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Early Evolution of Himalayan Orogenic Belt and Generation of Middle Eocene Magmatism: Constraint From Haweng Granodiorite Porphyry in the Tethyan Himalaya
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Although the Himalayan orogenic belt is dominant by Oligocene to Miocene leucogranites, it initiated magmatic activity from middle Eocene. However, the exact distribution and genesis of early magmatism are yet to be resolved. This study identified new outcrops of middle Eocene magmatism, Haweng granodiorite porphyries, from northwest Langkazi in the northern Tethyan Himalaya, southern Tibet. Identical zircon U–Pb ages were obtained by secondary ion mass spectrometry (17JT13: 45.3 ± 0.4 Ma; 17JT16: 44.5 ± 0.8 Ma) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) (17JT15: 44.3 ± 0.8 Ma; 12FW75: 44.4 ± 0.6 Ma) methods for different outcrops there. Titanite LA-ICP-MS U–Pb analyses also gave consistent lower intercept ages for samples 17JT13 (45.3 ± 0.5 Ma) and 17JT15 (44.5 ± 0.6 Ma). Zircon metamorphic rims of sample 17JT15 recorded a younger thermal event of 29.9 ± 0.4 Ma. The analyzed samples possess high SiO2 (69.98–73.53 wt.%), Al2O3 (15.07–16.15 wt.%), variable Na2O (3.94–5.81 wt.%) with Na2O/K2O ratios of 1.57–7.88, and A/CNK values of 1.08–1.27 indicative of sodic peraluminous series. They show variable Sr (342–481 ppm) and Rb (37.9–133 ppm) concentrations and low Rb/Sr ratios (0.10–0.39), radiogenic Sr isotopes [87Sr/86Sr(t): 0.7190–0.7251], and unradiogenic Nd–Hf isotopes with εNd(t) values of −13.54 to −11.55 and εHf(t) values of −11.97 to −9.37, respectively. The variation of major and trace elements, such as increases in Na2O and Sr and decreases in K2O and Rb, resulted from cumulation of plagioclase and crystal fractionation of K-feldspar during magma evolution. The Haweng granodiorite porphyries were derived from partial melting of dominant amphibolites and variable metasedimentary rocks. The newly identified outcrops help conform the EW trending middle Eocene magmatic belt along the Yarlung Tsangpo suture zone, resulting from breakoff of the Neo-Tethyan slab at ca. 45 Ma.
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INTRODUCTION

The Cenozoic Himalayan orogeny was accompanied by long-lasting magmatism. Deciphering the petrogenesis of these magmatic rocks is therefore a key issue to understand the formation and evolution of the orogenic belt. The Himalaya initiated crustal anatexis from middle Eocene after the India–Asia continental collision (Zeng et al., 2011; Hou et al., 2012; Carosi et al., 2015; and references therein), which lasted until late Miocene (ca. 44–7 Ma, Wu et al., 2015, 2020). Melt generation and granite emplacement are mainly related to the exhumation stage of the Greater Himalayan Sequence (GHS) during the late Oligocene to early Miocene (Harris and Massey, 1994; Hodges, 2000; Searle, 2013; Zeng and Gao, 2017).

With respect to this dominant magmatic stage, less attention has been paid to the magmatism during prograde metamorphism, especially initial stage of partial melting. The early partial melting includes two main styles: (1) anatexis during prograde/peak metamorphism of the GHS as reflected by anatectic melt inclusions within garnet (Carosi et al., 2015, 2019; Iaccarino et al., 2015) and (2) partial melting of thickened lower crust along the northern margin of Himalaya (Aikman et al., 2008; Zeng et al., 2011; Hou et al., 2012). Although evidence of early anatexis during prograde metamorphism was reported from frontal Himalaya, the ubiquitous existences of monazites of this stage preclude the possibility of widely partial melting, as the melting would consume monazites and erase their records of earlier metamorphism (Gibson et al., 2004; Kohn et al., 2005). The early magmatism, which is of relatively large scale and has been dated by zircon U–Pb method, is locally distributed and limited to the Yardoi dome and adjacent area from northeastern Himalaya (Aikman et al., 2008; Zeng et al., 2011; Hou et al., 2012). Furthermore, only some coeval granitic dikes were found in the Ramba dome (Liu et al., 2014).

Thus, more outcrops of Himalayan granites are necessary to reveal the distribution and generation of early Cenozoic magmatism, which is important to constrain the deep dynamic process of Himalayan orogenic evolution. And this study identified new exposure of middle Eocene granitic rocks from northwest of Langkazi county along the north margin of Himalaya. Zircon U–Pb age and Hf isotope, whole-rock element and Sr–Nd–Hf isotopes are invoked to reveal the petrogenesis and early evolution of the Himalayan orogenic belt.



GEOLOGICAL BACKGROUND AND SAMPLES


Geological Units of Southern Tibet

The Himalayan–Tibetan orogenic belt was generated by the India–Asia continental collision, which initiated at around 60 Ma along the Yarlung Tsangpo suture zone (YTSZ) (Wu et al., 2014; Hu et al., 2016; and references therein). It consists of several east–west trending geological blocks, namely, the Himalaya, Lhasa, Qiangtang, Songpan–Ganze, and Kunlun terranes from south to north. To the south of YTSZ, the Lhasa terrane was an active continental margin (the Gangdese arc) accompanying the northward Neo-Tethyan subduction (Searle et al., 1987). The arc magmatic activity in the southern margin of the Lhasa terrane lasted from middle Triassic to Eocene (cf. Wen et al., 2008; Ji et al., 2009; Wang et al., 2016) until the breakoff of the Neo-Tethyan oceanic slab at around 45 Ma (Ji et al., 2016 and references therein).

The Himalaya, to the south of YTSZ, can be divided into four tectonic belts including the Sub-Himalaya, the Lesser Himalayan Sequence (LHS), the GHS, and the Tethyan Himalayan Sequence (THS), separated by several faults and shear zones including the Main Boundary Thrust (MBT), the Main Central Thrust (MCT), and the South Tibetan Detachment System (STDS) (Figure 1A) (Hodges, 2000; Yin, 2006). The Sub-Himalaya, the southernmost and structurally lowest lithotectonic belt, is composed of the synorogenic sedimentary units of the Siwalik Group, bounded at the top by the MBT. In the hanging wall of the MBT, the LHS encompasses Paleoproterozoic to early Mesoproterozoic metasedimentary rocks, and Paleoproterozoic granites. Bound by the MCT at the base and STDS at the top, the GHS is the metamorphic core of the Himalaya comprising high-grade metasedimentary and meta-igneous rocks with age ranging from Neoproterozoic to Ordovician. The GHS was intruded by leucogranitic rocks of various scales varying from sills and dikes to plutons, especially in its upper part blew the brittle strand of the STDS (Debon et al., 1986; Searle et al., 2010). Above the STDS, the THS consists of continuous sedimentary sequence from Paleozoic to Eocene, which belongs to a passive continental margin during the northward Neo-Tethyan subduction. The THS has been deformed during the Cenozoic India–Asia collision, but the metamorphic grade is very low with the highest of greenschist facies.
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FIGURE 1. Geological map of the study area and sample location. (A) Geological background of study area and distribution of identified middle Eocene magmatic rocks along the suture zone. (B) Simplified geological map of the study area. (C) Outcrops and distribution of samples (base map from Google Earth). Abbreviations: MBT, Main Boundary Thrust; MCT, Main Central Thrust; STDS, South Tibetan Detachment System; YTSZ, Yarlung Tsang suture zone. Middle Eocene magmatic rocks: ① Xiao Gurla Range (Pullen et al., 2011); ② Niuku (Ding et al., 2005); ③ Langshan OIB (Oceanic island basalt)–type gabbro (Ji et al., 2016); ④ Yardoi area (Aikman et al., 2008; Zeng et al., 2011; Hou et al., 2012).




Early Cenozoic Evolution of Southern Tibet

After the initial India–Asia continental collision, the Indian continent began to underthrust beneath the southern margin of Asia continent (i.e., the Lhasa terrane) because of drag of the attached Neo-Tethyan oceanic slab. The shallow crust of Indian continent was decoupled and stayed at the top, forming the THS, whereas the deep crust was dragged to various depths, parts of which exhumed later in the form of (ultra) high-pressure rocks, such as the eclogites in the Kagan Valley and Tso Morori in the northwest Himalaya (e.g., de Sigoyer et al., 2000; Kaneko et al., 2003), and the GHS extruded southward between the MCT and the STDS (Burchfiel et al., 1992; Le Fort, 1996). The YTSZ and adjacent regions underwent fast crustal thickening after initial collision as indicated by crustal deformation, development of fold and thrust belt, and magmatism. These N-S contractional structures were intruded by undeformed middle Eocene granitic rocks (45–44 Ma) in several locations along the YTSZ (Ding et al., 2005; Pullen et al., 2011). As the leading edge of collision belt, regions adjacent to the YTSZ were prone to obtain thickened crust first, and they already had thickened crust by middle Eocene suggested by the widespread development of adakitic rocks along strike (e.g., Guan et al., 2012; Ji et al., 2012; Liu et al., 2014; Ma et al., 2014; Shellnutt et al., 2014). They should have maintained the thickest crust of the Tibet with a present thickness greater than 70 km on the basis of geophysical observation (cf. Zhao et al., 2001; Nábělek et al., 2009).

The early process of crustal thickening was not limited to the suture zone but propagated southward quickly. The THS, the structurally highest units of the Himalayan orogenic belt, developed horizontal shortening and regional fold and thrust belt during early–middle Eocene (ca. 50–45 Ma: Ratschbacher et al., 1994; Wiesmayr and Grasemann, 2002), and the main stage of shortening and crustal thickening for the shallow crust could have completed prior to middle Eocene (44.1 ± 1.2 Ma, Aikman et al., 2008 and references therein). The crustal thickening was documented by early Eocene growth of garnet in the middle crust in the Mabja (54–52 Ma) and Kangmar (51–49 Ma) domes from central Himalaya (Smit et al., 2014). In the eastern Himalaya, the schists from Yardoi dome underwent Eocene (48–36 Ma) prograde metamorphism (Ding et al., 2016a, b). The authors regarded these upper crust rocks as part of the upper level of the GHS, which were buried to 20–30 km due to shallow subduction of the Indian continent beneath the Lhasa terrane. The garnet amphibolite and granitic gneiss recorded high amphibolite and granulite facies metamorphism in the Yardoi dome at 45.0 ± 1.0 and 47.6 ± 1.8 Ma, respectively, followed by anatexis at 43.5 ± 1.3 Ma (Zeng et al., 2011; Gao et al., 2012). The middle Eocene granitic rocks (46–42 Ma) from Yardoi dome and adjacent areas show adakitic affinities indicating thickened crust already occurred at that time (Zeng et al., 2011; Hou et al., 2012). Thus, southern Tibet was located in an N-S compressional setting in the early Cenozoic, accompanied with continental subduction, structural shortening, crustal thickening, and prograde metamorphism.

The study area is located in the north margin of the THS (Figure 1A). Grandiorite porphyry outcrops were identified from the Haweng deposit, northwest of the Langkazi County (Figure 1B). The granodiorite porphyry intruded into the late Triassic Nieru Formation, consisting of slate, siltstone, meta-sandstone, and crystalline limestone, as dikes or stocks of different scale from the mountainside to the mountain ridge/peak (Figures 1C, 2). Samples 17JT13 and 17JT14 were collected from the same outcrop in the mountainside (Figure 1C). The granodiorite porphyry here intruded into the sandstone of Nieru Formation and developed sandstone enclave (Figure 2). Sample 12FW75 was collected in a higher location close to the mountain ridge, whereas sample 17JT15 was from the mountain ridge, namely, a small peak. The outcrop of sample 17JT15 was of large scale with severely cracked intrusive rocks at the top (Figure 2A). Sample 17JT16 was a rolling stone collected in the valley, which has least mafic minerals and is different from the investigated outcrop samples. It is used to reveal the potential magmatic evolution. All the intrusive rocks show porphyritic texture (Figures 2C,D), and the phenocrysts are mainly plagioclase, quartz, K-feldspar, small biotite, and a some muscovite (Figures 2E,F), whereas the accessory minerals include zircon, apatite, and titanite.
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FIGURE 2. Field pictures and micrographs for Haweng granodiorite porphyries. (A,C,E) Are for sample 17JT15, whereas (B,D,F) are for sample 17JT13. Abbreviations: Bt, biotite; Kfs, K-feldspar; Pl, plagioclase; Qz, quartz.





ANALYTICAL METHODS

Zircon secondary ion mass spectrometry (SIMS) U–Pb dating for samples 17JT13 and 17JT16 and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) U–Pb and Hf isotopic analysis for sample 12FW75 were performed at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS), Beijing, China. Cathodoluminescence (CL) images were used for selection of zircon grain and dating position. Zircon SIMS U–Pb dating was conducted using a Cameca IMS-1280, following the analytical procedures described by Li et al. (2009). The ellipsoidal spot is approximately 10 × 15 μm in size. Calibration of Pb/U ratios is relative to the standard zircon Plešovice. Zircon LA-ICP-MS U–Pb analysis for sample 12FW75 was performed on an Agilent 7500a Q-ICP-MS equipped with a 193-nm Excimer ArF laser ablation system (Geolas plus), using zircon 91500 as external standard with circle spot of 30 μm in diameter. The detailed analytical procedures for zircon U–Pb age can be found in Xie et al. (2008). Zircon Hf isotopic analyses were conducted on the dated spots by the MC-ICPMS method (Wu et al., 2006) using a Thermo-Finnigan Neptune multicollector connected to the same laser ablation system. Data reduction was carried out using Isoplot/Ex v 3.0 program (Ludwig, 2003). The in-house zircon U–Pb age standard for SIMS analysis, Qinghu, yielded 206Pb/238U age of 160.8 ± 1.7 Ma [Mean Square of Weighted Deviates (MSWD), = 0.34, n = 8], whereas the zircon standards for LA-ICP-MS analyses gave a mean age of 604.6 ± 6.4 Ma (MSWD = 0.13, n = 13) for GJ1. These obtained standard ages are consistent with the recommended values (Elhlou et al., 2006; Li et al., 2009). The 176Hf/177Hf ratios for zircons GJ1 and Mud Tank are 0.282010 ± 9 (MSWD = 4.2, n = 24) and 0.282506 ± 6 (MSWD = 3.1, n = 21), respectively, agreeing well with the recommended values (Woodhead and Hergt, 2005; Elhlou et al., 2006).

Zircon (17JT15) and titanite (17JT13 and 17JT15) U–Pb analyses were performed at the Beijing Quick-Thermo Science & Technology Co., Ltd., using an ESI New Wave NWR 193UC (TwoVol2) laser ablation system connected to an Agilent 8900 ICP–QQQ. Individual zircon/titanite grains (mounted and polished in epoxy) were ablated in a constant stream of He that is mixed downstream with N2 and Ar before entering the torch region of the ICP–QQQ. After warm-up of the ICP–QQQ and connection with the laser ablation system, the ICPMS is first tuned for robust plasma conditions by optimizing laser and ICP–QQQ setting and monitoring 232Th16O+/232Th+ ratios (always ≤ 0.2%) and 238U+/232Th+ ratios (always between 0.95 and 1.05), while ablating NIST SRM 612 in line scan mode. 91500 zircon and Plešovice zircon were used as primary and secondary reference materials, respectively, for zircon U–Pb age determination. OLT-1 titanite and Fish Canyon Tuff titanite were used as primary and secondary reference materials, respectively, during titanite U–Pb age determination. Background subtraction and correction for laser downhole elemental fractionation were performed using the Iolite data reduction package within the Wavemetrics Igor Pro data analysis software (Paton et al., 2010). The analytical spots for zircon and titanite are 15 and 40 μm in diameter, respectively. Plešovice zircon gave mean ages of 337.7 ± 2.4 Ma (MSWD = 0.1, n = 31), whereas the titanite standard (Fish Canyon Tuff) had a lower intercept of 29.2 ± 1.0 Ma (MSWD = 2.6; n = 44). These dating results for LA-ICP-MS analyses are consistent with the recommended values within errors (Schmitz and Bowring, 2001; Sláma et al., 2008).

Whole-rock major and trace elements were measured by PANalytical Axios XRF and Agilent 7700x ICP-MS, respectively, at ALS Chemex Company (Guangzhou, China). The analytical precision and accuracy for major elements are better than 5 and 2%, respectively, and for trace elements are better than 10 and 10%, respectively. Whole-rock Sr–Nd–Hf isotopes of Sample 12FW75 were separated in a combined procedure from a single sample digestion according to the procedure of Yang et al. (2010), and then 87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf were analyzed by multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS) at IGGCAS following the methods of Yang et al. (2010, 2011a, 2011b), respectively. The total procedural blanks measured for Lu, Hf, Rb, Sr, Sm, and Nd were less than 10, 50, 50, 100, 50, and 50 pg, respectively. The 87Sr/86Sr, 143Nd/144Nd, and 176Hf/177Hf ratios were normalized to 87Sr/86Sr = 0.1194, 143Nd/144Nd = 0.7219, and 176Hf/177Hf = 0.7325 by exponential law, respectively. During the period of data acquisition, standards yielded results of 87Sr/86Sr = 0.710248 ± 0.000007 (2 SD, n = 6) for NBS987, 143Nd/144Nd = 0.512108 ± 5 (2 SD, n = 6) for Jndi-1, and 176Hf/177Hf = 0.282184 ± 4 (2 SD, n = 7) for Alfa Hf 14374. In addition, USGS reference materials AGV-2 was also processed for Sr–Nd–Hf isotopes and yielded ratios of 0.703991 ± 11 for 87Sr/86Sr, 0.512784 ± 14 for 143Nd/144Nd, and 0.282965 ± 10 for 176Hf/177Hf, respectively, which are identical within error, to the recommended values (Weis et al., 2006, 2007). Sr–Nd–Hf isotopic analyses for samples 17JT13–17JT16 were carried out at Nanjing FocuMS Technology Co. Ltd., following a similar method. Geochemical reference materials of USGS BCR-2, BHVO-2, AVG-2, and RGM-2 were treated as quality control. Their isotopic results (BCR-2: 87Sr/86Sr = 0.705001 ± 4, 143Nd/144Nd = 512633 ± 2, 176Hf/177Hf = 0.282873 ± 2; BHVO-2: 87Sr/86Sr = 0.703516 ± 5, 143Nd/144Nd = 512976 ± 2, 176Hf/177Hf = 0.283087 ± 2; RGM-2: 87Sr/86Sr = 0.704373 ± 3, 143Nd/144Nd = 512791 ± 2, 176Hf/177Hf = 0.283008 ± 1; STM-2: 87Sr/86Sr = 0.703700 ± 4, 143Nd/144Nd = 512909 ± 2, 176Hf/177Hf = 0.283025 ± 2) agree with previous publication within analytical uncertainty (Weis et al., 2006, 2007). The initial Sr–Nd–Hf isotopes in Table 1 were corrected by t = 45 Ma.


TABLE 1. Whole-rock geochemical compositions for Haweng granodiorite porphyries.
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RESULTS


Zircon and Titanite U–Pb Ages and Zircon Hf Isotope

The zircon U–Pb SIMS (17JT13 and 17JT16) and LA-ICP-MS (12FW75 and 17JT15) dating results are listed in Supplementary Tables 1, 2, respectively. Most of the separated zircons have core–rim textures. The cores are irregular, whereas most rims developed oscillatory zonings (Figure 3A). We mainly selected dating positions on the rims with enough sizes, but some are in the center for zircons without core–rim textures (Figure 3B). Some zircons from sample 17JT15 developed additional narrow rims, which are black in the CL images without oscillatory zoning. This results in core–mantle–rim textures that the mantles developed oscillatory zonings similar to rims of other zircons.
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FIGURE 3. Representative cathodoluminescence (CL) images for zircons from Haweng granodiorite porphyries. The analytical spots for SIMS method (A,C) are elliptic of 10 × 15 μm in size, whereas the LA-ICP-MS spots are circular, 15 μm for 17JT15 (B) and 30 μm for 12FW75 (D).


Eighteen zircons from sample 17JT13 were dated by SIMS method, but only 14 of them are available, whereas the others did not give valid data. All the dating spots have high contents of U (1,664–11,349 ppm) and Th (245–1,549 ppm) and relatively low Th/U ratios (0.05–0.18). The dating spots yield 206Pb/238U age of 42.8 to 50.8 Ma. Except for two younger dates (43.0 ± 0.7 and 42.8 ± 0.6 Ma) and two older dates (48.3 ± 0.8 and 50.8 ± 0.8 Ma), the other 10 dating results are clustered (44.1 to 46.1 Ma) and weighted as 45.3 ± 0.4 Ma (n = 10; MSWD = 0.57) (Figure 4A). The two younger ones were not consistent with the majority within error and may undergo lead loss. With regard to sample 17JT16, eight dating spots out of 18 ones gave useful dates. They also show high concentrations of U (3,176–12,345 ppm) and Th (150–746 ppm) and relatively low Th/U ratios (0.02–0.17). Except spot 17JT16@09-r (48.4 ± 0.7 Ma), the other seven dates give identical 206Pb/238U age (43.5–46.0 Ma), yielding a weight mean of 44.5 ± 0.8 Ma (n = 7; MSWD = 1.5) (Figure 4B) identical to that of sample 17JT13.
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FIGURE 4. Zircon U–Pb conventional Wetherill concordia (A–D) and titanite Tera–Wasserburg concordia (E,F) diagrams for Haweng granodiorite porphyries. Data-point error ellipses and error crosses are 2σ. MSWD, Mean Square of Weighted Deviates.


Samples 17JT15 and 12FW75 were dated by zircon LA-ICP-MS U–Pb method. Zircons from sample 17JT15 show various textures (Figure 3B); for example, uniform, core–rim or core–mantle–rim, and the zircon mantles and rims have enough sizes and were dated by dating spot of 15 μm. Most dating spots yield Eocene 206Pb/238U ages from 43.3 to 45.9 Ma and give a weight mean of 44.3 ± 0.8 Ma (n = 13; MSWD = 0.29) (Figure 4C), identical to the other dated samples. Some dates from the narrow dark rims yield Oligocene 206Pb/238U ages of 29.2 to 30.9 Ma weighted at 29.9 ± 0.4 Ma (n = 7; MSWD = 0.59). These younger population displays evidently higher contents of Th (593–5,180 ppm) and U (13,670–36,100 ppm) than the Eocene group (Th = 159–2,920 ppm; U = 1,120–6,030 ppm). The Th/U ratios of the Oligocene dates (0.02–0.14) are much lower than the Eocene ones (0.03–1.04). Sixteen dating results were obtained for sample 12FW75 using analytical spot of 30 μm (Figure 3D). The dating spots gave high contents of U (878–10,261 ppm) and Th (132–1,207 ppm) with Th/U ratios from 0.03 to 0.34. The 206Pb/238U ages range from 43.0 to 51.9 Ma. With the exception of three elder spots (49.0, 50.0, and 51.9 Ma), the others yield a weight mean of 44.4 ± 0.6 Ma (n = 12; MSWD = 0.70) (Figure 4D), similar to the other dating results within error.

Titanites were separated from two samples (17JT13 and 17JT15) of Haweng granodiorite porphyries and were subjected to LA-ICP-MS U–Pb dating, and the dating results are listed in Supplementary Table 3. Except spot 17JT13#25, the other 29 analyses of sample 17JT13 are plotted on the discordia line with a lower intercept of 45.3 ± 0.5 Ma (MSWD = 1.2) (Figure 4E). The weighted mean of 207Pb-corrected 206Pb/238U ages for sample 17JT13 shows an identical age of 45.5 ± 0.3 Ma (n = 29; MSWD = 1.10). All the analyses of sample 17JT15 are plotted on the discordia line, intercepting the concordia curve at 44.5 ± 0.6 Ma (MSWD = 1.7, n = 30) (Figure 4F). Their 207Pb-corrected ages gave a weighted mean of 44.7 ± 0.4 Ma (MSWD = 1.5; n = 30).

We conducted zircon in situ Hf isotopic analysis for sample 12FW75, which are mostly on the dating spots or adjacent realm with consistent CL characteristics with spot size of 40 μm. The analytical results are listed in Supplementary Table 4. All the dated zircons show similar Hf isotopic compositions with 176Hf/177Hf of 0.282389 to 0.282545. The corresponding εHf(t) values range from −12.58 to −7.04 with crustal model ages mainly of Paleoproterozoic (1,570–1,921 Ma).



Whole-Rock Geochemistry

Whole-rock major element, trace element, and Sr–Nd–Hf isotope analytical results are listed in Table 1 and presented in Figures 5–7. The analyzed samples show low LOI (loss on ignition) values (1.09–2.60 wt.%), suggesting they are fresh. They exhibit high SiO2 (69.98–73.53 wt.%), Al2O3 (15.07–16.15 wt.%), and Na2O (3.94–5.81 wt.%); moderate CaO (1.83–2.85 wt.%); and high Na2O/K2O ratios (1.57–7.88) (Figure 5). They have A/CNK values of 1.08 to 1.27, indicative of peraluminous series (A/CNK > 1). Some samples possess evidently high Na2O/K2O ratios due to much lower K2O contents (0.72–0.79 wt.%).
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FIGURE 5. Variation diagrams for selected major and trace elements. Variations of (A) Al2O3, (B) CaO, (C) Na2O, (D) Na2O/K2O, (E) A/CNK vs. SiO2. Variations of (F) Sr vs. Na2O, (G) Rb vs. K2O, and (H) Ba vs. Rb. The numbers in percent of (H) denote melt fractions. The partition coefficients of Rb and Ba for K-feldspar (Kfs) (Rb: 3; Ba: 2), plagioclase (Pl) (Pl-1: Rb = 0.03, Ba = 0.1; Pl-2: Rb = 0.3, Ba = 1.5), and biotite (Bt) (Rb: 2.5; Ba: 6) are from Laurent et al. (2013). Data sources: middle Eocene granites: Zeng et al. (2011) and Hou et al. (2012); Ramba Eocene dike and Miocene two-mica granite: Liu et al. (2014).


These samples have rare earth elements (REE) contents of 93–134 ppm, large REE fractionation with LaN/SmN = 3.9–4.3 and LaN/YbN = 37.7–45.7 (N denotes chondrite normalized value), and weak Eu anomalies [Eu/Eu∗ = 2EuN/(Sm + Gd)N] from 0.82 to 0.88. They are relatively enriched in large ion lithophile elements (LILE, e.g., Rb, Ba, Th, and U) and light REEs (LREE, e.g., La and Ce) and relatively depleted in high field strong elements (e.g., Nb, Ta, and Ti) and heavy REEs (HREEs) in the primitive-mantle normalized spidergrams (Figure 6). All samples display spikes of Pb in spidergrams and depletions of Ba relative to other LILE. Furthermore, these granodiorite porphyry samples show high Sr concentrations (342–481 ppm), high Sr/Y ratios (63–86 ppm), and low Rb/Sr ratios (0.10–0.39) (Figures 5G,H).
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FIGURE 6. Chondrite-normalized REE variation diagram (A) and primitive mantle-normalized spider diagrams (B) for samples of this study. The normalization data are from Sun and McDonough (1989). Data sources: middle Eocene granitic rocks: Zeng et al. (2011) and Hou et al. (2012); Ramba Eocene dike (12FW111): Liu et al. (2014).


The analyzed samples display similar Sr–Nd–Hf isotopic compositions (Figure 7). They have low 87Rb/86Sr ratios (0.2898–1.1252), and their measured 87Sr/86Sr ratios range from 0.719206 to 0.725827 with initial 87Sr/86Sr ratios [87Sr/86Sr(t)] of 0.7190 to 0.7251. They have unradiogenic Nd and Hf isotopic compositions with 143Nd/144Nd of 0.511920–0.512024 and 176Hf/177Hf of 0.282407–0.282481. The corresponding εNd(t) and εHf(t) values are −13.54 to −11.55 and −11.97 to −9.37, respectively. The two-stage Nd-depleted mantle model ages (1,790–1,952 Ma) and the crustal model age of Hf isotope (1,710–1,874 Ma) are similar and both of Paleoproterozoic.


[image: image]

FIGURE 7. (A) Sr–Nd and (B) Nd–Hf isotope systematics of Haweng granodiorite porphyries and related rocks. The end-member components for amphiolites (A: T0389-17; B: T0394-6; C: T0321-08; D: T0394-21; E: T0394-8) and metapelite (F: T0321-12) are from Zeng et al. (2009) and Zeng et al. (2011). Data sources: amphibolite: Zeng et al. (2011) and Liu et al. (2014); middle Eocene granitic rocks: Zeng et al. (2011); Aikman et al. (2012), and Hou et al. (2012); Ramba Eocene dikes, country rocks and two-mica granite: Liu et al. (2014); Himalayan leucogranite: Zhang et al. (2004); King et al. (2011), and Guo and Wilson (2012) and references therein.





DISCUSSION


Geochronology of Haweng Granodiorite Porphyry and Coeval Himalayan Magmatism

Zircon and titanite have high closure temperatures for the U–Pb system as indicated by previous studies, such as >800°C for zircon (Cherniak and Watson, 2001) and 660–700°C for titanite (Scott and St-Onge, 1995). The Haweng granodiorite porphyries intruded the Triassic sedimentary rocks and were exposed in a shallow level of crust, implying fast cooling and crystallization; thus, both zircon and titanite U–Pb ages can constrain the magma crystallization time. Based on zircon U–Pb dating for samples collected from different outcrops in the Haweng area, four identical 206Pb/238U ages were obtained from 44.3 ± 0.8 to 45.3 ± 0.4 Ma. The titanite U–Pb dating results for samples 17JT13 and 17JT15 gave consistent middle Eocene ages (ca. 45 Ma). It is interesting that sample 17JT15 shows two age groups, that is, 44.3 ± 0.8 and 29.9 ± 0.4 Ma. As the older zircon population is identical to titanite U–Pb dating results, it should represent the magma crystallization age. The younger age group from the black zircon rims reflects a later event of zircon overgrowth or recrystallization, possibly under low temperature and fluid-assisted condition because the granodiorite porphyries have no obvious metamorphism or deformation. Furthermore, five older spots were obtained from the dated zircon rims from 48.3 to 51.9 Ma including samples 17JT13, 17JT16, and 12FW75. There are two possible explanations for these early Eocene ages. First, they are antecrysts, growing earlier at prograde metamorphic conditions. Second, these analytical results are contaminated by older inherited core, as the dated rims are narrow and thin.

In the east of Ramba dome, Liu et al. (2014) obtained similar U–Pb ages for the porphyritic two-mica granite gneiss (dikes) with 09FW115 of 44.3 ± 0.5 Ma and 12FW111 of 44.1 ± 0.8 Ma (Figure 1B). Another sample (12FW112) from different dike with similar lithology there yielded Oligocene U–Pb age (28.2 ± 5.2 Ma, n = 2). If the three younger dates (27.8–32.8 Ma) of this sample are included for average calculation, they would give a mean of 29.5 ± 6.2 Ma, which resembles the younger rim age of sample 17JT15 (29.9 ± 0.4 Ma) within error. These similar radiometric ages document the existence of early Oligocene thermal event (ca. 30 Ma) in the study area, which has been reported along the YTSZ (e.g., Chen et al., 2015).

It is noteworthy that middle Eocene magmatism represents the earliest magmatic activity in the Himalayan orogenic belt after initial continental collision. Previously reported middle Eocene granite plutons are limited to Yardoi dome and adjacent areas, such as Dala and Quedang, in the northeastern Himalaya (number 4 in Figure 1A; Aikman et al., 2008; Zeng et al., 2011, 2015; Hou et al., 2012). This study identified new outcrops of middle Eocene magmatism in the Haweng area. Together with the coeval granitic dikes in Ramba dome (Liu et al., 2014), Langkazi–Ramba area is another important region for middle Eocene granitic magmatism, and there may exist intrusion of larger scale but has not been exposed on the basis of field characters. If the suture belt area is taken into account, some small plutons intruded the mélange of YTSZ, such as granite in Xiao Gurla Range (43.9 ± 0.9 Ma, number 1 in Figure 1A; Pullen et al., 2011) and Niuku leucogranite (44.8 ± 2.6 Ma, number 2 in Figure 1A; Ding et al., 2005). Evidence of this magmatic activity is also documented by abundant middle Eocene inherited zircons in the Miocene dikes intruding northern Tethyan Himalaya and YTSZ in the Xigaze area (Ji et al., 2020). The overall spatial distribution of middle Eocene magmatic activities is located in an east–west trending belt along the northern Himalayan margin.



Magma Nature and Source Characters

Haweng granodiorite porphyries display variable phenocryst contents on outcrops and micrographs, indicative of magma evolution. SiO2 and Al2O3 have a negative correlation, suggesting fractional crystallization of Al-bearing minerals, such as plagioclase, K-feldspar, and biotite. Large variations occur in some major and trace elements, such as Na2O, Na2O/K2O, Rb, and Sr (Figure 5). K2O, Rb, and Ba show close correlations, and they are all compatible in K-feldspar, whereas Na2O is dominated by plagioclase. Sample 17JT13 with lower K2O contents (0.76 wt.%) has less K-feldspar phenocrysts, whereas sample 17JT15 has higher K2O contents (1.60 wt.%) and more K-feldspar phenocrysts (Figure 2E). The samples enriched in Sr possess high Na2O contents (Figure 5F), probably indicating cumulation of plagioclase. The three high-Sr samples show negative correlation between Sr and Na2O may suggest crystal fractionation of K-feldspar, which are also enriched in Sr.

Sample 12FW75 has the lowest SiO2 and Na2O and highest K2O, and it may represent the least evolutional melt of Haweng granodiorite porphyries. As the Haweng granodiorite porphyries and Ramba Eocene porphyritic two-mica granitic dikes (09FW115 and 12FW111) were coeval and spatially adjacent, they may have close generic link and were considered together for study of magma nature. Sample 12FW111 has the lowest SiO2 (67.62 wt.%) of middle Eocene rocks (Figure 5); thus, it may represent primitive component. The Ramba Eocene dikes possess higher Rb and lower Sr contents and weaker depletion of Nb and Ta than other Eocene granitic rocks (Figure 6). If the relatively primitive magma was characterized by high Rb and low Sr, the enrichment of Sr was related to cumulation of plagioclase as the samples enriched in Sr have high Na2O (Figure 5F). The modeling calculation based on Ba and Rb suggests that fractional crystallization of K-feldspar can account for their decreasing trend for Haweng granodiorite porphyries (Figure 5H). This process would lead to evident decrease in Sr and Eu contents, as well as Eu/Eu∗ values; however, this is not the case for the middle Eocene granites. A potential explanation is that the decreases in Sr and Eu due to fractionation of K-feldspar were balanced by other process enriching them, most likely by the cumulation of plagioclases. This is evidenced by the widespread existence of plagioclase phenocrysts. The plagioclase has larger partition coefficients of Ba in more felsic magma (0.5–1.5 for SiO2 > 70 wt.%) than intermediate melts (0.1–0.5 for 60 < SiO2 < 70 wt.%) (Laurent et al., 2013). The fractional crystallization of plagioclase would lead to increase in Ba during early magma evolution (Pl-1 in Figure 5H), whereas it results in decrease in Ba in more felsic magma (Pl-2 in Figure 5H). The middle Eocene granites and Ramba Miocene granites show evolutional trend controlled by fractionation of plagioclase in contrast with the Haweng granodiorite porphyries dominated by K-feldspar (Figure 5H). The variation of major and trace elements for Haweng granodiorite porphyries would involve multiple processes of magma evolution, including earlier cumulation of plagioclase and later fractionation of K-feldspar. The more complicated process of Haweng granodiorite porphyry implies there existed a much larger scale of magma than that exposed on the outcrops.

The Haweng granodiorite porphyries were plotted in the scope of amphibolites in the Sr-Nd diagram; thus, they can result from partial melting of mixing component of different amphibolites (orange lines in Figure 7A). They can also be generated by mixing source (blue lines in Figure 7A) between amphibolite and metapelite (end-member F) with the contribution of amphibolites of 50% to 70% (blue lines in Figure 7A). In Figure 7B, the analyzed samples are all located above the crustal array line (Vervoort et al., 1999), in consistence with potential involvement of mature crustal materials in the magma source. Based on the CL images, most of the zircons developed core–rim textures, and the existence of ancient zircon cores (Liu et al., 2014) suggests important contribution of ancient Himalayan metasedimentary rocks. The Haweng granodiorite porphyries were plotted between middle Eocene granites and Himalayan leucogranites in the Sr–Nd–Hf diagrams (Figure 7); thus, they have more involvement of metasedimentary components than other middle Eocene granites, which were attributed to partial melting of amphibolite-dominated source under thickened crustal conditions based on high Sr concentration and Sr/Y ratios (Zeng et al., 2011). However, the high Sr and Sr/Y ratios of Haweng granodiorite porphyries may be related to cumulation of plagioclase, and the relative primitive sample shows lower Sr and Sr/Y ratios.



Petrogenesis of Haweng Granodiorite Porphyry


Partial Melting During Prograde Metamorphism in the Himalaya

Many studies suggested that the GHS underwent partial melting as early as the stage of prograde metamorphism (see review in Zhang et al., 2017); however, anataxis records are much less and later than that for the prograde metamorphism. Records of early to middle Eocene prograde metamorphism were reported in several Himalayan domes, such as Mabja (54–52 Ma) and Kangmar (51–49 Ma) domes from central Himalaya (Smit et al., 2014), and Yardoi dome (48–36 Ma) from eastern Himalaya (Ding et al., 2016a, b). Furthermore, Eocene prograde metamorphic records have been widely identified in the GHS along the Himalayan front. In the Pakistan and Garhwal Himalayas, prograde metamorphism was accompanied by growth of monazite (45–36 Ma) and garnet (44–38 Ma) (Foster et al., 2000; Stübner et al., 2014). In the Nepal Himalaya, pervasive prograde metamorphism has initiated as early as early–middle Eocene, such as Karnali Klippe (41–38 Ma, Soucy La Roche et al., 2018), Jajarkot klipe (44–33 Ma, Soucy La Roche et al., 2019), Jumla region (43–33 Ma, Carosi et al., 2010; 41–38 Ma, Gibson et al., 2016; 48–30 Ma, Braden et al., 2017), Annapurna region (38–30, Corrie and Kohn, 2011; 43–36 Ma, Iaccarino et al., 2015; 48–30 Ma, Larson and Cottle, 2015; 48–45, Carosi et al., 2016; 43–30 Ma for the western part, Gibson et al., 2016), and Everest region (ca. 45 Ma, Catlos et al., 2002; 40–27 Ma, Cottle et al., 2009). Besides the aforementioned prograde metamorphism, the mineral chemistry of monazite can record the process of anatexis (Gibson et al., 2004; Kohn et al., 2005). Based on the trace elements of analyzed monazites, Braden et al. (2017) speculated the lower GHS in the Jumla region, western Nepal, underwent partial melting as early as ca. 40 Ma, as indicated by increase in Y and HREEs of monazite related to garnet breakdown during partial melting. However, no direct evidence for anatexis or presence of melt was identified there. Some scholars documented that partial melting occurred during the peak stage of prograde metamorphism. For example, Carosi et al. (2015) reported Eocene partial melting (41–36 Ma; monazite U-Th-Pb age) in the form of nanotonalite inclusions from garnets at the base of the GHS in the Kali Gandaki valley (central Nepal) and attributed it to underthrusting of the GHS. As partial melting would dissolve monazite and greatly affect the preservation of early monazite (Rubatto et al., 2001; Kelsey et al., 2008; Yakymchuk and Brown, 2014; Wang et al., 2017), the melting would consume monazites and erase their records of earlier metamorphism (Gibson et al., 2004; Kohn et al., 2005; Larson et al., 2011). Therefore, the presence of abundant early–middle Eocene monazites generated by prograde metamorphism of the GHS implies the frontal Himalaya should not have undergone large-scale or widespread partial melting.

It is noteworthy that Wang et al. (2013) discovered middle-late Eocene zircon outgrowth (ca. 40–34 Ma) from sillimanite migmatite in Nyalam (central GHS), which was ascribed to muscovite dehydration melting during prograde metamorphism. Recently, Singh (2019) reported zircon rim dating results (46–20 Ma) for tourmaline-bearing leucogranite in west Garhwal and interpreted the ages representing coeval fluid-fluxed partial melting due to exhumation of migmatite zone. The protracted growth of zircon indicates equilibrium partial melt of its source before the final extraction and emplacement (Singh, 2019). The melt remained trapped within a depth of midcrust when there was episodic liberation of fluids and melts resulting in protracted episodic growth of zircon, garnet, and monazite (Foster et al., 2000). However, because of limit flux of aqueous fluids, the fluid-present melting is difficult for generating large volume of granitic rocks, especially for the segregation of melts from source region in deep crust (Prince et al., 2001). Only under suitable pressure and/or temperature conditions could the melts rise through crust and emplace at high-structural level (Singh, 2019). In the Eastern Himalayan Syntaxis, the Namche Barwa complex underwent long-lived (44–7 Ma) high-temperature granulite facies metamorphism and dehydration melting of muscovite and biotite in buried Indian continent (Zhang et al., 2015). Whether these lines of evidence for migmatization and zircon overgrowth indicate large-scale partial melting and granite formation is yet to be resolved, as the leucosomes in migmatite are distinct from the leucogranites in various aspects, and it is difficult to build their genetic relationship (Yang et al., 2019; Wu et al., 2020).



Genetic Mechanism of Haweng Granodiorite Porphyry and Coeval Magmatism

Based on the review of tectonomagmatic records in the early evolution of southern Tibet, it is indicated that there was a north–south compressional setting, and the early prograde metamorphism was difficult to result in large-scale crustal anatexis. Thus, additional mechanism is necessary for the development of Himalayan magmatism, such as heating, decompression, and addition of water. Generally, continental subduction does not directly trigger decompression, and it is not efficient for water supply; thus, heating is a potential mechanism for the magma generation. According to the distribution of middle Eocene magmatic rocks (Figure 1), the heat source should be focused beneath this narrow belt along the YTSZ. Zeng et al. (2011) first used slab breakoff model to account for the origin of middle Eocene (44–42 Ma) granitic rocks in Yardoi dome and adjacent areas, which was attributed to partial melting of amphibolite dominated source under high pressure due to juvenile heat induced by slab breakoff.

Although problems arose in the application of breakoff model in orogenic evolution (cf. Garzanti et al., 2018), this model is by far the most plausible explanation for evolution of southern Tibet. There are various lines of evidence for slab breakoff of Neo-Tethyan slab at around 45 Ma after India–Asia continental collision. Based on tomographic imaging of the mantle under Tibet, Van der Voo et al. (1999) found several high-velocity anomalies, and one of the southern zones was interpreted as remnants of oceanic lithospheric slab. Later, Negredo et al. (2007) estimated the slab breakoff occurred at ca. 44–48 Ma according to paleomagnetic reconstructions and tomographical characters. Kohn and Parkinson (2002) also got breakoff time of ca. 45 Ma on the basis of ages of ultrahigh-pressure (UHP) rocks from the western Himalaya and related records. The UHP eclogite in the Kaghan Valley recorded very rapid exhumation rate from ∼100 to ∼35 km during ca. 46 to 44 Ma (Parrish et al., 2006), agreeing with breakoff model. Ji et al. (2016) identified OIB (oceanic island basalt)–type gabbro of 45 Ma, derived from partial melting of asthenosphere, which was used to constrain the breakoff time of Neo-Tethyan slab for the middle–east part of the orogenic belt. In combination with coeval geological records, it is proposed that the Neo-Tethyan slab underwent a full-scale detachment (Ji et al., 2016). The breakoff resulted in the cessation of Gangdese arc magmatism (45–40 Ma) to the north of the YTSZ because the subducted continental lithosphere rotated upward to come against the base of the overriding plate (Chemenda et al., 2000) and shielded the active continental margin (the Lhasa terrane) from the convective heat provided previously by corner flow in the mantle wedge during oceanic slab subduction. The breakoff model is also consistent with the clear deceleration of convergence between India and Asia from 8 to 10 to 4 to 6 cm per year at ca. 45 Ma (cf. Patriat and Achache, 1984; van Hinsbergen et al., 2011), possibly due to loss of slab pull after slab breakoff. This study identified new outcrops for middle Eocene magmatism in Langkazi area along the northern Himalayan margin. The variable geochemical compositions of Haweng granodiorite porphyries indicated complicated process of magmatic evolution at depth, implying that the magma scale in the study area should be much larger than that exposed on the outcrops.





CONCLUSION

Based on review of the early to middle Eocene tectonic, metamorphic, and magmatic evolution of the Himalayan orogen, we conducted zircon and titanite U–Pb dating, zircon Hf isotope analyses, whole-rock element, and Sr–Nd–Hf isotope analyses for the newly found Haweng granodiorite porphyries and came to the following conclusions.

(1) The Haweng granodiorite porphyries were generated at ca. 45 Ma, supporting the existence of middle Eocene magmatic belt along the YTSZ. Furthermore, the Langkazi–Ramba area developed a younger thermal event of ca. 30 Ma.

(2) The Haweng granodiorite porphyries display variable element and isotopic compositions, such as Na2O, K2O, Rb, Sr, and Ba contents and Rb/Sr and 87Sr/86Sr(t) ratios, which indicated magma evolution process involving cumulation of plagioclase and crystal fractionation of K-feldspar. The complicated magma evolution process implies that a much larger scale of magma may occur beneath the less exposed outcrops.

(3) Although early to middle Eocene prograde metamorphism was widespread in the Himalayan orogenic belt, the evidence for accompanied anatexis was sparse. The Haweng granodiorite porphyries and the east–west trending magmatic belt of middle Eocene were attributed to breakoff of the Neo-Tethyan slab at around 45 Ma.
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