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The closure of the Paleo-Tethys Ocean lead to the collisional amalgamation of the various blocks including South China, Indochina and North China blocks, which results in the formation of the Qinling and Ailaoshan orogenic belts. But the tectonic evolution of the two orogenic belts remains highly debated during the Triassic. The eastern Sichuan Basin, preserving the complete Triassic depositional successions, offers crucial insight into the tectonic evolution of the two orogenic belts in this period. Detailed geological investigations and provenance analyses using detrital zircon U–Pb–Hf isotopic data and trace element compositions are conducted on the Middle Triassic Leikoupo Formation samples in the eastern Sichuan Basin. The age distribution of the middle part of the Leikoupo Formation (Member-2) shows five age clusters of 290∼230 Ma, 330∼290 Ma, 470∼390 Ma, 900∼840 Ma and 1400∼1200 Ma, and those of the top (Member-3) show four age clusters of 250∼238 Ma, 330∼300 Ma, 960∼900 Ma and 2550∼2450 Ma. Considering proximity and widespread distribution, the sediments of the sample at middle part are interpreted to source from the Ailaoshan orogenic belt, the North Qinling orogenic belt and late Paleozoic granites in the Cathaysian Block. The samples at the top primarily originated from the Ailaoshan orogenic belt, basement rocks and Neoproterozoic granites in the Yangtze Block and late Paleozoic granites in the Cathaysian Block. Provenance analysis indicates that the North Qinling orogenic belt can provide a large amount of materials for the Middle Triassic, which suggests this belt was in an uplift stage and was the extension of the Caledonian orogeny since the early Paleozoic. Combining the obtained ages, published data and lithofacies paleogeography, the Early-Middle Triassic source rocks have contributions from the early Mesozoic granites in Ailaoshan orogenic belt, which suggests the Ailaoshan orogenic belt has experienced initial tectonic uplift in the Early Triassic. This initial uplift is related to the collisional amalgamation between the South China Block and Indochina Block.
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1 INTRODUCTION
The collisional amalgamation of various blocks including South China, Indochina and North China blocks driven by the closure of the Paleo-Tethys Ocean results in the formation of the Qinling and Ailaoshan orogenic belts (Figure 1; Liu et al., 2023). Due to intense tectonic metamorphic deformation events during the Cenozoic, much geological evidence has been completely altered or eroded, thereby complicating the interpretation of the Triassic tectonic history of the Qinling and Ailaoshan orogenic belts. The debate over the uplift history of the Qinling orogenic belt (QOB) has persisted for decades and is focused on two contentious points: (1) Previous studies suggest that this belt underwent extensive uplift in the Indosinian stage (Zhang et al., 1996; Chen, 2010). (2) Several scholars have pointed out that this belt underwent long term multistage tectonic evolution, with the uplift process primarily controlled by the Caledonian orogenic movement and Indosinian orogenic movement (Ren et al., 2019). Furthermore, the initial tectonic uplift of the Ailaoshan orogenic belt (AOB) related to the collisional amalgamation between the South China Block (SCB) and Indochina Block (ICB) remains highly debated with the ages spanning the Late Permian to the Late Triassic (Yunnan Bureau of Geology and Mineral Resources, 1990; Wang et al., 2020). Therefore, further discussion is needed to resolve this dispute and gains a deeper understanding to reconstruct the tectonic evolution of the QOB and AOB in the Triassic.
[image: Geological map of regions in Southern China, featuring colored areas denoting various geological formations, including Archean, Paleozoic, and Neoproterozoic strata. Key faults, such as Longmenshan and Jiang-Shao, are marked. Major cities like Chongqing and Kunming are shown. The map includes a legend and compass for orientation.]FIGURE 1 | Geological map showing the distribution of Precambrian rocks (modify after Zhao and Cawood, 2012; Sun et al., 2018).In an orogenic belt-basin system, debris within the basin frequently preserves a large amount of geological information connected to the evolution of the belt, and enables the reconstruction of evolution of the belt through debris (Cawood et al., 2012; Caracciolo, 2020; Wang et al., 2023). Zircons have extremely physical and chemical stability and are not easily affected by weathering, transportation, deposition, and erosion, which retain the original information of their source rocks (Fedo et al., 2003; Siebel et al., 2009; Gehrels, 2014; Ramírez-Montoya et al., 2022; Jian et al., 2024). U–Pb detrital zircon geochronology in sediments can be used to discriminate source terranes and estimate the uplift or non-uplift state of the orogenic belt (Gehrels, 2014; Terentiev and Santosh, 2016; Madhavaraju et al., 2019; González-León et al., 2020; Galindo-Ruiz et al., 2025; Ramirez-Montoya et al., 2025).
In this paper, we collected samples from the Middle Triassic Leikoupo Formation sediments in the Dabazi section, eastern Sichuan Basin. By using detrital zircon U–Pb–Hf isotopic data and trace element compositions, the potential sources were discussed. This study seeks to reconstruct the tectonic history of the Qinling and Ailaoshan orogenic belts during the Middle Triassic through provenance analysis.
2 GEOLOGICAL SETTING
2.1 Qinling orogenic belt
The QOB is a tectonic domain between the North China Block (NCB) and the SCB, and is adjacent to the Kunlun–Qilian orogenic belt to the west and the Dabie–Sulu orogenic belt to the east (Dong et al., 2013). This belt experienced multi-stage complex tectonic evolution (Zhang et al., 1996; 2001), and was formed by the Middle-Late Triassic eventual collision between the NCB and SCB. This belt subsequently entered Early Jurassic to Early Cretaceous innercontinental orogenic stage (Dong et al., 2013; 2022; Dong and Santosh, 2016). It could be split into two structurally tectonic units: North Qinling orogenic belt (NQOB) and South Qinling orogenic belt (SQOB) (Zhang et al., 2001). The NQOB is located between the Luonan–Luanchuan–Fangcheng fault and the Shangdan suture zone. It consists of Precambrian basement, Neoproterozoic and early Paleozoic ophiolites and volcanic–sedimentary sequences, which are unconformably overlain by Carboniferous–Permian sedimentary successions (Dong et al., 2011). The SQOB is located between the Shangdan suture zone and the Mianlue suture zone and is characterized by a south–vergent imbricated thrust–fold (Zhang et al., 2001). It mostly consists of Neoarchean basement, Neoproterozoic volcano–sedimentary sequences, and Sinian to Middle Triassic sedimentary successions (Dong and Santosh, 2016). During the Neoproterozoic to early Paleozoic, the NQOB had tectonic affinity with the southern margin of the NCB. The northward underthrusting of the Shangdan Ocean caused the NQOB to become an active plate margin in the Cambrian. Then, the NQOB and SQOB underwent tectonic convergence along the Shangdan suture zone in the middle Paleozoic. The Early Paleozoic spreading of the Mianlue Ocean resulted in the separation of the SQOB from the SCB in the early Paleozoic. The subsequent collision between the South and North China blocks culminated in the formation of the QOB (Dong and Santosh, 2016).
2.2 Ailaoshan orogenic belt
The AOB is an NW-SE trending tectonic unit and located west of the SCB, which extends over 400 km with an average width of 60 km (Figure 1). Three major fault zones are distributed within this tectonic belt, from northeast to southwest: the Ailaoshan fault zone, Tengtiaohe fault zone, and Jiujia‒Anding fault zone (Yunnan Bureau of Geology and Mineral Resources, 1990). This belt has experienced a long history of tectonic evolution, including Devonian featuring continental rifting, early Carboniferous‒middle Permian seafloor spreading, late Permian oceanic lithosphere underthrusting, Late Triassic‒Cenozoic continent‒continent collision, and Cenozoic left-lateral shearing (Zhong, 1998). This belt mainly consists Paleo- and Mesoproterozoic metamorphic rocks (amphibolite rock, granulite rock and greenschist), Paleozoic-Mesozoic sedimentary and Permian-Traissic igneous rocks.
2.3 Study region and samples
The Sichuan Basin is located in the western margin of the SCB (Figure 1a) and covers an area of 1.8 × 105 km2. It is bounded by the QOB to the northeast, the Longmenshan to the northwest and close to the AOB to the southwest (He et al., 2020). The Sinian to Middle Triassic marine carbonate rocks in the basin have a thickness of 4100∼7000 m, and the Upper Triassic to the Quaternary continental clastic rocks have a thickness of 3500∼6000 m. This basin comprises five secondary tectonic units: northern gentle structural zone, the western depression, southern low-steep structural zone, the central uplift and the eastern steep structural zone.
The Middle-Late Triassic stratigraphic successions are well distributed in the study region (Figure 2a). The Leikoupo Formation mainly preserves continuous carbonate depositional from the underlying Early Triassic Jialingjiang Formation, with an unconformity surface separating from the overlying Late Triassic Xujiahe Formation. During the deposition of Leikoupo Formation, it suffered from remarkable changes with further marine regression due to tectonic uplift, which made the deposits of gypsum rock sedimentation. The sedimentary environment of the study region was restricted to an evaporitic platform during the Leikoupo period. This formation features multiple layers of marine carbonate and evaporite, including limestone, dolomite, gypsum and shale, and could be subdivided into three members: Member-1 comprises dolomite, micrite, breccia, and gypsum with a thickness of ∼150 m, which conformably overlies the “mung bean rock” bed; Member-2 includes dolomitic mudstone, argillaceous dolomite and argillaceous limestone with a thickness of ∼120 m; Member-3 inherited the sedimentary model of Member-2 and was composed of up to 350 m of dolomite limestone, argillaceous dolomite, calcareous mudstone and argillaceous limestone. The study region underwent tectonic uplift due to the Indosinian movement, and the Member-4 was partially exposed to the surface and experienced denudation (He et al., 2020).
[image: Geological map and stratigraphic column showing the Daba region. Panel (a) depicts the geological formations, marked with different colors for time periods such as Quaternary, Triassic, and Late Triassic. Major cities like Guangan and Chongqing are indicated with circles. The Dabazi section is marked by a red star. Panel (b) illustrates the Dabazi stratigraphic column from the Late Triassic with formations like Xujiahe and Leikoupo. Samples DBZ-14-R-1, DBZ-14-R-2, and DBZ-10-R-2 are marked by red stars at different depths. A legend at the bottom explains symbols and colors used.]FIGURE 2 | (a) Geological sketch of the study region (Cao et al., 2023); (b) The Dabazi cross-section in the study region.The Dabazhai section (DBZ) is studied in Pingba village, Quxian County, Dazhou city, eastern Sichuan (30°56′53.07″N, 107°9′47.91″E), and we collected three representative samples from the Middle Triassic Leikoupo Formation (Figure 2b). The sampling interval in the section is typically interbedded with argillaceous limestone and mudstone, with mud content downwardly increasing. Among them, sample DBZ-10-R-1 is collected from the dark grey middle-bedded mudstone at the Member-2 (Figures 3a,b; Figures 4a,b); sample DBZ-14-R-1 and DBZ-14-R-2 are collected from the grayish yellow thick and middle-bedded argillaceous limestone at the Member-3 (Figures 3c–f; Figures 4c–f). These samples exhibit high content of clay minerals, with a content greater than 25%.
[image: (a) and (b) show a rocky outcrop labeled DBZ-10-R-1 with vegetation. A close-up shows a rock hammer. (c) and (d) display DBZ-14-R-1 with foliage and rock hammer details. (e) and (f) depict DBZ-14-R-2 with rocks and a measuring tool. Each section highlights geological features.]FIGURE 3 | Field photographs showing the sampling locations. (a,b) mudstone at the middle of the Leikoupo Formation; (c,d) argillaceous limestone at the top of the Leikoupo Formation; (e,f) argillaceous limestone at the top of the Leikoupo Formation.[image: Microscopic images of material surfaces labeled (a) to (f) with scale bars of two hundred micrometers. Images (a) and (b) show smoother, lighter surfaces labeled DBZ-10-R-1. Images (c) and (d) display DBZ-14-R-1 with a rougher, darker texture and speckled appearance. Images (e) and (f) are labeled DBZ-14-R-2, also rough and dark, with visible lighter spots.]FIGURE 4 | Photomicrographs of the samples in the study region. (a,b) DBZ-10-R-1. (c,d) DBZ-14-R-1. (e,f) DBZ-14-R-2.3 ANALYTICAL METHODS
Zircon separation is through standard heavy-liquid separation and magnetic method at Hongchuang GeoAnalysis, Nanjing. After the samples were crushed and pulverized to 40–60 mesh, zircons were separated by using conventional magnetic and heavy-liquid methods, and then hand-picked under binocular microscope. Approximately 300 grains for each sample were mounted in epoxy and polished to expose the maximum section (1/2) of zircon crystals. Zircon grains were photographed in transmitted light and reflected light, and then imaged by cathodoluminescence (CL) to reveal their morphology and internal textures of zircon grains.
Zircon U–Pb isotope and trace element analyses were conducted at the Institute of Mineral Resources, Chinese Academy of Geological Sciences. The Finnigan Neptune ICP-MS and a Newwave UP 213 Laser-Ablation system were used for the analysis. The detailed analytical technique was detailed by Liu et al. (2010). The diameter of the zircon beam spot was 25 μm, and the repetition rate was 10 Hz. Every set of ten sample analyses was followed by analysis of zircon standards GJ-1, SRM610 and 91500. Zircon 91500 was used as an external standard to correct 207Pb/206Pb, 206Pb/238U, 207Pb/235U and 208Pb/232Th ratios. Data processing was performed with ICPMSDataCal software, and age calculations and concordia diagrams were completed with the ISOPLOT program. Zircon ages were taken as 207Pb/206Pb ages for grains older than 1000 Ma and 206Pb/238U ages for grains younger than 1000 Ma.
In situ Lu–Hf isotopic analyses were conducted using a Neptune Plus MC-ICP-MS equipped with a 193 nm laser ablation system. The spot size was 32 μm, and the repetition rate was 8 Hz with helium used as the carrier gas. GJ1 was used as the reference material. Spots for Hf isotope analysis and spots for U–Pb dating analysis were incompletely coincident, and they were all in the same zircon grains. Operating circumstances and procedures refer to Hou et al. (2007).
4 RESULTS
4.1 Detrital zircon U–Pb dating
A total of 310 zircon grains from samples were subjected to U–Pb geochronological analysis. Among them, 194 grains with >90% concordance are selected for final interpretation. The complete data can be found in Supplementary Table S1. The cathodoluminescence images indicate that zircon grains of samples have euhedral to subhedral shapes and measures between 80 and 150 μm in length. Most zircon grains exhibit well-preserved oscillatory zoning, consistent with a magmatic zircon (Figure 5).
[image: Sixteen zircon age measurements, divided into three sections labeled (a), (b), and (c), display individual zircon images with magnification scale. Yellow circles highlight crystallographic features. Ages range from 238 to 2506 million years across different samples, specifying measurements like 243 ± 4 Ma and 1373 ± 54 Ma. Each zircon is uniquely numbered for reference.]FIGURE 5 | Representative cathodoluminescence (CL) images of representative zircon grains from samples and their U–Pb ages and εHf(t) values. The white and black circles represent the analytical sites of the zircon U–Pb ages, and yellow circles represent the analytical sites of the zircon Hf isotope. (a) DBZ-10-R-1. (b) DBZ-14-R-2. (c) DBZ-14-R-2.The sample DBZ-10-R-1 produced 120 U–Pb isotopic analyses, and a total of 54 analyses yielded scattered ages of 2509∼239 Ma. The age population can be divided into five clusters at 250∼238 Ma, 330∼290 Ma, 470∼390 Ma, 900∼840 Ma and 1400∼1200 Ma with main peaks at 242 Ma, 309 Ma, 403 Ma, 863 Ma and 1300 Ma (Figures 6a,b).
[image: Scatter plots and histograms show isotopic data. Left column: Concordia diagrams with ellipses corresponding to data points labeled with approximate ages (e.g., 500, 1500 Ma). Right column: Age probability histograms with red curves for age probabilities and blue bars for the number of samples at specific ages, ranging from 0 to 3500 Ma. Each panel is labeled (a) to (f) with dataset identifiers and sample sizes (e.g., DBZ-10-R-1, N = 54).]FIGURE 6 | U–Pb concordia diagrams and normalized probability density distribution (red curves) of ages, showing the results of the LA-ICP-MS dating. (a,b) DBZ-10-R-1. (c,d) DBZ-14-R-1. (e,f) DBZ-14-R-2.The sample DBZ-14-R-1 produced a total of 100 U–Pb isotopic analyses, and a total of 75 analysesy ielded scattered ages of 3208∼234 Ma. The age spectra can be divided into two clusters at 290∼234 Ma and 450∼400 Ma with main peaks at 240 Ma and 418 Ma (Figures 6c,d).
The sample DBZ-14-R-2 produced a total of 90 U–Pb isotopic analyses, and a total of 65 analyses yielded scattered ages of 3000∼238 Ma. The age spectra can be divided into four clusters at 250∼238 Ma, 330∼300 Ma, 960∼900 Ma, and 2550∼2450 Ma with main peaks at 245 Ma, 318 Ma, 933 Ma and 2506 Ma (Figures 6e,f).
4.2 Detrital zircon trace element compositions
The geochemical composition of the detrital zircon is detailed in the Supplementary Table S2. Most zircons display Th/U ratios exceeding 0.1 (Figures 7a,c,e), suggesting a magmatic origin. The REE pattern of these zircon grains is enriched in heavy REEs, accompanied by positive Ce anomalies and negative Eu anomalies (Figures 7b,d,f). The detrital zircons primarily fall within the continental zircon fields in the Hf-U/Yb and Y-U/Yb diagrams (Figures 8a,b), and dominantly fall within the arc-related/orogenic field in the Th/U-Nb/Hf and Th/Nb-Hf/Th diagrams (Figures 8c,d).
[image: Six-panel figure displays various geochemical data. Panels (a), (c), and (e) are scatter plots showing Th/U ratios against a range of values, with dashed lines at 0.4 and 0.1. Panels (b), (d), and (f) are line graphs presenting the abundance of elements like La, Ce, Pr, Nd, and others on a logarithmic scale. Different datasets are represented with lines in assorted colors. Each panel is labeled accordingly, indicating different sample identifiers (DBZ-10-R-1, DBZ-14-R-1, DBZ-14-R-2).]FIGURE 7 | Th/U ratios and chondrite-normalized REE patterns of the detrital zircons. Normalization values of chondrite and primitive mantle are from Sun and McDonough (1989). (a,b) DBZ-10-R-1. (c,d) DBZ-14-R-1. (e,f) DBZ-14-R-2.[image: Four scatter plots labeled (a) to (d) display geochemical data with different axes. Points are colored blue, yellow, and red, representing DBZ-10-R-1, DBZ-14-R-1, and DBZ-14-R-2 samples. Plot (a) shows U/Yb versus Hf with continental and oceanic zircon fields. Plot (b) shows U/Yb versus Y with similar fields. Plot (c) shows Nb/Hf versus Th/U distinguishing within-plate/anorogenic and arc-related/orogenic fields. Plot (d) shows Hf/Th versus Th/Nb with the same field distinctions as plot (c).]FIGURE 8 | Geochemical discrimination diagrams for zircons from the samples. (a) Hf versus U/Yb diagram after Grimes et al. (2007); (b) Y versus U/Yb diagram Grimes et al. (2007); (c) Th/U versus Nb/Hf diagram after Yang et al. (2012); (d) Th/Nb versus Hf/Th diagram after Yang et al. (2012).4.3 Detrital zircon Hf isotope compositions
A total of 31 dated zircons were further analyzed for Lu‒Hf isotopic analyses: 14 zircons for sample DBZ-14-R-1, 17 zircons for sample DBZ-14-R-2. The zircons Lu‒Hf isotopic data is rendered in the Supplementary Table S3; Figure 9.
[image: Scatter plot showing εHf(t) versus Age (Ma) with data points grouped into two series: yellow circles labeled DBZ-14-R-1 and red circles labeled DBZ-14-R-2. The plot includes reference lines for depleted mantle, CHUR, and isotopic ratios at various gigayear intervals (2.0, 3.0, 4.0 Ga), along with a slope line labeled ^176Lu/^177Hf=0.015.]FIGURE 9 | Hf isotopic compositions of the detrital zircons from the samples.The zircon grains of DBZ-14-R-1 in the age group with a peak at 240 Ma have 176Hf/177Hf ratios within the range of 0.282321∼0.282755, εHf(t) values within the range of −10.9∼+4.5 with an average of 1.1, and two-stage model (TDM2) ages within the range of 983∼1952 Ma.
The zircon grains of DBZ-14-R-2 in the age group with a peak at 245 Ma have 176Hf/177Hf ratios within the range of 0.282370∼0.282377, εHf(t) values within the range of −9.0∼-8.8, and TDM2 ages within the range of 1832∼1827 Ma; the zircon grains in the age peak at 933 Ma have 176Hf/177Hf ratios within the range of 0.282021∼0.282507, εHf(t) values within the range of −6.6∼11, and TDM2 ages within the range of 2201∼1117 Ma; the zircon grains in the age peak at 2506 Ma have 176Hf/177Hf ratios within the range of 0.281175∼0.281304, εHf(t) values within the range of −2.7∼3.3, and TDM2 ages within the range of 3184∼2816 Ma.
5 DISCUSSION
5.1 Sedimentary provenance of Leikoupo Formation
The three samples yield a multi-peak distribution pattern of zircons, and can be divided into six major age groups of 290∼234 Ma, 330∼290 Ma, 470∼390 Ma, 960∼840 Ma, 1400–1200 Ma, and 2550∼2450 Ma. This indicates that the samples have potential sources from Archean, Paleoproterozoic, Mesoproterozoic, Neoproterozoic, Paleozoic and early Mesozoic rock units.
5.1.1 Archean to early proterozoic zircons (2550∼2450 Ma)
Sample DBZ-14-R-2 contains detrital zircon age peak in the late Archean to early Proterozoic. However, this age population does not constitute the dominant age peak in other two samples. The zircon ages of 2600∼2400 Ma are main constituent part, with mostly positive εHf(t) values of −2.7∼+3.3. These ages are coincident with the period of global continental crustal growth of the Yangtze Block (Yao et al., 2011). The Yangtze Block is distinguished by the deposits of Neoarchean-early Paleoproterozoic crystalline basement rocks, which are confined in the margins of the block. Previous researches have documented magmatism at 2.8∼2.5 Ga (Zheng et al., 2006; Chen et al., 2013; Guo et al., 2015), zircons from the Douling Complex yields the age of ∼2.5 Ga (Wu et al., 2014), and the Yudongzi Complex records magmatic events at 2.8∼2.4 Ga (Zhou et al., 2018; Hui et al., 2017; 2019; Chen et al., 2019). The εHf(t) values of these rock units in the Yangtze Block have a characteristic with positive to negative values (Hu et al., 2013).
5.1.2 Mesoproterozoic zircons (1400∼1200 Ma)
The Mesoproterozoic zircons (1400∼1200 Ma) play a significant role in only sample DBZ-10-R-1 with an age population centered at 1300 Ma. The sporadic occurrence of igneous rocks at approximately 1350 Ma in the NQOB, includes the Danfeng gneiss yields an age of 1350 Ma (Yang et al., 2010) and Wuguan amphibolite yields an age of 1382 Ma (Pei et al., 1997), which are the major parent rock for the Mesoproterozoic zircon grains in the samples.
5.1.3 Neoproterozoic zircons (960∼840 Ma)
The detrital zircons predominantly show an age group of 1000∼800 Ma, with ɛHf(t) values of −6.6∼+11, and are present in samples DBZ-10-R-1 and DBZ-14-R-2. This corresponds to the extensively distributed magmatic rocks related to subduction in the margins surrounding Yangtze Block, such as 900∼720 Ma mafic–ultramafic and felsic plutons in the Hannan region (Ao et al., 2019), 820∼810 Ma felsic rocks in the Bikou region (Wu et al., 2019) and 845∼815 Ma magmatic rocks in the Jiangnan orogenic belt with positive and negative εHf(t) values (Yao et al., 2019).
5.1.4 Ordovician to Devonian zircons (470∼390 Ma)
The Ordovician to Devonian detrital zircons are only predominantly concentrated in the DBZ-10-R-1 and DBZ-14-R-1 samples yielding prominent age peak at ∼410 Ma among the samples, and most zircons exhibit negative εHf(t) values in previous study (Liu et al., 2023). In contrast to the distribution of adjacent rocks, the main source region correlates with the magmatic rocks in the NQOB. The early Paleozoic igneous rocks from this period were widely distributed in the NQOB (Wang et al., 2009). The εHf(t) values of Ordovician to Devonian zircons in the samples are consistent with the contemporary magmatic rocks in the NQOB (Wang et al., 2020; Dong et al., 2022; Hu et al., 2022). Therefore, it is deduced the Ordovician to Devonian zircons were from the NQOB.
5.1.5 Carboniferous zircons (330∼290 Ma)
The Carboniferous detrital zircons are present in DBZ-10-R-1 and DBZ-14-R-1, which comprise a minor portion of the total zircons. The contemporary granites are exclusively distributed in southwestern Fujian (Yu et al., 2012). Moreover, zircon populations of this age are well-documented in the underlying Late Permian clastic sequences in Fujian in the Cathaysian Block (Yu et al., 2012).
5.1.6 Permian to triassic zircons (290∼234 Ma)
The Permian to Triassic detrital zircons are remarkably observed in all three samples, especially with ages concentrated between 290∼234 Ma yielding age peaks of ∼245 Ma, with εHf(t) values ranging from-10.9 to +4.5. In the AOB, massive felsic igneous rocks are exposed in the range of 240∼280 Ma, such as Xinanzhai granite at 251 Ma and Tongtiange leucogranite at 247.5 Ma, and have negative and positive εHf(t) values (Liu et al., 2013; Liu et al., 2015). Besides, the early Mesozoic granites with the ages of 250∼235 Ma are distributed in the SQOB. However, the εHf(t) values of these rocks are negative (−8∼0) and differ from the detrital zircons in studied samples. Therefore, the Permian to Triassic detrital zircons are mainly sourced from early Mesozoic rocks in the AOB.
As discussed earlier, considering proximity and widespread distribution, the AOB, NQOB and Cathaysian Block are the primary source regions for the sample at middle part of the Leikoupo Formation, with a small quantity of original materials from the Yangtze Block. The potential main source region of the sample at the top is the Yangtze Block and AOB, and the secondary source region is the Cathaysian Block.
5.2 Tectonic implications
The U–Pb age distribution characteristics can reflect the tectonic setting, and the samples of the Leikoupo Formation fall into a collisional background in the MDS plot (Figure 10), which implies that the Sichuan Basin, northwestern SCB, was primarily controlled by a collisional setting in the Middle Triassic. Meanwhile, it can infered that the Leikoupo Formation in the study region was formed in a continental margin tectonic setting during the middle Triassic period and the main detrital materials were derived from the coetaneous magmatic rocks.
[image: Area graph showing cumulative proportion (%) against crystallization age-deposition age (Ma). Colored bands represent convergent (red), collisional (blue), and extensional (green) tectonic settings. Step lines for DBZ-10-R-1 (red), DBZ-14-R-1 (green), and DBZ-14-R-2 (yellow) are overlaid. The graph depicts how these tectonic settings correspond to proportion changes over time.]FIGURE 10 | Cumulative proportion plots of the zircon U–Pb age minus the depositional age of the samples (Cawood et al., 2012).5.2.1 Tectonic implications for the Qinling orogenic belt
The detrital zircon U–Pb age compositions of the Middle Triassic in the northern SCB, including Sichuan, Dangyang, Zigui and Ningwu basins, form an main peak age of ∼440 Ma (Chai, 2020; Ma, 2021; Li and Hu, 2022). These detrital zircons are sourced from the NQOB, which indicates this belt can provide most of detritus to the northern Yangtze Block and was in uplift state in the Middle Triassic. In addition, the Middle Triassic is not present in the NQOB, which indicates this belt has experienced a long-term denudation and was in a high paleotopography (Xu et al., 2023). The zircon geochronology indicates the Carboniferous-Early Triassic successions in the southern NCB received many detritus transported from the NQOB, which suggests the NQOB was in the uplift state since late Paleozoic (Peng et al., 2022; Yang et al., 2022). We infer that the Middle Triassic uplift of the NQOB was a continuation of the Paleozoic uplift (Dong et al., 2018; Yang et al., 2021; 2022). The provenance analysis indicates a large amount of debris can be transported from the NQOB to the northern margin of the Yangtze Plate via the SQOB. In addition, the Early-Middle Triassic conglomerate and limestoneare sporadically exposed in the SQOB (Xu et al., 2023), which indicates that the depositional region was still remained during the Middle Triassic. Thus, the SQOB was not in the full-scale uplift during the Middle Triassic.
5.2.2 Tectonic implications for the Ailaoshan orogenic belt
The Paleozoic U-Pb age population of zircons in the Upper Permian on the eastern and western sides of the AOB show clear differences. The eastern region of the belt is featured by a main age peak at ∼260 Ma and it is believed to originate from the Emeishan Large Igneous Province (Deng et al., 2020). In contrast, the western region shows an age peak around ∼420 Ma, likely sourced from the 450∼400 Ma granites of the Changshan suture zone in northeastern Laos (Qiu et al., 2021). Besides, Late Permian siliceous rocks are exposed in the Gongka region in the AOB, which represents the deep-sea sediments. Thus, the Ailaoshan Ocean still existed between the SCB and ICB during the late Permian, resulting in distinct sources of material for each block.
After the initial collision between the SCB and ICB, the AOB experienced tectonic uplift and was subjected to long-term erosion. The timing of the earliest fragmentary material from the AOB in the depositional area can accurately constrain the upper limit of timing of the orogenic belt’s uplift. Provenance analysis indicates that Early Triassic strata in the depositional areas on the eastern and western sides of AOB contain ∼245 Ma detrital zircons with an affinity with the AOB (Liu et al., 2022). This characteristic indicates AOB was in n a high paleotopography and experienced weathering and denudation (Liu et al., 2022). Additionally, the sedimentary age of the highest marine strata can provide an upper constraint on the timing of the uplift. Stratigraphic characteristics indicate a widespread absence of the Lower Triassic in the AOB, and the Middle Triassic strata are mainly argillaceous limestone, sandstone, and coal-bearing layers, which the Ailaoshan Ocean had already closed in the Early Triassic and that the AOB had entered a terrestrial evolution in the Middle Triassic (Yunnan Bureau of Geology and Mineral Resources, 1990). In the Early Triassic, εHf(t) values in the felsic igneous rocks and of Permian to Triassic detrital zircons in our samples are both negative and positive, which indicates a collision to post-collision tectonic background were dispersed throughout the AOB (Liu et al., 2022). Therefore, the forementioned provenance results and sedimentary characteristics suggest that the collisional amalgamation between the SCB and ICB, the Ailaoshan Ocean closed in the early Early Triassic results in the uplift state of the AOB (Figure 11).
[image: Map and cross-section diagram illustrating tectonic settings during the Middle Triassic period, 240 million years ago. The left panel shows the supercontinents Laurussia and Gondwana separated by the Panthalassic Ocean, with the North China Craton (NCC), Indochina Craton (IC), and South China Craton (SCC). The right panel details a cross-section of the oceanic and continental crusts, lithospheric mantle, and asthenosphere, with tectonic blocks labeled IC, AOSB, SCB, SQOB, NQOB, and NCB, and arrows indicating tectonic movement direction.]FIGURE 11 | (a) Global paleogeographic reconstruction during the Middle Triassic (Huang et al., 2018); (b) Schematic model diagram of the tectonic uplift of the Ailaoshan and Qinling orogenic belts during the Middle Triassic. Abbreviation: SCB = South China Block; SQB = South Qinling orogenic belt; NQB = North Qinling orogenic belt; NCB = North China Block; AOB = Ailaoshan orogenic belt; ICB = Indochina Block.6 CONCLUSION
	1. The new date indicates that the original materials for the middle part of the Leikoupo Formation (Member-2) exhibiting major age group at 290∼230 Ma, 330∼290 Ma, 470∼390 Ma, 900∼840 Ma and 1400∼1200 Ma, which are mainly originated from the Ailaoshan orogenic belt, North Qinling orogenic belt and the Cathaysian Block. The materials at the top (Member-3) exhibits major age group at 250∼238 Ma, 330∼300 Ma, 960∼900 Ma and 2550∼2450 Ma, and mainly derived from the Yangtze Block and Ailaoshan orogenic belt, and the secondary source region is the Cathaysian Block.
	2. Our study further reveals that the North Qinling orogenic belt was in the uplifted state during the middle Triassic, which was the extension of the Caledonian orogeny since the early Paleozoic. The Ailaoshan orogenic belt has experienced initial tectonic uplift in the early Triassic, which is related to the collisional amalgamation between the South China Block and Indochina Block.
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