phenomenon has been recorded in the Yardoi dome (Zeng et al., 2011). Therefore, the weighted 206Pb/238U age of juvenile zircon rims (43.0 ± 0.5 Ma) can be interpreted as the timing of partial melting of the source rock and the formation age of the Liemai two-mica granite.
Monazite incorporates a significant amount of 230Th into its crystal structure during crystallization, which will lead to generation of “excess” 206Pb and result in disequilibrium in the 238U→206Pb decay. In juvenile monazite (Cenozoic), the “excess” 206Pb will lead to apparent 206Pb/238U ages that are older than measured 207Pb/235U and 208Pb/232Th ages. Besides, due to their young age, such monazites normally contain low contributions of radiogenic 207Pb, which will result in 207Pb/235U ages that are less precise than 206Pb⁄238U and 208Pb/232Th ages. In contrast, owing to high contents of 232Th (wt.% levels) and therefore significant 208Pb in monazite, 208Pb/232Th ages can be taken as the best estimate of the monazite crystallization age (Cottle et al., 2015). Therefore, the weighted 208Pb/232Th age (43.7 ± 0.2 Ma) are interpreted as crystallization age of monazites in the Liemai two-mica granite. Owing to relatively low closure temperature and high sensitivity, inherited monazites are very rare even in low-temperature granites (Parrish, 1990). Thus, the weighted 208Pb/232Th age (43.7 ± .2 Ma) of monazites in the Liemai two-mica granite can be interpreted as formation age of the rock.
In summary, the weighted 206Pb/238U age of juvenile zircons are consistent with the weighted 208Pb/232Th age of monazites within errors, indicating that the Liemai two-mica granite was generated at ∼43.5 Ma, coeval to two-mica granites in Yardoi, Dala, Quedang (Figure 2).
5.2 Petrogenesis of the Early Eocene granites in the Yardoi area
5.2.1 Petrogenesis of the Liemai two-mica granite
In despite of strong peraluminous features, the high Sr/Y (36.8∼39.2) and (La/Yb)N (44.5∼50.9) ratios of the Liemai two-mica are indicative of its adakitic attribution (Figures 6C, D; Martin, 1986; Defant and Drummond, 1990). Several models have been proposed for the genesis of adakitic rocks since Defant and Drummond (1990) defined this rock type based on its geochemical features: 1) partial melting of subducted oceanic crust (Defant and Drummond, 1990; Zhu et al., 2009b; Dai et al., 2018); 2) crustal assimilation and fractional crystallization (AFC) processes from parental basaltic magmas (Castillo et al., 1999; Macpherson et al., 2006; Wang et al., 2020); 3) mixing of felsic and basaltic magmas (Streck et al., 2007; Chu et al., 2020); 4) partial melting of thickened lower crust (Long et al., 2015; Yang et al., 2016b); 5) partial melting of delaminated lower crust (Xu et al., 2002; Dai et al., 2020b) and 6) partial melting of subducted continental crust (Jiang et al., 2011; Lai and Qin, 2013). These possibilities will be discussed below.
The Pb isotopes of the Liemai two-mica granite are similar to those of the Himalayan basement but differ from those of the Yarlung Zangbo ophiolite (Figures 7A, B), precluding the subducted oceanic crust and supporting the Himalayan crust as a possible magma source. The distinct Sr-Nd isotopes of the Liemai two-mica granite from those of the coeval Langshan gabbro (Figure 7C; Ji et al., 2016) and absent of dark enclaves (Figure 3B) are inconsistent with hypotheses of fractional crystallization (Macpherson et al., 2006; Wang et al., 2020) and mixing of felsic and basaltic magmas (Chu et al., 2020), respectively. Instead, enrichment of Th, U and Pb, and large negative zircon ɛHf (t) values (−14.3 to −8.0) with old TDM2 (1,027–1,256 Ma) of the Liemai two-mica suggest an ancient crustal source. In addition, the Liemai two-mica granite shows notable continental crust affinities on the U/Yb vs. Hf and U/Yb vs. Y diagrams of zircons and whole-rock Ti/Eu vs. Nd/Sm and Ce/Pb vs. Nb/U diagrams (Figure 8).
[image: Figure 7]FIGURE 7 | (A) (207Pb/204Pb)i vs. (206Pb/204Pb)i, (B) (208Pb/204Pb)i vs. (206Pb/204Pb)i, (C) εNd (t) vs. (87Sr/86Sr)i, and (D) εHf (t) vs. U-Pb age diagrams for the Liemai two-mica granite. Data source: the Himalayan basement is from Vidal et al. (1982) and Harrison et al. (1999); the Yarlung Zangbo Ophiolite are from Xu and Castillo (2004), Zhang et al. (2005) and Niu et al. (2006); the Bulk Silicate Earth (BSE) and enriched mantle components (EM I and EM II) are from Zindler and Hart (1986); the Langshan gabbro is from Ji et al. (2016); the garnet amphibolite is from Zeng et al. (2011); the metapelites of HHCS are from Inger and Harris (1993), Yang and Jin (2001), Richards et al. (2005) and Zeng et al. (2009, 2012); the LHS and THS are from Richards et al. (2005); the granites/leucogranites are the same as in Figure 5. Northern Hemisphere Reference Line (NHRL): 207Pb/204Pb = 0.1084 × 206Pb/204Pb + 13.491; 208Pb/204Pb = 1.209 × 206Pb/204Pb + 15.627. All initial isotopic ratios are corrected to t = 43 Ma.
[image: Figure 8]FIGURE 8 | (A) U/Yb vs. Hf and (B) U/Yb vs. Y diagrams of zircons from the Liemai two-mica granite (Grimes et al., 2007); (C) Ti/Eu vs. Nd/Sm and Ce/Pb vs. Nb/U diagrams for the Liemai two-mica granite. The fields of MORB (mid-ocean-ridge basalt) and average crust are from Klein (2003) and Rudnick and Gao (2003), respectively. The granites and leucogranites are the same as in Figure 5.
Commonly, crust-derived melts display low concentrations of MgO, Mg# values and compatible elements (such as Cr and Ni) (Ma et al., 2014; Long et al., 2015; Yang et al., 2016b). However, delaminated thickened lower crust- and subducted continental crust-derived melts typically shows elevated MgO, Mg# values and compatible element concentrations owing to interaction with overlying mantle peridotite during ascent (Xu et al., 2002; Jiang et al., 2011; Lai and Qin, 2013; Dai et al., 2020b). The Liemai two-mica granite show a little bit higher concentrations of Mg# (52 on average) and Cr (21.7 ppm on average) and Ni (13.4 ppm on average) than typical thickened lower crust-derived magmas and experimental products of partial melting of metabasalt and ecologite (Mg#<45; Cr<15 ppm; Ni<5 ppm; Figures 9A, B), seemingly suggesting an origin related to subduction of oceanic or continental crust or delamination of lower continental crust. Subduction origin can be easily excluded since subduction-related magmas occur in active continental margin while the Himalayan terrane was a passive continental margin of the Neo-Tethys Ocean (Pan et al., 2012; Zhu et al., 2015). In addition, delamination of lower crust typically occurs at an extensional tectonic background typically during late stage of collision (Hou et al., 2004; Wang et al., 2006, 2014). Although a temporary extension tectonic regime could be possible owing to continental rebound owing to pull force loss resulted from slab detachment of the Noe-Tethys lithosphere. In the Paleogene, owing to intensive collision between India and Eurasia, compressional and contractional tectonic regime dominated the Himalaya orogen (Hou et al., 2006a; 2006b). This is consistent with syn-collisional geochemical signatures of the Liemai two-mica granites (Figure 10). Thus, partial melting of a thickened lower crust is a more preferable interpretation for genesis of the Liemai two-mica granite. Relatively higher contents of Mg#, Ni and Cr could probably be caused by relatively high contents of biotite (Figures 9B–F, 3B–F).
[image: Figure 9]FIGURE 9 | (A) Mg# vs. SiO2, (B) Ni vs. Cr, (C) Cr vs. SiO2 and (D) Ni vs. SiO2 diagrams for the Liemai two-mica granite. Data source: metabasaltic and eclogite experimental melts (1–4 GPa) are from Rapp et al. (1999, 2002); subducted oceanic slab-derived adakites are from Zhu et al. (2009b), Zhang et al. (2010), Jiang et al. (2012), Ma et al. (2013) and Dai et al. (2018); subducted continental crust-derived adakitic rocks are from Jiang et al. (2011) and Lai and Qin (2013); thickened lower crust-derived adakitic rocks are from Ma et al. (2014), Long et al. (2015) and Yang et al. (2016b); delaminated lower crust-derived adakitic rocks are from Xu et al. (2002, 2006), Gao et al. (2004), Wang et al. (2006, 2014), Karsli et al. (2010) and Chen et al. (2013); other granites and leucogranites are the same as in Figure 5.
[image: Figure 10]FIGURE 10 | Geochemical discrimination diagrams of (A) Rb/30-Hf-Ta×3 (Harris et al., 1986), (B) R1 vs. R2 (Batchelor and Bowden, 1985), (C) Rb/10-Hf-Ta×3 (Harris et al., 1986), and (D) Rb vs. Yb + Ta (Pearce et al., 1984) for the Liemai two-mica granite. Abbreviations: MFG, mantle fractionate granitoids; PPCG, pre-plate collision granitoids; PCUG, post-collision uplift granitoids; LOG, late-orogenic granitoids; AOG, anorogenic granitoids; SCG, syn-collision granitoids; POG, post-orogenic granitoids; VAG, volcanic arc granitoids; syn-COLG, syn-collision granitoids; post-COLG, post-collision granitoids; WPG, within-plate granitoids; ORG, ocean ridge granitoids; OFG, ocean-floor granitoids. Data source: the granites and leucogranites are the same as in Figure 5.
Zircon U-Pb and monazite U-Th-Pb dating results in this study imply that the metamorphism and anatexis of the source rock of the Liemai two-mica granite occurred at ∼43.5 Ma. This is coincidence with the contemporaneous metamorphism and partial melting of garnet amphibolite (43.5 ± 1.3 Ma; Zeng et al., 2011) in the Yardoi dome. In addition, Sr-Nd isotopes of the Liemai two-mica granite are similar to those of the garnet amphibolite (Figure 7C). This indicates that the garnet amphibolite would be the major source rock for the Liemai two-mica granite. Relatively high Rr/Sr and Rb/Ba values indicate that minor metapelites were also probably present in the source region (Figure 11), although the abnormally high Rr/Sr and Rb/Ba ratios could have probably been caused by extreme magma evolution.
[image: Figure 11]FIGURE 11 | Rb/Ba vs. Rb/Sr diagram for the Liemai two-mica granite (Sylvester, 1998). Data source: the granites and leucogranites are the same as in Figure 5.
In summary, the Liemai two-mica granite is a product of partial melting of thickened lower crust consisting mainly of amphibolite with minor metapelites. This, in turn, manifests that the Early Eocene adakitic rocks in the Yardoi area share a same origin, which is supported by their similar formation ages (Figure 2), geochemical (Figures 5, 6, 8–11) and isotopic (Figure 7) compositions.
5.2.2 Genetic relationship between the high-Mg# granites and low-Mg# granites
Besides two-mica granite, there are also some other types of coeval granites exposed in the Yardoi area, including subvolcanic porphyritic leucogranite and leucogranite. These adjacent granites have similar formation ages (Figure 2) and Sr–Nd–Hf isotope systematics (Figure 7), suggesting an identical origin. Nevertheless, discernible differences in mineral assemblage and some major and trace elements demonstrate that these granites likely experienced different magma processes (Hu et al., 2011a; Zeng et al., 2011, 2015; Hou et al., 2012; Dai et al., 2020a). Based on geochemical features, the Eocene granites in the Yardoi area can be broadly divided into two major types: high-Mg# granites (HMGs) and low-Mg# granites (LMGs). The HMGs are mainly composed of two-mica granites including several relatively large intrusions such as Yardoi, Dala, Quedang, and a series of sills or dikes, such as Liemai (Figure 2; Zeng et al., 2011, 2015; Hou et al., 2012; Dai et al., 2020a). Thus, these granites show overwhelming superiority in volume. The HMGs are characterized by relatively high contents of TFeO, MgO, Mg#, TiO2, P2O5, LREE, Y, Th, Sr, incompatible elements (Cr and Ni) and Eu/Eu*, and low contents of SiO2 and Rb/Sr and Rb/Ba ratios (Figures 6, 9, 11, 12). Typically, the HMGs have high Sr/Y and (La/Yb)N values showing adakitic characteristics (Figures 6C, D). Besides, these granites show higher degree of REE differentiation, but less remarkable negative Eu anomalies (Figure 6A). The LMGs consist mainly of minor sub-volcanic leucogranite in Longzi County and leucogranite sills or dikes in Yardoi dome (Hu et al., 2011a; Zeng et al., 2015). These granites are poor in dark minerals and have low Sr/Y and (La/Yb)N ratios precluding their adakitic signatures (Figures 6C, D; Hu et al., 2011a; Zeng et al., 2015). In contrast, in spite of less degree of REE differentiation, the LMGs show remarkable negative Eu anomalies (Figure 6A).
[image: Figure 12]FIGURE 12 | (A) TFeO, (B) MgO, (C) TiO2, (D) P2O5, (E) ΣLREE, (F) Y, (G) Th, (H) Sr vs. SiO2, and (I) Eu/Eu* vs. Sr diagrams for the Liemai two-mica granite. Data source: the granites and leucogranites are the same as in Figure 5. The red dotted circle denotes the compositional gaps between the two-mica granites and the leucogranites.
The linear correlations between HMGs and LMGs on the Harker diagrams (Figure 12) are indicative of their evolutionary relationship. Especially, more notable negative Eu and Sr anomalies (Figures 6A, B, 12I) of the LMGs demonstrate that the LMGs represent granitic magmas that were evolved from the HMGs by crystal fractionation of plagioclase (Zeng et al., 2015). However, perceptible geochemical discontinuities in the whole-rock geochemistry can be identified between these two granite types (Figure 12), which differs from the continuum in chemical compositions that is commonly assumed to be resulted from a continuous separation of crystals and derivative melts (e.g., Bonnefoi et al., 1995). In addition, generation of high evolved melts through segregation of crystals from a high-silica magma isn’t easy due to relatively high viscosity of the silica-rich magma and low-density contrast between the crystals and the liquid. Thus, a simple continuous fractional crystallization process is probably inefficient to interpret the compositional gaps between these two types of granite (Liu et al., 2019).
Alternatively, fractional crystallization of a crystal mush (Michael, 1984; Lee and Morton, 2015) has been proposed to interpret the genetic relationships between the less evolved granites and the adjacent highly evolved derivative granites in the Tibet-Himalaya orogen (Liu et al., 2019; Wang et al., 2021). In this model, intensive crystal fractionation is unnecessary. Instead, separation of residual liquid from the crystal mush is enough to generate highly evolved melts (Michael, 1984; Lee and Morton, 2015). Obviously, separation of liquid is much more viable than that of mineral crystals from a crystal mush. Especially, the high volatile (i.e., H2O, F and B) contents can lowered magma solidus and decreased the melt viscosity (Baker and Vaillancourt, 1995; Scaillet et al., 1996; Sirbescu and Nabelek, 2003), allowing sufficient time and melt activity for the extraction of interstitial liquid. REE tetrad effect-like buckling on the chondrite-normalized REE patterns and deviation of Y/Ho, Nb/Ta and Zr/Hf values from the chondrite values indicate an interaction between the melts and volatile-enriched fluids (Hu et al., 2011a; 2011b). Therefore, the crystal mush model is probably a more suitable candidate for interpreting the relationship between the HMGs and LMGs. The less evolved HMGs can be viewed as the crystal mush (crystal cumulate with trapped/interstitial melts), whereas the highly evolved LMGs can be regarded as residual liquids extracted from the trapped melts in crystal mush. To assess whether this suggestion is in accordance with the observed geochemical fractionation patterns, we performed trace element modeling on these Eocene granites.
Sr and Ba were selected to verify the fractional crystallization process because their geochemical behaviors are strongly controlled by the main minerals (feldspar and micas) in granites (Liu et al., 2019). The modeling calculations were based on the Rayleigh fractionation equation CL/C0 = FD-1d, where Fd refers to the fraction of the derived liquid, D refers to the bulk partition coefficient, CL and C0 refer to the trace element compositions of the fractionated liquid and the initial melt, respectively. The assumed extracted liquid was from the most-evolved LMGs (represented by sample 0473-4 with lowest sum of Ba+Sr from Hu et al., 2011b, Ba = 17.7 ppm, Sr = 19.8 ppm). The average Ba (459.9 ppm) and Sr (362.6 ppm) contents of the HMGs, represent the assumed composition of the residual crystal mush (including data from this study and previously reported data in Zeng et al., 2011, 2015; Hou et al., 2012; Dai et al., 2020a). Partition coefficients for micas were sourced from Icenhower and London (1995) while partition coefficients for feldspars were sourced from Michael (1984). The detailed calculating process can be found in Liu et al. (2019), and the related calculation parameters are presented in Supplementary Table S6. As illustrated in Figure 13, the theoretical calculations of the evolution of Ba and Sr are broadly in accordance with the actual compositional variations observed in the LMGs. According to the calculation, the most evolved LMGs sample (0473-4) represents the liquid extracted from a crystal mush at crystal fractions of ∼60%–63% (FSr d = 0.37, FBa d = 0.40; Supplementary Table S6). The other less-evolved LMGs are probably due to involvement of a certain number of cumulate crystals. In addition, the calculation results show that residual melt trapped in the HMGs crystal mush accounts for ∼21%–25% (ƒSr tra = 0.21 and ƒBa tra = 0.25; Supplementary Table S6). Broadly, the results in accordance with previous predictions of a terminal porosity of 20–30 vol% for a residual crystal mush (Lee and Morton, 2015).
[image: Figure 13]FIGURE 13 | Ba-Sr modeling of melt extraction from the Early Eocene two-mica granite crystal mush for the generation of the coeval leucogranites in the Yardoi area. The detailed modeling process can be found in Liu et al. (2019), and the related calculation parameters are presented in Supplementary Table S6). Data source: the granites and leucogranites are the same as in Figure 5.
Therefore, the modeling calculations based on the Rayleigh fractionation using Sr and Ba indicate that the LMGs were extracted from the HMGs crystal mush at crystal fractions less than or equal to 60%–63%, in which crystal cumulates are plagioclase (41%), K-feldspar (17%), biotite (10%), and muscovite (5%) (Figure 13; Supplementary Table S6). Considering remarkable depletion of LREE and Ti in the LMGs compared to the HMGs, LREE-bearing minerals (e.g., monazite and apatite) and Ti-bearing minerals would have also been cumulative minerals.
5.3 Geological implications of the Early Eocene granitoids in eastern Himalaya
A pronounced magmatic flare-up with intensive input of mantle materials along the southern Gangdese at ca. 52–51 Ma (Zhu et al., 2015), together with a sudden drop of the India-Asia convergence rate (Patriat and Achache, 1984; van Hinsbergen et al., 2011), marked the slab breakoff of the subducting Neo-Tethyan oceanic lithosphere. In addition, the crustal thickness beneath the Gangdese reached a thickness>50 km at the beginning of the Eocene (Zhu et al., 2017; Tang et al., 2020). These observations signify that the Neo-Tethys Ocean has been completely closed prior to the Eocene and the Gangdese already had an abnormally thick crust.
Ultra-high pressure metamorphism (∼55 Ma) and high amphibolite facies to granulite facies metamorphism (∼43–47 Ma) in the Tethyan Himalaya suggest that intensive collision and crustal thickening occurred following closure of the Neo-Tethyan Ocean (Zeng et al., 2011; Gao et al., 2012). This is followed by intensive anatexis of the amphibolitic lower crust to generate Early Eocene adakitic magmas in the Yardoi area (Zeng et al., 2011, 2015; Hou et al., 2012; Dai et al., 2020a). It is worth mentioning that the garnet amphibolites, as the major source rocks for the adakitic rocks, show negligible Eu anomalies and differentiation of REE with low Sr/Y values (< 5) (Figure 6; Hou et al., 2012). In contrast, the garnet amphibolite-derived adakitic rocks are obviously depleted in MREE, HREE and Y, in despite of their comparable LREE and Sr contents and Eu anomalies to the garnet amphibolites (Figure 6). Therefore, MREE-enriched amphibole and HREE-enriched garnet should serve as residual minerals while the plagioclase should serve as melting phase during partial melting to produce melts with remarkable depletion of MREE and HREE and high Sr/Y ratios. Therefore, generation of these Early Eocene adakitic granites in the Yardoi area are indicative of a thickened crust.
In the past, the Sr/Y ratio was used to qualitatively estimate the paleo-crustal thickness. Recently, Chiaradia (2015) found that the Sr/Y ratios of magmatic rocks show positive correlation with crustal thickness in young arcs. Subsequently, Chapman et al. (2015) and Profeta et al. (2015) reconstructed the global and regional correlations between the whole-rock Sr/Y and (La/Yb)N ratios of intermediate-felsic arc magmatic rocks and arc crustal thickness, providing quantitative constraints on the paleo-crustal thickness in ancient arcs. More recently, Hu et al. (2017) successfully extended this method to continental collisional zones. The Eocene granites in the Yardoi area were formed posterior India-Eurasia collision and slab breakoff of the Noe-Tethys oceanic lithosphere thus can be used to estimate the paleo-crustal thickness using the equations from Hu et al. (2017). Interestingly, granite sills (e.g., Liemai two-mica granite) or small intrusions (e.g., Quedang two-mica granite) show relatively lower Sr/Y ratios than big intrusions in Yardoi and Dala (Figure 14A). This is probably because small volume of magmas cooled faster than big ones, thus preserved relatively primitive Sr/Y values. In contrast, magmas with large volume could remain a relative long period at crystal mush state, which could result in elevated Sr/Y ratios due to extraction of low-Sr/Y melts. Therefore, although the extraction of low-Sr/Y melts (LMGs) could have increased the Sr/Y ratios of the crystal mush (HMGs) to some degree (Gao et al., 2021), the small intrusions (e.g., Liemai and Queang two-mica granites) with relatively primitive Sr/Y values can be preferably used to estimate the paleo-crustal thickness. This is supported by the close sample plotting sites of these granites to that of the assumed initial melt in the Sr vs. Ba diagram (Figure 13). The calculated CTSr/Y values (crustal thickness based on whole-rock Sr/Y ratios) are broadly range from 50 to 90 km (Figure 14B) using the equation from Hu et al. (2017). Thus, the crustal thickness beneath the Himalaya was inferred to ∼50 km during the Early Eocene.
[image: Figure 14]FIGURE 14 | (A) Sr/Y vs. SiO2 and (B) CTSr/Y vs. SiO2 diagrams for the Liemai two-mica granite. CTSr/Y represents crustal thickness calculated using the equations from Hu et al. (2017). Data source: the granites and leucogranites are the same as in Figure 5.
Therefore, both sides of the IYTS experienced notable crustal thickening and gained an abnormally thick crust (∼50 km) in the Early Eocene due to the India-Asia collision. Importantly, ascent of hot asthenospheric materials though slab windows caused by slab breakoff of the Neo-Tethys oceanic lithosphere triggered generation of mafic magmas (Ji et al., 2016). Mafic magmas that underplated to the crust-mantle boundary caused partial melting of the thickened lower crust to form adakitic rocks while those intruded in the middle-upper crust formed mafic rocks (Figure 15).
[image: Figure 15]FIGURE 15 | Schematic illustration shows the geodynamic setting and formation of the Early Eocene granites in the Yardoi area. The Langshan gabbro is from Ji et al. (2016).
6 CONCLUSION
The following conclusions can be drawn from this study.
(1) The Liemai two-mica granite was emplaced at ca. 43 Ma similar to adjacent Yardoi, Dala, Quedang two-mica granites, and sub-volcanic leucogranite in Longzi County and leucogranite sills or dikes in Yardoi dome.
(2) The Liemai two-mica granite, similar to other coeval two-mica granites in the Yardoi area, shows adakitic features and was derived from partial melting of thickened lower crust consisting mainly of garnet amphibolite with minor metapelites.
(3) The high- and low-Mg# granites in the Yardoi area should be cogenetic. The highly evolved low-Mg granites were extracted from the high-Mg# granitic crystal mush at crystal fractions less than or equal to 52%–53%, in which crystal cumulates are plagioclase, K-feldspar, biotite, muscovite, LREE-bearing minerals (e.g., monazite and apatite) and Ti-bearing minerals.
(4) Underplating of basaltic magmas triggered by slab breakoff of the Neo-Tethyan oceanic lithosphere was the most possible mechanism supplying heat to induce partial melting of the thickened (∼50 km) amphibolitic lower crust in Himalaya orogen to generate granites with adakitic signatures.
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