Geochronological and geochemical constraints on Late Cryogenian to Early Ediacaran magmatic rocks on the northern Tarim Craton: implications for tectonic setting and affinity with Gondwana
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ABSTRACT: The Tarim Craton provides a geologic record of both the fragmentation of the Rodinian supercontinent and the subsequent assembly of Gondwana. However, the timing and interactions of these radically different tectonic processes remain contested. A critical part of this debate revolves around the Late Cryogenian-Ediacaran igneous rocks along the Craton’s northern margin, specifically, whether they record super-plume related Rodinian breakup or Gondwanan orogeny. To address this issue, we present zircon U-Pb-Hf isotopic data and whole rock geochemistry from Late Cryogenian to Early Ediacaran granitoids of the northern Tarim Craton. U-Pb zircon ages reveal three magmatic periods along the northern Tarim margin: ca. 660–640 Ma, 635–625 Ma and 620–600 Ma, associated with small scale felsic and mafic magmas. These granitoids have an A2- type affinity and are enriched in alkalines, but are depleted in Nb, Ta, Sr, P and Ti. Elemental data and generally negativeεHf(t) values (−13.96 to 1.65) suggest that they were mainly derived from partial melting of enriched, subduction-modified lithospheric mantle triggered by upwelling of the asthenospheric mantle along the active continental margin of northern Tarim. We suggest that the Tarim Craton travelled as an isolated plate for much of the Late Neoproterozoic, near the outer part of Rodinia and subsequently Gondwana. During this time it was affected by localized and periodic subduction-related intrusion and eruption. However, within the samples of this study, there is no U-Pb-Hf isotopic and whole-rock geochemical evidence to support either superplume- related rifting (i.e. Rodinian breakup) or Pan-African orogeny (i.e. Gondwanan assembly).
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Introduction
Protracted breakup of the Rodinian supercontinent, during the Middle to Late Neoproterozoic (ca. 830–550 Ma), overlapped with the subsequent reassembly of dispersed continental fragments to form Gondwana. Reassembly occurred along a series of orogenic belts between ca. 600–470 Ma (Cawood et al. 2001; Meert 2003; Collins and Pisarevsky 2005; Kröner and Stern 2004; Cawood and Buchan 2007; Key et al. 2012; Goscombe et al. 2017), although some authors have argued for a later completion around 440–430 Ma (e.g. Li et al. 2018). The configuration of the core continental fragments of Gondwana, and to a much lesser extent Rodinia are relatively well constrained and consistent with the Wilson Cycle model from continental breakup to collisional orogenesis. Recently and contrary to predictions, the concept of a mantle-derived superplume driving the breakup of Rodinia has been called into question (e.g. Hamilton 2011; Cawood et al. 2013; Nance et al. 2014). Instead, extension related to circum Rodinia subduction has been suggested as an alternative driver of continental breakup (Cawood et al. 2013, 2016 and references therein).
The Tarim Craton, between the northern Tethysides and the Central Asian Orogenic System (Figure 1(a)), forms a crucial link in understanding the assembly of the Phanerozoic Eurasian continent (e.g. Han et al. 2016; Dong et al. 2018), as well as the Late Neoproterozoic tectonic transition from Rodinia to Gondwana (e.g. Li et al. 2008, 2013; Zhao and Cawood 2012; Zhang et al. 2014; Xu et al. 2013b). The absolute and relative position of the Tarim Craton remains uncertain for the Neoproterozoic, although a long-term Tarim-Australia connection has been proposed (e.g. Li et al. 2008, 2013; Wen et al. 2013, 2017; Zhao et al. 2014). Over the last decade, Neoproterozoic magmatic events have been investigated to constrain the tectonic and palaeographic history of the northern Tarim Craton. These occurred at ca. 830–790 Ma, ca. 770–730 Ma and ca. 660–610 Ma (Lu et al. 2008; Xu et al. 2009, 2013a; Shu et al. 2011; Ge et al. 2012, 2014; Zhang et al. 2013, 2014; Chen et al. 2017; Wu et al. 2018b). They were first linked to multiple instances of Neoproterozoic mantle plume activity, related to the long-lasting breakup of Rodinia (Lu et al. 2008; Xu et al. 2009, 2013a, 2013b; Zhang et al. 2009, 2012b, 2014, 2014; Zhu et al. 2011a). Challenging this, recent studies have proposed that the Tarim Craton was instead associated with Gondwanan assembly from 700 Ma (Zhu et al. 2011b; Ge et al. 2012; He et al. 2014b, 2014b). Proponents of this idea have argued that the ca. 660–630 Ma magmatic event recorded back-arc extension on the northern margin of the Tarim Craton, in response to Early Pan-African accretionary orogeny rather than super-plume related extension (Ge et al. 2012). Moreover, it has been proposed that the northern Tarim Craton was the site of a long-lived accretionary orogeny, spanning from the Neoproterozoic into the Palaeozoic (Ge et al. 2014). In this context it has been argued that even the earliest pulse of magmatism, at ca. 820–730 Ma, related to Circum-Rodinia Subduction rather than super-plume activity (Tang et al. 2016; Chen et al. 2017).
In this contribution, we present new U-Pb-Hf isotopic and geochemical data from Late Cryogenian to Early Ediacaran magmatic rocks of the northern Tarim Craton. Our findings connect these granitoids to subduction along the northern Tarim margin. However, they do not suggest a link to long term super-plume related Rodinian breakup, nor Gondwanan accretionary orogenesis.

Geological background

The Tarim Craton is bounded by the Tianshan mountains in the north, and the Western Kunlun and Central Southern Altun mountains in the south and southeast, respectively (Figure 1(b); Zhang et al. 2014). Exposure is limited and Precambrian units crop out around the cratonic margins, with the remainder largely obscured by desert. 
Neoarchaean rocks are exposed in the northeastern corner of the craton and consist of granitoid gneisses emplaced at ca. 2.8–2.5 Ga and minor supracrustal rocks (Lu et al. 2008; Long et al. 2011; Shu et al. 2011; Zhang et al. 2013). Palaeoproterozoic rocks crop out along the northeastern and southwestern margins of the craton and include Early Palaeoproterozoic orthogneiss (2.5–2.3 Ga) and Late Palaeoproterozoic granitoids (2.1–1.8 Ga). These were metamorphosed to upper amphibolite or granulite facies at ca. 1.9–1.8 Ga (Long et al. 2010; Shu et al. 2011; Zhang et al. 2014; Ge et al. 2014; Chen et al. 2017). Middle-Low grade Late Mesoproterozoic to Early Neoproterozoic sedimentary and volcanic successions and middle Neoproterozoic high-pressure metamorphic rocks occur in the northern and southeastern areas of the Tarim Craton (Figure 1-3; Zhang et al. 2003, 2014; Lu et al. 2008; Zhu et al. 2011b). Precambrian basement units are unconformably overlain by a thick cover of Late Neoproterozoic-Quaternary sedimentary rocks of the Tarim Basin (Figure 4; Jia 1997; Wu et al. 2016a). 
Data from seismic reflection surveys and scattered outcrops indicate accumulation of 5000 m of Late Neoproterozoic (Cryogenian and Ediacaran) strata in rift basins (Jia 1997; Lu et al. 2008; Turner 2010; Zhang et al. 2014, 2016a; Feng et al. 2015; Wu et al. 2016a, 2018c). Marine transgression in the Early Cambrian resulted in the development of a carbonate platform across the Tarim Craton (Jia 1997; Wu et al. 2016a). From West to East, along the north Tarim margin, Late Cryogenian to Early Ediacaran magmatic rocks sporadically crop out in the Aksu, Baicheng, Tugerming, Korla and Kuruktag areas (Figure 1(b)).

In the Aksu area of NW Tarim (Figure 1(b)), siliciclastic rocks of the Cryogenian Qiaoenbrak Group and Yuermeinak Formation, along with the Ediacaran Sugetbrak Formation, are well-exposed (Figures 4 and 5(a); Gao and Chen 2003; Turner 2010; He et al. 2014b). The Qiaoenbrak Group is up to 2040 m thick and composed of thick-bedded siliciclastic units (Figure 5(a); Gao et al. 1993, 2013). A recent detailed sedimentological investigation by Wu et al. (2018a) has demonstrated that these mostly represent a range of sandy debrites and turbidites. These authors interpreted the top diamictite member as a subaqueous fan complex and found no clear evidence for a glacial influence (Wu et al. 2018a). In stark contrast, the unconformably overlying Yuermeinak Formation is less than 70 m thick (Figure 5(a)) and only locally developed, but comprises a range of siliciclastics that were clearly influenced by glaciation (Gao and Chen 2003; Gao et al. 2013; Wen et al. 2013). Unconformably overlying this, the Sugetbrak Formation crops out across a large area and thins from 900 m in the southwest to 60 m in the northeast (Gao et al. 2013). It comprises fluviallacustrine conglomerates to sandstones, interbedded sandstones and shales and 2–4 basaltic lava horizons (Turner 2010; Gao et al. 2013). The Sugetbrak Formation is unconformably overlain by the dolomitic Ediacaran Qigebrak Formation. Overlying this are Cambrian shales, separated by a paraconformity to low angle unconformity, marked by regolith development and karstification of the underlying Qigebrak dolomites (Jia 1997; Wu et al. 2016a).

In the Tugerming area, Precambrian rocks in Tugerming crop out only in the core of Tugerming anticline, where the Neoproterozoic muscovite-quartz schists are intruded by granites that lack evidence of deformation or metamorphism (Figure 2; He et al. 2011). Unconformably overlying these, the limbs of the Tugerming anticline comprise Triassic-Cretaceous sedimentary rocks. Three U-Pb zircon ages are reported from the Tugerming granites: 646.5 ± 3.9 Ma (MSWD = 1.5, n = 20) (Luo et al. 2011), 636.4 ± 4.5Ma

(MSWD = 1.4, n = 6) and 631.4 ± 3.5Ma (MSWD = 1.2, n = 8) (He et al. 2011). Moreover, previous authors have suggested that, based upon geochemical signature, these may have
been deposited in an extensional setting (He et al. 2011; Luo et al. 2011).

In the Korla area, west of Kuruktag, extensive felsic plutons and mafic dikes, ranging from meters to kilometres thick, intrude into Palaeoproterozoic migmatites, gneisses, schists and marbles (Figures 3 and 5(d,e,f); Zhu et al. 2011a; Ge et al. 2012). In contrast to the Palaeoproterozoic country rock, there is little evidence of deformation or metamorphism within the intrusions. The mafic dikes have been interpreted as rift-related magmas relating to the breakup of the Rodinian supercontinent (Zhu et al. 2011a) and four SHRIMP zircon U-Pb ages have been published: 652.0 ± 7.4 Ma, 642.8 ± 8.9 Ma, 634.6 ± 6.4 Ma and 628.7 ± 6.6 Ma (Zhu et al. 2008, 2011a). The granitoids mainly consist of porphyritic granodiorite, light grey quartz syenite and syenogranite (Ge et al. 2012). LA-ICP-MS (Laser Ablation Inductively Coupled Plasma Mass Spectrometry) zircon U-Pb ages of ca. 660–630 Ma from the granitoids and migmatites (Ge et al. 2012, 2014; Zhang et al. 2014) have been interpreted as marking the final migmatization in the Korla area (Ge et al. 2012, 2014).
In the Kuruktag area, at the northeastern edge of the Tarim Craton, a major unconformity occurs at the top of the Neoproterozoic succession (Figure 4; Jia 1997; Xiao et al. 2004; He et al. 2007). The base of the Cambrian strata truncates the underlying Ediacaran Hankalchough Formation and is marked by a thin regolith horizon. The diamictite-bearing Hankalchough Formation thins to the southeast from 467 m at Xingger to 34 m at Yaerdang and is absent at Beishan, where Cambrian strata rest directly on the Shuiquan Formation (He et al. 2007; Wu et al. 2016a). An erosional disconformity is locally present between the Cryogenian Tereeken Formation and the Ediacaran Zamokti Formation, although elsewhere there is stratigraphic continuity between the two units (Figure 5(b); Xiao et al. 2004; Xu et al. 2009).
Sampling
Sample Tg1, Tugerming, northern Tarim

In the Tugerming area, Sample Tg1 (42°07’36.75” N, 84°26’07.65” E) is from a granitoid pluton intruding greenquartz sericite schists of inferred Early Neoproterozoic age (Figures 2 and 5(c); He et al. 2011; Luo et al. 2011). It is a grey unmetamorphosed biotite monzo to syenogranite (Figure 6(e): Q-A-P diagram) from the core of the Tugerming anticline (Figures 2 and 5(c)). It comprises K-feldspar (40–50%), quartz (25–30%), plagioclase (15–20%), and biotite (5%) with accessory zircon and magnetite and has suffered only minor chloritization (Figure 6(d)).

Sample Tm1, Tm2 and Tm3, Korla, northern Tarim

In the Korla area, the Palaeoproterozoic metamorphic basement is intruded by granitoid plutons and mafic dikes (Figure 5(d,e,f); Zhu et al. 2011a; Ge et al. 2012). The granitoids mainly consist of porphyritic granodiorite, light grey quartz syenite and syenogranite (Ge et al.

2012). Samples Tm1 (41°49’25.12” N, 86°11’59.95″E) and Tm3 (41°49’27.07″N, 86°11’41.23″E) are from melanosomes within different migmatites, whereas Tm2 (41°49’25.12″N, 86°11’59.95″E) is a granitoid obtained nearby Tm1. Tm1 and Tm3 are biotite-amphibole gneisses with similar mineral assemblages: amphibole (40–45%), plagioclase (25–35%), biotite (15–20%), alkalifeldspar (15–20%), quartz (<5%) and minor apatite, zircon and rutile (Figure 6(a,c)). Sample Tm2 plots as a quartz syenite on a Q-A-P diagram (see Figure 6(e); Le Maitre 1989) and comprises: alkali-feldspar (30–35%), amphibole (25–30%), biotite (15–20%), quartz (10–15%), plagioclase (5–8%) and accessory minerals including apatite, zircon and iron oxide (Figure 6(b)).
Analytical methods

Zircons were separated from Tg1, Tm1, Tm2 and Tm3 and analysed for U-Pb and Lu-Hf isotopes by LA-MC-ICP-MS (Laser Ablation MultiCollector Inductively Coupled Plasma Mass Spectrometry). Additionally, 8 and 6 fresh samples were taken from the sites of Tg1 and Tm1, respectively, which were analyzed by X-ray Fluorescence (XRF) and inductively coupled plasma mass spectrometry (ICP-MS) for whole rock major and trace elements, respectively.

Zircons were separated by rock crushing followed by conventional magnetic and density separation techniques. Grains were mounted in epoxy and polished. Transmitted and reflected light micrographs, as well as cathodoluminescence (CL) images, were taken to reveal the internal structures of the zircons and to guide in the selection of analytical spots (Figure 7). U, Th, and Pb measurements were conducted using a MC-ICP-MS coupled with a 193 nm excimer laser ablation system at China University of Geosciences (Wuhan). Instrumental setting and detailed analytical procedure have been described by Hou et al. (2009) and Wu et al. (2018b). The U-Pb concordia plots were processed with ISOPLOT 3.0 and data are presented with two σ errors and 95% confidence limits (Ludwig 2008). The Concordia and relative probability diagrams were plotted using Isoplot 4.15 (Ludwig 2008). Ages less than 1000 Ma are based on the 206Pb/238U ratio whereas older ages are based on the 207Pb/206Pb ratio. The zircon U-Pb age data are listed in Supplementary Table 1. 
Zircon Lu-Hf isotope analyses were carried out in situ using a New Wave UP213 laser-ablation system linked to a Neptune multi-collector ICP-MS at the State Key Laboratory for Mineral Deposits Research, Nanjing University. Instrumental parameters and data acquisition followed the descriptions by Wu et al. (2006) and Wu et al. (2018b). The zircon Hf isotopic compositions are listed in Supplementary Table 2. 
The whole rock samples were ultrasonically cleaned and dried, and then powdered to 200 mesh using a tungsten carbide ball mill. Major element XRF used a Rikagu RIX 2100 whereas trace element ICP-MS used an Agilent 7500a. The detailed analytical procedure was described by Wu et al. (2018b). Major and trace element values are listed in Supplementary Table 3.
Results
Zircon U-Pb geochronology of magmatic rocks
Sample Tg1, Tugerming, northern Tarim

Zircons extracted from sample Tg1 are up to 150 μm long and have length-to-width ratios of 1 to 3. Most crystals are euhedral to subhedral and prismatic. The CL images show distinct oscillatory zoning and sector zoning, suggesting a magmatic origin (Figure 7). The 23 zircons have variable U (70–538 ppm) and Th (48–301 ppm) contents, with Th/U ratios ranging from 0.47 to 0.90. The analyses yielded concordant 207Pb/235U-206Pb/238U age of 650.2 ± 3.1 Ma (MSWD = 0.51, n = 23; Figure 8(a)), which we consider to represent the crystallization age of the granitic pluton.

Samples Tm1, Tm2 and Tm3, Korla, northern Tarim

Samples Tm1, Tm2 and Tm3 yielded abundant 50–120μm long zircons, with length to width ratios of 1–2. Most crystals are euhedral stubby prisms. CL images show good crystal morphologies, and distinct oscillatory zoning, typical of a magmatic origin (Figure 7). Twenty zircons were obtained from gneiss sample Tm1, exhibiting higher U (137–684 ppm) and Th (41–213 ppm) concentrations and lower Th/U ratios, ranging from 0.24 to 0.65, also suggesting a magmatic origin. These nearly concordant analyses yield a weighted mean 206Pb/238U age of 644.8 ± 2.9 Ma (MSWD = 0.53, n = 20) (Figure 8(b)). Twenty-seven zircons were obtained from granite sample Tm2, exhibiting moderate U (43–266 ppm) and Th (25–256 ppm) and higher Th/U ratios, ranging from 0.53 to 1.03. Thesezircons are similar to those of Tm1 and produce a weighted mean 206Pb/238U age of 649.2 ± 2.8 Ma (MSWD = 0.24, n = 27) (Figure 8(c)). Twenty zircons were obtained from sample Tm3, exhibiting variable U and Th contents (U = 31–358 ppm, Th = 17–326 ppm), with Th/U ratios ranging from 0.45 to 1.05. Concordant 207Pb/235U–206Pb/238U values indicate minimal Pb loss (Figure 8(d)), and yield a weighted mean age of 631.9 ± 2.9 Ma (MSWD ＝ 0.31; n = 20). The crystallisation ages and magmatic origin of the Tm1, Tm2 and Tm3 zircons together evince a relatively prolonged magmatic episode.

Zircon Hf isotope compositions

Zircons from the four samples were analyzed for their Lu-Hf isotope compositions (Supplementary Table 2, Figure 9). Overall the samples display a narrow range of 176Hf/177Hf

ratios and Hf model ages, suggesting similar sources and crystallization histories. 
The 23 analyses from granite Tg1 at Tugerming show a tight cluster of 176Hf/177Hf ratios (0.282123–0.282261) andεHf(t) values from -9.00 to -3.94. Their Hf model ages (TDM2) range from 1.83 to 2.14 Ga, with a peak at ca. 1.96 Ga. From Korla, the 20 analysis of Tm1 exhibit relatively variable 176Hf/177Hf ratios (0.281979–0.282427) and εHf(t) values (−13.96 to 1.65), and their Hf model ages (TDM2) are from 1.47 Ga to 2.45 Ga with peaks at ca. 1.66 Ga. The 27 zircons from Tm2 have a narrow range of 176Hf/177Hf ratios (0.282236–0.282294) and εHf(t) values, from −5.33 to −3.12. The Hfmodel ages (TDM 2) are concentrated between 1.77 and 1.91 Ga, with a peak at 1.83 Ga. The 20 zircons from Tm3 also have a narrow range of 176Hf/177Hf ratios (0.282199–0.282331) andεHf(t) values, from −6.84 to −2.42. Their Hf model ages (TDM2) are concentrated between 1.72 and 1.99 Ga with a peak at 1.90 Ga (Figure 9 (b)).
Major and trace elements

The granites form the Tugerming area (Tg1) have high SiO2 (75.46–76.95 wt.%), K2O (5.12–5.64 wt.%), total alkalis (K2O + Na2O = 8.08–8.76 wt.%), Fe2O3T (1.64–2.33 wt.%) and FeOT/MgO ratios (9.5–14.3). Conversely, they have low CaO (0.14–0.63 wt.%), MgO (0.13–0.21 wt.%), TiO2 (0.11–0.15 wt.%) and Al2O3 (11.72–12.45 wt.%). They have high-K and alkalic-calcic granitic characteristics and correspond to granite on a TAS plot (Figures 10(a) and 10(b)). On an A/NK [molar Al2O3/(Na2O + K2O)] – A/CNK [molar Al2O3/ (CaO+ Na2O + K2O)] diagram, they display a slightly peraluminous signature (Figure 10(c)). The quartz syenites from the Korla area (Tm2) have moderate SiO2 (60.58–61.41 wt.%) and higher Al2O3 (17.36–17.68 wt.%), K2O (5.54–5.86wt.%), Na2O (4.47–4.74 wt.%), TiO2 (0.51–0.61 wt.%),MgO (0.42–0.52 wt.%), CaO (1.78–1.95 wt.%) and Fe2O3T (5.56–6.81 wt.%) than the Tugerming granites described below. They have alkalic, shoshonite and slightly peraluminous characteristics and plot on the boundary between granite and quartz syenite on a TAS diagram (Figure 10(a)). 
The samples from both Korla and Tugerming exhibit similar chondrite-normalized REE patterns (Collins et al. 1982; Whalen et al. 1987) (Figure 11(a)). They possess relatively high LREE but relatively low HREE with a gentle slope and relatively high (La/Yb)N ratios (3.92–12.77) that reflect a moderate to high degree of fractionation between light and heavy REEs. However, the Korla samples have a positive Eu anomaly (Eu/Eu* = 2.24–2.79) whereas that of the Tugerming granites is significantly negative (Eu/Eu* = 0.17–0.20). 
On a N-MORB normalized trace element diagram (Figure 11(b)), the samples contain variable concentrations of large ion lithophile elements (LILEs) such as Rb, Ba and K. The high field strength elements (HFSEs) are weakly enriched in Zr (84–2170 ppm) and Hf (2.6–41.8 ppm). The rocks are significantly depleted in Nb, Ta, Sr and Ti.
Discussion and implications

Tectonothermal events

In comparison to published ages from the Tugerming area, Tg1 (650.2 ± 3.1 Ma) is similar to that reported by Luo et al. (2011; 646.5 ± 3.9 Ma) but significantly younger than those of He et al. (2011; 636.4 ± 4.5 Ma; 631.4 ± 3.5 Ma), which are instead consistent with Tm3 reported herein (631.9 ± 2.9 Ma). These younger ages may suggest another periodic magmatic event at ca. 630 Ma. This suggestion is supported by the bimodally distributed age peaks of ca. 650 Ma and ca. 630 Ma reported from the 662–627 Ma granitoid plutons and coeval mafic dikes in the Korla area (Figure 12; Zhu et al. 2011a; Ge et al. 2012, Ge et al. 2014; Zhang et al. 2014). 
In the Kuruktag area, two volcanic rocks in the Upper Cryogenian yielded LA-ICP-MS U-Pb ages of 655.9 ± 4.4 Ma and 654 ± 10 Ma (Figure 1; He et al. 2014b). Whereas overlying andesitic volcanic rocks in the Lower Ediacaran yielded zircon U-Pb ages of 615 ± 6 Ma (Figure 4; Xu et al. 2009) and 616.5 ± 5.9 Ma (He et al. 2014b). In the Aksu area (Figure 1), the youngest two zircons from each of two basalt samples produced concordia ages similar to the youngest zircons from andesites of the Kuruktag area, 615.2 ± 4.8 Ma and 614.4 ± 9.1 Ma, which Xu et al. (2013a) interpreted as eruption ages. Thus, the data presented herein demonstrate three short periodic peaks of magmatism at ca. 650 Ma, ca. 630 Ma and ca. 615 Ma on the northern Tarim margin and suggest that the middle of these (ca. 630 Ma) was less localized than previously thought (Figure 12). 
Placing this into context, a compilation of all published zircon ages from magmatic rocks of the Tarim Craton (Figure 12) displays a maximum frequency around 860–720 Ma, comprising peaks at ca. 800 Ma, 756 Ma and 738 Ma and a lesser cluster of zircon ages around 670–600 Ma, comprising peaks at 654 Ma and 632 Ma (Xu et al. 2009, 2013a; Shu et al. 2011; Ge et al. 2012, 2014; Zhang et al. 2012b, 2014; Tang et al. 2016). These are consistent with the most prominent detrital zircon age populations from the Tarim Craton (Wu et al. 2012, 2018b; Zhang et al. 2012b, 2016a; He et al. 2014b, 2014b). It, therefore, appears that, following a quiescent stage from 720 Ma to 670 Ma, three younger magmatic events at ca. 660–640 Ma, ca. 635–625 Ma and ca. 620–600 Ma are recorded (Figure 12). However, relatively few pages are published for the three younger magmatic events represented by the samples of this study (He et al. 2014b; Wu et al. 2018b).

Petrogenesis and tectonic implications

In common with numerous similar aged bodies on the northern Tarim Craton, the samples of the Tugerming granites (Tg1) have an A-type affinity. This is demonstrated by a number of features: (1) enrichment in SiO2, total alkalis (K2O+Na2O), HFSEs (Th, Zr, Hf, and Y) and LILEs (Rb and Ba); (2) high FeOT/MgO and Ga/Al ratios; (3) depletion in CaO, MgO, Ti and P and (4) zircon saturation temperatures from 770°C to 806°C (Figures 10(d,e); Supplementary table 3; Loiselle and Wones 1979; Collins et al. 1982; Whalen et al. 1987; Eby 1990, 1992; Barbarin 1999; Bonin 2007). Other northern Tarim A-type bodies date from 670 to 630 Ma and include the 670 Ma granites in northern Baicheng (Figure 1; Wei et al. 2010). The Korla granites are similar to those of the A-type granite (Whalen et al. 1987; Eby 1990). The samples from the Korla granitoid (Tm2) also demonstrate an A-type affinity as they are highly potassic (shoshonitic), weakly peraluminous, variably enriched in SiO2, Al2O3, Rb, Ba, LREEs but depleted in Nb, Ta, Ti, P (Figures 10 and 11) (Whalen et al. 1987; Eby 1990). Moreover, their zircon saturation temperatures, from 922°C to 941°C, are significantly higher than expected for I- and S-type granites (Chappell et al. 2012) thus strongly suggesting an A-type affinity (Loiselle and Wones 1979; Collins et al. 1982; Whalen et al. 1987; Eby 1990, 1992; Barbarin 1999; Bonin 2007).
The Korla granitoids of this study (Tm2) and Ge et al.(2012) both exhibit a significant positive Eu anomaly (Eu/Eu* = 2.24–2.79), whereas the Tugerming granite samples (Tg1) have a consistently negative anomaly (Figure 11(a)). This could be ascribed to a lack of plagioclase fractionation and the presence of residual amphibole or pyroxene during magma evolution, which is supported by the petrological observation of these latter two phases in the related Tm1 melanosome (sample Tm1, Figure 6(a)). The Korla granitoids of this study (Tm2) and those of Ge et al. (2012), along with Korla mafic dikes of Zhu et al. (2008), Zhu et al. (2011a), all share important arc-like characteristics. These include enrichment in total alkalis, FeOT/MgO, K2O/ MgO and mobile elements along with depletion in Nb, Ta, Ti and localized depletion in Zr and Hf (e.g. Pearce 1996). 
A-type granites may divide into two groups, A1 and A2 (Eby 1992). The A1-type is associated with an extensional zone within intraplate settings, such as that observed during continental rifting, whereas A2-type granites are related to continental margin settings. These may be distinguished using an Rb/Nb versus Y/ Nb diagram, upon which the Tugerming and Korla granitic samples of this study exhibit Rb/Nb ratios of 6.4–15.5 and Y/Nb ratios of 1.8–5.0, indicating an A2- type affinity (Figure 10(e); Eby 1992). These geochemical features indicate that the felsic rocks at ca. 660–630 Ma from the northern Tarim Craton may have been produced in association with an active continental margin.

Zircon Hf isotopic compositions andεHf(t) values have been widely used to interpret both the source and petrogenetic processes associated with granites (Blichert-Toft and Albarède 1997; Griffin et al. 2000; Wu et al. 2006). TheεHf(t) values (−13.96 to 1.65) and Hf model ages (2.45–1.47 Ga with a peak at ca. 1.83 Ga; Figure 9) from samples of this study suggest involvement of an evolved crustal source in the petrogenesis of both granites (Tg1, Tm2) and gneisses (Tm1, Tm3) (Long et al. 2011; Zhang et al. 2014, 2016a). The zircon Hf isotope data suggest a contribution from the reworked Late-Neoarchaean to Early-Palaeoproterozoic crust, along with a mantle source (Long et al. 2011; Zhang et al. 2014; He et al. 2014b). High SiO2, Rb/Sr ratios and low Mg# within the Tugerming and Korla granitoids are incompatible with a direct derivation of the granites from a mantle source and instead suggest contamination by crustal material (Supplementary Table 3; King et al. 1997; Bonin 2007; Wu et al. 2007). A positive trend of La vs. La/Sm (Figure 10(f)) suggests partial melting and it is therefore likely that these granitoids were largely produced by partial melting of reworked Palaeoproterozoic continental crust, along with a mantle source. 
The felsic rocks at ca. 660–610 Ma on the northern Tarim Craton (Figure 11; Wei et al. 2010; He et al. 2011; Luo et al. 2011; Zhang et al. 2014) exhibit relative enrichments of LREEs and depletion of HFSEs and relatively flat HREE patterns, consistent with the geochemical characteristics of subduction-related magmas (Whalen et al. 1987; Eby 1990, 1992; King et al. 1997). These A-type granites with a subduction-related fingerprint could be derived by the partial melting of the lithospheric mantle that has been metasomatized by subduction fluids. This would be consistent with the petrogenetic process envisaged for A2-Type granites (Eby 1992). On tectonic discrimination diagrams of Nb- Y, Ta-Yb, Rb-Yb+Ta and Rb-Y+ Nb (Pearce et al. 1984; Pearce 1996), the samples plot in the volcanic arc and within-plate fields (Figure 13(a)). These are consistent with an intracratonic rift basin during the Cryogenian- Ediacaran in the northern Tarim (Gao et al. 1993; Jia 1997; He et al. 2007; Turner 2010). On the R2-R1 diagram (Figure 13(b); Batchelor and Bowden 1985), all but one of the Tugerming granite samples plots between the syn- and post-orogenic fields, but generally closer to the latter. As for the Korla granites, these samples fall into late orogenic fields. This suggests the possibility of a contemporaneous subduction setting. By contrast, the fact that there is no surface expression of a mantle super-plume track does not favour the presence of a plume (Luo et al. 2011; Zhu et al. 2011b; Xu et al. 2013b).

Consequently, the emplacement of the 660–630 Ma magmatic rocks on the northern Tarim Craton involved the partial melting of lithospheric mantle previously metasomatized by subduction. The partial melting of this lithospheric mantle may have been driven by upwelling of asthenospheric mantle triggered by slab rollback or slab break-off (Eby 1992).

Tectonic implications of the Tarim Craton from Cryogenian to Early Ediacaran

Rodinia broke apart from the mid-Neoproterozoic (Li et al. 2008) and the dispersed continental fragments assembled to form Gondwana, from the latest Neoproterozoic to Early Palaeozoic (Meert 2003; Collins and Pisarevsky 2005; Cawood and Buchan 2007). Two opposing models

have been proposed for the Tarim Craton during the Late Cryogenian to Early Ediacaran. One places it above a long lasting mantle plume associated with Rodinian breakup (Xu et al. 2009, 2013a; Luo et al. 2011; Zhang et al. 2013, Xu et al. 2013b), whereas the other invokes a long-lasting convergent plate margin possibly related to the assembly of Gondwana (Ge et al. 2012, 2014). 
Ca. 740 Ma bimodal volcanic rocks at the base of the Cryogenian in the Kuruktag area (Xu et al. 2009) have been related to the dispersal of the Tarim Craton and adjacent continents from the Rodinia supercontinents (Zhang et al. 2014). The granitoids at ca. 670–630 Ma in Baicheng, Tugerming and Korla are generally correlated with the end stage of superplume volcanism during the Rodinian breakup. However, there are a number of characteristic features of plume magmatism conspicuously absent from the igneous rocks of the Tarim craton, such as large area basalts, komatiites or high-Mg basalts and continental flood basalts (Ge et al. 2014). 
Moreover, several lines of geochemical evidence favour subduction over plume-related magmatism, supporting the notion that the northern Tarim Craton was an active continental margin of a Circum-Rodinia Subduction System from 830 to 730 Ma (Cawood et al. 2013; Chen et al. 2017). From the Kuruktag area, 830–790 Ma granitoids were enriched in LREEs and large ion lithophile elements (LILEs), but depleted in Nb, Ta and Ti and locally in Zr and Hf. This suggests that they were derived from partial melting of a metasomatized lithospheric or asthenospheric mantle, triggered by subduction-related fluids/melts (Ge et al. 2014). These geochemical data are consistent with the subductionrelated ca. 660–630 Ma felsic rocks of this study. 
Following these events, 660–600 Ma magmatic pulses on the northern Tarim Craton may suggest back-arc rifting (Ge et al. 2012, 2014). However, there are no coeval magmatic rocks that might indicate the back-arc opening of the South Tianshan Ocean, crustal thinning in the Tianshan Mountains or coeval magmatic arc in Central Tianshan (e.g. Li et al. 2013; Zhang et al. 2015). Rifting sedimentary rocks at ca. 660–600 Ma across most of the Tarim basin are thought to have occurred in an intracratonic setting rather than an active margin setting (Jia 1997; Lu et al. 2008; Wu et al. 2012, 2016a, 2016b). An NE striking eastern aulacogen has been proposed for the Tarim basin during this period, and crustal thinning and deep rifting would be expected in such a scenario (Jia 1997; Wu et al. 2016a, 2016b), but is inconsistent with the opening of a northern back-arc basin. An alternative explanation for subduction-like geochemistry within an intraplate setting is the reworking of dormant back-arc or arc sources trapped beneath continental plates (Puffer 2001). However, an active margin setting remains the more parsimonious explanation given the location of the samples on the periphery of the craton. Therefore, the northern margin of the Tarim Craton likely experienced multiple weak subduction-related pulses of magmatism from the Late Cryogenian to the Ediacaran, but these were neither linked to plume-driven Rodinian breakup nor the orogeny of Gondwanan assembly (Figure 14).

Conclusions

Integration of Neoproterozoic isotopic and geochemical data from the Tarim Craton indicate:

(1) Three periodic magmatic activities at ca. 660–640 Ma, ca. 635–625 Ma and 620–600 Ma were confined to the north of the Tarim Craton and were much weaker than earlier Cryogenian magmatism.
(2) Granitoids presented herein, at ca. 660–630 Ma, have an A2-type affinity and are inferred to be associated with partial melting of enriched, subduction-modified lithospheric mantle triggered by upwelling of asthenospheric mantle in northern Tarim Craton.

(3) The Northern Tarim Craton, during the breakup of Rodinia, is not associated with plume-related magmatism or the Pan-African Orogeny during the period 660–630 Ma.
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Figure 1. Figure 1. (a) Regional setting of the Tarim Craton (after Ge et al. 2014); and (b) simplified geologic map of the Tarim Craton (Zhang et al. 2016a). Age data after [1] Xu et al. (2009); [2] He et al. (2014b); [3] Zhu et al. (2011a), [4] Ge et al. (2012), (Ge et al. 2014); [5] He et al. (2011); [6] Luo et al. (2011); [7] Wei et al. (2010); [8] Xu et al. (2013a).
Figure 2. Geological map of Tugerming area (after He et al. 2011). Geochronological data after He et al. (2011) and Luo et al. (2011).
Figure 3. Simplified geological map of Korla area (after Ge et al. 2012, (2014)). Age data after Zhu et al. (2008), (Zhu et al. 2011a); Ge et al. (2012), (Ge et al. 2014).
Figure 4. Stratigraphic columns and correlation of Late Neoproterozoic sedimentary rocks in the Tarim Craton. Age constraints and horizons are shown (Age data after 1, Wu et al. 2018b; 2, Wen et al. 2013; 3, He et al. 2014b; 4, Xu et al. 2013a; 5, Xu et al. 2009; 6, He et al. 2014b; 7, Zhang et al. 2016a; 8, Zhu et al. 2011b; 9, Zhang et al. 2012c; 10, He et al. 2011; 11, Luo et al. 2011; 12, Zhu et al. 2008; 13, Zhu et al. 2011a; 14, Ge et al. 2012; 15, Ge et al. 2014).
Figure 5. Photographs of the major rock units sampled. (a) Glacial diamictites of cryogenian yuermeinak formation unconformably overlying on brown sandstones of qiaoenbrak group and overlain by red sandstone-mudstones of ediacaran sugetbrak formation in Aksu area; (b) Glacial diamictites and the cap carbonate of the cryogenian tereenken formation, which are overlain by offshore siliciclastic rocks of the ediacaran zhamokti formation in Kuruktag area; (c) Late cryogenian to Early Ediacaran pluton (Sample Tg1) in basement schists at Tugerming area; (d) Melanosome (Sample Tm1) from migmatite in Korla area; (e) Banded magmatite and granitic pluton (Sample Tm2) in the Palaeoproterozoic basement in Korla area; (f) Melanosome (Sample Tm3) from migmatite in Korla area.
Figure 6. Representative thin sections of analyzed rock samples. (a) Melanosome from sample Tm1 in Korla area; (b) Granite from sample Tm2 in Korla area; (c) Melanosome from sample Tm3 in Korla area; (d) Tugerming granite sample Tg1, northern Tarim; (e) Normalized Q-A-P classification diagram (Le Maitre 1989) showing the granites. Qtz: quartz; Kfs: potassium feldspar; Pl: plagioclase; Am: amphibole; Bt: biotite.
Figure 7. CL images of the representative magmatic zircons in the Tarim Craton, showing 206Pb/238U ages (yellow circles) and εHf(t) values (red circles).
Figure 8. U-Pb concordia diagrams and mean age histogram of zircons from genisses and granites in this study. N = number of analyses.
Figure 9. Hf isotopic evolution diagram for the zircons from the samples. (a) εHf(t) versus zircon 206Pb/238U ages diagram. Fields for the evolution line of Late Neoarchaean to Early Palaeoproterozoic reworking crust and Neoarchaean basement of the northern Tarim Craton are cited from Long et al. (2011). (b) Distribution of Hf model ages for the samples in this study. N = number of analyses.
Figure 10. Classification diagrams of the magmatic rocks in the Late Neoproterozoic. (a) (K2O + Na2O) – SiO2 and (b) K2O – SiO2 diagrams (after Cox et al. 1979); (c) A/NK [molar Al2O3/(Na2O + K2O)] – A/CNK [molar Al2O3/(CaO + Na2O + K2O)] diagram (Maniar and Piccoli 1989); (d) 10000Ga/Al – (Zr + Nb + Ce + Y) (Whalen et al. 1987); (e) Rb/Nb – Y/Nb diagram (Eby 1992. A1: Truly anorogenic rifting, A2: Post-collisional or continental marginal setting); (f) La/Sm – La (Blein et al. 2001). 
Figure 11. Chondrite-normalized REE patterns (a) and N-MORB-normalized spider diagram (b) of the granitic rocks. Normalizing values are from Sun and McDonough (1989).
Figure 12. Zircon age spectra of ca. 1000–400 Ma geochronological data from magmatic rocks of the Tarim Craton (modified from Ge et al. 2012; Zhang et al. 2014, and new data from He et al. 2011; Ye et al. 2013; Xu et al. 2013a, 2013b; Zhang et al. 2014; He et al. 2014b, 2014b; Wang et al. 2015; Zhang et al. 2016a).
Figure 13. Tectonic setting discrimination diagrams of the magmatic rocks at ca. 660–600 Ma. (a) Rb – (Y + Nb) (Pearce 1996; ORG, ocean ridge granites; VAG, volcanic arc granites; WPG; within plate granites; COLG, collision granites); (b) R1 [4Si – 11(Na + K) – 2(Fe + Ti)] versus R2 (6Ca + 2Mg + Al) (Batchelor and Bowden 1985; (1) mantle fractionates, (2) pre-plate collision, (3) post-collision, (4) late orogenic, (5) anorogenic, (6) syn-collision, (7) post-orogenic).
Figure 14. Configuration of the Gondwana supercontinent at ca. 660–600 Ma (modified after Stern 1994; Kröner and Stern 2004; Honarmand et al. 2016; Goscombe et al. 2017). The sketch showing a subduction setting in the northern Tarim rather than the involvement into the Pan-African Orogeny. The Late Pan-African orogeny formed during 650–620 Ma. While the Proto-Tethys ocean would be closed in Early Palaeozoic and subsequently following the assembly of the Tarim Craton with Gondwana.
