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The Wuguan Complex, located along the southern margin of the Shangdan suture zone, plays a critical role in investigating the tectonic evolution of the Qinling orogenic belt and constraining the collision timing between the North and South China Blocks. However, the age and provenance of lithological units within the Wuguan Complex, as well as its tectonic significance, remain subjects of ongoing debate. The U–Pb–Hf isotopic analysis of detrital zircons from the meta-sedimentary rocks of the Wuguan Complex reveals distinctly different age patterns and depositional ages, which can be subdivided into a Devonian (ca. 380–400 Ma) unit and a Mid-Neoproterozoic (732–743 Ma) unit. The Devonian unit has a detrital age spectrum with two main peaks at ∼440 and ∼893 Ma, interpreted to reflect a mixed source derived from the early Paleozoic North Qinling magmatic arc and the Neoproterozoic South Qinling basement, corresponding to the Devonian Liuling Group in the South Qinling. The Mid-Neoproterozoic unit has an age spectrum with a dominant peak at ∼898 Ma, interpreted to be primarily derived from widespread Neoproterozoic South Qinling volcanic and plutonic rocks. The meta-mafic volcanic rocks in the Wuguan Complex have a mean weighted zircon U–Pb age of 436 ± 6 Ma, exhibit high TiO2 contents with both E-MORB and OIB affinities, and show depleted zircon εHf(t) values, indicating formation within an intraplate tectonic setting. Combining these findings with previous data, we propose a reappraisal of the lithological units in the Wuguan Complex, which includes (1) the Mid-Neoproterozoic (ca. 732–743 Ma) sedimentary unit developed on the ancient South Qinling basement (2) the Silurian (ca. 430–440 Ma), meta-mafic volcanic unit, indicative of a local tectonic transition in the South Qinling belt from compressional to extensional during the Silurian, and (3) the Devonian (ca. 380–400 Ma) sedimentary unit, correlative with the Devonian Liuling Group, which was deposited during the final stages of closure of the Paleo-Qinling Ocean. These units were structurally juxtaposed by ductile strike-slip faults during the Early Carboniferous.
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1 INTRODUCTION
The Qinling orogenic belt, located between the North China Block and the South China Block, plays a crucial role in understanding the tectonic evolution of the East Asian continental crust. It is widely regarded as a collage of multiple orogenic systems, recording geological evolution from at least the Neoproterozoic to the Mesozoic (Zhang G. W. et al., 1995; 2001; Meng and Zhang, 2000; Ratschbacher et al., 2003; Wu and Zheng, 2013; Liu et al., 2016; Dong and Santosh, 2016; Dong et al., 2021; Xu et al., 2020; Bader et al., 2013; 2025). The North Qinling Belt is generally considered to record Early Paleozoic tectonic evolution, including oceanic crust subduction (Meng and Zhang, 2000; Dong et al., 2011a; Dong and Santosh, 2016), deep continental subduction/HP-UHP metamorphism (Yang et al., 2003; Liu et al., 2013; Wu and Zheng, 2013; Wang et al., 2014; Liao et al., 2016; Gong et al., 2016; Chen et al., 2021), and subsequent uplift events and accompanied by magmatism (Zhang et al., 2013; Liu et al., 2016; Dong et al., 2018). However, the timing of the closure of the Paleo-Qinling ocean remains a critical issue. Some scholars contend that the Ocean closed as late as the Silurian or even Early Ordovician, along the Shangdan suture zone, which is generally considered as the main boundary between the North China block and the Yangtze block (Mattauer et al., 1985; Gao et al., 1995; Zhang et al., 2001; Liu et al., 2016; Ren et al., 2019; Dong et al., 2011b; Dong et al., 2013; Dong et al., 2021). Others propose the existence of the Paleo-Qinling Ocean existed from the Early Paleozoic to Triassic, ultimately closed during the Indosinian orogeny, which resulted in the welding of the North China and South China blocks (Yan et al., 2012; 2016; Chen et al., 2014a,b, 2020; Meng, 2017; Li et al., 2020; Bader et al., 2025).
The Wuguan Complex, a key tectonic unit along the southern margin of the Shangdan suture zone, has been a focal point in studies of the Qinling orogen’s evolution (Yu et al., 1988; Zhang et al., 1988; Pei et al., 1997; Dong et al., 2013; Chen et al., 2014a; 2020; Yan et al., 2016; Jiang et al., 2017; Li et al., 2020; Bader et al., 2025). The Wuguan Complex is generally described as a tectonic mélange containing highly variable lithological assemblages that have undergone amphibolite-facies metamorphism (Pei et al., 1996; Yan et al., 2016; Li et al., 2020). Its age, provenance, and tectonic significance remain subjects of ongoing debate. Previous studies have proposed various tectonic scenarios for the Wuguan Complex, including (1) an Early Paleozoic post-orogenic molasse related to the collision of the NCB and SCB (Mattauer et al., 1985), (2) a fore-arc accretionary prism associated with subduction of the Paleo-Qinling Ocean during the Early or Late Paleozoic (Meng, 1994; Yu and Meng, 1995; Zhang et al., 2001; Dong et al., 2013), (3) formation in a rift environment during the Neoproterozoic (Pei et al., 1997; Lu et al., 2003; Shi et al., 2013), and (4) formation in a long-lived fore-arc basin on the southern margin of the North Qinling belt during the Devonian to Early Carboniferous (Yan et al., 2016; Li et al., 2020), which corresponds to a westward continuation of the Guishan Complex of the Dabie orogen (Chen et al., 2014a; 2020; 2021). Clearly, accurately determining the composition and formation age of the Wuguan Complex is critical for constraining the tectonic evolution of the Qinling orogenic belt.
In this study, we present new petrological observations, zircon U–Pb geochronology, and Lu–Hf isotope data for meta-sedimentary and meta-volcanic rocks, along with geochemical analyses of meta-mafic volcanic rocks from the Wuguan Complex in the Danfeng–Shangnan area. The new provenance data, combined with regional geological and geochronological information, enable us to reevaluate the depositional ages, provenance, stratigraphic correlations, and tectonic setting of the Wuguan Complex. Furthermore, these findings help clarify the relationship of the Wuguan Complex to the broader Paleozoic tectonic evolution of the Qinling orogen.
2 GEOLOGICAL SETTING
The Qinling orogenic belt (QOB) located between the NCB and SCB (Figure 1a) is divided into the North Qinling belt (NQB) and South Qinling belt (SQB) by the Shangdan suture (Zhang G. W. et al., 1995; 2001; Meng and Zhang, 2000; Dong et al., 2011a) (Figure 1b).
[image: Figure 1]FIGURE 1 | (a) Simplified geological map showing the location of the Qinling orogen. (b) Geological map of the Qinling orogenic Belt (modified from Dong et al., 2016).
The NQB consists of Kuanping Complex, Erlangping Complex, Qinling Complex and Danfeng Complex mélange separated from each other by thrust faults or ductile shear zones (Figure 2a). The Kuanping Complex is located in the northernmost part of NQB, which is mainly composed of clastic rocks, meta-volcanics and marbles (Zhang et al., 1991; Liu et al., 1993). The Erlangping Complex is composed of lower amphibolite-facies mafic volcanics, clastic sedimentary successions, and carbonates (Zhang et al., 2001). The Qinling Complex, as a major part of the NQB, consists of gneisses, schists, amphibolites, marble-calc-silicate rocks and HP-UHP rocks. The HP-UHP metamorphic rocks were believed to the products of deep continental subduction and experienced UHP metamorphism at ca. 500–490 Ma (Yang et al., 2003; Liu et al., 2013; 2016; Wang et al., 2011; Chen et al., 2015; Liao et al., 2016; Gong et al., 2016; Liu et al., 2016). Additionally, Early Neoproterozoic gneissic granites and widespread Early Paleozoic granites are also represented in Qinling Complex (Lu et al., 2003; Chen et al., 2006; Zhang et al., 2013; Wang et al., 2003; 2013c and reference therein). The Shangdan suture zone, separated the North Qinling belt from the South Qinling, was traditionally considered as the most important boundary between the North China and the South China Block, (Mattuer et al., 1985; Zhang Q. et al., 1995; Zhang et al., 2001; Dong et al., 2011c; Dong et al., 2013; Dong et al., 2017). The suture zone exposes ophiolitic assemblages, and subduction-related volcanic and sediments (Zhang, et al., 1995b; Yu et al., 1988; Dong, et al., 2011b; 2013). An Ordovician to Silurian radiolarians has been found in bedded cherts and constrain the time of formation (Cui et al., 1995). The formation age of the ophiolitic suite has been well constrained as 534 ± 9 Ma to 517.8 ± 2.8 Ma (Dong et al., 2011b; Li et al., 2015; Liu et al., 2016). The formation age of the island-arc rocks has been constrained as 507 ± 3 to 499.8 ± 4.0 Ma (Pei et al., 2005; Lu et al., 2009), indicating continued subduction of the Shangdan oceanic lithosphere at ca. 500 Ma (Liu et al., 2016).
[image: Figure 2]FIGURE 2 | (a) Simplified geological map of North Qinling orogenic belt (modified after Liao et al., 2017); (b, c) Lithologies of the Wuguan Complex and sample locations of the studied rocks from the Wuguan Complex (modified from 1:50,000 geological Mapping of Qingyouhe and Shangnan, 1996).
The SQB is located between the Shangdan suture zone in the north and the Mianlue suture zone in the south (Figure 1a), and consists of basement and sedimentary cover. The basement rocks mainly include the Douling and Xiaomoling Complexs, and the Wudangshan and Yaolinghe Groups (Zhang et al., 1988; Zhang et al., 2001). Excluding the protolith of the granitic gneiss from the Douling Complex yielded ages of ca. 2.51–2.47 Ga (Hu et al., 2013; Nie et al., 2016), other basement rocks are mainly characterized by early-middle Neoproterozoic (680–860 Ma) volcanic rocks (Lu et al., 2009; Niu et al., 2006; Liu et al., 2011; Ling et al., 2007; Xia et al., 2008; Ling et al., 2010; Li Z. X. et al., 2003).
Along the northern margin of the SQB, the Wuguan Complex (to the north) and the Middle to Upper Devonian Liuling Group (to the south) are exposed adjacent to each other (Figure 2a). The Wuguan Complex is bounded by the Shangdan suture zone to the north and the Mianyuzui–Maanqiao ductile shear zone to the south (Yu et al., 1988; Yu and Meng, 1995; Dong et al., 2013). It is generally regarded as a dismembered sedimentary prism (or accretionary wedge) that likely represents an independent, metamorphosed equivalent of the Devonian Liuling Group (Pei et al., 1996). The lithologies of the Wuguan Complex are highly variable, and all rocks have undergone intense deformation and amphibolite-facies metamorphism (Yan et al., 2016; Li et al., 2020; Chen et al., 2021; Sheir et al., 2024; Bader et al., 2025), transforming most of the rocks into gneisses, schists, or mylonites. Based on differences in lithological assemblages, Pei et al. (1996) subdivided the Wuguan Complex into six distinct rock units separated by ductile shear zones (Figures 2b, c): (1) Shimazhai unit dominated by garnet-bearing marble and carbonaceous schist, with interlayers of garnet-bearing two-mica quartz schist and mica quartzite; (2) the Diaozhuang Unit, consisting of staurolite-bearing mica quartz schist and epidote-bearing mica quartz schist (Figure 3a), with pyrite- or scapolite-bearing marble and siliceous marble; (3) the Balipo Unit, characterized by light-grey, fine-grained diopside-bearing marble, with minor quartzite and biotite quartz schist; (4) the Maoping Unit, comprising garnet-bearing metapsammite (Figures 3b, c), with minor marble and lenticular amphibolite, and mylonites recognized in the eastern part of the unit; (5) the Mianyuzui unit, predominantly green meta-mafic volcanic rocks (Figure 3d), with minor interlayers of garnet-bearing biotite schist, garnet-bearing mica quartz schist, and thin marble (Figures 3e, f); folded meta-mafic volcanic bands within the marble suggest a sinistral ductile strike-slip shearing (Figure 3f), which is also supported by various kinematic features such as σ and δ-type porphyroblasts, mica-fishes, and amphibole-fishes in the mylonites (Chen et al., 2021; Sheir et al., 2024); and (6) the Hualing Unit, mainly augen felsic mylonite, formed by deformation of felsic veins and marking the tectonic boundary between the Wuguan Complex and the Liuling Group. Geometric and kinematic evidence indicates that the Mianyuzui ductile shear zone underwent two phases of deformation: the early thrust from north to south and the late sinistral strike-slip during the Late Permain (Chen et al., 2021; Sheir et al., 2024).
[image: Figure 3]FIGURE 3 | Field photographs of all studied samples from Wuguan Complex. (a) Mica-quartz schist from Diaozhuang unit; (b) Metapsammite from Hualing unit; (c) Garnet-bearing metapsammite from Maoping unit; (d) Meta-mafic volcanics from Mianyuzui Unit; (e) Green Meta-mafic volcanics with thinner marble layers; (f) The folded Meta-mafic volcanics bands in the marble.
South of the Wuguan Complex, the Middle to Upper Devonian Liuling Group is exposed between the Mianyuzui–Maanqiao and Shanyang–Fengzhen faults (Figure 2a). It is characterized by thick-bedded, low-grade metamorphosed (greenschist-facies) gray-green sandstone, siltstone, slate, and minor conglomerate (Hacker et al., 2004; He et al., 2005; Yan et al., 2007; Dong et al., 2013; Liao et al., 2017). Recent studies integrating detrital zircon U–Pb ages and Hf isotopes demonstrate that Liuling sediments were sourced from both the North and South Qinling belts (Dong et al., 2013; Liao et al., 2017; Ren et al., 2019), and formed in a foreland basin or passive margin setting after the main collision (Gao et al., 1995; Zhang et al., 2001; Dong et al., 2013; Ren et al., 2019).
3 SAMPLE DESCRIPTIONS
In this study, we collected representative samples from the main lithological units of the Wuguan Complex in the Danfeng–Shangnan area (Figure 2b). We focused on meta-sedimentary rocks (psammitic and pelitic schists) and meta-volcanic rocks (amphibolites) for petrography and zircon U–Pb–Hf analysis.
Sample 15WG-08 from Maoping unit is a garnet bearing meta-psammite, comprising subangular to subrounded plagioclase (40%–50%), quartz (15%–20%), biotite (10%–15%), garnet (<5%), minor amphibole (<5%) fragments, and a clay matrix (Figure 4a), probably indicating a protolith of arkose. Garnet and amphibole occur sporadically throughout the sample, and nearly all quartz grains show signs of recrystallization (Figure 4b).
[image: Figure 4]FIGURE 4 | Photomicrographs illustrating the mineral assemblages of studied rocks in theWuguan Complex. (a) Garnet bearing metapsammite 15WG-08 comprising subangular to subrounded plagioclase, quartz, biotite, minor garnet and amphibole fragments; (b) Garnet and amphibole occur sporadically throughout the sample 15WG-08; (c) Mica-quartz schist 15WG-07 consists of quartz, plagioclase, muscovite, biotite, and garnet; (d) Metapsammite 13WNQ-26 composed of quartz and plagioclase and abundant biotite fragments; (e, f) Meta-mafic volcanics 13WNQ-27 and 15WG-09 are primarily composed of amphibole, plagioclase, biotite, and epidote. Amp-amphibole, Pl-plagioclase, Grt-garnet, Qtz-quartz, Ms-Muscovite, Bi-biotite, Ep-Epidote.
Sample 15WG-07 from Diaozhuang unit is a high deformed mica-quartz schist. It consists of quartz (40%–50%), plagioclase (10%–25%), muscovite (10%–20%), biotite (20%–25%), and garnet (<5%) (Figure 4c). Quartz grains exhibit partial recrystallization and are distinctly preferred. Biotite distributes along the cleavage with preferred orientation. Garnet porphyroblast is commonly idiomorphic with some quartz inclusions in the core and shows helicitic structure.
Sample 13WNQ-26 from Hualing unit is a meta-psammite, mainly composed of quartz (∼55%) and plagioclase (∼35%) and abundant biotite fragments (15%–20%) (Figure 4c). The quartz grains exhibit undulatory extinction.
Two amphibolite samples 13WNQ-27 and 15WG-09 are selected from Mianyuzui and layer (∼50 m) of Maoping units, are primarily composed of amphibole, plagioclase, biotite, and epidote (Figures 4e, f). Amphibole is strongly oriented to form the foliation of the rock.
All samples are shown in Table 1 and analytical methods are presented in Supplementary Appendix A1.
TABLE 1 | Sample localities, mineral assemblages and ziron U-Pb ages of the studied samples from the Wuguan Complex.
[image: Table 1]4 RESULT
4.1 Zircon U-Pb ages
Zircons from four samples, including three metasedimentary samples (15WG-07, 15WG-08, and 13WNQ-26) and one amphibolite sample (13WNQ-27), were dated. Detailed results for the zircon U-Pb dating are presented in Supplementary Table S1, and the zircon trace element data are provided in Supplementary Table S2. Ages older than 1,000 Ma were calculated using the 207Pb/206Pb ratios, while younger ages were determined from the 206U/208Pb ratios. Most zircon U–Pb analyses are concordant or near concordant, with age concordance ranging from 90% to 110%.
4.1.1 Detrital zircon ages from meta-sedimentary rocks
In sample 15WG-07 (mica–quartz schist, Devonian unit), zircons from are rounded to subhedral and range in size from 50 to 120 μm. CL imaging shows that all analyzed grains exhibit oscillatory or banded zoning (Figure 5a). Most zircon grains have high Th/U ratios (0.13–1.37) (Figure 7e; Supplementary Table S1) and display similar chondrite-normalized REE patterns, which are strongly enriched in HREE and depleted in LREE (GdN/YbN = 0.01–0.17), with pronounced negative Eu anomalies (Eu/Eu* = 0.02–0.65) (Figure 7a; Supplementary Table S2). A total of ninety analyses were performed, of which 78 were concordant. These concordant grains yielded apparent ages ranging from 407 Ma to 2,653 Ma (Figure 6a). The grains fall into three primary age groups: 407–505 Ma (n = 36), 632–896 Ma (n = 22), and 1,191–1825 Ma (n = 19). Only two grains yielded older ages of 2,459 ± 15 Ma and 2,653 ± 11 Ma. In the age spectrum, a prominent peak is observed at 444 Ma, with subsidiary peaks at 760 Ma, 895 Ma, and 1,461 Ma. The youngest three concordant grains have 206Pb/238U ages of 407 ± 3 Ma, 413 ± 5 Ma, and 413 ± 3 Ma, with a weighted mean age of 410 ± 9 Ma (MSWD = 1.3) (Supplementary Table S2), which we interpret as the maximum depositional age of this sample.
[image: Figure 5]FIGURE 5 | Representative CL images of zircon grains from Wuguan Complex. White circles with 32 μm diameter and yellow circles with 44 μm diameter represent U-Pb dating and Lu–Hf isotope analysis points, respectively.
[image: Figure 6]FIGURE 6 | Concordia diagrams and age spectrograms for LA-ICPMS U-Pb zircon dating from (a–c) metasediments, (d) meta-mafic volcanics in the Wuguan Complex.
In sample 15WG-08 (garnet-bearing meta-psammite, Maoping Unit), zircons are rounded to subhedral and range in size from 50 to 200 μm, displaying oscillatory or banded zoning (Figure 5b). Most zircons exhibit similar steep HREE patterns (GdN/YbN = 0.01–0.11) and pronounced negative Eu anomalies (Eu/Eu* = 0.02–0.83) (Figure 7b; Supplementary Table S2). Of the eighty-eight analyzed zircons, 76 usable analyses with high Th/U ratios (0.08–1.68) (Figure 7e; Supplementary Table S1) yielded ages ranging from 741 Ma to 2,561 Ma. The age spectrum shows a dominant population ranging from 741 Ma to 890 Ma (n = 48), which accounted for 61% of all zircons, with prominent peaks at ∼791 Ma and ∼839 Ma. Additionally, the age spectrum reveals two subdominant populations at 1,021–1791 Ma and 1972–2,561 Ma, with corresponding peaks at ∼1,543 Ma, ∼1,685 Ma, ∼1824 Ma, and ∼2,495 Ma (Figure 6b). The youngest concordant zircons range from ca. 741 to 759 Ma, giving a weighted mean of 748 ± 5 Ma.
[image: Figure 7]FIGURE 7 | Chondrite-normalized REE patterns of zircons from (a–c) metasediments, (d) meta-mafic volcanics, (e) zircon Th/U ratios with ages in the Wuguan complex.
Zircons from sample 13WNQ-26 (meta-psammite, Hualing Unit) are rounded to elongate and range in size from 50 to 150 μm, displaying oscillatory zoning or nebulous zoning with thin overgrowths (Figure 5c). Most zircons exhibit strongly negative Eu anomalies (Eu/Eu* = 0.01–0.51) (Figure 7c; Supplementary Table S2) and high Th/U ratios (>0.4) (Figure 7e; Supplementary Table S1), characteristic of magmatic zircon. The overgrowth rims, however, show a less HREE-enriched pattern, with no Eu anomalies and low Th/U ratios (0.004–0.17) (Figure 7e). A total of sixty U-Pb analyses were performed, with 12 discarded due to high discordance. The remaining 48 concordant analyses yielded ages ranging from 309 Ma to 2,302 Ma (Figure 6c). The dominant age cluster is Neoproterozoic (730–931 Ma) with a main peak at ∼ 869 Ma (80% of grains), and subordinate peaks at ∼834 Ma and ∼928 Ma. The oldest grains are 1,543 Ma and 2,302 Ma. A distinct group of seven analyses from zircon rims ranges 309–363 Ma with a weighted mean of 351 ± 11 Ma (MSWD = 6.1) and very low Th/U (<0.1), consistent with metamorphic zircon growth during a later event (see details in Discussion). Excluding these metamorphic ages, the youngest detrital zircon population in 13WNQ-26 ranges 732–763 Ma (mean 746 ± 7 Ma), similar to sample 15WG-08 which shows youngest detrital ages of 741–759 Ma (mean 748 ± 5 Ma).
4.1.2 Zircon ages from amphibolites
Zircons from amphibolite sample 13WNQ-27, ranging in size from 50 to 200 μm, are short prismatic grains. In CL images, most zircons display weak oscillatory or patchy zoning with low luminescence (Figure 5d). These zircons exhibit similar steep HREE patterns with negative Eu anomalies (Eu/Eu* = 0.001–1.70) (Figure 7d; Supplementary Table S2), and most have Th/U ratios >0.3 (Figure 7e; Supplementary Table S1), characteristic of magmatic zircons.
A total of ninety U-Pb analyses were conducted on zircons from this sample, with 80 concordant analyses yielding apparent ages ranging from 418 Ma to 2,771 Ma (Figure 6d). Notably, 15 analyses define a cluster of Late Silurian–Early Devonian ages (418–482 Ma) with a weighted mean of 436 ± 6 Ma (Th/U = 0.21–2.25). We interpret this ∼440 Ma population as representing igneous crystallization ages. Based on the largest coherent subset of these data, a mean weighted age of 436 ± 6 Ma is obtained, which we consider that the best estimate of the crystallization age of the amphibolite protolith. However, importantly, we also detected a number of older ages range from ∼800 Ma to ∼2,500 Ma. These older ages clearly indicate the presence of inherited (detrital or xenocrystic) zircons in the amphibolite. In fact, the age spectrum of 13WNQ-27 looks qualitatively similar to those of the metasedimentary samples (containing late Neoproterozoic and Paleozoic peaks) which suggests that the magma that formed this amphibolite assimilated crustal material or that the rock has a volcaniclastic component.
4.2 Zircon Hf isotopic composition
For Hf isotope analysis, zircons representing the major groups within their age populations were selected. The zircon Hf isotopic results are presented in Zircon Hf isotopic results are present in Figure 8 and Supplementary Table S3.
[image: Figure 8]FIGURE 8 | Plots of εHf(t) vs. U-Pb ages for the zircons from meta-sedimentary rocks (a) and amphibolite (b) in the Wuguan Complex.
In sample 15WG-07, fifty-seven analyses from yield the εHf(t) values varied from −14.3 to +12.6, with most of the grains showing Proterozoic model ages. The Early Palaeozoic zircons can be divided into two groups based on their εHf(t) values. Group I zircons have positive εHf(t) values ranging from +0.3 to +12.6, with a peak at +7.45, while Group II zircons have negative εHf(t) of −0.2 to −14.3, with a peak of −6.57. Almost of the Meoproterzoic zircons have positive εHf(t) values ranging from +0.6 to +11.4 (Figure 8a; Supplementary Table S3).
Sample 15WG-08 show εHf(t) values range from −14.8 to +11.5, with forty eight (∼70% of total) positive εHf(t) values (Figure 8a; Supplementary Table S3), indicating a contribution of juvenile material to the sedimentary provenance.
Sample 13WNQ-26 yield the εHf(t) values varied from −12.5 to +6.0, with most of the grains showing Meo- or Neo-Proterozoic model ages (Figure 8a; Supplementary Table S3).
In amphibolites sample 13WNQ-27, twenty nine analyses from show high 176Lu/177Hf ratios of 0.000391–0.002337, and their 176Hf/177Hf ratios vary from 0.281694 to 0.282914. The dominant zircons, with mean ages of 436 ± 6 Ma, have εHf(t) values ranging from −4.4 to 13.7 (peak at −0.5) (Figure 8b; Supplementary Table S3) and Hf model ages ranging from 551 to 1,698 Ma. Xenocrystic zircons, with U-Pb ages in the 746–968 Ma population, mainly exhibit variable εHf(t) values from −2.2 to 16.4, and the calculated Hf model ages (TDM2) ranging from 729 to 1931 Ma.
4.3 Whole-rock major and trace elements for the meta-mafic rocks
The whole-rock element compositions of the massive and intercalated amphibolite samples from Wuguan Complex are listed in Supplementary Table S4. All amphibolite samples are tholeiitic basaltic rocks. They have low contents of SiO2 (45.47–48.29 wt%), Na2O (2.56–4.18wt%), K2O (0.43–1.08wt%) contents, with very low K2O/Na2O ratios of 0.12–0.5, but high contents of Fe2O3T (12.89–14.41 wt%), Mg# values (39–56), and TiO2 (1.74–3.03wt%). All amphibolite samples fall within the alkaline basalt fields on the Na2O + K2O vs. SiO2 diagram (Figure 9a) of Middlemost (1994). They have sub-alkaline affinities and follow a tholeiitic differentiation trend (Figure 9b).
[image: Figure 9]FIGURE 9 | (a, b) Chemical classification diagrams of Mianyuzui meta-mafic volcanics from the Wuguan Complex. (a) Na2O + K2O vs. SiO2 diagram (Middlemost, 1994); (b) FeOT-total alkalis (Na2O + K2O)-MgO diagram (Irvine and Baragar, 1971); (c, d) Chondrite-normalized REE and primitive mantle-normalized trace element patterns for the Mianyuzui meta-mafic volcanics from the Wuguan. Normalized values from Sun and McDonough (1989). Previous data from Pei et al., 1996; Shi et al., 2013; Yan et al., 2016.
All amphibolites display very uniform chondrite-normalized REE patterns, with LREE weak enrichment relative to the HREE, weak positive Eu anomalies (Eu/Eu* = 0.94–1.24) and moderate fractionation (LaN/YbN = 3.17–5.59) (Figure 9c). In the primitive mantle-normalized spider diagram (Figure 9d), the samples show no depletion of Nb and Ta, and exhibit significant positive Pb anomalies. The significant negative Sr anomalies in sample 13WNQ-27 are attributed to the incompatibility of Sr during hydrothermal alteration. All amphibolite exhibit both E-MORB-like and OIB-like trace elemental characteristics. Overall, the geochemical signatures suggest an intraplate tectonic setting or continental rift environment for the protolith basalts.
5 DISCUSSION
5.1 Ages and depositional setting of meta-sedimentary rocks in the Wuguan Complex
5.1.1 Depositional age of meta-sedimentary rocks
It is generally accepted that the youngest concordant age of detrital zircons from sedimentary rocks can be used to constrain the maximum depositional age (e.g., Fedo et al., 2003; Nelson, 2001; Williams, 2001). Furthermore, the youngest detrital zircon population is a robust indicator of depositional age only if coeval magmatism was ongoing (Dickinson and Gehrels, 2009). In this study, Sample 15WG-07 yields a youngest detrital age of ∼410 Ma, indicating deposition in the Middle Devonian or slightly younger. The North Qinling belt contains widespread Early Paleozoic granitoids and related volcanic rocks (Zhang et al., 2013; Wang et al., 2003; Wang X.X. et al., 2013). These magmatic events, ranging through the Late Ordovician–Silurian (∼450–420 Ma), would have supplied young zircon grains to the sedimentary systems up to the early Devonian. Thus, the youngest detrital zircons in sample 15WG-07 yielding a mean of 410 ± 9 Ma are likely recording near-depositional ages. Similarly, samples 15WG-08 and 13WNQ-26 have youngest detrital ages ∼746–748Ma, suggesting a Mid-Neoproterozoic depositional age. These ages are significantly older than the regional metamorphic overprint (∼340–310Ma; Chen et al., 2020; Sheir et al., 2024; Bader et al., 2025), confirming that sedimentation occurred well before the Late Paleozoic metamorphism.
Combining our data with previous detrital zircon ages from the Wuguan Complex (Chen et al., 2014a; Yan et al., 2016; Li et al., 2020; Guan et al., 2022), we identify two distinct types of detrital age patterns for the Wuguan metasedimentary rocks (Figures 10a, b). The first type is characterized by predominantly early Paleozoic ages with a prominent peak at ∼446 Ma (Figure 10a). In this type, and after excluding the clearly metamorphic zircon ages (e.g., 310–360 Ma in sample 13WNQ-26), the youngest detrital zircons in each sample range from ∼438 Ma to ∼380 Ma (Table 2; Figure 10a). The second type shows a youngest detrital zircon population at ∼ 740–760 Ma (Table 2), significantly older than the first type, with a dominant age peak at ∼ 650–900 Ma (Figure 10b), indicating deposition around 740 Ma. Based on these two distinct detrital age populations and youngest age peaks, the metasedimentary rocks of the Wuguan Complex can be subdivided into a Devonian unit and a Mid-Neoproterozoic unit.
[image: Figure 10]FIGURE 10 | Detrital zircon age distribution of sedimentary rocks from (a) Devonian unit of Wuguan complex; (b) mid-Neoproterozoic unit of Wuguan complex; (c) Liuling group in the South Qinling; (d) magmatic and basement rocks in the South Qinling and Northwestern margin of Yangtze Block. Data sources: Devonian unit of Wuguan complex - Chen et al. (2014b), Yan et al. (2016), Li et al. (2020), Guan et al. (2022) and this study; middle Neoproterozoic unit of Wuguan complex–Shi et al. (2013), Yan et al. (2016) and this study; Liuling group–Duan (2010), Dong et al. (2013), Chen et al. (2014a), Wang H et al. (2014), Liao et al. (2017) and Guan et al. (2022); South Qinling data from Supplementary Table S5; Northwestern margin of the Yangtze Block data from Supplementary Table S6.
TABLE 2 | The maximum depositional ages of rocks from the Wuguan Complex.
[image: Table 2]It should be noted that this subdivision by age does not imply a perfectly separate stratigraphic sequence in the field. In fact, some meta-sedimentary rocks mapped within the Mid-Neoproterozoic unit contain detrital zircon age spectra similar to the Devonian unit (e.g., with ∼440 Ma peaks), suggesting that the two units may be tectonically interleaved or in close proximity. Therefore, we use these age groups to inform a subdivision of the complex, but we emphasize that these units are tectonic slices in a mélange rather than laterally continuous stratigraphic units.
5.1.2 Provenance of detrital zircons in the meta-sedimentary rocks
The sediments eroded from orogenic belts and deposited in adjacent basins preserve valuable information about their provenance. Geochemical studies indicate that the Wuguan sedimentary protoliths had low compositional maturity and were derived from proximal continental arc sources, dominated by felsic material with only minor mafic/ultramafic input (Yan et al., 2016). The sedimentary rocks of the Wuguan Complex predominantly composed of greywacke and lithic sandstone (Yan et al., 2016; Li et al., 2020) with minor Mg-Fe minerals (i.e., amphibole Figures 4a, b), suggesting that these deposits were likely formed close to the source. Thus, the provenance of the sedimentary protoliths most likely originated from adjacent continents, i.e., the North China Craton, the North Qinling belt, the South Qinling Belt and the Yangtze Block.
Detrital zircons from the Devonian unit display the dominant age population falls within the range of ca. 407–505 Ma, with two subordinate age clusters at ca. 632–896 Ma and ca. 1,191–1825 Ma (Figure 11c). These age spectra closely resemble the age pattern of Upper-Middle Devonian Liuling Group (Figure 10c), suggesting a common source and tectonic setting for these deposits. In contrast, detrital zircons from the middle Neoproterozoic unit show the most dominant age population is ca. 732–967 Ma, comprising 85% of all ages (Figure 11d). Widespread magmatic events between 650 and 900 Ma in the South Qinling and the northwestern margin of the Yangtze Block could have served as the source for these detrital zircons (Figure 10d).
[image: Figure 11]FIGURE 11 | (a, b) Comparison of εHf(t) signature in zircons from the Wuguan Group and the lithologies in the Qinling and adjacent areas, εHf(t) data fields of the Qinling and adjacent areas from Supplementary Appendix A3; (c, d) two distinct types of age patterns for the metasedimentary rocks in this study.
A dominant age population between 400 and 505 Ma with an age peak at 440 Ma (Figure 10c), which are comparable to the episode of voluminous early Paleozoic magmatism in the North Qinling Belt (e.g., Wang C. et al., 2013; Zhang et al., 2013; Ren et al., 2021). Further constraints on the nature of the magma sources can be inferred from the zircon Hf isotope compositions of these meta-sedimentary rocks. The early Paleozoic detrital zircons exhibit both negative and positive εHf(t) values, with the majority showing negative values. This characteristic is similar to that observed in early Paleozoic magmatic rocks from the North Qinling Belt (Figure 11a).
Another predominant detrital zircon age population ranges between 632 and 896 Ma, with peaks at 822 Ma (Figure 10a). The 750–830 Ma detrital zircons are consistent with the ages of 640–810 Ma granitic and mafic intrusions in the South Qinling Belt (Figure 10d; Li H. K. et al., 2003; Ling et al., 2007; Zhang et al., 2016; Dong et al., 2017; 2024; Wu et al., 2024), as well as the voluminous Neoproterozoic magmatic rocks from the Bikou, Hannan, and Micangshan massifs along the northwestern margin of the Yangtze Block (Figure 10d; Dong et al., 2011c; Dong et al., 2012; Dong et al., 2024; Zhao and Zhou, 2009; Wang et al., 2012; Wu et al., 2024). Some researchers have proposed that the 750–850 Ma age population could be derived from eclogites and meta-mafic rocks of the Qinling and Kuanping groups in the North Qinling Belt rather than the South Qinling Belt (Yan et al., 2016; Li et al., 2020; Zhao et al., 2021). However, the protolith of the eclogites and Neoproterozoic meta-mafic rocks from the Qinling Complex exhibits high positive zircon εHf(t) values (Wang et al., 2011; Wang et al., 2013b; Yu et al., 2016). In contrast, the 750–890 Ma detrital zircons in this study contain 33% of grains with negative εHf(t) values (−0.2 to −17.9; Figure 9), which are more similar to those of Neoproterozoic zircons from the Douling Group (−5.4 to −0.3; Shi et al., 2013; Zhang et al., 2018) and Liuba granites (−14.9 to −4.9; Zhang et al., 2016) in the South Qinling Belt (Figures 11a, b). Moreover, while the eclogites and meta-mafic rocks with protolith ages of ca. 750–850 Ma in the North Qinling Belt could have been a potential source for the Wuguan Complex, their limited outcrop area (less than 5% of the Qinling Complex) would not have been capable of providing the voluminous detritus in the Wuguan sediments. Compared to the widespread Neoproterozoic magmatic and sedimentary rocks in the South Qinling Belt and the northwestern margin of the Yangtze Block, the small number of exposed mafic rocks from the North Qinling Belt is unlikely to be the main source of the Neoproterozoic detrital zircons (ca. 750–850 Ma) in the Wuguan sediments.
In addition, the paragneiss of the Qinling Complex in the North Qinling belt should be the main source of minor Mesoproterozoic-Archean detrital zircon population of the Wuguan Complex. Collectively, the sediments in the Devonian unit were largely derived from the North Qinling with minor contributions from the South Qinling belt and the northwestern Yangtze Block. Whereas, the Neoproterozoic zircons from the middle Neoproterozoic unit was only originated from the South Qinling and the northwestern margin of the Yangtze Block. These facts further supported previous interpretation that the Wuguan Complex is a lithological complex rather than a continuous lithostratigraphic unit (Pei et al., 1997; Yan et al., 2016; Chen et al., 2014a; 2020; Li et al., 2020).
5.2 Age and petrogenesis of meta-mafic volcanic rocks in the Wuguan Complex
5.2.1 Age of the protoliths
Mafic volcanic rocks are an important component of the Wuguan Complex, but there is ongoing debate regarding the age and tectonic significance of their protoliths. Pei et al. (1997) proposed that the protolith of the mafic volcanic rocks was Neoproterozoic, suggesting that they were rift-related basalts later incorporated into the Wuguan mélange. Lu et al. (2004) suggested that the protolith formed at 1,243 ± 46 Ma (TIMS) and underwent metamorphism at 436 ± 46 Ma. In contrast, Chen et al. (2009) argued that the protolithic age of the amphibolite was no older than the late Devonian, with ca. 348 Ma metamorphism by zircon LA-ICP-MS dating. More recently, Chen et al. (2014b) and Sheir et al. (2024) reported the Silurian to early Devonian protolith age of 446 ± 2 Ma and ca. 405–425 Ma for garnet amphibolite and diabase dike in the Wuguan Complex. Shi et al. (2013) obtained zircon ages of ∼440 Ma from an amphibolite and interpreted them as metamorphic ages, inferring an early Neoproterozoic (∼800 Ma) protolith that was metamorphosed during the Silurian. They suggested these mafic rocks were emplaced into the Wuguan sedimentary prism in the latest Neoproterozoic to earliest Paleozoic, with the ∼440 Ma ages reflecting Silurian metamorphism. However, CL imaging and high Th/U ratios (average ∼1.06) of those zircons indicate a magmatic origin for the Early Paleozoic grains. We therefore suggest that the 444 ± 2 Ma age reported by Shi et al. (2013) likely represents the crystallization age of the basaltic protolith. In our study, amphibolite sample 13WNQ-27 yields a mean weighted U-Pb age of 436 ± 6 Ma, suggesting that its protolith formed during the Silurian. Combining these data, we propose that ∼440 Ma is the best estimate for the formation age of the meta-mafic volcanic protoliths in the Wuguan Complex.
It is noteworthy that the U-Pb age spectrum of sample 13WNQ-27 (Figure 6d) exhibits multiple age populations, resembling those of the metasedimentary rocks. There are two possibilities: (1) the ∼436 ± 6 Ma represents the crystallization age of the protolith (a Silurian mafic intrusion or flow) and the older zircons are xenocrysts picked up from continental crust or sediment during magma ascent; or (2) the amphibolite could be meta-volcanic or meta-volcaniclastic rock that contains detrital zircons from its depositional environment. Given the clear magmatic zoning and high Th/U values of the Silurian-age zircons in 13WNQ-27, we interpret ∼436 Ma as the crystallization age of an igneous protolith (likely a basaltic flow or sill) that assimilated older crustal material or incorporated detrital zircons during emplacement. However, a volcaniclastic or sedimentary origin for the protolith cannot be entirely ruled out.
5.2.2 Petrogenesis of the protoliths
REEs, HFSEs such as Th, Nb, Ta, Zr, Hf, and Ti, and transitional metals like Sc, V, Cr, and Ni, are generally considered immobile during low-grade metamorphism and alteration (Gao et al., 1999; Polat and Hofmann, 2003). The amphibolite exhibits strong correlations between Hf, Ti, Ce, Yb, Nb, and Zr (Supplementary Appendix A2), suggesting that these elements remain relatively immobile during subsequent alteration and metamorphic processes. In contrast, LREEs such as Rb and Ba are scattered and no correlations with Zr, indicating varying degrees of mobility. Therefore, the subsequent discussion on tectonic significance will be primarily based on most of the immobile elements.
The amphibolite show sub-alkalic to alkaline basaltic bulk composition and a tholeiitic trend (Figures 9a, b). They display both MORB-like and OIB-like trace elemental characteristics (Figures 9c, d). On the Th/Yb versus Nb/Yb diagram, all meta-mafic volcanic rocks lie along the MORB-E-MORB-OIB array (subduction-unrelated field), consistent with an intraplate or oceanic within-plate basalt affinity (Figure 12a). Their combined enrichment in Nb–Ta and high TiO2, yet with no indication of subduction-related enrichment in Th or LILEs, suggests they did not form in a typical arc or back-arc basin setting. Instead, the data point toward an intraplate tectonic environment, such as a continental rift or ocean island. The zircon populations provide additional constraints. As shown in Figure 6d, amphibolite contains numerous xenocrystal and/or inherited zircons with ages ranging from 600 Ma to 2,500 Ma. The significant time gap (up to 2000 Ma) between the crystallized age (ca. 410–440 Ma) and the oldest xenocrystal zircons (∼2,500 Ma) strongly suggests involvement of ancient continental material. In the Zr–Y–Nb and La–Nb–Y tectonic discrimination diagrams (Figures 12b, c), the amphibolites plot in the within-plate basalt field, supporting an intraplate setting. The high Ti content (TiO2 up to 3.11 wt%) and Nb–Ta enrichment are characteristic of within-plate (plume-related) basalts. This interpretation is further supported by the depleted zircon εHf(t) values (Figure 8b) indicating an enriched (possibly continental lithospheric) mantle source, and by field observations of these amphibolites occurring as lenses or dikes intruding sedimentary rocks and marbles (Figures 3e, f) rather than as a coherent oceanic crustal section. In addition, the geochemical traits of the Wuguan amphibolites differ from those of the Ordovician–Silurian arc basalts of the nearby Danfeng Complex, which have distinct arc-like signatures (Dong et al., 2011b). However, we note that the presence of inherited ancient zircons in the Wuguan basalts does not entirely preclude an oceanic setting, as rare cases of oceanic basalts carrying recycled continental components have been documented (Liu et al., 2022).
[image: Figure 12]FIGURE 12 | Tectonic discriminant diagrams for the Mianyuzui meta-mafic volcanics from Wuguan Complex. (a) Nb/Yb–Th/Yb diagram (Pearce and Peate, 1995); (b) Zr/Y-Zr diagram after Pearce and Norry (1979); (c) Nb–Zr–Y diagram (Meschede, 1986); (d) Y–La–Nb diagram (Cabanis and Lecolle, 1989). Previous data from Pei et al., 1996; Shi et al., 2013; Yan et al., 2016.
Taken together, we infer that the Wuguan meta-mafic volcanic unit formed during the Silurian (∼440 Ma) in an intraplate extensional setting. One plausible scenario is a local Silurian extensional event within the South Qinling margin (perhaps related to slab break-off or back-arc extension during an ongoing collision) that generated mafic magmatism. This is consistent with the absence of Silurian–Devonian shallow-marine strata in the South Qinling (Ren et al., 2019; Jiang et al., 2019) and with the occurrence of coeval mafic dikes intruding the Wuguan Complex to the west (Dong et al., 2013). We suggest that these basalts mark a brief tectonic transition from compression to extension in the South Qinling Belt during the Silurian.
5.3 Tectonic implications
Since Yu et al. (1988) presented Wuguan Complex as a forearc sedimentary prism, it has been generally accepted that the Wuguan Complex is a tectonic mélange rather than a continuous lithostratigraphic unit. However, its ages, provenance, and tectonic setting remain controversial, leaving its geological implications for the evolution of the Qinling Orogenic belt ambiguous. Pei et al. (1997) suggested that the meta-sedimentary and mafic-volcanic rocks in the Complex should be formed at Neoproterozoic in an active continental and within-plate setting, a view also supported by Lu et al. (2004) and Shi et al. (2013). Dong et al. (2013) reported the Silurian depositional age (ca. 455–435 Ma) for the forearc sedimentary prism in Heihe area, while the widespread Devonian sediments (i.e., Liuling Group) were deposited in a foreland basin, a passive margin or an extensive basin (e.g., Gao et al., 1995; Zhang et al., 2001; Dong et al., 2013; Liao et al., 2017; Ren et al., 2019). This evidence supports the closure of Paleo-Qinling Oceanic prior to the Devonian. In contrast, Yan et al. (2016) proposed that the Wuguan Complex comprises late Ordovician (ca. 520–460 Ma) island arc or E-MORB basalts, along with late Ordovician to early Silurian (ca. 450–430 Ma) and late Devonian to early Carboniferous (ca. 378–351 Ma) arc-related volcanic and sedimentary rocks. They interpreted the provenance of these components as being derived from a continental arc source in the North Qinling belt (Chen et al., 2014a; Yan et al., 2016; Li et al., 2020), suggesting that the Wuguan Complex was deposited in a fore-arc basin formed by the northward subduction of the long-lived Paleo-Qinling Ocean during at least ca. 400–330 Ma (Yan et al., 2016; Chen et al., 2020; Li et al., 2020; Bader et al., 2025).
The detrital zircons from the Wuguan metasedimentary rocks indicate two main depositional periods (Mid-Neoproterozoic and Devonian), confirming that the Wuguan Complex is not a single continuous sequence but a tectonic mélange of different-aged units. The Mid-Neoproterozoic sedimentary unit records clastic deposition on the northern margin of the Yangtze (South Qinling), while the Devonian unit corresponds to clastic deposition related to the convergence of the North and South China blocks. The Silurian mafic unit, with its intraplate basalt signature, points to a localized extensional regime in the midst of overall convergence. We propose that a reappraisal of the Wuguan Complex that highlights three components, including Mid-Neoproterozoic metasedimentary slices, Silurian meta-mafic volcanic slices, and Devonian metasedimentary slices. These units were structurally juxtaposed by ductile strike-slip faults (Chen et al., 2014a; Jiang et al., 2017; Sheir et al., 2024; Bader et al., 2025) during the Early Carboniferous.
The Silurian meta-mafic volcanic unit (ca. 430–440 Ma) includes mafic flows interlayered with carbonate and clastic rocks. These intercalated marbles and sandstones in the Silurian unit can be interpreted as foredeep deposits along the southern edge of the North Qinling arc, coincident with mafic volcanism in an intraplate setting. This scenario indicates a local tectonic transition in the Qinling Belt from compressional to extensional during the Silurian. It is supported by (1) the presence of coeval (∼435 Ma) mafic dikes intruding the Wuguan Complex in the Heihe area (Dong et al., 2013), and (2) the general absence of extensive Silurian–Devonian shallow marine strata in the South Qinling, where Late Paleozoic sediments lie unconformably on Early Paleozoic rocks, reflecting a collisional orogenic event between the North and South Qinling that began in the Late Early Silurian and was largely complete by the Devonian (Jiang et al., 2019; Ren et al., 2019; Leng, 2023). The Devonian sedimentary unit shows detrital input largely from the North Qinling with minor contributions from the South Qinling, and is correlative with the Devonian Liuling Group, interpreted as a foreland or peripheral basin deposit formed after the main phase of Paleo-Qinling ocean closure (Gao et al., 1995; Zhang et al., 2001; Dong et al., 2013; Liao et al., 2017; Ren et al., 2019). However, other studies suggest that the Paleo-Qinling Ocean remained at least partially open through Devonian time, with subduction persisting until the Late Paleozoic (Yan et al., 2016; Chen et al., 2020; Li et al., 2020; Bader et al., 2025). In this scenario, the Devonian Wuguan Complex (and Liuling Group) could have formed in a subduction-related fore-arc or accretionary basin rather than exclusively in a post-collisional setting. These evidences suggest that the collision between the North and South Qinling along the Shangdan suture zone was underway by the Early Silurian (Mattauer et al., 1985; Gao et al., 1995; Zhang et al., 2001; Liu et al., 2016; Ren et al., 2019; Dong et al., 2011b; 2013; 2021), or possibly as early as the Early Ordovician (Liu et al., 2016; Liao et al., 2017). At the same time, continued subduction in certain segments of the suture through Devonian–Carboniferous time (Yan et al., 2016; Chen et al., 2020; Li et al., 2020) implies that final closure of the Paleo-Qinling Ocean was a protracted, diachronous process.
6 CONCLUSION

(1) The meta-sedimentary rocks in the Wuguan Complex can be subdivided into a Devonian (ca. 380–400 Ma) Unit and a mid-Neoproterozoic (732–743 Ma) Unit. The Devonian sediments exhibit a mixed source, primarily derived from both North Qinling and South Qinling magmatic and/or basement rocks. The mid-Neoproterozoic sediments are derived from the widespread Neoproterozoic South Qinling magmatic rocks.
(2) The meta-mafic volcanic rocks in the Wuguan Complex, with interlayers of marble and sedimentary rocks, formed at 436 ± 6 Ma, exhibiting high TiO2 content, both E-MORB and OIB features, and depleted zircon εHf(t) values, indicating formation within an intraplate tectonic setting.
(3) The lithological units in the Wuguan Complex have been re-evaluated and include the mid-Neoproterozoic sedimentary unit, the Silurian meta-mafic volcanic unit, and the Devonian sedimentary unit. These units were structurally juxtaposed by ductile strike-slip faults during the Early Carboniferous. The closure of the Paleo-Qinling Ocean and the collision between the North and South China blocks began by the Early Silurian (possibly as early as the Ordovician), but subduction likely continued in parts of the orogen into the Devonian, indicating final closure of the Paleo-Qinling Ocean was a protracted, diachronous process.
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