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Abstract

:

Mesozoic granitic magmatism in Northeastern Jiangxi, China is of tectonic significance for the evolution of the South China Block. Whole-rock geochemical and zircon U–Pb geochronological and Lu–Hf isotopic data for Mesozoic Zhuxi granites in the Jingdezhen area of Northeastern Jiangxi were presented. The Zhuxi granites are composed of granodiorite, biotite granite, and two-mica granite. Zircon LA–ICP–MS U–Pb isotopic analyses indicated emplacement at 159–147 Ma. The granites are characterized by a strongly peraluminous nature with high A/CNK values (>1.1), high SiO2 (66.09–74.46 wt.%) and K2O (3.50–5.52 wt.%) contents, depletion in Ba, Nb, Ce, Sr, and Ti, moderately negative Eu anomalies (Eu/Eu* = 0.40–0.63), enrichment in LREE, and depletion in HREE ((La/Yb)N > 7.43). The A/CNK > 1.1, widespread aluminum-rich minerals (e.g., muscovite and tourmaline), indicating they are S–type granites and belong to muscovite–bearing peraluminous granites (MPG). The Zhuxi granites exhibited negative εHf(t) values (−9.9 to −3.7) and the TDM2 model ages of 1840–1442 Ma indicated derivation from ancient crustal sources. The magma is possibly caused by the subsequent process of intracontinental subduction. It is inferred that the Mesozoic magmatism in Northeastern Jiangxi was associated with oceanic–continental convergence of the Paleo–Pacific and Eurasian plates as well as the intracontinental subduction of the Yangtze and Cathaysia blocks. The Zhuxi granites highlight the primary role of oceanic–continental convergence and intracontinental subduction in early Yanshanian granitoid magmatism in South China.
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1. Introduction


The South China Block (SCB) comprises the Yangtze Block to the north and Cathaysia Block to the south, which amalgamated during the Neoproterozoic after a collision along the Jiangnan orogenic belt (Figure 1a) [1,2,3,4,5,6,7,8]. There are widespread exposures of Mesozoic granitic magmatism in southern China [9,10,11,12,13,14]. Igneous processes and their relationships with the tectonic development of southeastern China are debated [4,5,8,12,15,16,17,18,19,20,21]. Geochronological and geochemical studies have generally linked Mesozoic magmatic evolution with the tectonic evolution of southern China. Intense magmatic activity in the region occurred mainly during the Jurassic (180–142 Ma) and Cretaceous (142–67 Ma) [22]. Mesozoic magmatic processes in southern China have been well documented concerning isotopic ages and geochemistry [23,24,25,26,27]. As an important junction of the Yangtze and Cathaysia blocks, Northeastern Jiangxi provides a window for the study of intracontinental subduction of the SCB and magmatic–tectonic processes in the region, contributing to our understanding of the evolution of the entire SCB (Figure 1b) [11,19,28,29,30,31,32,33].



The present study focused on plutons in the Jingdezhen area of Northeastern Jiangxi, South China (Figure 1c). There are insufficient outcrops of igneous rocks to effectively constrain magmatic and tectonic processes in the Northeastern Jiangxi region. The Neoproterozoic, metamorphosed, sedimentary Shuangqiaoshan Group and coeval basins outcrop over most of the area, with boreholes having shown that the subcrop plutons are widespread (Figure 2a) [36,37,38,39,40]. The recently discovered Zhuxi granites are important in terms of the magmatic and tectonic evolution of the area. Detailed geological studies have focused on the geochronology, geochemistry, and isotopic characteristics of the Zhuxi granites (Figure 2b) [29,38,41,42,43,44]. Zircon LA–ICP–MS U–Pb geochronological studies have shown that the Zhuxi granites were formed primarily during the Late Jurassic (152–147 Ma) [29,38,41,42,43,44]. Although these studies provide insights into the Yanshanian granitoid evolution of the Zhuxi area, systematic analysis of the magmatic evolution and age relationships of granites in the Zhuxi area is limited. There is also a lack of comprehensive discussion on the Yanshanian tectonic–magmatic evolution process of Northeastern Jiangxi, South China.



Here we reported zircon U–Pb geochronological and in-situ Hf isotopic data, and whole-rock major– and trace–element data for the Zhuxi granites in the Jingdezhen area. The data provide reliable constraints on regional magmatic and tectonic processes, help to elucidate relationships between tectonic evolution and magmatism, and provide additional information concerning the crustal evolution of South China.




2. Geological Setting


Northeastern Jiangxi is located in the southern Yangtze Block in the eastern part of the Jiangnan Orogenic Belt. The main stratigraphic units exposed in Northeastern Jiangxi and adjacent areas can be divided into weakly metamorphosed sandstone–siltstone Neoproterozoic basement, Paleozoic–Mesozoic shallow–marine carbonate and clastic–sedimentary cover, and Neoproterozoic and Yanshanian granites (Figure 1a,b).



Neoproterozoic basement units of the Jiangnan Orogenic Belt in Northeastern Jiangxi are known as the Shuangqiaoshan Group (Figure 1b,c) [30,34,45,46,47,48]. This group is subdivided into the Hengyong, Jilin, Anlelin, and Xiushui formations (from oldest to youngest), which are dominated by metamorphic sandstone–siltstone, phyllite, slate, and pyroclastic rock intercalations [35,46]. The Shuangqiaoshan Group is the dominant folded basement strata in the eastern Jiangnan orogen, and is exposed mainly in the northwestern, northern, and northeastern parts of Jiangxi Province (Figure 1b) [14]. It is mainly composed of a thick pile (2678–5472 m) of pelitic and sandy sedimentary rocks with lesser volcanic rocks [14,48]. Zircon U–Pb age data indicate that the Shuangqiaoshan Group formed during the Neoproterozoic (840–810 Ma; [14,30,32,34,45,49,50]). Neoproterozoic granites include the Jiuling pluton in NW Jiangxi and the Xucun, Shexian, and Xiuning plutons in southern Anhu. Previous studies have shown that these are strongly peraluminous S–type granites that were emplaced at 850–800 Ma (Figure 1b) [51,52,53,54].



Carboniferous to Cretaceous sedimentary cover is dominated by shallow–marine carbonate strata and clastic rocks. Structural studies of Northeastern Jiangxi and adjacent areas indicate that the eastern Jiangnan Orogenic Belt is dominated by NW–SE trending thrust faults, NW-vergent folds, and foliations [55]. The fold-and-thrust belt is characterized by multifold duplexes and individual folds, with the Neoproterozoic Shuangqiaoshan Group being thrust over Carboniferous to Triassic sedimentary strata [28,29].



The Yanshan orogenic belt is a typical continental orogenic belt of the Yanshanian age (Jurassic to Cretaceous period) [56]. The Yanshanian movement was an important intercontinental tectonic event and metallogenic period in China and was characterized by extensive magmatic activity and mineralization [56]. Yanshanian granites are the main igneous rock in the area and commonly occur along fault zones [28]. The few intrusions exposed in the study area include the Yangcaojian biotite granodiorite porphyry, the Zhangjiawu granodiorite porphyry, the Maojiayuan granodiorite, and the Zhenzhushan granite, and the NE–SW trending granite dyke as well as the minor lamprophyre dikes (Figure 2b) [28,38].



Recent studies have revealed voluminous subcrop intrusions in the study area, with zircon U–Pb dating indicating that these plutons were formed mainly at 150–140 Ma [28,29,38,41,42,43].




3. Analytical Methods


3.1. LA–ICP–MS U–Pb Zircon Dating


In the present study, samples were collected near the Zhuxi village, 14 km southeast of Jingdezhen City (Figure 2a). Borehole Zk4212 in the Zhuxi granites was selected for detailed LA–ICP–MS zircon U–Pb chronological study, geochemical analyses, and in situ Hf isotopic analyses, with samples taken from different depths. The simplified sample descriptions, mineral assemblages, sampling location, and age of the representative Zhuxi granitoid rocks, Northeast Jiangxi Province are presented in Supplementary Table S1.



Three representative fresh samples from subcrop granitic plutons intruding the Shuangqiaoshan Group were selected for LA–ICP–MS U–Pb zircon dating. Zircon grains were extracted from the crushed whole-rock samples ZK4212–289, Tw13, and ZK4212–582, using standard density and magnetic separation techniques at the Diyuan Mineral Separating Limited, Hebei Province, China. Zircons were handpicked under a binocular microscope, mounted in epoxy resin, polished, and photographed in transmitted and reflected light. Cathodoluminescence (CL) images of the zircons were produced at Gaonian Navigation Technology Limited, Beijing, China, and sites for LA–ICP–MS analysis was based on these. LA–ICP–MS U–Pb zircon analyses were conducted at the Tianjin Institute of Geology and Mineral Resources (TIGMR), Tianjin, China. Laser sampling was performed using a New Wave UP 193 nm ArF excimer laser. A Thermofisher Neptune ICP-MS instrument was used to acquire ion-signal intensities. The laser–ablation spots were focused to 30 μm diameter. NIST 610 glass and 91,500 zircon standards were used for calibration. Data processing was undertaken using Ludwig SQUID 1.03 and ISOPLOT 3.0 software [57]. The common Pb correction relied on assumed common Pb compositions (Stacey and Kramers model) [58]. Uncertainties for individual analyses are presented here as ±1σ, and the weighted–mean age confidence level is 95%. U, Th, and Pb ratios are presented in Supplementary Table S2.




3.2. Major– and Trace–Element Analyses


Whole-rock major- and trace-element compositions were determined at the Institute of Geophysical and Geochemical Exploration (IGGE), Hebei Province, China. Major-element compositions were determined using a Philips X-ray fluorescence spectrometer (XRF; PW4400). Analytical precision was better than ±5%. Trace elements were analyzed using a Thermofisher ICAP Qc ICP–MS at Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences, Beijing, China (IGGE), using procedures similar to those described by [59]. Fresh borehole samples were pulverized to 200-mesh size, and powder aliquots (~50 mg) were heated in high-pressure Teflon beakers with an HF–HNO3 mixture until the powder had completely dissolved. The solution was evaporated to dryness and the residue re-dissolved in 5% HNO3 for elemental analysis. The results are listed in Supplementary Tables S3 and S4.




3.3. Zircon Hf Isotopic Analyses


Zircon in situ Hf isotopic analyses were carried out with a Neptune multi-collector ICP–MS coupled to a New Wave 193 nm FX laser-ablation system at Tianjin Institute of Geology and Mineral Resources (TIGMR), using a 50 μm diameter laser beam and a 6 Hz repetition rate. The Hf isotope spots were targeted at the same domains as U–Pb age determinations. The instrumental conditions and data acquisition procedures were described by [60]. Standard zircon GJ–1 was used as an unknown sample for quality-control purposes, and gave a weighted mean 176Hf/177Hf ratio of 0.282006 ± 0.000024 (2σ), consistent with the published value of 0.282008 ± 0.000012 [60].





4. Petrography


The Zhuxi granites are located in southeastern Jingdezhen and consist of granodiorite, biotite granite, two-mica granite (this study), leucocratic granite, and granite porphyry (Supplementary Table S1) [38,42]. The granodiorite (sample Zk4212–289) is a white, coarse-grained, leucocratic igneous rock comprising plagioclase (40–45 wt.%), alkali feldspar (15–20 wt.%), and quartz (15–20 wt.%), with subordinate biotite (10–15 wt.%) and muscovite (5–10% wt.%). In the hand-specimen, the plagioclase is white and lath-shaped, and the quartz is colorless and anhedral. Under cross-polarized light, the plagioclase is turbid owing to alteration, and quartz infills between plagioclase and alkali feldspar (Figure 3a,b). The biotite granite (sample Tw–13) is composed of plagioclase (25%–35%), alkali feldspar (15%–20%), quartz (45%–55%), and biotite (5%–10%), and accessory minerals (e.g., zircon, apatite, titanite, and Fe–Ti oxides) (Figure 3c,d). The two-mica granite (sample Zk4212–582) is a white, coarse-grained, leucocratic igneous rock comprising quartz (30–35 wt.%), alkali feldspar (20–25 wt.%), and plagioclase (35–40 wt.%), with subordinate biotite (5–10 wt.%) and muscovite (15–20 wt.%). Under cross-polarized light, the plagioclase is partly replaced by clay minerals, and the quartz is clear and unaltered (Figure 3e,f). Fine-grained muscovite granite is mainly composed of quartz, microcline, plagioclase, muscovite, and minor accessory minerals (e.g., zircon, apatite, monazite, ilmenite). The representative Zhuxi granitoid rock locations, lithologies, mineral assemblages, and age results are summarized in Supplementary Table S2.




5. Geochronology and Hf Isotopic Compositions


Representative granodiorite (Zk4212–289), biotite granite (Tw13), and two-mica granite (Zk4212–582) samples were collected for zircon U–Pb dating. Separated zircons have mostly euhedral shapes, are 40–250 μm long, and exhibit strong oscillatory zoning, typical of a magmatic origin. Analytical results for U–Pb and Lu–Hf isotopic compositions are listed in Supplementary Tables S2 and S5. In situ Lu–Hf analyses were performed on ablation spots previously analyzed for U–Pb isotopes.



Zircons with oscillatory zoning from samples Zk4212–289, Tw13, and Zk4212–582 were selected for 206Pb/238U dating (Figure 4). For sample Zk4212–289, 27 ablation spots gave concordant results (within error), with a weighted–mean age of 159 ± 1 Ma (MSWD = 2.10) (Figure 4a,b); 11 analyses of Tw13 yielded a weighted mean age of 147 ± 2 Ma (MSWD = 4.80), with a further seven showing older ages and interpreted as being xenocrysts (Figure 4c,e); 19 analyses of Zk4212–582 yielded a weighted mean age of 147 ± 1 Ma (MSWD = 2.00) (Figure 4e,f).



For sample Zk4212–289, 12 Hf isotopic analyses gave εHf(t) values of −9.9 to −5.8 and two-stage model (TDM2) ages of 1840–1577 Ma, with initial 176Hf/177Hf ratios of 0.008188–0.037726; 15 analyses of Tw13 gave εHf(t) values of −9.2 to −3.7 and TDM2 ages of 1802–1442 Ma, with initial 176Hf/177Hf ratios of 0.008303–0.050235; 12 analyses of Zk4212–582 gave εHf(t) values of −8.9 to −4.9 and TDM2 ages of 1765–1512 Ma, with initial 176Hf/177Hf ratios of 0.012093–0.031711.




6. Geochemistry


Major- and trace-element compositions of 12 granites are listed in Supplementary Tables S3 and S4. Most samples had low loss-on-ignition (LOI) values, except the granodiorites (samples H285, H289, and H307) for which higher values might be due to oxidation. As a comparison, geochemical analysis was also conducted for the base strata Shuangqiaoshan group. The sampling locations and major element contents are shown in [30], and the trace elements are listed in Supplementary Table S4.



The granodiorite samples were characterized by 66.09–74.46 wt.% SiO2, 0.06–0.24 wt.% Na2O, 3.50–4.62 wt.% K2O, 0.26–0.40 wt.% MgO, 2.51–4.22 wt.% CaO, 13.12–18.45 wt.% Al2O3, and 0.09–0.16 wt.% TiO2, respectively. A total alkali-silica (TAS) diagram showed that the samples plot in the granodiorite fields (except one plot in granite field) (Figure 5a). Most had high K2O/Na2O ratios, and plot in the high-K calc-alkaline field in the K2O–SiO2 diagram (Figure 5b). The samples were peraluminous, with A/CNK values of 1.20–2.30, ALK (total alkali (Na2O + K2O)) contents 3.59–4.86 wt.%, and A/NK values of 3.34–3.47 (Figure 5c).



The biotite granite samples were characterized by 69.37–71.12 wt.% SiO2, 0.90–2.35 wt.% Na2O, 4.86–5.18 wt.% K2O, 0.37–0.41 wt.% MgO, 1.83–1.90 wt.% CaO, 15.08–16.10 wt.% Al2O3, and 0.26–0.276 wt.% TiO2, respectively. A total alkali-silica (TAS) diagram showed that the samples plot in the boundary field of granodiorite and granite (Figure 5a). Most had high K2O/NaO ratios, and plot in the shoshonite field in the K2O–SiO2 diagram (Figure 5b). The samples were peraluminous, with A/CNK values of 1.20–1.55, ALK contents 6.08–7.21 wt.%, and A/NK values of 1.65–2.27 (Figure 5c).



The two-mica granite samples were characterized by 70.33–74.22 wt.% SiO2, 0.22–2.69 wt.% Na2O, 4.84–5.52 wt.% K2O,0.13–0.26 wt.% MgO, 0.85–1.26 wt.% CaO, 14.52–17.62 wt.% Al2O3, and 0.09–0.15 wt.% TiO2, respectively. A total alkali-silica (TAS) diagram showed that the samples plot in the boundary field of granodiorite and granite (Figure 5a). Most had high K2O/NaO ratios, and plot in high-K calc-alkaline and shoshonite fields in the K2O–SiO2 diagram (Figure 5b). The samples were peraluminous, with A/CNK values of 1.28–2.30, ALK contents 5.52–7.53 wt.%, and A/NK values of 1.50–2.88 (Figure 5c).



The studied Zhuxi granite samples were characterized by relatively varied trace element compositions, the samples had total rare-earth element (ΣREE) contents of 46.09–173.30 ppm, and all granitic samples showed light REE (LREE) enrichment in the chondrite-normalized REE diagram (Figure 6a and Supplementary Table S4), which showed that with most (La/Yb)N values being greater than 7.43 (except samples H522 and H530) had negative Eu anomalies (Eu/Eu* = 0.40–0.63) and showed a regular-changes degree of partial melting. In the N–MORB-normalized trace-element spider diagram (Figure 6b), the granites exhibited positive Nd, Hf, and Sm anomalies, and negative Ba, Nb, Ce, Sr, and Ti anomalies. Negative Ba and Sr anomalies may indicate residual accessory minerals from partial melting, while plagioclase fractional crystallization continued in the magma.




7. Discussion


7.1. Petrogenesis


7.1.1. Petrogenetic Type: S–Type Affinity (MPG)


Early Yanshanian igneous rocks are widespread in the eastern SCB, with most having formed during the Early–Late Early Yanshanian (180–160 Ma: mainly I-type granites; and 160–140 Ma: mainly S-type granites) [67,68]. Our zircon U–Pb data indicated the Zhuxi granites were formed at 159–147 Ma, which corresponds to the Early Yanshanian. The genetic classification of the Zhuxi granites in Northeastern Jiangxi is still controversial. They have been regarded as S-type granites [36,42,43], or as I–S transformation-type granites [37,69].



The Zhuxi granites are peraluminous, as indicated by their A/CNK ratios (1.20–2.30). In the K2O–SiO2 discrimination diagram (Figure 5b), most samples plot in the high-K calc-alkaline and shoshonite fields, with K2O contents of 3.50–5.52 wt.%. The Zhuxi granites are typical S-type granites rather than I–S transformation granites, as indicated by A/CNK > 1.1, muscovite granite, two-mica granite and biotite granite, and widespread aluminum-rich minerals (e.g., muscovite and tourmaline) [42,70,71,72,73]. Together with the lack of type minerals (e.g., cordierite and allanite), this indicates that the Zhuxi granites belong to muscovite-bearing peraluminous granites (MPG) [70].




7.1.2. Sources Nature


The combined evidence from geochemical and isotopic constraints and experimental petrology quite accept that the muscovite–bearing peraluminous granites (MPG) are granites of crustal origin and developed through partial melting of protoliths dominated by metasedimentary rocks [70,71,72,73,74,75].



The strongly negative Eu anomalies (Eu/Eu* = 0.40–0.63), enrichment in LREEs, and depletion in HREEs of the Zhuxi granites are attributed to the feldspar fractionation or retention of feldspar in the source area (Figure 6a) [65]. In the MORB-normalized trace-element diagram (Figure 6b) [66], the obvious Sr, Ti, and Ba negative anomalies likely result from extensive fractionation of plagioclase or K-feldspar, and the strong negative Nb anomaly may indicate that the parent magma is the crustal source [70]. The trace-element characteristics of the Zhuxi granites are consistent with those of samples from the low-metamorphic clastic sedimentary strata, and the aluminum enrichment in magma was most likely derived from aluminum-rich metasedimentary protoliths (Figure 6a,b).



Most of the Zhuxi granites exhibited negative εHf(t) values of −9.9 to −3.7 and TDM2 ages of 1840–1442 Ma, which is older than the zircon U–Pb ages (Supplementary Table S5 and Figure 7). This may indicate that the Zhuxi granites magma was derived from a crustal source [76,77]. The detailed petrography, geochronology, and geochemistry analysis of Shuangqiaoshan Group strata were published, indicating the Shuangqiaoshan Group were deposited at Neoproterozoic [30,34,78].



The Zhuxi granites had relatively high Rb/Ba and Rb/Sr ratios, implying an affinity with pelite-derived melt, and all samples plot in the clay-rich field in the Rb/Ba vs. Rb/Sr diagram, indicating a plagioclase fractionation trend (Figure 8a) [80]. In the CaO/Na2O–Al2O3/TiO2 diagram (Figure 8b), the Zhuxi granites displayed varied CaO/Na2O ratios. Considering the Na2O have a negative relationship with LOI, the decrease of Na2O caused by alteration causes the increase of CaO/Na2O, so the spots should plot in the pelite–derived melt field, further indicating magma was derived from partial melting of the pelite rocks.



In the diagrams of Ba vs. Eu, Sr vs. Eu, Ba vs. Sr, and (La/Yb)N vs. La (Figure 9), the element variations indicated that plagioclase and K–feldspar fractionation is required (Figure 9a–c). The fractionation of plagioclase can result in negative Sr and Eu anomalies and the fractionation of K–feldspar led to negative Ba and Eu anomalies (Figure 6). In addition, the negative Ti anomalies of the Zhuxi granites (Figure 6) may indicate the fractionation of micas that occurred in magma evolution. Moreover, the abundant later-period fluorite veins were inconsistent with the fractionation of micas [36,73,81].





7.2. Regional Magmatism of the Northeast Jiangxi and Adjacent Area


The geochronology and geochemistry of the Zhuxi granites have been extensively studied (Supplementary Table S1; e.g., [29,38,41,42,43]. Li et al. [41] suggested that the crystallization ages of granite porphyry of the Zhuxi granites was 149~151 Ma, indicating a Late Jurassic magmatic event in Northeastern Jiangxi. Chen et al. [28,29] concluded that the 152–148 Ma age of medium- to coarse-grained granite and porphyry granites of the Zhuxi granites indicates they are a product of an early Yanshanian tectonic–magmatic event. Other studies also reported a 153–148 Ma age for the Zhuxi granites [38,43].



Zircon U–Pb ages of the Yanshanian granites along the Taqian–Fuchun fold-thrust belt (i.e., the Zhangjiawu granodiorite, Taqian biotite granite porphyry, Henglu granite, and Zhuxi two-mica granite) are 160.6 ± 2.7 Ma, 161.6 ± 3.0 Ma, 158.8 ± 2.2 Ma, and 148.6 ± 1.3 Ma, respectively (Supplementary Table S1; [42]). Geochemical and isotopic characteristics indicate that these granites have similar origins and were formed during the same magmatic event at 160–145 Ma.



Magmatic processes during the Yanshanian occurred during two main stages in the Zhuxi area. Granite that formed during the early stage is mainly granodiorite, whereas the late stage is dominated by two-mica granite and biotite granite [28,29,38,42,43,87]. Earlier studies focused mainly on the geochronology and geochemistry of the later granites, finding they were formed at 147–153 Ma, indicating a Late Jurassic stage of Yanshanian magmatism in the Zhuxi area [29,38,41,43,88].



In the present study, the early-stage granodiorite yielded a zircon U–Pb age of 159 ± 1 Ma, and the late-stage two-mica granite and biotite granite yielded ages of 147 ± 2 and 147 ± 1 Ma, respectively. The granodiorite age of 159 ± 1 Ma is consistent with the widespread Middle Jurassic magmatic rocks of the Zhuxi area [42,88,89]. The ages of the two-mica granites and biotite granites are consistent with those of previous studies and represent the second stage of Yanshanian magmatism. This indicates that magmatic processes in the Zhuxi granites proceeded for at least 10 Ma during the Middle-Late Jurassic. The pluton contained two sequences of granodiorite and two-mica biotite granite. Geochemical characteristics and isotopic data indicated that these granites display similar magma evolutionary trends, having undergone multi-stage magma evolution, and are the result of homologous magmatic differentiation [36,38,43]. Furthermore, the ages of lamprophyre veins in the Zhuxi area are ~160 Ma [88]. The zircon Hf isotopic composition of the lamprophyre indicates it was contaminated by crustal components, but the genetic relationship between the granites and the lamprophyre remains unclear [88,90].



The Late Jurassic S-type muscovite (two-mica) granite is widespread in the interior of the SCB (e.g., the Jiufeng pluton in the Dahutang area, the Xukeng pluton in the Wugongshan area, and the Zhuxi granites in the Jingdezhen area; Supplementary Table S6); [38,43,74,91,92,93]. The peraluminous granites (MPG) are mainly emplaced where there is crustal thickening resulting from the convergence of two continental lithospheres [70]. Previous studies have suggested that these Yanshanian granites are closely related to an intercontinental collisional orogeny and are the products of the syn-collision or post-collision stages [94,95,96]. However, other studies have suggested that collision-related A-type granites were produced during the Indosinian and were likely associated with the Triassic collision between the North and South China blocks [97,98,99]. During the Yanshanian (Jurassic–Cretaceous), the SCB entered an intraplate deformation stage with widespread magmatism, without significant collisional orogeny [67,100,101,102]. As in the intracontinental subduction zone, magmas form during the convergence tectonics and are emplaced when there is tension or local relaxation along some shear zones [70].



Intracontinental subduction in South China caused large-scale thrust-nappe tectonics and induced partial melting of thickened crust, which produced the S-type muscovite (two-mica) granites. Geochemistry and Hf isotopic compositions also indicate that these S-type granites are the products of partial melting of ancient crustal material. They are widely dispersed and were formed over a long period, distinct from magmatism related to an orogenic event [5].




7.3. Tectonic Implications


The Mesozoic tectonic activity was intense in South China, with the transformation from the Meso–Tethyan tectonic domain to the Western Pacific domain causing intense intraplate orogenesis and magmatism [99,101,103,104,105,106]. Large-scale Mesozoic Yanshanian magmatism in the SCB is one important outcome of this transformation [9,10,13,17,33,101].



In the Hf–(Rb/10)–(3Ta) tectonic discrimination diagram (Figure 10a; [107]), the Jingdezhen samples plot in the field of collisional granites (COLG), while in the Hf–(Rb/30)–(3Ta) diagram (Figure 10b) the two-mica granites and granodiorites plot in the syn-collisional granitoid (S–COLG) field. The granodiorites also plot in the overlapping field of volcanic arc granitoid (VAG) and S–COLG. In Rb–(Yb + Ta), Rb–(Y + Nb), and Ta–Yb tectonic discrimination diagrams, all the samples plot in the S–COLG field (Figure 11a,b,d). In the Nb–Y discrimination diagram, the samples plot in the S–COLG and VAG fields (Figure 11c; [108]). In all these tectonic discrimination diagrams, most samples plot in the syn-collisional field and some plot in the collisional field (Figure 10 and Figure 11).



Previous studies of the Yanshanian tectonic evolution of the SCB have proposed that the Yanshanian tectonic event in South China occurred in an intraplate setting [11,98,99,103,109]. Geochemical and isotopic characteristics indicate that the magma of this granite was formed mainly through melting of upper-crustal rocks, accompanied by large-scale thrusting and strike-slip faulting [110,111,112]. Previous studies have shown that the coincidence of large thrust belts, contemporaneous muscovite (two-mica) granite belts (located in the upthrown belt), and foreland fold belts (developed in the subduction zone), is one of the most important indicators of an intracontinental subduction zone [110].



The SCB underwent strong intracontinental deformation during the late Mesozoic, characterized by large-scale fold and thrust deformation [6,100,101,113,114,115,116,117]. The characteristics of tectonic deformation and geophysical data of the Xuefengshan fold-thrust belt and the Youjiang foreland thrust belt indicate that eastward intracontinental subduction developed in the interior of the SCB ([102,118]. The widely developed muscovite (two-mica) granite belt in the SCB, and the contemporaneous intracontinental subduction thrust tectonic belt, are therefore the products of intracontinental subduction [102,110,119].



The MPG is majority associated with the climax of intracontinental subduction and occurs where the thick continental crust is crosscut by major shear and thrust zones [70]. The formation and development of the NNE- to NE-trending fold-and-thrust system in South China records the effects of northwestward subduction of the Paleo–Pacific Plate as a remote response to subduction of the Paleo–Pacific Plate under the continental lithosphere of the SCB [55,98,100,101,113,114]. Additionally, the peraluminous granites (MPG) are emplaced in the intracontinental orogenic belt (e.g., the two-mica granites in the Zhuxi area, this study) by intracontinental subduction.



Previous petrological and geochemical studies of Early Jurassic to Early Cretaceous gneiss, mylonite, and intrusive rocks in the Changle–Nanao area of Fujian Province indicate that the trondhjemite–tonalite–granodiorite (TTG) rock association of the southeastern coastal areas was formed in an active continental-margin arc tectonic environment, related to subduction of the Paleo–Pacific Plate [120,121]. Zircon U–Pb ages and Hf isotopic data of the Qinghu monzonite and the Lisong and Fogang granites of the Nanling Range in SE China indicate that these magmas were formed in an arc setting during the Middle-Late Jurassic (179–160 Ma) [67]. Their positive εHf(t) values (6.3–13.8) indicate that the magmas were derived from partial melting of subduction-related mantle sources (Figure 12) [67]. These considerations indicate that the subduction of the Paleo–Pacific Plate to the NW or NWW played an important role in the Yanshanian tectonic–magmatic evolution of the SCB.



The TTG magmatism along the southeast coast of the SCB and the development of the muscovite (two-mica) granite belt in the inland SCB were the results of the combined effects of intracontinental and oceanic subduction (Figure 13) [109,123,124]. The intracontinental subduction of the Yangtze and Cathaysia blocks resulted in the superposition of two continental crusts and the thickening of the continental crust (Figure 13) [109,123]. The early Yanshanian granites in coastal areas of South China may represent the growth and differentiation of continental crust, indicating a thermally dynamic system that played a primary role in the upwelling of asthenospheric mantle and magma generation. Such extensive mantle-derived magmatism could have provided the necessary heat and materials for the generation of the widespread Yanshanian granites in South China [67,122].



The Middle-Late Triassic (ca. 240–210 Ma) intercontinental collision between the South and North China blocks occurred along the Qinling–Dabie Orogenic Belt and was characterized by large–scale thrusting, strike-slip faulting, intense crustal shortening, followed by large-scale lithospheric extension, and A-type granite formation (Figure 14a) [97,126,127]. Subduction of the Indian Plate and westward subduction of the Pacific Plate resulted in the SCB entering an intracontinental deformation stage (ca. 170–145 Ma) under a background of multi-plate convergence (Figure 14b) [100,101,102,108,113,114].



Petrological evidence indicates that two-mica granite magma forms through partial melting of sedimentary rocks via processes associated with intracontinental subduction or intercontinental collision [80,110,128]. Previous studies have shown that the SCB entered an intracontinental deformation stage during the Yanshanian, without intercontinental collision (Figure 14b). Therefore, the two-mica granites in the Zhuxi granites may indicate that the magma formed via processes associated with intracontinental subduction. The combined effects of subduction of the Paleo–Pacific Plate under the SCB and intracontinental subduction of the Yangtze and Cathaysia blocks would have contributed to the formation of the Northeastern Jiangxi granites, and thus to the magmatic evolution of this region in South China. The Zhuxi granites highlights the primary role of oceanic–continental convergence and intracontinental subduction in early Yanshanian granitoid magmatism in South China (Figure 14b). The magmas were formed under a convergence tectonic regime in response to distant stresses at plate margins during subduction of the Paleo–Pacific Plate.





8. Conclusions


	(1)

	
The LA-ICP-MS zircon U–Pb isotopic analyses of the Zhuxi granodiorite, biotite granite, and two-mica granite indicated that the Zhuxi granites were emplaced at 159–147 Ma.




	(2)

	
The presence of muscovite, combined with the strongly peraluminous granitoid nature and high potassium contents, indicated that they are S-type granites. The geochemical characteristics and Hf isotopic compositions of the granites indicated that the Zhuxi magmas were derived from partial melting of Shuangqiaoshan Group metapelites rocks of the SCB.




	(3)

	
Yanshanian tectonic and magmatic events are considered to have been a response to far-field effects of oceanic–continental convergence of the Paleo–Pacific Plate, with Yanshanian granites in the Jingdezhen area being generated in an intracontinental subduction setting.
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Figure 1. Geological map of the Jingdezhen area of the South China Block. (a) Inset shows the location of the South China Block. (b) Sketch tectonic map of the Jingdezhen and adjacent areas (modified from [34]). (c) Geological map of the Zhuxi area (modified from the [35]). 
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Figure 2. Simplified structural map of Jingdezhen showing (a) sample and stratigraphic section locations of this study, and (b) a 42–line stratigraphic section of the Zhuxi area. 
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Figure 3. Hand specimen views and photomicrographs of granites in the Jingdezhen area: (a,b) two-mica granite; (c,d) biotite granite; (e,f) granodiorite. Abbreviations: Qtz—quartz; Bt—biotite; Ms—muscovite; Pl—plagioclase; Kfs—Kfeldspar. 
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Figure 4. CL images, analytical sites, spot ages, and U–Pb Concordia diagram for Zhuxi granites in the Jingdezhen area; granodiorite Zk4212-289 (a,b), biotite granite Tw13 (c,d) two-mica granite Zk4212-582 (e,f). 
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Figure 5. (a) Total alkali-silica (TAS) diagram (after [61,62]; (b) K2O–SiO2 diagram (after [63]) and (c) A/NK–A/CNK diagram (after [64]) for the Zhuxi granites from the Jingdezhen area. The shaded area in (b) and circles in (c) denote published data for the Zhuxi granites [38,42,43]. 
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Figure 6. (a) Chondrite-normalized REE and (b) N–MORB-normalized trace-element spider patterns of the Zhuxi granites and Shuangqiaoshan Group (normalizing factors are from [65]; E–MORB, OIB, and N–MORB compositions are from [66]). 
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Figure 7. Plot of zircon εHf(t) vs. 206Pb/238U ages (a), and variation Hf isotopic trend of the samples (b), for Zhuxi granites of the Jingdezhen area, indicating the intrusion formed by the reworking of middle-lower crust. The corresponding lines are after [79]. The shaded area denotes published data for the Zhuxi granites [38,42,43]. 
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Figure 8. (a) Rb/Ba–Rb/Sr [80] and (b) CaO/Na2O–Al2O3/TiO2 (after [80]; diagrams for the Zhuxi granites of the Jingdezhen area. The dashed line divides granitites derived mostly from clay-poor sources from those formed from clay-rich source rocks. The circles in the diagrams denote published data for the Zhuxi granites [38,42,43]. 
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Figure 9. (a) Ba vs. Eu, (b) Sr vs. Eu, (c) Ba vs. Sr, and (d) (La/Yb)N vs. La diagrams of the Zhuxi granites. Partition coefficients of Ba and Sr are from [82], Eu is from [83], apatite is from [84], zircon and allanite are from [85], and monazite is from [86]. Abbreviations: Pl—plagioclase; Kf—K–feldspar; Bt—biotite; Aln—allanite; Mnz—monazite; Ap—apatite; Zrn—zircon. 
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Figure 10. Tectonic discrimination diagrams for Zhuxi granites of the Jingdezhen area. (a) Rb/10–Hf–(3Ta); (b) Rb/30–Hf–(3Ta) (after [107]). VAG—volcanic arc granite; WPG—within–plate granite; ORG—oceanic ridge granite; COLG—collisional granite; S–COLG—syn–collisional granite; L–COLG—late–collisional granite; P–COLG—post-collisional granite. The circles in the diagrams denote published data for the Zhuxi granites [38,42,43]. 
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Figure 11. Geochemical classification plots for Zhuxi granites from the Jingdezhen area. (a) Rb–(Yb + Ta); (b) Rb–(Y + Nb); (c) Nb–Y; (d) Ta–Yb (all after [108]). Abbreviations are as for Figure 10. The circles in the diagrams denote published data for the Zhuxi granites [38,42,43]. 
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Figure 12. Frequency distributions of εHf(t) values of zircons from (a) Zhuxi two-mica granite, (b) Zhuxi biotite granite, (c) Zhuxi granodiorite, (d) Lisong monzogranite, (e) Lisong mafic microgranular enclaves, (f) Qinghu monzonite, (g) Dafengnao syenite, and (h) Huangbu syenite. The data for Lisong monzogranite, mafic microgranular enclaves, and Qinghu monzonite are from [67]; data for Dafengnao syenite and Huangbu syenite are from [122]. 
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Figure 13. Simplified geological map of South China delineating the distributions of the Jurassic magmatic rocks, biotite–two-mica–muscovite zone and Changle–Nanao Trondhjemite–Tonalite–Granodiorite (TTG) (modified from [109,111,122,123,124,125]. 
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Figure 14. Tentative dynamic model of the Mesozoic tectonic evolution of South China. (a) Earlier stage (ca. 240–210 Ma) continental collision between the North and South China blocks along the Qinling–Dabie suture [97]. (b) Later stage (ca. 170–145 Ma) intracontinental subduction in response to distant stresses triggered by subduction of the Paleo–Pacific Plate (modified from [70,102]. 
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