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Abstract

:

The Trans-North China Orogen (TNCO) is well-known as an early Precambrian orogenic belt in the North China Craton (NCC). Three meaningful groups of metamorphic ages have been reported in the metamorphic complexes throughout the TNCO, including c. 1.85 Ga, c. 1.95 Ga, and c. 2.5 Ga. The spatial distributions and relationships of these ages provide notable insight into the formation timing and tectonic evolution of the NCC basement. The Zuoquan and Zanhuang complexes are exposed in the south–central TNCO and are adjacent to the Eastern Block. In order to place new constraints on the timing of two phases of metamorphism that occurred in the complexes, combined U–Pb and rare earth element analyses were performed on zircons from different types of metamorphic rocks. Uranium–Pb zircon dating in this study shows that two groups of metamorphic ages of 1.88–1.85 Ga and 2.48–2.46 Ga were commonly recorded by metamorphic rocks in the Zanhuang and Zuoquan complexes, respectively. Our previous geochronological studies showed that metamorphic ages of c. 2.51 Ga and c. 1.90 Ga were locally recorded in the Zanhuang and Zuoquan complexes, respectively. These data indicate that metamorphic rocks in the two complexes underwent at least two phases of metamorphism, i.e., 2.51–2.46 Ga (Phase I) and 1.90–1.85 Ga (Phase II). In combination with previous studies regarding reaction microstructures, metamorphic pressure–temperature paths, and geochronology, the Phase II metamorphic ages are interpreted to be linked to the collision between the Western and Eastern Blocks along the TNCO between 1.97 Ga and 1.80 Ga, whereas the Phase I metamorphic ages, as a result of an earlier and extensive tectono-thermal event that occurred in the Eastern and Western Blocks of the NCC, were related to underplating of mantle-derived magma. It is inferred that the rocks with c. 2.51–2.46 Ga metamorphic ages in the two complexes formed in the Eastern Block and underwent regional metamorphism during that period, and then were tectonically involved in the TNCO and experienced c. 1.90–1.85 Ga metamorphism. Metamorphic peaks occurred at different crustal levels in the orogen, resulting in distinct metamorphic ages and peak conditions preserved by metamorphic rocks in the two complexes.
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1. Introduction


The Precambrian basement of the North China Craton (NCC) is considered to have formed through the amalgamation of several microblocks; however, there is disagreement regarding the timing of the main amalgamation [1,2,3,4,5,6,7,8,9]. Did the current NCC form at 2.5 Ga, 1.95 Ga, or 1.85 Ga? A model proposed by Zhao et al. (1998, 2005, 2012) [2,3,10] attracted considerable attention due to it being the only study that considered metamorphic pressure–temperature (P−T) paths together with metamorphic geochronology. In their interpretation, the NCC basement was thought to have formed through three collisional stages and was divided into three major parts, namely, the Western Block (WB), the Eastern Block (EB), and the Trans-North China Orogen (TNCO), which separates the blocks (Figure 1a). The majority of Archean metamorphic rocks from the WB and EB recorded counterclockwise P−T paths and c. 2.5 Ga metamorphic ages, which were thought to be related to the underplating of large amounts of mantle-derived magma, whereas metamorphic complexes exposed in the three orogenic belts showed clockwise P–T paths related to continental collisions [2,3,10]. The first-stage collision occurred between the Yinshan and Ordos Blocks along the Khondalite Belt, forming the WB at c. 1.95 Ga. The second-stage collision occurred between the Longgang and Nangrim Blocks along the Jiao–Liao–Ji Belt, forming the EB at c. 1.90 Ga. The final, but most major, collision occurred between the WB and EB along the TNCO at c. 1.85 Ga, forming the entire NCC Precambrian basement [2,3,10]. Several Precambrian metamorphic complexes are exposed in the TNCO, including the Taihua, Zhongtiao, Dengfeng, Lüliang, Zuoquan, Zanhuang, Fuping, Wutai, Hengshan, Huai’an, Xuanhua, and Chengde complexes, from south to north. These complexes commonly recorded the c. 1.85 Ga metamorphic ages, and there is agreement that the complexes were involved in the tectonic cycle of subduction–collision–uplift of the TNCO; [11,12,13,14,15] and references therein.



However, more metamorphic ages ranging between c. 1.97 and 1.90 Ga have been reported in complexes throughout the TNCO [15,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36]. There is agreement that the TNCO was involved in a complicated and protracted tectonic process that started as early as c. 1.97 Ga and lasted until c. 1.80 Ga [15,18,19,20,21,22,23,24,25,26,27,29,30,31,32,33,34,35,36,37]. It is believed that the metamorphic ages between c. 1.97 Ga and c. 1.80 Ga represent different stages of the same metamorphism. However, the complexes exposed in the different segments of the TNCO have distinct and irregular peak metamorphic ages; thus, confirming the timing of the main collision between the WB and EB has been difficult. Some interpretations state that the major collision and crustal thickening in the Henshan–Wutai–Fuping area occurred at c. 1.95 Ga and was followed by exhumation and cooling from c. 1.93 to 1.80 Ga [25,26,27,31,32,37,38]. Our previous studies showed that the crustal thickening in the Lüliang complex began at c. 1.96 Ga and the subsequent uplift occurred after 1.89 Ga [33,34]. An alternative suggestion was made in the last two years [28,39], describing an updated interpretation of metamorphic ages in the Hengshan–Wutai complexes. The ages from 1.97 to 1.80 Ga were thought to represent two metamorphic phases that occurred at c. 1.95 Ga and c. 1.85 Ga, respectively, and were caused by two separately tectonic events. The tectonic event of c. 1.95 Ga was related to a continental collision, whereas that of c. 1.85 Ga resulted from within-plate deformation. The final exhumation of the high-grade rocks formed during the c. 1.95 Ga orogenic event were caused by the c. 1.85 Ga deformation/metamorphic event.



Metamorphic ages ranging from between c. 2.54 and 2.40 Ga were locally reported in the TNCO, such as in the Zanhuang, Zuoquan, Fuping, and Chengde complexes [12,40,41,42,43,44]. Similar metamorphic ages in the NCC were interpreted to be related to underplating of large amounts of mantle-derived magma in the WB and EB [2,3,10] or the amalgamation of the Archean microcontinents [4,5,7,8,9,44,45]. Some studies of the latter showed that the c. 2.5 Ga amalgamation resulted in the formation of much of the current NCC [4,5,7,8,9]. Another interpretation was that the Fuping Arc was already part of the EB at c. 2.5 Ga [44,45]; the subsequent west-dipping subduction and collision with the WB occurring at 1.90–1.85 Ga resulted in the final NCC amalgamation.



Therefore, to thoroughly comprehend the formation of the NCC basement, it is important to discriminate effects of the c. 2.5 Ga regional metamorphism from those of events that occurred during the period c. 1.97–1.80 Ga in the TNCO.



The Zuoquan and Zanhuang complexes are major components of the TNCO [46]. Based on zircon U–Pb, monazite Th–U–Pb, and mineral 40Ar/39Ar dating, high-resolution geochronological analyses indicated that two groups of metamorphic ages (2.51–2.48 Ga and 1.90–1.80 Ga) were both recorded by their Precambrian metamorphic rocks [12,15,43,44,47,48,49,50,51]. However, it is currently unclear whether the c. 2.5 Ga metamorphic rocks belonged to unrelated Archaean microblocks or pieces of the Western or Eastern Blocks that were tectonically reworked during the Paleoproterozoic era. Therefore, this contribution addresses the petrology and metamorphic age of different rock types throughout the two complexes, with the aim of understanding the spatial distribution and relationship of the two groups of metamorphic ages in the Zuoquan and Zanhuang complexes.




2. Geological Setting


The Zuoquan and Zanhuang metamorphic complexes are both situated in the south–central segment of the TNCO in the NCC. They are adjacent to the western boundary of the Eastern Block (Figure 1a,b). The Zuoquan complex lies to the southwest of the Zanhuang complex (Figure 1c). The complexes are mainly composed of diverse early Precambrian trondhjemite–tonalite–granodiorite (TTG) gneisses, a supracrustal assemblage, and monzonitic and potassic (MP) gneisses and granites. The locally exposed supracrustal assemblage was previously known as a part of the Zanhuang Group [52] but was recently subdivided into the Neoarchean Zanhuang Group and Paleoproterozoic Guandu Group [17,53]. The Neoarchean Zanhuang Group and Paleoproterozoic Guandu Group are unconformably overlain by sedimentary rocks of the Paleoproterozoic Gantaohe Group (Figure 1c). The Gantaohe Group underwent greenschist to low-amphibolite facies metamorphism [54,55]. The Neoarchean Zanhuang Group and Paleoproterozoic Guandu Group were mostly metamorphosed at upper amphibolite facies to granulite facies conditions. The highest pressures and temperatures of the metamorphic peaks are up to 12.3 kbar and 830 °C in the Zanhuang area, whereas they are approximately 9.4 kbar and 670 °C in the Zuoquan area, respectively [12,46]. The Neoarchean Zanhuang Group consists of various gneisses and small amounts of metapelites, marbles, and amphibolites, while the Paleoproterozoic Guandu Group mainly comprises quartzites, mica schists, and marbles [17]. Marbles and sillimanite-/kyanite-bearing metapelites (Figure 2) are locally exposed in the south–central Zanhuang complex. Amphibolites exposed in the two complexes occur as layers or lens-shaped boudins within metapelites and/or felsic gneisses with consistent gneissosity. Schists and marbles interbedded with felsic gneiss and consistent foliation was recorded in these rocks. Magnetite-rich schists, quartzites, and gneisses were found locally in the two complexes and even formed small iron ore deposits. Banded magnetite commonly occurs in these rocks.



Previous studies showed that three generations of metamorphic mineral assemblages, formed at prograde, peak, and retrograde stages, respectively, were identified in the metapelites, amphibolites, and gneisses [12,46,56,57]. These rocks yielded consistent clockwise P–T paths with nearly isothermal decompression (ITD) retrograde segments [12,46,56,57]. Such metamorphic P–T paths were thought to be related to a subduction–collisional orogeny, followed by a rapid post orogenic uplift [58,59].



Published isotopic analyses indicated that the U–Pb detrital zircon ages of the Neoarchean Zanhuang Group and Paleoproterozoic Guandu Group mainly ranged between 2.57 and 2.45 Ga [44,45,60,61]. Our recent studies showed that a minor age population of 2.7–2.6 Ga was also recorded by various types of metamorphic rocks of the two groups [62]. The detrital zircons from the Gantaohe Group exhibited a major age population of 2.55–2.50 Ga with minor age populations of c. 2.7 Ga and c. 2.1 Ga, and this group was interpreted to have formed at c. 2.1 Ga [54]. TTG and MP gneisses of the Zanhuang complex commonly formed during 2.51–2.50 Ga [60,63]. In recent years, some c. 2.7 Ga TTG gneisses were reported both in the Zanhuang and Zuoquan complexes [53,62,64].




3. Sample Selection and Analytical Methods


3.1. Sample Selection


Zircon U–Pb dating of six representative samples is reported here, including four samples (CZ22, CZ23, CZ28, and CZ34) from the Zuoquan complex and two samples (ZZ17-8 and ZZ29-2) from the Zanhuang complex. The sample rocks are medium- to coarse-grained and commonly show crystalloblastic textures and schist/gneissic structures.



Samples CZ22 and CZ23 were obtained from a quarry site in Sanlizhuang village within the Zuoquan complex (Figure 1c). The former was a magnetite-bearing biotite–hornblende schist and mainly consisted of biotite (30–35%), hornblende (25–30%), quartz (25–30%), magnetite (3–5%), and clinopyroxene (0–1%) (Figure 3a). The latter was a magnetite–hornblende–quartz schist with a metamorphic mineral assemblage of quartz (45–50%), magnetite (30–35%), and hornblende (10–15%) (Figure 3b). Magnetite and quartz were banded in these samples (Figure 3a,b). Samples CZ28 and CZ34 were collected from a quarry site in Nanye village within the Zuoquan complex (Figure 1c). They were garnet-bearing hornblende–biotite–plagioclase gneiss with a mineral assemblage of plagioclase (30–35%), quartz (30–35%), biotite (10–15%), garnet (5–10%), hornblende (5–15%), and magnetite (2–5%) (Figure 3c,d). Samples ZZ17-8 and ZZ29-2 were collected from different outcrops in Nanlingou and Weilu villages in the south–central region of the Zanhuang complex (Figure 1c). They were coarsely-grained garnet-bearing metapelites with a metamorphic peak mineral assemblage of quartz (40–50%), biotite (15–20%), garnet (5–20%), kyanite (2–20%), plagioclase (0–5%), and magnetite (0–1%) (Figure 3e,f). The garnet porphyroblasts contained mineral inclusions of quartz, biotite, and magnetite (Figure 3e,f) that formed during the prograde and/or peak metamorphic stage. The prograde inclusions were tiny and concentrated in the core of the garnet (Figure 3e), whereas the peak inclusions were bigger in size and were scattered within the garnet (Figure 3e,f).




3.2. Analytical Methods


All samples were processed using standard heavy liquid and magnetic separation techniques after crushing the rocks. More than 250 zircon grains from each sample were hand-picked and mounted on an epoxy mount. Zircons were then polished to approximately half of their original size and photographed in reflected and transmitted light. The internal texture of the zircons was studied by performing cathodoluminescence (CL) imaging to identify potential sites for dating analysis. The CL images were obtained using a JSMIT100 scanning electron microprobe connected to a GATAN MINICL system at Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. The imaging conditions included an electric field voltage of 10–13 kV and a tungsten filament with a current of 80–85 µA.



Uranium–Th–Pb isotopic ratio and trace element analyses of zircon were conducted using a 193 nm GeolasHd laser ablation (LA) system, inductively coupled with plasma mass spectrometry (ICP-MS; Agilent 7900) at Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, China. Helium was applied as a carrier gas. Argon was used as the make-up gas and mixed with the carrier gas via a T-connector before entering the ICP. The laser energy was 80 mJ. The spot size and frequency of the laser were set to 32 µm and 5 Hz, respectively, for the LA-ICP-MS measurements. Zircon standard 91500 [65] was employed as an external standard for the correction of the U/Pb fractionation. Zircon GJ-1 [66] was used as the monitoring standard. The standard glass NIST 610 and element Si were used as an external standard and internal standard, respectively, to determine the elemental concentration. Each analysis incorporated a background acquisition of approximately 20–30 s, followed by 50 s of data acquisition from the sample. The analytical data were processed using the ICPMSDataCal program (version 10.8, China University of Geosciences, Wuhan, China). The concordia plots and age calculations were performed using the Isoplot/Ex v. 3.23 program [67]. The error ranges of individual analyses were quoted at the 1σ level. The upper intercept ages and the weighted mean ages for the aggregated 207Pb/206Pb analyses were presented with uncertainties at the 2σ and 95% confidence levels, respectively. The zircon U–Pb analytical data are listed in Table S1. The rare earth element (REE) contents of the zircon spots are listed in Table S2.





4. Results


Zircon grains extracted from all of the samples in the Zuoquan and Zanhuang complexes were anhedral and ranged from 30 to 200 μm in length.



4.1. Zircon Dating of Samples in the Zuoquan Complex


4.1.1. Magnetite-Bearing Biotite–Hornblende Schist Sample


Zircons of sample CZ22 showed variable luminescence and disturbed oscillatory zoning preserved in the CL images. Some grains showed a relatively homogeneous internal texture in their cores (Figure 4a).



Twenty-one spots were analyzed on relatively homogeneous domains of 21 zircon grains (Figure 4a). The Th and U contents and Th/U ratios of the zircon spots ranged from 53 to 160 ppm, 96 to 369 ppm, and 0.31 to 0.69, respectively (Table S1; Figure 4b). All spots showed weakly negative europium anomalies and high heavy rare earth element (HREE) enrichment in chondrite-normalized REE distribution patterns (Figure 4c). Twenty-one spot analyses yielded 207Pb/206Pb ages ranging from 2377 to 2532 Ma (Figure 4d). Eighteen available analyses were plotted near the concordia curve, yielding a weighted mean 207Pb/206Pb age of 2471 ± 14 Ma (mean square weighted deviates (MSWD) = 1.4; Figure 4e).




4.1.2. Magnetite–Hornblende–Quartz Schist Sample


Zircons extracted from sample CZ23 were characterized by irregular luminescence; some domains showed a bright luminescence in the CL images (Figure 5a).



Fifty-one analyses were conducted from 48 zircon grains. The Th and U contents and Th/U ratios of the zircon spots ranged from 6 to 171 ppm, 30 to 294 ppm, and 0.18 to 0.90 (Table S1; Figure 5b), respectively. All of the spots showed steep REE patterns and a high HREE concentration, and most had no europium anomalies (Figure 5c). The 207Pb/206Pb ages of all the spots ranged from 2165 to 2653 Ma (Figure 5d). Five spots on the bright domains yielded 207Pb/206Pb ages ranging from 2316 to 2519 Ma (No.14, 22, 26, 31, and 34; Table S1). Forty-seven available analytical spots were plotted near the concordia curve, defining a weighted mean 207Pb/206Pb age of 2473 ± 10 Ma (MSWD = 1.7; Figure 5e).




4.1.3. Garnet-Bearing Hornblende–Biotite–Plagioclase Gneiss Samples


Zircon grains separated from samples CZ28 and CZ34 showed a similar internal texture to that of sample CZ22, with variable luminescence and disturbed oscillatory zoning in the CL images (Figure 6a and Figure 7a). Recrystallized zircon domains were analyzed, with most of them showing relatively homogeneous luminescence.



Twenty-eight spots were analyzed on 28 zircon grains of sample CZ28. Their components showed great variation in U content, ranging from 280 to 1185 ppm. The Th content and Th/U ratios of the zircon spots ranged from 9 to 140 ppm and 0.02 to 0.22, respectively (Table S1; Figure 6b). All of the spots showed a flat HREE pattern with a low HREE concentration, and most showed negative europium anomalies (Figure 6c). The 207Pb/206Pb ages of all analyses ranged from 1902 to 2517 Ma, but were mostly concentrated between 2403 and 2517 Ma (Figure 6d). All spot analyses defined a chord with an upper intercept age of 2473 ± 14 Ma in the concordia diagram (MSWD = 1.3; Figure 6e). Eighteen available analytical spots yielded a weighted mean 207Pb/206Pb age of 2477 ± 13 Ma (MSWD = 1.3; Figure 6e).



Thirty-six analyses were dated from 36 zircon grains of sample CZ34. The Th and U contents and Th/U ratios of the zircon spots were 13–164 ppm, 100–936 ppm, and 0.01–0.48 (Table S1; Figure 7b), respectively. Most of the spots showed a flat HREE pattern with negative europium anomalies (Figure 7c). The 207Pb/206Pb ages of all spots ranged from 2406 to 2539 Ma (Figure 7d). Thirty-five available analyses yielded a weighted mean 207Pb/206Pb age of 2462 ± 12 Ma (MSWD = 2.0; Figure 7e).





4.2. Zircon Dating of Samples in the Zanhuang Complex


Two groups of zircons were recognized in garnet-bearing metapelite samples ZZ17-8 and ZZ29-2 based on variations in the internal textures observed in the CL images (Figure 8a and Figure 9a). Some zircon grains showed a rim–core texture. The core domains showed variable luminescence with disturbed or blurred oscillatory zoning, and a few of them showed obvious oscillatory zoning, which were defined as Group 1 (i.e., No.26 in Figure 8a). The rim domains were characterized by a relatively homogeneous internal texture with low luminescence and defined as Group 2 (Figure 8a and Figure 9a). Other zircon grains showed no rim–core texture, and the CL characteristics of these were similar to those of the Group 2 zircon domains (Figure 8a and Figure 9a).



Thirty-eight analyses were completed using 38 zircons grains from sample ZZ17-8, including four zircon cores of Group 1 and 34 zircon grains and/or domains of Group 2. The Th and U contents of the zircon spots exhibited ranges of 60–310 ppm and 90–316 ppm for the Group 1 zircons and 0.5–27.1 ppm and 69–422 ppm for the Group 2 zircons, respectively (Table S1). The Th/U ratios of the Group 1 and Group 2 zircon spots ranged from 0.48 to 0.98 and 0.00 to 0.28, respectively (Table S1; Figure 8b). Two groups of zircon spots showed distinct HREE contents in chondrite-normalized REE distribution patterns (Figure 8c), a steep pattern for Group 1, and a flat pattern for Group 2. The 207Pb/206Pb ages of Group 1 zircons ranged from 2450 to 2531 Ma, whereas those of Group 2 ranged from 1791 to 2455 Ma, but largely concentrated between 1791 and 1896 Ma (Figure 8d). All of the Group 1 spots defined a weighted mean 207Pb/206Pb age of 2495 ± 52 Ma (MSWD = 1.8, n = 4). Twenty-eight analyses of the Group 2 spots defined a chord with an upper intercept age of 1875 ± 16 Ma (MSWD = 2.0) (Figure 8e) and yielded a weighted mean 207Pb/206Pb age of 1875 ± 10 Ma (MSWD = 1.5; Figure 8e).



Forty-five spots were analyzed on 29 grains and 16 rim domains of the Group 2 zircons from sample ZZ29-2. The Th and U contents and Th/U ratios of the zircon spots ranged from 0.3 to 5.0 ppm, 45 to 244 ppm, and 0.00 to 0.02 (Table S1; Figure 9b), respectively. Most spots exhibited no europium anomalies (Figure 9c). The HREEs of some analytical spots showed a flat pattern, while the others showed an oblique pattern (Figure 9c); however, there was no age distinction between the two types. The 207Pb/206Pb ages of 29 grains and 16 rim domains ranged from 1787 to 1933 Ma and 1825 to 1928 Ma, respectively (Figure 9d). Forty-three available analyses yielded an upper intercept age of 1849 ± 7 Ma (MSWD = 0.9) (Figure 9e) and defined a weighted mean 207Pb/206Pb age of 1858 ± 11 Ma (MSWD = 0.9; Figure 9e). The two ages were similar and well within the error range.





5. Discussion


5.1. Characteristics of Metamorphic Zircons


Metamorphic zircons are typically distinguished according to analyses of their grain shapes, CL images, REE patterns, and U/Th ratios. These grains are anhedral, elliptical, or subhedral–columnar in shape [68,69,70,71,72].



Making observations based on variations in the internal textures in the CL images is a ubiquitous and reliable method [68,72]. Metamorphic zircons include recrystallized zircons, that existed prior to metamorphism but were modified, and overgrowth or new growth zircons, which grew as a result of the metamorphic process [71,72]. The variety of internal textures in zircon CL images is extremely wide [68,72,73], and three major types are listed as follows. (1) Type 1 zircons have no rim–core texture and are relatively homogeneous with low luminescence within a single domain. They generally show blurred cloudy zoning (i.e., ZZ29-2; No.32 in Figure 9a), irregular zoning (i.e., CZ23; Figure 5a), and sector or fir-tree zoning. These characteristics are typical of metamorphic origin [71,72]. (2) Type 2 zircons show no rim-core texture but have variable luminescence and disturbed oscillatory zoning (i.e., CZ28; Figure 6a). These characteristics are indicative of recrystallization during metamorphism [71,74]. (3) Type 3 zircons show rim-core texture. The cores are commonly of inherited origin with variable luminescence or igneous origin with visible oscillatory zoning, whereas the rims are as a result of metamorphic growth with similar characteristics to Type 1 zircons (i.e., ZZ29-2; No.10 and No.37 in Figure 9a) [71].



The REEs, especially the HREEs, can also be used to recognize metamorphic zircons [72]. Metamorphic zircons show patterns with significant REE fractionation and are enriched in light REE (LREE) in chondrite-normalized REE distribution patterns. The level of HREE enrichment of metamorphic zircons is based on the garnet content, the growth order of the garnet and the metamorphic zircon, and the recrystallization degree of the original zircon, in addition to the rock composition. This is mainly because garnets are generally a main host of HREEs in medium to high-grade mafic to pelitic metamorphic rocks, and HREEs prefer to fractionate into garnets during the metamorphic process [71,75]. Metamorphic zircons in garnet-free rocks show steep REE patterns with a high concentration of HREEs (i.e., CZ22 and CZ23; Figure 4c and Figure 5c). In garnet-rich rocks, metamorphic zircons show a relatively flat HREE pattern if the garnets grew with or before the metamorphic zircons (i.e., CZ34 and ZZ17-8; Figure 7c and Figure 8c). Sometimes, the HREE patterns vary between steep and flat, because recrystallizations result in the resetting of the chemical/isotopic system of different pre-existing zircons (i.e., CZ28 and ZZ29-2; Figure 6c and Figure 9c). Conversely, if the garnets grew after the metamorphic zircons, their HREE patterns are similar to those of zircons in garnet-free rocks. Plagioclase is generally a main host of europium but is lacking in other REEs [76], thus plagioclase-rich rocks commonly show negative europium anomalies.



Although the Th/U ratio is an easy-to-acquire and widely-used criterion for zircon classification [72], a low Th/U ratio (i.e., less than 0.1) is not always shown by metamorphic zircons [33,72,77,78,79,80]. Metamorphic zircons can have Th/U ratios up to 0.8 (i.e., CZ23; Figure 5b), which could be attributed to the high protolith Th/U ratios of the analyzed zircon domains or the whole rocks [80].




5.2. Interpretation of Zircon U–Pb Dating


LA-ICP-MS zircon U–Pb dating performed in this study shows that distinct metamorphic ages were recorded by metamorphic rocks exposed in the Zuoquan and Zanhuang complexes.



Metamorphic ages between 2477 and 2462 Ma dominate in the Zuoquan complex. Schist samples yield ages of 2471 ± 14 Ma (CZ22) and 2473 ± 10 Ma (CZ23), and garnet-bearing gneiss samples yield ages of 2477 ± 13 Ma (CZ28) and 2462 ± 12 Ma (CZ34), are interpreted to represent the peak timing of a regional metamorphism that occurred in the Zuoquan complex due to four reasons: (1) Type 1 and 2 CL imaging of the metamorphic zircons are characterized by zircons extracted from sample CZ23 and those from samples CZ22, CZ28, and CZ34, respectively; (2) the negative europium anomalies and flat HREE patterns of zircons from samples CZ28 and CZ34 are most consistent with the grains having formed or been extensively modified during metamorphism and growth with garnet and plagioclase; (3) petrographic studies indicate that the garnet and plagioclase formed together with the matrix minerals quartz, kyanite, and biotite in samples CZ28 and CZ34; and (4) more than 250 zircon grains were separated from each sample, but petrographic observations show that only a few tiny ones are recognized within the garnet porphyroblasts as inclusions. It is hard to separate tiny zircon inclusions from the garnet.



Our previous study [43] reported similar metamorphic ages of 2507–2483 Ma in other types of rocks in the complex, and these ages were believed to represent an earlier thermotectonic event that occurred before the regional metamorphism in this area. This is because that two garnet-bearing gneiss samples recorded metamorphic ages of 2507 ± 15 Ma and 2483 ± 9 Ma, respectively, and analyzed metamorphic zircons showed a steep HREE pattern, indicating that they formed before the garnets and peak assemblages [43]. Combined with this study, the interpretation of these metamorphic ages should be updated. They clearly represent the same regional metamorphic event (defined as Phase I) as the period dated 2477–2462 Ma that was obtained in this study, with a near-peak stage occurring at 2507–2483 Ma and the peak at 2477–2462 Ma. Another group of metamorphic ages (1903 ± 7 Ma) was only obtained from a garnet-bearing hornblende gneiss sample [43], which was inferred to be the peak or near-peak age of another regional metamorphism (defined as Phase II) that occurred both in the Zuoquan and Zanhuang complexes. However, the REE patterns of the metamorphic zircons were not analyzed. Additional studies are needed for specific interpretation.



In contrast, rocks in the Zanhuang complex commonly record c. 1.85 Ga metamorphic ages, as obtained by zircon U–Pb, monazite U–Th–Pb, and mineral 40Ar–39Ar dating [12,15,47,48,49,50,51]. Two meta-sedimentary samples in this study yield two groups of ages, namely, c. 2495 Ma and 1875–1858 Ma. The former was recorded by sample ZZ17-8 and is interpreted to represent an igneous event before the protolith due to the analytical zircon cores (Group 1), showing obvious oscillatory zoning in the CL images, which is typical of magmatic origin [68]. The ages of 1875–1858 Ma were recorded by samples ZZ17-8 and ZZ29-2. They are suggested to be the peak timing of an extensive metamorphism (Phase II) that occurred in the Zanhuang complex, mainly because (1) the CL images of the analytical zircons (Group 2) show a relatively homogeneous internal texture or blurred irregular zoning, and these zircons generally have Th/U ratios lower than 0.2, which is indicative of a metamorphic origin; and (2) the levels of HREE enrichment reflect the presence of garnet during growth of the metamorphic zircons.



Similar to the Zuoquan metamorphic complex, another group of metamorphic ages was also recorded by a few samples in the local Zanhuang area. Xiao et al. (2014) [12] reported a metamorphic age of 2507 ± 15 Ma in a felsic biotite–plagioclase gneiss sample, indicating a metamorphism (Phase I) that occurred earlier than the c. 1.85 Ga metamorphic event in this area. Zhang et al. (2019) [44] obtained a weighted mean age of 2485 ± 9 Ma (MSWD = 1.8, n = 3) from a biotite–plagioclase gneiss sample but interpreted it as a metamorphic event that occurred before the protolith formed.




5.3. Tectonic Implications


Taken together, there are two phases of metamorphism (Phases I and II) recognized in both the Zuoquan and Zanhuang metamorphic complexes, namely, Phase I metamorphism (c. 2.5 Ga), which was commonly recorded by the Zuoquan metamorphic rocks, and Phase II metamorphism (c. 1.85 Ga), which was commonly recorded by the Zanhuang metamorphic rocks.



Similar metamorphic ages of c. 2.5 Ga were mainly obtained from the metamorphic rocks exposed in the Western and Eastern Blocks [16] and references therein. Basement rocks from the two blocks commonly recorded counterclockwise P−T metamorphic paths with a near-isobaric cooling retrograde segment, and such paths were generally attributed to magmatic underplating [58,59]. Thus, these ages were proposed to be a consequence of a regional granulite-facies metamorphism, related to the underplating of large amounts of mantle-derived magma occurring in the Western and Eastern Blocks [2,3,10]. Our study areas were adjacent to the Eastern Block; thus, we infer that c. 2.5 Ga metamorphic rocks formed and underwent c. 2.5 Ga metamorphism (Phase I) in the Eastern Block and were then tectonically involved in the TNCO before c. 1.97 Ga.



A large number of 1.97–1.80 Ga metamorphic ages were reported throughout the TNCO over the past 30 years [11,12,13,14,15] and references therein. All metamorphic complexes exposed in the TNCO recorded clockwise P−T metamorphic paths followed by a near-ITD segment (see review by Xiao et al., 2017 [33]), and such paths were thought to have resulted from subduction, collision, and subsequent uplift [58,59]. Therefore, although the timing of the major collision between the Western and Eastern Blocks remains unaddressed, these metamorphic ages are thought to represent the regional metamorphism resulting from the subduction, collision, and uplift during the assembly of the NCC along the TNCO [2,3,10]. Zhao et al. (2002) [81] suggested that this entire process occurring between 1.97 and 1.80 Ga in the NCC was a response to the assembly of the supercontinent Columbia during 2.1 Ga and 1.8 Ga. It is obvious that the TNCO underwent a prolonged and complicated formation process; there are also some other orogenic belts in northwest Scotland [82] and the Greenville Orogen [83] that occupied a similar prolonged duration. Our previous studies showed that the Zuoquan and Zanhuang metamorphic rocks recorded similar metamorphic reaction microstructures and P−T paths at medium-pressure facies series conditions [12,46,56,57]. This evidence, in combination with geochronological data, suggests that the c. 1.85 Ga metamorphism (Phase II) in the Zuoquan and Zanhuang complexes was related to the collision between the Western and Eastern Blocks. During the collision, a lower peak condition was recorded by Zuoquan metamorphic rocks than Zanhuang rocks [12,46,56,57]. It is inferred that the two complexes were metamorphic products at different crustal depths in a crustal thickening-dominated orogen. The Zanhuang complex was at a deeper level of the crust and experienced a more intense and higher degree of metamorphism during Phase II metamorphism. Therefore, the mineral compositions and assemblages of the rocks formed during Phase I metamorphism were badly and rarely preserved after Phase II metamorphism in the Zanhuang complex. This is probably one of reasons why the spatial distributions of metamorphic ages were distinct between the two complexes.





6. Conclusions


(1) Two groups of metamorphic ages, c. 2.51–2.46 Ga and c. 1.90–1.85 Ga, were recorded in Zuoquan and Zanhuang metamorphic rocks, with the former predominating in the Zuoquan complex and the latter in the Zanhuang complex.



(2) The rocks with metamorphic ages of c. 2.51–2.46 Ga in these areas are interpreted to be portions of the Eastern Blocks. They were involved in the TNCO via tectonic reworking during the Paleoproterozoic era and subsequently underwent a regional metamorphism at c. 1.85 Ga.



(3) The regional metamorphism occurring between c. 1.90 and 1.85 Ga in the Zuoquan and Zanhuang areas was a response to the subduction–collision–uplift process between the Western and Eastern Blocks during the period of 1.97–1.80 Ga.
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Figure 1. (a) Sketch map of the North China Craton (NCC) (modified after Zhao et al., 2005, 2012 [3,10]). (b) Sketch map of the Trans–North China Orogen (TNCO), showing the locations of the Zuoquan and Zanhuang complexes (modified after Zhao et al., 2001 [16]). (c) Geological sketch map of the Archean–Paleoproterozoic Zuoquan and Zanhuang metamorphic complexes (modified after Yang et al. 2011 [17]). Sample locations are shown on the map. 1: Quaternary; 2: Paleozoic strata; 3: Mesoproterozoic Changcheng Group; 4: Paleoproterozoic Gantaohe Group; 5: Xuting Granite; 6: Paleoproterozoic Guandu Group; 7: Neoarchean Zanhuang Group; 8: Neoarchean Monzogranite gneiss; 9: Neoarchean trondhjemite–tonalite–granodiorite (TTG) gneiss; 10: sample locations. 
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Figure 2. Photographs of outcrop (a) and hand specimen (b) of metapelite samples, ZZ17-8 and ZZ29-2, in the Zanhuang metamorphic complex. 
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Figure 3. Photomicrographs of the Zuoquan and Zanhuang samples. (a) Sample CZ22; (b) sample CZ23; (c) sample CZ28; (d) sample CZ34; (e) sample ZZ17-8; (f) sample ZZ29-2. See the text for details. 
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Figure 4. Cathodoluminescence (CL) images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized rare earth element (REE) distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample CZ22. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1. 






Figure 4. Cathodoluminescence (CL) images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized rare earth element (REE) distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample CZ22. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1.
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Figure 5. CL images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized REE distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample CZ23. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1. 
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Figure 6. CL images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized REE distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample CZ28. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1. 






Figure 6. CL images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized REE distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample CZ28. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1.
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Figure 7. CL images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized REE distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample CZ34. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1. 






Figure 7. CL images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized REE distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample CZ34. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1.
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Figure 8. CL images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized REE distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample ZZ17-8. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1. 






Figure 8. CL images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized REE distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample ZZ17-8. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1.
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Figure 9. CL images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized REE distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample ZZ29-2. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1. 






Figure 9. CL images (a), relationship diagram of Th/U ratios and 207Pb/206Pb ages (b), chondrite-normalized REE distribution pattern diagrams (c), 207Pb/206Pb age frequency distribution histogram (d), and U–Pb concordia diagram (e) for the analyzed zircons from sample ZZ29-2. The circles represent the spots from which LA-ICP-MS measurements were taken. The numbers refer to the analytical data listed in Table S1.
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