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Abstract

:

The timing of the Lhasa–Qiangtang collision following the closure of the Bangong–Nujiang Tethys Ocean has not been well constrained. An integrated study of whole-rock geochemistry and zircon U–Pb–Hf isotopes was carried out for Early Cretaceous quartz diorite-porphyrites and granites from the Yilashan and Amdo areas, northern Tibet. LA–ICP–MS zircon U–Pb dating reveal that the Yilashan and Amdo granitoids were emplaced at ~121–110 Ma. These granitic rocks display selective enrichment of light rare earth elements, large ion lithophile elements (e.g., Rb, U) and Th, but depletion of Sr and high field strength elements (e.g., Nb, Ta, Ti) compared to its neighboring elements. These new data, combined with regional geological setting, show that these igneous rocks were formed under a geodynamic setting of the Lhasa and Qiangtang (–Amdo) collision with oceanic slab breakoff and asthenospheric upwelling. The BNTO had been closed at ~121–110 Ma in the study area. Yilashan-Amdo granitoids roughly yield high (87Sr/86Sr)i ratios and obvious negative εNd(t) and zircon εHf(t) values along with old Nd TDM and zircon Hf TDM2 ages. Together with their variable U–Pb ages, these features indicate a Precambrian “hidden” crustal source beneath the northern Lhasa and Amdo terranes. The YLSS S-type granophyres were derived from partial melting of Paleoproterozoic lower crustal metagraywackes, whereas the YLSZ quartz diorite–porphyrites and the Amdo I- and A-type granites were mainly derived from partial melting of Paleo–Mesoproterozoic lower crustal mafic rocks with a certain amount of addition of mantle-derived melts. Minor amounts of the materials originated from the Amdo orthogneisses may also be involved in the formation of the YLSZ quartz diorite–porphyrites and the Amdo I-type granites. In addition, the Yilashan ophiolite was intruded by the ~112–108 Ma granophyric and quartz diorite–porphyritic intrusions before its final emplacement into the surrounding strata.






Keywords:


granitoid; geochemistry; zircon U–Pb dating; continental–continental collision; Bangong–Nujiang suture zone












1. Introduction


As the widest distribution rocks in continental crust, granitoids have attracted considerable interest due to their indicative petrogenesis and tectonic implications, such as the reworking of continental crust and the regional tectonic evolution and geodynamics [1,2,3,4,5,6]. It is well known that granitoids expose widely in the Tibetan Plateau and were generally produced associated with the closure of Tethyan and subsequent collisional orogeny over geological periods [7,8,9,10,11]. The studies of these rocks could be useful for constraining the formation and evolution and geodynamics process of the Tibetan Plateau.



The Bangong–Nujiang suture zone (BNSZ), a nearly E–W extending tectonic belt located between the Lhasa and southern Qiangtang terranes in the northern Tibet, represents the now-vanished Bangong–Nujiang Tethys Ocean (BNTO) and is one of the most important suture zones in the Tibetan Plateau (Figure 1a,b). Although many studies of ophiolites or ophiolitic complexes, which are discontinuously distributed in the BNSZ, have been done, the tectonic evolution of the BNSZ are still not well constrained. Especially compared with the India–Asia collision zone, the timing of the Lhasa–Qiangtang collision following the closure of the BNTO and the associated magmatic process remains inadequately understood. Integrated studies, including sedimentation transition, foreland basin system, structural patterns, igneous rocks and paleomagnetism, show that the closure time of the BNTO may be Middle Jurassic [12,13], Late Jurassic–Early Cretaceous (the main point of view is Early Cretaceous [14,15,16,17,18,19,20,21,22,23,24]) or after the Late Early Cretaceous [25,26,27,28,29,30]. Moreover, some workers suggested that the BNTO has a scissor-like diachronous closure and collision model along the strike that roughly began from Early Cretaceous in the east to Late Cretaceous in the middle-west according to the evidences of sedimentary and igneous rocks [31,32].



Mesozoic granitoids expose widely along the middle part of the BNSZ (Figure 1b); the studies of these rocks can provide a means to understand the closure of the BNTO and ultimate collisional orogeny. The Amdo terrane is a striking microcontinent sandwiched between the southern Qiangtang and Lhasa blocks, which occurs near the central BNSZ (Figure 1b). The remarkable ancient metamorphic basement intruded by abundant Mesozoic granitoids of this terrane make the Amdo terrane a critical area along the BNSZ to decipher the geological history of the BNSZ and northern Tibet [12,33,34,35]. However, previous studies were mainly conducted on metamorphic rocks of this terrane [12,36,37,38,39,40,41]. Relatively less attention has been given to the genesis and implications of the Mesozoic granitoids exposed in this terrane, especially the genetic types, while magma sources and the evolution of these Early Cretaceous granitoids have not yet been fully answered [8,11,12,37,42]. On the other hand, the Yilashan ophiolite is a well-known ophiolite in the central BNSZ (Figure 1b), and several studies about its geochronology and petrogenesis to constrain the tectonic evolution of the BNTO have been reported. In contrast to mafic–ultramafic rocks, few studies have focused on the origin and evolution of the granophyric and quartz diorite–porphyritic intrusions in the Yilashan ophiolite (Figure 2a–c). However, their genesis and formation age will be very helpful for studying the tectonic evolution of the Yilashan ophiolite, such as the formation and tectonic emplacement ages of the Yilashan ophiolite, which have not been well or direct defined yet [43,44,45,46].



In this paper, detailed whole-rock geochemical, geochronological and Sr–Nd–Hf isotopic data of the granophyric and quartz diorite–porphyritic intrusions in the Yilashan ophiolite and the Early Cretaceous granites (BCD, BCN, TL) distributed in the Amdo terrane (Figure 1 and Figure 2) are presented. Based on these results and previous studies, we aim to determine the petrogenesis, tectonic setting and formation age of these rocks and then to constrain the closure of the BNTO and subsequent Lhasa–Qiangtang collision.




2. Geological Background


The Tibetan Plateau, western China (Figure 1b), the newest, highest and largest continental plateau on Earth, is marked by a series of exotic terranes including the Qaidam, Songpan–Ganzi, Qiangtang, Lhasa and Himalaya blocks from north to south, and these fragments are separated by the Kunlun, Jinshajiang, Bangong–Nujiang and Yarlung Zangbo suture zones from north to south, respectively (Figure 1a) [31]. The Qiangtang and Lhasa blocks were separated from Gondwana and accreted to the southern margin of Eurasia in the late Paleozoic–Mesozoic [47,48]. Generally, the Qiangtang terrane is divided into northern and southern parts by the Longmuco–Shuanghu suture zone, and the Lhasa terrane is composed of northern, central and southern parts separated by the Shiquanhe–Namco mélange zone and Luobadui–Milashan Fault (Figure 1a) [7,49]. The southern Qiangtang terrane is dominated by Ordovician–Cretaceous marine and continental sedimentary rocks and Late Carboniferous–Paleogene igneous rocks [9,49,50,51,52]. A series of Mesozoic igneous rocks including mafic–felsic volcanic and granitic rocks are exposed along the southern margin of the southern Qiangtang terrane and were likely formed related to the northward subduction of the BNTO underneath the Qiangtang terrane [11,15,26,53]. In addition, the Lhasa terrane mainly consists of Paleozoic–Mesozoic continental–marine sediments and Mesozoic–Cenozoic igneous rocks with local Archean–Proterozoic metamorphic rocks [8,10,18,54,55]. That is, the northern and southern Lhasa blocks roughly exhibit juvenile crust affinities related to the subduction of Tethys Ocean and the central Lhasa block occurs with a Precambrian metamorphic crystalline basement that was once to be an ancient microcontinent [7,8,52,56].



The BNSZ is nearly 2000 km long and 20–200 km wide from west to east and contains abundant ophiolites or ophiolitic mélanges (Figure 1b,c) [57]. Previous studies revealed that these rocks roughly display two types of geochemical compositions including MORB (mid-ocean ridge basalt)-like and dominated SSZ (supra-subduction zone)-like components, and were mainly generated during the Early Jurassic–Early Cretaceous [17,44,45,58,59,60]. Namely, the BNTO had experienced a long tectonic history before the southern Qiangtang and Lhasa collision during the Early Cretaceous. In addition, a series of Mesozoic magmatic rocks exposed at the northern Lhasa terrane, the Amdo terrane and the southern margin of the southern Qiangtang terrane, reveal the likely bidirectional subduction of the BNTO in a N–S direction during this time [7,8,9,18,61].



The Yilashan ophiolite is exposed at the northern Lhasa terrane adjacent to the Amdo terrane, nearly 20 km NW of Nagqu city (Figure 1c). It occurs with an approximate rhombic shape, is nearly 13 km long and 3 km wide and contacts with the Jurassic Mugagangri Group (JMb and JMy; accretionary complex) by thrust faults on both the north and south sides (Figure 1d) [33]. There are reported three zircon LA–ICP–MS U–Pb ages of 169.6 ± 3.3, 132.5 ± 2.5 and 133.6 ± 4.9 Ma for diabases [45]. Again, two zircon LA–ICP–MS U–Pb ages of 183.7 ± 1 Ma and 162.8 ± 3.0 Ma for gabbro were reported by [43,46], respectively. Thus, the Yilashan ophiolite was likely formed in the Early Jurassic–Early Cretaceous. The Yilashan ophiolite is usually considered to be generated in an SSZ-related setting [43]. In addition, intermediate–felsic intrusions, such as granophyre, quartz diorite–porphyrite and lamprophyre, distribute locally within the Yilashan ophiolite (Figure 1d and Figure 2a–c) [33].



The Amdo terrane contains foliated orthogneiss with subordinate granulite, paragneiss, amphibolite, and migmatite and sedimentary and metasedimentary rocks (Figure 1c) [12,35,36,37,38,39,40,62]. The orthogneisses contain intermediated–felsic rocks with their protoliths commonly being granites and granodiorites. It shows a bimodal crystallization age distribution of Neoproterozoic (~920–820 Ma) and Cambrian–Ordovician (~550–420 Ma), and then were metamorphosed at ~190–169 Ma [12,35,37,39,40,41]. Furthermore, the Amdo terrane was intruded by abundant and commonly undeformed Mesozoic granitoids (Figure 1b and Figure 2d–f) [7,8,11,33,34,42]. These granitoids consist of granite, monzonite, granodiorite, syenite, tonalite and diorite, and roughly belong to the peraluminous calc–alkaline–shoshonite series [8,11] and were developed in two episodes with a major one of ~186–170 Ma and a minor one of ~140–100 Ma [8,11,12,42]. In addition, the Amdo terrane may not be a part of the Lhasa or Qiangtang terranes due to a different metamorphic crystalline basement from those of the latter two [8,12,35,39,51]. It was possibly an isolated microcontinent in the BNTO during the Permian to Triassic [8,9,35,41,62], and ultimately collided with the southern Qiangtang terrane [41] or subducted beneath the Amdo intra-oceanic back-arc basin [17] in the Early Jurassic associated with the northward subduction of the BNTO, which triggered the Early Jurassic (~186–170 Ma) granitic magmatism and coeval high-pressure metamorphism (~190–169 Ma) in the Amdo terrane prior to the Lhasa and Qiangtang (–Amdo) collision during the Early Cretaceous [11,35,37,38,40,41,42,63,64].




3. Petrography


The YLSS coarse-grained granophyres display a porphyritic texture with clear quartz (20%–30%) and plagioclase (40%–45%) phenocrysts (Figure 3a). Plagioclase had undergone various degrees of sericitization and muscovitization. Granophyric K–feldspar and quartz with graphic–myrmekitic textures are common around the plagioclase and quartz phenocrysts. The matrix mainly consists of quartz and feldspar along with a small amount of inter-filled biotite and muscovite.



The YLSZ quartz diorite–porphyrites have a porphyritic texture and the phenocrysts mainly comprise hornblende (~5%), plagioclase (20%–25%) and quartz (~20%) (Figure 3b). Hornblende had experienced variable degrees of chloritization and epidotization, and plagioclase was altered by some degree of carbonatation and epidotization. The matrix is mainly composed of plagioclase, quartz, epidote and hornblende along with some inter–filled epidote, carbonate and chlorite.



The BCD granites are fine-grained allanite–biotite granites, which consist of K–feldspar (30%–40%), plagioclase (25%–35%), quartz (20%–30%) and minor biotite (~5%) with accessory minerals of allanite, apatite, zircon and opaque oxide minerals (Figure 3c,d). K–feldspar and plagioclase have undergone varying degrees of sericitization. Biotites commonly occur as fragments and have been altered by some degree of chloritization. Some apatite crystals are distributed as assemblages within the biotitic fragments. Except for some big plagioclase crystals, minerals are almost fine-grained with equigranular texture, revealing that the BCD granites belong to hypabyssal intrusive rocks.



The BCN granites comprise sphene–biotite and sphene–hornblende–biotite granitic porphyries. The former consists of perthite (50%–55%), quartz (20%–25%), plagioclase (25%–35%) and minor biotite (<8%) with accessory minerals including sphene, allanite, apatite, zircon, rutile and opaque oxide minerals (Figure 3e). Perthite phenocryst shows Carlsbad twin and is partially altered to albite. Some plagioclases have experienced sericitization. Biotite is altered to muscovite and develops apatite aggregates internally. We observe that these plagioclase, quartz and biotite are deformed by force in the groundmass. The latter has similar petrographic characteristics to those of the former (Figure 3f). It is composed of perthite (50%–55%), quartz (20%–25%), plagioclase (25%–35%) and minor biotite (<5%) and hornblende (<2%) with accessory minerals including sphene, allanite, apatite, zircon and opaque oxide minerals. Perthite phenocryst exhibits less degrees of albitization than that of the former. Sericitization in plagioclase is obvious, and hornblende within the perthite phenocryst is altered locally to biotite. Biotite has been altered with varying degrees of chloritization. Plagioclase, quartz and biotite are deformed by force in the groundmass.



The TL granites are fine-grained allanite–biotite granite porphyries, and their mineral compositions consist of perthite (40%–55%), plagioclase (25%–35%), quartz (20%–30%) and minor biotite (~5%) with accessory minerals of allanite, apatite, zircon and opaque oxide minerals (Figure 3g,h). Perthite phenocryst exhibits Carlsbad twin, and plagioclase phenocrysts display polysynthetic twin with common sericitization. Force deformation can be observed for plagioclase, quartz and biotite, and some of them have been altered by the pelletization process (Figure 3g,h). Myrmekitic texture is developed among these crystals of perthite, plagioclase, quartz and biotite.




4. Analytical Methods


4.1. Zircon U–Pb and In Situ Lu–Hf Isotopic Analyses


Zircons were obtained by conventional density and magnetic separation methods. After being handpicked under a binocular microscope, representative grains were mounted in epoxy resin and then polished down to expose their cores. Transmitted and reflected light and cathodoluminescence (CL) microscopy images were taken to characterize external morphology and internal structures and to choose optimum spots for U–Pb dating and in situ Lu–Hf isotopic analyses. Microscopy images were photographed at the Yujin Technology Co., Ltd., Chongqing, China.



Zircon U–Pb isotopic analyses were done on a Coherent GeoLasPro 193–nm laser ablation system in combination with an Agilent 7700x inductively coupled plasma mass spectrometer (LA–ICP–MS) at the Guangdong Provincial Key Laboratory of Marine Resources and Coastal Engineering (GPKLMRCE), Sun Yat–sen University, Guangzhou, China. Analyses of zircons were carried out using a spot diameter of 32 μm, a repetition rate of 5 Hz, and a constant energy of 41 mJ/cm2. Each analysis incorporated a background acquisition of 20 s followed by a signal acquisition of 45 s. The 91,500 standard zircon was used as an external standard for U–Pb dating, and the NIST SRM 610 glass was adopted as an external standard to ensure machine optimization. Every five sample analyses were followed by analyses of standards. 29Si was used as an internal standard for the calibration of U, Th and Pb concentrations. Zircon U–Pb raw data and trace elemental compositions were calculated offline using ICPMSDataCal [65]. Concordia diagram and weighted mean age calculation were performed using Isoplot/Ex version 3.0 [66]. Individual U–Pb analyses are quoted at the 1σ level. The detailed analytical methods are described in [65], and the analytical results are presented in Table S1.



In situ zircon Hf isotopic analyses of these samples were done using an ESI NWR193 laser ablation microprobe attached to a Neptune plus multi-collector inductively coupled plasma mass spectrometer (ICP–MS) at the CreaTech Testing International Co., Ltd., Beijing, China. Zircons were ablated with a spot diameter of 40 μm. The initial 176Hf/177Hf ratios were calculated based on the 176Lu decay constant of 1.867 × 10 –11 year –1 presented by [67] and the measured 176Hf/177Hf values. The present-day chondritic 176Lu/177Hf (0.0332) and 176Hf/177Hf (0.282772) values reported by [68] were used for the calculation of εHf (t) values. Single-stage model ages (TDM1) were calculated according to the depleted mantle 176Lu/177Hf (0.0384) and 176Hf/177Hf (0.28325) ratios at present-day [69], and two-stage model Hf ages (TDM2) were calculated based on an assumed average value of 176Lu/177Hf (0.015) for average continental crust [70]. During the data acquisition period, the GJ1 standard zircon was used to evaluate the reliability of the data. The weighted mean 176Hf/177Hf ratios of the GJ1 standard zircon (0.282014 ± 44 (2σ, n = 10) for YLSZ and YLSS samples; 0.281997 ± 26 (2σ, n = 10) for BCD, BCN and TL samples) resemble the value obtained by [71]. The detailed analytical methods are presented by [72,73]. The zircon in situ Lu–Hf isotopic data are listed in Table S2.




4.2. Whole-Rock Major and Trace Element Analyses


After the removal of altered surfaces, representative granitoids samples were crushed to powders of 200 mesh using a tungsten carbide ball mill before geochemical analyses.



The measurement of whole-rock major element compositions of all samples was carried out using a PANalytical Axios X–ray fluorescence (XRF) spectrometer at the ALS Chemex Co., Ltd., Guangzhou, China. During the measuring, the standard samples LAT–CS9, SARM–32, SARM–43, SARM–45 and NCSDC–73303 were used in different test batches for the validation of analytical accuracy. The general methods resemble those described by [74] and have analytical accuracies better than ± 1%–2%. For whole-rock trace element analyses, the samples YLSS–2, –3, –4, BCD–1, –2, –4, BCN–1, –2, –3, –6 and TL–1, –3, –4 were analyzed using a Perkin–Elmer Sciex ELAN 6000 ICP–MS at the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry (Guiyang), Chinese Academy of Sciences. Standard samples, including OU–6, AMH–1 and GBPG–1, were measured in different test batches to monitor analytical accuracy. The analytical accuracies are better than ±5%. Similarly, the determination of the whole-rock trace element data of remaining samples were carried out using a Perkin–Elmer Sciex ELAN 6000 ICP–MS at the ALS Chemex Co., Ltd., Guangzhou, China. Standard samples, including OGGeo–08, OREAS–45e, OREAS–120, OREAS–100a, GBW07104, GBW07105, GBW07108, NCSDC47009, SARM–4 and SARM–5 were adopted in different test batches to monitor analytical accuracy. The general analytical methods are similar to those presented by [74], and the analytical precisions for most elements are better than ±5%. Analytical data are presented in Table S3.




4.3. Whole-Rock Sr–Nd Isotopic Analyses


Whole-rock Sr–Nd isotopic analyses were carried out using a Finnigan MAT–261 thermal ionization mass spectrometer (TIMS) at the State Key Laboratory of Geological Processes and Mineral Resources (SKLGPMR), China University of Geosciences (Wuhan), China. Approximately 0.1 g of whole-rock powder was dissolved in Teflon beakers with a mixture of HF + HNO3 acids, and Sr and Nd were subsequently separated and purified using standard ion exchange chemical techniques. Total procedural blanks are <200 pg for Sm and Nd, and <500 pg for Rb and Sr. The detailed analytical methods resemble those described in [75]. Measured 87Sr/86Sr and 143Nd/144Nd ratios were corrected for instrumental mass fractionation via normalizing to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively. The reported 87Sr/86Sr and 143Nd/144Nd ratios were adjusted to the NBS 987 standard of 87Sr/86Sr = 0.71025 and the La Jolla Nd standard of 143Nd/144Nd = 0.511860, respectively. Analytical results are listed in Table S3.





5. Results


5.1. Zircon U–Pb Ages and Lu–Hf Isotopic Compositions


Zircons collected from eight samples are euhedral to subhedral and stubby to elongated prismatic, and these grains range in length from 100 to 300 μm with length/width ratios of 1:1 to 3:1 (Figure S1). The core–rim structure is common, and most of the zircons exhibit well-developed oscillatory zoning with various luminescence signals in CL images that resemble that of magmatic zircons (Figure S1).



5.1.1. YLSZ–9 (Quartz Diorite–Porphyrite)


Twenty-four analyses on 24 spots were conducted on 23 zircons (including those from inner cores) (Figure S1a), which yield a broad range of U (119–3265 ppm) and Th (49–5404 ppm) concentrations with a wide range of Th/U ratios of 0.1–4.6 (Table S1). The younger age group having nine analyses yields 206Pb/238U ages of 104.7 ± 2.3 to 110.3 ± 2.4 Ma and a weighted mean 206Pb/238U age of 108.0 ± 1.5 Ma (MSWD = 0.53, n = 9; Figure 4a). This age represents the crystallization age of this sample. The initial 176Hf/177Hf ratios of this group range from 0.282421 to 0.282585, corresponding to the εHf(t) values ranging from –10 to –4.3 (Figure 5), and TDM2 ages from 1.44 to 1.80 Ga (Table S2). The older grains yield U–Pb ages ranging from 2510.2 to 175.6 Ma (five spots with 206Pb/238U ages > 1000 Ma do not show in Figure 4a; Table S1). Taking their CL features (Figure S1a), we infer that these ages define the crystallization ages of inherited or captured zircons from the source region. The (176Hf/177Hf)i ratios, εHf(t) values and TDM2 ages range from 0.281535 to 0.282367, –23.6 to +12.1 (Figure 5) and 1.36 to 2.92 Ga, respectively (Table S2).




5.1.2. YLSZ–10 (Quartz Diorite–Porphyrite)


Twenty-two analyses on 22 spots were obtained from 22 zircons (Figure S1b) and yield a broad range of U (57–12806 ppm) and Th (18–6967 ppm) concentrations with Th/U ratios of 0.1–2.2 (Table S1). The younger age group has nine analyses and yields 206Pb/238U ages ranging from 105.8 ± 2.4 to 111.7 ± 3.5 Ma with a weighted mean 206Pb/238U age of 108.6 ± 1.6 Ma (MSWD = 0.45, n = 9; Figure 4b). This age defines the crystallization age of this sample. The (176Hf/177Hf)i ratios of this group range from 0.282451 to 0.282690, corresponding to the εHf(t) data ranging from −8.9 to −0.5 (Figure 5), and TDM2 ages from 1.20 to 1.73 Ga (Table S2). The older grains yield U–Pb ages ranging from 3417.0 to 493.8 Ma (Figure 4b; Table S1). In view of their CL features (Figure S1b), we infer that these ages represent the crystallization ages of inherited or captured zircons from the source region. The (176Hf/177Hf)i ratios, εHf(t) values and TDM2 ages range from 0.281973 to 0.282362, −17.1 to −1.3 (Figure 5) and 1.64 to 2.53 Ga, respectively (Table S2).




5.1.3. YLSS–4 (Granophyre)


Fourteen spot analyses were obtained from 14 zircon grains (Figure S1c). The U and Th concentrations are 192–516 ppm and 211–620 ppm, respectively, with Th/U ratios of 1.0–1.5 (Table S1). The data yield concordant 206Pb/238U ages ranging from 110.2 ± 2.4 to 112.7 ± 1.6 Ma, with a weighted mean age of 111.5 ± 1.0 Ma (MSWD = 0.14, n = 14; Figure 4c). This age defines the crystallization age of this sample. The initial 176Hf/177Hf ratios range from 0.282311 to 0.282392, corresponding to the εHf(t) values of –13.8 to –11.0 (Figure 5), and TDM2 ages of 1.86 to 2.04 Ga (Table S2).




5.1.4. BCD–1 (Granite)


Twenty–four analyses on 24 spots for this sample have varied U (66–2285 ppm) and Th (67–1300 ppm) contents, with Th/U ratios of 0.1–1.5 (Table S1). The younger age group consists of three spots that yields 206Pb/238U ages of 108.7 ± 4.1 to 111.9 ± 4.1 Ma and a weighted mean 206Pb/238U age of 110.5 ± 4.9 Ma (MSWD = 0.16, n = 3; Figure 4d). This age represents the crystallization age of this sample. The initial 176Hf/177Hf ratios of this group range from 0.282472 to 0.282774, corresponding to the εHf values of −8.2 to 2.5 (Figure 5), and TDM2 ages of 1.01 to 1.68 Ga (Table S2). The older grains yield U–Pb ages ranging from 1255.6 to 160.4 Ma (Figure 4d; Table S1). Considering their CL features (Figure S1d), we infer that these ages define the crystallization ages of inherited or captured zircons from the source region. The (176Hf/177Hf)i ratios, εHf(t) values and TDM2 ages range from 0.282295 to 0.282588, –12.0 to –0.6 (Figure 5) and 1.39 to 1.97 Ga, respectively (Table S2).




5.1.5. BCD–6 (Granite)


Nineteen analyses on 19 spots for this sample show varied U (206–3105 ppm) and Th (86–3099 ppm) contents, with their Th/U ratios of 0.1–4.0 (Table S1). The younger age group has six spots that yields concordant or nearly concordant 206Pb/238U ages of 109.3 ± 2.7 to 112.7 ± 2.1 Ma and a weighted mean 206Pb/238U age of 111.7 ± 1.6 Ma (MSWD = 0.22, n = 6; Figure 4e). This age represents the crystallization age of this sample. The initial 176Hf/177Hf ratios of this group range from 0.282453 to 0.282619, corresponding to the εHf values varying from −8.8 to −3.0 (Figure 5), and TDM2 ages from 1.36 to 1.73 Ga (Table S2). The older grains yield U–Pb ages ranging from 1116.7 to 160.4 Ma (Figure 4e; Table S1). Considering their CL features (Figure S1e), we infer that these ages define the crystallization ages of inherited or captured zircons from the source region. The (176Hf/177Hf)i ratios, εHf(t) values and TDM2 ages range from 0.282364 to 0.282769, −10.9 to +5.4 (Figure 5) and 0.99 to 1.90 Ga, respectively (Table S2).




5.1.6. BCN–1 (Granite)


Nineteen analyses on 19 spots for this sample display varied U (445–2051 ppm) and Th (138–2535 ppm) contents, with Th/U ratios of 0.3–3.0 (Table S1). The younger age group contains eighteen spots that yields concordant or nearly concordant 206Pb/238U ages ranging from 120.0 ± 2.9 to 121.1 ± 3.2 Ma with a weighted mean age of 120.5 ± 1.5 Ma (MSWD = 0.01, n = 18; Figure 4f). This age represents the crystallization age of this sample. The initial 176Hf/177Hf ratios of this group are 0.282450–0.282522, corresponding to the εHf values varying from −8.7 to −6.2 (Figure 5), and TDM2 ages from 1.57 to 1.73 Ga (Table S2). Spot #23 was conducted on inner core domain (Figure S1f) and yields an oldest 206Pb/238U age of 627.4 ± 15.2 Ma. This age may define the crystallization age of captured zircon (Figure 4f).




5.1.7. BCN–2 (Granite)


Twenty analyses on 20 spots for this sample produce varied U (452–1277 ppm) and Th (174–2778 ppm) contents, with their Th/U ratios of 0.2–3.7 (Table S1). The younger age group has seventeen analyses which are concordant or nearly concordant, yielding 206Pb/238U ages of 112.0 ± 1.8 to 115.3 ± 2.1 Ma with a weighted mean 206Pb/238U age of 113.2 ± 0.9 Ma (MSWD = 0.23, n = 17; Figure 4g). This age represents the crystallization age of this sample. The initial 176Hf/177Hf ratios of this group range from 0.282419 to 0.282510, corresponding to the εHf values varying from −10.0 to −6.8 (Figure 5), and TDM2 ages from 1.60 to 1.80 Ga (Table S2). The older grains yield 206Pb/238U ages ranging from 295.5 ± 8.2 Ma to 128.1 ± 2.3 Ma (Figure 4g; Table S1). Considering their signatures (Figure S1g), we suggest that these ages define the crystallization ages of inherited or captured zircons from the source region. The (176Hf/177Hf)i ratios, εHf(t) values and TDM2 ages range from 0.282286 to 0.282483, −10.7 to −7.8 (Figure 5) and 1.65 to 1.98 Ga, respectively (Table S2).




5.1.8. TL–3 (Granite)


Twenty analyses on 20 spots for this sample yield varied U (420–1646 ppm) and Th (285–4051 ppm) contents, with Th/U ratios of 0.2–2.9 (Table S1). The dominant age group has eighteen analyses which are concordant or nearly concordant, yielding 206Pb/238U ages of 108.1 ± 1.8 to 111.7 ± 1.7 Ma with a weighted mean 206Pb/238U age of 110.1 ± 0.9 Ma (MSWD = 0.30, n = 18; Figure 4h). This age represents the crystallization age of this sample. The initial 176Hf/177Hf ratios of this group range from 0.282290 to 0.282538, corresponding to the εHf values of −14.6 to −5.9 (Figure 5), and TDM2 ages of 1.54 to 2.09 Ga (Table S2). The remaining grains yield U–Pb ages ranging from 1353.7 to 160.3 Ma (Figure 4h; Table S1). In view of their CL features (Figure S1h), we infer that these ages define the crystallization ages of inherited or captured zircons from the source region. The (176Hf/177Hf)i ratios, εHf(t) values and TDM2 ages range from 0.282031 to 0.282353, –11.3 to +3.0 (Figure 5) and 1.90 to 1.92 Ga, respectively (Table S2).





5.2. Whole-Rock Geochemical Compositions


The YLSZ quartz diorite–porphyritic samples yield a relatively narrow range of LOI (loss on ignition) values ranging from 2.19 to 2.91 wt.%, higher than those of the YLSS and Amdo granite samples (0.55–0.98 wt.%) (Table S3). These values indicate that the YLSS and Amdo granites are fresher than the YLZS quartz diorite–porphyrites.



5.2.1. YLSZ Quartz Diorite–Porphyrite


The quartz diorite–porphyritic samples exhibit a narrow range of major element contents with SiO2 ranging from 61.29 to 63.22 wt.%, Al2O3 from 15.46 to 16.06 wt.%, MgO from 3.06 to 3.66 wt.%, Fe2O3T from 4.64 to 5.28 wt.%, TiO2 from 0.49 to 0.53 wt.%, CaO from 2.94 to 4.61 wt.%, K2O from 2.65 to 2.94 wt.% and Na2O from 3.32 to 4.09 wt.% (Table S3). Their total alkali (Na2O + K2O) contents and Na2O/K2O ratios are 5.97–6.77 wt.% and 1.19–1.53, respectively. Mg# values (Mg# = 100 × MgO/(MgO + FeOT) range from 59.9 to 64.1. The samples feature high Al, Mg, Fe and total alkali contents. On the Harker diagram (Figure S2), the samples show nearly negative correlations of MgO, Al2O3, Fe2O3T, CaO, TiO2, P2O5, Zr, Ni and V with SiO2. They almost plot in the sub-alkaline diorite field on the total alkali–silica (TAS) diagram (Figure 6a) and belong to high-K calc-alkaline series on the SiO2 versus K2O diagram (Figure 6b). In addition, the quartz diorite–porphyrites yield high A/NK (molar Al2O3/(Na2O + K2O); 1.64–1.89), but low A/CNK (molar Al2O3/(CaO + Na2O + K2O); 0.94–1.06) ratios that they are metaluminous to weakly peraluminous on the A/CNK versus A/NK diagram (Figure 6c).



The total rare earth element (ΣREE) concentrations of the quartz diorite–porphyritic samples range from 131.9 to 145.94 ppm, with the average mean of 140.2 ppm (Table S3). (La/Yb)N (subscript “N” denotes normalization to chondrite values) ratios = 15.40–17.64, (La/Sm)N = 5.28–5.76, and (Gd/Yb)N = 1.84–2.00. The chondrite-normalized REE patterns of the quartz diorite–porphyrites exhibit significant LREE (light REE) enrichments with slight right dipping HREE (heavy REE) distributions (Figure 7a). They show weak negative Eu anomalies (Figure 7a) with δEu values of 0.71–0.92. On the primitive mantle-normalized multi-element spidergrams (Figure 7b), the quartz diorite–porphyrites are selectively enriched in large ion lithophile elements (LILEs; e.g., Rb and U), Th, Zr and Hf, but depleted in Ba and high-field strength elements (HFSEs; e.g., Nb, Ta and Ti) to varying degrees.




5.2.2. YLSS Granophyre


The granophyric samples have a narrow range of SiO2 (73.0 wt.%–73.5 wt.%), Al2O3 (14.10 wt.%–14.40 wt.%), MgO (0.30 wt.%–0.34 wt.%), Fe2O3T (1.34 wt.%–2.00 wt.%), TiO2 (0.17 wt.%–0.18 wt.%), CaO (1.45 wt.%–1.50 wt.%), K2O (4.34 wt.%–4.40 wt.%) and Na2O (3.21 wt.%–3.28 wt.%) contents (Table S3), with total alkali (Na2O + K2O) and Na2O/K2O values of 7.55 wt.%–7.64 wt.% and 0.73–0.76, respectively. Mg# values range from 27.2 to 34.3. They contain higher SiO2, K2O and total alkali contents, but lower Al2O3, MgO, Fe2O3T, TiO2 and CaO contents compared to those of the quartz diorite–porphyritic samples. On the Harker diagram (Figure S2), the granophyres roughly exhibit negative correlations of MgO, Al2O3, TiO2, Zr and Ni with SiO2, whereas show near constant values of CaO and V with SiO2. Note that a positive correlation of Fe2O3T with SiO2 (Figure S2c) may be due to the small number of granophyric samples analyzed in this paper. These samples plot in the sub-alkaline granite field on the TAS diagram (Figure 6a) and show high-K calc-alkaline features on the SiO2 versus K2O diagram (Figure 6b). In addition, they have high A/NK (1.41–1.43) and A/CNK (1.11–1.13) ratios that are strongly peraluminous on the A/CNK versus A/NK diagram (Figure 6c).



The granophyric samples exhibit their ΣREE concentrations ranging from 180.7 to 229.0 ppm, with the average value of 199.8 ppm (Table S3). (La/Yb)N ratios = 14.73–17.32, (La/Sm)N = 5.22–5.69, and (Gd/Yb)N = 1.67–1.86. The chondrite-normalized REE patterns of these samples are marked by apparent LREE enrichments with slight right dipping HREE distributions (Figure 7c). They feature strong negative Eu anomalies (Figure 7c) with δEu values being 0.63–0.67. On the primitive mantle-normalized multi-element spidergrams (Figure 7d), the granophyres are selectively enriched in LILEs (e.g., Rb and U), Th, Zr and Hf, but depleted in Ba, Sr and HFSEs (e.g., Nb, Ta and Ti) to varying degrees. They show more significant depletion in Eu, Sr and Ti compared to the quartz diorite–porphyritic samples (Figure 7a–d).




5.2.3. Amdo Granite


The BCD, BCN and TL granitic samples exhibit variable contents of SiO2 (68.90 wt.%–72.5 wt.%), Al2O3 (13.85 wt.%–16.30 wt.%), K2O (1.52 wt.%–5.33 wt.%) and Na2O (2.80 wt.%–4.55 wt.%) (Table S3), with total alkali (Na2O + K2O) and Na2O/K2O values of 6.07 wt.%–8.27 wt.% and 0.55–2.99, respectively. They have relatively low MgO (0.54 wt.%–1.11 wt.%), Fe2O3T (2.00 wt.%–4.14 wt.%), TiO2 (0.25 wt.%–0.66 wt.%) and CaO (1.44 wt.%–3.11 wt.%) contents, with Mg# numbers of 30–44 (Table S3). Harker diagrams of MgO, Al2O3, Fe2O3T, TiO2, P2O5, CaO, Ni, Zr and V versus SiO2 for these rocks are shown in Figure S2 that most of them exhibit clear linear patterns. On the TAS diagram (Figure 6a), these samples mainly plot in the sub-alkaline granite field with some in the granodiorite zone. The BCD samples show wide K2O contents that display medium- to high-K calc-alkaline characteristics on the SiO2 versus K2O diagram (Figure 6b). The BCN and TL samples have relatively high K2O contents that straddle the boundary between the high-K calc-alkaline and shoshonite fields (Figure 6b). In addition, all the samples are weakly to strongly peraluminous (Figure 6c) with A/NK of 1.37–1.76 and A/CNK of 1.02–1.16.



The ΣREE concentrations of the granite samples are variable ranging from 60 to 457 ppm (Table S3). (La/Yb)N ratios = 14.70–42.80, (La/Sm)N = 4.87–7.62 and (Gd/Yb)N = 1.87–3.17. The chondrite-normalized REE patterns are marked by obvious LREE enrichments, slight right dipping HREE patterns and weak to obvious negative Eu anomalies (δEu = 0.43–0.93, excluding BCD–4 of 1.08; Figure 7e,g,i). Moreover, the samples are selectively enriched in LILEs (e.g., Rb and U), Th, Zr and Hf, but depleted in Ba, Sr, Nb, Ta, and Ti on the primitive mantle-normalized multi-element spidergrams (Figure 7f,h,j). The samples from the BCN and TL plutons show higher ΣREE concentrations, more obvious depletion in Eu and enrichment in Th and HFSEs (e.g., Nb, Ta, Zr and Hf) that are different from those of the BCD samples (Figure 7e–j), implying that they have different origins.





5.3. Whole-Rock Sr–Nd Isotopic Compositions


Initial Sr–Nd isotopic and εNd(t) values and Nd model ages (TDM) of samples were calculated using their crystallization ages (Table S1). The (87Sr/86Sr)i and (143Nd/144Nd)i ratios of the YLSZ quartz diorite–porphyrites are 0.710606–0.710761 and 0.512030–0.512037, respectively, with the εNd (t = 108 Ma) values ranging from –9.1 to –9.0 and TDM ages ranging from 1.52 to 1.55 Ga (Table S3). The YLSS granophyres have the (87Sr/86Sr)i and (143Nd/144Nd)i ratios of 0.712085–0.712316 and 0.511872–0.511892, respectively, with their εNd(t) (t = 112 Ma) values of −12.1 to −11.7 and TDM ages of 1.65–1.74 Ga (Table S3). The (87Sr/86Sr)i and (143Nd/144Nd)i values of the BCD granites are 0.710155–0.717792 and 0.511920–0.512086, respectively, with the εNd (t = 111 Ma) values varying from −11.23 to −7.97 and TDM ages from 1.29 to 1.74 Ga. The (87Sr/86Sr)i and (143Nd/144Nd)i ratios of the BCN granites range from 0.713413 to 0.714058 and 0.511925 to 0.511933, respectively. The εNd(t) (BCN–1, t = 121 Ma; BCN–4, t = 113 Ma) values range from –10.92 to –10.88, with TDM ages of 1.38–1.48 Ga. The (87Sr/86Sr)i and (143Nd/144Nd)i data of the TL granites are 0.714097–0.714461 and 0.511917–0.511929, respectively, with the εNd (t = 111 Ma) values between –11.31 and –11.08 and TDM ages of 1.40–1.63 Ga. On the (87Sr/86Sr)i–εNd(t) diagram (Figure 8), these samples almost plot near the end member of the lower crust of northern Tibet [80], but plot far away from the area of the Amdo orthogneiss [36].





6. Discussion


6.1. Zircon U–Pb Ages and Implications


Early Cretaceous (140–100 Ma) intermediate-felsic igneous rocks occur widely in the northern Lhasa and Amdo terranes, which were likely formed related to the subduction and closure of the BNTO [7,8,9,11,18,56,84,85]. Our eight new crystallization ages of 121–108 Ma (Figure 4) are consistent with those of the Early Cretaceous magmatic rocks in the northern Lhasa and Amdo terranes.



The formation ages of the YLSS granophyres (~111.5 Ma) and the YLSZ quartz diorite–porphyrites (~108.0 and 108.6 Ma) are less than those of the Yilashan ophiolite (~184–133 Ma) [43,45,46], consistent with them occurring as dikes within the ophiolite. These ages, together with the collision related setting of the granophyres and quartz diorite–porphyrites defined in the following, suggest that the Yilashan ophiolite was formed prior to ~112 Ma at least.



As mentioned above, many inherited or captured zircons with variable U–Pb ages (~3417.0–1057.4 Ma, ~995.8–861.5 Ma, ~627.4 Ma, ~569.8–448.1 Ma, ~295.5 Ma, ~175.6–160.3 Ma and ~128.5–128.1 Ma) were obtained from the eight granitoid samples (Table S1). These ages reveal that the samples were produced with diverse magmatic sources and there was Precambrian crustal materials in the magma source that shows crustal reworking. The zircons from the YLSZ quartz diorite–porphyrites and the BCD granites yield U–Pb ages of ~995.8–861.5 Ma and ~569.8–448.1 Ma that agree with those of the Amdo orthogneisses (yielding crystallization ages of 920–820 Ma and 550–420 Ma [37]) in the Amdo terrane. In view of that, these rocks were likely developed in a collision related setting (see Section 6.3); the samplings of the quartz diorite–porphyrites are adjacent to the Amdo terrane (Figure 1c) and the corresponding magmatic CL-like zircons (Figure S1a,b,d,e), and these signatures suggest that the materials derived from the Amdo orthogneisses may be involved in the formation of the YLSZ quartz diorite–porphyrites and the BCD granites. However, these rocks plot far away from the Amdo orthogneiss field in Figure 8, implying that the addition of the Amdo orthogneisses in the generation of these rocks may be limited. Moreover, there are no zircons yielding U–Pb ages of ~920–820 Ma and ~550–420 Ma in the YLSS granophyres and the BCN and TL granites (Figure S1c,f,g,h). Combined with the different Sr–Nd isotopes from those of the Amdo orthogneisses (Figure 8), these signatures indicate the possibly absence or negligible addition of the Amdo orthogneisses in the formation of these rocks. In addition, the sample BCN–2 yields zircon U–Pb ages of ~128.5–128.1 and εHf(t) values of −7.4 to −7.8, agreeing with those of the Early Cretaceous granitoids (~140–100 Ma, –16.1 to +0.6, respectively) in the Amdo terrane [8,11,12,42]. Together with that, the zircons show magmatic CL-like signatures (Figure S1g) and yield high Th/U ratios (2.5–3.3; Table S1); these features may argue for the input of components derived from the Amdo Early Cretaceous (~140–100 Ma) granitoids in the formation of the BCN granites. Similarly, the sample YLSZ–9 yields a U–Pb age of ~175.6 Ma (Figure 3a) resembling that of the Yilashan ophiolite (~184–170 Ma [43,45]) and the metamorphosed ages (~190–169 Ma) of the Amdo orthogneisses [37,38]. However, considering the corresponding zircon yielding εHf(t) data of –23.6 and TDM2 age of 2.70 Ga (Table S2) and showing magmatic CL-like feature (Figure S1a) with Th/U ratio of 0.2, this grain with the U–Pb age of ~176 Ma was probably not derived from the Yilashan ophiolite and the Amdo orthogneisses.



Based on zircon Hf isotopic compositions of the Mesozoic–early Tertiary magmatic rocks occurred in the Amdo terrane, some workers argued that a Precambrian “hidden” crust was probably developed beneath the Amdo terrane [8,11]. A large area of Precambrian magma source existed beneath the central and eastern northern Lhasa and Amdo terranes [54]. In this paper, the zircon U–Pb ages of granitoid samples (Table S1), together with their εHf(t) values and TDM2 ages (Table S2) and the corresponding εNd(t) values and TDM ages (Table S3), further suggest the presence of a Precambrian “hidden” crust beneath the northern Lhasa and Amdo blocks and it had played an important role in the magmatism of these areas.




6.2. Petrogenesis


6.2.1. YLSZ Quartz Diorite–Porphyrite


The quartz diorite–porphyritic samples yield low Nd/Th (1.16–1.56) and Nb/Ta (11.51–15.30) ratios, which are closer to those of crust (~3 and ~12, respectively [86]), but much lower than those of mantle-derived rocks (>15 and ~22, respectively [86]). Again, Ti/Zr values of the samples range from 19.12 to 21.04 that fall into the scope of continental crust rocks (<30 [87]). In addition, Rb/Sr ratios of these rocks are 0.33–0.42 that the average value of 0.38 is similar to that of crust (0.35 [88]). Together with the negative εNd(t) (−9.1 to −9.0) and zircon εHf(t) (−10.0 to −0.5) values with old Nd TDM (1.52–1.55 Ga) and zircon Hf TDM2 (1.20–1.80 Ga) ages (Tables S2 and S3), these evidences indicate that the quartz diorite–porphyrites were probably mainly derived from a Paleo–Mesoproterozoic crustal source. Their inherited or captured zircons yielding older 207Pb/235U ages of 1002.0–3427.2 Ma (Table S1) support this inference. Meanwhile, as discussed in Section 6.1, a small amount of components derived the Amdo orthogneisses may be involved in the formation of the quartz diorite–porphyrites. In addition, the quartz diorite–porphyrites yield a broad range of zircon εHf(t) values of −10.0 to −0.5 (Figure 5) and high MgO (3.06 wt.%–3.66 wt.%), Mg# (59.9–64.1), Cr (97–110 ppm) and Ni (36.1–77.2 ppm) values (Table S3), suggesting a likely crust–mantle mixing origin. However, their relatively high SiO2 (61.29 wt.%–63.22 wt.%) and Al2O3 (15.46–16.06 wt.%) contents and the overall high negative εNd(t) and zircon εHf(t) values (Figure 5 and Figure 8) argue for an insignificant input of mantle-derived melts.



Experimental petrology shows that quartz diorites can be produced by partial melting of metapelite, metagraywacke, and metabasaltic to metatonalitic rocks [89,90,91,92,93]. CaO/Na2O ratios are often used to determine the compositions of magma source of granitoids. CaO/Na2O ratios < 0.5 indicate pelite-derived magmas, and those between 0.3–1.5 support melts derived from graywacke or igneous sources [94]. In this paper, the quartz diorite–porphyritic samples have high CaO/Na2O ratios of 0.72–1.39 with the average value of 1.02, showing that they may be formed by partial melting of graywackes or igneous rock sources. Discrimination diagrams based on whole-rock major elements can be used to assess magma sources. In the diagram of (CaO + MgO + FeOT + TiO2) versus CaO/(MgO + FeOT + TiO2) (Figure 9a), the quartz diorite–porphyritic samples exhibit low CaO/(MgO + FeOT + TiO2) but high (CaO + MgO + FeOT + TiO2) contents that fall into the partial melts from the amphibolite field. This conclusion can also be drawn from the (Al2O3 + MgO + FeOT + TiO2) versus Al2O3/(MgO + FeOT + TiO2) diagram (Figure 9b). In fact, experimental studies suggest that dehydration melting of amphibolite can produce melts of felsic to intermediate calc-alkaline compositions (e.g., diorite) [89,91]. Thus, the quartz diorite–porphyritic samples were probably derived from the partial melting of an amphibolitic/or metabasaltic magma source [95].



In Figure S2, the YLSZ quartz diorite–porphyrites generally show negative correlations of MgO, Al2O3, Fe2O3T, TiO2, P2O5, CaO, Ni, Zr and V with SiO2. These correlations, together with the depletions in Eu, Sr and Ti in Figure 7a,b, imply the removal of plagioclase, K–feldspar, hornblende, Fe–Ti oxides, zircon and apatite during the magma evolution. In addition, Al2O3 content in quartz dioritic magma is diagnostic for pressure [101]. According to the partial melting experiments of amphibolite/eclogite, melts having Al2O3 contents lower than 15 wt.% indicate very low degrees of partial melting (≤5%–10%) at a pressure of ≤16 kbar, and the residual assemblage contains amphibole and plagioclase; whereas those >15.5 wt.% reflect moderate degrees of partial melting (10%–40%) when the pressure is >16 kbar, with the residual clinopyroxene, garnet and plagioclase [101]. The YLSZ quartz diorite–porphyrites, which yield Al2O3 contents of 15.46 wt.%–16.06 wt.% with the average value of 15.75 higher than 15.5 wt.%, are indicative that they were possibly produced at >16 kbar with a moderate degree of partial melting and the residual assemblages have garnet, clinopyroxene and plagioclase. The residual garnet and plagioclase agree with these rocks yielding low Lu/Tb ratios (0.44–0.52), apparent LREE enrichments with depleted HREE patterns and observed depletions of Eu and Sr (Figure 7a,b).




6.2.2. YLSS Granophyre


Chemical composition is the most objective of all the possible classification criteria for granite types as granites are generally subdivided into I-, A-, S- and M-types based on their different geochemical compositions [102,103,104]. The granophyric samples exhibit high SiO2 (73.0 wt.%–73.5 wt.%) and K2O (4.34 wt.%–4.40 wt.%) contents (Table S3) that exclude their M-type affinity [102]. More evidences for this conclusion are given by their high (87Sr/86Sr)i (0.712187 to 0.712316) and low εNd(t) (−12.1 to −11.7) and zircon εHf(t) (−13.8 to −11.0) values (Tables S2 and S3), which are inconsistent with those of M-type granites [105]. The granophyres plot in the fractionated and unfractionated granite fields on the 10,000 × Ga/Al versus (Zr + Nb + Ce + Y) diagram (Figure 10a) and fall into the I-, S- and M-type zone on the 10,000 × Ga/Al versus Zr diagram (Figure 10b), suggesting that they may be I- or S-type granites. Generally, I-type granites are metaluminous to weakly peraluminous (A/CNK < 1.1), and S-type granites are obviously peraluminous (A/CNK > 1.1). The granophyric samples have: (1) obviously peraluminous features with A/CNK > 1.1 (Figure 6c); (2) a positive correction between SiO2 and P2O5 (Figure S2f); (3) high K2O/Na2O ratios of 1.32–1.37; (4) high SiO2 contents of 73.0–73.5 wt.% (Table S3); (5) strongly peraluminous minerals, such as muscovite, with the absence of hornblende (Figure 2a); and (6) relatively low zircon saturation temperatures of 787–815 °C with a mean of 805 °C (Table S3). These signatures suggest that the YLSS granophyres likely belong to S-type granites.



Geochemical compositions of granite are affected by several factors that include the compositions of magma sources, partial melting, fractional crystallization, magma mixing and country-rock assimilation [106,107,108,109]. The granophyric samples have low Nd/Th (1.23–1.42), Nb/Ta (11.33–12.46) and Ti/Zr (5.15–6.88) ratios resembling those of crust [86,87], indicating that these rocks were likely derived from a crustal source. Again, they yield a narrow range of zircon εHf(t) values ranging from –13.8 to –11.0 (Figure 5) with TDM2 ages of 1.86–2.04 Ga (Table S2). Combined with their narrow range of εNd(t) values (–12.1 to –11.7) and Nd TDM ages (1.65–1.74 Ga) (Table S3), these evidences indicate that the granophyric samples were probably derived from Paleoproterozoic crust. As discussed above, the granophyric samples feature peraluminous and S-type granitic affinities. Previous studies shown that peraluminous granites can be derived from continental crustal sources involving metapelite, graywacke and metaigneous rocks [3,97,110,111,112]. The granophyric samples have relatively low MgO (0.30 wt.%–0.34 wt.%), Fe2O3T (1.34 wt.%–2.00 wt.%) and TiO2 (0.17 wt.%–0.18 wt.%) contents; thus suggesting that metaigneous rocks are unlikely to be their magma sources. In Figure 9a, the granophyric samples display low (CaO + MgO + FeOT + TiO2) and CaO/(MgO + FeOT + TiO2) values that fall into the graywacke field, implying that they may be derived from the partial melting of a graywacke source. This inference is further confirmed by their low Al2O3/(MgO + FeOT + TiO2) and (Al2O3 + MgO + FeOT + TiO2) values (Figure 9b) and is also consistent with the conclusion that S-type granites originate from sedimentary rocks [113]. Moreover, an obvious contribution of juvenile components would apparently change the peraluminous affinities of magmas [114,115]. High-silica S-type granites yielding SiO2 contents higher than 70 wt.% likely represent pure crustal melts [3]. The granophyric samples are peraluminous (Figure 6c) and exhibit high SiO2 (73.0 wt.%–73.5 wt.%), but low MgO (0.30 wt.%–0.34 wt.%), Cr (8.25–13.2 ppm) and Ni (6.4–14.5 ppm) contents (Table S3); thus revealing no contribution of mantle-derived melts in their petrogenesis.



The YLSS granophyres exhibit roughly negative correlations of MgO, Al2O3, TiO2, Ni and Zr with SiO2 in Figure S2. These features, along with the variable depletions in Eu, Sr and Ti in Figure 6c,d, reflect the removal of plagioclase, K–feldspar, biotite, hornblende, Fe–Ti oxides and zircon during the evolution of magmas. In addition, garnets are mainly enriched in HREEs. The granophyric samples shows strongly fractionated REE patterns (Figure 7c) with high (La/Yb)N (14.73–17.32) and (Dy/Yb)N (1.13–1.20) ratios, indicating residual garnets in the source regions during crustal melting. These samples yield the average (Dy/Yb)N ratio of 1.18 that is lower than that of the YLSZ quartz diorite–porphyrites (1.20), suggesting that the latter may be derived from a relatively deeper source with more residual garnets.




6.2.3. BCD, BCN and TL Granites


The BCD, BCN and TL granitic samples have variable K2O contents of 1.52 wt.%–5.33 wt.% and do not expose in ophiolite. Again, they yield high (87Sr/86Sr)i (0.710155–0.717792) and low εNd(t) (–11.31 to –7.97) and zircon εHf(t) (–15.6 to +5.4) values (Tables S2 and S3). Thus, the BCN, BCD and TL granites do not belong to M-type granites.



The BCD granites plot in the fields of fractionated and unfractionated granites on the 10,000 × Ga/Al versus (Zr + Nb + Ce + Y) diagram (Figure 10a), and basically fall into the I-, S- and M-type field on the 10,000 × Ga/Al versus Zr diagram (Figure 10b). Again, these samples show medium- to high-K calc-alkaline and roughly weakly peraluminous affinities (Figure 6b,c) and contain biotite, allanite, sphene with the absence of pyroxene and fayalite (Figure 3c,d) that are consistent with the features of I-type granites. Note that some I-type granites also exhibit strongly peraluminous signatures with A/CNK > 1.1 and are generally charactered by low K2O/Na2O ratios (<1.0) [110,116,117]. The samples BCD–3 and –5 yield high A/CNK values of 1.14–1.16, but low K2O/Na2O ratios of 0.50–0.70 that agree well with this definition. These characteristics, together with the negative correction between SiO2 and P2O5 (Figure S3f), low zircon saturation temperatures of 763–809 °C (Table S3) with the average value of 786 °C similar to those of the unfractionated (781 °C) and fractionated (764 °C) I-type granites from the Lachlan Fold Belt (LFB), Australia [118] and non-M-type granite affinity discussed above, indicate their likely I-type granite attributes.



Several evidences in the following indicate that the BCN and TL granites probably belong to A-type granites: (1) their SiO2 (69.3 wt.%–71.7 wt.%, with a mean of 70.3 wt.%), total alkali (7.09 wt.%–8.27 wt.%, with a mean of 7.84 wt.%) and CaO (1.44 wt.%–2.25 wt.%, with a mean of 1.78 wt.%) contents resemble those of typical A-type granites (SiO2 = 70 wt.%, Na2O + K2O = 7 wt.%–11 wt.% and CaO < 1.8 wt.% [119]); (2) their high K2O contents of 3.95 wt.%–5.33 wt.% with an average value of 4.85 wt.% agree with that of A-type granites (4 wt.%–6 wt.% or even higher [120]); (3) A-type granites feature high FeOT contents >1.00 wt.%, which is different from that of highly fractionated I-type granites generally <1.00 wt.% [121]. The BCN and TL granites yield high FeOT contents of 2.34 wt.%–3.73 wt.% similar to A-type granites; (4) their low Al2O3/TiO2 ratios of 22–34 are consistent with that of A-type granites (generally less than 35, [97]); (5) previous studies have shown that A-type granites originate from high-temperature magmas [118,122,123]. The zircon saturation temperatures of the BCN and TL granites ranging from 830 to 869 °C with a mean of 842 °C (Table S3) resemble those of the LFB aluminous A-type granites, Australia (839 °C [118]) and A-type granites in the Middle section of the BNSZ (833 °C [124]), but are much higher than that of the LFB I-type granites (<790 °C [118]). In particular, considering rare inherited source zircons in the samples (Figure S1f,g,h), the initial temperatures of the magmas should be over 842 °C, indicating “hot” granite magmas; (6) the BCN and TL granites have 10,000 × Ga/Al ratios of 2.32–2.97 where the average value of 2.57 is higher than those of I-type (2.1) and S-type (2.28) granites but resembles that of A-type (2.6) granites [102]. In the plots of 10,000 × Ga/Al versus (Zr + Nb + Ce + Y) and Zr (Figure 10), the BCN and TL granites plot in the A-type granite field. Moreover, the weakly peraluminous (Figure 6c) and the presence of abundant perthites and interstitial hornblendes (Figure 3c–h) reveal that the BCN and TL granites belong to aluminous A-type granites. Note that these granites yield low FeOT/MgO ratios of 3.06–4.80, which are obviously lower than that of A-type granites (>10 [102]; >16 [104]). Combined with their different chondrite-normalized REE patterns and primitive mantle-normalized element spider diagrams from those of A-type granites which are apparently depleted in Eu (Eu/Eu* < 0.30) and Sr (<100 ppm) [120] (Figure 7), these features imply that the BCN and TL granites may be untypical A-type granites.



In Figure S3, the BCD, BCN and TL granitic samples exhibit clear negative correlations of MgO, Al2O3, Fe2O3T, CaO, TiO2, Zr and V with SiO2. These signatures, together with the variable depletions in Eu, Sr and Ti shown in Figure 7e–j, suggest the removal of plagioclase, K–feldspar, hornblende, Fe–Ti oxides and zircon during the evolution of magmas. Note that the BCD granites show no or weak Eu and Sr anomalies compared to the BCN and TL granites (Figure 7e,f), reflecting that plagioclase may have played a lesser role in their magma evolution. In addition, the BCD, BCN and TL granites display strongly fractionated REE patterns (Figure 7e,g,i) with high (La/Yb)N (14.70–42.80) and (Dy/Yb)N (1.17–1.65) ratios, which are indicative of residual garnet in the source regions during melting. These rocks have the average (Dy/Yb)N ratios of 1.36, 1.53 and 1.56, respectively, suggesting that the BCN and TL granites may be derived from a relatively deeper source with more residual garnets than the BCD granites and the Yilashan granophyres (1.18) and quartz diorite–porphyrites (1.20).



BCD I-Type Granite


Three petrogenetic models are provided about the origin of I-type granite magmas that include: (1) the partial melting of mafic to intermediate lower crust [3,70,93,125,126]; (2) the assimilation and fractional crystallization of mantle-derived magmas, with or without crustal contamination [127,128]; and (3) the partial melting of supracrustal sedimentary rocks with the input of mantle-derived melts [129,130]. The BCD granitic samples yield multi-stage zircon U–Pb ages (Table S1), a wide range of zircon εHf(t) values of −8.8 to +2.5 (Figure 5) with TDM2 ages of 1.01–1.73 Ga (Table S2) and low εNd(t) values of −11.23 to –7.97 (Figure 8) with TDM ages of 1.29–1.74 Ga (Table S3), suggesting that the BCD granites were likely derived from Paleo–Mesoproterozoic crust with some contribution of mantle-derived magmas and crustal assimilation (see Section 6.1). Several evidences below confirm that mantle-derived melts could not be a dominant factor in the origin of the BCD granites: (1) felsic rocks have high SiO2 contents >66 wt.% that cannot be derived from the direct partial melting of the mantle source, which would result in the magmas having no more silicic than andesitic in compositions [131,132,133]; (2) mafic magmas that have undergone progressive fractional crystallization would produce voluminous mafic–ultramafic cumulates that contrast with that of wide granitoids exposed in the study area [109,126,134]; (3) the BCD granites are peraluminous (Figure 6c), which are different from that of magmas generated related to fractional crystallization of mantle-derived magmas, which usually show peralkaline attributes [118,135,136]. Obviously input of mantle derived materials would significantly change the peraluminous features of magmas [114,115]; (4) low MgO (0.54 wt.%–0.93 wt.%), Cr (5.41–12 ppm) and Ni (2.8–5.17 ppm) values and various Nd and zircon Hf isotopic compositions (Tables S2 and S3) and the absence of mafic enclave in rocks.



CaO/Na2O ratios are often used to determine the compositions of magma sources of granitoid that the ratios < 0.5 indicate pelite-derived magmas, whereas those between 0.3 and 1.5 show magmas derived from graywacke or igneous sources [94]. The BCD granites have high CaO/Na2O ratios of 0.49–0.68 with the average value of 0.59, suggesting that they may be derived from the partial melting of graywacke or igneous sources. As shown in Figure 9a, these rocks have low CaO/(MgO + FeOT + TiO2), but high (CaO + MgO + FeOT + TiO2) values that almost fall into the partial melts from the amphibolite field. This conclusion can also be obtained from Figure 9b. Therefore, the BCD granites were likely derived from the partial melting of an amphibolitic/or metabasaltic magma source [95]. In addition, magmas originated from the partial melting of supracrustal sediments are strongly peraluminous [137]. The BCD granites are weakly to obviously peraluminous (Figure 6c), and one sample (BCD–2) plot near the global subducting sediment (GLOSS) field in Figure 8. These signatures, combined with one sample (BCD–4) plotting in the graywacke field in Figure 9a, suggest that the BCD granites may be formed with some influences of sediments.




BCN and TL Untypical A-Type Granites


Three genetic models about A-type granites have generally been invoked that include: (1) the extreme fractional crystallization of mantle-derived basaltic magmas, having or not having crustal contamination [127,138,139,140]; (2) the partial melting of crustal rocks [98,104,118,123,135]; and (3) mixing magmas originated from the two end members above [141,142]. Several evidences below reveal that the BCN and TL granites likely have a crustal source. (1) They have high SiO2 contents >66 wt.% and are peraluminous (Figure 6c); (2) they have low Nb/Ta ratios of 11.76–13.18 with a mean of 12.56 that resemble those of magmas originated from crust (11–12), but are distinct from that of melts derived from mantle (17.5 [143]); (3) their Ce/Pb ratios of 1.91–4.85 (with a mean of 3.01) are closer to that of crust (3.9 [2]) than that of mantle-derived melts (27 [144]); (4) the absence of coeval voluminous mafic magmatism or related intermediate products of crystallization evolution in the study area. The multi-stage zircon U–Pb ages (Table S1) and various εNd(t) (−11.31 to −10.88) and zircon εHf (−14.6 to −5.9; crystallization ages) values (Figure 5 and Figure 8) with old Nd TDM (1.38–1.63 Ga) and zircon Hf TDM2 (1.54–2.09 Ga) ages (Tables S2 and S3) of the samples show that they were likely derived from Paleo–Mesoproterozoic (dominated by Paleoproterozoic) crust, with crustal assimilation (see Section 6.1) and the contribution of minor mantle-derived melts. The addition of limited mantle-derived magmas is supported by the fact that the BCN and TL granites show high SiO2 and low MgO, Cr and Ni contents (Table S3) and are peraluminous (Figure 6c).



With regard to crustal origin, the BCN and TL granites are weakly peraluminous with limited influences of mantle-derived melts that are inconsistent with the metasedimentary rock-derived melts, which show apparent peraluminous characteristics [145,146]. Thus, the possibility of a metasedimentary source should be excluded. In Figure 9a, the BCN and TL granites display low CaO/(MgO + FeOT + TiO2), but high (CaO + MgO + FeOT + TiO2) values that fall into the partial melts from the amphibolite field. This conclusion can also be drawn from Figure 9b. These features are indicative that the BCN and TL granites were likely derived from the partial melting of an amphibolitic/or metabasaltic magma source, resembling that of the BCD granites. In fact, previous studies have shown that the magma sources of I- and A-type composite granites can be similar, and their differences in magma source compositions could be related to the amount of the involvement of mantle-derived magmas [147]. Note that the BCN and TL granites have higher Y and Yb values than the BCD granites and show observed Eu anomalies (Figure 7e,g,i), implying that they may have a relatively shallower magma source than the BCD granites.






6.3. Tectonic Setting and Geodynamic Implications


Granitoids have many tectonic settings, including volcanic arc, collisional, within-plate and ocean-ridge settings [148]. A recent study concluded that granites are developed particularly related to crustal melting at convergent plate margins where crustal materials had experienced thickening, heating and deformation [4]. In this paper, the granitoid samples belong to calc-alkaline and shoshonitic series (Figure 6b) and display enrichment of LREEs and LILEs and depletion of HFSEs (e.g., Nb, Ta, Ti) (Figure 7). These signatures resemble those of arc-like igneous rocks developed in active continental margin settings [149,150]. Two discrimination diagrams are used to determine the tectonic setting of the granitoid samples. On the Y versus Nb diagram (Figure 11a), the samples almost plot in the VAG (volcanic arc granites) + syn–COLG (syn-collisional granites) field with the sample BCN–1 (~121 Ma) in the WPG (within plate granite) field. Meanwhile, these rocks fall around the GCTS (granites from a collisional tectonic setting) field on the Hf–Rb–Ta diagram (Figure 11b). Moreover, as shown above, the BCN and TL granites are aluminous A-type granite. Generally, aluminous A-type granites are considered to be formed in a post-collisional setting [151,152]. These evidences thus imply that the granitoid samples likely have a collision related setting.



Note that the geochemical features of granites depend mainly upon their magma sources, and there is no direct relationship with the tectonic environment where they are formed. The accurate determination of tectonic setting of granites should be combined with the regional geological background. Although some workers proposed that the collision between the Lhasa and Qiangtang terranes happened prior to Cretaceous [13,154], evidences of magmatism, sedimentary, metamorphism, tectonics and paleolatitude along the BNSZ generally demonstrated that the amalgamating of the Lhasa–Qiangtang terranes likely took place in the Early Cretaceous [15,18,19,20,22,23,31]. For example, the Lhasa terrane initially collided with the Qiangtang terrane in the Late Jurassic–Early Cretaceous with the time most likely at 140–130 Ma based on the integrated evidences of lithostratigraphy, magmatism and metamorphism of the Lhasa–Qiangtang collision zone [18]. This conclusion is comparable with the Early Cretaceous (>130 Ma) collision constrained by paleolatitude [20], but more evidences are indicative that the Lhasa–Qiangtang collision should have happened later. The collision of the Lhasa and Qiangtang terranes in the Nima area (Figure 1b) likely happened at 125–118 Ma based on the mapping and geochronology [15]. Recently, the timing of closure of the BNTO was between 124 and 117 Ma and the Lhasa terrane collided with the Qiangtang terrane at 117–115 Ma based on the studies of the Asa Early Cretaceous igneous rocks [23] (Figure 1b). The timing of the Lhasa and Qiangtang collision was ~114 Ma, which is constrained by the Lower Cretaceous Duoni Formation in the Baingoin area [19] (Figure 1b). The initial collision of the Lhasa–Qiangtang terranes had taken place by 122 Ma based on the evidences of Lower Cretaceous strata in the Baingoin basin [22]. In addition, previous studies of zircon U–Pb dating revealed that the Yilashan ophiolite was developed at ~183–133 Ma [43,44,45,46]. These ages are older than those of the granitoid samples (121–108 Ma; Figure 4) reported in this paper. To sum up, we can infer that the Yilashan–Amdo ~121–108 Ma quartz diorite–porphyrites and granites were probably produced related to the Lhasa–Qiangtang collision and the BNTO had been closed during this time in the study area.



Partial melting of source rocks is usually controlled by several factors including temperature increase, pressure decrease and involvement of aqueous fluids. The thermal anomaly triggering partial melting of lower crust can be provided by asthenospheric mantle upwelling or the underplating of mantle-derived melts [155,156]. The asthenospheric upwelling can be induced by some factors including lithospheric extension or the oceanic slab rollback and breakoff. During the subduction process of oceanic slab beneath the continent, due to the continental lithosphere and oceanic lithosphere exhibiting different buoyancy, their contrasting buoyancy will finally lead in the breakoff of subducted slab after continent–continent collision [157,158]. In addition, for S-type granites derived from the partial melting of sedimentary rocks, their source rocks must be buried and then metamorphosed to trigger dehydration melting at elevated P–T conditions [118]. Previous studies have also shown that S-type granites are usually produced by the partial melting of sedimentary rocks during accretionary orogeny [159,160]. In this paper, the YLSS S-type granophyres (~112 Ma) were developed by partial melting of a graywacke source related to the Lhasa–Qiangtang collision following the closure of the BNTO. During this process, accompanied by the underthrusting of the Lhasa terrane underneath the (Amdo–) southern Qiangtang terrane (Figure 12) driven by the continued northward subduction of the Yarlung Zangbo Tethys Ocean beneath the Lhasa terrane to the south [15], graywackes preserved within the accretionary wedge were dragged into the lower crust to undergo metamorphism. On the other hand, the BCN and TL A-type granites have relatively high zircon saturation temperatures (830–869 °C; Table S3), suggesting that they were derived from a relatively refractory source under relatively high temperatures associated with mantle upwelling or mafic magma inrush into a localized area. However, plume-related A-type granites generated at high temperatures differ from the BCN and TL A-type granites, which display zircon saturation temperatures less than 900 °C [139,161] that this genetic model should be excluded. This model is also against their Nd–Hf isotopic compositions. Thus, the development of ~121–110 Ma BCN and TL A-type granites probably indicate a stage of structural transformation from collisional extrusion to extension with related lithospheric thinning and asthenospheric upwelling. During the late Early Cretaceous, BNTO plate continued to subduct beneath the Qiangtang terrane after the earlier collision of the Lhasa–Qiangtang terranes, and the slab breakoff at ~121–110 Ma to trigger intensive asthenospheric upwelling and subsequent mantle-derived magmas underplating into the lower crust (Figure 12). The underplating of mantle-derived melts provided heat for partial melting of the Paleo–Mesoproterozoic lower crustal mafic rocks and the deep buried graywackes to produce the Amdo granites (~121–110 Ma; BCD, BCN and TL), the YLSZ quartz diorite–porphyrites (~109–108 Ma) and the YLSS granophyres (~112 Ma), respectively. In addition, as discussed above, a small amount of mantle-derived melts had been involved in the generation of the YLSZ quartz diorite–porphyrite and the Amdo granites. This means that the underplating of mantle-derived magmas not only provided heat for partial melting of the lower crust but also directly brought a certain amount of mantle-derived components to the source regions. However, we cannot exclude the possibility that the mantle-derived materials involved in the formation of the granitoid samples were derived from juvenile crust.



On the other hand, previous studies have shown that the Yilashan ophiolite was emplaced into the Jurassic Yilashan Formation (JMy), which belongs to the Jurassic Mugagangri Group (JM) (Figure 1c [33]). In view of that, the Yilashan ophiolite has multiple formation ages ranging from ~184 to 133 Ma [43,44,45,46], the time of its tectonic emplacement should be after ~133 Ma. Note that only local Late Cretaceous but no Early Cretaceous intermediate-felsic igneous rocks occur within the Jurassic Mugagangri Group (JMy, JMb), which contact with the Yilashan ophiolite (Figure 1c [33]). If the Yilashan ophiolite was intruded by the Early Cretaceous granophyric and quartz diorite–porphyritic intrusions after its earlier emplacement into the Jurassic Yilashan Formation (JMy), why are there no coeval Early Cretaceous intermediate-felsic intrusions within the Jurassic Mugagangri Group (JMy, JMb)? Thus, it is possible that the Yilashan ophiolite was intruded by the ascending of Early Cretaceous intermediate-felsic magmas to form the granophyric and quartz diorite–porphyritic intrusions at ~112–108 Ma at a certain stage of emplacement somewhere, and finally, all of them were emplaced into the Jurassic Yilashan Formation (JMy) because of the intensifying collision orogenesis.





7. Conclusions


	
The Yilashan and Amdo granitoid samples were formed at ~121–110 Ma related to the collision between the Lhasa and southern Qiangtang (–Amdo) terranes. The BNTO was closed during this period in the study area.



	
The Yilashan S-type granophyres were derived from partial melting of a Paleoproterozoic metagraywacke source in the lower crust. The Yilashan quartz diorite–porphyrites and the Amdo I-type granites were mainly originated from partial melting of Paleo–Mesoproterozoic lower crustal mafic rocks involved with a small amount of components derived from the Amdo orthogneisses and mantle-derived magmas. The Amdo A-type granites were mainly derived from a Paleo–Mesoproterozoic (dominated by Paleoproterozoic) source composed of metabasaltic rocks along with the insignificant input of mantle-derived melts. A Precambrian “hidden” crust likely existed beneath the northern Lhasa and Amdo blocks.



	
The underplating of mantle-derived melts related to asthenospheric upwelling not only provided sufficient heat for partial melting of crustal sources at various levels but also led to crustal-derived melts to mix with mantle-derived materials (the YLSZ quartz diorite–porphyrite and the Amdo granites).



	
The Yilashan ophiolite was intruded by the Early Cretaceous (~112–108 Ma) granophyric and quartz diorite–porphyritic intrusions prior to its final tectonic emplacement into the surrounding Jurassic strata.
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Figure 1. Inset showing the location of Figure 1b in the Tibetan Plateau (a) [9]. SG: Songpan–Ganzi terrane; NQ: Northern Qiangtang terrane; SQ: Southern Qiangtang terrane; AD: Amdo terrane; NL: Northern Lhasa terrane; CL: Central Lhasa terrane; SL: Southern Lhasa terrane; TH: Tethyan Himalaya terrane; HH: High Himalaya terrane; LH: Lesser Himalaya terrane. A: Jinsha suture zone; B: Longmuco–Shuanghu suture zone; C: Bangong–Nujiang suture zone; D: Shiquanhe–Namco mélange zone; E: Luobadui–Milashan fault; F: Yarlung Zangbo suture zone; G: South Tibetan detachment system; H: Main boundary trust; I: Main boundary trust. Tectonic outline of the Tibetan Plateau and the sketch structural framework of the Lhasa–southern Qiangtang terranes showing the Bangong–Nujiang suture zone (b) [9]. Geological sketch maps of the Yilashan ophiolite (c) [33] and the Amdo terrane (d) [33,34] showing sample localities. 
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Figure 2. Field photographs of the Yilashan and Amdo granitoids in the Nagqu area. (a) YLSS granophyre; (b) YLSZ quartz diorite–porphyrite; (c) Peridotite intruded by the YLSZ quartz diorite–porphyrite; (d–f) Amdo BCD, BCN and TL granites. 
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Figure 3. Representative photomicrographs of the Yilashan and Amdo granitoids in the Nagqu area. (a) Graphic–myrmekitic textures of granophyres (YLSS–2); (b) mineral compositions of quartz diorite–porphyrites (YLSZ–5); (c) granite containing K–feldspar, plagioclase, quartz and minor biotite (sample BCD–1); (d) biotites occurring as fragments (sample BCD–1); (e) Perthite showing Carlsbad twin and containing hornblende and sphene (sample BCN–2); (f) plagioclase, quartz and minor biotite and sphene association in granite (sample BCN–1); (g,h) mineral assemblage of the sample TL–1. The abbreviations for minerals: Qtz, quartz; Pl, plagioclase; Kfs, K–feldspar; Hbl, hornblende; Chl, Chlorite; Ep, epidote; Pth, perthite; Aln, allanite; Spn, sphene; Bt, biotite; Ap, apatite; Ms, muscovite. 
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Figure 4. Zircon LA–ICP–MS U–Pb concordia (left) and probability density function (right) diagrams of the analyzed zircons from the Yilashan and Amdo granitoids in the Nagqu area. (a): YLSZ–9; (b): YLSZ–10; (c): YLSS–4; (d): BCD–1; (e): BCD–6; (f): BCN–1; (g): BCN–2; (h): TL–3. 
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Figure 5. Zircon εHf(t) versus U–Pb age diagram for the Yilashan and Amdo granitoids in the Nagqu area. DM: depleted mantle; CHUR: chondritic uniform reservoir. 
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Figure 6. (Na2O + K2O) versus SiO2 (a) [76]; K2O versus SiO2 (b) [77]; and A/NK versus A/CNK (c) [78] diagrams for the Yilashan and Amdo granitoids in the Nagqu area. 
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Figure 7. Chondrite-normalized REE (left) and primitive mantle-normalized trace element (right) patterns for the Yilashan and Amdo granitoids in the Nagqu area. The chondrite and primitive mantle normalization data are from [79]. Data for Upper and Lower continental crust are from [2]. (a):YLSZ; (b):YLSZ; (c): YLSS; (d): YLSS; (e):BCD; (f):BCD; (g): BCN; (h): BCN; (i): TL; (j): TL. 
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Figure 8. (87Sr/86Sr)i versus εNd(t) diagram for the Yilashan and Amdo granitoids in the Nagqu area. Upper mantle and upper crust data are from [81], and lower crust data are from [82]. Data for global subducting sediments (GLOSS), Amdo orthogneiss (AO) and lower crust of northern Tibet are from [36,80,83], respectively. EM: enriched mantle. Symbols as in Figure 6. 
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Figure 9. (CaO + MgO + FeOT + TiO2) versus CaO/(MgO + FeOT + TiO2) (a) and (Al2O3 + MgO + FeOT + TiO2) versus Al2O3/(MgO + FeOT + TiO2) (b) diagrams [96] for the Yilashan and Amdo granitoids in the Nagqu area. Symbols as in Figure 6. Fields are from [97,98,99,100]. 
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Figure 10. Plots of 10,000 × Ga/Al versus (Zr + Nb + Ce + Y) (a) and Zr (b) [98] for the Yilashan and Amdo granitoids in the Nagqu area. Symbols as in Figure 6. FG: fractionated felsic granites; OGT: unfractionated M-, I- and S-type granites. 
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Figure 11. Y versus Nb (a) [148] and Rb–Hf–Ta (b) [153] diagrams for the Yilashan and Amdo granitoids in the Nagqu area. WPG: within-plate granites; VAG: volcanic arc granites; syn–COLG: syn-collisional granites; ORG: ocean-ridge granites; GCTS: granites from a collisional tectonic setting. 
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Figure 12. A simplified geodynamic model for the Yilashan and Amdo Early Cretaceous granitoids. Not drawn to scale. The Yilashan and Amdo granitoids were formed related to the Lhasa–Qiangtang collision during the late Early Cretaceous (~121–110 Ma) associated with the northward subducted slab breakoff of the Bangong–Nujiang Tethys Ocean beneath the southern Qiangtang (–Amdo) terrane. The partial melting of the lower crustal source rocks was triggered by asthenospheric upwelling. 
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