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INTRODUCTION
The Jiaodong gold province is located in the southeastern margin of the North China plate. The region is composed of a metamorphic basement (Jiaodong Group), multiple generations of magmatic rocks (Linglong and Guojialing plutons), and crosscut by many NE- and NNE-trending faults (Figure 1B) (Zhang et al., 2001; Goldfarb and Santosh, 2014; Li et al., 2015; Cheng et al., 2016; Chai et al., 2019). Jiaodong is the most important gold province in China, with three main types of gold mineralization, i.e., altered rock type (Jiaojia-type), quartz vein-type (Linglong-type) and brecciated- and massive type (Pengjiakuang-type), among which the former is more important (>80% of gold reserve in the gold province).
[image: Figure 1]FIGURE 1 | Geologic map of the Jiaodong region (A), showing the distribution of different types of gold deposits (B). (after Deng et al., 2015).
The Zhaoxian is a typical Jiaojia-type gold deposit, and is developed in the cataclastic/altered granite of the Jiaojia fault zone. Drilling shows mineralization at 1,500–2200 m depth, much deeper than most gold deposits (<800 m) in the region. Zhaoxian gold deposit is a typical representative of the Jiaojia type gold deposit. It is of great theoretical and practical significance to study the metallogenic characteristics of Zhaoxian gold deposit in detail, and provide theoretical support for further study of gold deposits in Jiaodong area.
Pyrite contains a wide range of trace elements, and their content/ratio and isotopes can reveal the metallogenesis and the nature/source and evolution of ore-forming fluids (Bi et al., 2004; Zhu et al., 2009; Mao et al., 2013; Reich et al., 2013; Tauson et al., 2013). Application of in situ analytical technology can avoid the mixing of different generations pyrite and improve the analysis resolution and speed (Huang et al., 2015; Zhang J. R. et al., 2016). In this study, therefore, we studied the pyrites from different hydrothermal mineralization stages, and analyzed their trace element and sulfur isotope compositions, as well as He-Ar isotopes of fluid inclusions in the pyrite. In addition, we conducted zircon U-Pb dating on the ore-related cataclastic granite to constrain the mineralization age.
GEOLOGICAL BACKGROUND
Regional Geology
The Jiaodong region is located east of the Tancheng-Lujiang fault, in the tectonic intersection between the North China Craton, Yangtze Craton, and the Qinling-Dabie Orogen (Figure 1A). The region is composed of the Jiaobei Uplift in the north, the Jiaolai Basin in the middle, and the Sulu ultrahigh-pressure (UHP) metamorphic belt in the south (Figure 1B) (Li et al., 2007; Tan et al., 2012). From the Triassic to the Early Jurassic, the Precambrian North China and Sulu terranes were amalgamated along the NE-trending Wulian-Qingdao-Yantai fault, forming the basic tectonic framework of the Jiaodong gold province (Guo et al., 2017).
The region underwent greenschist-to granulite-facies metamorphism at ∼1.9 Ga (Wang et al., 2017). The Sulu terrane is composed of a UHP metamorphic belt, and the basement rocks include mainly granitic gneisses and some mafic rocks (Zhao, 2016; Liu et al., 2018). The late Archean-Neoproterozoic strata are exposed in the region, and the Jurassic-Cretaceous strata are mainly exposed in the Jiaolai Basin (Figure 1B). Magmatic rocks are widespread and dominated by Yanshanian (Jurassic-Cretaceous) granites, which intruded the metamorphic basement. These granites are accompanied by Early Cretaceous dykes and volcanic rocks (Zhang, 2011; Zhao, 2016). NE-NNE faults are the main ore-controlling structures in the region, and include (from west to east) the Sanshandao, Jiaojia, Zhaoping, Xilin-Douya, and Jinniushan, in which 90% of the proven reserve in Jiaodong is distributed.
Deposit Geology
Zhaoxian gold deposit is located in the western margin of the Jiaobei Uplift and west of the Jiaojia fault (middle section), and the area is extensively covered by Quaternary sediments (Figure 2). Yanshanian intrusive rocks are well developed. Exploration drilling indicates that the Cuizhao Formation (of Linglong Group) is located in the northern and southern parts of the study area, whilst the Luanjiazhai Formation (of Malianzhuang Group) and Xinzhuang Formation (of Qixia Group) are located in the middle section. The deeper part of the mining area is bounded by the Jiaojia fault zone. The upper part of the stratigraphy comprises mainly the Luanjiazhai, Xinzhuang, and Cuizhao formations; whilst the lower part (ore-bearing) comprises the Cuizhao and Shangzhuang formations and locally the Guojialing pluton. Local basement structures include mainly nearly EW-trending ductile shear zones and NE-trending faults. The Jiaojia fault is the main ore-controlling structure, which is 160–500 m wide and W-/NW-dipping (strike: 0–30°). Dip angle of the northern and southern section is 10–26° (avg. 19°) and 12–40° (avg. 27°), respectively. The center of the main fault is marked by a dark-gray fault gouge (1–30 cm thick). From inside out, the fault comprises three zones with varying degrees of fragmentation: (1) mylonite and cataclastic zone (average thickness: ∼20 m); (2) cataclastic granite and metagabbro (average thickness: ∼50 m); (3) sericitized granite and metagabbro (average thickness: ∼200 m). The boundaries between these three zones are mostly gradational. The vein/lenticular gold orebodies are mainly distributed in the pyrite-sericite-altered cataclastic rocks, close to the main fracture in the footwall (Figure 3).
[image: Figure 2]FIGURE 2 | Simplified geological map of the Zhaoxian gold deposit (modified from Li et al., 2015).
[image: Figure 3]FIGURE 3 | Simplified cross-section of the Zhaoxian gold deposit.
A total of 27 gold orebodies are delineated in Zhaoxian mining area, which can be divided into 4 orebody groups, from top to bottom were Ⅳ, Ⅰ, Ⅱ and Ⅲ. Ⅰ-1 and Ⅰ-2 orebodies are the main orebodies in Ⅰ orebody group. The length of Ⅰ-1 orebody is 1985 m, and the maximum dip length is 950 m. The ore body is large vein-like with the characteristics of expansion and contraction, SW- dipping at a dip angle varies from 11.20° to 19.00° and an average dip angle of 15.73°. The thickness of single project is 1.20–12.13 m, the average thickness is 3.55 m, and the variation coefficient is 92.92%. The single sample gold grade is (0.20–10.24) ppm, the average grade is 2.20 ppm, the variation coefficient is 72.79%, belongs to the orebody with uniform distribution of useful components.
Core logging reveals two main types of ore hosts: Pyrite-sericite-altered cataclastic granite (Figures 4A,B) and pyrite-sericite-altered cataclasite (Figure 4C). Ore structures include mainly disseminated, vein, and agglomerate (Figures 4A–D). Metallic minerals include mainly pyrite, followed by chalcopyrite, galena, sphalerite, and native gold (Figures 4A–F); whilst non-metallic minerals include quartz, K-feldspar, albite, sericite, chlorite, and calcite (Figures 4E, G,H). The ore textures include mainly granular, metasomatic, and cataclastic (Figure 4I).
[image: Figure 4]FIGURE 4 | Photos/photomicrographs of the pyrite-sericite-altered cataclastic granitic ore host: (A–B) hand-specimen of sericite-altered cataclastic granite and pyrite veins; (C) pyrite-sericite-altered cataclastic granite; (D) pyrite agglomerates; (E) pyrite with quartz, sericite, and altered K-feldspar residue; (F–G) granular pyrite with quartz (bent by stress) showing undulatory extinction; (H) pyrite metasomatized/corroded along margin, with clear embayment and skeletal structure; (I) pyrite broken with galena fracture infill. Kfs- K-feldspar; Qtz- Quartz; Ser- Sericite; Py- Pyrite; Pl- Plagioclase; Fsl-ferriferous augite; Cal- Calcite; Gn- Galena.
According to the ore crosscutting relation and hydrothermal mineral assemblage, the mineralization of Zhaoxian gold deposit can be roughly divided into four stages. In chronological order, the four stages included (I) Pyrite-quartz-K-feldspar stage, (II) Pyrite-quartz-sericite stage, (III) Polymetallic sulfide-quartz stage and (IV) Quartz-calcite stage (Table 1). The first formed minerals often are metasomatism by the later formed minerals, or the late stage veins cut the early stage veins. 
(I) Pyrite-quartz-K-feldspar stage: The pyrite grains are relatively coarse-grained (size: 1–6 mm), euhedral, and with relatively clean surface. The pyrite occurs as massive aggregates or veins, with occasional dissolution or fragmentation texture (Figures 5A–C). The quartz is coarse-grained, pure white, and deformed with local dynamic recrystallization and undulatory extinction (Figure 5D). K-feldspar grains are coarse, granular, and partially altered to sericite (Figure 5D). The content of gold in the ore is lower than that in Ⅱ and Ⅲ stages.
(II) Pyrite-quartz-sericite stage: Pyrite is fine-grained (mainly 50–300 μm) and euhedral with local dissolution features. The fine-grained quartz and sericite are altered from early plagioclase. At this stage, gold mainly exists as inclusions or in fissures (Figures 5E–G).
(III) Polymetallic sulfide-quartz stage: The fine-grained sulfides at this stage include galena, pyrite, chalcopyrite, and sphalerite (Figure 5H), and occur in quartz-sulfide veinlets or disseminations. Besides, fine-grained galena and chalcopyrite also occur as fracture infill in pyrite (Figures 5I,J). The quartz grains are fine and smoky-gray, whilst the gold occurs mainly as interstitial among or fracture-infill in galena, chalcopyrite, and pyrite (Figures 5I,J).
(IV) Quartz-calcite stage: Pyrite grains are coarse (size: up to 10 mm), cubic, and occur in veins/veinlets (Figure 5K) with quartz and calcite (Figure 5L).
TABLE 1 | Mineralization stage and mineral paragenetic sequence.
[image: Table 1][image: Figure 5]FIGURE 5 | Photos/photomicrographs of rocks and ores from the different mineralization stages of the Zhaoxian gold deposit [hand-specimen (A,E,H,J,M); transmitted light (D,F,L,N) and reflected-light (B,C,G,H,J,L)]: (A) stage I pyrite aggregate; (B) stage I broken pyrite; (C) gold included in stage I pyrite; (D) quartz, K-feldspar (altered), and pyrite; (E–F) beresitization with fine mineral grains; (I) gold included in stage II pyrite; (J) quartz-polymetallic sulfide vein cut disseminated ore; (K) gold exists in fissure; (L) polymetallic sulfides coexist with gold inclusions; (M) coarse-grained stage IV pyrite-carbonate veins; (N) stage IV quartz and carbonate veins. Py- Pyrite; Qtz- Quartz; Kfs- K-feldspar; Gl-native gold; Ser- Sericite; Pl- Plagioclase; Gn- Galena; Ccp-Chalcopyrite; Cal- Calcite.
Under the microscope, it is observed that stage II and III are the main gold ore stages, and gold mineralization is closely related to sericitization and silicification. The main gold-bearing minerals are pyrite, chalcopyrite, and galena. Native gold occurs commonly as interstitial or as inclusions or fracture-infill.
ANALYSES
The samples are all taken from drill cores (mainly 2038–2146 m depth). In-situ LA-ICP-MS pyrite trace element measurement was completed at the State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences. The GeoLasPro laser ablation system was used, coupled with an Agilent 7700x ionization mass spectrometer. Analytical conditions include 10Hz pulse frequency, He carrier gas, and 23 μm (for fine-grained pyrite) or 33 μm (for coarse-grained pyrite) spot size. Elemental contents were calibrated against multiple reference materials (GSE-1G, BCR-2G, BIR-1G and BHVO-2G) and internal standardization (Dare et al., 2012). The recommended values of element concentrations for the USGS reference glasses are from the GeoReM database (http://crustal.usgs.gov/geochemical_reference_standards/microanalytical_RM.html). Detailed analytical procedures followed those described by Huang et al. (2016).
In-situ LA-ICPMS pyrite sulfur isotope analysis was completed at the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences (Wuhan). The Geolas2005 laser ablation system and Neptune Plus Plasma mass spectrometer were used. Analytical conditions include 33 μm spot size, 10Hz pulse frequency, 50% T energy, 10.1–12.5V acceleration voltage, helium as a carrier gas, and argon as makeup gas. Detailed analytical procedures followed those described by Liu et al. (2008) and Fu et al. (2016).
The He-Ar isotope analysis of pyrite inclusions was completed at the Analytical and Testing Center in the Beijing Institute of Geological Research of Nuclear Industry. The Helix SFT™ Split Flight Tube noble gas mass spectrometer was used, with blank background less than 5 × 10–14 ccSTP, Faraday cup resolution higher than 400, and the ion multiplier resolution higher than 700. Sensitivity of the He and Ar measurements are better than 2 × 10–4 A/Torr and 1 × 10−3A/Torr, respectively. Four samples (one in stage I, two in stage III, and one in stage IV) were measured. Stage II pyrite is not analyzed due to insufficient sample, and because stage II pyrite is mostly superimposed with pyrites of other stages (and thus prone to contamination). Detailed analytical procedures followed those described by Wang et al. (2016).
LA-ICP-MS zircon U-Pb dating was completed at the State Key Laboratory of Geological Processes and Mineral Resources, China University of Geosciences (Wuhan). Zircons used were all separated from the pyrite-sericite-altered cataclastic granite sample at the Hebei Langfang Keda Mineral Sorting Co. Ltd. The analysis used a GeoLas 2005 laser ablation system coupled with an Agilent 7500a plasma mass spectrometer. Analytical conditions include 24 μm spot size, 20–40 μm denudation depth, and 10Hz frequency. The U-Pb ages are corrected by using srm612 as external standard and 91500 and Plesovice as standard zircons. Detailed analytical procedures followed those described by Yuan et al. (2004).
RESULTS
Pyrite Trace Element Geochemistry
A total of pyrite 35 spots (stage I: 11, stage II: 9, stage III: 9, stage IV: 7) were analyzed, with the results shown in Table 2. The pyrite from the four stages has similar Fe (42.33–47.30 wt%) and S (52.19–57.33 wt%) contents, and the average pyrite S:Fe atomic ratios for stage I to IV are 2.08, 2.03, 2.10, and 2.16, respectively, higher than the theoretical value of 2:1, showing that the pyrite sample is Fe-poor, resembling pyrites from the Zhaoxian gold deposits (Table 3) and typical deep-level hydrothermal deposits (Cao et al., 2014). The pyrite Fe/(S + As) ratio can also indicate the mineralization depth, i.e., reaching 0.85 for deep-level mineralization and 0.86 for medium-level one, occasionally reaching 0.93 (Zhou et al., 2004; Barker et al., 2009; Cao et al., 2014). The Zhaoxian pyrite samples have Fe/(S + As) = 0.78 to 0.90, with the average value of different ore stages from 0.81 to 0.86. This indicates that the mineralization occurred in medium-to deep-level (more than 5000 m), consistent with the conclusion drawn from the S/Fe ratio.
TABLE 2 | Pyrite trace element compositions of the Zhaoxian gold deposit.
[image: Table 2]TABLE 3 | Atomic number ratio of S and Fe and Fe/(S + As) for the Zhaoxian ore-related pyrite.
[image: Table 3]Stage I pyrite has highest Co (avg. 697.91ppm) and Ni (avg. 46.51ppm) compared with the other three stages. Stage II pyrite has lower Co (avg. 152.391ppm) contents than stage I pyrite. Stage Ⅲ pyrite has lower Co (avg. 61.20 ppm) and Ni (avg. 25.91 ppm) contents than pyrite I and II. Stage Ⅳ pyrite has lowest Co (avg. 0.05 ppm) and Ni (avg. 13.31 ppm) compared with the other three stages.
Under high-temperature conditions, cobalt replaces Fe more readily in pyrite than Ni, leading to higher Co/Ni ratio. The average pyrite Co/Ni values decrease from stage I to IV (55.45, 46.73, 11.37, 1.1, respectively) (Table 2), suggesting a decrease of hydrothermal temperature from the early to late stage. Previous studies suggested that Co/Ni << 1 reflects sedimentary/diagenetic pyrite, whereas Co/Ni > 1 reflects magmatic hydrothermal pyrite. The Zhaoxian ore-related pyrite samples have overall Co/Ni ratio >1, suggesting a magmatic hydrothermal origin.
The stage I pyrite Co-Ni data points fall mostly in the hydrothermal field and minor in the magmatic field (Figure 6). This shows that early metallogenesis was closely hydrothermal-related with magmatic contribution. The stage II pyrite Co-Ni data points fall mainly (and almost equally) into the hydrothermal and magmatic fields. Compared with stage I pyrite, more pyrite data points of stage II fall into the magmatic field, suggesting more magmatic input. For stage III pyrite, the Co-Ni data points fall mainly into the magmatic field and minor into the hydrothermal field, indicating that the mineralization was closely magmatic-related. The stage Ⅳ pyrite Co-Ni data points fall outside the map, and it is a late stage of mineralization, the research significance is not important, so it will not be discussed.
[image: Figure 6]FIGURE 6 | Pyrite Ni-Co diagram for the Zhaoxian gold deposit (after Zhang C. et al., 2014).
Pyrite Sulfur Isotopes
A total of 31 pyrite sulfur isotope spot analyses were conducted, with the results shown in Table 4. The pyrite samples have δ34S = 4.8–13.1%, with a range of 8.3%. Stage I pyrite (n = 10) has δ34S = 9.6–13.1‰ (avg. 10.7‰); stage II pyrite (n = 10) has δ34S = 7.2–10.1‰ (avg. 8.8‰); stage III pyrite (n = 7) has δ34S = 4.8–6.7‰ (avg. 6.0‰); stage IV pyrite (n = 4) has δ34S = 8.9–9.7‰ (avg. 9.2‰).
TABLE 4 | Pyrite δ34S values of different hydrothermal stages in the Zhaoxian gold deposit.
[image: Table 4]The pyrite δ34S values for the four stages are all positive and higher than the mantle-derived sulfur δ34S range, suggesting possible multiple sulfur sources (Zhang W. Y. et al., 2014; Zhang R. Z. et al., 2016). Figure 7 shows that the δ34S range of the pyrite samples fall into the range of the altered rock-type gold ores from northwestern Jiaozhou. The higher δ34S value for the stage I pyrite suggests that the sulfur source may have been the high δ34S Linglong granite. The pyrite δ34S value of stage II is slightly lower than that of stage I, suggesting both the Linglong granite and Guojialing granodiorite may have been a sulfur source. Stage III pyrite has the lowest δ34S value (avg. 6.0‰), close to the average δ34S value of the Guojialing granodiorite (6.7‰), and thus the latter may have been the sulfur source. During the gold mineralization (stage I to III), the average pyrite δ34S value decrease from 10.7‰ (stage I) to 6.0‰ (stage III), similar to the trend shown in the neighboring Xincheng deposit (9.7‰ → 8.7‰ → 7.2‰) (Wang, 2016), suggesting similar source change/evolution. The metamorphic Jiaodong Group has δ34S = 0–9.4‰ (mean 4.99‰) (Zhang C. et al., 2014; Wen et al., 2016), the Linglong granite has δ34S = 4.0–15‰ (mean 9.5‰) (Li and Yang, 1993; Zhang W. Y. et al., 2014), and the Guojialing granite has δ34S = 2.7–10.0‰ (mean 6.7‰). This implies that the Zhaoxian ore sulfur may have had similar source to other gold deposits in northwestern Jiaodong, possibly the Jiaodong Group and Mesozoic granites.
[image: Figure 7]FIGURE 7 | δ34S diagram of ore-related pyrite in the Zhaoxian gold deposit (modified after Zhang et al., 2014a and Wang, 2016).
The δ34S content of the Stage IV is higher than Stage Ⅱ and Stage Ⅲ, indicating that other fluids may have been mixed in the late stage of mineralization, and ore-forming materials are multi-source.
Fluid Inclusion He-Ar Isotopes
The 4He content of the four samples is 5.199, 2.259, 2.029, and 3.709 × 10−8ccSTP/g, respectively, whilst their 3He/4He = 55.4 ppb to 1.46 ppm (R/Ra = 0.04–1.04). The samples have 40Ar = 4.954–11.899 × 10–8 and 40Ar/36Ar = 928.1–1,217.3 (Table 5). The R/Ra value of stage I and stage III is 15–21 times that of average crustal fluids, but lower than the minimum R/Ra of mantle fluids. This implies mantle fluid input during the mineralization. For stage IV samples, their R/Ra falls within the crustal fluid range, showing crustal inheritance. The mantle He content is also an index for evaluating the crust-mantle fluid mixing ratio (Yang et al., 2012; Wen et al., 2016). The proportion of mantle He in fluid inclusions from stage I and III pyrite is 10.02–13.11%, indicating that the coeval ore-forming fluids were mainly crustal-derived with minor mantle input. For stage IV, the proportion of mantle He is only 0.32%, indicating that the fluids were predominantly crustal-derived, consistent with the conclusion drawn from the R/Ra data (Figure 8A).
TABLE 5 | Fluid inclusion He-Ar isotopic compositions of pyrite from the Zhaoxian gold deposit.
[image: Table 5][image: Figure 8]FIGURE 8 | Plots of 3He-4He (A), R/Ra-40Ar/36Ar (B) for the inclusions of ore-related pyrite from the Zhaoxian gold deposit (after Winckler et al., 2001; Zhang et al., 2012)
In the R/Ra-40Ar/36Ar plot (Figure 8B), data points from stage I and III fall between the mantle and crustal end members, and stage I data points fall distal from the meteoric water field, suggesting legible meteoric water influence. In contrast, stage III data points fall close to the meteoric water field, implying probably meteoric water incursion during late mineralization. Stage IV data points falls inside the crustal fluid end member, consistent with the conclusion drawn from the 3He-4He plot.
Zircon U-Pb Age
Representative zircon CL images are shown in Figure 9. A total of 30 spots were analyzed, which yielded 20 concordant U-Pb ages. The results are listed in Table 6, and the zircon U-Pb age concordia diagram and weighted average age are shown in Figure 10.
[image: Figure 9]FIGURE 9 | Representative CL images for zircons from the Zhaoxian gold deposit.
TABLE 6 | LA-ICP-MS zircon dating results for the Zhaoxian gold deposit.
[image: Table 6][image: Figure 10]FIGURE 10 | Zircon U-Pb concordia diagram and weighted average age for the Zhaoxian deposit.
For the concordant zircons, their U-Pb ages are 133–155 Ma (n = 16) and 190–252 Ma (n = 4). The zircons have 104–963 ppm U and 82–1,212 ppm Th, and their Th/U > 0.4.
DISCUSSION
Ore-Forming Material and Ore-Forming Fluids
Previous studies have suggested that the ore-forming material of gold deposits in northwestern Jiaodong Peninsula were mainly derived from the Jiaodong Group and/or mantle (Deng et al., 2004; Li et al., 2007; Guo et al., 2008; Liang et al., 2015). However, the average Au content of the Jiaodong Group (2.47 ppb; Liu, 2016) is lower than the crustal average (4 ppb) (Li, 1976), while that of the Jiaodong Group in the Jiaojia Fault hangingwall at the Zhaoxian deposit is even lower (1.16 ppb). Therefore, it is assumed that the Jiaodong Group had supplied little material for the gold mineralization at Zhaoxian. In contrast, the average Au contents of the Linglong granite (19 ppb) and Guojialing granite (49 ppb) are high (Song et al., 2012), and represent a probably gold source. Previous studies have also suggested an upper-mantle gold source for the Jiaodong gold province (Gui, 2014). The magma may have extracted gold and other ore-forming elements from the upper mantle, and ascended to form the Linglong granite (Deng et al., 2004; Guo et al., 2005).
The pyrite δ34S values are all positive and higher than the mantle-derived sulfur δ34S range, suggesting possible multiple sulfur sources, possibly the Jiaodong Group and Mesozoic granites.
The pyrite trace element data show that the gold mineralization at Zhaoxian is closely related to magmatic-hydrothermal activity, with the ore fluids being magmatic-/metamorphic-sourced with brine input. Fluid inclusion He-Ar isotope compositions of pyrite suggest that the ore fluids were characterized by crust-mantle mixing with minor meteoric water participation. Overall, the Zhaoxian ore-forming fluids were multi-sourced. The early-stage ore fluids were dominantly metamorphic-sourced, together with magmatic and (minor) brine input. Magmatic fluids played a more dominant role in the main-ore stage, in addition to brine and meteoric water contribution. Magmatic activity may have weakened toward the late-ore stage, and the ore fluids were mainly crustal-derived with negligible mantle input.
Therefore, we suggest that the ore-forming material and ore-forming fluids source may have been crust-mantle mixed, i.e., derived directly from the Linglong and Guojialing granites with inheritance from the Jingshan and Jiaodong groups.
Mineralization Age
Mesozoic magmatism in the Jiaodong region was extensive and multi-phase, and the timing was closely related to transformation of tectonic regimes (Deng et al., 2004; Wang et al., 2011). The major tectonic events in the northwestern Jiaojiang gold district were: (1) 240–216 Ma (or 245–220 Ma): the North China and Yangtze plates collided, forming the Dabie-Sulu collisional orogeny and initiating the Tanlu fault movement, accompanied by Indosinian magmatism (Deng et al., 2004; Chen et al., 2015); (2) ∼140 Ma, the Paleo-Pacific subduction accelerated, causing large-scale sinistral shearing in the Tanlu fault zone and extensive mantle-derived magmatism (Deng et al., 2004); (3) 130–120 Ma: asthenospheric upwelling occurred due to regional extension, forming extensive magmatism. Pre-existing transpressive faults were transformed to transtensional shear, creating space for gold ore precipitation and concentration (Deng et al., 2004; Chen et al., 2015). At Zhaoxian, since the gold mineralization should occur after the granite ore-host emplacement (142 ± 2 Ma).
The zircon U-Pb ages of Zhaoxian gold deposit are divided into two groups. The first group average age is 243.0 ± 2 Ma, representing the Indosinian collision between the North China Plate and the Yangtze Plate. The other group average age is 142.0 ± 2 Ma, which represents the subduction event of the Pacific plate to the Eurasian plate and the formation time of the Linglong granites. Previous research results suggest that the gold deposit in Jiaodong area was formed in the transition period from extrusion to extension after the collision, later than the plate collision (Deng et al., 2004; Chen et al., 2015). We suggest that the gold mineralization is not earlier than 142 ± 2 Ma. The exact mineralization age would need more precise geochronological work to confirm.
Ore-Forming Processes
During the Late Jurassic (160–140 Ma), crustal delamination occurred in eastern North China, and extensive basement crustal remelting occurred in the northwestern Shandong. The magma may have extracted gold and other ore-forming elements from the upper mantle, and ascended to form the Linglong granite (Deng et al., 2004; Guo et al., 2005). The accelerated Paleo-Pacific subduction (∼140 Ma) and collisional orogeny in Jiaodong may have formed a series of NNE-trending faults (e.g., the Zhaoping, Jiaojia, and Sanshandao-Cang Shang) in the Jiaobei Uplift and fractured the rocks along these fault zones, providing the fluid conduits and ore-deposition space. Meanwhile, the ascending magmas may have provided a heat source for the generation/circulation of metamorphic-/magmatic-sourced hydrothermal fluids, which formed the early-ore fluids. As the lithospheric thinning intensified, crust-mantle material mixing and partial melting occurred, and the ore-forming magma/fluids ascended along the deep fracture zones, forming the gold-rich Guojialing granodiorite (Deng et al., 2004; Chen et al., 2005). The subsequent fluid mixing (magmatic hydrothermal, brine, meteoric water) may have triggered ore deposition along structural traps.
CONCLUSION

(1) The Zhaoxian gold deposit comprises four hydrothermal stages, among which the second (pyrite-quartz-sericite-silicic) and third (polymetallic sulfide-quartz) stages are ore-forming. Pyrite is the main gold-bearing minerals, and native gold occurs as interstitial and in fissures and inclusions.
(2) The pyrite trace element and fluid He-Ar isotope characteristics show that the mineralization temperature decreased gradually, and the ore fluids were derived from a crustal-mantle mixed source, with metamorphic and magmatic fluids dominating the early and main ore stage, respectively, plus limited meteoric water input. The pyrite δ34S values are positive across different hydrothermal stages, and the sulfur may have sourced mainly from the Linglong granite and Guojialing granite.
(3) Zircon U-Pb dating of the cataclastic granite ore host (142 ± 2 Ma) has constrained the maximum age for the Zhaoxian gold mineralization, coeval with the regional Yanshanian magmatism.
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