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To investigate the evolution of the continental crust in the northern Tibetan Plateau, detrital zircon U–Pb geochronology and Hf isotopes analysis were performed on two fluvial sand samples from North Qaidam (the Yuka and Shaliu rivers). A total of 443 detrital zircon U–Pb ages and 244 Hf isotopic results were obtained and reveal that the South Qilian, North Qaidam, and East Kunlun terranes show affinity to the western Yangtze Block. Age distributions of detrital zircons from the Yuka River cluster mainly in two age intervals of 1,000–700 and 480–400 Ma. The corresponding εHf(t) values are mostly negative, with depleted two-stage Hf model ages (TDM2) of 2.1–1.6 Ga. In contrast, age data for the Shaliu River fall in the ranges of 1,000–700, 460–380, and 260–200 Ma, with TDM2 ages of 2.0–1.6 and 1.6–1.2 Ga. In addition, zircons with Neoproterozoic ages from both river samples possess common Paleoproterozoic TDM2 ages (2.0–1.6 Ga, with a peak of 1.8–1.7 Ga), indicating that the South Qilian, North Qaidam and East Kunlun terranes were probably part of the same Neoproterozoic continent. The East Kunlun and North Qaidam terranes are inferred to include Mesoproterozoic continental crust (1.6–1.0 Ga), suggesting differences in crustal evolution between the East Kunlun–North Qaidam and Qilian terranes. Phanerozoic magmatism in these three terranes was sourced mainly from the recycling of ancient continental crust with minor contributions from the juvenile crust.
Keywords: south qilian, north qaidam, east kunlun, detrital zircon, zircon U-Pb geochronology, hf isotopes
1 INTRODUCTION
The northern Tibetan Plateau is an ideal place to understand plate collision, interactions of tectonic uplift and crustal evolution. Although Tibetan Plateau has been studied for decades, most studies focus on the Cenozoic tectonic uplift (Tapponnier et al., 2001; Yin et al., 2008; Clark et al., 2010; Rohrmann et al., 2012; Wang et al., 2014; Botsyun et al., 2019), while rarely studying the crustal evolution from Proterozoic to Paleozoic by using the detrital zircon in the northern Tibetan Plateau.
Zircon is one of the most robust accessory minerals with refractory nature during weathering and transportation, meaning that the U–Pb isotope system of detrital zircons can be used to obtain reliable chronological information, which in turn can be used to track the source region of the host clastic sedimentary rocks. Combined with the stable Lu–Hf isotope compositions, analysis of detrital zircons from modern river sediments can lead to a better understanding of the history of continental growth (Belousova et al., 2010; Kröner et al., 2014; Chen et al., 2015; Xu et al., 2016; Gong et al., 2017). Thus, detrital zircons can be used to help establish the geological history of regions through which rivers flow, and may record information about the evolution of magmatism and metamorphism in these regions (Lease et al., 2007; Nie et al., 2012; Blayney et al., 2016; Song et al., 2019).
Numerous studies have used detrital zircon U–Pb ages and Hf isotopes to track the continental growth (e.g., Condie et al., 2005; Liu et al., 2008; Yang et al., 2009; Geng et al., 2011; Sun et al., 2012), although data are scarce for the area of the northern Tibetan Plateau investigated in this study. The North China block and the Yangtze block are two stable cratons adjacent to the northern Tibetan Plateau. It is generally considered that 2.9–2.4 Ga were the main periods of crustal growth in the North China Craton, but thermal events from the Mesoproterozoic to early Paleozoic are missing (Yang et al., 2009). The Yangtze Craton records two Precambrian periods of growth at 3.8–3.2 and 0.91–0.72 Ga, which are consistent with detrital zircon ages obtained from the South Qilian and North Qaidam terranes located on the northern Tibetan Plateau (Liu et al., 2008). Thus, the high degree of similarity of detrital zircon ages between the western Yangtze Craton and South Qilian–North Qaidam terranes reveals their close affinity. However, there have been insufficient studies of the overall crustal evolution of the South Qilian, North Qaidam, and East Kunlun terranes, which are key areas for understanding the tectonic evolution of the northern Tibetan Plateau.
The North Qaidam ultra-high pressure metamorphic (UHPM) belt has attracted considerable research attention regarding the evolution of the adjacent Qilian and East Kunlun orogenic belts (Zhang et al., 2008; Song et al., 2011, Song et al., 2019.; Liu et al., 2012; Gao and Zhang, 2017; Gong et al., 2017; Jian et al., 2020; Wu et al., 2020). Gao and Zhang, 2017 conducted zircon U–Pb dating of metapelite from Lüliangshan and Dulan in the North Qaidam UHPM belt and concluded that the North Qilian was an active continental margin, and the North Qaidam was a passive continental margin during the early Paleozoic; then the North Qaidam changed to be an active continental margin after the closure of ancient Qilian Ocean. Liu et al. (2012) conducted U–Pb isotope dating of detrital zircons from Cenozoic sediments in the Lulehe section and modern river sands in the North Qaidam, revealing a record of Rodinia supercontinent break-up, Pan-African regional metamorphism related to the subduction and collision in the Nouth Qaidam–South Qilian area. It is generally considered that multi-stage arc magmatism and continental-collision felsic intrusive magmatism occurred in the South Qilian, North Qaidam, and East Kunlun terranes from the Paleozoic to Triassic during subduction in the Proto-Tethys and Paleo-Tethys oceans. However, relationships among these three terranes during the Paleozoic–Mesozoic multiple Wilson cycles remain debated. Two popular tectonic models for the Paleozoic–Mesozoic tectonic configuration of the South Qilian, North Qaidam, and East Kunlun terranes follow: 1) the archipelago model, which proposes that the three terranes were separated from each other by ocean basins during the early Paleozoic and amalgamated during the mid-to-late Paleozoic (Kang et al., 2019; Zhang et al., 2020); and 2) the continuous continent model, in which during the early Paleozoic, the continuous “North Qaidam-South Qilian” terrane were sandwiched between the North Qilian arc to the north and the Kunlun arc to the south (Cheng et al., 2017; Gehrels et al., 2003; Song et al., 2013, 2014), or the continuous “North Qaidam–East Kunlun” terrane and Qilian Terrane were separated by the Qilian Ocean (Jian et al., 2020).
Here we present results of detrital zircon U–Pb ages, trace-elements, and Hf isotopes collected from sediments of the Yuka and Shaliu rivers on the northern Tibetan Plateau with the aim of tracking the crustal growth and tectonic evolution of the South Qilian, North Qaidam, and East Kunlun terranes, which the three terranes dominated by the Paleoproterozoic-Mesoproterozoic continental crust, and support the archipelago model during the early Paleozoic.
2 GEOLOGICAL SETTING AND SAMPLES
The Paleozoic North Qaidam UHPM belt lies between the Qaidam and South Qilian terranes in the northern margin of the Tibetan Plateau (Figures 1A–C). It extends northwestward from Dulan, through Xitieshan and Lüliangshan, to Yuka over an overall length of ∼400 km (Figure 1D). From the Neoproterozoic to the middle Permian, tectonic–thermal activities in North Qaidam were very intense (Li et al., 1999; Wu, 2008). The intense Neoproterozoic magmatic activity was most likely associated with the assemble and subsequent break-up of the Rodinia supercontinent, whereas the Paleozoic magmatic activity was probably related to the transition of the North Qaidam UHP belt from oceanic subduction to a continental collision regime (Wu et al., 2004; Song et al., 2009b; Zhang et al., 2013). Along the North Qaidam UHPM belt, eclogites are found as NW–SE-oriented boudins and interlayers within para- and orthogneisses in several localities (e.g., Dulan, Xitieshan, and Yuka) and garnet peridotite crops out in the Lüliangshan area (Song et al., 2009b; Zhang et al., 2013). The early stage of eclogite-facies metamorphism was at 473–443 Ma, representing the early oceanic subduction; then followed the continental deep subduction at 426–420 Ma. The reconstruction of Shaliuhe relict oceanic lithology provides evidence for oceanic subduction in the North Qaidam UHPM belt (Song et al., 2003, 2006, 2009a; Zhang et al., 2005, Zhang et al., 2008, 2009; Zhang and Zhang, 2011). Both coesite and diamond inclusions were found from eclogite, garnet peridotite, and country gneisses (Zhang et al., 2016 and references therein).
[image: Figure 1]FIGURE 1 | (A) Location of the Tibetan Plateau within China; (B) Location of the Qilian Range, Qaidam Basin, and East Kunlun Orogenic Belt in the northern Tibetan Plateau (modified from Yin et al., 2008); (C) Simplified geologic maps of the northern Tibetan Plateau (modified from Song et al., 2018); (D) Satellite image of the study area showing the two sampling locations; (E) Close up view of the catchment area of the Yuka river and sample location of 20YK-05 (red star); (F) Close up view of the catchment area of the Shaliu river and sample location of 20SL-01 (red star).
Dulan is located in the southeastern North Qaidam UHPM belt–northern Kunlun, which is located at the intersection of the South Qilian belt to the north, the East Kunlun Orogenic belt to the south-southeastward, and the Qinling to the east. The Dulan area was affected by multiple orogenic events during the Paleozoic–early Mesozoic, accompanied by tectonic–magmatic activities and granite intrusions. Three stages of Paleozoic granitic magmatism in Dulan had been identified, with S-type affinity: 434–432, 407–397, and 383–373 Ma (Yu et al., 2011), in which the early stage at 434–432 Ma formed more or less simultaneously with the North Qaidam HP/UHP metamorphism responded to the continental deep subduction and collision (Song et al., 2009b). While the others at 407–397 and 383–373 Ma may have been formed in association with break-off and exhumation of the subducted South Qilian slab and delamination of the lithospheric mantle, respectively (Yu et al., 2011). In addition, the Yematan granitoid represents an event spanning ∼30 Myr, ranging from granodiorite with I-type affinities and biotite monzogranite (386–379 Ma), porphyritic biotite granite (367 ± 3 Ma), to diorite (374–360 Ma) (Wu et al., 2007; Wang et al., 2014). Post-collisional magmatic rocks in Dulan occurred ∼20–30 Myr later than peak UHP metamorphism (ca. 420 Ma) of continental collision are highly diverse in age and composition, indicating multiple stages of magmatism, melting of various magma sources, and variable degrees of interaction between crust and mantle associated with a complex tectonic evolution from exhumation to orogenic collapse (Wang et al., 2014). Moreover, late Permian–Triassic granites are widely distributed in the eastern part of East Kunlun Terrane (Yuan et al., 2000). Late Triassic granites are widely developed in east of Dulan–Xiangride (Kui et al., 2010).
The Yuka area is part of the North Qaidam UHPM belt and is located between the South Qilian Terrane and the Qaidam Basin. Intermediate–felsic intrusive rocks are widely exposed in the Yuka area, and granites accompanied by UHP metamorphic rocks are well developed. Magmatic rocks are voluminous and represent multiple events, with more intense magmatism during the Caledonian event (early Paleozoic, at about 600–405 Ma) compared with Hercynian (late Paleozoic, at about 386–257 Ma) and Indosinian events (early Mesozoic, at about 257–205 Ma). The largest Paleozoic granite intrusion in the Yuka area is the Qaidamshan pluton, which is composed mainly of porphyritic monzonitic granite, granite porphyry, and granodiorite (He et al., 2020). The crystallization age of the Qaidamshan pluton was early Silurian–early Devonian (ca. 440–400 Ma), formed during continental collision (Wu et al., 2001; Lu et al., 2007; Wu, 2008).
Samples of modern river sediments collected during this study were obtained from the Yuka and Shaliu rivers. Sample 19YK-05 was taken from the Yuka River (Figure 1E), at a point located northwest of Dachaidan, west of the Qaidam mountains (38°0.2998′N, 94°56.8398′E). Sample 19SL-01 was taken from the Shaliu River (Figure 1F), at a point located in northeastern Dulan County, next to the G109 National Highway (36°31.2211′N, 98°36.6588′E).
3 ANALYTICAL METHODS
Zircon grains were separated using magnetic and heavy-liquid separation techniques and then handpicked under a binocular microscope. Zircon grains were set in an epoxy mount and polished to half thickness. Cathodoluminescence (CL) images were conducted with a Quanta 200F scanning electron microprobe (SEM) at the Key Laboratory of Orogenic Belts and Crustal Evolution, Ministry of Education, School of Earth and Space Sciences (SESS), Peking University (PKU), Beijing, China with conditions of 15 kV and 120 nA.
Zircon U–Pb geochronological and trace-element analyses were performed using a ThermoFisher iCapRQ ICP-MS coupled with a 193 nm GeoLas laser system at the SESS, PKU. The operating conditions are a laser spot diameter of 32 μm, a laser fluence of 5 J cm−2, and a repetition rate of 5 Hz. The aerosol produced by ablation was carried by helium (0.70 L/min) mixed with argon and a small amount of nitrogen (each gas purity is >99.999%). Data reduction was conducted using Iolite software (Paton et al., 2011). Zircon 91,500 was used as an external standard, while GJ-1 and Plešovice were utilized as unknowns to monitor the precision and accuracy of U–Pb dating. Analysis of GJ-1 and Plešovice zircon standards yielded Concordia ages of 599.2 ± 1.2 Ma (2σ, n = 35, MSWD = 2.1) and 337.5 ± 0.7 Ma (2σ, n = 31, MSWD = 0.12), consistent with the recommended values reported in Jackson et al. (2004) and Sláma et al. (2008). The adopted U–Pb ages were 206Pb/238U ages for zircon grains with ages of ≤1.0 Ga and 207Pb/206Pb ages for grains with ages of >1.0 Ga. Ages with degrees of discordance of >10% were excluded from age calculations. Concordia diagrams were plotted using Isoplot 4.15 (Ludwig, 2003). Trace-element contents were analyzed from the same ablation crater as U-Pb dating and calibrated by 29Si and NIST SRM 610, while NIST SRM 612 was used as a secondary standard (Pearce et al., 1997). Accuracy and precision were better than 5% for most elements. Analytical results for zircon dating and trace-element contents are presented in Supplementary Tables S1. S2. Analytical results for standard zircon dating are presented in Supplementary Table S4.
In-situ zircon Lu–Hf analyses were conducted using a Nu Plasma II MC–ICPMS coupled with a 193 nm GeoLas laser system at SESS, PKU. Analyses were performed with a laser energy of 8 J cm−2, a repetition rate of 5 Hz, a spot diameter of 44 μm, and helium carry gas (0.63 L/min). Laser spots were positioned to half overlap or lie as close as possible to domains used for zircon U–Pb dating. Zircon 91,500 was analyzed as a calibration standard, and Plešovice and Penglai were adopted as secondary standards to monitor analytical quality. Data reduction was performed using Iolite software (Paton et al., 2011). Mass-dependent fractionation of Hf was corrected by internal normalization relative to a 179Hf/177Hf = 0.73250 (Patchett and Tatsumoto, 1980) and Yb fractionation was corrected using the constant 173Yb/172Yb = 0.73925 (Vervoort et al., 2004) and an exponential law. The isobaric interferences of 176Lu and 176Yb on 176Hf were corrected by measuring the intensity of the interference-free 175Lu and 172Yb isotopes with the recommended 176Yb/172Yb ratio of 0.5887 and 176Lu/175Lu ratio of 0.02655 and assuming the fractionation factor βLu = βYb (Vervoort et al., 2004). The analytical values of 176Hf/177Hf for the standard zircons were 0.282307 ± 0.000065 (2σ, n = 24) for 91,500, 0.282482 ± 0.000037 (2σ, n = 22) for Plešovice, and 0.282925 ± 0.000062 (2σ, n = 21) for Penglai, consistent with recommended values reported by Wu et al. (2006), Sláma et al. (2008), and Li et al. (2010), respectively. Present-day chondrite 176Lu/177Lu ratio of 0.0332 and 176Hf/177Hf ratio of 0.282772 (Blichert-Toft et al., 1997), and present-day depleted mantle values of (176Lu/177Hf)DM = 0.0384 and (176Hf/177Hf)DM = 0.28325 (Griffin et al., 2000) were used for the calculation of εHf (t) values and two-stage Hf model ages (TDM2), respectively. Data for Lu–Hf isotopes of the samples and standard zircons are listed in Supplementary Tables S3, S5, respectively.
4 RESULTS
4.1 Detrital Zircon U–Pb Dating and Trace-Element Contents
CL images show that most zircons (>99%) have well-developed oscillatory zoning (Figure 2), suggesting a magmatic origin (Hoskin and Black, 2000; Corfu et al., 2003). Plots of Th/U versus U–Pb ages of detrital zircons and U–Pb age cumulative probability distributions for each sample are presented in Figures 3, 5A,B, respectively.
[image: Figure 2]FIGURE 2 | Representative cathodoluminescence (CL) images for detrital zircon crystals of Sample 20YK-05 (A) and Sample 20SL-01 (B) from North Qaidam.
[image: Figure 3]FIGURE 3 | Plot of Th/U ratios versus U-Pb ages of detrital zircons from the river sands of Sample 20YK-05 (A) and Sample 20SL-01 (B) from North Qaidam.
On the basis of the substitution of (REE3+ + Y3+) for Zr in zircon from S-type granites being charge-balanced by P5+, leading to a near 1:1 correlation between (REE + Y) and P, thus plots of (REE + Y) versus molar P can be used to distinguish the S-type and I-type zircons (Burnham and Berry., 2017; Zhu et al., 2020). Applying this classification method (S-type granites, i.e., 0.77*P< [REE + Y] <1.23*P for zircons with molar P > 15 μmol/g) to those zircons from the two samples with degrees of discordance of <10% shows that S-type granite zircons account for the majority (56.3%) of the Yuka River detrital zircons (Figure 4A), whereas I-type granite zircons account for the majority (73.8%) of the Shaliu River detrital zircons (Figure 4B). U–Pb age cumulative probability distributions and U–Pb Concordia diagrams for each age peak of S- and I-type zircons of the two samples are shown in Figures 5C,D, 6. Selected detrital zircons with representative age peaks and mean values of age are given in Supplementary Table S2, and chondrite-normalized REE patterns are presented in Figure 7.
[image: Figure 4]FIGURE 4 | Binary plot of molar p concentrations versus (REE + Y) for zircons of Sample 20YK-05 (A) and Sample 20SL-01 (B). The gray-shaded area shows the field used to define zircon derived from S-type granites, i.e., 0.77*p< (REE + Y) <1.23*p for zircons with molar p > 15 μmol/g. The typical S and I-type zircon are collected from Burnham and Berry (2017) and Zhu et al. (2020).
[image: Figure 5]FIGURE 5 | (A) Histograms of detrital zircon U-Pb ages of sample 20YK-05, (B) Histograms of detrital zircon U-Pb ages of sample 20SL-01, (C) Relative probability plot for Early Paleozoic dates, (D) Relative probability plot for Late Paleozoic - Early Mesozoic dates.
[image: Figure 6]FIGURE 6 | U-Pb concordia plots for the main peaks of detrital zircon dates identified in Figure 5. (A–C) I- and S-Type zircon U-Pb concordia plots of Sample 20YK-05, (D–G) I- and S-Type zircon U-Pb concordia plots of Sample 20SL-01; (H) Metamorphic zircon U-Pb concordia plots of Sample 20SL-01.
[image: Figure 7]FIGURE 7 | REE in detrital zircons normalized to chondrite (normalization values from Sun and McDonough, 1989). (A) Sample 20YK-05, (B) Sample 20SL-01. The typical S and I-type zircon are collected from Burnham and Berry (2017) and Zhu et al. (2020).
Zircons from the Yuka river (20YK-05) are characterized by oscillatory zoning textures and high Th/U ratio (mostly >0.1) (Figures 2A, 3A), indicating a magmatic origin (Belousova et al., 2002; Corfu et al., 2003; Hoskin and Black, 2000; Rubatto, 2002). Some grains display core–rim zonation, with an oscillatory-zoned core and an un-zoned or oscillatory-zoned rim in CL images (Figure 2A). Of the 258 analyzed detrital zircon U–Pb ages from the Yuka River sample, 86.0% are concordant. Of these analyses, only one has Th/U ratio of <0.10 (0.05, 1,261 Ma), but it has likely a magmatic origin, as inferred from the oscillatory zoning texture. Detrital zircon U–Pb ages obtained for this sample cluster into two main ranges at 1,000–700 Ma and 480–400 Ma with peaks centering at 820 and 433 Ma, and two secondary ranges at 2800–2400 Ma and 2,100–1,500 Ma, respectively (Figure 5A). Compositionally, S-type zircon dominates ages of 460–402 Ma (Figure 6A), whereas I-type zircon dominates ages of 961–720 Ma and 472–412 Ma (Figures 6B,C). REE contents of sample 20YK-05 shows that S-type zircon has stronger negative Eu and Ce anomalies relative to I-type (Figure 7A), consistent with the known REE patterns of typical S- and I-type zircons (Burnham and Berry, 2017; Zhu et al., 2020).
Most analyzed zircons from the Shaliu river (20SL-01) are characterized by oscillatory zoning textures (Hoskin and Black, 2000; Corfu et al., 2003). About one-third of the analyzed grains have core–rim structures, with a core of oscillatory zoning and an un-zoned rim in CL images (Figure 2B), with Th/U ratios range of 0.01–1.87 (Figure 3B). Of the 336 detrital zircon U–Pb ages from the Shaliu River, 93.8% are concordant, with 223 data points are of magmatic origin and 92 data points are of metamorphic origin which distinguished by Th/U < 0.10 and un-zoned CL images; and three main ranges at 1,000–700 Ma, 460–380 Ma, and 260–200 Ma with peaks centering at 870 Ma, 420 Ma, and 232 Ma, and three secondary ranges at 2700–2300 Ma, 2000–1700 Ma, and 1,600–1,100 Ma, respectively (Figure 5B). With respect to composition, S-type zircon dominates ages of 915–776 Ma (Figure 6D), whereas I-type zircon dominates ages of 927–775 Ma, 458–381 Ma, and 256–207 Ma (Figures 6E–G). After excluding 16 mixed ages, the vast majority of the remaining 76 metamorphic zircons fall within the range of 456–383 Ma (Figure 6H). Analysis of REE contents for sample 20SL-01 shows the same characteristics as 20YK-05. Metamorphic zircons display flat HREE patterns with weak negative Eu anomalies (Figure 7B).
4.2 Lu–Hf Isotopes
Results of 224 Hf isotopic determinations are presented in Supplementary Table S3 and Figure 8. Figure 9 shows the distribution of TDM2 ages (Wu et al., 2007; Yang et al., 2009).
[image: Figure 8]FIGURE 8 | (A) U-Pb age versus εHf (t) value plots of concordant detrital zircons of sample 20YK-05; (B) U-Pb age versus εHf (t) value plots of concordant detrital zircons of sample 20SL-01.
[image: Figure 9]FIGURE 9 | U-Pb age versus two-stage Hf model age (TDM2) value plots of concordant detrital zircons (A-1) Sample 20YK-05 (B-1) Sample 20SL-01; Relative probability plots of TDM2 (A-2,3,4) Sample 20YK-05 (B-2,3,4,5) Sample 20SL-01.
Zircons from sample 20YK-05 (117 analyses) yield εHf (t) values of −29.1–16.2 (Figure 8A), and TDM2 ages in the range of 3.8–1.3 Ga (Figures 9A-1), with a peak at 2.1–1.7 Ga. Zircon crystals with U–Pb ages of >1,000 Ma yield values of εHf (t) in the range of −12.8–16.2 (Figure 8A) and TDM2 ages varying from 3.8 to 1.8 Ga (Figures 9A-2). Zircons in the age range of 1,000–700 Ma yield εHf (t) in the range of −17.1–2.3 (Figure 8A), with only two grains with εHf (t) > 0, and TDM2 in the range of 2.8–1.6 Ga (Figures 9A-3). Zircons in the range of 480–400 Ma yield values of εHf (t) in the range of −29.1–1.4 (Figure 8A), with only one grain with εHf (t) >0, and TDM2 in the range of 3.3–1.3 Ga (Figures 9A-4).
Zircons from sample 20SL-01 (117 valid analyses) yield εHf (t) values in the range of −15.4–19.4 (Figure 8B), and TDM2 ages in the range of 3.6–0.4 Ga (Figures 9B-1), with a peak in the range of 2.5–1.2 Ga. Zircon crystals with U–Pb ages of >1,000 Ma yield εHf (t) in the range of −13.8–15.9 (Figure 8B) and TDM2 in the range of 3.6–1.4 Ga (Figures 9B-2). Zircons in the age range of 1,000–700 Ma yield εHf (t) in the range of −14.5–11.4 (Figure 8B) and TDM2 varying from 2.6 to 1.1 Ga (Figures 9B-3). Zircons in the range of 460–380 Ma yield εHf (t) in the range of −14.5–6.1 (Figure 8B), with TDM2 in the range of 2.4–1.0 Ga (Figures 9B-4). Zircons in the range of 260–200 Ma yield εHf (t) in the range of −12.2–0.9 (Figure 8B), with TDM2 in the range of 2.1–1.2 Ga (Figures 9B-5).
5 DISCUSSION
5.1 Potential Source of the Detrital Zircons
Both samples were collected from the North Qaidam UHPM belt, but the upper reaches of the rivers extend beyond this belt. Therefore, analysis of the source(s) of the zircons should consider the contributions made by the upstream portions of the rivers. The Yuka River flows northeast to southwest, from the Qilian Terrane to the Qaidam Basin (Figure 1E). Its main tributaries are located in the Yuka area of Qaidam and the South Qilian Terrane. Therefore, investigation of provenance must consider the contribution of the South Qilian Terrane. While the Shaliu River flows southeast to northwest (Figure 1F), and its main tributaries are located in the eastern part of the East Kunlun orogenic belt and the North Qaidam UHPM belt. Provenance analysis therefore needs to combine the East Kunlun and North Qaidam.
Combining knowledge of the location of the ancient continents (Gehrels et al., 2003; Song et al., 2014; Wan et al., 2001; Wan et al., 2006), Nd isotopic data (Wan et al., 2006), and especially detrital zircon data (Tung et al., 2007; Xu et al., 2007; Liu et al., 2008; Sun et al., 2008; Sun et al., 2009; Wang et al., 2010; Wang et al., 2012; Wang et al., 2013; Chen et al., 2011; Gehrels et al., 2011; He et al., 2016; Yan et al., 2017; Meng et al., 2017; Jian et al., 2020), shows that the Precambrian basement detrital zircon U–Pb age peaks of the South Qilian, North Qaidam, and East Kunlun terranes are identical to those of the western Yangtze Block, indicating that these terranes have affinity to the western Yangtze Block (Gao and Zhang, 2017; Jian et al., 2020). In this study, 1,000–700 Ma detrital zircons from the North Qaidam and Qilian terrane (sample 20YK-05) related to the Rodinia supercontinent account for 12% of the sampled grains, and the corresponding 1,000–700 Ma detrital zircons from the North Qaidam and East Kunlun terrane (sample 20SL-01) account for 25%. The detrital zircons of two samples are both partly sourced from the North Qaidam terrane, so the difference in the proportion of Neoproterozoic zircon (13%) may be derived from two different terranes (the South Qilian and the East Kunlun terranes). The detrital zircon of the East Kunlun terrane in this range is significantly more than that in the South Qilian, which is the feature age of the western Yangtze Block (0.91–0.72 Ga, Liu et al., 2008). Therefore, we infer that in the Rodinia supercontinent, the East Kunlun, compared with the South Qilian, show more affinity to the western Yangtze Block.
To track the sources of each identified age range, detrital zircons from the Yuka River were classified into three groups of 961–720 Ma (I-type, n = 22), 472–412 Ma (I-type, n = 39) and 460–402 Ma (S-type, n = 118) based on their ages and compositions, whilst detrital zircons from the Shaliu River were grouped into five groups of 915–776 Ma (S-type, n = 31), 927–755 Ma (I-type, n = 16), 458–381 Ma (I-type, n = 30), 256–207 Ma (I-type, n = 45), and 456–383 Ma (metamorphic age, n = 73; Figure 6). Pre-Mesoproterozoic detrital zircons (>1000 Ma) from the Yuka and Shaliu rivers accounted for a small part of the total grains and derived from the ancient crystalline basement.
The South Qilian and North Qaidam terranes record break-up of the Rodinia supercontinent (900–800 Ma), Pan-African regional metamorphism (600–500 Ma), and subduction–collision metamorphism (ca. 450 Ma) (Liu et al., 2012). The zircon U–Pb geochronology of Yuka (Lin et al., 2006) and Xitieshan (Zhang et al., 2003) granitic gneisses in the North Qaidam suggests that a Neoproterozoic granite belt formed during the break-up of Rodinia, implying that Yuka detrital zircons with ages of 961–720 Ma (Figure 6C) may be related to the syn- or post-break-up period of the Rodinia supercontinent. Coincides with the ca. 430 Ma continental subduction involving the South Qilian terrane (Song et al., 2009b), the age of subduction–collision metamorphism is consistent with the main age ranges of the Yuka detrital zircons (S-type, 460–402 and I-type, 472–412 Ma), with a peak of 433 Ma (Figure 5A). In addition, early Paleozoic magmatic activity in South Qilian–North Qaidam was characterized by myr and multiple episodes. He et al. (2020) divided the magmatism into five periods, namely, 470–450, 450–430, 430–410, 410–400, and 400–370 Ma; with 450–430 Ma as the peak period of granitoid intrusions, which is consistent with the Paleozoic age peak of the studied Yuka River detrital zircons (Figure 5A). Meanwhile, this Paleozoic age peak is also consistent with the peak metamorphic age of the Yuka eclogite (435–430 Ma, Song et al., 2009b), indicating that some of the detrital zircons in the Yuka River may have originated from syn-collision magmatic activity.
For the Shaliu River, the age distribution of zircons is more complex, suggesting that they have multiple sources. In the East Kunlun orogenic belt, Mesoproterozoic to Neoproterozoic magmatic intrusions are mainly S-type granites, which are considered to be related to the assembly and break-up of the Rodinia supercontinent (He et al., 2018; Yan et al., 2017). These compositional and temporal features are consistent with the dominance of S-type detrital zircons with Mesoproterozoic to Neoproterozoic ages identified in this study (Figure 5B). The geochronology of detrital zircons from gneissic granitoid in Hongshuihe, East Kunlun, indicates crystallization ages of 930–772 Ma (He et al., 2018), which are consistent with the age range of Neoproterozoic S-type zircons of the present study (915–776 Ma; Figure 6D). The Shaliu granitic gneiss gave the age of ∼920 Ma (Lu, 2002; Chen et al., 2007), being consistent with the Shaliu S-type detrital zircons analyzed for our sample (Figure 6D). In summary, the Neoproterozoic detrital zircons analyzed in this study are possibly related to the assembly and break-up of the Rodinia supercontinent at 1,000–700 Ma (Lu, 1998).
Paleozoic intrusions in the East Kunlun orogenic belt are mainly granitic and dioritic, which show a peak crystallization age range of 440–390 Ma (He et al., 2018). UHP metamorphic rocks including eclogite and country paragneiss gave continental deep subduction time of 434–421 Ma for the North Qadaim (Song et al., 2006; 2009b), consistent with the early Devonian ages (433–418 Ma, Figures 5C-2) from the Shaliu River sample analyzed in this study. Furthermore, zircons with metamorphic rims constitute a greater proportion of Shaliu River sediments than that of Yuka River sediments, and the main age range of these metamorphic zircons is 456–383 Ma (Zhang et al., 2013, 2014, 2016), which coincides with the timing of oceanic subduction and continental collision and associated syn-metamorphic process in North Qaidam. Therefore, most of the studied detrital zircons in the age range of 458–381 Ma (Figure 6F) and with a peak of ca. 422 Ma may have originated from continental syn-collision magmatism, with a few originating from syn-metamorphic processes (Figure 6H) related to the above oceanic subduction and continental collision in North Qaidam. While no metamorphic zircons found in the Yuka river due to only a small fraction of its catchment located in the North Qaidam UHPM belt.
The geochronology of Indosinian granites from the East Kunlun orogenic belt can be divided into three stages: formation and expansion of ocean ridges (309–260 Ma); large-scale subduction of the oceanic plate (260–230 Ma); and intracontinental orogenesis (230–190 Ma) (Guo et al., 1998). Mesozoic intrusive rocks are widely distributed throughout the East Kunlun orogenic belt, including granite, granodiorite, and diorite (He et al., 2018), consistent with the 256–207 Ma detrital zircons from the Shaliu River (Figure 6G). Moreover, most of the 256–207 Ma zircons are I-type zircons (Figure 5B), and such compositions are generally associated with oceanic subduction, which suggests that the 256–207 Ma I-type zircons may have been derived from oceanic subduction and post-orogenic magmatism in East Kunlun during the Indosinian orogenic event.
5.2 Crustal Evolution of the South Qilian, North Qaidam, and East Kunlun Terranes
Zircon Hf isotopes can be used to trace the evolution of the crust. In most cases, a positive εHf (t) value indicates that the magma was sourced from depleted mantle; if the corresponding TDM2 age was close to the crystallization age, the crust can be considered juvenile. In contrast, a negative εHf (t) indicates that the magma may have included recycled ancient continental crust, and the corresponding TDM2 is much older than the crystallization age. For unmixed zircons not derived from a hybrid source with a negative εHf (t), the TDM2 age can be used to estimate the formation time of ancient continental crust (Couzinié, et al., 2016; Geng et al., 2011; Hawkesworth and Kemp, 2006; Iizuka and Hirata, 2005; Kemp et al., 2006; Liu et al., 2008). Accordingly, Hf isotopes of the detrital zircons can help to understand the crustal growth and evolution of the South Qilian, North Qaidam, and East Kunlun terranes. The εHf (t) values exhibit a wide range from negative to positive for each of the major age ranges of the two samples (Figures 8A,B). This value distribution indicates the addition of recycled crustal materials in the magma from which the zircons crystallized; except for several Mesoproterozoic zircons, which show values identical to that of the depleted mantle, indicating the addition of juvenile crust (Figures 8A,B).
To facilitate the interpretation of crustal evolution processes in this study, detrital zircons from the Yuka River were classified into three groups with age ranges of >1,000, 1,000–700, and 480–400 Ma, and detrital zircons from the Shaliu River were classified into four groups with age ranges of >1,000, 1,000–700, 460–380, and 260–200 Ma. As shown in relative probability plot histograms of U–Pb ages of Yuka detrital zircons (Figure 5A), the >1,000 Ma detrital zircons account for only a small percentage. There is the low proportion of detrital zircon of 1.5–1.0 Ga (both U–Pb ages and two-stage Hf crustal model ages, Figures 5A, 9A–1), suggesting that the South Qilian and North Qaidam terranes were tectonically relatively stable during the Mesoproterozoic. The εHf (t) values of most of the 1,000–700 and 480–400 Ma detrital zircons from the Yuka River are negative (Figure 8A), and the TDM2 ages are mainly in almost the same ranges of 2.1–1.6 and 2.0–1.7 Ga (Figures 9A-3, A-4), respectively, indicating that crustal evolution in the South Qilian—North Qaidam was dominated by recycling of Paleoproterozoic crust from the Neoproterozoic onward. The two most significant periods of crustal growth in North Qaidam and East Kunlun were 2.2–1.7 and 1.6–1.2 Ga, followed by 3.3–2.7 and 2.5–2.3 Ga (Figure 9B-1). Except for the εHf (t) values of Mesoproterozoic detrital zircons, which are mainly positive, the εHf (t) values of zircons with other ages are both positive and negative (Figures 8A,B), suggesting that the North Qaidam and East Kunlun terranes have been dominated by the remelting and rebuilding of ancient crust, except during the Mesoproterozoic, when the addition of juvenile crust dominated in the East Kunlun Terrane.
In contrast with sample 20YK-05 collected from Yuka river, Mesoproterozoic zircons from sample 20SL-01 are characterized by more depleted Hf isotopes (the εHf (t) values of zircons of the Shaliu sample at 1.6–1.0 Ga are mostly positive, Figure 8B). A comparison of the crustal evolution processes of the South Qilian–North Qaidam and East Kunlun terranes shows that there were differences in crustal growth during 1.6–1.0 Ga (Figures 9A-1,B-1). TDM2 ages of early Paleozoic detrital zircons (480–400 Ma) from North Qaidam–East Kunlun (2.0–1.7 and 1.6–1.0 Ga, Figures 9B-4) are more diverse than those from South Qilian–North Qaidam (2.1–1.6 Ga, Figures 9A-4), with a record of Mesoproterozoic continental crust (1.6–1.0 Ga). Moreover, the TDM2 ages of 260–200 Ma detrital zircons from the North Qaidam and East Kunlun terranes are Mesoproterozoic (1.6–1.0 Ga, Figures 9B-5), also indicating a difference in crustal growth between South Qilian–North Qaidam and North Qaidam–East Kunlun, both of which were located adjacent to the western margin of the Yangtze Block, since at least 1.6 Ga. This difference may be related to the break-up of the Columbian supercontinent during 1.6–1.2 Ga (Hou et al., 2009; Wu et al., 2012; Yin et al., 2012; Wang et al., 2014, 2015; Deng et al., 2020).
5.3 Tectonic Evolution of the Northern Tibetan Plateau
5.3.1 Neoproterozoic Evolution
Jian et al. (2020) has studied detrital zircon U–Pb ages and Hf isotopes of Proterozoic and Paleozoic metamorphic sedimentary rocks from East Kunlun and showed that 1.0–0.9 Ga intrusions in the three terranes of South Qilian, North Qaidam, and East Kunlun are consistent with the age distribution of detrital zircons from East Kunlun and may record the Greenville orogeny. Therefore, these terranes may have been located on the same landmass during the Neoproterozoic. In addition to the above-mentioned evidence for the sources of detrital zircons, U–Pb ages of detrital zircons from Precambrian basement in the South Qilian, North Qaidam, and East Kunlun terranes have similar age clusters in the range of 1,000–700 Ma, which is consistent with the main age interval of 910–720 Ma of magmatic rocks in the western margin of the Yangtze Block (Liu et al., 2008). Moreover, TDM2 ages of 1,000–700 Ma detrital zircons of the South Qilian and the East Kunlun terranes are clustered mainly between 2.0 and 1.5 Ga, with a peak of 1.8–1.7 Ga (Figures 9A-3,B-3), which also implies that the South Qilian, North Qaidam, and East Kunlun terranes may have been located within the same ancient continent at 1,000–700 Ma, most likely as part of the Rodinia supercontinent.
5.3.2 Early Paleozoic Evolution
Given that the main magmatic period (480–400 Ma) of the South Qilian Terrane preceded than that of the East Kunlun Terrane (460–380 Ma) and that the TDM2 ages of early Paleozoic detrital zircons from the East Kunlun Terrane suggest the involvement of Mesoproterozoic continental crust (1.6–1.0 Ga), the East Kunlun and South Qilian terranes may not have been part of the same continent during the early Paleozoic. As such, we propose an archipelago model (Zhang et al., 2020), whereby the terranes were separated from each other by ocean basins during 525–480 Ma. The subduction of the South Qilian Ocean has started by ca. 480 Ma, and the ocean has closed by ca. 420 Ma. Subduction in the Proto-Tethys Ocean in South Qaidam had started by ca. 460 Ma, and the ocean had closed completely by ca. 400 Ma.
Zircon U–Pb ages of I-type granite related to oceanic subduction in the South Qilian–North Qaidam orogenic belt are in the range of 470–460 Ma (Wu et al., 2007), which is consistent with the age peak of I-type detrital zircons in the present study (472 Ma; Figures 5C-1) and with 473–443 Ma Shaliuhe oceanic eclogite representing the subduction of oceanic crust (Song et al., 2009b; Zhang et al., 2013). Therefore, subduction-related magmatism occurred at ca. 470 Ma in the North Qaidam UHPM belt. As the temperature increased, the subducted slabs were dehydrated and melted to form magmas, which assimilated continental crust during ascent to form I-type granitic magmas (negative εHf (t) values; Figure 8A) at ca. 470 Ma (Figures 5C-1). As the Proto-Tethys ocean closed, the subducting oceanic plate dragged the continental crust downward to also be subducted, and the Qilian Terrane was thrust southward over the Qaidam Terrane. The increase in the thickness of the continental crust caused by continental collision, coupled with the fluid formed by slab dehydration, caused partial melting of the continental crust, forming syn-orogenic S-type granitic magma at ca. 442 Ma (Figures 5C-1).
In most cases, the collision margin of the South Qilian–North Qaidam orogenic belt was irregular, and the pole of convergence of the collision was oblique rather than normal (Xu et al., 2013). Therefore, these oblique and irregular edges would have caused asynchronous timings of collision in different parts of the collision zone, which may have led to multiple episodes of magmatism in the orogenic belt. This is reflected in the multiple age peaks of detrital zircons (Figures 5C,D). From 437 to 424 Ma, I-type granitic magmatism related to oceanic subduction occurred in the Yuka area (Figures 5C-1). In addition to the 442 Ma S-type granitic magmatism, 433 Ma S-type granitic magmatism is also recorded in the South Qilian and North Qaidam terranes (Figures 5C-1). Asynchronous collision caused the I-type granitic magmatism related to oceanic subduction in the North Qaidam and East Kunlun terranes (started at 453 Ma) to occur 17 Myr later than that in the South Qilian Terrane, and the major I-type peak of Shaliu sample (ca. 418 Ma, Figure 5C) are decoupled with the major I-type peak of Yuka sample (ca. 437 Ma). The oceanic subduction was still occurring in some localities at 418 Ma (Figures 5C-2). However, a few S-type granites in the North Qaidam and East Kunlun terranes were formed at 433 Ma (Figures 5C-2), which is consistent with the 433 Ma S-type granites in the Yuka area, indicating that large-scale granites were produced in North Qaidam during continental collision.
Zhou et al. (2021) showed that mafic dikes with ages of 393–375 Ma were derived from the melting of the lithosphere mantle in Dulan, North Qaidam. These dikes were derived from the melting of the mantle peridotite, which mark the initiation of post-collisional magmatism in an orogen. The timing of the formation of these mafic dikes coincides with I-type magmatism (ca. 397 and ca. 385 Ma; Figures 5C-2) during the middle Devonian in the North Qaidam and East Kunlun terranes. Therefore, we speculate that the I-type granite of the middle Devonian (ca. 397–385 Ma) was the product of the partial melting of the lithospheric mantle which assimilated the continental crust during the late magmatic evolution.
5.3.3 Late Paleozoic–Early Mesozoic Evolution
Late Paleozoic to early Mesozoic granitic intrusions are widely distributed in the eastern part of the East Kunlun Terrane, and their formation might be related with the Paleo-Tethyan oceanic subduction (Li et al., 2012a, b; Ma et al., 2015). This subduction occurred during the late Permian to Middle Triassic and eventually led to closure of the Paleo-Tethys Ocean (Buqingshan Ocean) in southern East Kunlun. In this study, 260–200 Ma I-type magmatic zircons, with peak ages of ca. 252 Ma, ca. 241 Ma, ca. 231 Ma, ca. 222 Ma, and ca. 217 Ma, could be formed by multi-stage magmatism associated with this oceanic subduction process. According to the zircon probability density plots (Figure 5D), northward Paleo-Tethys oceanic plate subduction (Cheng et al., 2017; Gehrels et al., 2011; Jian et al., 2020; Xiong et al., 2014; Zhang et al., 2020) started during the late Permian (ca. 260–252 Ma) and continued intensely through to the middle Triassic (ca. 231 Ma), and in a more subdued manner until the Late Triassic (ca. 217–200 Ma).
In summary, the South Qilian, North Qaidam, and East Kunlun terranes have undergone multiple Wilson cycles since the Paleoproterozoic. These terranes/microcontinents were located on the same major ancient continent during 2.1–1.6 Ga and subsequently separated during 1.6–1.2 Ga. The East Kunlun Terrane was augmented by the juvenile crust at this stage, whereas the Qilian Terrane was relatively stable in tectonic and magmatic terms. By ca. 1,000 Ma, as a result of the assembly of the Rodinia supercontinent, the three microcontinents (South Qilian, North Qaidam, and East Kunlun) reassembled on the western Yangtze block, while the East Kunlun terrane was closer than other two terranes, and then became separated by the Proto-Tethys Ocean during the break-up of Rodinia. Later, the Proto-Tethys Ocean began to close, and the three continents collided with each other after closure of the Paleo-Tethys Ocean, forming the current configuration and structure of the South Qilian, North Qaidam, and East Kunlun terranes.
6 CONCLUSION
To investigate the evolution of continental crust of the northern Tibetan Plateau, detrital zircon U–Pb geochronology and Hf isotope analysis by LA-(MC)-ICPMS was performed on two fluvial sand samples from North Qaidam (the Yuka and Shaliu rivers). The main conclusions of the study are as follows.
1) Age distributions of detrital zircons from the Yuka River cluster mainly in two ranges of 1,000–700 and 480–400 Ma, with age peaks at 820 and 433 Ma, respectively. Corresponding data for Shaliu River falls in the ranges of 1,000–700, 460–380, and 260–200 Ma, with peaks of 875, 422, and 232 Ma, respectively.
2) Detrital zircon U–Pb geochronology and Hf isotope analysis show that the Qilian, North Qaidam, and East Kunlun terranes show affinity to the western Yangtze Block.
3) The presence of Mesoproterozoic continental crust (1.6–1.0 Ga) in the East Kunlun and North Qaidam terranes indicate differences in crustal evolution between the East Kunlun–Qaidam terranes and the Qilian Terrane. Phanerozoic magmatic records for the South Qilian, North Qaidam, and East Kunlun terranes suggest that the magmas were mainly sourced from recycled ancient continental crust with minor contributions from the juvenile crust.
4) The Qilian, North Qaidam, and East Kunlun terranes have undergone multiple Wilson cycles since the Paleoproterozoic. We suggest an archipelago model for part of their evolution, which proposes that the terranes were separated from each other by ocean basins during 525–480 Ma.
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