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INTRODUCTION
The tectonic setting of the southern margin of the North China Craton (NCC) during Paleo-Mesoproterozoic is still under debate (Zhao et al., 2004; He et al., 2009; Zhao et al., 2009; Zhai et al., 2015). One of the controversies regarding this issue is the duration of the Xiong’er volcanism. The Xiong’er Group is mainly composed of basaltic andesite, andesite, dacite, and rhyolite with intercalated siliciclastic rocks. One suggestion is that the Xiong’er volcanism spans a very short period within 1.78–1.75 Ga, typical of an igneous event in a continental rift setting (Zhao et al., 2004; Zhai et al., 2015). By contrast, other researchers consider the duration of the Xiong’er volcanism lasted from ca. 1.78 Ga until 1.45 Ga and suggest a prolonged subduction in the southern NCC during that time (He et al., 2009; Zhao et al., 2009). Here, we present new geochronological data for the interlayered siliciclastic rocks from the Majiahe Formation in the upper Xiong’er Group. Our results show unexpected young zircons at ca. 1400 Ma, possibly suggesting the long-term duration of the Xiong’er volcanism.
METHODS AND ANALYTICAL PROCESS
Sample Preparation
The Paleo-Mesoproterozoic succession in the southern NCC is distributed in three sub-regions, namely, the Song-Ji, Mianchi-Queshan, and Xiaoqinling-Luanchuan areas (Figure 1). In the Mianchi-Queshan area, the Xiong’er Group is thought to be the earliest deposition during the breakup of the supercontinent Nuna/Columbia. Our sample site is located in the Mianchi-Queshan area. The sample NOD-139-1 was collected from a layer intercalated in volcanic rocks of the Majiahe Formation in the upper Xiong’er Group (Figure 1).
[image: Figure 1]FIGURE 1 | The distribution of the Xiong’er Group and the sample site.
The tuffaceous siltstone, which is mainly composed of clay matrix, ilmenite, quartz, and plagioclase, was sampled for zircon geochronological analysis. The separation of the zircons was accomplished at the Langfang (Yuneng) Yuheng Mineral and Rock Service Ltd. and is consistent with the guidelines described in Liu et al. (2018). The sample was crushed into 40–100 mesh after removing inclusions and veins. Then, rock powder was elutriated and separated into the light and heavy segments, which the latter segments were processed with the strong magnetic selection. The less magnetic portion was then filtered by the electromagnetic filter, in which the non-magnetic minerals will be detained for the heavy liquid filter. The metal sulfide in the products was further removed by the high-frequency dielectric separator, leaving the portion that contains mostly zircon. Last, the zircons were hand-picked and purified by a binocular microscope.
Two hundred randomly hand-picked zircon grains were mounted in epoxy and polished to approximately half of the average zircon grain thickness. The morphological structure was examined by transmission and reflection light microscopy. The internal structure of zircons was examined using cathodoluminescence (CL) images. Zircon CL images were obtained using an Analytical Scanning Electron Microscope (JSM IT100) connected to a GATAN MINICL system. The imaging condition was 10.0–13.0 kV voltage of electric field and 80–85 µA current of the tungsten filament.
Analytical Process
The zircon U-Pb isotope was analyzed by laser-ablation-inductively coupled plasma-mass spectrometry (LA-ICPMS) using an Agilent 7,500a mass spectrometer equipped with GeoLas 200 M laser-ablation system consisting of ComPex102 (193 nm ArF-excimer laser, Lambda Physik) and an optical system (MicroLas) at the National Key Laboratory of Continental Dynamics in the Northwest University, China. The spot size was 25 μm, and the carrier gas helium was transported into the ablation cell. All the experimental procedures are referred to Liu et al. (2007) and Liu et al. (2018). In this study, the U-Pb isotopic ages and the instrumental mass deviation were calibrated by using the standard zircon 91,500 and GJ-1, respectively. The analysis on the standard reference zircon 91,500 was conducted in every six spots while the GJ-1 was in every twelve spots. The weighted mean ages of the 91,500 and GJ-1 during this process were presented in the supplementary materials (Supplementary Figure S1). The widely used 91,500 reference zircon was dated with the isotope-dilution thermal-ionization (ID-TIMS) 206Pb/238U age of 1,065.4 ± 0.6 Ma (Wiedenbeck et al., 1995). In the National Key Laboratory of Continental Dynamics in the Northwest University, previous studies yielded the LA-ICP-MS 206Pb/238U age of 1,062.2 ± 6.0 Ma (Yuan et al., 2008). In this study, the weighted mean 206Pb/238U age of the 91,500 is 1,062.6 ± 4.2 Ma, within the 2σ error of the ID-TIMS age. The reference zircon GJ-1 was first analyzed with the ID-TIMS 207Pb/206Pb and 206Pb/238U ages at 608.5 ± 0.4 Ma and 599.8 ± 4.5 Ma, respectively (Jackson et al., 2004). The previous study in this laboratory yielded a slightly older 206Pb/238U age of 604.6 ± 2.9 Ma (Yuan et al., 2008). Our analysis yields an intercept age of 607 ± 6.3 Ma and a weighted mean 206Pb/238U age of 608.6 ± 6.9 Ma, respectively (Supplementary Figure S1).
To reduce the probability of missing age components, 84 zircon grains were randomly selected for analysis in this study (Dodson et al., 1988; Fedo et al., 2003). The concentration ratios and the apparent ages were calculated using ICPMSDataCal (Liu et al., 2008; Liu et al., 2010). The common lead calibration was also applied according to Andersen (2002). Detrital zircon age spectra were calculated and presented using ISOPLOT (version 3.23) (Ludwig, 2003) and the DensityPlotter (Vermeesch, 2012).
CONCLUSION
The 84 spots yield 73 single-grain data that are less than 10% discordant. The external morphology of the zircons is variable from anhedral with a nearly rounded shape to euhedral with a clear pyramid face while most are subhedral. Some of the grains are the fragments of intact ones (e.g., the No.10 gain in Supplementary Figure S2). From the cathodoluminescence intensities, the zircon grains of this sample can be divided into two groups (Supplementary Figure S2). One group with dark and strong CL emission showed homogeneous or patchy internal texture whereas another group with weak to intermediate intensities showed distinct oscillatory zones which indicated the igneous origin (Supplementary Figure S2). Meanwhile, the former group generally yields older age which corresponds with high U content and lower Th/U ratio (Supplementary Figure S2; Supplementary Table). These zircons are possibly from the metamorphic basement or the recycled sedimentary rocks. The zircons with more white color and oscillatory zones show relatively younger ages. The three youngest zircon grains showed distinct euhedral external morphology and blurred internal oscillatory zones (Figure 2). The probability density distribution of the obtained zircon ages shows two prominent peaks at 2,100 Ma and 1850 Ma (Figure 2). The former is possibly sourced from the Taihua (tonalite-trondhjemite-granodiorite) 2000–2,200 Ma TTG assemblages in the southern NCC while the latter is consistent with the ca. 1850 Ma granitic pluton in the central NCC (Huang et al., 2010; Zhao and Zhai, 2013). There are a considerable number of zircon grains that yield ages younger than the previous geochronological reports for the Xiong’er Group, among which the three youngest 206Pb/238U ages are 1,349 ± 32 Ma, 1,478 ± 21 Ma, and 1,646 ± 36 Ma (Figure 2). Our new detrital zircon age report from the Majiahe Formation in the upper Xiong’er Group provides a new constraint on the duration of the Xiong’er volcanism in the southern NCC. According to previous studies, if the Xiong’er volcanism occurred in a short duration from 1.78 Ga to 1.75 Ga, it is impossible to get younger age from the interval of the Xiong’er Group. Therefore, our data in this study contradicted the opinion above whereas supported the model proposed by He et al. (2009) and Zhao et al. (2009), in which the Xiong’er volcanism probably can last to 1,450 Ma or even younger.
[image: Figure 2]FIGURE 2 | The cumulative frequency and Concordia diagrams of the zircon age of the sandstone from the Majiahe Formation (NOD-139-1).
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