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The Qiyishan deposit is a large-scale Rb polymetallic deposit in the Beishan orogen. However, there remain debates regarding its metallogenic age and tectonic setting. In addition, studies of Triassic tectono-magmatic events in the Beishan orogen are still insufficient, and conducting genesis studies on the Qiyishan Triassic granitoids will help to enhance the understanding of Triassic magmatism and tectonic evolution in the Beishan orogen. In this contribution, we report new data for the ore-forming granitoids of Qiyishan deposit, including zircon U-Pb ages, major and trace element concentrations and Nd-Hf isotope compositions to define the ages and genesis of the Qiyishan granitoids and discuss their origin and geodynamic implications. Zircon U-Pb dating of the Qiyishan ore-forming granitoids yielded three ages of 217.5 ± 1.3 Ma, 217.2 ±0.8 Ma, and 207.5 ± 2.0 Ma, respectively. The age of Rb mineralization can be constrained to 207.5± 2.0 Ma, while the age of W-Sn-Mo mineralization is considered to be slightly younger than approximately 217 Ma. The Characteristics of major and trace elements of the rock samples indicate that the Qiyishan granites can be classified to highly fractionated I-type granite, and characterised by a transition to A-type like granite to some extent. The granites were not only affected by fractional crystallisation, but also underwent magmatic-hydrothermal interaction. The zircon εHf(t) values of the Qiyishan granitoids ranged from 3.28 to 16.07 and the Hf model age (TDMc) ranged from 0.216 to 1.042 Ga, revealing that the Qiyishan granitoids originated from the partial melting of both mantle and crustal sources. εNd(t) values ranged from −0.52 to −0.25, with Nd model ages of 0.998 Ga to 1.007 Ga. These results indicate that the granitoids originated from the mantle-derived magmas intruding into the lower crust within an intracontinental extensional environment. Combining the previous studies of Triassic granites in the Beishan orogen and this work, the Triassic granites exhibit a transition from I-type to A-type along the northeast direction, indicating a decrease in the contribution of ancient crustal to the magma source. We propose that the Qiyishan granitoids formed in a transitional tectonic environment, signifying the shift from post-orogenic to intracontinental extensional settings in beishan orogen during late Triassic.
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1 INTRODUCTION
The Qiyishan Rb polymetallic deposit is a large-scale rare metal deposit in the Beishan orogen of Inner Mongolia. However, the metallogenic age and tectonic setting of the deposit still remain under debate. Nie et al. (2002) obtained a Sm-Nd isochron age of 511 ± 5 Ma for fluorite and suggested that the mineralisation is related to the upward localisation and crystallographic differentiation of the Caledonian crust mantle-derived granitic magma (Nie et al., 2002a; Nie et al., 2002b; Nie et al., 2002c). Yang et al. (2013) acquired the zircon U-Pb ages of 355-359 Ma from the Qiyishan granite batholith, inferring that the Qiyishan deposit formed during the Late Devonian collisional orogeny. The Rb-Sr isochron age of 128 ± 1 Ma for the Qiyishan alkali granite was obtained by Lv et al. (2011). Their works suggested that Qiyishan granite was formed in the Late Yanshanian period by further differentiation of regional potassic granitic magma in a crustal extrusion-extension environment, and Qiyishan alkali granite is closely related to rare metal mineralisation. Being a representative large-scale rare metal deposit in the Beishan orogen, the determination of its metallogenic age and tectonic setting is crucial for accurately understanding the genesis of the deposit.
The Beishan orogen is an important part of the Central Asian orogenic belt, attracting significant attention from geologists due to its diverse tectonic units, such as micro-land masses, island arcs, residual ocean crust, and accretion mixed rocks (Wu et al., 2021a). Considerable research efforts have been dedicated to study the Palaeozoic orogeny, uncovering a substantial number of synorogenic granitoids and providing insights into the development of Early to Mid-Palaeozoic arcs in various regions of the Palaeo-Asian Ocean. However, compared with the extensive studies of Paleozoic magmatic and tectonic evolution, the researches on Triassic tectono-magmatic events in the Beishan orogen are limited. Only Li et al. (2012), Liu et al. (2006) and others reported on a small number of Triassic plutons located in the Huaniushan-Baishantang arc and the Queershan arc (Liu et al., 2006; Li et al., 2012a). This scarcity of research hinders a comprehensive understanding of regional Triassic magmatic and tectonic evolution, while the study of Qiyishan Triassic granitoids will contribute to the researches on this issue.
Based on detailed field investigation and sampling, in this contribution, we report new data for the ore-forming granitic rocks of Qiyishan Rb polymetallic deposit, including zircon U-Pb isotope ages, major and trace element concentrations and Nd-Hf isotope compositions, and comprehensively define the ages and genesis of the Qiyishan granitic rocks and discuss its origin and geodynamic implications. Combining the previous studies of Triassic granites in the Beishan orogen and this work, further discussion is conducted on the regional Triassic magmatic and tectonic evolution in the Beishan region to deepen the understanding of Triassic crustal accretion in this area.
2 SAMPLES AND METHODS
2.1 Regional geological setting
The Beishan orogenic belt is situated in the southwestern region of the Central Asian Orogenic Belt (CAOB). It is demarcated by the East Tianshan orogenic belt to the west, marked by the Xingxingxia Fault. To the east, it shares a border with the Xingmeng orogenic belt, while its northern boundary is defined by the southern Mongolian massif. The southern boundary interfaces with the Dunhuang massif (part of the Tarim Craton), which possesses an Archean foundation (Zuo and He, 1990a; Hsü et al., 1992; Xiao et al., 2010b) (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) The location of the Beishan orogen in the Central Asian Orogenic Belt is depicted in a simplified sketch map (modified from Jahn et al., 2000; Şengör et al., 1993) (Şengör et al., 1993; Jahn et al., 2000). (B) A simplified geological map of the Beishan orogen and its surrounding areas displays the Triassic granite plutons’ positions (modified based on Li et al., 2009; Li Shan et al., 2012) (Li et al., 2009a; Li et al., 2012b). The ages of the marked granitic plutons were determined using the zircon LA-ICPMS U-Pb method, with age data obtained from various sources, including Li et al., 2006; Li Shan et al., 2012; Li M et al., 2020; Tang et al., 2007; Wang et al., 2010; Zhang Z. Z. et al., 2005; Zhang et al., 2012b; Zhou TF et al., 2010, as well as this article (Zhang et al., 2005b; Li et al., 2006; Tang et al., 2007; Wang et al., 2010; Zhou et al., 2010; Li et al., 2012b; Zhang et al., 2012b; Li et al., 2020).
The Beishan orogen consists of various geological components, including the Precambrian basement, Palaeozoic arcs, accretionary complexes, ophiolitic mélanges, and arc-related basin sediments (Zuo et al., 1990b; Liu and Wang, 1995; Xiao et al., 2004; Xiao et al., 2010a).
Within the orogen described, multiple major faults and collisional zones have been identified, namely, the Liuyuan-Daqishan Fault, Hongliuhe-Niujuanzi-Xichangjing collisional zone, Xingxingxia Fault, Shaquanzi Fault, and Hongshishan-Pengboshan Fault. These faults demarcate the boundaries of the Beishan orogenic belt, effectively partitioning it into distinct regions from south to north: Daqishgan-Zhangfangshan epicontinental rift, Huaniushan-Baishantang arc, Gongpoquan-Qiyishan block, Xingxingxia-Hanshan block, and Queershan arc (Zhang et al., 2005b; Yang et al., 2012) (Figure 1B).
Remarkable geological features are observed within the Daqishan-Zhangfangshan epicontinental rift, characterized by the presence of Carboniferous clastic sediments originating from terrestrial sources and Early Permian marine clastic sediments. The sedimentary deposits in this region consist of turbidites as well as Permian ultramafic-mafic and felsic magmatic rocks. The coexistence of these rock types signifies the presence of a bimodal igneous series, indicative of a post-collisional environment (Su et al., 2011; Zhang et al., 2011).
The Huaniushan–Baishantang arc comprises a varied assortment of rock types, encompassing metamorphic rocks, clastic rocks demonstrating low-grade metamorphism, volcanic formations, as well as low-grade metamorphic rocks, and volcanic–sedimentary rocks that trace their origins to the Late Palaeozoic period (Zuo and He, 1990a; Zuo et al., 1990b; Zhang, 1993; Liu and Wang, 1995; Nie et al., 2002b). The dominant composition of intrusive rocks in this region is primarily felsic. The intrusive rocks occur widely, containing Early to Mid-Palaeozoic granitoids, Late Palaeozoic granitoids, Palaeozoic mafic and ultramafic intrusions and some Triassic mafic dykes and granitoids (Zuo and He, 1990a; Zuo et al., 1990b; Zhao et al., 2007; Mao et al., 2009; Zhang et al., 2010; Mao et al., 2011; Zhang et al., 2011).
The Hongliuhe–Niujuanzi–Xichangjing fault zone represents an extensive and continuous ophiolitic mélangic zone encompassing a diverse range of rock types, including clastic rocks, pyroclastic rocks, and ophiolitic rocks (Zuo and He, 1990a; Zuo et al., 1991).
The Gongpoquan–Qiyishan block, also known as the Mazongshan arc, can be subdivided into two distinct parts: the western part and the eastern part. Within the western region, the predominant rock types are characterized by high-grade metamorphic rocks, such as gneisses, schists, and migmatites. Additionally, specific low-grade metamorphic rocks harboring microfossils have been identified, indicative of ages spanning from the Neoproterozoic and Cambrian to the Silurian (Zuo and He, 1990a; Zuo et al., 1991; Liu and Wang, 1995; Mao, 2008). In contrast, the eastern part of the Gongpoquan-Qiyishan block primarily consists of slightly metamorphic volcanic-sedimentary rocks and Late Palaeozoic granites (Zuo and He, 1990a; Zuo et al., 1991). Within the Silurian strata, the Gongpoquan Formation is a noteworthy unit characterized by the occurrence of medium-mafic rocks intermingled with sandstone, da-lite, and siliceous rocks, which are interpreted as remnants of the Palaeozoic arc. Additionally, exposures of Permian sandstones, tuffs, conglomerates, and purple mudstones have been identified (Song et al., 2013).
The Xingxingxia-Shibanjing-Xiaohuangshan fault zone hosts an enduring mélangic zone that stretches in an east-west direction. Within this zone, an assortment of rock types is observed, including meta-ultramafic rocks, mylonitic gabbros, meta-basalts, and clastic rocks, all enveloped within a turbidity matrix (Zuo and He, 1990a; Zuo et al., 1990b; Nie et al., 2002a; Nie et al., 2002b; Nie et al., 2002c; He et al., 2002; He et al., 2005).
The Xingxingxia-Hanshan block is geologically divided by two fault lines: the Xingxingxia-Shibanjing-Xiaohuangshan fault to the south, and the Shaquanzi fault to the north. The Xingxingxia-Hanshan block primarily comprises high-grade metamorphic rocks, although the available age data for the metamorphic events is limited (Liu and Wang, 1995; Xiao et al., 2010a).
The Hongshishan-Pengboshan Fault zone encloses an ophiolitic mélange, where serpentinite predominates as the primary matrix. Within this mélange, a blend of marine sedimentary rocks, including limestones and cherts, coexists with ultramafic and mafic ophiolitic rocks such as pillow basalts and mylonites, which are concentrated in high-strain zones (Zuo and He, 1990a; Zuo et al., 1990b). In contrast, the Heiyingshan arc predominantly consists of Carboniferous felsic volcanic rocks, accompanied by carbonate and clastic sedimentary rocks (Zuo and He, 1990a; Wei et al., 2004; Huang and Jin, 2006).
The Queershan arc exhibits a distinctive assemblage of mafic to intermediate volcanic and volcaniclastic rocks, which originated during the Ordovician to Permian arcs (Zuo et al., 1991; Zhao et al., 2003; Xiao et al., 2010a). Recent studies have revealed the existence of Triassic granites in this area, such as the Maanshanbei pluton and Xiaohulishan pluton (Liu et al., 2006; Peng et al., 2010; Zhang et al., 2012b). The tectonic evolution of the Beishan orogen is characterized by several distinct stages. The Hongliuhe-Niujuanzi-Xichangjing ocean basin emerged during the Cambrian to Early Silurian period, causing the Dunhuang block and the Queershan arc to separate. This separation is believed to have ended in the Early Devonian. During the Early to Mid-Carboniferous, the Hongshishan-Pengboshan ocean basin formed concurrently with the development of the Huaniushan-Baishantang arc, Mazongshan-Hanshan arc, and Queershan arc (Gong et al., 2002; He et al., 2002; Gong et al., 2003; He et al., 2005; Li et al., 2006; Xiao et al., 2010a). It is widely agreed that these two ocean basins closed no later than the Triassic period, though the exact timing is still disputed. At this stage, the Queershan arc and Heiyingshan arc joined together, and the Xingxingxia-Hanshan block became part of the Huaniushan-Baishantang arc. Transitioning into the Mesozoic-Cenozoic era, the Beishan orogen experienced an intracontinental evolutionary phase (Liu and Wang, 1995; Dumitru and Hendrix, 2001; Gong et al., 2002; Gong et al., 2003; Zuo et al., 2003; Zhang et al., 2005a; Xiao et al., 2010a; Shi et al., 2019).
2.2 Geological setting of the study area
The Qiyishan deposit is located in the eastern section of the Gongpoquan–Qiyishan arc (Figure 1B). It is notable for its Silurian volcanic rocks, which constitute a significant component of the supracrustal sequence, particularly within the Yuanbaoshan and Gongpoquan Formations. Within the formation, there are exposures of metamorphic andesite tuff, while the Gongpoquan Formation can be further subdivided into upper and lower groups. The upper group primarily consists of tuffaceous metamorphic sandstone, whereas the lower group is predominantly composed of andesite marble (Figure 2). The area displays the presence of faults, trending both northwest (NW) and northeast (NE). The Qiyishan Triassic granitic pluton is situated at the intersection of these faults with the NW trend. Spanning an approximate area of 1.3 km2, the Qiyishan pluton mainly comprises granite and granite porphyry. On the basis of distinctions in location, lithology, mineralization, and alteration, the Qiyishan granitic pluton is segregated into the West Qiyishan Pluton (WQP) and the East Qiyishan Pluton (EQP) by the NS fault (Figure 2). Late Palaeozoic intrusions, such as plagiogranite porphyry and quartz diorite, have also been discovered. The WQP is situated in the western part and intrudes the lower formation of the Gongpoquan tuffaceous metamorphic sandstone and marble. It extends in an east–west direction and is primarily composed of biotite granite, foliaceous biotite granite porphyry, and albitite granitic porphyry. The albitite granitic porphyry is closely linked to rubidium (Rb) mineralization, and a rhomboid Rb ore body has been identified at the center of the pluton. On the other hand, the EQP is positioned in the eastern sector, intruding into the upper formation of Gongpoquan andesite and marble. Geologically extending northeastward, it primarily consists of biotite granite and veined granite porphyry. Notably, the tungsten-tin-molybdenum (W-Sn-Mo) ore body exhibits a significant correlation with the biotite granite, specifically on the eastern side of the EQP (Figure 2).
[image: Figure 2]FIGURE 2 | Geological maps with detailed information are available for the Qiyishan area, illustrating the precise lo-cations of the samples.
2.3 Sample descriptions
From the albitite granitic porphyry in the pit that contains the Rb ore body at the center of the West Qiyishan Pluton, we obtained five samples (QY-2, 4, 5, 6, and 7) (Figure 2). The albitite granitic porphyry is characterized by quartz phenocrysts (25%–30%) and albite phenocrysts (20%–25%) embedded in a matrix of muscovite (15%–20%), plagioclase (15%–20%), quartz (15%–20%), kaolinite (5%), and sericite (5%). Accessory minerals, such as zircon and apatite are also present. Plagioclase commonly undergoes sericitization, while albitization is often associated with significant kaolinization (Figures 3A,D,F,H). Additionally, we collected six samples (ZK01021; ZK05045; ZK32031, 2, and 3; and ZK34031) from various bore cores within the East Qiyishan Pluton, which is primarily composed of biotite granite (refer to Figure 2). These samples consist of plagioclase (30%–35%), quartz (25%–30%), biotite (20%–25%), K-feldspar (10%–15%), and muscovite (5%–10%). Plagioclase exhibits approximately 5% sericitization (Figures 3B,C,E,K, l).
[image: Figure 3]FIGURE 3 | (A) The main rock outcrop of WQP in the Qiyishan area is captured in a photograph. (B, C) Photographs showcase the rock outcrop of EQP in the Qiyishan area. (D) A photograph presents a sample of albitite granitic porphyry. (E) Another photograph displays a sample of biotite granite. Thin section photomicrographs provide detailed views of the samples: (F) The photomicrograph depicts the albitite phenocryst, showing sericitization, quartz, small-grain plagioclase, and flake muscovite. (H) The photomicrograph focuses on the quartz phenocryst, large flake muscovite, and small-grain quartz. (K, L) The mineral assemblages of the biotite granite are captured in these photomicrographs. Q - quartz; Pl - plagioclase; Ab - albitite; Kfs - K-feldspar; Ser - sericite; Ms - muscovite; Bt - biotite.
2.4 Analytical methods
The following analytical methods were employed in this study: Zircon U-Pb dating and trace element analysis, Major and trace element geochemical analyses, Nd isotopic analyses, and In-situ zircon Hf isotopic analyses. Zircons underwent Zircon U-Pb dating and trace element analysis via LAICPMS. For the analysis of major elements in the whole rock, the ZSX Primus II wavelength dispersive Xray fluorescence spectrometer (XRF) manufactured by RIGAKU, Japan, was utilized. The Agilent 7700e ICPMS instrument was employed for trace element analysis of the whole rock. Nd isotopic analyses were conducted using the Neptune Plus MCICPMS instrument by Thermo Fisher Scientific, Dreieich, Germany. In-situ zircon Hf isotope ratio analyses were performed using the Neptune Plus MCICPMS instrument. All aforementioned analyses were carried out at Wuhan Sample Solution Analytical Technology Co., Ltd., in Wuhan, China. Supplementary Appendix A provides comprehensive details regarding the analytical methods and experimental conditions utilized.
3 ANALYTICAL RESULTS
3.1 U–Pb zircon results
The zircon grains from three different granite samples (ZK01021, QY-2, and ZK32031) underwent analysis using LAICPMS. The zircons exhibit euhedral to semi-euhedral shapes, displaying colorless or pale-yellow hues when observed in transmitted light. The particle sizes range from 50 µm to 150 μm, and their length to width ratios fall within the range of 1:1 to 3:1. Cathodoluminescence images reveal oscillating zoning and high Th/U ratios in most of the zircons, indicating their magmatic origin (Figure 4F). For sample ZK01021, eleven concordant points yield a concordia 206 Pb/238U age of 217.5 ± 1.3 Ma (MSWD = 4.8, n = 11), and a weighted mean age of 217.1 ± 1.3 Ma (MSWD = 6.4, n = 11) (Figures 4A,B). Similarly, for sample ZK32031, seventeen concordant points yield a concordia 206 Pb/238U age of 217.2 ± 0.8 Ma (MSWD = 4.3, n = 17), and a weighted mean age of 217.4 ± 0.8 Ma (MSWD = 7, n = 17) (Figures 4C,D). These data can represent the emplacement age of the EQP.
[image: Figure 4]FIGURE 4 | Concordia diagrams displaying zircon ages obtained through LA-ICPMS are presented as follows: (A, B) Concordia diagrams are shown for Sample ZK0102-1. (D, E) Concordia diagrams are displayed for Sample ZK3203-1 from the EQP. (G) The Concordia diagram represents Sample QY-2 from the WQP (Ludwig, 1998; Ludwig, 2003; Baker et al., 2004). Additionally, cathodoluminescence images (C,F, H) of zircon grains for ZK01021, ZK3203-1, and QY-2 are provided. The U-Pb ages (corresponding to numbers from Supplementary Appendix B. Table), the locations of the dated spots are represented by full circles on the diagrams. The site of analysis is indicated by dotted circles, within which the in-situ Hf isotopic compositions are depicted as εHf(t) values.
The data points of QY-2 deviate from the concordance curves and failed to yield a concordia 206 Pb/238U age in Wetherill concordia diagram (206Pb/238U207 Pb/235U) which is mainly due to partial Pb loss and/or inherited components (Ludwig, 1998). In this case, a “Semi Total Pb/U isochron” approach can be applied for the data of sample QY-2 to obtain the diagenetic age through the lower intercept age. In a “SemiTotal-Pb/U isochron” approach, the blank-corrected data are plotted on a 2-dimensional concordia diagram (either the Tera-Wasserburg concordia), without correction for (nonblank) common Pb. If (and only if) the true Pb*/U and Pb*/Pb* isotopic ratios would yield the same, concordant ages, the data will be dispersed along a line whose Y -intercept is the 207Pb/206 pb (or 206Pb/207 Pb) of the common Pb and whose intersection with the concordia curve defines the age of the samples (Ludwig, 1998). The “Semi Total Pb/U isochron” approach has been applied by lots of researchers such as Wei et al. (2020), Song et al. (2004) and Chen et al. (2002). These studies have successfully used this method to derive credible and substantiated conclusions (Wei et al., 2020; Chun and Zhao, 2004; Song et al., 2002).
In 207Pb/206 Pb-238U/206 Pb diagram, fourteen analyzed points of sample QY-2 disperse along a line and intersect with the concordia curve, obtaining a lower intercept age of 207.5 ± 2.0 Ma (MSWD = 2.6, n = 14) (Figure 4E). As the above analysis, the lower intercept age of the sample QY-2 can represent the emplacement age of the WQP.
3.2 Major and trace element compositions
The major and trace element compositions of the bulk-rock samples from WQP (five samples) and EQP (nine samples) are shown in Supplementary Appendix B. Table. Across all samples, notable features include elevated levels of SiO2, spanning from 69.88 wt% to 79.27 wt%, and markedly minimal concentrations (<0.2 wt%) of TiO2, MnO, MgO and P2O5.
The albitite granitic porphyry WQP from the Late Triassic is mainly composed of granite and belongs to the high-K calc-alkaline series with SiO2 ranging from 69.88 wt% to 73.98 wt%, Al2O3 from 15.68 wt% to 18.59 wt%, TFeO from 0.26 wt% to 0.45 wt%, Na2O from 0.18 wt% to 6.03 wt%, K2O from 3.01 wt% to 4.78 wt% and CaO from 1.10 wt% to 1.13 wt% (Figures 5A,B). The samples also feature high levels of A/CNK, ranging from 1.11 to 1.64, exhibiting strongly peraluminous characteristics (Figure 5C). These values suggest an extremely high degree of fractionation (Figure 5D).
[image: Figure 5]FIGURE 5 | Major element diagrams for Beishan Triassic granitoids. (A) TAS classification diagram (after Middlemost, 1994) (Middlemost, 1994). (B) K2O vs. SiO2 diagram (after Peccerillo and Taylor, 1976) (Peccerillo and Taylor, 1976). (C) A/NK vs. A/CNK diagram (after Maniar and Piccoli, 1989) (Maniar and Piccoli, 1989). (D) ((Al2O3+CaO)/(TFeO+Na2O+K2O)) vs. (100p(MgO+TFeO+CaO)/SiO2) diagram for Triassic granitoids (after Sylvester, 1989) (Sylvester, 1989). HFCG represents highly fractionated calc-alkaline granite. TFeO is calculated as FeO +0.8998Fe2O3. A/CNK=molAl2O3/(Na2O+K2O+CaO), A/NK=molarAl2O3/(Na2O+K2O). The data used in these major element diagrams are derived from studies by Li Shan et al. (2012), Li M et al. (2020), and Peng et al. (2010), focusing on the Middle Triassic and Late Triassic granitoids in the Beishan region (Peng et al., 2010; Li et al., 2012a; Li et al., 2020).
The biotite granite of the Late Triassic EQP primarily consists of granite and the high-K calc-alkaline series, with SiO2 ranging from 72.29 wt% to 78.91 wt%, Al2O3 from 11.31 wt% to 15.06 wt%, TFeO from 0.56 wt% to 1.63 wt%, Na2O from 3.03 wt% to 4.56 wt%, K2O from 3.41 wt% to 5.59 wt% and CaO from 0.21 wt% to 1.14 wt% (Figures 5A,B). The samples also feature high levels of A/CNK, ranging from 0.99 to 1.30, indicating metaluminous to peraluminous characteristics (Figure 5C). The points almost belong to the field of highly fractionated calc-alkaline granite (HFCG) in Figure 5D.
The major and trace element compositions of the WQP (albitite granitic porphyry) and EQP (biotite granite) samples are listed in Supplementary Appendix B. Table. There are five samples from WQP and nine samples from EQP. All samples exhibit high concentrations of SiO2, ranging from 69.88 wt% to 79.27 wt%, and extremely low concentrations (<0.2 wt%) of TiO2, MnO, MgO, and P2O5.
The albitite granitic porphyry in WQP from the Late Triassic is mainly composed of granite and belongs to the high-K calc-alkaline series. The SiO2 content ranges from 69.88 wt% to 73.98 wt%, Al2O3 from 15.68 wt% to 18.59 wt%, TFeO from 0.26 wt% to 0.45 wt%, Na2O from 0.18 wt% to 6.03 wt%, K2O from 3.01 wt% to 4.78 wt%, and CaO from 1.10 wt% to 1.13 wt% (Figures 5A,B). The A/CNK ratio (molar Al2O3/(CaO + Na2O+ K2O)) is high, ranging from 1.11 to 1.64, indicating strongly peraluminous characteristics (Figure 5C). These values suggest an extremely high degree of fractionation (Figure 5D). The biotite granite of the Late Triassic EQP primarily consists of granite of the high-K calc-alkaline series. The SiO2 content ranges from 72.29 wt% to 78.91 wt%, Al2O3 from 11.31 wt% to 15.06 wt%, TFeO from 0.56 wt% to 1.63 wt%, Na2O from 3.03 wt% to 4.56 wt%, K2O from 3.41 wt% to 5.59 wt%, and CaO from 0.21 wt% to 1.14 wt% (Figures 5A,B). The A/CNK ratio ranges from 0.99 to 1.30, indicating metaluminous to peraluminous characteristics (Figure 5C). The data points mostly fall within the field of highly fractionated calc-alkaline granite (HFCG) in Figure 5D.
Based on the chondrite-normalized rare-earth element (REE) patterns shown in Figure 6A, the albitite granitic porphyry of WQP exhibits relatively lower ΣREE levels, ranging from 38.35 to 50.85. The REE patterns of this rock are weakly fractionated, indicated by (La/Yb)N values ranging from 1.50 to 1.92, and show strong negative Eu anomalies, with δEu values ranging from 0.03 to 0.05. On the other hand, the biotite granite of EQP demonstrates ΣREE values ranging from 37.61 to 260.17, with weakly fractionated REE patterns and (La/Yb)N values between 0.71 and 3.90. It also exhibits strong negative Eu anomalies, with δEu values ranging from 0.01 to 0.13. Although both plutons share similar rare-earth element distribution characteristics, the difference in their ΣREE and Eu anomalies may be attributed to distinct degrees of fractionation and other factors related to their geological history.
[image: Figure 6]FIGURE 6 | (A) The rare Earth element patterns of the WQP and EQP are chondrite-normalized. (B) The trace element spider diagrams of the WQP and EQP are primitive mantle-normalized. The values for chondrite and primitive mantle normalization are obtained from Sun and McDonough (1989) (Sun and McDonough, 1989).
The primitive mantle-normalized spider-grams, as depicted in Figure 6B, demonstrate striking similarities between the albitite granitic porphyry of WQP and the biotite granite of EQP. Both exhibit distinct negative anomalies for Ba, Sr, P, and Ti, which indicate the occurrence of fractionation processes. Moreover, positive anomalies are observed for Th, La, Ce, and Nd. The negative Sr anomalies suggest plagioclase fractionation. These observations align with findings from previous studies investigating similar rock types and their geochemical characteristics (Miller and Mittlefehldt, 1982; Mil et al., 1984; Li et al., 2012a; Li and Huang, 2013; Gelman et al., 2014; Wu et al., 2017a).
3.3 Whole-rock Nd isotopes
By analyzing the data presented in Table 1 and Figure 9, we can examine the Sm-Nd isotopic compositions of two samples: one from the albitite granitic porphyry of WQP and one from the biotite granite of EQP. Sample QY-2 shows an εNd(t) value of (−0.25), while sample ZK3203-1 exhibits an εNd(t) value of (−0.52). The fSm/Nd values for the granitoids are (−0.19) and 0.07, respectively. These values indicate that the granitoids have relevant two-stage Nd model ages (TDMc) ranging from 1.007 to 0.982 Ga. The slightly older crustal sources have a relatively small contribution, as suggested by the weak negative εNd(t) values (Figure 9). This information provides insights into the origin and evolution of the studied granitoids.
TABLE 1 | Nd isotopic data from Triassic granitoids in the Qiyishan pluton.
[image: Table 1]3.4 In situ zircon Hf isotopes
We conducted in situ zircon Hf isotopic analyses on three different samples, as shown in Supplementary Table S1 and Figure 9: one albitite granitic porphyry sample from WQP and two biotite granite samples from EQP.
Biotite granite sample ZK01021 contains 12 magmatic zircons, with a concordia 206 Pb/238U age of 217.5 ± 1.3 Ma and εHf(t) values ranging from +7.01 to +13.52. The zircons have TDMc model ages between 0.425 Ga and 0.807 Ga. Conversely, biotite granite sample ZK32031 show cases 15 magmatic zircons with a concordia 206 Pb/238U age of 217.2 ± 0.8 Ma and εHf(t) values ranging from +3.28 to +8.13. The zircons have TDMc model ages between 0.757 Ga and 1.042 Ga. Ultimately, albitite granitic porphyry sample QY-2 contains seven magmatic zircons, with a lower intercept age of 207.5 ± 2.0 Ma and εHf(t) values ranging from +6.91 to +16.07. The zircons have TDMc model ages between 0.216 Ga and 0.805 Ga.
4 DISCUSSIONS
4.1 Chronology
4.1.1 Timing of granites formation and mineralization
Nie et al. (2002) acquired a Sm-Nd isochron age of 511 ± 5 Ma for fluorite and suggested that the mineralisation is related to the upward localisation and crystallographic differentiation of the Caledonian crust-mantle-derived granitic magma (Wu et al., 2007a). However, due to the lack of information on the relationship of the fluorite samples to the ore-bearing rock mass and the location of the samples, the age for fluorite might not be representative of the age of Rb-bearing rocks. The Rb-Sr isochron age of 128 ± 1 Ma was determined by Lv et al. (2011) (Lv et al., 2011), implying that the alkali granite originated during the Late Yanshanian period by further differentiation of regional potassic granitic magma in a crustal extrusion-extension environment, and is closely related to rare metal mineralisation. Nevertheless, it is worth noting that the precision of the Rb-Sr isochron age might not be entirely dependable, particularly when dealing with samples that have undergone alteration (Zhao et al., 2005; Liang et al., 2020). In this case, the metallogenic age of the Qiyishan Rb polymetallic deposit remains ambiguous. As previously highlighted, a viable approach to address this issue involves conducting high-precision zircon U-Pb dating on the ore-forming rocks. Such an endeavor can yield precise and reliable data regarding the age of these rocks, as a representation of the age of mineralisation.
In this paper, LA-ICPMS zircon U-Pb dating was performed on two biotite granite samples from the EQP in Qiyishan deposit. The analysis yielded two concordia ages of 217.5 ± 1.3 Ma and 217.2 ± 0.8 Ma, representing the intrusion age of the EQP. The W-Sn-Mo quartz vein type ore bodies are located in the east of the EQP and primarily filled in the fractures of the granite bodies, indicating that the W-Sn-Mo mineralizations occurred in the post magmatic hydrothermal process and the metallogenic age is slightly posterior to the diagenetic age of the EQP.
Furthermore, a granitic porphyry sample from the WQP provided the emplacement age of 207.5 ± 2.0 Ma. For Qiyishan Rb polymetallic deposit, previous studies and the present work all show that the Rb mineralization is mainly hosted in the WQP, proven by the generally high Rb content (925.10–1,515.31 ppm) in the trace element compositions of samples from the WQP (Supplementary Appendix B. Table), and the central portion of the WQP was identified as Rb ore body (Figure 2) (Wang et al., 2009; Lv et al., 2011). The albitization is often accompanied by the occurrence of Rb mineralization (Figure 3D), which means that the Rb mineralization is the product of magmatic gas-liquid interaction that occurred in WQP. In addition, there are no veinlet Rb mineralization in the WQP or the wall rock, indicating that the Rb mineralization was not formed after magmatic intrusion. The above evidences suggest that the Rb mineralization occurs simultaneously with the magmatic intrusion process, and the zircon U-Pb age of the WQP can represent the Rb metallogenic age. In many granite-type rare metal deposits, crystallization of the pluton and the mineralization event often occur almost simultaneously (Miao, 2018; Wei et al., 2020; WuZhang et al., 2020; Wu et al., 2021b).
Based on the above analysis, we conclude that the age of Rb mineralization can be limited to 207.5± 2.0 Ma, while the age of W-Sn-Mo mineralizations is considered to be slightly younger than approximately 217 Ma.
4.1.2 Timing of Triassic magmatism in the Beishan orogen
The Qiyishan pluton is composed of the WQP and EQP, the emplacement ages of the Qiyishan pluton are constrained to two distinct time intervals: 217.2–217.5 Ma and 207.5 Ma. These ages indicate the occurrence of two episodes of magmatic activity during the Late Triassic and End Triassic, respectively. Furthermore, the Dahuoluo pluton (240–238 Ma), located in the mid-west of the Huaniushan–Baishantang arc, represents an additional period of magmatism during the Mid Triassic. This finding, as reported by Li et al. (2012), lends support to the categorization of Triassic magmatic activity in the Beishan area into three discrete periods (Li et al., 2012c).
Upon examining the chronology of other Triassic granite formations within the Beishan region, a discernible pattern emerges. The Baixianishan, Daquan, Huaniushan, and Changliushui plutons (225–217 Ma), situated in the western part of the Huaniushan–Baishantang arc, as well as the Xiaohulishan pluton (216.9 ± 0.5 Ma) in the eastern section of the Queershan arc, were all formed during the Late Triassic (Zhang et al., 2012b; Li et al., 2012c). On the other hand, the Xiaohongshan pluton (205.9 ± 1.7 Ma, 211.8 ± 1.6 Ma), located at the center of the Xingxingxia–Hanshan block, represents magmatic activity in the End Triassic (Li et al., 2020). Consequently, we can delineate three distinct periods of magmatism in the Beishan orogen: the Mid Triassic (240–238 Ma), the Late Triassic (225–216.9 Ma), and the End Triassic (211.8–205.9 Ma) (Figure 7).
[image: Figure 7]FIGURE 7 | Histograms depicting the distribution of zircon U-Pb ages in the Beishan orogen presented using data sourced from Figure 1.
4.2 Petrogenesis
4.2.1 Types of granitoids
The granitoids identified in the Beishan area during the Triassic period manifest a transitional character, showcasing attributes reminiscent of both I-type and A-type granite (Li et al., 2012b). The main mineralogy and whole-rock chemistry of the granites from EQP and WQP are consistent with typical diamictite granites or potassium-rich granites, both of which show high SiO2 content and aluminium-rich characteristics, similar to S-type granites. Furthermore, the highly fractionated granites are also aluminium supersaturated and often contain muscovite, similar to S-type granites, they might also be highly fractionated I-types or A-types that have been affected by highly fractionation (Chappell and White, 1992a; Wu et al., 2017). In addition, the lower P2O5 content (0.01wt%∼0.05wt%) and higher Na2O content of the granitoids from the WQP and EQP are significantly different from S-type granites. Therefore, the granitoids could not be classified as S-type granite (King et al., 2001).
When discriminating between A-type granite and other granite types, Whalen et al. (1987) argued that A-type granite is characterised by low Al and high Ga and Zr, thus 10,000 Ga/Al=2.6 and Zr=250ppm are proposed as the boundary between A-type and other types of granite (Whalen et al., 1987). In other words, the 10,000 Ga/Al >2.6 and Zr>250ppm are the indicators of A-type granite. The granitoids from the WQP and EQP portray 10,000 Ga/Al ratios spanning from 3.17 to 5.61, with an average of 4.62, surpassing 2.6, while the content of Zr within these granitoids varies between 8.09 ppm and 244.46 ppm, with an average of 67.92 ppm, which falls below 250 ppm (Figure 8A). The granitoids do not fully conform to the characteristics of the A-type granite.
[image: Figure 8]FIGURE 8 | (A) Zr content vs. 10,000∗Ga/Al diagrams, illustration of the differentiation between A-type granite and highly differentiated granite (modified by Wu et al. (2017)); (B) Zr content vs. 10,000∗Ga/Al diagrams with data of a large number of A-type granites and I/S fractionated granites from Wu et al. (2017) (Wu et al., 2017a).
It is important to consider that the granitoids from the WQP and EQP belong to the highly fractionated granites, and as mentioned by Wu FY. et al. (2017) (Wu et al., 2017a), in many cases, the highly fractionated granitoids also fall into the A-type granite zone due to having a high 10,000 Ga/Al ratio (Pérez et al., 2010), or A-type granites fall into the highly fractionated granite zone due to strong crystallographic differentiation (King et al., 2001).
Thus, whether the highly fractionated granites from EQP and WQP should be classified as A-type or I-type is difficult to discriminate due to the fact that A-type granite with highly fractionation share the similar mineralogical and geochemical characteristics with highly fractionated I/S-type granites (Mushkin, 2003; Wu et al., 2007a; Jia et al., 2009; Johansson et al., 2016; Wu et al., 2017a). However, Wu FY. et al. (2017) argued that A-type granite with highly fractionation is different from the characteristics of highly fractionated I/S-type granite, and gave a credible way to discriminate it (Wu et al., 2017a). Even though there is fractionation in A-type granite as well, it tends to trend on the A-type granite zones to highly differentiated granite zones. On the contrary, I/S-type granites show an opposite trend to that of A-type granites as their 10,000 Ga/Al ratios gradually increase during the process of differentiation (Figure 8A). The highly fractionated granites from EQP and WQP exhibit characteristics particularly similar to those of I/S fractionated granites.
In addition, Wu FY. et al. (2017) collected and collated data from a large number of A-type granites and I/S fractionated granites (Figure 8B) (Wu et al., 2017a). It could be observed that there is an overlap between the positions occupied by these two granites in the diagram, and the granites in the overlapping positions show transitional features between A-type granites and I/S fractionated granites. In fact, the highly fractionated granites from EQP and WQP fall partly in this overlap area in Figure 8, suggesting that some degree of transitional features are also present in the granites. This is not an isolated case in the surrounding area of the Qiyishan deposit, the granites of regional contemporaneity in Beishan orogen have also been studied by previous generations, Li S. et al. (2012) suggested that Daquan (221 Ma), Huaniushan (221-217 Ma), Changliushui (223 Ma) and Baixianishan (224 Ma) granites are mainly highly fractionated I-type granite with some transitional features to A-type (Figure 12) (Li et al., 2012a).
Based on above analysis, we tend to consider that the granites generally show the characteristics of the highly fractionated I-type granite, and are also characterised by a transition to A-type like granites to some extent.
4.2.2 Source regions
The compositional characteristics of rocks inherit the properties of their source regions, which can be inferred from the geochemical features of major and trace elements in the rocks (Li et al., 2012c). The Triassic granitoids discovered in the WQP and EQP regions exhibit elevated concentrations of Y ranging from 15.17 ppm to 111.98 ppm, with an average of 45.97 ppm. They also display low Mg# values ranging from 0.11 to 72, with an average of 0.37, and low Sr/Y ratios ranging from 0.05 to 1.70, with an average of 0.76. These characteristics align with the granitic properties of a young basaltic lower crust, which is typically enriched in Y and exhibits low Mg# values and Sr/Y ratios (Chen and Arakawa, 2005).
Accurate identification of source regions relies on the analysis of Nd isotopic and zircon Hf isotopic signatures (Li et al., 2002; Wu et al., 2007a; Bouvier et al., 2008). In the case of the Triassic granitoids from sample ZK0102-1 in the EQP, zircon εHf(t) values exhibit a positive range of +7.01 to +13.52, and the Hf model ages (TDMc) indicate relatively young values ranging from 0.425 Ga to 0.807 Ga. Besides, the granitoids from sample ZK3203-1, also from the same pluton, display positive zircon εHf(t) values ranging from +3.08 to +8.13 and even younger Hf model ages (TDMc) ranging from 0.757 Ga to 1.042 Ga. This discrepancy in Hf isotope characteristics can be attributed to their distinct sampling locations (Figure 2). However, despite this difference, the zircon Hf isotopic signatures of both samples suggest that the source region consists of juvenile mantle materials. Moreover, the sample ZK0102-1 indicate the utilization of significantly younger mantle-derived materials (Bleousova et al., 2006).
The Triassic granitoids from sample QY-2, situated in the WQP, display positive zircon εHf(t) values ranging from +6.91 to +16.07. Furthermore, their Hf model ages (TDMc) range from 0.216 Ga to 0.805 Ga, which aligns closely with the formation age of the granitoids. These observations suggest that the source region of these granitoids underwent recent development and that the zircon Hf isotopic signatures indicate the utilization of juvenile mantle-derived materials (Bleousova et al., 2006; Wu et al., 2007a).
The Triassic granitoids found in the WQP and EQP exhibit weakly negative εNd(t) values of (−0.25 and −0.52, respectively) and Nd model ages (TDMc) ranging from 0.998 Ga to 1.007 Ga, indicating the involvement of slightly older crustal sources. The presence of crustal contamination during the emplacement of magma can result in biased, negative Nd isotope values. These findings suggest that the granitoids possess mixed sources, including mantle-derived materials and slightly ancient crustal components (Figure 9).
[image: Figure 9]FIGURE 9 | (A) The εHf(t) vs. age diagram includes the following data sources: Data for the Permian granitoids from the Daqishan-Zhangfangshan rift, Silurian granitoids from the Huaniushan-Baishantang arc, and the Xingxingxia-Hanshan block are obtained from Mao et al. (2009), Liu Y. et al. (2010), and Zhang et al. (2010b), respectively (Mao et al., 2009; Liu et al., 2010; Zhang et al., 2010). (B) The εHf(t) vs. age diagram includes the following data sources: Data for the Alaer granites from the Chinese Altai orogen, Halatu granites from Inner Mongolia, and Damaoqi granites from the North China Craton are derived from Chen et al. (2009), Wang et al. (2008b), and Zhang et al. (2010a), respectively (Wang et al., 2008b; Chen et al., 2009; Zhang et al., 2010a). (C) The εNd(t) vs. age diagram includes the following data: Data for the Early Devonian granite from Li et al. (2009, 2011) (Li et al., 2009b; Li et al., 2011)and Late Ordovician to Silurian granites from Zhao et al. (2007) and Mao et al. (2009) (Zhao et al., 2007; Mao et al., 2009). Additionally, data for the Dahuoluo Pluton, Daquan Pluton, Huaniushan Pluton, Changliushui Pluton, and Baixianishan Pluton are sourced from Li Shan et al. (2012) (Li et al., 2012a), data for the Xiaohulishan Pluton are from Wei (2019) (Ouxiang, 2019), and data for the Xiaohongshan Pluton are from Li M et al. (2020) (Li et al., 2020).
Although high positive εHf(t) values and slightly negative εNd(t) values appear in the same rock masses, the differences in Nd-Hf isotopic composition between zircon and whole rock need to be considered. The zircon Hf isotope data represents the source region characteristic of the early zircon crystallisation, while the Nd isotope data of bulk rocks are more likely influenced by mixing/assimilation during magma evolution, and therefore cause the different Hf-Nd isotope data. However, considering the Hf-Nd isotopic signature as well as major and trace geochemical studies, this does not affect the conclusion that the Qiyishan granitoids originated from a mixed crust-mantle source.
The absence of mafic rocks or dark ferrimafic inclusions in the study area, combined with the high SiO2 concentrations and low MgO and Cr concentrations of all samples from the WQP and EQP, supports the conclusion of a mixed source for the Triassic granitoids. This mixed source is likely the result of the emplacement of mantle-derived mafic magmas into the lower crust (Whalen et al., 1987; Wu et al., 2002).
In the Beishan orogen, granites with the characteristics of a crust-mantle mixing source area are widely distributed. For example, Li S. et al. (2012) suggested that the Hf-Nd isotopes features of Daquan (221 Ma), Huaniushan (221-217 Ma), Changliushui (223 Ma) and Baixianishan (224 Ma) granites indicate a mixed source for the granitoids (Li et al., 2012a). Besides, the Xiaohulishan, Baishan, Huaheitan, Donggebi and Xioabaishitou plutons are considered to originate from a mixed crust-mantle source (Peng et al., 2010; Yang et al., 2012; Wu et al., 2017b). The above contemporaneous plutons share similar source characteristics with the granitoids investigated in this study, which laterally supports that the Qiyishan pluton may also originate from crust-mantle mixing sources.
4.2.3 Fractional crystallisation
The granitoids from the WQP and EQP in the Beishan orogen are spatially separated by the NS fault. The emplacement age of the WQP is constrained to the Late Triassic period (207.5 Ma), while the EQP’s emplacement age falls within the End Triassic period (217.5–217.2 Ma). Despite their temporal separation, the major and trace element compositions of the granitoids found in both plutons exhibit relatively similar characteristics.
The granitoids display a high degree of fractionation, as evidenced by several factors. There is a decrease in the total rare Earth element (∑REE) concentrations and the normalized ratio of (La/Yb)N, along with an increase in negative Eu anomalies. Additionally, the presence of tetrad effects is observed (Figures 5, 6) (Miller and Mittlefehldt, 1982; Mil et al., 1984; Li and Huang, 2013; Gelman et al., 2014). The geochemical features suggest a significant degree of differentiation and fractionation within the granites during their magmatic evolution.
The negative Eu anomaly observed in the Triassic granitoids from the WQP and EQP indicates the preferential separation of plagioclase feldspar during the crystallization process. This phenomenon is attributed to the fractionation of Eu, which is incorporated into the crystal lattice of plagioclase. Additionally, the decrease in concentrations of Ba and Sr, along with the increasing negative Eu anomaly, suggests a common process of segregation and crystallization of both K-feldspar and plagioclase feldspar in these granitoids (Figures 10A,B). In addition, it is recognized that the Rb–Ba and Rb–Sr variations (Figures 10E,F) and strongly negative Ba, Nb, Sr, P and Ti anomalies (Figure 6B) shows the fractionation of biotite, K-feldspar and plagioclase for granites (Qiu et al., 2014). This evidence further supports the occurrence of fractional crystallization and differentiation during the magmatic evolution of the Triassic granitoids in the WQP and EQP. The negative anomaly of P may have arisen from the segregated crystallisation of apatite, while the negative anomaly of Ti could be associated with the segregated crystallisation of the Ti-rich mineral phase. Fractionation of biotite, according to Stepanov et al. (2014) (Stepanov et al., 2014), can increase the Ta concentration and Ta/Nb ratio and decrease the TiO2 concentration of the granite. Therefore, the observed variations in the Ta/Nb ratios coupled with Ta concentrations in the granites may have resulted from biotite fractionation (Figure 10C). Additionally, the decrease in Zr, which correlates with a decline in the TiO2 concentration, suggests the segregated crystallisation of amphibole and/or biotite (Figure 10D).
[image: F.10]FIGURE.10 | (A) Ba vs. Eu, (B) Ba vs. Sr, (C) Ta/Nb vs. Ta, (D) TiO2(wt%) vs. Zr, (E) Rb vs. Ba, (F) Rb vs. Sr diagrams showing fractionation of plagioclase (Pl), K-feldspar (Kfs), clinopyroxene (Cpx), biotite (Bt), muscovite (Ms), amphibole (Amph), ilmenite (Ilm), rutile (Rt), titanite (Tit), magnetite (Mag), hornblende (Hb) (modified by Qiu L et al. (2014) (Qiu et al., 2014).
While the granitoids from the WQP and EQP share similar geochemical characteristics, it is crucial to emphasize that they do not originate from the same magmatic period. These granitoids represent distinct stages of evolution during different time periods, specifically from the Late Triassic to the End Triassic.
Magma evolution over a timespan as extensive as 10 Ma is relatively uncommon. Current experimental simulations and theoretical calculations indicate that the duration from magma formation to the closure of zircon U–Pb isotope system within a single intrusion typically does not exceed 1 Ma (Pitcher, 1997; PetfordN et al., 2000; Petford, 2003). Therefore, the presence of a10 Ma interval between the WQP and EQP strongly implies that they were not derived from the same magma crystallization event. Rather, it is plausible that they originated from distinct batches of magma emplacement from similar source regions (Coleman et al., 2004; Wu et al., 2007a). This interpretation provides further validation for the observed compositional differences between the two magma source regions.
The Zr/Hf and Y/Ho ratios are indicative of the degree of fractional crystallisation of magma, and significant changes in these ratios signify alterations in magma characteristics due to differentiation (Pérez et al., 2010; Ballouard et al., 2016). In the case of the WQP and EQP samples, their Zr/Hf ratios span from 11.66 to 7.77 and 30.52 to 7.73, respectively. Meanwhile, the Y/Ho ratios observed in the WQP and EQP samples exhibit ranges of 29.49 to 26.09 and 36.56 to 18.09, respectively. The shifts in the Zr/Hf and Y/Ho ratios within the granitoids from the WQP and EQP do not follow a continuous pattern, signifying that their evolution is not continuous. Consequently, the EQP and WQP cannot be attributed to the products of an ongoing magmatic evolution within the same magmatic period. The presence of highly differentiated granites within the EQP implies that the magmatic activity persisted to an advanced stage in the Late Triassic magmatic period (217.5–217.2 Ma).
In summary, the WQP and EQP are products of magmatic activity occurring in distinct periods, stemming from similar source regions and undergoing similar fractional crystallisation processes.
4.2.4 Magmatic fluid interaction
Although the granites have underwent the highly fractional crystallisation, but it is noticed that the granite samples are too rich from the K2O and SiO2, and there is a minor negative trend between these two data (Figure 5B), suggesting that the granites from the EQP and WQP were not only affected by fractional crystallisation, but also underwent magma-hydrothermal transition stages and have been modified by later fluid action (Wu FY. et al., 2017) (Wu et al., 2017a).
Bau (1996) and Ballouard et al. (2016) suggested that Zr/Hf=26, Nb/Ta=5 can be used to classify peraluminous granites into normal crystallographic differentiation and magmatic-hydrothermal interaction (Bau, 1996; Ballouard et al., 2016). The granites from EQP have Nb/Ta values (average 3.97) less than 5 and Zr/Hf values (average 15.80) less than 26, while the granites from WQP have Nb/Ta values (average 1.58) much less than 5 and Zr/Hf values (average 8.68) much less than 26, reflecting that both WQP and EQP underwent magma-hydrothermal transition stages and melt-fluid interactions occurred in both granites. Comparatively, the melt-fluid interactions in the WQP are more intense than that of the EQP (Yuan and Zhao, 2021; Zhao et al., 2022).
In addition, Granite magma will lead to a significant decrease in trace elements such as Cr, Ni, Co, Sr, Ba and Zr during fractional crystallisation (Gelman et al., 2014). However, in the late stages of magmatic differentiation, fluid action can lead to a more pronounced lack of Ba, Sr (Jahn et al., 2001). Wu et al. (2020, 2023) reported the Ba content (average 289 ppm), Sr content (average 137 ppm) of Highly fractionated Himalayan granites, and Sr content (average 84 ppm) of Highly fractionated Nanling granites (Wu et al., 2020; Wu et al., 2023). In comparison, the Ba content (5.71–198.45 ppm, average 54.58 ppm) and Sr content (5.18–53.07 ppm, average 21.51 ppm) of EQP samples, the Ba content (13.55–30.90 ppm, average 22.52 ppm) and Sr content (14.21–26.44 ppm, average 21.94 ppm) of WQP samples are significantly lower, suggesting that there are stronger Ba, Sr deficits in EQP and WQP. It is inferred that the granites may have been modified by later fluid action.
4.3 Tectonic setting
Following the closure of the Palaeo-Asian Ocean in the Mesozoic-Cenozoic era, the Beishan Orogenic Belt and the Central Asian Orogenic Belt underwent intense compression and thrusting, entering a phase of intracontinental evolution (Zuo and He, 1990a; Zuo et al., 1990b; Liu and Wang, 1995; Dumitru and Hendrix, 2001; Gong et al., 2002; Gong et al., 2003; Zuo et al., 2003; Zhang et al., 2005a; Xiao et al., 2010a; Xiao et al., 2010b; He et al., 2014; Shi et al., 2019). The uplift of the Shalazha Mountain, situated in the eastern part of the Beishan orogen, is associated with the intracontinental orogenesis of the CAOB during the Late Triassic period (Peng et al., 2023). In the Beishan region, three distinct phases of folding and rapid exhumation occurred around 225–180 Ma, 130–95 Ma, and 75–60 Ma (Tian et al., 2016; Gillespie et al., 2017).
In the Qiyishan deposit, the granitoids in the WQP and EQP are classified as highly fractionated I-type granite with a transition to A-type like granite. In most cases, A-type granite are emplaced extensional tectonic environments, signifying the conclusion of an orogenic cycle (CollinsW et al., 1982; Clemens et al., 1986; Whalen et al., 1987; Eby, 1990; Eby, 1992; Hong et al., 1995; Yang et al., 2006; Wu et al., 2007b; Ding et al., 2011; Chen et al., 2013). This suggests that granites from the WQP and EQP might have formed at a stage when the tectonic environment was in transition.
The Triassic granitoids from the WQP and EQP are primarily categorized as within-plate granites (WPG) based on their positions in the (Y + Nb) Rb and Yb-Ta diagrams (Figures 11A,B). However, certain Triassic granites from the EQP exhibit positions in the transitional field between post-collision granites and WPG (Figure 11A). This suggests that these particular granites were emplaced in a transitional tectonic environment during the transition from post-orogenic to intracontinental extensional tectonics.
[image: Figure 11]FIGURE 11 | Tectonic discrimination diagrams for Triassic granitoids in the Beishan orogen. (A) (Y+Nb)-Rb, (B) Yb-Ta diagram (modfied by Pearce et al., 1984) (Julian et al., 1984), VAG: Volcanic arc granites; WPG: within plate granites; Syn-COLG: Syn-collision granites; post-COLG: post collision granites; ORG: ocean ridge granites.
As established in prior studies, the WQP is the ore-bearing pluton of the Qiyishan Rb polymetallic deposit. Around 207 Ma, a notable shift occurred in the regional tectonic context, transitioning from post-orogenic to intracontinental extensional tectonics. Concurrently influenced by mantle subduction, the Rb-bearing parent magma was intruded upwards from the magma source area along the regional deep major fracture. Throughout this ascent, the parent magma underwent substantial differentiation, resulting in the enrichment of Rb for subsequent mineralization processes. Ultimately, this intricate geological process gave rise to the formation of the Qiyishan Rb-bearing pluton.
During the Paleozoic orogeny, the evolution of the Beishan orogenic collage prior to the Triassic was marked by the formation of multiple Early to Mid-Paleozoic arcs across different regions of the Palaeo-Asian Ocean (Peng et al., 2010). The closure of the Palaeo-Asian Ocean signified the culmination of orogenic processes and the ultimate configuration of the orogen. Supported by the subsequent evidence, it can be deduced that the closure of the Palaeo-Asian Ocean occurred no later than the Triassic period.
The closure of the Hongliuhe-Niujuanzi-Xichangjing ocean is widely attributed to the Late Permian to Early Triassic. This conclusion is drawn from several lines of evidence, including the existence of the Baihu Basin, a foreland basin formed due to the collision between the Gongpoquan arc and Shuangyingshan arc. The assessment is further variations in provenance, and changes in paleogeography substantiated by the analysis of sedimentary sequences (Wang et al., 2021).
Furthermore, Song D. F. et al. (2018) conducted 40Ar/39Ar chronology analysis in the central Beishan area, yielding crucial insights into the ages of metamorphic-deformation complexes. These ages range from 323.1 ± 3.6 Ma to 209.2 ± 4.0 Ma, progressing from the northern to southern regions (Song et al., 2018). This data signifies the persistence of ductile deformation in the central Beishan area, spanning from the early Carboniferous to the Late Triassic. The consistent pattern of deformation, coupled with the decreasing ages in the southward direction, implies an ongoing accretion of the orogenic belt from north to south. This implies a likely extension of orogenic processes into the Triassic period in the central Beishan area.
Lastly, the presence of Early-Mid Triassic clastic rocks unconformably overlying Late Permian sandstone in the Niujuanzi ophiolitic mélange indicates the occurrence of Early Triassic tectonic events (Tian et al., 2014). Furthermore, Permian-Triassic arc-related sediments found in the Hongyanjing Basin, located near the Xingxingxia Fault zone, exhibit folding and deformation occurring in two stages throughout the Late Permian to Late Triassic period, approximately 250,219 Ma (Tian et al., 2015). Collectively, the geological records strongly support the conclusion that the closure of the Palaeo-Asian Ocean occurred no later than the Triassic period.
The analysis provided above underscores the significant role of the Triassic period in the evolution of the Beishan orogenic belt. This era emerges as a pivotal phase characterized by the ultimate amalgamation of the southern active margin of the Siberia Craton and the passive margin of the Tarim Craton (Xiao et al., 2009; Li et al., 2012a). Additionally, the Triassic period marked the transition of the orogenic belt into a phase of intracontinental extension. The granites identified within the EQP play a crucial role in indicating this transition from a post-orogenic to an intracontinental extensional setting. These granites offer compelling evidence to support the shift in the tectonic environment during the Triassic period.
4.4 Triassic magmatism and tectonism evolution
In continental regions, the occurrence of an intracontinental extensional tectonic setting is often associated with intracontinental orogeny. This process typically originates from the delamination of the lithospheric mantle, followed by the upwelling of the asthenosphere. The interaction between high-temperature mantle heat flow and the lower crust of the initial orogenic belt triggers the tensile reactivation of the original extrusion orogenic belt. Consequently, partial melting and extension occur, resulting in extensional intracontinental orogeny within the structural weaknesses of the paleosuture zone (Zheng and Chen, 2017; Zheng and Chen, 2021; Zheng et al., 2022; Zheng, 2023). Additionally, continental active splitting can be induced by processes such as plate rewind and plate breakage (Zheng, 2023).
The summary of the magmatic and tectonic evolution of the Triassic pluton in the Beishan orogen, illustrated in Figures 12, 13, is as follows. During the period of final amalgamation from the end of the Permian to the middle of the Triassic, the crust of the Beishan orogen likely experienced thickening. This thickened lower crust may have become gravitationally unstable, resulting in lithospheric delamination and upwelling of the asthenosphere (Xiao et al., 2009; Li et al., 2012a).
[image: Figure 12]FIGURE 12 | A schematic cartoon is presented, illustrating the spatial distribution, ages, εHf(t), εNd(t) values, and tectonic setting stages of the Triassic plutons in the Beishan orogen and adjacent areas. The schematic is modified based on the works of Li et al. (2009), Wang et al. (2007), and Li Shan et al. (2012) (Wang et al., 2007; Li et al., 2009b; Li et al., 2012a). The data utilized in the schematic are sourced from various references, including Li et al. (2006), Li Shan et al. (2012), Li M et al. (2020), Liu et al. (2005), Tang et al. (2007), Wang et al. (2010), Zhang Z. Z. et al. (2005), Zhang et al. (2012b), Zhou TF et al. (2010), and this article (Nie et al., 2002a; Zhang et al., 2005b; Liu et al., 2005; Tang et al., 2007; Wang et al., 2010; Zhou et al., 2010; Li et al., 2012a; Zhang et al., 2012b; Li et al., 2020).
[image: Figure 13]FIGURE 13 | A modified schematic cartoon is provided to illustrate the tectonic evolution and petrogenetic model of the south-central margin of the Beishan orogen from the (A) End Permian-Middle Triassic, (B) Middle Triassic to (C) Middle -Late Triassic. The schematic is based on the work of Li Shan et al. (2012) (Li et al., 2012a). It is worth mentioning that the illustrations are not drawn to scale.
The heating at the base of the lower crust would have been induced by above process, resulting in partial melting (Figure 13A). Consequently, the Dahuoluo pluton would have experienced the generation of adakitic magma and/or I-type granitic magma (Xiao et al., 2009; Li et al., 2012a). The Mid Triassic magmatism associated with the Dahuoluo pluton occurred in a compressive environment and was situated at the central region of the Beishan Triassic magmatic belt (Figure 12). Following the completion of the amalgamation, the tectonic regime transitioned to an extensional setting (Figure 13B).
During the middle to late Triassic, within the southwestern expanse of the Dahuoluo pluton, the subsiding delaminated lithosphere coupled with the upsurge of asthenosphere led to partial melting of the crust. This process gave rise to the formation of highly fractionated I-type granites, which progressively exhibited traits transitioning towards A-type granites.
The Daquan, Huaniushan, Changliushui, and Baixianishan plutons, which consist of granites, are thought to have originated within a post-orogenic extensional environment (Figure 13C) (Li. et al., 2012a).
In the northeastern region of the Dahuoluo pluton, namely, the Xiaohongshan, East Qiyishan, West Qiyishan, and Xiaohulihsan plutons, the tectonic environment transitioned from a post-orogenic to an intracontinental extensional setting (Peng et al., 2010; Zhang et al., 2012b; Li et al., 2020). The formation of these plutons can be attributed to asthenospheric upwelling, which induced partial melting of the crust within the structural weaknesses of the paleosuture zone (Zheng and Chen, 2017; Zheng and Chen, 2021; Zheng et al., 2022; Zheng, 2023). Along the northeast direction, the granites within these plutons exhibit a transition from I-type to A-type, accompanied by changes in εNd(t) values from negative to positive. These transformations indicate a decrease in the contribution of ancient crustal components to the magma source (Figure 12; Figure 13C).
In summary, the WQP and EQP represent magmatic products from different periods but originating from similar source regions. These source regions were formed due to asthenospheric upwelling in the structural weaknesses of the paleosuture zone, resulting in partial melting of the crust. Subsequently, both plutons underwent fractional crystallization and crustal contamination during their emplacement.
The εNd(t) values of the Xiaohulishan plutons are positive and relatively uniform, demonstrating similarity to the Maanshanbei and Xianshuiquan plutons in the East Tianshan area. This similarity suggests a homogeneous isotopic composition of the source region and minimal influence of ancient crustal material mixing. The emplacement of mantle-derived granites in the continental crust inevitably leads to continental crustal growth (Liu et al., 2005; Tang et al., 2007; Ouxiang, 2019). However, the weakly negative εNd(t) values and positive εHf(t) values observed in other Triassic plutons in the Beishan orogen do not imply a lack of contribution to continental crustal growth. These plutons, including the Xiaohulishan plutons, are believed to have originated from juvenile mantle-derived materials. This suggests a process of juvenile continental growth occurring in the CAOB during the Triassic, as supported by Li et al. (2012), Jahn et al. (2009, 2004), and Kovalenko et al. (2004) (Jahn et al., 2004; Kovalenko et al., 2004; Jahn et al., 2009; Li et al., 2012a). Additionally, the granites from the EQP, which formed during the transition from post-orogenic to intracontinental extensional settings, potentially signify the beginning of significant crustal growth during the Triassic, as depicted in Figure 12.
5 CONCLUSION

(1) Zircon U-Pb dating obtained the intrusion ages of 217.5 ± 1.3 Ma and 217.2 ± 0.8 Ma for the EQP, and 207.5 ±2 Ma for the WQP. The age of Rb mineralization can be limited to 207.5± 2.0 Ma, while the age of W-Sn-Mo mineralizations is considered to be slightly younger than approximately 217 Ma.
(2) The Rb mineralization originated from Rb-bearing parental magma that intruded upwards from the source area in the intracontinental extensional tectonic setting. During the process of intrusion, the parent magma undergoes strong differentiation, melt-fluid interaction with the enrichment of Rb, eventually forming the Rb ore body.
(3) The Qiyishan Triassic granitoids are considered to originate from the mantle-derived mafic magmas intruding into the lower crust, showing the characteristics of highly fractionated I-type granite, and characterised by a transition to A-type like granite to some extent. The magmas underwent fractional crystallization, crustal contamination and melt-fluid interaction during the subsequent upward emplacement.
(4) The granites from the East Qiyishan Pluton formed in a transitional stage in the tectonic environment, signifying the shift from post-orogenic to intracontinental extensional settings in beishan orogenic belt during late Triassic.
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