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Abstract

:

The Zaozigou Au-Sb deposit has been controversial in its genesis and remains one of the most difficult ore systems to fully understand in West Qinling. The mineralization shows a broad spatial association with Triassic dikes and sills, which were previously thought to be genetically related to mineralization. Our U-Pb zircon dating in this contribution indicates that the ore-hosting porphyritic dacites were formed at 246.1 ± 5.2 Ma and 248.1 ± 3.8 Ma. The magmatic zircons yield εHf(t) values ranging from −12.5 to −8.9, with corresponding two-stage model ages of 2.08 to 1.83 Ga. The magma therefore could be derived from partial melting of Paleoproterozoic crustal materials. The ore-hosting porphyritic dacites have low oxygen fugacity, with ΔFMQ ranging from −4.61 to −2.56, indicating that magmas could have been sulfide-saturated during evolution in deep chambers and precluding the possibility that metals were released from the melt. Zaozigou exhibits characteristics widespread volcanics, massive sulfide mineralization, rare reduced mineral assemblage and discrete alteration zones which are not typical of reduced intrusion-related or porphyry gold systems. We propose that the spatially-related Triassic porphyritic dacite and dike swarm is not genetically related to the ore formation of Zaozigou Au-Sb deposit.
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1. Introduction


The Qinling Orogen linking the Dabie Orogen in the east with the Qilian and the Kunlun Orogens in the west can be separated into the West Qinling and East Qinling segments (Figure 1A) [1,2,3,4,5]. The West Qinling Orogen was assembled by subduction and closure of Palaeozoic Mianlue Ocean between the North China block and South China block during the Late Triassic [4,5,6,7]. Triassic granitoids and related mineralization are widespread in the West Qinling and constitute a major target for polymetallic exploration [6,7,8,9,10,11]. The Tongren–Xiahe–Hezuo district located in the northwest of the West Qinling can be further subdivided into northeastern and southwestern zones by the NNW-trending Tongren–Xiahe–Hezuo fault [6,8]. The northeastern part hosts several Triassic batholiths and Cu-Au-Fe deposits including Dewulu, Nanban, and Gangyi deposits. The southwestern part consists mainly of Triassic greenschist-facies metasedimentary rocks, which in places have been intruded by porphyry stocks or dikes. Au-Sb deposits such as at Zaozigou, Jiagantan, and Zaorendao can be found hosted in both (meta) sediments and dikes (Figure 1B). The batholiths in the northeastern zone have been dated at 250–235 Ma [6,7,8] and have been proven to be derived from partial melting of enriched sub-continental lithospheric mantle that had been previously modified by slab-derived melt during the continuous northward subduction of the Paleotethys oceanic slab [6,7,12,13,14,15]. The Cu-Au-Fe deposits in the northeastern zone have been recognized as porphyry-skarn systems genetically associated with Early Triassic granitoids [6]. However, a lack of research on felsic stocks and dikes in the southwestern zone makes understanding the dynamic processes governing the formation of the Triassic magmatism difficult. In addition, the genetic relationship between magmatism and ore formation remains controversial.



Successful exploration in the Tongren–Xiahe–Hezuo area relies on a robust understanding of ore deposition mechanisms. Some researchers have proposed that the mineralization is an expression of an intrusion-related gold system based on close spatial and temporal association between gold orebodies and dikes, and geochemical characteristics. Liu et al. [16] suggested that the Zaozigou deposit is a porphyry-type gold deposit related to diorite-porphyry intrusion. Sui et al. [8] and Sui and Li [17] have recently classified Zaozigou as a reduced intrusion-related gold system (RIRGS). Liang et al. [18] and Wei et al. [19] proposed that the activation of faults play important roles in the gold mineralization. Goldfarb et al. [20] believe that the lode gold deposits controlled by faults in metasedimentary rocks in this area are best classified as orogenic gold deposits. Porphyry deposits are spatially, temporally, and genetically related to hypabyssal dioritic to granitic intrusions. They are characterized by ore minerals in veinlets and disseminations in large volumes of hydrothermally altered rock [21]. The RIRGS model is as yet poorly defined. They are coeval (±2 Ma) with their associated, causative felsic and ilmenite-series pluton [22]. The most distinctive mineralization style of RIRGS is sheeted veins, which are composed of parallel, low-sulfide content, single stage quartz veins. Most orogenic gold deposits occur in greenschist facies rocks and are located adjacent to first-order, deep-crustal fault zones [23]. In Orogenic gold deposits ore minerals are deposited as vein fill of second- and third-order shears and faults, particularly at jogs or changes in strike along the crustal-scale fault zones.



The Zaozigou Au-Sb deposit is the largest gold deposit in the Tongren–Xiahe–Hezuo area (Figure 1B). Gold mineralization is controlled by fault systems, with primary mineralization manifesting as vein-hosted lode deposits. Secondary mineralization is primarily defined by wallrock alteration of intermediate to felsic dikes and Triassic slate host rocks, making it amenable to a comprehensive dike and ore genesis study. In this contribution, we performed LA-ICP-MS U-Pb dating, trace element analysis, and Lu-Hf isotope determination on zircons separated from ore-hosting porphyritic dacite at Zaozigou. Together with U-Pb ages, εHf(t), and oxygen fugacity values from the Triassic granitoids in the Tongren–Xiahe–Hezuo area, we evaluate their emplacement timing and petrogenesis in an attempt to elucidate the relationship between magmatism and mineralization.




2. Geological Background


2.1. Regional Geology


The Qinling Orogen in central China extends east–west for over 1500 km and is a major portion of the Central China Orogenic Belt [1,4,5,14,24,25]. It is tectonically bounded by the Qilian Orogen and North China block marked by the Lingbao–Lushan–Wuyang fault to the north, and Songpan–Ganzi Orogen and South China block marked by the Mianlue–Bashan–Xiangguang fault suture to the south (Figure 1A) [1,3,15]. The Qinling Orogen is generally further separated into the southern North China block, North Qinling block, South Qinling block and northern South China block from north to south by the Kuanping suture, Shangdan suture and Mianlue suture with related faults (Figure 1A) [2,3,10,24]. The Neoproterozoic Kuanping suture zone hosts greenschist and amphibolite facies rocks, which reflect remnants of an oceanic crust and oceanic island basalt of the Kuanping Ocean inferred to have existed at least during ca. 1.45–0.95 Ga [24]. The Paleozoic Shangdan suture zone mainly comprises ophiolitic assemblages, and subduction-related volcanic and sedimentary rocks, which are considered to have been associated with closure of the Shangdan Ocean and multistage amalgamation of the South China block-South Qinling block to the North China block during the Paleozoic [7,24]. The Triassic Mianlue suture zone is characterized by discontinuously exposed ophiolite sequences, ocean-island basalt, and island-arc volcanic rock units, marking the closure of a northern branch of the eastern Paleotethyan Ocean [1,7,24,25,26,27,28].



The West Qinling Orogen has traditionally been separated by the Huicheng basin or Foping dome roughly along the Baoji–Chengdu railway (shown as blue dash line in Figure 1A) to the East Qinling Orogen [7,8,9,10]. It is interpreted to have undergone a three-stage amalgamation process between the South and North China blocks, which include an early to middle Paleozoic accretionary orogen along the southern side of the North China block, a late Paleozoic to Triassic collisional orogen along the Mianlue suture zone, with amalgamation of the South China block to earlier accreted terranes, and Jurassic to Cretaceous intracontinental tectonism [7,24]. Sedimentary cover in West Qinling is dominated by Devonian to Cretaceous sediments and Precambrian basement is rarely exposed [5,8]. The pervasively folded and faulted strata record deformation related to the subduction and collision history [8,10]. The magmatism is widespread in West Qinling, including several dozens of Triassic granitoid intrusions in the eastern part and early to middle Triassic granitoids in the western part [5,8]. The intrusions in the eastern part corresponding to superimposed orogeny evolved from the northward subduction of Paleotethys Ocean through syn-collision to post-collision between the North China and South China blocks [7]. The granitoids in the western part were derived from arc magmatism related to an active continental margin setting [6].



The Tongren–Xiahe–Hezuo area is located to the northwestern segment of the West Qinling orogen (Figure 1A). This region hosts outcrops of late Paleozoic to early Mesozoic greenschist-facies slate, Triassic intrusions, with minor occurrences of Permian volcanic rocks and Cretaceous volcanic-sedimentary rocks (Figure 1B). The fine-grained foliated slate has been metamorphosed from original clastic rocks and volcanics. These rocks are mainly composed of quartz, feldspar and muscovite. Mesozoic igneous rocks, granitic stocks, dikes, and sills are widespread in the Xiahe–Hezuo district, and have been well documented to be closely-related spatially to hydrothermal ore deposits and occurrences (Figure 1B) [6,14].




2.2. Geology of the Zaozigou Deposit


The giant Zaozigou Au-Sb deposit (34°57′56″ N, 102°48′41″ E) is one of the largest gold deposits in the West Qinling. The estimated pre-mining resources included 106 t Au at an average grade of 3.34 g/t, and over 0.13 Mt Sb at an average grade of 1.34 g/t [8,16,29,30,31,32,33]. It is located about 9 km west of Hezuo City in Gansu Province (Figure 1B). The deposit was discovered in 1996 and has been mined since 2001 by the Zaozigou Gold Company. It was mined for oxidized ores by open pit prior to 2009 and subsequently by underground operations. Present annual production is about 3 t Au.



The Triassic Gulangdi Formation is the main host for the deposit (Figure 2). These rocks, which account for 70% of the outcrop area, are mainly composed of siliceous slate, calcareous slate, quartz sandstone, and siltstone [8,16,17,18,19]. Numerous NE- and NNE-trending intermediate to felsic sills and dikes intrude the regional greenschist facies meta-sedimentary rocks. These sills and dikes also host Au-Sb ore, and consist of porphyritic dacite, granodiorite, and porphyritic rhyolite. Previous age estimates suggest these igneous rocks vary from 250 to 215 Ma [8,16]. Four deformation events have been recognized. D1: NE-trending compression that produced NW-trending folds and thrusts, induced NS-, NE-, and nearly EW-trending fractures, and controlled emplacement of NE-trending dikes. D2: NE-, NNE-, NS-trending brittle faults. D3: Low-angle nearly EW-trending faults. D4: NNE-trending left-lateral transtensional faults that locally cut orebodies. The D2 and D3 stages are the main deformational events associated with the ores [8,16,17,18,19].



The ore-bearing zones comprise disseminated and veinlet ores within altered dikes (Figure 3A,B) and slates (Figure 3C,D), and gold- and/or stibnite-rich quartz±calcite load vein mineralization (Figure 3E–H). They are structurally controlled by the NE-, NS-, and NW-trending faults, and are characterized by strong sulfidation (pyrite, arsenopyrite, stibnite), sericitization, silicification, and carbonatization in the wallrocks. Some of the gold- and stibnite-rich quartz±calcite veins are also structurally controlled by low-angle E–W faults. The iron-rich minerals or wallrock are important chemical traps for ore mineralization through wall rock sulfidation reactions (Figure 3A–D). The ore minerals in addition to the abundant stibnite, include lesser amounts of pyrite, arsenopyrite, sphalerite, chalcopyrite, tetrahedrite, galena, and native gold. The gangue minerals consist of quartz, biotite, calcite, sericite, feldspar, and epidote, with minor apatite, titanite, zircon, and monazite. Native gold grains occur in cracks or as inclusions within stibnite and quartz. Invisible gold is present in pyrite and arsenopyrite. Four paragenetic stages are identified based on crosscutting relationships and mineralogical and textural characteristics: stage 1 pyrite-chalcopyrite-tetrahedrite-quartz, stage 2 pyrite-arsenopyrite-quartz, stage 3 stibnite-sphalerite-quartz-native gold, and stage 4 stibnite-quartz-calcite (Figure 4).



One hundred and forty-three orebodies have been delineated over the life of the mine, 16 of which have an individual reserves exceeding 1 t Au. The Au1, Au9 and M6 gold orebodies comprise over 40% of the Zaozigou deposit gold endowment. The Au1 and Au9 orebodies, which together comprise 33% of the gold endowment, are controlled by the NE-trending faults. The largest orebody, Au1 (pre-ore reserves ~20 t Au), is controlled by the F24 fault, which is characterized by multiphase activity and varying fault movement sense. The Au1 orebody consists of disseminated, veinlet, and auriferous quartz-stibnite ores (Figure 3A–D). The orebody developed in the porphyritic dacites dikes and slate, and known to extend along strike for at least 1240 m, with a trend of 55° and a dip of 80° to 85°. It ranges in thickness from 0.82 to 18.13 m (avg. 3.48 m) and extends downdip at least 1200 m. The gold grade varies from 1.00 to 11.20 g/t with an average of 3.47 g/t. The Au9 orebody hosts pre-ore reserves 15 t Au. Au9 is spatially controlled by the F21 fault, parallel with the Au1 orebody. It is hosted entirely within the slate and is characterized by hematized auriferous calcite veins. Au9 lode veins are mainly composed of coarse-grained calcite (1–8 cm interlocking crystals). The Au 9 orebody is 800 m long and 0.44 to 11.36 m thick (avg. 2.24 m), trending 55° and dipping ~80° (Figure 3E,F). The gold grade varies from 1.02 to 21.90 g/t with an average of 3.46 g/t. The M6 concealed orebody controlled by the EW-trending fault F3 contains ~15 t Au. M6 cross-cuts the Au1 and Au9 orebodies. The orebody is characterized by auriferous quartz-calcite-stibnite vein ores and appears as stratiform-like lenses that strike 165° to 180° and dip 10° to 26° (Figure 3G,H). It is 1160 m long, extending downdip from the 3226-m level to the 3030-m level, and ranges in thickness from 0.94 m to 15.87 m with an average thickness of 3.94 m. The gold grade varies from 1.01 to 12.97 g/t with an average of 4.01 g/t.





3. Sampling and Analytical Methods


3.1. Sampling


The detailed investigations of the present study focus on the porphyritic dacite dikes in the Zaozigou deposit. Representative samples were collected from the wallrock of the #Au1 orebody. The porphyritic dacite samples (ZZG11 and ZZG12) are light green to buff in color texture (Figure 5A,C). The phenocrysts include quartz (15–20 vol %, long dimension 0.1–1.5 mm), plagioclase (5–15 vol %, long dimension 0.1–2.5 mm), and biotite (5–15 vol %, long dimension 0.1–2 mm). Some quartz grains show rounded or angular-crystal habit, with dissolution textures. The plagioclase and biotite grains are variably altered to fine sericite and chlorite. The groundmass consists of plagioclase, quartz, and minor K-feldspar. Accessory minerals are mainly zircon, apatite, epidote, chlorite, and sericite (Figure 5B,D). Ore mineralogy consists mainly of pyrite and arsenopyrite, which are commonly sitting in iron-rich minerals, notably biotite which has been hydrothermally altered to sericite or chlorite (Figure 5B,D).




3.2. Analytical Methods


3.2.1. Zircon LA-ICP-MS U-Pb Dating and Trace Element Analyses


The porphyritic dacite samples were crushed to 40–60 mesh, and zircon crystals were separated through standard magnetic and density separation techniques. Zircon grains were carefully handpicked under a binocular microscope, mounted in epoxy, polished down to near half sections to expose internal structures, and then cleaned in an ultrasonic washer containing a 5% HNO3 bath. Prior to analysis, polished sections of zircon were carbon coated for cathodoluminescence (CL) imaging, which were taken on a JXA-880 electron microscope and an image analysis software was used under operating conditions of 20 kV and 20 nA, at the Institute of Mineral Resources, Chinese Academy of Geological Sciences, Beijing, China, to identify the internal structure and texture of all zircon crystals. Zircon samples are checked carefully under the microscope and scanning electron microscope (SEM) to observe mineral and fluid inclusions and cracks.



Zircon U-Pb isotope and trace element analyses were simultaneously carried out using a LA-ICP-MS system in the Key Laboratory of Mineralogy and Metallogeny, Guangzhou Institute of Geochemistry, the Chinese Academy of Sciences. The LA-ICP-MS system includes an Agilent 7900 ICP-MS coupled with a Resonetics RESOlution S-155 ArF-Excimer laser source (λ = 193 nm). The operating conditions were 4 J/cm2 of energy density, 29 μm of spot diameter, and 8 Hz of ablation frequency. Plesovice zircon, a new natural reference material for U-Pb isotopic microanalysis, was analyzed once every five analyses and TEMORA zircon was used as internal standards for U-Pb dating, and was analyzed twice every five analyses, in order to normalize isotopic fractionation during isotope analysis. The NIST610 glass standard was used as an external standard to normalize U, Th, and Pb concentrations of the unknowns. In addition, standard sample mud tank was used as an isotopic monitoring sample. The ICPMS DataCal program was used for processing analyses data. Common Pb was corrected according to the method proposed by [34]. The analytical results are reported with 1σ error. The weighted mean U-Pb ages (with 90% confidence) were calculated at 2σ level and Concordia plots were produced using ISOPLOT 3.23 V. The 29Si was used as an internal standard for trace element analyses. The average analytical error ranges from 10% for light rare earth elements (LREE) to 5% for other trace elements. A detailed compilation of instrument and data acquisition parameters was presented in [35].




3.2.2. In Situ Zircon Lu-Hf Isotope Analyses


In situ zircon Lu-Hf isotopic analysis was carried out across samples on the analogous zircon zones where U-Pb age determinations were made. Hafnium isotopic compositions were determined with a Thermo Finnigan Neptune MC-ICP-MS system coupled to a New Wave UP193 nm laser ablation system at the Laboratory of Isotope Geology, Tianjin Institute of Geology and Mineral Resources, Tian-jin, China. A laser repetition rate of 11 Hz at 100 mJ was used for ablating zircons and the spot diameters were 50 μm. Helium was used as the carrier gas for the ablated aerosol. Isotopes, including 177Hf, 178Hf, 179Hf, 180Hf, 172Yb, 173Yb, 175Lu, 176(Hf + Yb + Lu), and 182 W, were measured during the analytical process. Isobaric interference of 176Lu on 176Hf was corrected based on the measured 175Lu value and the recommended 176Lu/175Lu ratio of 0.02655. Similarly, the 176Yb/172Yb value of 0.5887 and mean βYb value obtained during Hf analysis on the same spot were used for interference correction of 176Yb on 176Hf. During the analyses, the GJ-1zircon standard yielded 176Hf/177Hf ratios of 0.282009 ± 24 (2σ, n = 13). These ratios are consistent with the recommended 176Hf/177Hf ratios of 0.282015 ± 19. The decay constant for 176Lu of 1.865 × 10−11 year−1 and present-day chondritic ratios of 176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336 were used to calculate the εHf(t) values [35,36,37].




3.2.3. Magmatic Oxygen Fugacity Estimation


Zou et al. [38] reviewed the underlying assumption of zircon REE oxy-barometers, the lattice strain model, systematically re-evaluated the common zircon REE oxy-barometers, and concluded that the xCe4+melt/xCe3+melt oxy-barometer is a reliable accurate measurement. Oxygen fugacities in this study were estimated by algorithm based on MATLAB software using the formula (Computer Code S1 in Supplementary Materials) [39]


ln(xCe4+meltxCe3+melt)=14lnfO2+13136 (±591)T−2.604(±0.011)NBOT−8.878 (±0.112)·xH2O−8.955(±0.091)








where xCe4+melt/xCe3+melt can be determined using the lattice strain model [40], T is the zircon crystallization temperature in K following the Ti-in-zircon thermometer and using a TiO2 activity of 0.6 and SiO2 activity of 1 [41], NBO/T is the proportion of non-bridging oxygen to tetrahedrally coordinated cations and can be determined on an anhydrous basis [42], and xH2O is the mole fraction of water dissolved in the melt. In general, the water content of felsic magma is assumed to be 2.5–6.5 wt %. On the other hand, amphibole grain is rare in porphyritic dacite, indicating the water content is less than 4.5 wt %. Therefore, the water content is assumed to be 3 wt % in this paper [39,43].






4. Analytical Results


4.1. Zircon Morphology and U-Pb Ages


Most zircon grains are pristine, euhedral and display well-developed oscillatory growth zoning. Some crystals display inherited zircons with weak zoning or no zoning and some have mineral inclusions including apatite and zircon. The crystals have lengths of 100–200 μm and length/width ratios of 2:1 to 3:1. Several grains contain zircon and apatite inclusions, and have jagged edges, indicating that they may have been hydrothermally altered (Figure 6).



Twenty-five analyses were carried out for U-Pb age dating of zircons from sample ZZG11 (Table 1, Figure 7A–C). Two analyses on the inherited zircons give 206Pb/238U ages of 1759 ± 24, and 1713 ± 24 Ma, respectively. Twenty analyses are concordant, yielding weighted average ages of 248.1 ± 3.8 Ma (MSWD = 3.6, n = 14), 222.1 ± 4.4 Ma (MSWD = 1.4, n = 5), and 203.5 ± 2.2 Ma (n = 1), respectively.



Twenty analyses were carried out for U-Pb age dating of zircons from sample ZZG12 (Table 1, Figure 7D–F). Four analyses on the inherited zircons give 206Pb/238U ages of 1810 ± 26, 1693 ± 24, 1341 ± 18, and 472 ± 10, respectively. Thirteen analyses are concordant, yielding weighted average ages of 246.1 ± 5.2 Ma (MSWD = 1.8, n = 6), 226.0 ± 9.1 Ma (MSWD = 5.6, n = 5), and 203.4 ± 5.2 Ma (MSWD = 0.12, n = 2), respectively.




4.2. Zircon Trace Element Composition and Oxygen Fugacity


Trace element compositions of zircons from sample ZZG11 and ZZG12 are listed in Table 2. The chondrite-normalized REE patterns are illustrated in Figure 8. The inherited zircons show strong positive Ce (Ce/Ce* ratios, where Ce*=(La)N×(Pr)N) and negative Eu (Eu/Eu* ratios, where Eu*=(Sm)N×(Gd)N) anomalies, ranging from 2.48 to 394.68, and 0.02 to 0.43, respectively. The ~248–246 Ma and ~226–222 Ma zircons show moderate positive Ce and negative Eu anomalies. The Ce/Ce* and Eu/Eu* of ~248–246 Ma zircons vary from 1.31 to 61.75 and 0.18 to 0.62, respectively. The Ce/Ce* and Eu/Eu* of ~226–222 Ma zircons vary from 1.24 to 4.90, and 0.46 to 0.63, respectively. The ~203 Ma zircons have high REE contents and weak positive Ce (Ce/Ce* = 1.48 to 4.37) and negative Eu anomalies (Eu/Eu* = 0.44 to 0.73).



The zircon crystallization temperatures and oxygen fugacities were calculated and listed in Table 2 and Figure 9. Aberrant REE values (dashed lines in Figure 8) which may be indicative of contamination by inclusions or alteration are excluded from the calculation (Figure 6). The logarithmic oxygen fugacities (fO2) of the inherited zircons range from −10.58 to −1.39, with ΔFMQ ranging from −6.13 to 2.93. The logarithmic oxygen fugacities of the ~248–246 Ma zircons range from −9.17 to −7.16, with ΔFMQ ranging from −4.61 to −2.56. The logarithmic oxygen fugacities of the ~226–222 Ma zircons range from −8.08 to −6.09, with ΔFMQ ranging from −3.52 to −1.48. The logarithmic oxygen fugacities of the ~203 Ma zircons range from −7.99 to −6.45, with ΔFMQ ranging from −3.47 to −1.74.




4.3. Zircon Lu-Hf Isotopic Composition


In situ zircon Lu-Hf isotopic data of magmatic zircons and inherited zircons are presented in Table 3 and shown in Figure 10. The single stage depleted-mantle model ages (TDM1) are determined for each sample by calculating the intersection of the zircon/parent-rock growth trajectory with the depleted-mantle evolution curve [6,9,35]. The two-stage model ages (TDM2) are calculated for the source rock of the magma by assuming a mean 176Lu/177Hf value of 0.015 for an average continental crust [6]. For sample ZZG11, the 14 magmatic zircon grains yield 176Lu/177Hf and 176Hf/177Hf ratios of 0.000031–0.000718 and 0.282263–0.282361, respectively. They show negative εHf(t) values (age corrected using U-Pb age for individual grains) in the range of −12.5 to −9.3, falling below the CHUR (chondrite uniform reservoir) line (Figure 10A,B). The corresponding calculated TDM2 values range from 1.86 to 2.08 Ga (Figure 10D). The Paleoproterozoic inherited zircons have 176Lu/177Hf ratio of 0.000424 and 0.000560, 176Hf/177Hf ratios of 0.281747 and 0.281540, and εHf(t) value of 2.4 and −6.1, with corresponding TDM2 of 2.28 and 2.78 Ga. For sample ZZG12, the six magmatic zircon grains have 176Lu/177Hf ratio of 0.000012 to 0.000542, 176Hf/177Hf ratios of 0.282323 to 0.282371, and negative εHf(t) value of −10.9 to −8.9, falling below the CHUR line (Figure 10A,B), with corresponding TDM2 of 1.97 to 1.84 Ga (Figure 10D). The 471.8 Ma zircon yielding negative εHf(t) values of −8.8 have corresponding TDM2 of 1.43 Ga. The Proterozoic inherited zircons have εHf(t) values of 2.5, −8.9, −5.2, with corresponding TDM2 of 2.02, 2.16, and 2.42 Ga.





5. Discussion


5.1. Triassic Magmatism in Tongren–Xiahe–Hezuo Area


Several detailed field observations and geochronological studies have been carried out on extensive pulse of Triassic magmatism in the Tongren–Xiahe–Hezuo area. As shown in Figure 1B, Jin et al. [44] preliminarily reported ages of Xiahe, Daerzang, and Yeliguan granitoids at 243–250 Ma, 234–242 Ma, and 237–251 Ma. Luo et al. [14] reported ages of Shuangpengxi granodiorite and Xiekeng gabbro diorite at ca. 239–245 Ma and 235–246 Ma. Huang et al. [45] subsequently gave the age of Shehaliji quartz monzonite at ca. 234–235 Ma. Li et al. [15] measured ages of emplacement of the Tongren granodiorite (238–242) Ma, Ayishan granitoid (238–242 Ma), Meiwu granitoid (243–251 Ma) and Dewulu granitoid (238–247 Ma). Qiu and Deng [6] reported that the dioritic MME of Dewulu intrusive complex yields an age of 247.0 ± 2.2 Ma. Sui et al. [8] also reported ages of granodiorite, quartz diorite porphyry, and diorite porphyry dike in Zaozigou deposit at 248.9 ± 1.4 Ma, 244.8 ± 1.4 Ma, and 237.5 ± 1.4 Ma, respectively. Combining the geochronology of the ore-hosting porphyritic dacite emplacement at 246.1 ± 5.2 Ma and 248.1 ± 3.8 Ma in the Zaozigou deposit presented in this study, in conjunction with the data from previously published articles, we propose that Triassic magmatism widespread in the Tongren–Xiahe–Hezuo area, including batholiths, stocks, sills, and dikes, mainly formed at ca. 248–235 Ma.



Several geochronological data focused on the age of metamorphism in the Qinling orogen have been published in the past decade. The earliest precise estimated ages came from 39Ar/40Ar of phengites and riebeckites, giving well-defined age plateaus of 236 ± 5 Ma and 217 ± 8 Ma, respectively [46]. Li et al. [47] employed the whole rock Sm-Nd and Rb-Sr isochron on schist and reported ages of 242 ± 21 Ma and 221 ± 13 Ma. Another estimate of 214 ± 11 Ma was made from U-Pb zircon analysis on granulites, representing the age of retrograde metamorphism in amphibolite facies rocks [48]. Consequently, the age of peak metamorphism in the studied area is ~220 Ma. Sui et al. [8] and Sui and Li [17] reported 40Ar/39Ar plateau ages of 245.6 ± 1.0 Ma, 242.1 ± 1.0 Ma, 230 ± 2.3 Ma, and 219.4 ± 1.1 Ma for sericite from porphyritic dacite and quartz diorite porphyry. The first three ages are consistent with zircon U-Pb ages, representing emplacement of Triassic magmatism. The latter age is close to the metamorphic peak and may represent the mineralization age. Therefore, the ages of ~225 Ma and ~203 Ma in the ore-hosting porphyritic dacite are interpreted to be influenced by hydrothermal events related to metamorphism.




5.2. Petrogenesis of Early Triassic Magmatism in Tongren–Xiahe–Hezuo Area


The Lu-Hf isotope system is a very sensitive geochemical tracer to detect the evolutionary history of crustal and mantle material [35,36,37,49]. Hafnium is partitioned more strongly into melts than Lu during partial melting; therefore the crust generally has lower 176Lu/177Hf and 176Hf/177Hf ratios than the mantle. Accordingly, high values of 176Hf/177Hf (i.e., positive εHf(t) values) are considered to be sourced from the partial melting of juvenile crustal materials, or directly via mantle-derived mafic melts [49,50,51]. Low values of 176Hf/177Hf (i.e., negative εHf(t) values) indicate old crust input [35,49,50,51]. The εHf(t) values of magmatic zircons from Zaozigou ore-hosting porphyritic dacite range from −12.5 to −8.9, with corresponding the zircon two-stage model ages (TDM2) of 2.08–1.84 Ga. These analyses plot below the chondrite uniform reservoir (CHUR) line (Figure 10A), and within the area of reworked ancient lower crust (Figure 10B), which indicates that the magma could be derived from partial melting of Paleoproterozoic lower crustal material [6]. This interpretation is further supported by data presented in this article indicating that most of the inherited zircons being crystallized in Paleoproterozoic (Table 1).



The εHf(t) and TDM2 values are similar to the Shuangpengxi granodiorites (εHf(t) = −4.7~−3.6; TDM2 = 1.49~1.57 Ga) [14], Xiahe granodiorites (εHf(t) = −11.0~−4.0; TDM2 = 1.53~1.97 Ga) [52], Tongren granodiorites (εHf(t) = −5.8~−0.6; TDM2 = 1.32~1.64 Ga) [15], and Dewulu intrusive complex (εHf(t) = −8.0~−3.3; TDM2 = 1.48~1.78 Ga) [6], but differnert from the Xiekeng high-Mg and high-Al diorites (εHf(t) = 0.2~5.3; TDM2 = 0.93~1.26 Ga) [14]. Qiu and Deng [6] thus suggested that the magmas of Early Triassic magmatism were probably derived from a heterogeneous source that included both crustal and mantle components.



This hypothesis was further supported by the bulk geochemical signature of widespread magmatism coeval with the ore-hosting porphyritic dacite in the Tongren–Xiahe–Hezuo area. Luo et al. [14] reported the geochemical and Sr–Nd–Hf isotopic compositions of the Shuangpengxi granodiorite and proposed that the magma was derived from partial melting of crustal materials. Li et al. [15] suggest that the magma of the Tongren granodiorite was generated by dehydration melting of a mafic lower crustal component with additional input of a mafic component derived from the subcontinental lithospheric mantle. These geochemical traits suggest that the Early Triassic magmatism in Tongren–Xiahe–Hezuo area originated from the reworking of Mesoproterozoic to Paleoproterozoic ancient crust and partial melting of Neoproterozoic juvenile crust [6,35].




5.3. Implications on Links between Magmatism and Mineralization


The Zaozigou deposit has been controversial in its classification and remains one of the more difficult ore systems to fully understand in the West Qinling. The deposit shows a spatial association with Triassic dikes and sills. The broad spatial association between gold and magmatism has been argued as genetically important by some workers. Liu et al. [16] concluded that the ore-forming fluids were of a magmatic-hydrothermal origin based upon hydrogen, oxygen, and sulfur isotopic compositions. They further proposed that the Zaozigou deposit is a porphyry-type gold deposit related to a diorite porphyry, and therefore a ca. 216 Ma date for magmatic zircon records the age of the Au-Sb ore formation. However these ‘magmatic’ zircons yield CL textures and compositions that could correspond to overprints from a younger hydrothermal event. Dai and Chen [53] argued for a genetic relationship between Triassic magmatism and Au-Sb mineralization based on geological and geochemical characteristics. A recent 40Ar/39Ar plateau ages of 245.6 ± 1.0 Ma and 242.1 ± 1.0 Ma for hydrothermal sericite, which are bracketed by zircon U-Pb ages on pre- and post-ore dikes, were used to argue for a significantly older mineralizing event [8]. Sui et al. [8] further defined Zaozigou as a reduced intrusion-related gold system (RIRGS) on the basis of interpreted overlapping formation ages of igneous host rocks and gold mineralization.



Magmatic oxygen fugacity is a key factor that controls the formation of porphyry deposits [39,54]. Most researchers agree that oxidized magmas can hold high metal contents and are favorable for the generation of porphyry deposits [54]. In general, oxygen fugacities of >FMQ + 2 are necessary for the formation of economic porphyry Cu (Au) deposits and FMQ + 1.5 is a threshold for any porphyry deposit [54]. As shown in this study, the ore-bearing porphyritic dacites have very low oxygen fugacity, with ΔFMQ ranging from −4.61 to −2.56. Under the low oxygen fugacities, it would have been difficult to release metals out of the melt and instead magmas would have become sulfide-saturated during evolution in deep magma chambers [54]. A dozen of porphyry-skarn Cu (Au) deposits are hosted in the granitic intrusions and adjacent rock in northeastern part of Tongren–Xiahe–Hezuo area (Figure 1B). Oxygen fugacity from ore-bearing porphyries shows FMQ ± 3.3 [6], significantly higher than the porphyritic dacites at Zaozigou. In addition, hydrothermal alteration in porphyry deposits typically shows distinct temporal and spatial evolution and zonation from early, proximal, high-temperature potassic alteration to sericitic alteration to low-temperature, distal, advanced argillic and intermediate argillic alteration. However, the orebodies at Zaozigou are characterized by strong wallrock sulfidation (pyrite, arsenopyrite, and stibnite) and discrete proximal sericitized, silicified, and carbonatized alteration haloes (Figure 3). Such alteration haloes are easily distinguished from typical porphyry alteration profiles by their size and distinct alteration boundaries. Additionally, 40Ar/39Ar geochronology on hydrothermal sericite indicates the gold event may have formed at ~219 Ma [17], ~17–28 Ma later than the emplacement of Triassic porphyritic dacite.



Reduced Intrusion-Related Gold Systems have become a new exploration target deposit model for low-grade, large-tonnage gold deposits [22,55,56]. The best recognized examples of such deposits occur in Fort Knox in Alaska, Dublin Gulch, and Scheelite Dome in Yukon [22]. Comparisons of Zaozigou with these deposits reveals some similarities but critical differences. Important similarities include that the plutons are typically small and are dominated by felsic magmatic phases, the metal assemblages are Au-Sb-As-Hg, and the oxidation state of igneous rock are mostly at or below the FMQ oxide buffer [55,56]. Despite these similarities, significant characteristics that contrast with those of RIRGS include: (1) Typical RIRGS form in igneous rocks emplaced into a deformed continental margin backstop but are not products of arc magmatism and volcanic rocks are rare. The Zaozigou intrusions are products of arc magmatism and volcanic rocks are well developed. (2) The sulfide content of RIRGS is extremely low, commonly <1 vol. %, but Zaozigou is characterized by massive and economic stibnite (Figure 3G,H). (3) The RIRGS are characterized by reduced mineral assemblage containing pyrrhotite and minor loellingite [22]. In contrast, these reduced minerals are rare in Zaozigou. (4) The distinctive mineralization style of RIRGS is sheeted veins, which are composed of parallel, low grades (<1 g/t Au), single stage quartz veins. Nevertheless, the ore-bearing zone at Zaoaigou comprises massive auriferous calcite vein (Figure 3E,F) and stibnite-quartz-native gold veins (Figure 3G,H). (5) Exsolution of hydrothermal fluids directly from the emplacement of the porphyritic dacites at Zaozigou is unlikely given the ~219 Ma gold metallogenic events occurred 20 Ma or so later than the emplacement of the intrusions. As a result, the Zaozigou deposit is not likely to be genetically related to the reduced intrusions, and therefore should not be considered a Reduced Intrusion-Related Gold System.





6. Conclusions


(1) Zircon U-Pb dating indicates that the ore-hosting porphyritic dacite was formed at 246–248 Ma. The magma of Early to Middle Triassic porphyritic dacite could be derived from partial melting of Paleoproterozoic crustal materials.



(2) The emplacement of the Triassic porphyritic dacite was approximately 20 Ma earlier than the economic mineralization at Zaozigou. Oxygen fugacity of porphyritic dacite lower than FMQ and undeveloped typical porphyry alteration zones indicate that Zaozigou is not a porphyry-type deposit. In addition, massive sulfide minerals preclude the possibility that the Zaozigou is a reduced intrusion-related gold system. The new finding that the Zaozigou deposit is not likely to be genetically related to the magmatism will provide us with new ideas for prospecting. It allows explorers to concentrate prospecting on local and regional structures to vector prospective targets rather than focusing on magmatic rocks.
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Figure 1. (A) Major tectonic domains of China and the location of the Qinling Orogenic Belt. Inset shows the location of the study area (modified after [6]). (B) Simplified geological map of the Tongren–Xiahe–Hezuo area of the Western Qinling Orogen, showing distributions and ages of early Triassic granitoids and ore deposits (modified after [6]). 
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Figure 2. Sketch geologic map of the giant Zaozigou Au-Sb deposit in the West Qinling, China. 
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Figure 3. Exposure (A,C,E,G) and photomicrographs under reflected light (B,D,F,H) showing mineralization styles and mineral assemblages. (A,B) Pyrite and arsenopyrite as disseminated aggregates in porphyritic dacite. (C,D) Pyrite and arsenopyrite veinlet in slate. (E,F) Hematized auriferous calcite veins. (G,H) Auriferous quartz-calcite-stibnite vein structurally controlled by NE-trending faults cutting slate and native gold grains occur in cracks and inclusions of stibnite and quartz. Py = pyrite, Asp = arsenopyrite, Stb = stibnite, Au = native gold, Qtz = quartz, Cal = calcite, Hem = hematite. 
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Figure 4. Paragenetic sequence of the Zaozigou deposit interpreted from cross-cutting relationships, ore textures and sulfide assemblages. The black full lines indicate high abundance and the black dashed lines represent minor amounts. 
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Figure 5. Hand specimen (A,C) and photomicrographs under transmitted light (B,D) of porphyritic dacite in this study. Py = pyrite, Asp = arsenopyrite, Bio = biotite, Pl = plagioclase, Qtz = quartz, Cal = calcite. 
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Figure 6. Representative cathodoluminescence images and photomicrographs of zircons derived from ZZG11 and ZZG12 with identified analytical spot, U-Pb age (Ma) and εHf(t) value. Red circle: U-Pb beam. Yellow dash circle: Hf beam. 
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Figure 7. LA-ICP-MS zircon U-Pb concordia diagrams for ZZG11 (A–C) and ZZG12 (D–F). 
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Figure 8. Chondrite-normalized REE patterns for ZZG11 (A) and ZZG12 (B). Note the HREE value anomalies (dashed lines) which may be indicative of contamination by inclusions or alteration. 
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Figure 9. Magma oxygen fugacity for ZZG11 (A) and ZZG12 (B). 
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Figure 10. Variations of εHf(t) values versus U-Pb ages (Ma) of zircons from the Triassic granitoids in the Tongren–Xiahe–Hezuo area (A,B). (C) Histograms, and frequency curves of εHf(t) values. (D) Histograms, and frequency curves of corresponding two–stage Hf model ages (TDM2) (modified after [6]). 
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Table 1. LA-ICP-MS zircon U-Pb dating results of porphyritic dacite samples ZZG11 and ZZG12.
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Sample No.

	
Isotopic Ratios

	
Ages (Ma)




	
207Pb/206Pb

	
207Pb/235U

	
206Pb/238U

	
207Pb/206Pb

	
207Pb/235U

	
206Pb/238U




	
Ratio

	
1σ

	
Ratio

	
1σ

	
Ratio

	
1σ

	
Age

	
1σ

	
Age

	
1σ

	
Age

	
1σ






	
ZZG11: Inherited Zircon




	
ZZG11.9

	
0.1097

	
0.0020

	
4.7641

	
0.1176

	
0.3138

	
0.0050

	
1794.8

	
33.3

	
1778.6

	
20.8

	
1759.2

	
24.3




	
ZZG11.11

	
0.1009

	
0.0027

	
4.2254

	
0.1139

	
0.3044

	
0.0048

	
1640.4

	
54.6

	
1679.0

	
22.2

	
1713.2

	
24.0




	
ZZG11: 248.1 ± 3.8 Ma (MSWD = 3.6, n = 14)




	
ZZG11.1

	
0.0516

	
0.0014

	
0.2831

	
0.0082

	
0.0395

	
0.0006

	
333.4

	
60.2

	
253.1

	
6.5

	
249.6

	
3.5




	
ZZG11.2

	
0.0522

	
0.0017

	
0.2919

	
0.0098

	
0.0409

	
0.0008

	
294.5

	
72.2

	
260.1

	
7.7

	
258.6

	
5.0




	
ZZG11.4

	
0.0507

	
0.0013

	
0.2639

	
0.0074

	
0.0377

	
0.0005

	
227.8

	
59.3

	
237.8

	
5.9

	
238.6

	
3.0




	
ZZG11.6

	
0.0518

	
0.0013

	
0.2794

	
0.0076

	
0.0391

	
0.0006

	
276.0

	
63.9

	
250.1

	
6.0

	
247.2

	
3.6




	
ZZG11.7

	
0.0511

	
0.0015

	
0.2675

	
0.0082

	
0.0382

	
0.0007

	
242.7

	
68.5

	
240.7

	
6.6

	
241.9

	
4.3




	
ZZG11.8

	
0.0519

	
0.0023

	
0.2946

	
0.0140

	
0.0411

	
0.0007

	
279.7

	
100.0

	
262.2

	
11.0

	
259.5

	
4.2




	
ZZG11.10

	
0.0535

	
0.0023

	
0.2956

	
0.0131

	
0.0400

	
0.0006

	
350.1

	
96.3

	
263.0

	
10.2

	
252.9

	
3.9




	
ZZG11.14

	
0.0510

	
0.0013

	
0.2845

	
0.0074

	
0.0404

	
0.0005

	
242.7

	
54.6

	
254.3

	
5.9

	
255.5

	
3.1




	
ZZG11.15

	
0.0533

	
0.0013

	
0.2925

	
0.0075

	
0.0398

	
0.0005

	
342.7

	
55.6

	
260.5

	
5.9

	
251.4

	
3.1




	
ZZG11.16

	
0.0532

	
0.0012

	
0.2865

	
0.0065

	
0.0390

	
0.0004

	
338.9

	
50.0

	
255.8

	
5.2

	
246.5

	
2.6




	
ZZG11.19

	
0.0532

	
0.0012

	
0.2944

	
0.0078

	
0.0401

	
0.0006

	
344.5

	
53.7

	
262.0

	
6.1

	
253.7

	
3.8




	
ZZG11.20

	
0.0567

	
0.0012

	
0.2917

	
0.0074

	
0.0374

	
0.0006

	
479.7

	
48.1

	
259.9

	
5.8

	
236.5

	
3.9




	
ZZG11.21

	
0.0512

	
0.0013

	
0.2750

	
0.0082

	
0.0387

	
0.0005

	
250.1

	
59.3

	
246.7

	
6.5

	
245.0

	
3.2




	
ZZG11.25

	
0.0597

	
0.0016

	
0.3124

	
0.0081

	
0.0384

	
0.0007

	
590.8

	
58.2

	
276.1

	
6.3

	
242.7

	
4.2




	
ZZG11: 222.1 ± 4.4 Ma (MSWD = 1.4, n = 5)




	
ZZG11.3

	
0.0539

	
0.0013

	
0.2579

	
0.0072

	
0.0344

	
0.0005

	
368.6

	
55.6

	
233.0

	
5.8

	
218.3

	
3.2




	
ZZG11.5

	
0.0542

	
0.0013

	
0.2669

	
0.0068

	
0.0356

	
0.0004

	
388.9

	
51.8

	
240.2

	
5.5

	
225.3

	
2.7




	
ZZG11.22

	
0.0563

	
0.0011

	
0.2710

	
0.0059

	
0.0349

	
0.0004

	
464.9

	
44.4

	
243.5

	
4.7

	
221.2

	
2.5




	
ZZG11.23

	
0.0570

	
0.0015

	
0.2655

	
0.0070

	
0.0342

	
0.0007

	
500.0

	
57.4

	
239.1

	
5.6

	
216.8

	
4.2




	
ZZG11.24

	
0.0585

	
0.0014

	
0.2853

	
0.0064

	
0.0356

	
0.0005

	
550.0

	
51.8

	
254.8

	
5.1

	
225.3

	
3.0




	
ZZG11: 203.5 ± 2.2 Ma (n = 1)




	
ZZG11.18

	
0.0612

	
0.0014

	
0.2702

	
0.0061

	
0.0321

	
0.0004

	
655.6

	
50.0

	
242.8

	
4.9

	
203.5

	
2.2




	
ZZG12: Inherited Zircon




	
ZZG12.1

	
0.1130

	
0.0025

	
3.6467

	
0.0903

	
0.2312

	
0.0035

	
1850.0

	
39.7

	
1559.8

	
19.8

	
1341.0

	
18.3




	
ZZG12.2

	
0.1172

	
0.0039

	
5.2503

	
0.1720

	
0.3241

	
0.0053

	
1913.9

	
59.4

	
1860.8

	
28.0

	
1809.9

	
25.8




	
ZZG12.13

	
0.0601

	
0.0016

	
0.6331

	
0.0193

	
0.0759

	
0.0017

	
609.3

	
59.3

	
498.1

	
12.0

	
471.8

	
10.2




	
ZZG12.14

	
0.1117

	
0.0026

	
4.6682

	
0.1215

	
0.3003

	
0.0048

	
1827.8

	
42.0

	
1761.6

	
21.8

	
1692.9

	
23.7




	
ZZG12: 246.1 ± 5.2 Ma (MSWD = 1.8, n = 6)




	
ZZG12.3

	
0.0541

	
0.0017

	
0.2895

	
0.0088

	
0.0385

	
0.0005

	
376.0

	
75.0

	
258.2

	
6.9

	
243.3

	
3.3




	
ZZG12.6

	
0.0522

	
0.0017

	
0.2756

	
0.0091

	
0.0381

	
0.0005

	
294.5

	
74.1

	
247.2

	
7.2

	
241.0

	
3.4




	
ZZG12.7

	
0.0541

	
0.0021

	
0.2935

	
0.0125

	
0.0391

	
0.0007

	
372.3

	
87.0

	
261.3

	
9.8

	
247.2

	
4.5




	
ZZG12.9

	
0.0556

	
0.0014

	
0.2948

	
0.0072

	
0.0386

	
0.0005

	
438.9

	
55.6

	
262.3

	
5.6

	
244.1

	
3.3




	
ZZG12.10

	
0.0521

	
0.0015

	
0.2889

	
0.0087

	
0.0400

	
0.0006

	
300.1

	
60.2

	
257.7

	
6.9

	
252.9

	
3.8




	
ZZG12.20

	
0.0614

	
0.0022

	
0.3404

	
0.0109

	
0.0399

	
0.0007

	
653.7

	
75.9

	
297.5

	
8.2

	
252.3

	
4.2




	
ZZG12: 226.0 ± 9.1 Ma (MSWD = 5.6, n = 5)




	
ZZG12.4

	
0.0598

	
0.0017

	
0.2910

	
0.0080

	
0.0351

	
0.0005

	
594.5

	
63.0

	
259.3

	
6.3

	
222.6

	
2.9




	
ZZG12.5

	
0.0578

	
0.0018

	
0.2912

	
0.0081

	
0.0365

	
0.0006

	
524.1

	
68.5

	
259.5

	
6.4

	
231.4

	
3.5




	
ZZG12.12

	
0.0491

	
0.0016

	
0.2470

	
0.0080

	
0.0364

	
0.0005

	
153.8

	
77.8

	
224.1

	
6.5

	
230.7

	
3.2




	
ZZG12.15

	
0.0624

	
0.0014

	
0.2984

	
0.0063

	
0.0345

	
0.0004

	
687.1

	
52.8

	
265.2

	
4.9

	
218.4

	
2.5




	
ZZG12.18

	
0.0531

	
0.0018

	
0.2755

	
0.0092

	
0.0374

	
0.0006

	
344.5

	
77.8

	
247.1

	
7.3

	
236.5

	
3.9




	
ZZG12: 203.4 ± 5.2 Ma (MSWD = 0.12, n = 2)




	
ZZG12.8

	
0.0521

	
0.0015

	
0.2301

	
0.0086

	
0.0318

	
0.0008

	
300.1

	
60.2

	
210.3

	
7.1

	
201.8

	
5.2




	
ZZG12.16

	
0.0576

	
0.0019

	
0.2569

	
0.0078

	
0.0321

	
0.0005

	
522.3

	
70.4

	
232.2

	
6.3

	
204.0

	
3.1
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Table 2. Trace element concentration, and calculated Ti-in-zircon temperatures (T), logarithmic oxygen fugacity (logfO2), and ΔFMQ of zircons from the porphyritic dacite samples ZZG11 and ZZG12.
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Spot No.

	
Ti

	
Y

	
La

	
Ce

	
Pr

	
Nd

	
Sm

	
Eu

	
Gd

	
Tb

	
Dy

	
Ho

	
Er

	
Tm

	
Yb

	
Lu

	
Hf

	
Th

	
U

	
δEu

	
δCe

	
T(K)

	
logfO2

	
ΔFMQ






	
ZZG11: Inherited Zircon




	
ZZG11.9

	
1088

	
464

	
0.08

	
3.91

	
0.23

	
3.85

	
6.52

	
0.07

	
25.5

	
6.11

	
53.7

	
16.2

	
59

	
10.3

	
84

	
16.8

	
10127

	
158

	
308

	
0.02

	
6.97

	
1957

	
−6.80

	
−2.87




	
ZZG11.11

	
916

	
564

	
0.00

	
9.07

	
0.06

	
1.18

	
2.57

	
0.15

	
13.1

	
4.15

	
50.4

	
19.4

	
86

	
18.0

	
167

	
34.2

	
10067

	
33

	
245

	
0.08

	
394.68

	
1899

	
−4.78

	
−0.41




	
ZZG11: 248.1 ± 3.8 Ma (MSWD = 3.6, n = 14)




	
ZZG11.1

	
867

	
714

	
0.24

	
4.93

	
0.17

	
1.64

	
2.98

	
0.42

	
15.8

	
5.23

	
61.7

	
22.7

	
102

	
21.1

	
196

	
42.2

	
9432

	
156

	
2962

	
0.19

	
5.88

	
1882

	
−7.78

	
−3.27




	
ZZG11.2 *

	
898

	
207

	
0.00

	
2.68

	
0.11

	
1.57

	
3.33

	
0.83

	
16.2

	
3.69

	
26.9

	
6.4

	
18

	
2.7

	
20

	
3.4

	
10066

	
118

	
1671

	
0.34

	
81.61

	
-

	
-

	
-




	
ZZG11.4 *

	
899

	
280

	
0.03

	
3.87

	
0.19

	
3.29

	
5.63

	
1.42

	
24.6

	
5.47

	
40.4

	
8.4

	
23

	
2.9

	
19

	
2.7

	
7966

	
174

	
2023

	
0.37

	
12.36

	
-

	
-

	
-




	
ZZG11.6

	
850

	
439

	
0.05

	
2.17

	
0.24

	
2.22

	
3.01

	
0.96

	
13.8

	
4.62

	
46.0

	
13.7

	
49

	
8.7

	
71

	
13.4

	
10943

	
49

	
3061

	
0.46

	
4.68

	
1875

	
−9.17

	
−4.61




	
ZZG11.7 *

	
861

	
220

	
0.33

	
2.35

	
0.28

	
2.24

	
2.64

	
1.12

	
12.8

	
3.26

	
26.7

	
6.6

	
22

	
3.6

	
29

	
5.2

	
10818

	
47

	
2023

	
0.59

	
1.90

	
-

	
-

	
-




	
ZZG11.8 *

	
823

	
73

	
0.00

	
1.85

	
0.05

	
1.01

	
2.40

	
0.47

	
8.5

	
1.79

	
11.1

	
2.2

	
6

	
0.7

	
5

	
1.0

	
9292

	
53

	
1118

	
0.32

	
61.75

	
-

	
-

	
-




	
ZZG11.10

	
871

	
282

	
0.00

	
2.21

	
0.04

	
0.60

	
1.27

	
0.12

	
6.9

	
2.17

	
23.2

	
8.9

	
40

	
8.8

	
86

	
19.6

	
11239

	
76

	
2031

	
0.12

	
83.58

	
1883

	
−8.88

	
−4.38




	
ZZG11.14

	
785

	
805

	
1.35

	
8.10

	
0.60

	
3.18

	
3.66

	
0.74

	
18.0

	
6.21

	
70.2

	
25.5

	
116

	
23.5

	
217

	
46.8

	
8666

	
183

	
3410

	
0.28

	
2.21

	
1850

	
−7.18

	
−2.42




	
ZZG11.15

	
874

	
514

	
0.07

	
3.34

	
0.14

	
2.09

	
4.19

	
0.69

	
17.8

	
5.07

	
51.9

	
16.5

	
66

	
12.9

	
113

	
23.6

	
9989

	
115

	
2672

	
0.24

	
8.16

	
1884

	
−8.37

	
−3.88




	
ZZG11.16

	
853

	
830

	
0.03

	
5.79

	
0.15

	
1.88

	
4.23

	
0.69

	
20.9

	
6.71

	
76.0

	
27.0

	
118

	
24.4

	
220

	
46.7

	
9246

	
264

	
3854

	
0.22

	
20.10

	
1876

	
−7.84

	
−3.28




	
ZZG11.19

	
811

	
797

	
0.01

	
4.81

	
0.08

	
1.46

	
3.22

	
0.46

	
17.9

	
5.75

	
68.1

	
25.6

	
114

	
23.9

	
227

	
49.6

	
8941

	
192

	
3348

	
0.18

	
34.23

	
1860

	
−8.05

	
−3.37




	
ZZG11.20

	
839

	
1033

	
0.60

	
8.81

	
1.45

	
13.33

	
16.15

	
5.17

	
46.2

	
13.15

	
118.0

	
33.6

	
127

	
24.3

	
208

	
41.6

	
9156

	
197

	
3884

	
0.58

	
2.32

	
1871

	
−7.16

	
−2.56




	
ZZG11.21

	
863

	
667

	
0.03

	
3.83

	
0.16

	
2.03

	
2.88

	
0.56

	
14.2

	
4.83

	
56.2

	
21.6

	
100

	
21.3

	
198

	
42.9

	
8769

	
126

	
2609

	
0.27

	
13.70

	
1880

	
−8.03

	
−3.51




	
ZZG11.25

	
871

	
523

	
0.43

	
3.83

	
0.59

	
5.29

	
6.50

	
2.43

	
22.4

	
6.79

	
61.1

	
16.6

	
56

	
9.5

	
72

	
12.9

	
10407

	
66

	
3051

	
0.62

	
1.85

	
1883

	
−8.57

	
−4.07




	
ZZG11: 222.1 ± 4.4 Ma (MSWD = 1.4, n = 5)




	
ZZG11.3

	
910

	
960

	
0.23

	
6.96

	
0.63

	
5.53

	
7.37

	
2.36

	
33.5

	
9.73

	
91.4

	
29.8

	
123

	
25.1

	
229

	
47.3

	
10302

	
213

	
4279

	
0.46

	
4.49

	
1897

	
−7.49

	
−3.10




	
ZZG11.5

	
851

	
496

	
0.16

	
4.01

	
0.49

	
5.10

	
5.57

	
1.51

	
16.6

	
4.89

	
49.0

	
16.0

	
66

	
13.4

	
123

	
25.9

	
10402

	
105

	
2595

	
0.48

	
3.50

	
1876

	
−8.08

	
−3.52




	
ZZG11.22

	
859

	
1139

	
0.49

	
8.03

	
0.80

	
7.71

	
11.12

	
3.25

	
42.8

	
12.98

	
119.9

	
36.2

	
140

	
26.8

	
230

	
46.8

	
9615

	
222

	
3925

	
0.46

	
3.14

	
1879

	
−7.31

	
−2.77




	
ZZG11.23

	
835

	
1027

	
0.31

	
6.93

	
0.94

	
10.39

	
12.67

	
3.93

	
38.9

	
11.59

	
110.1

	
33.2

	
131

	
25.7

	
228

	
46.4

	
9428

	
204

	
4037

	
0.54

	
3.15

	
1870

	
−7.58

	
−2.98




	
ZZG11.24

	
837

	
744

	
0.15

	
5.28

	
0.46

	
4.29

	
6.27

	
2.13

	
24.2

	
7.24

	
72.4

	
23.4

	
98

	
20.5

	
189

	
39.4

	
10041

	
168

	
3368

	
0.53

	
4.90

	
1870

	
−7.90

	
−3.30




	
ZZG11: 203.5 ± 2.2 Ma (n = 1)




	
ZZG11.18

	
863

	
1002

	
0.81

	
6.18

	
1.28

	
10.39

	
12.47

	
5.59

	
44.5

	
13.36

	
115.6

	
32.2

	
110

	
19.3

	
155

	
29.3

	
11251

	
59

	
4979

	
0.73

	
1.48

	
1880

	
−7.99

	
−3.47




	
ZZG12: Inherited Zircon




	
ZZG12.1

	
877

	
1508

	
0.27

	
9.66

	
0.97

	
11.88

	
16.37

	
2.35

	
54.4

	
16.81

	
166.8

	
52.5

	
207

	
39.3

	
336

	
63.3

	
9976

	
396

	
3372

	
0.24

	
4.66

	
1885

	
−7.06

	
−2.58




	
ZZG12.2

	
933

	
882

	
0.04

	
43.27

	
0.47

	
8.38

	
11.27

	
2.70

	
39.1

	
9.96

	
94.5

	
30.6

	
123

	
23.4

	
197

	
39.2

	
8268

	
42

	
94

	
0.39

	
73.75

	
1905

	
−1.39

	
2.93




	
ZZG12.13

	
803

	
2000

	
0.41

	
5.76

	
0.80

	
9.75

	
16.18

	
4.19

	
55.6

	
17.63

	
203.0

	
70.0

	
315

	
64.6

	
567

	
117.5

	
10164

	
210

	
2990

	
0.43

	
2.48

	
1857

	
−7.85

	
−3.15




	
ZZG12.14

	
889

	
1225

	
0.01

	
0.64

	
0.03

	
0.79

	
2.78

	
0.09

	
20.4

	
8.22

	
105.6

	
40.9

	
182

	
37.5

	
324

	
66.0

	
11673
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ZZG12: 246.1 ± 5.2 Ma (MSWD = 1.8, n = 6)
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ZZG12: 226.0 ± 9.1 Ma (MSWD = 5.6, n = 5)
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ZZG12: 203.4 ± 5.2 Ma (MSWD = 0.12, n = 2)
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Note the data marked with * are indicative of contamination by inclusions or alteration.
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