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We present new LA-ICP-MS detrital zircon U-Pb age and trace element data of the Late Mesozoic sedimentary sequences from the western Shandong and Tanlu fault zone, with the aim to constrain the depositional ages and sedimentary sources. The samples from the western Shandong have similar U-Pb age spectra, which can be divided into three major age groups, peaking age at circa 2,475–2,540 Ma, 1820–1870 Ma and 257–285 Ma, with minor Mesoproterozoic, Neoproterozoic and Paleozoic detrital zircon grains. The sample JN recovered from the Tanlu fault zone has an overwhelming majority of the Early Cretaceous detrital zircons with the age peak at circa 125 Ma, whereas the Archean and Paleoproterozoic detrital zircons are subordinate. The weighted average age of the youngest zircons show that the Santai Formation probably had begun deposition at circa 158 Ma and terminated deposition at circa 150 Ma, and the Tianjialou Formation of the Dasheng Group had begun deposition at circa 122 Ma. Our study indicates that the activity of the dinosaurs might occur during the Late Jurassic rather than the Cretaceous in the Shandong province. In addition, most detrital zircons of the studied samples are characterized by the high Th/U ratios and left-inclined REE patterns, revealing a magmatic origin. Morphologically, most detrital zircon grains characterized by angular to sub-rounded shapes indicate a middle-short distance transport from the source regions, whereas minor detrital zircon grains show rounded shapes, indicating a long-distance transport or multiphase recycling. According to detrital age populations in this study, combined with previously published data, we conclude that depositional provenances of the Santai Formation were mainly derived from the western Shandong and Jiao-Liao Belt, and minor detritus were derived from the northern part of the North China Craton and Xing-Meng orogenic belt. The sediments deposited in the Tanlu fault zone were mainly derived from the volcanic and subvolcanic rocks of the Qingshan period in the eastern Shandong, and subordinate depositional sources were from the Jiao-Liao and the basement uplift of the western Shandong, with minor supplier being derived from the Yinshan-Yanshan orogenic belt. The detrital provenance of the Santai Formation indicates that extension of the eastern NCC occurred during the Late Jurassic. The Neoproterozoic detrital zircons play a minor role in the studied strata, indicating that the large sinistral movement of the Tanlu fault zone might have occurred at the Early-Middle Jurassic and formed a paleogeographic separation of the western Shandong and eastern Shandong (Sulu orogenic belt).
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1 INTRODUCTION
The North China Craton (NCC) (Figure 1A), one of the oldest cratons in the world, is an ideal laboratory for studying the generation and reworking of the Precambrian continental crust (e.g., Zhao et al., 2003; Xu et al., 2013; Zhai et al., 2021). During the Phanerozoic, the NCC experienced complex and significant tectono-magmatic events associated with the collision of the Yangtze terrane and subsequent Paleo-Pacific Ocean subduction, involving multiphase compressional and extensional events (e.g., Shao et al., 2000; Li et al., 2007; Yang et al., 2013; Wang et al., 2016). During the Early Cretaceous, the NCC underwent large-scale cratonic destruction and extensive lithospheric thinning from a thickness about 200 km to 60–80 km (e.g., Menzies et al., 1993; Zhang et al., 2002a; Zhang et al., 2002b; Gao et al., 2004; Xu et al., 2004; Yang et al., 2005a; Yang et al., 2005b; Xu et al., 2008; Xu et al., 2009; Yang et al., 2009; Yang et al., 2021). Regional extensional tectonics (e.g., metamorphic core complexes and rifted and fault basins) and extensive magmatic events (I-A granitoid assemblages) have accompanied this significant cratonic destruction and lithospheric thinning in the middle Early Cretaceous (∼125 Ma) (e.g., Zhu et al., 2012; Meng et al., 2020). In the whole Shandong province, the Late Mesozoic sedimentary basins/depressions are the best alternatives for studying extensional regime associated with the cratonic destruction and lithospheric thinning (Yang et al., 2013). Numerous studies have been done concerning the geochronology, petrology and geochemistry of Late Mesozoic magmatic rocks in the Shandong province (eastern NCC), and produced large amounts of data and competing interpretations (e.g., Zhang et al., 2002a; Zhang et al., 2002b; Gao et al., 2004; Xu et al., 2004; Yang et al., 2005a; Yang et al., 2005b; Xu et al., 2008; Xu et al., 2009; Yang et al., 2009; Yang et al., 2021). By contrast, whereas little attention was paid to the well-exposed Late Mesozoic sedimentary sequences, constraining full-understanding of the NCC evolution. Therefore, systematic studies on the sedimentary rocks from the basins/depressions associated with the cratonic destruction can shed new light on the regional uplift, denudation and magmatism.
[image: Figure 1]FIGURE 1 | (A) Tectonic framework of the NCC in China; (B) tectonic outline and stratigraphic division of the Shandong province (modified from Zhou et al., 2008 and Li et al., 2010). F1 to F4 representing four branch faults of the Tanlu Fault zone. Inferred Middle-Late Jurassic sedimentary basin and stream system are after Xu and Li (2015). JLJ=Jiao-Liao-Ji orogenic belt; NCC=North China Craton; SCB=South China Block.
Compared to the Jiaolai basin, the sedimentary rocks distributed in the western Shandong province and the fault basins of the Tanlu fault zone are poorly constrained (Figure 1B), such as accurate depositional timing and features of source regions. Previous workers identified dinosaur and bird tracks in the studied strata (Li et al., 2005a; Li et al., 2005b; Li et al., 2015), revealing that the studied strata are essential for understanding sedimentary paleo-environment and paleo-ecology; whereas their sedimentary accurate timing is not constrained well as well. Additionally, Li et al. (2002) reported Jurassic dinosaur tracks in the Santai Formation for the first time, indicating that activity timing of dinosaurs (theropoda) might be traced to the Jurassic rather than the Cretaceous in Shandong. Due to the lack of index fossils or radiometric age data, the age of the strata of the Santai Formation is loosely constrained, involving Early-Middle Jurassic, Middle Jurassic and Late Jurassic arguments suggested by different workers (e.g., Li et al., 2002; SBGMR, 2003; Xu et al., 2013; Yang et al., 2013). Based on the above presentation, the further and systematic geochronological studies are necessary.
It has been verified that detrital zircons can provide a maximum depositional age of sediments, especially for the fossil-depauperate or Precambrian sedimentary rocks (Nelson, 2001). Compared to magmatic and metamorphic zircon, detrital zircons have a relatively complicated provenance in which they are deposited. It is well-known that detrital zircons are sourced from volcanic-sedimentary basins or convergent plate margins close to the depositional age of sediments; however, detrital zircons deposited in an extensional setting or ancient craton (lack volcanism) show older ages that reflect the history of the underlying basement far from the depositional age of the sediments (e.g., Cawood et al., 2012). The Shandong province and adjacent regions of the eastern NCC (Figure 1B), which is situated on the junction of three major tectonic domains (the Paleo-Asian Ocean, western Pacific tectonic and Tethys tectonic domains), experienced key geological events, such as the collision of the Yangtze and NCC, destruction of the NCC and Paleo-Pacific oceanic subduction as well as the closure of the Mongol-Okhotsk Ocean, resulting in extensive magmatic-volcanic events during the Mesozoic, especially the Late Mesozoic. Thus, the Shandong province, a key position of the eastern NCC, has been a hotspot for geodynamic studies.
In this study, we collected four representative samples from the Santai and Tianjialou formations (Figures 2A–D), respectively. The Santai Formation shows a conformity contact relationship with the underlying the Fangzi Formation (Figure 3A). The Santai Formation in the Mengyin and Yiyuan regions consists mainly of brick-colored feldspar quartz sandstone and grey-white and yellow-green feldspar quartz sandstone (BGMRSD, 1991). Regionally, the Santai Formation can be up to 1,000 m in thickness. Due to the lack of index fossils, the accurate depositional timing of the Santai Formation remains poorly constrained, with a broad timing range. Based on the lithology and stratigraphic contact relations, the depositional age of the Santai Formation was constrained at the Middle-Late Jurassic (SBGMR, 2003). The Tianjialou Formation deposited in the Tanlu fault zone consists of yellow-grey fine-grained sandstone, greyish shale, siltstone and silty mudstone (Figure 3B), with a thickness of 986 m along the section (BGMRSD, 1991).
[image: Figure 2]FIGURE 2 | Geological and tectonic simplified map in the western Shandong and Tanlu fault zone. (A) Geological simplified map of the sample JGZ (T2l=Liujiagou Formation; J1-2f=Fangzi Formation; J2-3S=Santai Formation); (B) geological simplified map of the sample ZRL (J2-3s=Santai Formation; K1b=Bamudi Formation; K1s=Shuinan Formation); (C) geological simplified of the sample JN (K1fg=Fanggezhuang Formation; K1t=Tianjialou Formation; K1ml=Malangou Formation; K1lj=Linjiazhuang Formation; K1-2x=Xingezhuang Formation; K2h=Hongtuya Formation) and (D) geological simplified of the sample XT (KlC=Chengshanhou Formation; KlS=Shuinan Formation; JzS=Santai Formation; JzF=Fangzi Formation).
[image: Figure 3]FIGURE 3 | (A) Stratigraphic columns in the western Shandong and (B) Tanlu fault zone subregions (modified from Li et al., 2010).
In this contribution, we present new LA-ICP-MS zircon U-Pb age data and trace element analyses on the sedimentary rocks from the western Shandong and Tanlu fault zone (Figure 1B and Figures 2A–D). This paper, based on the dating data of detrital zircons collected from four sandstone samples (two samples collected from sandstone occurred as dinosaur tracks), combined with regional geology and published data, aims to constrain the accurate ages of the sedimentary sequences and layers of the dinosaur tracks, and judge the source regions of the sedimentary sequences. Our new data not only provide essential data to understand sedimentary tectonic-paleogeographic configuration of the western Shandong province of the eastern NCC, but also provide critical information about the eroded orogenic belts or basements, as well as the transportation trajectories of eroded materials from the provenance. More fundamentally, our results show that the activity of the dinosaurs (theropoda) might occur in the Late Jurassic rather than the Cretaceous.
2 REGIONAL GEOLOGICAL BACKGROUND AND SAMPLES
2.1 Geological background and sampling
Tectonically, the NCC is situated to the south of the Xing-Meng orogenic belt (XMOB), to the west of the Pacific plate, to the south by the Qinling-Dabie orogenic belt, to the east by the Dabie-Sulu orogenic belt (Figure 1A) (Yang et al., 2005a; Yang et al., 2005b; Li et al., 2009; Wang et al., 2020). The Shandong province, which lies in the eastern part of the NCC, has its western and eastern parts separated by the NNE trending Tanlu Fault (Figure 1B). In the Shandong region, the Tanlu fault zone, which is also called the Yishu fault zone, consists of four mainly separated branches of F1 to F4 faults (Figure 1B). The western Shandong province is situated west of the Tanlu fault zone in the southeastern part of the NCC. The eastern Shandong is located in the east of the Tanlu fault zone (Figure 1B). Similar to the tectonic divisions, the volcano-sedimentary sequences and lithostratigraphy are as well separated into three parts, the western Shandong, Tanlu fault zone and eastern Shandong (Li et al., 2010). The western Shandong province, adjacent to the Sulu orogenic belt (lied in the east of Tanlu Fault), is characterized by the Archean metamorphic rocks and the Neoproterozoic-Paleozoic unmetamorphosed sedimentary rocks, which are similar to other regions in the NCC (BGMRSD, 1991). Moreover, the western Shandong province develops the Cambrian and Early-Middle Ordovician and Carboniferous to Permian sedimentary sequences (Peng et al., 2013; Wang et al., 2013). The Late Mesozoic sedimentary sequences are mainly composed of riverine-lacustrine sedimentary rocks in the western Shandong province (SBGMR, 2003), composed of the Fangzi, Santai, Mengyin, Xiawa, Wangshi formations and Guanzhuang Group (Gucheng and Bianqiao formations) from the bottom to the top (Figure 3A). However, the eastern Shandong province consists of Early-Late Cretaceous and Paleogene sedimentary sequences lacking Jurassic and Triassic strata, and the Late Mesozoic strata have an unconformable contact with the underlying Precambrian basement rocks. The Tanlu fault zone region consists of minor Jurassic sediments and Early-Late Cretaceous (Qingshan and Dasheng Groups) and Paleogene (Wutu Group) sedimentary sequences lacking the Early Cretaceous Laiyang Group (Figure 3B). Our study areas are located in the western Shandong province and Tanlu fault zone (Figure 1B).
2.2 Sample descriptions
Sample JGZ was collected from the lowermost part of the Santai Formation in the vicinity of Jiaguangzhuang village of Zibo city (Figure 2A), which shows extensive exposures in the field (Figures 4A,B). The field exposures show grey to greyish-green primary sedimentary colors. Additionally, the field observations show that the sample JGZ is typical fine-grained sandstone consistent with the thin section analyses, which mainly consists of quartz, feldspar and biotite and clay minerals (Figure 5A), indicating a matrix-supported texture. Microscopically, the feldspar and quartz grains are characterized by angular and sub-angular shapes, combined with detrital textures (matrix-supported) and field features, indicating a lacustrine depositional environment. In addition, the thin sections show that the feldspar grains mainly consist of K-feldspar grains characterized by typical cross-hatcbed twining. The feldspar grains underwent weak chemical alteration.
[image: Figure 4]FIGURE 4 | Field photographs showing outcrops and exposures of the studied samples in the western Shandong province and Tanlu fault zone. (A–B) Exposures of the lowermost part of the Santai Formation consisting of grey- or grey-white sandstone; (C–D) exposures of the upper part of the Santai Formation characterized by typical sedimentation of fluvial facies, developing typical wedge-shaped cross-bedding; (E) grey- or grey-white sandstone with the dinosaur tracks in the Houzuo mountain; (F) brick-colored sandstone with the dinosaur tracks within the upper part of the Santai Formation in the Mengyin region.
[image: Figure 5]FIGURE 5 | Microphotographs of the thin-sections showing the textures and mineral compositions of the four representative samples; (A) sample JGZ consisting of fine-grained quartz and feldspar with angular shapes, (B) sample ZRL consisting of intermediate-coarse grained quartz, K-feldspar and minor plagioclase grains with typical angular shapes; (C) sample JN consisting of fine-grained quartz and feldspar grains with angular shapes; (D) sample XT consisting of fine-grained felsic minerals and mafic minerals with typical matrix-supported texture.
The sample ZRL was collected from the Santai Formation in the Yiyuan county of the western Shandong (Figure 2B). The field observations show that the studied strata are characterized by typical oxidation colors (brick-colored) (Figures 4C,D) and cross-bedding and inclined beddings, indicating a fluvial depositional system (Figure 4D). The brick-colored sandstone shows medium-coarse grained textures, consisting of quartz, feldspar and minor mafic minerals (e.g., biotite) (Figure 5B). The quartz and feldspar grains show typical angular shapes and some feldspar grains undergo significant chemical alterations, such as sericitization and kaolinization. In addition, the thin sections show that the sample ZRL experienced a weak sorting process, reflecting a relatively low maturity. The studied sample belongs to typical grain-supported textures (Figure 5B).
The sample JN was collected from the geological park of the Houzuo mountain in Junan county of Linyin city (Figure 2C). The sample JN belongs to the Tianjialou Formation of the Dasheng Group (Figure 3B). According to previous studies (Li et al., 2005a; Li et al., 2005b), the sample JN preserved diverse dinosaur tracks and small numbers of fossil bird tracks (Figure 4E), documenting key paleo-ecological significance. The sample JN is medium- and fine-grained sandstone, and are dominated by quartz, feldspar and lithic fragments (clay matrix and volcanic fragments) with minor Fe-Ti oxides. The dominant minerals show typical angular shapes and matrix-supported textures (Figure 5E). Combined with the mineral textures, the sample JN shows relatively low compositional and textural maturity.
The sample XT was collected from the Santai Formation in the Mengyin region of the western Shandong province (Figure 2D). Li et al. (2002) reported dinosaur (theropoda) tracks in the studied layer. The studied sample XT was undertaken from the sedimentary layer that preserves well dinosaur tracks (Figure 4F). The field observations show that the studied layer is characterized by medium- and fine-grained feldspar quartz sandstone with minor glutenite, reflecting a fluvial depositional setting. The fine-grained sandstone mainly comprises quartz and feldspar grains that show angular shapes, reflecting low compositional and textural maturity (Figure 5D). Additionally, the brick-colored fine-grained sandstone contains clay minerals and fine-grained mineral fragments (Figure 5D), showing matrix-supported textures.
3 ANALYTICAL TECHNIQUES
The internal structures and textures of the studied zircons were examined using cathodeluminescence (CL) imaging through a scanning electronic microprobe at the Shandong Provincial Key Laboratory of Depositional Mineralization and Sedimentary Minerals, Shandong University of Science and Technology, in order to select potential targets for U-Pb dating and trace element analyses. Four representative medium-fine and coarse-grained sandstone samples derived from the western Shandong and Tanlu fault zone were selected for LA-ICP-MS zircon U-Pb dating and trace elemental analyses (Figures 6A–D). All rocks were cleaned, and then were crushed to powders using conventional gravimetric-magnetic and liquids separation methods to separate zircons. The separated zircons were processed by hand picking under a binocular microscope. The selected zircon crystals were mounted in a 1-inch diameter epoxy that was polished to half-section for cathode-luminescence (CL) images, characterizing the internal features of zircons. The zircon separation and CL images were performed at the Institution of Geological Survey and Mapping of Hebei Province, Langfang city, China. All analytical zircons have no cracks and inclusions.
[image: Figure 6]FIGURE 6 | Representative cathodeluminescence (CL) images of analyzed zircons from the western Shandong province and Tanlu fault zone; yellow circles showing the positions of LA-ICP-MC laser spots for age isotopic domains; samples (A, B, D) from the western Shandong province, and sample (C) from the Tanlu fault zone
Zircon U-Pb dating was performed at the Wuhan Sample Solution Analytical Technology Co., Ltd. (China) (WSSAT) using LA-ICP-MS (laser ablation-inductively coupled plasma-mass spectrometry) (Agilent 7700e ICP-MS instrument) following the methods of Chang et al. (2006). Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP. In this study, zircon 91500 (U=91 ppm) (Ballard et al., 2001) and glass NIST610 were used as external standards for U-Pb dating and trace element calibration, whilst zircon 29Si concentration was used for internal standardization. The recommended value is consistent with the analytical value of zircon 91,500 during the experiment, suggesting that the analytical data are reliable. The common lead correction was conducted using the208Pb method. The analytical data were processed using ICPMSDatacal9.0 software, and Concordia diagrams and weighted average ages were made using version ISOPLOT/Ex-version 4.11 embed in the Excel (Ludwig, 2003). Individual analyses in the data table and Concordia plots are present at 1σ and U-Pb age uncertainty is quoted at the 95% confidence level. The probability density plot of detrital zircon age distribution uses the kernel density estimation (KDE) method (Vermeesch, 2012). The detailed descriptions of analytical methods were referred to Chang et al. (2006) and Zong et al. (2017). In this study, we have used the weighted average ages of the youngest zircon populations to address the maximum depositional ages of the detrital rocks.
4 ANALYTICAL RESULTS
4.1 Zircon morphology and origin
A total of 351 zircon grains from four representative samples were conducted for LA-ICP-MS U-Pb dating, among which 344 analyses (JGZ=76; JN=90; XT=84; ZRL=94) yield concordant ages (Figures 7A–D). Representative cathode luminescence (CL) images are presented in Figures 6A–D. Circa 200 zircon grains were selected for CL imaging per sample, and the studied zircon grains are colorless (light pink) to dark grey or black. These zircon grains are 40–200 um in size, with length/width ratios of 1:1 to 5:1. The studied zircon grains have complicated CL images and morphologies exhibiting significant differences and genesis (Figures 6A–D). The CL images show that detrital zircons from four representative samples are predominantly subhedral and euhedral morphologies, with minor zircons showing rounded shapes. Moreover, most detrital zircons have oscillatory zoning textures characterized by dark grey to light-grey colors, whereas minor detrital zircons show black grey to black colors characterized by no oscillatory and spongy/skeleton or taxitic structures, reflecting a fluid-related metasomatic/metamorphic process (high U). Zircon Th/U ratios can also define zircon types. Zircon Th/U distribution patterns show that most zircons from four representative samples have high Th/U ratios (>0.4), indicative of a magmatic origin (Corfu et al., 2003; Gehrels, 2014) (Figures 8A,B).
[image: Figure 7]FIGURE 7 | Zircon U-Pb Concordia diagrams for detrital zircon grains from the Late Mesozoic sedimentary rocks.
[image: Figure 8]FIGURE 8 | Plots of U versus Th (A) and U-Pb age versus Th/U ratios (B) for detrital zircon in this study.
Most of the detrital zircons from the sample JGZ show enrichment of heavy rare Earth elements (HREE) and depletion of light rare Earth elements (LREE), reflecting a right-inclined pattern (Figure 9A). The REE patterns indicate that most detrital zircons collected from the sample JGZ have a close affinity with a magmatic origin. In addition, some detrital zircons show nearly flat HREE patterns and positive or slightly negative Eu element anomalies. The sample ZRL shows complicated REE patterns, with most analyzed detrital zircons showing depletion of the LREE and enrichment of the HREE, with minor detrital zircons showing steady LREE patterns (Figure 9B). Furthermore, most zircons have Ce positive anomalies and Eu negative anomalies (Figure 9B), consistent with a magmatic origin. The detrital zircons derived from the sample JN show that most of the detrital zircons are characterized by enrichment of HREE and depletion of LREE, with minor detrital zircons showing flat LREE patterns and weak or no significant Eu and Ce anomalies (Figure 9C). The detrital zircons from the sample XT show that most of the analyzed zircons are characterized by enrichment of HREE and depletion of LREE, with positive Ce anomalies and Eu negative anomalies, corresponding to a magmatic origin (Figure 9D). In addition, minor detrital zircons show flat REE patterns (Figure 9D). In summary, four representative samples show similar REE patterns, indicating that most analyzed detrital zircons reflect a magmatic origin characterized by enrichment of HREE and depletion of LREE, with Ce positive anomalies and Eu negative anomalies. A small number of detrital zircons show flat REE patterns and weak or insignificant Ce and Eu anomalies, not typical for magmatic zircons, indicating a complicated genesis.
[image: Figure 9]FIGURE 9 | Chondrite-normalized REE patterns for the analyzed zircon grains (normalized value after Boynton, 1984; samples (A, B, D) from the western Shandong province, and sample (C) from the Tanlu fault zone).
In this study, the 206Pb/238U ages were used for zircon grains less than 1.0 Ga and 206Pb/207Pb ages were used for zircon grains more than 1.0 Ga due to the imprecise measurement of 207Pb in young zircons (Sircombe, 1999). The analyzed zircons with low discordance<10% plot into the concordant curves of 207Pb/235U versus 206Pb/238U (Figures 7A–D), indicating that the detrital zircon ages are acceptable and tenable in the following discussion (no significant Pb losses). The analytical results of detrital zircons were listed in Supplementary Table S1.
4.2 Detrital zircon U-Pb ages and clusters
4.2.1 Fine-grained sandstone sample JGZ
The sample JGZ: the analyzed zircons are mostly of sub-angular to angular morphologies, with a few grains being rounded in shape (Figure 6A). The angular zircon grains indicate a near-by sedimentary provenance, whereas sub-rounded or rounded zircon grains indicate a long transport distance from their source or experience multiple recycles (Fedo et al., 2003). The CL images show that most of the analyzed zircon grains have clear oscillatory zoning. Some zircon grains show weak oscillatory and structureless textures. A few zircon grains are rounded shapes and have clear core-rim textures by new overgrowth rims (Figure 6A). The zircon ages, which are more than 10% discordance, are excluded in this study. The sample JGZ yields a spectrum age varying from 153 ± 2.1 Ma to 2,552 ± 35.7 Ma (Supplementary Table S1). The major age groups are at 150–450 Ma (age peak at 260 Ma), 1,500–2070 Ma (age peak at 1835 Ma), and 2,300–2,560 Ma (age peak at 2,510 Ma), with a few Early Neoproterozoic zircons (Figure 10A). Most of the studied zircons have high Th/U ratios >0.30, indicating an igneous origin (Hoskin and Ireland, 2000; Corfu et al., 2003). Additionally, some zircons, which are of a magmatic origin, characterized by very high Th/U ratios (up to 2.57) might be related to subsequent recrystallization. Some of them (one zircon dated at 796 Ma and two zircons dated at ca. 1922 Ma) have low Th/U ratios (<0.2) and show homogeneous zonation or structureless textures, implying a metamorphic origin or fluid-related metasomatic processes.
[image: Figure 10]FIGURE 10 | Kernel density estimation (KDE) of detrital zircon U-Pb age plots for the Late Mesozoic sedimentary rocks in the western Shandong province (A,B and D) and Tanlu fault zone (C).
The sample JGZ was recovered from the lowermost part of the Santai Formation (Figure 3A), constraining well the beginning of deposition of the Santai Formation and depositional termination timing of the Fangzi Formation. The analytical results show that youngest zircon cluster range from 153 Ma to 163 Ma, with a weighted average age of 158.3 ± 3.5 Ma (MSWD=2.4; 95% confidence) (Figure 11A). All these zircons have high Th/U ratios and clear oscillatory zoning suggest an igneous origin, potentially corresponding to a magmatic event.
[image: Figure 11]FIGURE 11 | Weighted average ages of the youngest detrital zircons from the Late Mesozoic sedimentary rocks in the western Shandong province (A,B and D) and Tanlu fault zone (C).
4.2.2 Medium-coarse brick-colored sandstone sample ZRL
The medium-coarse brick-colored sandstone sample ZRL is from the upper part of the Santai Formation (Figure 3A). The zircons separated from sample ZRL are prismatic to rounded in shape (Figure 6B). The CL images reveal that the separated zircons have complicated textures, about 40% zircons have clear magmatic oscillatory zoning, and other zircons have weak oscillatory zoning and homogeneous textures, with a few zircons having old core rimmed by new overgrowth rims. Ninety-four zircons within 10% discordance yield concordant ages ranging from 149 ± 3.0 Ma to 2,545 ± 19.3 Ma (Supplementary Table S1), and can be divided into three dominant age populations at 240–430 Ma (age peak=285 Ma), 1700–1950 Ma (age peak=1870 Ma) and 2,410–2,550 Ma (age peak=2,540 Ma), with minor age clusters at 149–210 Ma and 1975–2,400 Ma (Figure 10B). The Mesozoic zircon grains (149–247 Ma) have oscillatory zoning and high Th/U ratios of 0.44–2.03, indicating a magmatic origin. The youngest two zircon grains, characterized by high Th/U ratios of 0.80 and 2.03, have 206Pb/238U ages of 149–151 Ma, with a weighted average age of 150.3 ± 3.4 Ma (MSWD=0.16) (Figure 11B).
4.2.3 Fine-grained sandstone sample JN
Zircon grains collected from the sample JN are prismatic to rounded in shape (Figure 6C). The CL images show that most of the zircons demonstrate oscillatory zoning, but some zircon grains are sub-rounded to rounded shapes characterized by weakly zoned and homogenous textures. The ninety zircon U-Pb analyses within 10% discordances and yield a wide spectrum age ranging from 120 ± 1.3 Ma to 2,821 ± 37.6 Ma (Supplementary Table S1). They yield one major age cluster at 120–250 Ma (peak at 125 Ma), with several minor clusters at 250–370 Ma (peak at 275 Ma), 1,550–1920 Ma (peak at 1800 Ma) and 2,340–2,520 Ma (peak at 2,475 Ma) (Figure 10C). Compared to other three samples, more Early Cretaceous zircons were found in this sample (Figure 10C). The youngest age clusters (120–250 Ma) have oscillatory zoning and high Th/U ratios of 0.39–2.57, indicating that they were originated from a magmatic origin. Combined with the CL images, the zircons from the youngest age cluster are mainly prismatic shapes, corresponding to an adjacent volcano-magmatic event. Some Early Mesoproterozoic and Late Paleoproterozoic zircon grains show black gray colors characterized by homogeneous zonation or structureless textures with relatively low Th/U ratios of 0.09–0.16. The youngest 206Pb/238U age cluster range from 120 to 123 Ma, with a weighted average age of 121.8 ± 1.1 Ma (MSWD=1.1; 95% confidence) (Figure 11C). These youngest zircon grains have Th/U ratios of 0.78–2.52, indicating a magmatic origin as well (Corfu et al., 2003).
4.2.4 Argillaceous sandstone sample XT
Similar to the sample ZRL, the sample XT collected from the upper part of the Santai Formation in the Mengyin basin of the western Shandong province (Figure 3A), ca. 300 m northwest of Yangzhuang village. Eighty-four zircon analyses within 10% discordance, yield concordant ages of 147–2,694 Ma (Supplementary Table S1), which fall into three major age populations, 140–420 Ma (age peak=257 Ma), 1740–1900 Ma (age peak=1820 Ma), 2,300–2,700 Ma (2,475 Ma) (Figure 10D). Minor Early Neoproterozoic zircons were also found. All analyzed zircons have relatively high Th/U ratios of 0.12–2.27. The youngest age populations (147–291 Ma) with high Th/U ratios of 0.41–2.27, combined zircon angular shapes, indicate a magmatic origin and near-by provenance (Corfu et al., 2003). Three youngest zircon grains have 206Pb/238U ages of 147–152 Ma, with a weighted average age of 150.4 ± 6.1 Ma (MSWD=1.2) (Figure 11D). Three youngest zircon grains also have high Th/U ratios of 0.41–1.4, showing the features of magmatic origin.
5 DISCUSSION
5.1 Depositional timing of the Santai and Tianjialou formations
Generally, the youngest zircon grains can provide useful information about maximum depositional age of sediments (Andersen, 2005; Dickinson and Gehrels, 2009; Cawood et al., 2012). However, multiple studies have shown that the youngest detrital zircon grains might do not provide the most accurate estimates of depositional age (Andersen, 2005). The youngest zircon cluster can greatly predate deposition due to Pb loss of detrital zircons (Gehrels, 2014). The weighted average age of the detrital zircons can reduce these types of uncertainty (Dickinson and Gehrels, 2009). Therefore, we use the weighted average age of the detrital zircons to constrain maximum depositional age in this study.
The Santai Formation is widely distributed in the western Shandong province, conformably underlying the Fangzi Formation. As discussed above, the depositional age of the Santai Formation is poorly constrained due to the lack of the index fossils (Li et al., 2002; Yang et al., 2013). In this study, we collected one sample from the lowermost part of the Santai Formation (sample JGZ). Among the youngest grains, seven zircon grains from the sample JGZ yield 206Pb/238U ages of 153–163 Ma, with a weighted average age of 158.3 ± 3.5 Ma (MSWD=2.4) (Figure 11A). The data indicate that the Santai Formation began sedimentation at circa 158.3 ± 3.5 Ma (Figure 11A), indicating depositional termination of the Fangzi Formation.
The samples ZRL and XT both were collected from the upper part of the Santai Formation in Yiyuan and Mengyin areas of the western Shandong province, yielding 150.3 ± 3.4 Ma and 150.4 ± 6.1 Ma (Figures 11B,D). Therefore, we regard ca. 150 Ma as the depositional termination of the Santai Formation in the western Shandong province. Furthermore, the accurate dating results also suggest that dinosaurs (theropoda) began seeking activities in the western Shandong province during the Late Jurassic rather than the Cretaceous.
The youngest zircon grains from the sample JN yield a weighted average age of 121.8 ± 1.1 Ma (Figure 11C), which is regarded as the best estimate for the maximum age of deposition of the Tianjialou Formation. According to Palaeoecology features within the Tianjialou Formation, Li et al. (2005a, b) argued that the dinosaur and bird tracks were formed in the Barremian to Aptian stages of the Early Cretaceous. Our result further indicates that the depositional layer that developed dinosaur and bird tracks were formed at circa 122 Ma.
In summary, our combined results suggest that the Santai Formation probably began deposition at the early Late Jurassic (158.3 Ma-Oxfordian stage) and terminated deposition at the Late Jurassic (150 Ma-Tithonian stage). The Tianjialong Formation of the Dasheng Group was deposited after the Barremian stage of the Early Cretaceous (∼122 Ma).
5.2 Analysis of potential depositional sources
As shown in Figure 10, all detrital U-Pb data indicate four major age populations in this study, including the Late Neoarchean to Earliest Paleoproterozoic, Late Paleoproterozoic, Early-Middle Permian and Early Cretaceous. In this section, we will discuss the potential depositional provenance of each age population of each sample separately.
5.2.1 Neoarchean to Paleoproterozoic detrital zircons
Zircon U-Pb dating results show that four representative samples have Archean to Paleoproterozoic age populations (Figures 10A–D). The sample JGZ have thirty-nine Neoarchean to Paleoproterozoic detrital zircons ranging from 1,633 Ma to 2,601 Ma, and most detrital zircons have Th/U ratios of 0.20–2.57, indicating that they were originated from a magmatic origin. Only two detrital zircons dated at 1922 Ma and 1809 Ma have the low Th/U ratio of 0.01 and 0.12, which shows rounded shape and have no obvious oscillatory zoning textures, reflecting multiple recycles or a long-distance transportation. The age populations concentrate on Latest Neoarchean (circa 2,500 Ma) and Middle-Late Paleoproterozoic (peak at circa 1835 Ma) (Figure 10A). The sample JGZ contains thirteen detrital zircons ranging from 2443 Ma to 2,601 Ma, with high Th/U ratios of 0.5–2.57, corresponding to a magmatic origin. Most of zircons show sub-rounded to angular shapes and weak oscillatory zoning, with two zircons having rounded shapes, indicating a near-by deposition. The sample ZRL contains fifty-five Neoarchean to Paleoproterozoic detrital zircons ranging from 1713 Ma to 2,644 Ma. Most of zircons have wide ranges of Th/U ratios of 0.18–1.45, with most zircons having Th/U ratios, reflecting a magmatic origin (Corfu et al., 2003). Three detrital zircons have low Th/U ratios <0.1, which contain two zircon grains dated at 1857 and 1876 Ma with sub-rounded to angular shapes, and one zircon grain dated at 2,506 Ma with angular shapes. These three zircons show weak or no obvious oscillatory zoning, with one zircon dated at 2,506 Ma showing clear core-rim texture and other two zircons showing dark-grey colors. The sample JN has two Neoarchean detrital zircons dated at 2,818 Ma and 2,518 Ma, with high Th/U ratios and sub-rounded morphologies, suggesting a magmatic origin (Corfu et al., 2003). The results show that the sample JN has twenty-nine Paleoproterozoic detrital zircons ranging from 1,698 Ma to 2,492 Ma (age peak=1800 Ma and age peak=2,475 Ma) (Figure 10C). These Paleoproterozoic zircons show complicated textures, and most of the detrital zircons show sub-rounded shapes with weak or no oscillatory zoning textures. Few zircon grains show rounded shapes and no oscillatory zoning textures, and one detrital zircon dated at 2,484 Ma has dark grey color and low Th/U ratio of 0.26, suggesting a metasomatic/metamorphic effect (Rubatto, 2017). The sample XT has forty-seven Neoarchean to Paleoproterozoic detrital zircons that have 207Pb/206Pb ages of 1,661 Ma to 2,694 Ma, most zircons with Th/U ratios 0.12 to 1.25, reflecting a magmatic origin (Corfu et al., 2003). Most of the Archean to Paleoproterozoic detrital zircons have sub-rounded to angular shapes, with weak oscillatory zoning. Few grains have rounded shapes that might be related to multiple recycles or a long transportation. Among the Neoarchean to Paleoproterozoic detrital zircons, there are two significant age populations of Earliest Statherian stage of the Paleoproterozoic (circa 1800 Ma) and Latest Neoarchean (circa 2,500 Ma) (Figure 10D).
The eastern NCC comprises northern NCC, the Liaodong Peninsula and the Jiaobei terranes. It is well-constructed that the eastern NCC is characterized by the Neoarchean and Paleoproterozoic basement, but the Sulu orogenic belt is characterized by the middle Neoproterozoic magmatism and Triassic UHP metamorphic events, reflecting a close affinity with the Yangtze terrane (e.g., Hacker et al., 1998; Zheng et al., 2006; Meng et al., 2018; Meng et al., 2020). Compared to the northern NCC, the western Shandong province has two dominant peak ages between 2.75–2.7 Ga and 2.6–2.56 Ga besides the 2.5 Ga peak age (e.g., Jahn et al., 2008; Ren et al., 2016). In contrast, the Jiaobei terrane is characterized by ∼2.7 Ga and 2.9 Ga (e.g., Jahn et al., 2008; Liu et al., 2013). The basement of the western Shandong province can be divided into three belts, belt A consisting of Late Neoarchean granitoid rocks and migmatite, belt B consisting of Early Neoarchean granitoid rocks and supracrustal rocks, and belt C mainly consisting of Late Neoarchean mafic rocks (Wan et al., 2010; Wan et al., 2011). Compared to the western Shandong province, the Paleoproterozoic rocks mainly comprise the Jingshan and Fenzishan Groups, and the Late Neoarchean and Late Paleoproterozoic magmatic events were extensive in the Jiaodong region (Jahn et al., 2008; Zhou et al., 2008; Tam et al., 2011; Wu et al., 2014; Xie et al., 2014; Wan et al., 2020).
In this study, the samples (JGZ, ZRL and XT) were recovered from the western Shandong province, recording two dominant age peaks of ca. 2,500 Ma and ca. 1850 Ma (Figures 10A,B,D). As shown above, the Late Neoarchean to Early Paleoproterozoic magmatic activities and Middle-Late Paleoproterozoic magmatic events were widespread in the whole western Shandong province and Jiaodong regions of the NCC (e.g., Wan et al., 2010; Wan et al., 2011; Ren et al., 2016; Wan et al., 2020; Zhai et al., 2021). In the western Shandong province, the age of ca. 2,500 Ma is predominantly recorded by granitoids, TTG gneiss and coeval mafic volcanic rocks (e.g., Jahn et al., 1988; Wan et al., 2012). Therefore, based on age populations of the detrital zircons, we argue that the uplift of the western Shandong province is the predominant depositional source region for the samples collected from the western Shandong province (west of the Tanlu fault). The Early (2.2–2.0 Ga) and Late (2.0–1.8 Ga) Paleoproterozoic magmatic-metamorphic events were extensive in the Jiao-Liao Belt (Luo et al., 2008; Liu and Liu, 2015; Wang et al., 2017; Xie et al., 2022). Based on the CL images of the Paleoproterozoic detrital zircons and patterns of the zircon trace elements, we argue that the Jiao-Liao Belt might be the dominant supplier for the 2.2–2.0 G and 2.0–1.8 Ga detrital zircons. In summary, we argue, therefore, that the circa 2.5 Ga and circa 1800 Ma detrital zircons might be derived from the uplift of the western Shandong and Jiao-Liao Belt. In contrast, the 1800 Ma and 2,475 Ma age clusters are subordinate components for the sample JN, indicating that the Jiao-Liao Belt and the basement uplift of the western Shandong province were not the dominant source area for the sedimentary deposits of the Tanlu Fault zone.
5.2.2 Mesoproterozoic detrital zircon
Mesoproterozoic detrital zircons have a minor component in this study (Figures 10A–D). The sample JGZ contains two detrital zircon grains dated at 1,431 Ma and 1,509 Ma. These two detrital zircons have high Th/U ratios of 0.76 and 1.12, and show sub-rounded shapes, corresponding to a long-distance transport or multiphase recycling. The sample ZRL contains four Mesoproterozoic detrital zircons, dated at 1,155 Ma, 1,233 Ma, 1,500 Ma and 1,588 May. The 1,500 Ma and 1,588 Ma detrital zircons show rounded shapes, corresponding to a long-distance transport or multiphase recycling, and 1,155 Ma and 1,233 Ma detrital zircons have sub-rounded to angular shapes. Additionally, these zircons have high Th/U ratios of 0.77–1.07, corresponding to a magmatic origin (Corfu et al., 2003). The samples JN and XT have no finding of the Mesoproterozoic detrital zircons, indicating no input of the Mesoproterozoic detritus.
The NCC have developed three Mesoproterozoic magmatic-related rifted belts (e.g., Zhai, 2004; Liu and Liu, 2015), such as the Xiong’er, Yanliao and Zhaertai-Bayan obo-Huade rifted belts. The Jixian System of the Yanliao rifted belt occurs at 1,437 Ma, 1,485 Ma and 1,560 Ma volcanic tuff; the volcanic clastic rocks of the Bilute Formation of the Huade rifted belt were formed at circa 1,515 Ma. Combined with the zircon CL shapes and textures, we argue that 1,431 Ma detrital zircon might be derived from the Tieling Formation (tuff) of the Jixian System. The 1,588 Ma detrital zircon might have been derived from the Gaoyuzhuang Formation of the Jixian System of the Yanliao rifted belt, and 1,500 Ma and 1,509 Ma detrital zircons might be derived from the Bilute Formation of the Huade rifted belt (Huade Group).
5.2.3 Neoproterozoic detrital zircon
Similar to the Mesoproterozoic detrital zircons, the Neoproterozoic detrital zircons are as well minor components in the studied units (Figures 10A–D). The sample JGZ contains two Neoproterozoic detrital zircons (dated at 796 Ma and 882 Ma), which show Th/U ratios of 0.15 and 0.28. The 796 Ma detrital zircon show rounded shape and weak oscillatory growth zoning, probably indicating multiphase recycling. The detrital zircon dated at 882 Ma shows clear oscillatory zoning and angular shape, corresponding a near-by deposition. The sample ZRL contains two Neoproterozoic detrital zircons (dated at 739 Ma and 798 Ma), which have high Th/U ratios of 0.52 and o.83 and sub-rounded to angular shapes, indicating a magmatic origin and near-by deposition. The sample JN contains one Neoproterozoic zircon dated at 805 Ma. This zircon shows weak oscillatory zoning and angular shape, with high Th/U ratio of 0.64, indicating a magmatic origin and near-by deposition. The sample XT contains five Neoproterozoic detrital zircons ranging from 716 Ma to 952 Ma. These zircons are greyish and sub-rounded to angular shapes, with Th/U ratios of 0.44–1.19, revealing a magmatic origin and near-by deposition.
It is well-known that the Yangtze terrane is characterized by widespread Neoproterozoic magmatic events from 900 Ma to 700 Ma (mostly younger than 890 Ma) (e.g., Hacker et al., 1998; Zheng et al., 2006; Zheng et al., 2008; Meng et al., 2018; Meng et al., 2020). Although minor Neoproterozoic magmatism was reported in the southern part of the NCC, which mainly was older than 890 Ma (e.g., Peng et al., 2011a; Peng et al., 2011b; Wang et al., 2012; Yang et al., 2012). Therefore, the Neoproterozoic zircon ages still discriminates the Yangtze terrane from the NCC (e.g., Tang et al., 2008). In this study, the Neoproterozoic zircon ages are younger than 890 Ma from the western Shandong and the Tanlu fault zone, which might have been derived from the Yangtze terrane rather than the southern part of the NCC. The Sulu orogenic belt has a close affinity with the Yangtze terrane, thus the Sulu belt is characterized by the predominance of the Neoproterozoic zircon ages and minor Triassic magmatic and metamorphic ages. The protolith ages of the magmatic and metamorphic rocks are consistent with the Neoproterozoic ages in the Sulu belt (e.g., Zheng et al., 2006; Tang et al., 2008; Liu and Liou, 2011; Meng et al., 2018; Meng et al., 2020). Furthermore, the Neoproterozoic zircons show sub-rounded and angular shapes and lack overgrowths, indicating a near-by deposition. Based on the above discussion, we argue the Neoproterozoic detrital zircons were derived from the Neoproterozoic protoliths of the Sulu orogenic belt. This also indicates that the protoliths of the Sulu belt have been exhumed to the surface during the Late Jurassic. Interestingly, the Sulu orogenic belt is nearby the studied regions, but the Neoproterozoic detrital zircons are minor, indicating that the Tanlu fault zone had been a natural barrier that prohibited the detritus from the Sulu belt.
5.2.4 Paleozoic detrital zircons
The sample JGZ contains seventeen Paleozoic detrital zircons ranging from 255 Ma to 437 Ma, with high Th/U ratios of 0.27–2.23. Except a 437 Ma detrital zircon, the remnant detrital zircons belong to the Late Paleozoic. The detrital zircon dated at 437 Ma has a high Th/U ratio of 0.85 and weak oscillatory zoning, indicating a magmatic origin. The other zircons range from 255 Ma to 396 Ma characterized by sub-rounded to angular shapes, with Th/U ratios of 0.27–1.59. The sample ZRL contains twenty-six Paleozoic detrital zircons ranging from 252 Ma to 431 Ma, which can be divided into two groups, Early Paleozoic and Late Paleozoic. Two Early Paleozoic detrital zircons dated at 419 Ma and 431 Ma have high Th/U ratios of 0.57 and 1.21, indicating a magmatic origin. They have angular shapes and clear oscillatory zoning textures. Besides the Early Paleozoic detrital zircons, the Late Paleozoic detrital zircons are predominant and mainly show angular shapes and oscillatory zoning, with high Th/U ratios of 0.34–1.39, reflecting a near-by sedimentation and magmatic origin. The sample JN contains twelve detrital zircons ranging from 255 Ma to 370 Ma, belonging to the Late Paleozoic. These zircons show sub-rounded to angular shapes and oscillatory zoning textures characterized by high Th/U ratios of 0.23–1.60. The sample XT contains seventeen detrital zircons ranging from 266 Ma to 492 Ma, with Th/U ratios of 0.38–2.27, reflecting a magmatic origin. The detailed CL images show that these zircons are mainly characterized by angular shapes and few zircons show sub-rounded shapes. Additionally, most of zircons have clear oscillatory zoning textures, and few zircons (dated at 291 Ma and 317 Ma) have no oscillatory zoning textures characterized by homogeneous textures. One detrital zircon (two analyses) dated at 490–492 Ma belongs to the Late Cambrian of the Early Paleozoic.
It is well-known that Paleozoic magmatism is insignificant in the western Shandong province and its peripheral areas (e.g., Xie et al., 2012; Li et al., 2013; Xu et al., 2013). Although Liu et al. (2006) reported a magnetite-amphibolite intrusion that was dated at 484–450 Ma in the western Shandong, our results are inconsistent with the magnetite-amphibolite intrusion. According to age populations and Hf isotopic features, Xu et al. (2013) concluded that there was an evident mountain or provenance region along the norther margin of the NCC during the Early to Late Jurassic, resulting in clastic materials southward into the hinterland of the NCC, such as the western Shandong province. Some researchers reported that there was an early Paleozoic magmatic event in the Sulu orogenic belt ranging from 346 to 500 Ma (e.g., Yang et al., 2003, Yang J. S. et al., 2005; Yang et al., 2009; Liu and Liou, 2011). This inferred that the Sulu orogenic belt might be the potential source for the Paleozoic zircon grains extracted from the Santai Formation of the western Shandong. In this study, the Early Paleozoic detrital zircons are derived from the western Shandong ranging from 419 to 492 Ma, whereas the sample JN collected from the Tanlu fault zone has no finding of the Early Paleozoic detrital zircons. This indicates that the Sulu orogenic belt cannot be a Paleozoic supplier for the basins formed in the western Shandong province. Furthermore, Xie et al. (2012) refuted the above arguments and pointed out that the Early Paleozoic arc magmatism might have not developed in the Sulu belt. Based on the spatial-temporal features, we argue that the Early Paleozoic detrital zircons cannot be derived from the Sulu orogenic belt.
As shown above, the Early Paleozoic magmatic events are scarce in the NCC; there was only an Early Paleozoic island arc belt (Bai-nai-miao island arc belt) that developed extensive arc-type and back-arc magmatic rocks in the norther margin of the NCC during the Middle Cambrian-Late Silurian (509–421 Ma) (e.g., Jian et al., 2008; Liu et al., 2014; Wu et al., 2016). In addition, Zhang et al. (2011) reported the Cenozoic basalts that contained Early Paleozoic magmatic zircons (487–419 Ma) in the eastern Liaoning, suggesting that there were probably extensive magmatic events in the eastern Liaoning during the Early Paleozoic. Based on the temporal and genetic relationships, we conclude that the Early Paleozoic detrital zircons might be originated from the northern margin of the eastern NCC and the eastern Liaoning. Therefore, we conclude that several Early Paleozoic detrital zircons might have originated from the northern margin of the NCC or the eastern Liaoning in this study.
It has been proved that there was a Late Paleozoic Andean-style continental arc in the Inner Mongolia Paleo-uplift, which underwent large-scale exhumation and uplift during the Late Carboniferous to Early Jurassic due to the Paleo-Asian Ocean subduction (Zhang et al., 2007a; Zhang et al., 2007b; Xu et al., 2013). Therefore, the Inner Mongolia Paleo-uplift might provide detritus to the depositional basins for the hinterland of eastern NCC (e.g., Cope et al., 2005; Yang et al., 2006; Li et al., 2009, 2010; Xu et al., 2013). Subsequently, the collision of the NCC and Yangtze terrane resulted in the entire uplift of the eastern NCC, leading to the extensive denudation of the Upper Triassic strata during the Late Triassic. Until to the Early-Middle Jurassic, the collision of the Siberia and NCC-Mongolian plates resulted in the intense uplift of the Xing-Meng orogenic belt. Consequently, the Xing-Meng orogenic belt might be the main provenances for the depositional basins in the eastern NCC, and depositional peak in the Late Jurassic and ceased in the Latest Jurassic to the Earliest Cretaceous owing to the rapid uplift of the Yinshan-Yanshan orogenic belt forming a natural barrier (e.g., Yang et al., 2006; Xie et al., 2012; Xu et al., 2013). In addition, the Late Paleozoic magmatic events mainly occurred in the northern part of the NCC evidence from the SHRIMP and LA-ICP-MS U-Pb dating on the felsic intrusive rocks, volcanic tuff and mafic rocks, whose formation timing range from 395 Ma to 271 Ma (e.g., Zhang et al., 2007a; Zhang et al., 2007b; Zhang et al., 2009a; Zhang et al., 2009b; Zhang et al., 2009c). As stated above, the Late Paleozoic magmatic activities of the western Shandong province are not found and its peripheral areas, but the age populations of the detrital zircons from the Santai Formation in this study are well compared with that of the Xing-Meng orogenic belt and the northern part of the NCC. On the contrary, twelve Late Paleozoic detrital zircons of the sample JN were probably derived from the Yinshan-Yanshan orogenic belt (Li et al., 2013).
5.2.5 Mesozoic detrital zircons
5.2.5.1 Triassic detrital zircons
The sample JGZ contains eight Triassic zircon grains varying from 220 Ma to 251 Ma, with Th/U ratios of 0.59–2.23, indicating a magmatic origin (Corfu et al., 2003). These Triassic detrital zircons are mostly characterized by euhedral, suggesting a near-by magmatic provenance (Corfu et al., 2003). The sample ZRL contains four Triassic detrital zircons ranging from 210 Ma to 247 Ma. The four detrital zircons have Th/U ratios of 0.44–1.27, reflecting a magmatic origin. In the CL images, these detrital zircons have angular shapes and clear oscillatory zoning, suggesting a near-by depositional provenance. The sample JN contains five Triassic detrital zircons from 233 Ma to 248 Ma, with Th/U ratios of 0.49–1.15, reflecting a magmatic origin. Additionally, these zircons show sub-rounded to angular shapes with weak oscillatory zoning. Besides one detrital zircon, the other detrital zircons are grey-black color. The sample XT contains nine Triassic detrital zircons ranging from 221 Ma to 247 Ma, with Th/U ratios of 0.46–2.24, corresponding to a magmatic origin. The three detrital zircons dated at 221 Ma, 240 Ma and 241 Ma, have complicated textures characterized by a core rimmed by a new overgrowth rim, indicating a complicated a geological process. The others show angular shapes with clear oscillatory zoning textures. The Sulu orogenic belt is characterized by the Triassic UHP metamorphism (dating the zircon grain rim) and develops a few Late Triassic intrusions in the southeastern edge. In addition to the Sulu orogenic belt, the Yinshan-Yanshan orogenic belt developed Phanerozoic igneous zircons ranging from 415 to 107 Ma (e.g., Zheng et al., 2004; Tian et al., 2007; Zhang et al., 2007a; Zhang et al., 2007b; Ma and Zheng, 2009; Zhang et al., 2009a; Zhang et al., 2009b; Shi et al., 2010). Compared to the Yinshan-Yanshan orogenic belt, the zircons, derived from the Sulu belt, have low Th/U ratios and metamorphic genesis (Xie et al., 2012). In addition, the zircons are derived from the Sulu orogenic belt, which shows the age clusters concentrating on the Late Triassic. Furthermore, the detrital zircons extracted from the Sulu belt have complicated CL textures characterized by inhomogeneous and core-rim structures. During the Early Jurassic to Early Cretaceous, the Tanlu fault zone could have served as a potential barrier to prohibit the detritus from the Sulu belt due to the large-scale sinistral strike-slip movement. Based on the CL images and age clusters as well as tectonic setting, we argue that the Triassic detrital zircons were predominantly from the Yinshan-Yanshan orogenic belt, and few zircons (sample XT) consistent with the timing of the UHP metamorphism (245–218 Ma) and retrograde metamorphism of amphibolite facies might be derived from the Sulu orogenic belt (Liu F. L. et al., 2009). Compared to the Yinshan-Yanshan provenance, the Triassic detrital zircons sourced from the Sulu orogenic belt have complicated textures and clear over-growth rim.
5.3.5.2 Jurassic to Early Cretaceous detrital zircons
The sample JGZ contains eight Jurassic detrital zircons ranging from 153 Ma to 178 Ma. These zircons have high Th/U ratios of 0.58–1.35 and angular shapes with oscillatory zoning textures, suggesting a magmatic origin and near-by depositional setting. The sample ZRL contains three Jurassic detrital zircons dated at 149 Ma, 151 Ma and 195 Ma, with Th/U ratios of 0.62–2.03, reflecting a magmatic origin. The Late Jurassic zircons (149 Ma and 151 Ma) both show angular shapes and clear oscillatory zoning, whereas the zircon dated at 195 Ma show clear core-rim texture, and core shows grey-dark color revealing a metamorphism (high U content). The rim of the Early Jurassic zircon shows grey color and has high Th/U ratio of 0.62 and oscillatory zoning, reflecting a magmatic origin. The sample JN contains four Jurassic detrital zircons ranging from 152 Ma to 180 Ma. These zircons have high Th/U ratios of 0.66–1.75 (>0.4) and oscillatory zoning, suggesting a magmatic origin. Compared to the Jurassic detrital zircons, the sample JN has an overwhelming majority of the Early Cretaceous detrital zircons ranging from 120 Ma to 139 Ma (total=34), with a peak age at circa 125 Ma (Figure 10C). These Early Cretaceous detrital zircons have high Th/U ratios of 0.39–2.57 and most of them show angular morphologies and oscillatory zoning textures, suggesting a magmatic origin and near-by depositional setting. In addition, the CL images show that these Early Cretaceous detrital zircons have typical oscillatory zoning textures rather than tabular zoning, indicating that the detrital zircons might be sourced from the intermediate-felsic rocks. The sample XT contains six Jurassic detrital zircons ranging from 147 Ma to 168 Ma, with high Th/U ratios of 0.41–1.40 (>0.4), suggesting a magmatic origin. In addition, these zircons recovered from the sample XT show clear oscillatory zoning and angular shapes, reflecting a near-by depositional setting as well.
The Jurassic magmatism occurred in the western and eastern Shandong province (e.g., Lin et al., 1996; Miao et al., 1997; Wang et al., 1998; Yang et al., 2005a; Guo et al., 2005; Shao et al., 2007; Zhang et al., 2010; Zhang et al., 2011; Lan et al., 2012; Zhang et al., 2012; Xu et al., 2016). Xu et al. (2015) proposed that the western Shandong region had no obvious provenance connection with the Sulu orogenic belt during the Jurassic to Early Cretaceous due to the natural barrier of the Tanlu fault zone. Therefore, we also consider that the Sulu orogenic belt play an insignificant role contributing the depositional detritus to the depositional basins/depressions in the western Shandong. In this study, we argued that the Jurassic detrital zircons of the Santai Formation mostly are mainly derived from the western Shandong province, and one detrital zircon characterized by clear core-rim texture is probably derived from the Sulu orogenic belt, which is associated exhumation of the post-collisional magmatism (Xu et al., 2016).
The Cretaceous magmatic events are widespread in the whole Sulu orogenic belt and Jiaobei terrane. In the Jiaobei terrane, the Guojialing granitoid batholiths were formed at 120–135 Ma (e.g., Li et al., 2018). According to the Al-in-hornblende barometry, the Guojialing granitoid batholiths were formed under the pressures of 3.2–5.4 kbar similar to 12 km emplacement depth (Li et al., 2018). Therefore, the Guojialing granitoid batholiths could not be exhumed to the surface at ca. 120 Ma. Thus, the 120–130 Ma detrital zircons are not derived from the Guojialing granitoid batholiths. In addition to the Jiaobei terrane, the Sulu orogenic belt developed extensive Early Cretaceous magmatic events (e.g., Zhang et al., 2010, 2012; Meng et al., 2018). Based on the geobarometer and paleogeography, granitic plutons in the Sulu belt had a relatively deep emplacement depth from ca. 9–11 km (e.g., Wang et al., 2016; Meng et al., 2020), indicating that the Early Cretaceous granitic plutons could not be a supplier for the rifted basins in the Tanlu fault zone. Although Lin et al. (2005) and Liu S. S. et al. (2009) proposed that the Sulu terrane experienced quick uplift between 130 Ma and 100 Ma, large-scale denudation and significant uplift began in the early Late Cretaceous rather than the middle Early Cretaceous. According to dinosaur tracks and youngest detrital zircons (Figure 11C), the sedimentary basin was formed at ca. 122 Ma in the Tanlu fault zone; thus, the coeval granitoid rocks cannot provide denudated materials to the near-by fault basins. According to the regional geology and rock assemblages, we argue that the Early Cretaceous granitic batholiths of the Sulu belt were exhumed to the surface and eroded significantly during the early Late Cretaceous. Zhang et al. (2016) concluded that there were extensive coastal mountains during the early Late Cretaceous in the eastern China. We agree with Zhang et al. (2016) that large-scale denudation of the Early Cretaceous granitoid batholiths occurred in the early Late Cretaceous in the Sulu orogenic belt rather than the middle Early Cretaceous (equivalent emplacement timing). In addition, the Mesozoic detrital zircons are predominant, displaying the similar unimodal age spectra clustering around 120 Ma to 257 Ma (peak age at 125 Ma) (Figure 10C). The Mesozoic detrital zircons have an overwhelming advantage implying a near-by volcanic depositional environment. The eastern Shandong developed extensive volcano-magmatic events of the Qingshan period during the Early Cretaceous. Therefore, the Early Cretaceous volcanic and subvolcanic rocks might be the best supplier for the basins in the Tanlu fault zone, corresponding to a near-by volcanic depositional setting. Combined with paleogeography and the emplacement depth of Mesozoic granites in the Jiaodong Peninsula (e.g., Wang et al., 2016; Li et al., 2018), we consider that the Early Cretaceous zircons, which have high Th/U ratios and angular shapes, were derived from coeval volcanic and subvolcanic rocks of the Qingshan period rather than coeval intrusive granitic plutons, such as granites from the Jiaobei and the Sulu orogenic belt.
5.3 Tectonic setting and implications
It has been proved that the eastern NCC had a high relief without deposition due to the collision of the Yangtze and NCC during the Late Triassic to Early Jurassic (e.g., Wu et al., 2007; Li and Huang, 2013). However, the paleogeomorphology of the hinterland of the eastern NCC had changed significantly during the late Early Jurassic to the Valanginian of the Early Cretaceous (180–136 Ma) (e.g., Xu and Li, 2015). For example, the Fangzi, Santai and Mengyin formations had received a mass of depositional loads from the northern part of the NCC and Xing-Meng orogenic belt. This indicates that the northern NCC and Xing-Meng orogenic belt might be the predominant depositional source region for the hinterland of the eastern NCC, which lasted the Valanginian stage of the Early Cretaceous (∼136 Ma). Consequently, the northern NCC and the Xing-Meng orogenic belt, which underwent quick uplifting and denudation during the Bathonian stage of the Middle Jurassic, are the joint source regions for the Early-Middle Jurassic sediments in the western Shandong province and adjacent regions. Subsequently, the northern NCC contributed more Early Cretaceous detrital materials to the western Shandong Province than the Xing-Meng orogenic belt during the middle Early Cretaceous (Graham et al., 2001; Wang et al., 2012; Xu and Li, 2015).
Cawood et al. (2012) proposed that age spectra of detrital zircons can reflect their formational environment of the basins in which they are deposited. Different sedimentary environments show different age clusters of detrital zircons. Generally, sediments deposited in the convergent plate margins are characterized by a large proportion of zircon ages close to their depositional age, while the sediments deposited in the intracratonic, extensional and collisional settings contain greater proportions with older ages, which reflect the history of the underlying basement (Cawood et al., 2012). If the sediments are deposited in a region with absence of coeval magmatism, the detrital zircons would be not useful in constraining the depositional age of the basins. In the western Shandong and the Tanlu fault zone regions, in addition to the Precambrian volcano-magmatic and metamorphic events, Mesozoic magmatic events are widespread throughout in the whole Shandong province of the eastern NCC (e.g., Xu et al., 2004; Yang et al., 2012; Yang et al., 2013; Yang et al., 2021). Therefore, formational timing of the Late Mesozoic sedimentary basins in the western Shandong province and adjacent regions can be constrained well by detrital zircons.
In the cumulative proportion plot (Figure 12), the samples collected from the western Shandong province (JGZ, ZRL and XT) show similar distribution patterns with those derived from the extensional basins, indicating an extensional setting. Interestingly, the results for the Santai Formation have shown that more and more extensional components were preserved in the strata from the lowermost (sample JGZ) to the uppermost part (sample ZRL), indicating an extensional process gradually (Figure 12). Compared to the Early Cretaceous, the Late Jurassic tectonic setting and tectonic framework of the eastern NCC remain enigmatic during the Jurassic (Yang et al., 2021), which might be associated with the large-scale sinistral strike-slip of the Tanlu Fault and the subduction of the Paleo-pacific ocean lithosphere. In the eastern NNC, the Early-Middle Jurassic granitoid rocks (intermediate-acidic rocks) are characterized by low crystallization temperatures and adakite-like chemical features, indicating a significant crustal thickening (compressional continental arc setting) (Liu et al., 2010; Liu et al., 2013). By contrast, the Late Jurassic is a key tectonic transition in the eastern NCC evidenced by the 160–140 Ma magmatic rocks. Although the tectonic transition was documented well within the magmatic rocks, the information of the extensional tectonics is poorly constrained or reported in sedimentary rocks. In this study, our samples from the Santai Formation plot into the extensional setting, indicating that the extension of the upper crust might occur during the Late Jurassic in the western Shandong province of the eastern NCC. The upper crustal extension might be the shallow response of the NCC destruction. In addition to the magmatic and sedimentary clues, the metamorphic core complexes (MCC), the most representative extensional tectonic assemblages, are the thinning and destruction products of the lithospheric mantle, reflecting the shallow responses of the upper crustal extension (e.g., Ni et al., 2013; Ni et al., 2016; Xia et al., 2016). Therefore, the accurate formation timing of the MCC can give better constraints on the destruction and thinning of the eastern NCC. The published data show that the MMC were formed during the 150–121 in the eastern NCC, and peak at 125 Ma (e.g., Xia et al., 2016). Consequently, we argue that the basins deposited in the Late Jurassic might be the extensional products of the Shandong province in the eastern NCC. The Santai Formation was deposited in an extensional setting, and potentially is the shallow response of the eastern NCC destruction. It has been well-recognized that the eastern NCC experienced large-scale lithospheric thinning during the Late Mesozoic, especially the Early Cretaceous (destruction peaking at circa 125 Ma). Thus, the sample JN was deposited in the Early Cretaceous (ca. 122 Ma) that was combined product of the sinistral strike-slip of the Tanlu Fault and large-scale extension of the lithosphere of the eastern NCC.
[image: Figure 12]FIGURE 12 | Cumulative proportion curves for Late Triassic sedimentary sequences from the western Shandong province (sample JGZ, ZRL and XT) and Tanlu fault zone (sample JN). The general fields for convergent (A), collisional (B), and extensional (C) basins are after Cawood et al. (2012).
6 CONCLUSION
Comparing the detrital zircon U-Pb ages, zircon morphologies and trace elemental features of the Late Mesozoic sedimentary rocks from the western Shandong province and Tanlu fault zone, we conclude the following:
1) Late Triassic and Neoproterozoic detrital zircons play a minor role in the sedimentary strata of the western Shandong province, indicating that the Tanlu fault zone has served as a natural “barrier” characterized by the graben-horst-graben structures preventing detritus of the Sulu orogenic belt.
2) The samples collected from the western Shandong and Tanlu fault zone have different age clusters, suggesting that the large sinistral movement of the Tanlu fault zone might have occurred at the Early-Middle Jurassic and formed a paleogeographic separation of the western Shandong and eastern Shandong (Sulu orogenic belt).
3) The Santai Formation had begun deposition at circa 158 Ma and probably had terminated deposition at circa. 150 Ma as evidenced by the weighted average ages of the youngest zircons from the lowermost and uppermost parts of the Santai Formation. The Tianjialou Formation of the Dasheng Group characterized by the dinosaur and bird tracks had begun deposition at circa 122 Ma as evidenced by the weighted average ages of the youngest zircons.
4) U-Pb ages of detrital zircons from the western Shandong province reveal three major age groups 2,475–2,540 Ma, 1820–1870 Ma and 257–285 Ma, with minor Mesoproterozoic, Neoproterozoic and Paleozoic detrital zircons.
5) According to detrital zircon age populations and features of the depositional provenance, the sediments deposited in the western Shandong province are mainly sourced from the basement uplift of the western Shandong province (Late Neoarchean to Earliest Paleoproterozoic detrital zircons), the Jiao-Liao Belt (Orosirian stage detrital zircons of the Paleoproterozoic), northern part of the NCC and Xing-Meng orogenic belt (Late Paleoproterozoic detrital zircons). The sample JN deposited in the Tanlu fault zone is mainly derived from the volcanic and subvolcanic rocks of the Qingshan period in the eastern Shandong, and the Jiao-Liao and the uplift of the western Shandong are the subordinate depositional source, with minor supplier being derived from the Yinshan-Yanshan orogenic belt.
6) Evidence from the Late Jurassic sediments in the western Shandong province indicate that the extension and thinning of the NCC lithosphere might begin at ca. 158 Ma.
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