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The accretionary processes and the continental growth of the Altaids are still controversial. The Beishan orogen is situated in the southernmost Altaids and is an ideal tectonic site to address these issues. In this study, we report the results of new field-based lithological mapping and structural analysis on the Huaniushan complex in the Beishan orogen, which is composed of blocks of serpentinized ultramafic, gabbro, basalt, chert, limestone, and other rocks within a strongly deformed and cleaved matrix of sandstone and schist. Our new zircon U-Pb date reveal that a gabbro block formed at 504 ± 3 Ma. Our geochemical and isotopic data of gabbroic and basaltic blocks show that they are relics of the Mid-Ocean-Ridge (MORB)-type and Ocean-Island-Basalt (OIB)-type oceanic lithosphere, with high values of εNd(t) (+4.3–+14.5) and εHf(t) (+8.07–+17.74). The maximum depositional ages (MDAs) of two sandstone blocks were dated at 309 ± 5 Ma and 502 ± 11 Ma, respectively. U-Pb ages and Hf isotopes of detrital zircons from the matrix sandstones indicate that they were derived only from the Shuangyingshan–Huaniushan arc to the north. Accordingly, the Huaniushan complex was part of the Liuyuan accretionary complex that fringed the Huaniushan arc, and, therefore, formed by the northward subduction of the Liuyuan oceanic plate. Combined with the basalt yields zircon U-Pb age of 1,071 ± 5 Ma, we concluded that the Huaniushan complex has an age of 1,071 Ma to 309 Ma. Furthermore, the oceanic blocks and sedimentary matrix of the Liuyuan accretionary complex have an age of 1,071–270 Ma and 920–234 Ma, respectively, suggesting that the Liuyuan Ocean was still open at ca. 234 Ma. Thus, the studies reveal that the Liuyuan Ocean, a major branch of the Paleo-Asian Ocean, may have experienced a prolonged tectonic history, starting in the late Mesoproterozoic (1,071 Ma) and terminating later than the late Triassic (234 Ma), with a long subduction and development of a series of seamounts and/or plateaus emplaced into the Liuyuan accretionary complex.
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INTRODUCTION
The Altaids or the southern Central Asian Orogenic Belt was a most critical site of juvenile crustal growth, lying among the European craton to the west, the Siberian craton to the north, and the Tarim and North China cratons to the south (Kröner et al., 2007; Windley et al., 2007; Schulmann and Paterson, 2011; Wilhem et al., 2012; Xiao et al., 2013; Safonova and Santosh, 2014; Xiao et al., 2018) (Figure 1A). It experienced long-lived accretion of island arcs, continental arcs, seamounts, microcontinents, and accretionary complexes (Coleman, 1989; Allen et al., 1995; Dobretsov et al., 1995; Buchan et al., 2002; Bazhenov et al., 2003; Kröner et al., 2007; Windley et al., 2007; Xiao et al., 2018; Liu et al., 2021). The Altaids is generally regarded as a result of the final formation of the Kazakhstan and Tuva–Mongol oroclines, accompanying the convergence of the Tarim and North China cratons along the South Tianshan–Solonker suture zone (Şengör et al., 1993; Xiao et al., 2018). The South Tianshan and Solonker belts are confirmed to be the final suture for the eastern and western segments of the southern Altaids. However, the exact position of the final position of the suture in the middle segment is not clear, which hampers our understanding of the accretionary processes of the southern Altaids and continental growth of Central Asia.
[image: Figure 1]FIGURE 1 | (A) Schematic tectonic map of Central Asia and adjacent regions, showing the tectonic position of the Beishan orogen (Şengör et al., 1993; Xiao et al., 2018) EST-BS, eastern Tianshan-Beishan orogen. (B) Tectonic map of the Beishan orogenic belt, showing the position of the Liuyuan accretionary complex in relation to the three main arcs (Xiao et al., 2010). (C) Geological map of the Liuyuan accretionary complex and adjacent areas showing the relations with the main stratigraphic units of the Beishan (GSBGMR, 1989; Mao et al., 2012b).
The Beishan orogen is the middle segment of the Tianshan–Solonker suture of the southern Altaids (Windley et al., 2007; Domeier and Torsvik, 2014; Xiao et al., 2018; Liu et al., 2021), which is one of the key areas for unraveling the accretionary processes and continental growth of Central Asia (Zuo et al., 1991; Nie et al., 2002a; Xiao et al., 2010; Mao et al., 2012b). It was formed by episodic amalgamation and accretion of continental margin arcs, island arcs, ophiolites, and accretionary wedges. The Liuyuan-Houhongquan mélange complex belt is located at the southern part of Beishan orogen, represents the ancient position of the Paleo-Liuyuan Ocean and one of the final sutures of the Beishan orogen (Windley et al., 2007; Mao et al., 2012b; Domeier and Torsvik, 2014; Xiao et al., 2010), is one of the key areas to constraint the evolution of the Beishan orogen. However, when the ocean opened and the nature of the Liuyuan Ocean and the early-stage tectonic evolution of the Beishan orogen are rarely discussed and debatable (Zuo et al., 1991; Liu and Wang, 1995; Nie et al., 2002a; Xiao et al., 2010; Mao et al., 2012b; Wang et al., 2016; Saktura et al., 2017). In this study, we report our new discovery of Proterozoic to Cambrian ophiolite fragments in the Huaniushan area in the southern Beishan orogen and present new geological, whole-rock geochemical, and Sr-Nd isotopic data for representative mafic rocks to constrain their genesis and reveal the early geodynamic evolution of the southern Altaids.
GEOLOGICAL SETTING
The Beishan Orogen is located in a key tectonic position of the southern Altaids, connecting with the eastern Tianshan suture to the west and the Solonker suture to the east (Figures 1A,B). The tectonics of the Beishan collages is characterized by several blocks/arcs separated by several ophiolitic belts which are regarded as suture zones (Zuo et al., 1991; Liu and Wang, 1995; Nie et al., 2002a; Xiao et al., 2010). These major mélange (accretionary complex) belts are the Kanguer-Hongshishan mélange, Xingxingxia-Shibanjin mélange, Hongliuhe mélange and Liuyuan accretionary complex (Figure 1B). A detailed description of these fault zones and terranes can be found in related references (Zuo et al., 1991; Liu and Wang, 1995; Nie et al., 2002a; Zuo et al., 2003; Xiao et al., 2010; Mao et al., 2012b). Here, we mainly introduced the regional geology associated with the Shuangyingshan–Huaniushan arc and Liuyuan accretionary complex and Shibanshan arc (Figures 1B,C).
The Shuangyingshan–Huaniushan arc is a composite arc, similar to the Japan arc (Xiao et al., 2010; Mao et al., 2012b). The northern part of the Shuangyingshan–Huaniushan arc comprises the Precambrian to Ordovician shelf clastic sediments and carbonates on which the Paleozoic Huaniushan arc was built. The late Proterozoic is characterized by a marine sedimentary layer (Zuo et al., 1991; Nie et al., 2002b; Xiao et al., 2010; Song et al., 2013). The Ordovician–Permian Huaniushan arc developed on the southern margin of the Shuangyingshan block. It comprises Ordovician–Permian calc-alkaline basalts, andesites, rhyolites, tuffs, and volcaniclastic rocks with interlayered clastics and carbonate (GSBGMR, 1989; Zuo et al., 1990; Zuo et al., 1991; Nie et al., 2002a; Xiao et al., 2010; Mao et al., 2012a; 2012b; Guo et al., 2014). A suite of metamorphic rocks is distributed discontinuously on the southern margin of the Huaniushan arc, mainly comprising gneisses, migmatites, schists, and marbles that show greenschist-to eclogite-facies metamorphism (Mei et al., 1998; Mei et al., 1999; Liu et al., 2002; Liu et al., 2011; Qu et al., 2011; Yang et al., 2006). The ages of the complex are not well-constrained; for example, the Ordovician–Silurian ages are mainly designated by regional comparison with the rocks nearby (GSBGMR, 1989; Zuo et al., 1990; Zuo et al., 1991; Nie et al., 2002a). Recently, U-Pb zircon dates reveal that the protolith of the Gubaoquan eclogites has an age of 819–1,007 Ma (Yang et al., 2006; Liu et al., 2011; Qu et al., 2011; Saktura et al., 2017), an augen orthogneiss has a zircon U-Pb age of 920 ± 14 Ma (Saktura et al., 2017), and the sandstone, schist, and mylonite have zircon U-Pb ages ranging from 293 to 457 Ma (Tian and Xiao, 2020; Wang et al., 2016). Different type intrusions are extensive and age of Ordovician to Triassic (Figure 2, (Nie et al., 2002a; Nie et al., 2002b; Zhao et al., 2007; Mao et al., 2012a; Li et al., 2012; Wang et al., 2016).
[image: Figure 2]FIGURE 2 | Geological map of the Huaniushan complex in the northern part of the Liuyuan accretionary complex.
The late Paleozoic Shibanshan arc is located on the northern margin of the Dunhuang block (Figures 2A,B), containing low-grade and high-grade metamorphic units. The low-grade unit, on the northern margin of the arc, contains low greenschist facies Devonian–Permian calc-alkaline volcanic rocks, volcaniclastics, tuffs, carbonates, and clastic rocks. The high-grade unit is mainly composed of gneisses, migmatites, schists, mylonitic schists, and marbles, and age of 896–294 Ma (Song et al., 2016; Tian and Xiao, 2020). Abundant granitic intrusions are formed from the Carboniferous to Triassic (Zuo et al., 1990; Zuo et al., 1991; Nie et al., 2002a; Zhang et al., 2010; Zhang et al., 2011; Song et al., 2016; Tian and Xiao, 2020; Zheng et al., 2020).
The Liuyuan accretionary complex, located south of the Huaniushan arc (Figure 1C), contains the Liuyuan, Houhongquan, Huaniushan, Zhangfanshan, Huitongshan complex, and Gubaoquan eclogite. These ophiolitic complexes contain metamorphic basalts, gabbros, hornblendites, ultramafic rocks, cherts, limestones, sediments, and metamorphic tectonic blocks (Zuo et al., 1991; Liu & Wang, 1995; Xiao et al., 2010; Mao et al., 2012b; Wang et al., 2016). The Huaniushan complex is located in the northernmost part of the Liuyuan accretionary complex along the Huaniushan fault (Figure 1C and Figure 2).
FIELD CHARACTERS AND SAMPLING
Field Characters
In order to understand the composition and structure of the Huaniushan complex, we mapped in detail based on the previous map data (GSBGMR, 1989). The main lithologies and structures that are representative of the complex are described below.
The Huaniushan complex has a block-in-matrix structure in which blocks of ultramafic rocks, gabbros, massive basalt, diabase dykes, cherts, limestone, and sandstone/siltstone embedded and imbricated in a matrix of chlorite–phyllite schist and cleaved sandstone (Figures 2–4), which should be renamed as the Huaniushan ophiolitic mélange.
[image: Figure 3]FIGURE 3 | Cross-sections of the Huaniushan complex; (A) cross-section (A-A′) in the western part; (C) cross-section (B-B′) in the eastern part.
[image: Figure 4]FIGURE 4 | Field photos and microphotos for different rocks of the Huaniushan complex, Beishan. (A) Serpentinized ultramafic; (B) gabbro; (C) schist basalt; (D) chert and basalt; (E) limestone blocks in basalt; and (F) sandstone. (G–I) Microphotos of gabbro, basalt, and sandstone. Px, pyroxene; Pl, plagioclase; Qz, quartz.
The Huaniushan ophiolitic mélange contains oceanic fragments which were thrusted on the calcareous sediments and volcanic and volcaniclastic rocks or emplaced into sedimentary matrix as large blocks (Figures 2–5). The Huaniushan complex mainly comprises basalt blocks and a few blocks of ultramafic rocks, gabbros, basalt, thinly bedded cherts, limestones, and tuff sandstones (Figure 4). Ultramafic blocks are located along the fault on the southwestern margin of the complex (Figures 2, 3), and are cleaved (Figure 4A). A few gabbros develop along the southern and northern boundary fault in the eastern parts of the complex (Figures 2, 3, 4B). We found a NW-trending chert + limestone+ tuff sandstone layer in the middle of the complex (Figures 3, 4D–F), namely, the thin chert cover on the basalts, the laminated limestone cover the cherts, and finally, the tuff sandstone lay on the limestone as shown in Figures 4D, F. The matrix limestone, sandstones, and chlorite–phyllites are highly cleaved (Figures 4, 5). The southern part Huaniushan Formation (O2hn) matrix calcareous sediments and volcanic and volcaniclastic rocks develop folds and EW-trending subvertical cleavage (Figure 5C). The central parts of the complex (containing the basalt, ultramafic gabbro, and sediments) also underwent subvertical cleavage (Figures 4A, C, F), and the gabbro also comprised gneisses (Figure 5D). The EW-trending, subvertical cleavage in the matrix in the northern parts of the complex is penetrative and has overprinted the bedding so strongly that the primary depositional structures are mostly difficult to observe (Figures 5G, H). And, they were intruded by the Huaniushan granite in the late Triassic and formed the skarn-type Pb-Zn mineralization (Figure 2).
[image: Figure 5]FIGURE 5 | Structural deformation photos for different rocks of the Huaniushan complex, Beishan. (A) Huaniushan complex thrust on Huaniushan Formation (O2hn) in the southern part; (B) section of the thrust in the southern part; (C) folded sediments in the southern part; (D) deformed gabbro blocks in the Huaniushan complex; (F) Huaniushan complex thrust on sediments in the northern part; (G) section of the thrust in the northern part; (H) strongly deformed and silicified basalt and suggest the dextral shear; (I) strongly deformed, folded, and silicified basalt.
Sampling
Thirty samples (twenty-two basalt and eight gabbros) were collected from the outcrops (Figures 2, 3) for major and trace element analyses.
Peridotite is dark gray and strong serpentinized and develops EW-trending foliations with network structures. It mainly consists of serpentine, a few pyroxenes, and magnetite (Figure 4A). Gabbro samples are gray and have altered display (Figures 4B,G). The gabbros in the faults are strongly deformed (Figure 5D). They are characterized by fine-to medium-grained hypidiomorphic textures and mainly contain plagioclase (55–65 vol%), clinopyroxene (30–35 vol%), and olivine (2-3 vol%), with minor amphibole and Fe-Ti oxides (Figure 4G). Most basalt are gray, massive, and altered, and the schist basalts are located along the faults (Figures 4C,D). Basaltic rocks are composed of plagioclase, magnetite, ilmentite, minor olivine, and volcanic glass (dis-glass), and some samples have a little amount of clinopyroxene (Figure 4H).
The sandstone samples were collected in the middle (20HNS34) and northern (18HNS15) part of the Huaniushan complex (Figures 2, 3). These samples are well-bedded and develop EW-trending foliations as shown in Figure 4F. They are mainly composed of bedded quartz and tuffs (Figure 4I).
ANALYTICAL METHODS
The zircon U-Pb datings were dated using a LA-ICP-MS with an ESI New Wave NWR 193UC (TwoVol2) laser ablation system connected to an Agilent 8900 Inductively Coupled Plasma Mass Spectrometry (ICPMS) at Beijing Quick-Thermo Science and Technology Co., Ltd,. Details of the procedure can be found in the study by Ji et al., (2020). In situ Lu–Hf isotope measurements were performed using a Thermo Finnigan Neptune-Plus MC–ICP–MS fitted with a J-100 femtosecond laser ablation system Applied Spectra Inc. housed at the Beijing Chron Technology Co., Ltd., Beijing, China. The analytical procedures and calibration methods are similar to those described by Wu et al. (2006). Zircons were ablated for 31 s at a repetition rate of 8 Hz at 16J/cm2, and ablation pits were ∼30 μm in diameter. During analysis, the isobaric interference of 176Lu on 176Hf was negligible due to the extremely low 176Lu/177Hf in zircon (normally <0.002). The mean 173Yb/172Yb value of individual spots was used to calculate the fractionation coefficient (βYb) and then to calculate the contribution of 176Yb to 176Hf. An isotopic ratio of 173Yb/172Yb = 1.35274.
Major elements were determined by X-ray fluorescence spectrometry (XRF); trace elements were analyzed by inductively coupled plasma techniques (ICP) at the Geological Test and Analysis Center of the Beijing Research Institute of Uranium Geology. Details of the procedure can be found in the study by Mao et al. (2018). Sr-Nd isotopic analyses were performed in the Institute of Geology and Geophysics (IGG), Chinese Academy of Sciences, Beijing.
Isotopic compositions of Sr and Nd analyses were analyzed on a Thermo Fisher Scientific Neptune Plus MC-ICP-MS at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS) in Beijing. The measurements were carried out following the isotope dilution procedures of Yang YH et al., (2010). A static multi-collection mode was used during the measurements, and a traditional caution exchange technique was adopted for the chemical separation. The mass fractionation corrections for Sr and Nd isotopic ratios were based on 88Sr/86Sr = 8.375209 and 146Nd/144Nd = 0.7219.
RESULTS
The zircon U-Pb dates for the gabbro and sediment blocks are shown in Table 1. Major and trace element contents, zircon Hf, and Sr-Nd isotopic data are shown in Tables 1, 2, 3 and 4.
TABLE 1 | Zircon U-Pb ages of gabbros and sediment blocks from the Huaniushan complex in the Beishan orogen, NW China.
[image: Table 1]TABLE 2 | Data of zircon Lu-Hf isotopes for the Huaniushan complex in the Beishan orogen.
[image: Table 2]TABLE 3 | Major (wt%) and trace element (ppm) results for the Huaniushan complex in the Beishan orogen, NW China.
[image: Table 3]TABLE 4 | Sr-Nd isotopic data of basalt from the Huaniushan complex in the Beishan orogen, NW China.
[image: Table 4]Zircon U-Pb Age and Hf Isotopes
A gabbro and two sedimentary samples from the Huaniushan complex (Figures 3, 6) were analyzed. All the U-Pb and Hf isotopic data are shown in Tables 1 and 2.
[image: Figure 6]FIGURE 6 | CL images and Concordia U-Pb diagram for gabbros and sandstone of the Huaniushan complex in Beishan. (A and B) are LA-ICP-MS U-Pb age and CL images of gabbro (20HNS27); (C and D) are LA-ICP-MS U-Pb age and CL images of the sandstone in the complex (20HNS34); (E and F) are LA-ICP-MS U-Pb age and CL images of sandstone (20HNS15) in the northern part of the complex.
Gabbro
The zircon grains from the granite sample 20HNS27 show length/width ratios of 1.2–2 with size ranging from 50 to 120 μm. They are euhedral and transparent and show clear magmatic oscillatory zoning in CL images (Figure 6B). The Th/U ratios of analyzed zircons range from 0.92–2.91 and are consistent with a magmatic origin (Hoskin and Schaltegger, 2003). The 20 analyses give concordant 206Pb/238U ages ranging from 493 to 518 Ma, with a weighted mean age of 504.4 ± 3.2 Ma (MSWD = 3.7; Figure 6A). The age records the crystallization time for the gabbro block. Lu-Hf isotopic analyses of the gabbro yielded 176Hf/177Hf values of 0.282691–283097 and high εHf(t) values (+8.07 to +17.74) (Figure 7).
[image: Figure 7]FIGURE 7 | εHf(t) vs. age diagram for the Huaniushan complex in the Beishan orogen. The Hf isotope data of the sediments from the Heiyingshan block are after (Song et al., 2013).
Clastic Sediments
A total of 118 analyses of zircon grains from two sedimentary samples (20YY34 and 18HNS15) from the Huaniushan complex (Figure 6) yielded 116 concordant ages [concordance % > 90% or <110%, the age <1,500 Ma used U/Pb age, and the age >1,500 Ma used Pb/Pb age (Spencer et al., 2016)]. Only concordant ages are described and discussed below.
Zircons from sample 20HNS34 are weak rounded structures and are 50–100 μm long with length/width ratios of 1.0–1.5. They have prominent zones in CL images (Figure 6D). They have variable Th/U values of 0.04–1.88. The 89 analyzed zircon grains yield concordant ages ranging from 309 ± 5 Ma to 2,657 ± 29 Ma. The youngest zircon yields concordant Pb206/U238 age of 309 ± 8 Ma (Figures 6C, 12A). Eighty-one zircon grains (91% of the total) have concordant age of 703 Ma to 1903 Ma, and show three peaks at 706 Ma, 1,093 Ma, and 1880 Ma. Five grains are older than 2033 Ma, scattered ages at 2,468 Ma (Figures 6C, 12A). The youngest zircon age (309 Ma) is interpreted as the MDA of the sandstone. Lu-Hf isotopic analyses of the detrital zircons yielded εHf(t) values ranging from −11.7 to +10.5 (Figure 7).
Zircons from sample 18HNS15 are weak rounded structures too. They are 50–90 μm long, with length/width ratios of 1.0–1.5 and have prominent zones in CL images (Figure 6F). They have variable Th/U values of 0.19–1.36. Of 28 analyzed zircon grains, 27 zircon grains yield concordant ages ranging from 501 ± 5 Ma to 2,703 ± 28 Ma (Figures 6E, 12B). Twenty-three zircon grains (85% of the total) have concordant age range from 824 Ma to 1818 Ma and show four peaks at 840 Ma, 1,168 Ma, 1,680 Ma, and 1876 Ma. Three grains show age of 2,481–2,703 Ma (Figure 12B). The youngest zircon yields concordant Pb206/U238 age of 501 ± 5 Ma (Figures 6E, 12B). This age is interpreted as the MDA of the sandstone.
Whole-Rock Geochemistry
Whole-rock major, trace elements, and Sr-Nd isotope data of the basalts and gabbros are listed in Tables 3 and 4.
Basalt
The basalts can be separated into MORB and OIB types according to their element contents.
The major element compositions of the MORB-type basalts and gabbros have variable contents of SiO2 (44.08–51.22 wt%), TiO2 (0.55–1.45 wt%), Al2O3 (11.43–15.01 wt%), MgO (6.25–18.17 wt%), and CaO (8.83–13.98 wt%). They are classified as tholeiitic basalts (Figure 8). These basalts exhibit high Cr (104–1,303 ppm) and Ni (71–649 ppm) concentrations. Their depleted to slightly enriched REE patterns (Figure 9A) are like those of MORBs, with (La/Yb)N ratios of 0.68–1.53 and slightly negative to positive Eu anomalies (δEu = 0.90–1.38) (Figure 9A). On the primitive mantle–normalized spider diagrams (Figure 9B), they have a positive Rb, Ba anomalies, and negative to positive Sr anomalies. Four basaltic samples have relatively low (87Sr/86Sr)i values of 0.70354–0.70475, and high εNd(t) values of +4.5 to +14.5 (Figure 10).
[image: Figure 8]FIGURE 8 | Geochemical classification diagrams of the Huaniushan complex in the Beishan orogen, NW China. (A) Zr/Ti vs. Nb/Y diagram (Winchester and Floyd, 1977) and (B) FeOt/MgO vs. SiO2 diagram (Myashiro, 1974).
[image: Figure 9]FIGURE 9 | Chondrite-normalized REE patterns and Primitive Mantle (PM)–normalized multi-element diagrams for the gabbros from the Huaniushan complex. The chondrite values are given by Boynton, (1984). The PM, N-MORB, E-MORB, and OIB values are given by Sun and McDonough, (1989). Data of dash lines for the Gubaoquan eclogite are given by Qu et al., (2011).
[image: Figure 10]FIGURE 10 | εNd(t) vs. initial (87Sr/86Sr)i (Ma) diagram for the Huaniushan complex in Beishan orogen. DM, Depleted mantle; BSE, Bulk silicate earth; EMI and EMII, enriched mantle; HIMU, mantle with high U/Pb ratio; PREMA (Zindler and Hart, 1986). The Sr-Nd isotope data of the Liuyuan complex are after (Mao et al., 2012b).
Two OIB-type basaltic samples have contents of SiO2 (46.97–46.99 wt%), TiO2 (2.48–2.56 wt%), Al2O3 (8.59–9.06 wt%), CaO (10.51–10.74 wt%), and MgO (10.91–12.67 wt%), and relatively high Cr (656–828 ppm) and Ni (447–532 ppm). They are tholeiitic basalts (Figure 8). They are enriched in LREE and comparable to those of OIB with (La/Yb)N ratios between 7.13 and 7.17 on the REE pattern diagram (Figure 9C). They have positive Nb and Ti anomalies and negative Sr anomalies on the primitive mantle–normalized spider diagrams (Figure 9D). One sample has the highest (87Sr/86Sr)i value of 0.70590 and the lowest εNd(t) value of +4.3 (Figure 10).
Gabbro
The gabbroic rocks have similar geochemical compositions to the MORB-type basalts. They are tholeiitic basalts (Figure 8) and have narrow contents of SiO2 (46.57–49.19 wt %), but wide range of TiO2 (0.55–1.47 wt%), Al2O3 (10.46–17.83 wt%), CaO (8.40–12.14 wt%), and MgO (6.84–16.95 wt%), and high contents of Cr (143–1,535 ppm) and Ni (72–623 ppm). They have slightly enriched REE patterns ((La/Yb) N =(1.15–2.17) and positive Eu anomalies (δEu = 0.90–1.46, Figure 9E). They are enriched in Rb and Ba and have slightly negative to positive Sr and Ti anomalies on the primitive mantle–normalized spider diagrams (Figure 9F). The 176Hf/177Hf ratios of these zircons for the gabbros range from 0.281973 to 0.283097, and the high positive εHf (t) values range from +8.2 to +17.8 (Figure 7).
DISCUSSION
Age of the Liuyuan Accretionary Complex
Huaniushan Complex
The zircon U-Pb dates reveal the crystallization time for the gabbro block to be 504.4 ± 3.2 Ma (Figure 6A), suggesting that the Huaniushan complex contains the Cambrian oceanic fragments. Yang J. G. et al. (2010) reported that basalts of the Huaniushan complex yielded zircon U-Pb age of 1,071 ± 5 Ma. Thus, available data indicate that the ophiolitic blocks contain Cambrian to Proterozoic oceanic fragments.
Several methods are used for calculating the MDA of sedimentary rocks from their detrital zircon U-Pb ages (Coutts et al., 2019). Here, we use the youngest grain with a 2σ uncertainty. The sandstone samples (20YY34 and 18HNS15) yield minimum ages of 309 ± 5 Ma and 501 ± 5 Ma, respectively (Figures 6C,E). Thus, the MDA of the sandstone 20YY34 is less than 309 ± 5 Ma, while the MDA of the sandstone 18HNS15 is less than 501 Ma. The least MDA of the sandstone matrix of the Huaniushan complex belt deposit in the tholeiitic Carboniferous, which have younger ophiolite fragments (504 Ma), indicates that the northward subduction beneath the Huaniushan arc may have started at least at ca. 501 Ma, and final accretion of the Huaniushan ophiolitic mélange was after the tholeiitic Carboniferous (309 Ma). Thus, the geochronological studies reveal the blocks of the Huaniushan complex age ranging from 309 Ma to 1,071 Ma.
Liuyuan Accretionary Complex
Numerous ophiolite fragments have been reported in the Liuyuan accretionary complex at the southern margin of the Huaniushan arc (Figure 1B and Table 5). The zircon U-Pb dates reveal that the age of the ophiolite blocks of the Liuyuan accretionary complex is from 1,071 Ma to 270 Ma (Table 5), e.g. 1) the basalts and gabbros of the Huaniushan ophiolitic complex have ages of 1,071 ± 5 Ma and 504 ± 3 Ma [(Yang J. G. et al., 2010); this study], respectively; 2) the Gubaoquan eclogites have protolith ages of 819 Ma to 1,007 Ma (Yang et al., 2006; Liu et al., 2011; Qu et al., 2011; Saktura et al., 2017); 3) the gabbro of the Huitongshan ophiolite has an age of 446 ± 3 Ma (Yu et al., 2012); 4) the gabbro of the Zhangfangshan ophiolite has an age of 363 ± 4 Ma (Yu et al., 2012); 5) gabbros of the Liuyuan ophiolite have an age of 270–286 Ma (Mao et al., 2012b; Zheng et al., 2014; Wang et al., 2016); 6) the gabbro of the Yinaoxia ophiolite has an age of 281 ± 11 Ma (Zheng et al., 2014). The detrital zircon LA-ICPMS U-Pb dates for these sediments and metamorphic sediments blocks revealed that the minimum age of clastic sediments blocks is from 457 Ma to 234 Ma (Wang et al., 2016; Tian and Xiao, 2020; this study).
TABLE 5 | Regional age data for the Liuyuan accretionary complex.
[image: Table 5]In summary, the geochronological studies suggest the Liuyuan accretionary complex are composed of Neoproterozoic to late Triassic oceanic crust and sedimentary fragments. The Liuyuan Ocean may have been the latest closed branch of the Paleo-Asian Ocean.
Tectonic Setting of the Huaniushan Complex
The Huaniushan complex has been thrust-imbricated on the Ordovician volcanic sediments in the northern part of the Liuyuan accretionary complex. They display block-in-matrix structures and are intruded by the late Triassic Huaniushan A-type granite (Li et al., 2012). Different degree schists and cleaved fragments in the complex consist of ultramafic rocks, gabbros, basalts, cherts, limestones, and sandstones which are enclosed in a matrix of chlorite–phyllite strong schist and cleaved sandstone (Figures 4, 5). Ordovician sediments developed sub-vertical tight folds, the axes of which strike east–west. All these structures indicate that the Huaniushan complex underwent intense top-to-the-south thrusting and east–west shearing. Although most of the different rock types in the Huaniushan complex are mutually juxtaposed by thrusts, the blocks of basalt, gabbro, serpentinized ultramafic, limestone, and chert with tuff beds are probably fragments of oceanic plate stratigraphy. They would have provided information on the travel history of the oceanic plate from ridge to trench (Kusky et al., 2013). All the mafic blocks in the Huaniushan complex are tholeiitic magma, but as described above, they consist of MORB- and OIB-type geochemical signatures.
The MORB-type basalts and gabbros have slightly depleted to enriched LREE patterns (La/YbN = 0.68–1.53, Figures 9A,E), as also are the similar trace element patterns with their positive Ba and negative to positive Rb and Sr anomalies (Figures 9B,F). Their enrichments in fluid-soluble elements (Rb and Ba) and Sr-Nd isotope plot above the mantle array indicate seawater alteration (Hawkins, 2003; Reagan et al., 2010) (Figure 10). On Ti-V and Cr-Y diagrams, most of the mafic rocks plot in the field of MORB (Figures 11A,B). And, they further plot as MORB and within-plate tholeiites on the Nb-Zr-Y diagram (Figure 11C), and close to the E-MORB basalt field on the Th/Yb-Nb/Yb diagram (Figure 11D). Their εNd(t) values have relatively high and wide range changes (+4.5 to +14.5) and can be subdivided into two groups. Group 1 has higher εNd(t) values (+11.2 to +14.5) which are more depleted than the MORB-type rocks of the Liuyuan ophiolite (+6.6 to +9.0) and the Gubaoquan eclogite (+6.3 to +6.4) (Qu et al., 2011; Mao et al., 2012b). Group 2 has relatively low εNd(t) values (+4.5- +6.0) which are lower than those of the MORB-type rocks of the Liuyuan ophiolite and Gubaoquan eclogite, but higher than those of the E-MORB–type rocks of the Gubaoquan eclogite (−1.6 to −0.1). The gabbro blocks have high εNf(t) values (+8.2–+17.8). These geochemical and isotopic features suggest that the basalts of the Huaniushan complex blocks contain MORB- and E-MORB–type basalts which are derived from the depleted to relatively enriched mantle.
[image: Figure 11]FIGURE 11 | (A) Ti vs. V discrimination diagram for the rocks from the Huaniushan complex (Shervais, 1982). (B) Cr vs. Y discrimination diagram for the rocks from the Huaniushan complex, after (Pearce et al., 1981), BON-boninite, IAT-island arc tholeiite, and MORB-mid-oceanic ridge. The fields of the Lau Basin-Axial Ridge, the Tofua Arc, Mariana Trough and Mariana Arc are after (Hawkins, 2003). (C) Nb-Zr-Y discriminant diagrams (Meschede, 1986) and (D) Th/Yb vs. Nb/Yb discriminant diagram [SHO: shoshonite, CA-Calc: alkaline, TH: tholeiite (Pearce, 2008)]. Symbols are the same as those in Figure 6.
The OIB-type basalts have high contents of TiO2 (2.48–2.56 wt%), MgO (10.91–12.67 wt%), and ΣREE (99–103 ppm). Their REE patterns and trace element patterns plot between the MORB and OIB lines on the chondrite-normalized REE diagrams (Figure 9C). They have relatively lower Nd isotopic value (+4.3) than the MORB-type rocks (Figure 10), suggesting relatively enriched mantle sources.
All these geochemical features demonstrate that these mafic blocks in the Huaniushan complex containing the MORB-, E-MORB-, and OIB-type oceanic crust fragments, which have similar REE and trace patterns to the Gubaoquan eclogite (Figures 9, 11), were probably generated in an oceanic plateau/seamount. These results are consistent with the geological fact that they consist of gabbros, basalts, cherts, and limestones. Combined with the regional data, our results and the 1,071–866 Ma MORB and E-MORB–type ocean slab metamorphic genetic Gubaoquan eclogite (Qu et al., 2011) suggest a hot spot in the Liuyuan oceanic from 1,071 Ma to 466 Ma.
Provenance of the Sediment Matrix of the Huaniushan Complex
The Huaniushan complex is located in the northernmost part of the Liuyuan accretionary complex which is situated between the Shuangyingshan–Huaniushan arc in the north and the Shibanshan arc in the south (Figure 1B). Therefore, the Shuangyingshan–Huaniushan arc was the main potential provenance for the sandstone matrix of the Huaniushan complex.
The two sandstones (18HNS15 and 20HNS 34) have similar and consistent detrital zircon U-Pb age populations (Figures 12A,B) with dominant age peaks in the period 820–1900 Ma (more than 85% of total concordant ages for each sample), and a second peak at 2,500 Ma. This age spectrum of these detrital zircons for the sedimentary blocks is similar to that of the sediments in the Shuangyinshan–Huaniushan arc (Figure 12C) (Song et al., 2013; Ao et al., 2016). Lu-Hf isotopic analyses of these detrital zircons yielded εHf(t) values ranging from −11.7 to +10.5 (Figure 7), which are plotted in the same area to the sediments in the Shuangyinshan–Huaniushan arc (Song et al., 2013). In summary, our detrital zircon LA-ICPMS U-Pb dates and Lu-Hf isotopic analyses for the sandstone blocks of the Huaniushan complex indicate that they are mainly sourced from the Precambrian blocks. Our detrital zircon LA-ICPMS U-Pb dates also find a few Paleozoic zircon grains, suggesting the young sources. As described before, the Shuangyinshan–Huaniushan arc is a Japanese type island arc. Large volume of granitoids and volcanic rocks was formed by the Liuyuan ocean subduction in the Paleozoic to Neoproterozoic to Triassic [673 Ma–217 Ma (Nie et al., 2002a; Nie et al., 2002b; Zhao et al., 2007; Mao et al., 2012a; Li et al., 2012; Wang et al., 2016); Table 5]. Thus, the Carboniferous to Cambrian zircon grains maybe sourced from these magmas. Both the detrital zircon age spectra and εHf(t) values are comparable with the sedimentary and magmatic record in the Shuangyinshan–Huaniushan arc. The sedimentary samples (20HNS15 and 34) were probably derived from the Shuangyinshan–Huaniushan arc in the north, further to constrain the Huaniushan complex probably formed in the forearc of the Shuangyinshan–Huaniushan arc.
[image: Figure 12]FIGURE 12 | Comparison of probability plots for zircon U-Pb ages of sedimentary rocks. (A and B) are from the sedimentary rocks of the Huaniushan complex in the Beishan orogen, (C) is from the metasedimentary rocks of Shuangyinshan block in the Beishan orogen (Song et al., 2013; Ao et al., 2016; Song et al., 2016).
Tectonic Evolution of the Liuyuan Ocean
The Liuyuan accretionary complex is very essential to understand the evolution of the Paleo-Asian Ocean and the accretionary orogenic processes of the southern Altaids (Zuo et al., 1991; Xiao et al., 2010; Domeier and Torsvik, 2014; Xiao et al., 2018). The compositions and emplaced processes of the Liuyuan accretionary complex are extremely complicated (Zuo et al., 1991; Liu and Wang, 1995; Qu et al., 2011; Mao et al., 2012b; Yu et al., 2012; Zheng et al., 2014; Wang et al., 2016). As discussed above, the oceanic fragments are aged from Neoproterozoic (1,071 Ma) to Middle Permian (270 Ma).
The geochemical and isotopic studies reveal that these ophiolitic mélange blocks have OIB, E-MORB, and MORB geochemical signatures[(Qu et al., 2011; Mao et al., 2012b; Zheng et al., 2014); this study], For example, our studies indicate that the Huaniushan complex consists of OIB, EMORB, and/or MORB fragments; the protolith of the Gubaoquan eclogite is mainly composed of E-MORB and N-MORB fragments (Qu et al., 2011); the Liuyuan ophiolite mainly consists of MORB fragments (Mao et al., 2012b); the fragments of the Yinaoxia ophiolite have an OIB-like mantle source and are metasomatized by fluids and/or melts derived from the subducted slab (Zheng et al., 2014). These data suggest that the oceanic fragments of the Liuyuan accretionary complex are composed of seamounts and the oceanic crust. The 1,071 Ma to 504 Ma E-MORB and OIB fragments indicate that the oceanic island or seamounts is an important component of the Liuyuan oceanic plate. At least, the mantle plume is continuously active from 1,071 Ma to 504 Ma. The clastic sediments and metamorphic clastic blocks of the Liuyuan accretionary complex contain Middle Ordovician to Low strata (GSBGMR, 1989; Wang et al., 2016; Shi et al., 2018; Ｘu et al., 2019). In summary, the ophiolitic blocks of the Liuyuan accretionary complex consist of Neoproterozoic to Middle Permian seamounts and/or oceanic islands and oceanic crust fragments, Neoproterozoic to Triassic sediments units, and Neoproterozoic to late Triassic granitic and volcanic rocks.
Our data, integrated with published information on the Huaniushan ophiolitic mélange and the Liuyuan accretionary complex in the Beishan orogen, provide new constraints on the tectonic evolution and the geodynamic mechanism of the southern Paleo-Asian Ocean from the late Mesoproterozoic to late Triassic (Figure 13):
[image: Figure 13]FIGURE 13 | Schematic tectonic diagrams illustrating the development of the Liuyuan accretionary complex in the Beishan orogen, NW China. (A) Neoproterozic. (B) Cambrian to Middle ordovician. (C) Late carboniferous. (D) Early permian to late triassic.
The Liuyuan ocean, a branch basin of the Paleo-Asian Ocean, may be born in the late Mesoproterozoic (1,071 Ma) by the mantle plume or earlier. Mantle plumes continuously acted from late Mesoproterozoic (1,071 Ma) to late Cambrian (504 Ma) and formed a series of seamounts and/or plateaux (Figure 13A). In the late Cambrian to Middle Ordovician (Figure 13B), the deep subduction of the seamount with oceanic crust formed the Gubaoquan eclogites (Liu et al., 2011; Qu et al., 2011; Saktura et al., 2017). In the late Carboniferous (Figure 13C), the Huaniushan oceanic and seamount ophiolite fragments were docked on the southern margin of the Shuangyinshan–Huaniushan arc. In the early Permian to late Triassic (Figure 13D), large volume of the Liuyuan MORB-type ophiolitic blocks suggest that the Liuyuan Ocean was still growing (Mao et al., 2012b; Zheng et al., 2014; Wang et al., 2016), which is consistent with volume of Middle Permian–Triassic arc-related granites formed in the Shibanshan and Huaniushan arc, for example, high-Mg diorite, Nb-enriched dikes, and adakites (Li et al., 2012; Zheng et al., 2020). Finally, this branch of the Paleo-Asian Ocean was closed after 234 Ma (Ao et al., 2021), and the Liuyuan Ocean may have been the final closed branch of the Paleo-Asian Ocean.
CONCLUSION

1. The Huaniushan complex, located in the northernmost part of the Liuyuan accretionary complex, Beishan, is composed of blocks of serpentinized ultramafic rocks, gabbros, basalt, cherts, and limestones within a strongly deformed and cleaved matrix of sandstone and schist.
2. A gabbro block yields zircon U-Pb age of 504 ± 3 Ma. The gabbroic and basaltic blocks have Mid-Ocean-Ridge (MORB)-type and Ocean-Island-Basalt (OIB)-type geochemical characters and high values of εNd(t) (+4.3 to +14.5) and εHf(t) (+8.07 to +17.74).
3. The maximum depositional ages of two sandstone samples (20HNS34 and 20HNS15) from the complex matrix were 309 ± 8 Ma and 501 ± 5 Ma, respectively, indicating that the Huaniushan complex contains matrix rocks varying from 504 Ma to 309 Ma.
4. U-Pb ages and Hf isotopes of detrital zircons from the matrix sandstones indicate that they were derived only from the Shuangyingshan–Huaniushan arc to the north.
5. Available geochronological data reveal that the oceanic blocks and sedimentary matrix of the Liuyuan accretionary complex contain ages of 1,071–270 Ma and 920–234 Ma, respectively. These data suggest that the Liuyuan ocean, a major branch of the Paleo-Asian Ocean may have experienced a prolonged tectonic history, starting in the Late Mesoproterozoic (1,071 Ma), through a long subduction with development of a series of seamounts and/or plateaus emplaced into the Liuyuan accretionary complex in the Paleozoic. The Liuyuan ocean may have been closed later than the late Triassic (234 Ma).
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