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The Late Carboniferous volcanic magmatic evolution in the Bogda Orogenic Belt is considerably important for understanding the evolution history of the Eastern Tianshan in the Central Asian Orogenic Belt. Our study focuses on the Upper Carboniferous Liushugou Formation in the Liudaogou and Qidaogou sections of Xishan Township in eastern Bogda. By analyzing the volcanics and sedimentary sequences, we present paleontological evidence, new zircon U–Pb ages, and geochemical data of the volcanics. The lithological composition of volcanics ranges from basic to acidic. The rhyolite has an age of 311.2 ± 1.7 Ma, which, when combined with guide fossils Plerophyllum sp., Zaphrentoides sp., and Zaphrentites sp., indicates its formation in the Late Carboniferous. The geochemical and zircon Lu–Hf isotopic data (εHf(t) = 8.0–11.9) indicate that the basalts originated from a metasomatized subcontinental lithospheric mantle, while andesites and rhyolites were products of crystallization differentiation of the basalts that underwent assimilative mixing. Based on the published data, we propose that the tectonic evolution, transitioning from island arc magmatic systems to post-collisional orogenic belts, commenced in the Bogda Orogenic Belt toward the end of the Late Carboniferous.
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1 INTRODUCTION
The Central Asian Orogenic Belt (CAOB) is a colossal and formed Phanerozoic accretionary orogenic belt (Sengör et al., 1993; Windley et al., 2007; Kröner et al., 2014; Xiao et al., 2018) comprising various accretionary complexes, ophiolite mélange belts, magmatic arcs, arc-related basins, continental fragments and seamounts (Charvet et al., 2007; Han et al., 2010; Xiao et al., 2010; Shu et al., 2011; Glorie et al., 2011; Long et al., 2012; Ao et al., 2016; Yang et al., 2020; Yang et al., 2021; Mao et al., 2022; Wang et al., 2023). The China Tianshan Belt is located at the southernmost part of the CAOB (Figure 1A; Xiao et al., 2004a; Wang et al., 2007), and it spans over 2,500 km from west–east, and is an important research area for understanding the tectonic evolution of the CAOB in the Paleozoic (Xiao et al., 2004a; Wang et al., 2007; Sun et al., 2008). The Tianshan Belt can be geographically divided into the western and eastern segments, with a boundary that runs roughly along the Urumqi–Korla road. The Eastern Tianshan Belt is tectonically divided into three parts: South, Middle, and North Tianshan (Figure 1B). The Bogda Orogenic Belt (BOB) belongs to the Eastern Tianshan segment, which serves as an important information source for understanding the Paleo-Asian Ocean subduction–accretion geodynamic evolution in the CAOB (Shu et al., 2011; Liu et al., 2020).
[image: Figure 1]FIGURE 1 | (A) Geological map of the CAOB (modified after Jahn et al., 2000); (B) Geological map of the Tianshan Belt (modified after Wang et al., 2011); (C) Simplified tectonic map of the BOB (after Chen et al., 2011); (D) Histogram showing zircon U–Pb ages of Carboniferous to Permian volcanics. Detailed data are presented in Supplementary Table S1.
The bimodal volcanic suite refers to a collection of rock assemblages predominantly composed of basaltic and acidic rocks (Pin and Paquette, 1997; Shinjo and Kato, 2000). These rocks are commonly found in extensional settings and associated with within-plate, post-collisional, or back-arc rifting settings (Zhang et al., 2008). Their discovery provides direct evidence for crust–mantle interaction (Aydin et al., 2014). However, the lack of intermediate rocks within this suite has always been a topic of discussion. One theory suggests that, although intermediate magma may have existed, it failed to reach the surface for various reasons. Another explanation proposes that intermediate rocks may have resulted from the mixing of basaltic and rhyolitic magma, leading to their relative scarcity (Peccerillo et al., 2003; Aydin et al., 2014; Zhang et al., 2020).
The Late Paleozoic bimodal volcanics are abundant in the BOB (Figure 1C; Zhang et al., 2017); however, their origin continued to be a subject of controversy, with different hypotheses, including continental rifting, island arcs, post-collisional environments, and mantle plume-related Large Igneous Provinces (LIPs) (Xia et al., 2004; Xia et al., 2012; Wali et al., 2018). The connection between the felsic and basaltic volcanics continues to be unclear, hampering our comprehension of their genesis and associated geodynamic mechanisms.
We have undertaken field investigations and stratigraphic, paleontological, chronological, and geochemical studies of volcanic and sedimentary sequences during the Carboniferous to Permian period in eastern BOB. On these investigation, we generated previously published data of the BOB to investigate the petrogenesis and diagenetic relationships of intermediate rocks in the bimodal volcanic suites as well as the geodynamic processes that have contributed to the Carboniferous to Permian evolution in the Eastern Tianshan.
2 GEOLOGICAL SETTING
The BOB, which spans approximately 600 km, separates the Junggar and the Turpan–Hami Basins in northern China (Figure 1C). It extends from Urumqi in the west to the Hongliuxia–Suji area in the east, where it connects with the Kelameili Orogenic Belt. The BOB was formed during the Devonian to Carboniferous period as an island arc due to the subduction of the Kelameili ocean (Xiao et al., 2004a). The Carboniferous strata with 4,500 m thickness are exposed in the BOB (Wartes et al., 2002), as shown in Figure 2A. The Lower Carboniferous is primarily comprised of tuffaceous sandstones, marine volcanic tuffs, and volcanic lavas (Wali et al., 2018). In contrast, the Upper Carboniferous primarily consists of shallow marine limestones, sandstones, and mudstones, often accompanied by submarine basalts, andesites, rhyolites, and felsic tuffs (Chen et al., 2011). The Permian strata are sporadically scattered across the BOB, and the specific stratigraphic composition is shown in Figure 2. The Lower Permian stratigraphy contains conglomerates, sandstones, and mudstones, reflecting an alluvial fan environment. In addition, multiple volcanic rock layers are present within these sequences. The Middle Permian, comprising mudstones, siltstones, and conglomerates, is considered evidence of a shallow lake plain environment. The thick red conglomerates of the Upper Permian indicate the presence of a terrestrial environment (Wartes et al., 2002). The study area belongs to Hami in the southern Junggar and is the easternmost section of the BOB. It is dominated by the Devonian to Carboniferous strata and Carboniferous intrusive rocks (Figure 2B). The Dananhu Formation is mainly composed of tuffs, basalts, bioclastic tuffs, and slates. The Qijiaojing Formation mainly comprises rhyolites and basalts interbeds with tuffaceous sandstones (Gu et al., 2000). The Liushugou Formation mainly consists of basalts, basaltic andesites, rhyolites, and other bimodal volcanics (Zhang et al., 2017).
[image: Figure 2]FIGURE 2 | (A) Simplified stratigraphy column of the Late Paleozoic in the BOB (after He et al., 1994); (B) Geological map of the Xishan area in the eastern BOB; geological sections showing volcanics sampling sites; (C) Liudaogou section and (D) Qidaogou sections.
3 SAMPLING AND PETROGRAPHY
In this field survey, we have chosen two stratigraphic sections located in Xishan Township, the Liudaogou and Qidaogou sections (Figures 2C, D). Both sections are approximately 4,000 m thick and belong to the Upper Carboniferous Liushugou Formation (C2l). The Liushugou Formation is in fault contact with the Early Carboniferous granodiorite pluton to the north. Meanwhile, the southern part is predominantly covered with Quaternary sediments and in an angular unconformity contact with the underlying Dananhu Formation (D1d). The Liushugou Formation is mainly composed of four sections. The first section is characterized by intermediate-acid volcanics and volcanic lava containing rhyolite, tuff, and siltstone, among which is produced the fossil Bellerophonids. The second section is characterized by intermediate-acid volcanics intercalated with intermediate-basic volcanics and volcanic lava. It is mainly composed of andesite, rhyolitic andesite, and basalt. The third section is characterized by volcanics intercalated with sedimentary rocks. It mainly comprises grayish white rhyolitic tuffs, andesites, gray fine sandstones, purplish red muddy siltstones, and bioclastic limestone. The fossils collected from the bioclastic limestone were Plerophyllum sp., Zaphrentoides sp., and Zaphrentites sp. Finally, the fourth section is characterized by acidic volcanic lava intercalated with the amount of intermediate-basic volcanics, including rhyolite, dacite, and basalt.
Basalt with dark grayish-green (Figure 3A) is characterized by vesicularity and intergranular textures and contains plagioclase (∼72%), pyroxene (∼25%), and greenite and calcite (∼3%). The plagioclase (0.15–1 mm) is hypidiomorphic and broad tabular in shape, while the pyroxene (0.15–2 mm) is predominantly xenomorphic granular (<1 mm) (Figure 3D). Andesite with dark purple-red (Figure 3B) is primarily composed of matrix and phenocrysts. The phenocrysts are predominantly composed of plagioclase (∼15%), while the matrix mostly consists of microcrystalline plagioclase (∼75%). The plagioclase phenocrysts exhibit hypidiomorphic crystal and stout prismatic shapes with a small amount of kaolinization and sericitization plagioclase. Fine apatite and visible zircon (∼0.5 mm) can also be found (Figure 3E). Rhyolite with a dark violet-red (Figure 3C) is characterized by porphyritic texture and rhyolitic structure, and its phenocrysts primarily comprise plagioclase (∼10%) and quartz (∼15%), while the matrix (∼70%) with serious alteration is mostly cryptocrystalline (Figure 3F). The plagioclase phenocrysts (0.13–1.55 mm) display hypidiomorphic crystal and stout prismatic shapes with a small amount of kaolinization and sericitization (Figure 3F).
[image: Figure 3]FIGURE 3 | Representative field photos and photomicrographs. (A, D) Basalts, (D) showing a typical intergranular texture; (B, E) andesites, showing a typical porphyritic texture; (C, F) rhyolites, showing a typical porphyritic texture and rhyolitic structure. (D–F) The photomicrographs under cross-polarised light. Mineral abbreviations: Cpx-clinopyroxene; Pl-plagioclase; Qz-quartz.
Six representative volcanic rock samples (i.e., two basalts, two andesites, and two rhyolites) in the Liudaogou section were selected for the whole-rock geochemical analysis. Eight representative volcanic rock samples (i.e., two basalts, two andesites, and four rhyolites) in the Qidaogou section were chosen for the geochemical analysis. Finally, a rhyolite sample was used for the zircon U–Pb dating.
4 ANALYTICAL METHODS
Zircon selection was performed by Langfang Chenshuo Rock and Mine Inspection Technology Service, Co. (Langfang, China). Cathodoluminescence images, U–Pb dating and trace element analysis of zircon were obtained from the Wuhan Sample Solution Analytical Technology Co., Ltd. (Wuhan, China). The U–Pb dating and trace element analysis were carried out via LA–ICP–MS. The detailed experimental process and operating conditions of the data processing methods were established by following a previous report by Zong et al. (2017). Zircon standard GJ-1 provided the weighted average U–Pb ages of 601.8 ± 2.5 Ma (n = 20), which closely corresponded with that in the previous studies (206Pb/238U = 599.8 ± 4.5 Ma, Jackson et al., 2004).
The in-situ Hf isotope ratio analysis experiment was conducted using MC–ICP–MS in the same lab (Wuhan, China). The replicate analyses of GJ-1, 91,550, and Plešovice zircon standards during the analytical session produced mean 176Hf/177Hf ratios of 0.282001 ± 0.000012 (n = 4), 0.282286 ± 0.000012 (n = 4), and 0.2824779 ± 0.0000076 (n = 8), respectively, in good agreement with the previously published values (Zhang et al., 2020).
Fresh rock samples are to be ground to 200 mesh using a vibratory disk mill for elemental analyses. The major elements in these rock samples were analyzed using XRF (PANalytical Axios) at the Hubei Geological Research Laboratory. Based on the measured values of Chinese national rock standards (i.e., GSR-1 and GSR-2), the analytical accuracy obtained for all major oxides has been generally better than 2%. The trace element analyses were completed using ICP–MS (Thermo X Series II). The analysis accuracy was mostly usually better than 5%.
5 ANALYTICAL RESULTS
Supplementary Table S2 presents the zircon U–Pb isotope analysis data of the Qidaogou rhyolite sample, XS03-6. Supplementary Tables S3, 4 list the whole-rock major and trace elements and Hf isotope analysis results.
5.1 Chronology
Zircons from the Qidaogou rhyolite sample are transparent, short columnar to prismatic, and have distinct rhythmic zoning, indicating that they belong to magmatic zircons. Their size is in the range of 40–120 μm, and length to width ratio is between 1:1 to 2:1 (Figure 4). Figure 4C shows that they have variable U (163–439 ppm) and Th (75–222 ppm) contents, with Th/U ranging from 0.30 to 0.62, indicating their magmatic origins (Harley and Kelly, 2007). Twenty-two zircon grains from the XS03-6 yielded a weighted mean 206Pb/238U age of 311.2 ± 1.7 Ma (Figure 4A), which is considered as the extrusive age of Qidaogou rhyolites.
[image: Figure 4]FIGURE 4 | (A) and (B): Zircon U–Pb concordia and weighted mean 206Pb/238U age diagrams for rhyolite (sample No. XS03-6), respectively; (C) Th vs. U diagram; (D) The representative cathodoluminescence images of the analyzed zircons. Red circles represent the spot of analysis for U–Pb dating. White circles represent the spot of analysis for Hf isotope.
Guide fossils are valuable tools for determining the stratigraphy age and understanding the living environment of organisms in a given period. They are commonly used as marks for regional stratigraphic comparisons (Peppe and Deino, 2013). In our recent field survey, we collected 15 fossil samples from the biological limestone of the Liudaogou and Qidaogou sections of the Liushugou Formation (C2l3). Accordingly, we identified three fossil groups, namely, Plerophyllum sp., Zaphrentoides sp., and Zaphrentites sp., which are all Carboniferous guide fossils (Figure 5). These were consistent with the age of our rhyolite.
[image: Figure 5]FIGURE 5 | Coral fossils from the biological limestone of the Liushugou Formation. (A, D) Zaphrentoides sp.; (B) Zaphrentites sp.; (C, E) Plerophyllum sp. Scale bar = 1 cm. Fossil identification work was completed by the Nanjing Institute of Geology and Paleontology, Chinese Academy of Sciences.
5.2 Major and trace element geochemistry
We selected 14 representative samples from the studied region for the whole-rock major and trace element analyses. Supplementary Table S3 presents the results. The major element contents were standardized to 100% (volatile-free) before plotting the discrimination diagrams. The volcanics were divided into three groups according to their geochronology and geochemical features: basalts, andesites, and rhyolites (Figure 6).
[image: Figure 6]FIGURE 6 | (A) TAS diagram (after Middlemost, 1994). (B) AFM diagram (after Irvine and Baragar, 1971). (C) A/NK vs. A/CNK (after Maniar and Piccoli, 1989). The data for the Hongshankou are adopted from Chen et al. (2013). The data for the Dashitou are adopted from Zhang et al. (2017). The data for the Tianchi are adopted from Xie et al. (2016) and that for the Yiqi are from Wang et al. (2010).
Basalts have similar geochemical compositions, such as low SiO2 (47.05–54.72 wt%) (volatile-free) and total alkali contents (4.82–5.37 wt%), but they have relatively high MgO (5.66–6.48 wt%), total Fe2O3 (8.38–13.46 wt%), Al2O3 (15.59–17.83 wt%), and TiO2 (1.53–3.52 wt%) contents. Four andesite samples were characterized by medium SiO2 (55.79–62.77 wt%), Mg# (44–55) and total alkali contents (5.15–7.30 wt%) and high Al2O3 (14.32–17.09 wt%) and CaO (5.04–8.78 wt%) contents. By contrast, the rhyolite samples had comparatively high SiO2 (65.95–76.07 wt%) and total alkali contents (7.57–9.26 wt%) and low CaO (0.43–3.46 wt%), MgO (0.18–1.37 wt%), and total Fe2O3 (1.75–4.63 wt%) contents (Supplementary Table S2). Most of the volcanics were plotted in the calc-alkaline series in the TAS and AFM diagrams (Figures 6A, B) and as metaluminous in Figure 6C. All samples showed roughly similar rare-earth elements (REEs) and chondrite-normalized patterns. Compared with heavy REEs (HREEs), light REEs (LREEs) is considerably enriched with REEs (Figures 7A–C). The basalt samples yielded comparatively lower (La/Yb)N ratio (3.53–5.22) and LREE/HREE ratio (4.15–5.08) than the andesite and rhyolite samples with (La/Yb)N ratio (4.48–7.53) and LREE/HREE ratio (5.31–7.53), respectively (Supplementary Table S2). In Figure 7, the basalts and andesites showed relative enrichment of large ion lithophile elements (LILEs) (e.g., Rb, Ba, and Sr) and a depletion of high field strength elements (HFSEs) (Figures 7D, E). Meanwhile, the rhyolite samples were rich in the LILEs but lacking HFSEs (Figure 7F). The negative Eu anomalies (δEu = 0.58–0.86) along with Sr depletion indicate feldspar fractionation.
[image: Figure 7]FIGURE 7 | Chondrite-normalized REE patterns (A–C) and N-MORB normalized trace element spider diagrams (D–F) for volcanics in the eastern BOB. The values of chondrite and N-MORB are adopted from Sun and McDonough (1989). Data sources are the same as in Figure 6.
5.3 Zircon Lu–Hf isotope analysis
Fifteen zircon grains from the rhyolite (Sample No. XS03-6) were selected for the Hf isotope analysis. Supplementary Table S4 provides analytical data showing low 176Lu/177Hf ratios (<0.003164); however, the tested 176Hf/177Hf ratios widely varied from 0.282823 to 0.282931. The calculated εHf(t) values were all positive and ranged from 8.0 to 11.9 (Figure 8; Supplementary Table S4). The TDM2 (Hf) model ages were also relatively low and ranged from 817 to 566 Ma.
[image: Figure 8]FIGURE 8 | (A, B) Diagrams showing εHf (t) values vs. ages (Ma). The data for the Carboniferous-Permian volcanics are obtained from Chen et al. (2011) and Gao et al. (2014).
6 DISCUSSION
6.1 Spatial and temporal distributions of volcanics in the BOB
The BOB is a geologically intricate formation running from east to west and is widely acknowledged as one of the foremost volcanic belts in the Eastern Tianshan region during the Late Paleozoic. Distinguished by the extensive eruption of bimodal volcanics during the Carboniferous–Early Permian period, the belt has been subjected to detailed chronological studies (Figure 1C; Supplementary Table S1).
The chief geological components of the BOB include Carboniferous volcanics with basalt, andesite, rhyolite, tuff, and dacite formations as the dominant lithological assemblages, along with some intrusive rocks from the Carboniferous and Permian periods. The Bogda age histogram (Figures 1C, D) shows that volcanic activities have three clearly noticeable regularities: Early Carboniferous (345–330 Ma) distributed in the Sangeshan–Hongshankou–Kezikuduke area (Wang et al., 2006; Tan et al., 2010; Chen et al., 2013); Late Carboniferous (320–305 Ma) distributed in the Dashitou–Sepigou–Ertangou area (Gao et al., 2014; Wang et al., 2015b; Xie et al., 2016); and Early Permian (298–288 Ma) distributed in the Baiyanggou–Yiqi–Cheguluquan area (Wang et al., 2010; Shu et al., 2011; Chen et al., 2011; Chen et al., 2013). The new zircon age from this study indicated that the volcanic activity of the Xishan Liushugou Formation occurred during the Late Carboniferous (311.2 ± 1.7 Ma) and represented a multiple-stage eruption of the volcanics in the BOB, which may have been continuous from the Carboniferous to the Early Permian. Previous authors presented some controversial tectonic backgrounds of the Carboniferous and Permian volcanics in the BOB; therefore, further discussion is required.
6.2 Petrogenesis
6.2.1 Petrogenesis of the basalts
The basalts under investigation had low SiO2, MgO, and Fe2O3 but showed relatively high enrichment in the Cr content, suggesting that their magma source region originated from the mantle (Zhang et al., 2017). Whereas the Ni (31–47 ppm) and Cr (41–143 ppm) contents were remarkably lower than those of primary mantle-derived magmas (e.g., Ni = 300–400 ppm, Cr = 300–500 ppm; Frey et al., 1978), suggesting that they did not represent primary magmas and underwent obvious crystallization fractionation. The inverse relation among MgO, TFe2O3, CaO/Al2O3, CaO, and SiO2 (Figure 9) indicated that they were likely formed through pyroxene and olivine fractionation. However, the positive anomalies of Eu and Sr (Figure 7) implied that the plagioclase fractionation was insignificant.
[image: Figure 9]FIGURE 9 | (A-F) Variation charts of major elements vs. SiO2 for the volcanics in the Eastern BOB.
All of the basalt samples collected in the study area exhibited considerable Nb–Ta anomalies (Figure 7). Moreover, their Nb/La, Ce/Pb, and Nb/Yb ratios were significantly different from those of oceanic island basalt (OIB) (Hofmann, 1997). Two possible causes for this are as follows. One was derived from an arc-related tectonic environment, while the other was produced in a within-plate tectonic background and underwent crustal contamination or originated from a metasomatized subcontinental lithospheric mantle (SCLM). The variation charts (Figures 10A, B) showed the MORB trend to the SMLM. The Nb/La ratio (0.31–0.56) of the samples also mostly belonged to the lithospheric mantle, and only a small amount belonged to the lithosphere–asthenosphere interaction field (>0.5, Smith et al., 1999). The Xishan basalts were plotted in the field between the within-plate and volcanic arc basalts (Figures 10C, D). Therefore, we believe that it was likely formed in the tectonic background of the transformation from the subduction environment to the plate internal environment.
[image: Figure 10]FIGURE 10 | Source region discrimination diagrams for the volcanics in the eastern BOB. (A) After Flèche et al. (1998); (B) after Pearce (2008); (C) after Pearce and Norry (1979); (D) after Meschede (1986). The compositions of OIB, N-MORB, and E-MORB are obtained from Sun and McDonough (1989). Data sources are the same as in Figure 6.
6.2.2 Petrogenesis of the andesites
Andesite showed moderate SiO2, Al2O3, high TFe2O3, low P2O5, and Mg# contents, suggesting that it was not a primary mantle melt in equilibrium with mantle peridotite. The Late Carboniferous volcanic rock assemblage in the study area was basalt–andesite–rhyolite, which was close in time and space to the Dashitou basaltic–rhyolitic assemblage formation in the northwest of the study area (Zhang et al., 2017). The andesite genesis was either homogenous, that is, formed by the crystallization differentiation of basaltic magma or by mixing basaltic and rhyolitic magma. The lack of basaltic inclusions in andesites suggested that the magma mixing of the mantle- and crust-derivative melts was not a reasonable explanation. This was also supported by geochemical signatures. Both of these had SiO2 and oxide correlations consistent with basalts, suggesting that some degree of crystallization differentiation may have occurred during the evolution of the associated primitive magmas, consistent with the bimodal volcanic suites. Andesites also generally have high La/Sm ratios (3.56–6.03), similar to the mantle-derived magmas that suffered from crustal materials (>5). Taken together, we suggest that andesites are the product of related melts that underwent assimilation mixing and crystallization differentiation.
6.2.3 Petrogenesis of the rhyolites
The Xishan rhyolites showed low MgO and CaO, as well as high SiO2 and total alkali contents. Further, they were enriched with Zr, Nb, and Y contents and depleted with Ba, Sr, P, Ti, and Eu negative anomalies. Discrimination diagrams in Figure 11 are often used to explain the felsic intrusive rocks, but had also been used by some researchers to discuss the genetic type and tectonic environment of rhyolites (Chen et al., 2011; Zhang et al., 2017) due to the granites and rhyolites have the same magmatic source region and diagenetic tectonic environment. As seen from the discrimination diagrams (Figures 11A, B; Whalen et al., 1987), the abovementioned features indicated that the Xishan rhyolites are akin to A-type granites. In addition, they were closer to the tectonic environment of A2-type granites (Figure 11C) and had comparatively low Nb/Y ratios (0.25–0.32) (Eby, 1992). The genesis of acidic magmas with an A-type affinity is controversial, including the crystallization differentiation of contemporaneous basaltic magmas (Peccerillo et al., 2003), mixing between the mantle-derived basalts and crustal-derived acidic magmas (Zhang et al., 2008), and partial melting of pre-existing crustal rocks (Tamura and Tatsumi, 2002). The basaltic–andesite–rhyolite samples showed good linearity for TiO2, Al2O3, TFeO, MgO, CaO, and CaO/Al2O3 with SiO2 in the variation charts (Figure 9). The Hf isotopes of the rhyolites ranged from 8.0 to 11.9, similar to basalts (Chen et al., 2011; Wali et al., 2018). This indicates that rhyolites may have been produced by the crystallization differentiation of basalts. Additionally, the rhyolite in the bimodal volcanic suite of Qijiaojing and Hongshankou is confirmed to be derived from the crystallization differentiation of basic rocks (Chen et al., 2013). The Xishan rhyolite samples were plotted in the field between the volcanic arc granitoids and within-plate granitoids (Figure 11D), which was most likely due to the tectonic environment transitioning from an island arc to an intraplate environment.
[image: Figure 11]FIGURE 11 | (A) and (B): Discrimination diagrams of rock genetic type (after Whalen et al., 1987); (C) Nb–Y–Ce diagram (after Eby, 1992); (D) Rb vs. Y + Nb (after Pearce et al., 1984). Data sources are the same as in Figure 6.
6.3 Tectonic implications
During the Carboniferous–Permian periods, the tectonic evolution of the BOB and Tianshan Orogenic Belt continued to be a matter of controversy. The primary viewpoints for this are as follows: 1) the tectonic setting for the transition from the Carboniferous subduction setting to the Permian post-collisional setting (Xiao et al., 2004a; Shu et al., 2011; Xie et al., 2016); 2) the post-collisional orogenic belt after the closing of the Tianshan Ocean at the end of the Early Carboniferous (Han et al., 2010; Chen et al., 2011); and 3) the Carboniferous–Permian continental rifting environment was related to the mantle plume (Gu et al., 2000; Xia et al., 2012).
Based on the combination of new research data and previous studies, it was confirmed that the majority of volcanics were formed in a back-arc tectonic setting during the early Late Carboniferous (Figures 6–8). Consequently, we eliminated the first scenario involving a post-collisional orogenic belt in the Tianshan Ocean after closure toward the end of the Early Carboniferous. Note that the geochemical features of the Xishan basalts are distinctly different from those of the basaltic magmas produced by the mantle plumes. For instance, they have low LREE content and negative anomalies for Ti, Ta, and Nb. Our zircon saturation temperature (TZr = 814°C–871°C), which is calculated by adopting a typical approach (Watson and Harrison, 1983), for the Xishan rhyolites is substantially lower than that of the A-type granites associated with the Emeishan mantle plume (TZr = 934°C–1053°C, Xu et al., 2001) and A-type rhyolites prevalent in the Tarim LIP (TZr = 872°C–940°C, Liu et al., 2014). Apparently, the formation of the Xishan volcanics may not be related to the mantle plume. We have previously discussed the Xishan basaltic andesites and their characteristics. They display arc and intraplate basalt affinities, indicating a possible formation in a back-arc tectonic setting. The Xishan rhyolites also share some similarities with the tectonic environment of A2-type granites (Figure 11C), suggesting an extensional setting. This is also supported by the Hf isotopes. εHf(t) values is positively correlated with age from 330 Ma to 290 Ma, representing the extensional setting (Figure 8B). After considering these conclusions, we propose herein that the tectonic evolution of the BOB and the entire Tianshan Orogenic Belt region occurred during the transition from an island arc magmatic system to a post-collisional orogenic belt. However, this study is of the opinion that this transition began toward the end of the Late Carboniferous.
The observed spatial and temporal variations and heterogeneity in the material origin of the Carboniferous–Permian magmatism in the BOB indicated that volcanics have multiple origins and genesis. Different bimodal volcanics are apparent not only in the western section of Bogda but also in its eastern section (Wang et al., 2010). This could be attributed to the magmatism differences during the different evolutionary stages. The prevalent belief is that the formation of the Bogda–Hallik Island Arc Belt occurred during the southward subduction of the Devonian–Carboniferous oceanic slab (Xiao et al., 2004b; Yuan et al., 2010). For instance, ophiolitic mélanges, such as Kelameili and Baiyanggou, which were discovered around the BOB (Qin et al., 2002; Chen et al., 2013; Xu et al., 2013), may be remnants of the Tianshan Ocean (Xiao et al., 2004b; Han et al., 2010). The Tianshan Ocean gradually subducted southward during the Late Devonian–Early Carboniferous periods. The BOB volcanism reached its peak during the Carboniferous and Permian periods.
Based on reliable chronological evidence, the bimodal volcanic activity in the Eastern Tianshan occurred during the Early Carboniferous to Early Permian periods (Wang et al., 2006; Shu et al., 2011; Chen et al., 2013). During the Early Carboniferous, a subducting plate rollback may have occurred at the north of the North Tianshan Island Arc, which led to gradual landward angulation, regional and transient extension, and the creation of bimodal volcanics with high-alumina basalts (Chen et al., 2013; Zhang et al., 2017). At the end of the Early Carboniferous, the closure of the Paleo-Tianshan Ocean and subsequent entry into a post-collisional orogenic setting (Han et al., 2010; Chen et al., 2011), marked a shift from extrusion to the extension of the geodynamic environment, which led to the formation of our current Xishan volcanic group (Figure 12). Toward the end of the Carboniferous period and the beginning of the Permian period, the Tianshan Ocean underwent subduction and depletion. Extensive bimodal volcanics and basaltic dike swarm were formed in the early Permian period as a result of the post-collisional effects following the collision between the northern margins of the Siberian and Tarim continents (Chen et al., 2011; Xie et al., 2016; Wali et al., 2018) (Figure 12). The thick, coarse clastic rocks from the Late Permian subsequently evolved into a mud-sandstone sequence with rhythmic characteristics and stable clastic rock sedimentation of the Triassic. No further large-scale volcanic activity was observed. This denoted the actual end of the BOB magmatism and the onset of the quasi-plain stage for the entire region.
[image: Figure 12]FIGURE 12 | (A) Tectonic evolution modal of the BOB; (B) Schematic of the vertical section of the Xishan volcanics.
7 CONCLUSION
The following conclusions were derived from this work.
(1) Both the Liudaogou and Qidaogou sections in the eastern BOB belonged to the Upper Carboniferous Liushugou Formation (C2l), which comprised continuous volcanic and sedimentary sequences.
(2) The Xishan volcanics comprised basalt, andesite, and rhyolite. Among them, rhyolites had zircon U–Pb ages of 311.2 ± 1.7 Ma, which, combined with the guide fossils Plerophyllum sp., Zaphrentoides sp., and Zaphrentites sp., indicate its formation to be in the Late Carboniferous.
(3) Basaltic rocks were derived from a metasomatized SCLM. Andesite and rhyolite were produced by crystallization differentiation of the basaltic rocks and assimilation mixing.
(4) The tectonic evolution of the transition from island arc magmatic systems to post-collisional orogenic belt in the BOB commenced at the end of the Late Carboniferous.
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