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Abstract

:

The Luyuangou gold deposit is located in the eastern section of the Xiong’ershan Au-Ag polymetallic district (XESPMD) and consists of a few gold-bearing veins found in the EW-striking faults located in the Archean Taihua and Mesoproterozoic Xiong’er Groups. The gold deposits contain numerous gold-bearing pyrites in thin quartz veins, representing an ideal tool for explaining the enigmatic genesis of gold deposits in the XESPMD. The distributions of trace elements and the sulfur isotopes of gold-bearing pyrite in the Luyuangou gold deposit were investigated to define the origin and evolution of ore-forming fluids. Five generations of pyrite have been identified: coarse-grained euhedral pyrite cores (Py1-1) and margins (Py1-2) in milky quartz veins, fine-grained pyrite (Py2) in quartz veins and host rocks, pyrite (Py3) in quartz + polymetallic sulfide veins, and pyrites (Py4) in quartz calcite veins. The distributions of trace elements indicated that Py2 and Py3 represented the main gold-bearing minerals and contained high concentrations of As, Au, Ag, Pb, Zn, and Cu, and the distributions were controlled by the micro/nanoinclusions. The δ34S values in the five pyrite generations ranged from −19.5 to 3.4‰. Py2 (−15.4 to −6.1‰) and Py3 (−19.5 to −12.4‰) had the lowest δ34S values, indicating that the sulfur originated from an oxidizing fluid. Py1 showed δ34S values (−0.3 to 1.9‰) corresponding to a magmatic origin. Py4 (1.1–3.4‰) displayed the highest δ34S values, indicating that the sulfur originated from the host rock under the action of meteoric water cycles. Analyses of the pyrite’s trace elements and sulfur isotopes, in combination with geological evidence, indicated that magmatic ore-forming fluids contributed to the formation of the Luyuangou gold deposit. The magmatic ore-forming fluids interacted with meteoric water during the main mineralization period. The changing physicochemical conditions of the mineralized fluids caused the precipitation of a large amount of gold and other mineralized elements.
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1. Introduction


The Xiong’ershan Au-Ag polymetallic district (XESPMD) lies between the southern edge of the North China Craton (NCC) and the northern part of the Qinling orogenic belt. The XESPMD comprises several gold deposits and is an essential gold producer in China [1]. The large gold deposits are the Shanggong, Luyuangou, Huanxiangwa, Qiyugou, Qianhe, and Kangshan deposits, as well as other medium-sized and small gold deposits (Figure 1b). The gold deposits formed successively during the Triassic, Jurassic, and Cretaceous [2,3,4,5,6], with more than 70% of the gold deposits formed during the Cretaceous [7,8]. Although numerous studies have been devoted to understanding the precipitation of gold and the source and nature of ore-forming fluids, the genesis of the gold deposits in the XESPMD remains controversial [9,10,11]. Some authors have proposed that the gold deposits are of the orogenic type and formed during the Triassic through reductive metamorphic fluids caused by the collision of the North China Craton (NCC) and the Yangtze Craton (YC) [9,12,13,14], whereas other researchers have argued that the gold deposits formed during the Jurassic to Cretaceous through magmatic fluids which interacted with meteoric water under the tectonic setting of craton destruction [1,10,11,15,16,17]. The debate about the genesis of ores mainly arises from recognizing the source and evolution of ore-forming fluids. Because of the lack of effective analytical techniques, different viewpoints on the genesis of ore deposits are inevitable. Fortunately, the in situ LA-(MC)-ICP-MS analysis of pyrite, which is commonly found in gold deposits of all stages, provides valuable information on the physicochemical conditions, the source/evolution of ore-forming fluids, and the genesis of ore deposits [7,18,19]. In recent decades, a wide range of studies have used in situ LA-(MC)-ICP-MS sulfur isotopes and the composition of the trace elements of pyrite to considerably improve the understanding of the genesis of ore deposits [20,21,22,23,24,25].



The Luyuangou gold deposit is representative of the XESPMD and is characterized by thin quartz veins with significant economic value. More than 20 tons of gold has been extracted there since its discovery in 1998 [26]. The Luyuangou deposit is characterized as a multistage metallogenic deposit, and pyrites of different stages are present, providing an ideal object for studying the source, evolution, and precipitation mechanism of the ore-forming fluids in the XESPMD. In this study, the structural characteristics of pyrites from different generations in the Luyuangou deposit were identified by field investigations and a petrographic study. In addition, in situ LA-(MC)-ICP-MS analysis was utilized to analyze the trace elements and sulfur isotopes of the different pyrite generations. The results provide new insight into the origin and evolution of ore-forming fluids of the gold deposits in the XESPMD.




2. Geological Setting


The North China Craton (NCC), one of the oldest continental nuclei in the world and the largest craton block in China, contains large-scale gold and other metal deposits [27]. Influenced by the subduction of the Paleo-Pacific plate, the North China Craton (NCC) underwent intense destruction during the Mesozoic, which triggered intense magmatism, tectonism, and thermal events [28].



The Qinling orogenic belt (QOB) is the eastern prolongation of the E–W-trending Central China Orogenic Belt, which was formed by multiple stages of collision and subduction between the North China Craton and the Yangtze Craton during the Paleozoic and the Mesozoic [29,30]. The QOB consists of four tectonic units, which are, from north to south, the southern margin of the North China Craton (S-NCC), the North Qinling Belt (NQB), the South Qinling Belt (SQB), and the northern margin of the Yangtze Craton (N-SYC) [7,8], which are separated by the Luanchuan Suture Zone, the Shangdan Suture Zone, and the Mianliu Suture Zone (Figure 1a), respectively [7,31,32].



The Xiong’ershan Au-Ag polymetallic district (XESPMD) is located in the middle section of the East Qinling Metallogenic Belt (EQMB) along the S-NCC and is delimitated by the Luoning Fault in the north and the Machaoying Fault in the south. The district is rich in mineral resources, with Au, Ag, Mo, Pb, Zn, and other metal deposits [33,34]. The strata in the XESPMD comprise Neoarchean–Paleoproterozoic metamorphic rock units termed the Taihua Group, Mesoproterozoic volcanic rock units called the Xiong’er Group, Meso- to Neoproterozoic marine sedimentary rock units called the Guandaokou Group, and Cenozoic sedimentary rock units (Figure 1b). The structures mainly constitute faults, classified as NE-NNE striking faults, SN striking faults, EW striking faults, and NW striking faults. The EW and NE striking faults are widely developed and are the main ore-bearing structures in the area. The size of the faults varies from several hundred meters to several thousand meters in length, and several tens of centimeters to several tens of meters in width, showing the characteristics of early compression and late extension [7]. The area shows multiple phases of magmatic activities, mainly Archean intermediate–basic volcanic rocks, Mesoproterozoic volcanic rocks, and Mesozoic granites. Mesozoic magmatic activities are closely related to the formation of polymetallic minerals in the region [5,6]. Mesozoic granites include the Wuzhangshan pluton (157 ± 1 Ma [35]), the Heyu pluton (134.5 ± 1.5 Ma [36]), the Leimengou pluton (131.0 ± 0.6 Ma [2]), and the Haoping pluton (128.7~129.3 Ma) and the Jinshanmiao pluton (127.6 ± 1.6 Ma) in the Huashan complex pluton [37].




3. Geology of the Deposits


The Luyuangou gold deposit is situated on the northern slope of the eastern Xiong’er Mountain. The exposed strata in the deposit comprise the Taihua Group and the Xiong’er Group, which host the ore bodies (Figure 2).



The deposit’s structures are dominated by faults that strike in three directions (NE–NNE, EW, and NW). The majority of the faults strike in the NE–NNE and EW directions. A few faults strike NW and crosscut the NE-trending faults and veins. The NE–NNE-trending faults dip at 70–80° and represent the channel through which hydrothermal fluids have circulated [26]. The EW-trending faults have developed along the interlayer interfaces of the Xiong’er Group and dip at 20–45°, and they contain the ore bodies. The Huashan intrusion, a Yanshanian granite, is an outcrop with an ellipsoidal shape in the northern part. Many NE–NNE-trending dykes of syenogranite porphyry intercalate the Xiong’er Group, causing slight displacement of the gold-bearing veins (Figure 2).



The Luyuangou deposit consists of nine gold-bearing veins. Veins Nos. 1, 2, and 3 are the most exploited and are located in the E–W-trending fault (Figure 2), with a length of ~1000–3200 m and a width of ~0.2–1.5 m, and they dip to ~160–210° at angles of 25–45°. The most prominent vein, No. 2, has a length of ~2900 m; the vertical elevation ranges from 415 m to 1100 m with a thickness of 0.04–1.23 m. The Au grade ranges from 1 to 96.30 g/t, with an average of 8.20 g/t.



The ore mineral assemblage of the Luyuangou deposit includes pyrite, chalcopyrite, sphalerite, galena, gold, and electrum. The main gangue minerals are feldspar, quartz, chlorite, calcite, fluorite, and barite (Figure 3, Figure 4, Figure 5 and Figure 6). The wall-rock alteration is well developed, including silicification, potassicization, sericitization, pyritization, chloritization, and carbonatization (Figure 4e,f).



On the basis of its paragenetic sequence and mineral assemblage (Figure 3), the Luyuangou gold deposit is divided into four mineralization stages: the milky quartz stage (Stage I), the quartz + pyrite stage (Stage II), the quartz + polymetallic sulfide stage (Stage III), and the quartz + calcite stage (Stage IV) (Figure 4, Figure 5 and Figure 6). Stage I is characterized by coarse-grained cubic pyrite in milky quartz veins (Figure 4a and Figure 5c). Stage II is fine-grained pyrite disseminated in altered rocks (Figure 4b,d). Stage III is identified by polymetallic sulfide veins (such as pyrite, sphalerite, galena, and chalcopyrite) crosscutting Stage I and Stage II (Figure 4c,d). Stage IV is characterized by quartz and calcite veins cutting through Stages I, II, and III (Figure 4d). Stages II and III are the major metallogenic stages.




4. Samples and Analytical Methods


4.1. Samples and Pyrite Types


Thirty-five samples, all intensively hydrothermally altered ores from four mineralization stages, were collected from the underground tunnels of Vein No. 2 in the Luyuangou gold deposit. Each sample was processed into thin sections for a detailed petrographic study. Typical samples (Table S1) were selected for in situ analyses of their trace elements and sulfur isotopes by LA-ICP-MS and LA-MC-ICP-MS, respectively.



Pyrite is the dominant sulfide in the four stages of the Luyuangou gold deposit. Five generations of pyrite were identified by optical microscopy. The first type (Py1-1) is a nucleus of medium- to coarse-grained euhedral cubic pyrite with numerous separate mineral phases such as galena and sphalerite (Figure 7a,b). The second type (Py1-2) is an edge of medium- to coarse-grained cubic pyrite with a homogeneous structure (Figure 7a,b). The third type (Py2) is fine-grained pyrite with porous structures and numerous mineral inclusions (such as sphalerite and galena) disseminated in altered rocks (Figure 7c,d). The fourth type (Py3) coexists with galena and sphalerite in the Stage III quartz sulfide veins (Figure 7e). The fifth type (Py4) is irregular pyrite in Stage IV quartz + calcite veins (Figure 7f).




4.2. SEM Analysis


Scanning electron imaging of thin sections was performed at the Collaborative Innovation Center for Strategic Mineral Resources Exploration of China’s University of Geosciences (Wuhan) using a JEOL JCM-7000 instrument equipped with EDS. High-resolution images of the minerals were obtained by a BSE detector at 15 kV and were used to observe the pyrite’s internal structure and to select sites for in situ tests of the trace elements and isotopes.




4.3. In Situ Analysis of Trace Elements


The in situ analysis of the trace elements of pyrite was carried out by LA-ICP-MS at Sample Solution Analytical Technology Co. Ltd., Wuhan, China. The details of the instrument’s parameters and the analytical procedure are the same as those described by Zong et al. [38]. The laser beam’s spot and frequency were 32 µm and 5 Hz, respectively. Standard glass material (NIST 610 and NIST 612) was used to calibrate the composition of the trace elements of sulfides without an internal standard. Standard USGS sulfide materials (MASS-1) were used to monitor the reliability of the calibration method for the specimens. The analytical data were processed offline using the ICPMSDataCal software [39].




4.4. In Situ Analysis Sulfur Isotopes


The in situ analysis of the sulfur isotopes of pyrite was carried out at the State Key Laboratory of Geological Processes and Mineral Resources (GPMR) at China’s University of Geosciences (Wuhan) using a Nu Plasma II LA-MC-ICP-MS mass spectrometer and a RESOlution-S155 193 nm excimer laser exfoliation system. The laser parameters used in this study were as follows: energy density, 3 J/cm2; beam spot, 33 µm; and frequency, 10 Hz. Instrument drift and mass deviation were corrected using a standard sample (pyrite, WS-1; sphalerite, NBS-123). The data acquisition was carried out in TRA mode with a background acquisition time of 30 s, a sample integration time of 50 s, and a purge time of 75 s. The details of the test procedure were described by Li et al. [40].





5. Results


5.1. Trace Elements in Pyrite


The in situ LA-ICP-MS analysis of pyrite from the Luyuangou gold deposit was carried out on 109 points, including 11 points in Py1-1, 15 points in Py1-2, 38 points in Py2, 24 points in Py3, and 21 points in Py4. The analytical elements included Ti, V, Cr, Mn, Co, Ni, Cu, Zn, As, Mo, Ag, Sb, Ba, W, Au, Pb, and Bi. The results are shown in Table 1.



The Au and Ag contents in the pyrite gradually increased from Py1 to Py2 and Py3. In Py1, the Au contents ranged from 0 to 1.84 ppm with a mean value of 0.09 ppm, and the Ag contents ranged from 0 to 171.9 ppm with a mean value of 14.8 ppm. In Py2, the Au contents ranged from 0–21.4 ppm with a mean value of 3.7 ppm, and the Ag contents ranged from 0.8–1162 ppm with a mean value of 108.7 ppm. Py3 had the highest Au and Ag contents, ranging from 0.3 to 75.9 ppm (mean value of 6.2 ppm) and 0.2–347.6 ppm (mean value of 91.4 ppm), respectively. Py4, similar to Py1, had low Au and Ag contents, with ranges of 0–0.4 ppm (mean value of 0.08 ppm) and 0–80.4 ppm (mean value of 14 ppm), respectively (Figure 8).



Arsenic, Pb, and Zn were the most abundant trace elements in the pyrite of the Luyuangou deposit. The concentration of As ranged from 0 to 16,706.8 ppm, Pb ranged from 0 to 159,346 ppm, and Zn ranged from 0 to 109,036 ppm, spanning at least five orders of magnitude (Table S1). Py1 and Py4 had low As (0–42.2 ppm and 1.8–149.1 ppm, respectively), Pb (0.1–7208 ppm and 0–708 ppm, respectively), and Zn contents (0.9–79 ppm and 1.7–182 ppm, respectively). Py2 and Py3 had high As contents (72.6–11,612 ppm and 3464.8–16,707 ppm, respectively), Pb contents (68.6–30,088 ppm and 42.8–159,346 ppm, respectively), and Zn contents (2.4–60,283 ppm and 0–109,036 ppm, respectively) (Figure 8).



In addition, Co, Ni, and Ti were also key trace elements in pyrite. Py4 had the highest Co contents (an average value of 79 ppm), whereas Py3 had the lowest Co contents (an average value of 14.6 ppm). Py2 displayed the highest Ni contents (an average value of 83.8 ppm), while Py3 had the lowest contents (an average value of 6 ppm). Py2 showed the highest Ti contents (an average value of 896.2 ppm); in contrast, Py3 displayed the lowest contents (an average value of 17.7 ppm) (Figure 8).



The differences in the trace elements between the edge and core in Py1 were insignificant (<1 order of magnitude). Therefore, the edge and core of Py1 are not discussed separately below. However, the presence of a large number of sulfide mineral phases such as sphalerite and galena in the Py1 core can easily lead to trace element anomalies such as Pb, Zn, and As (Table S1). Other generations of pyrite were smaller in size (2–40 μm); the core and edge could not be independently laser exfoliated. Therefore, the results of other generations of pyrite represent the “whole” pyrite (Table S1).




5.2. Sulfur Isotope Results


In total, 42 points were analyzed for sulfur isotopes in the 4 stages of pyrite (Table S2), including 5 points in Py1-1, 6 points in Py1-2, 14 points in Py2, 9 points in Py3, and 8 points in Py4. The δ34S values of all pyrites ranged from −19.5 to 3.4‰. The δ34S values of Py1 ranged from −0.3 to 1.9‰ (with no significant difference between the core and edge), and the δ34S values of Py2, Py3, and Py4 ranged from −15.4 to −6.1‰, from −19.5 to −12.4‰, and from 1.1 to 3.4‰, respectively (Figure 9).





6. Discussion


6.1. Occurrence and Distribution of Trace Elements in Pyrite


The trace elements in pyrite occur mainly in three forms: (1) solid solutions in the pyrite lattice [41], (2) invisible sulfide nanoparticles [42], and (3) micro-sized mineral inclusions [33,43,44,45].



Trace elements such as Co, Ni, As, Se, and Sb are commonly distributed in pyrite. Cobalt and Ni can replace Fe through isomorphism, while As, Se, and Sb can replace S to enter the pyrite lattice. In the LA-ICP-MS time-resolved depth profiles, most samples showed flat signal patterns for the elements Co, Ni, and As, consistent with Fe (Figure 10), suggesting that these elements appeared in the pyrite lattice through isomorphism [45]. However, the presence of “peaks” in some samples indicated that some of these elements were also present as micro/nanomineral inclusions (Figure 10a,g) [44]. Copper, Pb, and Zn cannot enter the pyrite lattice by replacing Fe during the mineralization process. Therefore, these elements are usually present in pyrite as mineral inclusions (galena, sphalerite, and chalcopyrite) [46]. Lead and Zn showed abnormal concentrations in all four pyrite stages, with the content varying from below the detection line to several hundred thousand parts per million (Table S1). We suggest that Pb and Zn are distributed as mineral phases in Py1 and as micron/nanometer inclusions in Py2, Py3, and Py4, causing anomalies in the elemental content (Figure 10). Some samples with flat time-resolved depth profiles (Figure 10e, f, h) indicated that small amounts of Pb and Zn were also present in the pyrite lattice as solid solutions (Table S1).



Silver, Sb, and Pb displayed consistent trends in Py3 (Figure 10e,f) and had a positive correlation (Figure 11d,e), suggesting that Ag may be present in galena as an inclusion of natural Ag and Ag–Sb compounds (e.g., argyrythrose) [47]. A positive correlation also existed between Ag and Cu (Figure 11c), indicating that Ag can undergo a solid-state exchange reaction with Cu to form argentiferous chalcopyrite [7].



Undulating signals with multiple peaks in the LA-ICP-MS time-resolved depth profile of Au indicated that Au was present in the Py2 and Py3 pyrites as tiny or submicroscopic inclusions of discrete gold-bearing phases (Figure 10c–f). Figure 11a shows a positive correlation between Au and Ag, indicating that Au may also exist in the form of electrum. Py2 and Py3 had high concentrations of As (Figure 8c), and Au and As had a positive correlation (Figure 11b), indicating that the precipitation of Au complexes was accompanied by high arsenic concentrations [48].




6.2. Sources of Sulfur Sources


The sulfur isotope compositions of sulfide minerals are widely used as a tracer of the origin of sulfur and the related physicochemical conditions that prevailed in ore deposits [49,50]. The δ34S values measured in the different pyrite generations of the Luyuangou gold deposit showed a wide range (Figure 9). The δ34S values of Py1 oscillated from −0.3 to 1.9‰, with an average of 0.8‰, indicating a mantle-like isotopic composition (0 ± 3‰) [7,51]. Moreover, the high Ag and Pb contents in the Py1 core (Figure 7a,b) indicated that the primary magmatic fluid was enriched in mineralized elements.



Py2 (−15.4 to −6.1‰) and Py3 (−19.5 to −12.4‰) had significantly negative δ34S values. Two possible reasons can explain the significantly negative value of δ34S. First, the sulfur in sulfides may come from the contribution of biological sulfur, which has significantly negative δ34S values [52,53]. In this case, the sulfur would come from the metamorphic devolatilization of sedimentary strata. Second is the isotopic fractionation caused by changes in temperature and the fugacity of oxygen [54]. The Xiong’er Group, built from volcanic rocks, lacks organic matter [12]. The Taihua Group also underwent intermediate to advanced metamorphism around 1850 Ma, when organic matter was transformed into sulfur-free graphite [12]. Therefore, providing biological sulfur to satisfy the mineralized system is unrealistic. We consider that changes in the physicochemical conditions of the ore-forming fluid may account for the negative δ34S values of Py2 and Py3. Pyrite is estimated to be 1.5‰ heavier than H2S at 250 °C, and the fractionation of pyrite and H2S is approximately 1.9‰ at 180 °C [53,54]. A 70 °C change in the temperature of the fluid can result in a 0.4‰ increase in pyrite’s δ34S. In the Luyuangou deposit, the homogenization temperatures of the fluid inclusion gradually decreased by 42 °C and 65 °C (averages of 320 °C, 278 °C, and 222 °C for Stages I, II, and III, respectively; unpublished data). Therefore, the decrease in temperature alone cannot explain the decrease in the δ34S ratios in Py2 and Py3 [54].



More significant changes in the δ34S ratio can be caused by changes in the oxygen fugacity of the fluid [53,54,55]. A large amount of barite and apatite (Figure 6a–d) was found in Stage II of mineralization, indicating the elevated oxygen fugacity of the metallogenic fluid (Figure 12). Because the 34S-O bond is stronger than the 32S-O bond, fluid oxidation leads to fractionation of the heavy 34S to sulfur oxide, which causes the ore-forming fluid to lose 34S and precipitates pyrite with a negative δ34S [27]. It is noteworthy that a series of gold deposits such as Shanggong, Huanxiangwa, and Qianhe in the XESPMD have similar 34S values of pyrite (Figure 13). This was interpreted as the mixing of meteoric water containing more free oxygen and high-valency cations, causing fluid oxidation [7,33,51,56]. The isotopic data of H and O in the XESPMD confirmed the addition of meteoric water during the main mineralization period (Figure 14). However, the H and O isotopes of Luyuangou gold deposit are not clear, and so they cannot provide more obvious evidence. We plan to further confirm our idea by studying the in situ O isotopes of quartz.



The δ34S values of Py4 showed slightly positive values ranging from 1.1 to 3.4‰, which were similar to the strata of the Taihua Group (0‰–6‰) and the Xiong’er Group (2‰–6‰) [13], indicating that the sulfur originated from the host rocks under the action of the meteoric water cycle [56].




6.3. Evolution of Ore-Forming Fluids


The ratio of Co to Ni in pyrite is not only indicative of the pyrite’s genesis but also of the characteristics of the ore-forming fluid [33,62]. Generally, magmatic–hydrothermal pyrites are characterized by Co/Ni ratios >1 [63,64]. The dominant Co/Ni values in Py1, Py3, and Py4 were >1 (Figure 11f), suggesting that the pyrite is of hydrothermal origin [33,64]. Py2 had Co/Ni values of <1 and negative δ34S values (−15.4 to −6.1‰), indicating the possible input of meteoric water in Stage II [33].



Based on the composition of trace elements and the characteristics of the in situ sulfur isotopes of the different types of pyrite, the evolution of ore-forming fluids can be summarized as follows. First, the coarse-grained cubic pyrite (Py1) in Stage I was formed by the migration of mantle-derived magma enriched in mineralized elements. Because of the high fluid temperature, slow cooling, and slow mineral growth, trace elements such as Pb, Zn, and Cu were incorporated into the Py1 as separate mineral phases (Py1-1) rather than as solid solutions or tiny inclusions (<5 μm) [44,65]. Thus, Py1 had fewer mineral inclusions than Py2 and Py3. Next, with the mixing of meteoric water, the physicochemical conditions of the ore-forming fluid changed (e.g., lower temperature and higher oxygen fugacity), and isotope fractionation occurred [13]. The ore-forming material was rapidly precipitated, and the trace elements were dissolved into Py2 and Py3 as solid solutions or tiny inclusions (<5 μm) [51]. Therefore, Py2 and Py3 precipitated as fine or faceted grains, with abundant galena, chalcopyrite, and sphalerite inclusions and significantly negative δ34S values. Lastly, as the thermal energy and material decreased, the ore-forming fluid gradually transitioned to meteoric water, forming a series of low-temperature carbonate minerals and Py4.





7. Conclusions


	(1)

	
Four mineralization stages of pyrite in the Luyuangou gold deposit were identified: coarse-grained euhedral cubic pyrite (Py1) in milky quartz veins (Stage I), fine-grained disseminated pyrite (Py2) in altered rocks (Stage Ⅱ), pyrite (Py3) that was coeval with galena and sphalerite in quartz + polymetallic sulfide veins (Stage Ⅲ), and irregular pyrite (Py4) in quartz + calcite veins (Stage Ⅳ).




	(2)

	
Metallic elements such as Au, Ag, Cu, Pb, and Zn were mainly present in pyrite as micro/nanoscale mineral inclusions. Trace elements such as Co, Ni, As, Se, and Sb replaced Fe and S in the pyrite lattice in the form of isomorphisms.




	(3)

	
The δ34S values of Py1 ranged from −0.3 to 1.9‰, indicating a magmatic origin. The δ34S values of Py2 and Py3 ranged from −15.4 to −6.1‰ and −19.5 to −12.4‰, respectively, indicating an origin from oxidizing fluids. The δ34S values of Py4 ranged from 1.1 to 3.4‰, indicating that the S originated from host rocks under the action of meteoric water cycles.




	(4)

	
The characteristics of the trace elements and sulfur isotopes of pyrite indicated that the ore-forming fluid in the Luyuangou gold deposit was of magmatic origin and enriched in mineralizing elements. The fluid mixed with meteoric water during the main mineralization period, which modified its physicochemical conditions and caused the precipitation of a large amount of gold and other mineralized elements. Afterwards, the thermal energy of the fluids and materials decreased, and the fluid’s composition gradually transitioned to meteoric water.
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Figure 1. (a) Simplified tectonic map of the Qinling Orogen. (b) Geological map and gold deposits of the Xiong’ershan region (modified from [7]). 
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Figure 2. Schematic geological map of the Luyuangou gold deposit. 
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Figure 3. Paragenetic sequence of the ore minerals of the Luyuangou gold deposit. 
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Figure 4. Typical photographs from the Luyuangou gold deposit. (a) a Stage I quartz vein; (b) a Stage I quartz vein crosscut by a Stage Ⅱ quartz + pyrite vein; (c) a Stage I quartz vein crosscut by a Stage Ⅲ quartz + polymetallic sulfide vein; (d) interspersed relationships of the three metallogenic stages; (e,f) Wall-rock alterations of silicification, potassic, sericitization, and chloritization. Qtz, quartz; Py, pyrite; Cal, calcite. 
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Figure 5. Representative micrographs of the ore in the Luyuangou gold deposit. (a) Chalcopyrite is enclaved in sphalerite (reflected light). (b) Chalcopyrite is enclaved in pyrite (reflected light). (c) Coarse-grained quartz and euhedral pyrite. (d) Quartz–pyrite veins crosscutting through the altered rock. (e) Quartz sulfide veins crosscutting through the pyritized altered rocks (reflected light). (f) A quartz pyrite vein (Ⅱ) is crosscut by a quartz calcite vein (Ⅳ). Ccp, chalcopyrite; Qtz, quartz; Py, pyrite; Sp, sphalerite; Cal, calcite. 
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Figure 6. Representative backscattered electron (BSE) images of the ore in the Luyuangou gold deposit. (a) Barite in a quartz pyrite vein (Ⅱ). (b) Barite enclaved in apatite. (c) Apatite in a quartz pyrite vein (Ⅱ). (d) Pyrite enclaved in apatite. (e) Gold occurring in the cracks of pyrite. (f) Tellurium in a quartz pyrite vein (Ⅱ). Qtz, quartz; Py, pyrite; Brt, barite; Ap, apatite; Te, tellurium; Au, gold. 






Figure 6. Representative backscattered electron (BSE) images of the ore in the Luyuangou gold deposit. (a) Barite in a quartz pyrite vein (Ⅱ). (b) Barite enclaved in apatite. (c) Apatite in a quartz pyrite vein (Ⅱ). (d) Pyrite enclaved in apatite. (e) Gold occurring in the cracks of pyrite. (f) Tellurium in a quartz pyrite vein (Ⅱ). Qtz, quartz; Py, pyrite; Brt, barite; Ap, apatite; Te, tellurium; Au, gold.



[image: Minerals 13 00407 g006]







[image: Minerals 13 00407 g007 550] 





Figure 7. Reflected light photomicrographs reflecting the textures of the different pyrite types. (a,b) Coarse-grained pyrite (Py1) in Stage I. (c,d) Fine-grained disseminated pyrite (Py2) in Stage Ⅱ. (e) Pyrite (Py3) in sulfide veins (Stage III). (f) Pyrite (Py4) in calcite veins (Stage IV). Ccp, chalcopyrite; Py, pyrite; Sp, sphalerite; Gn, galena; Cal, calcite. 
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Figure 8. Box plots of the concentrations of trace elements for each pyrite type from the Luyuangou gold deposit. (a) Concentrations of Au elements of pyrite from different generations. (b) Concentrations of Ag elements of pyrite from different generations. (c) Concentrations of As elements of pyrite from different generations. (d) Concentrations of Pb elements of pyrite from different generations. (e) Concentrations of Zn elements of pyrite from different generations. (f) Concentrations of Cu elements of pyrite from different generations. (g) Concentrations of Co elements of pyrite from different generations. (h) Concentrations of Ni elements of pyrite from different generations. (i) Concentrations of Ti elements of pyrite from different generations. 
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Figure 9. Histogram of the composition of sulfur isotopes of pyrites from the Luyuangou gold deposit. 
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Figure 10. Representative time-resolved depth profiles of pyrite analyzed in this study, indicating the occurrence of major metal elements. Iron has a relatively flat principal element response, indicating homogeneous pyrite. (a) The spiky peaks of Cu, Co, Ni, and As indicating the presence of micron/nanometer inclusions. (b,c) The spiky signal of Cu, Pb, Zn, and Ag indicating the presence of Cu–Pb–Zn–Ag micron/nanometer inclusions. (d) The spiky signal of Au and Ag indicating the presence of Au–Ag micron/nanometer inclusions. (e,f) Silver, Sb, and Pb displayed consistent trends. (g) The spiky peaks of Co, Pb, and Ag indicating the presence of micron/nanometer inclusions. (h) The flat signal of Pb, Zn indicating the presence of Pb–Zn solid solutions. See the text for further explanations. 






Figure 10. Representative time-resolved depth profiles of pyrite analyzed in this study, indicating the occurrence of major metal elements. Iron has a relatively flat principal element response, indicating homogeneous pyrite. (a) The spiky peaks of Cu, Co, Ni, and As indicating the presence of micron/nanometer inclusions. (b,c) The spiky signal of Cu, Pb, Zn, and Ag indicating the presence of Cu–Pb–Zn–Ag micron/nanometer inclusions. (d) The spiky signal of Au and Ag indicating the presence of Au–Ag micron/nanometer inclusions. (e,f) Silver, Sb, and Pb displayed consistent trends. (g) The spiky peaks of Co, Pb, and Ag indicating the presence of micron/nanometer inclusions. (h) The flat signal of Pb, Zn indicating the presence of Pb–Zn solid solutions. See the text for further explanations.



[image: Minerals 13 00407 g010]







[image: Minerals 13 00407 g011 550] 





Figure 11. Binary plots of (a) Au vs. Ag, (b) Au vs. As, (c) Ag vs. Cu, (d) Ag vs. Pb, (e) Ag vs. Sb, and (f) Co vs. Ni in different stages of pyrite. 
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Figure 12. Log fO2–pH diagram showing the stability of the relationships in the Fe–O–S system at 1000 bars and a neutral pH. The direction of the evolution of fluid in the Luyuangou gold deposit is indicated by the blue arrow (modified from [57]). 
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Figure 13. Characteristics of 34S distribution in pyrite of gold deposits in the XESPMD (modified from [58]). 
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Figure 14. The δD and δ18O characteristics of the fluid of gold deposits in the XESPMD (data from Shanggong [59], Kangshan [1], Xiaoshan [60], and Huaishuping [61]). 
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Table 1. Concentrations of trace elements (ppm) in pyrite from the Luyuangou gold deposit.
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Type

	
Ti

	
Co

	
Ni

	
Cu

	
Zn

	
As

	
Ag

	
Sb

	
Au

	
Pb

	
CO/Ni






	
Py1-1 (n = 11)

	

	

	

	

	

	

	

	

	

	




	
Avg

	
106.3

	
41.9

	
21.4

	
13.8

	
13.6

	
8.4

	
18.3

	
2.6

	
0.1

	
343.5

	
3.0




	
Min

	
3.2

	
5.7

	
3.3

	
0.7

	
0.9

	
0.7

	
bdl

	
bdl

	
bdl

	
0.1

	
0.7




	
Max

	
622.4

	
151.6

	
98.2

	
72.3

	
79.2

	
40.5

	
171.9

	
9.0

	
0.3

	
2756.8

	
12.5




	
Py1-2 (n = 15)

	

	

	

	

	

	

	

	

	

	




	
Avg

	
47.2

	
23.3

	
12.8

	
18.4

	
14.4

	
12.2

	
12.3

	
2.3

	
0.1

	
830.4

	
2.0




	
Min

	
2.6

	
bdl

	
bdl

	
0.4

	
1.0

	
bdl

	
bdl

	
bdl

	
bdl

	
0.1

	
bdl




	
Max

	
353.2

	
80.3

	
36.5

	
176.9

	
74.7

	
42.2

	
112.8

	
15.7

	
0.8

	
7207.9

	
10.9




	
Py2 (n = 38)

	

	

	

	

	

	

	

	

	

	




	
Avg

	
896.2

	
60.6

	
83.8

	
129.7

	
1801.8

	
5710.3

	
108.6

	
119.7

	
3.7

	
3479.8

	
0.9




	
Min

	
2.2

	
6.1

	
9.6

	
12.6

	
2.4

	
72.6

	
0.8

	
4.0

	
bdl

	
68.6

	
0.2




	
Max

	
10,938

	
175.3

	
294.4

	
962

	
60,282

	
11,611

	
1161

	
624

	
21.4

	
30,087

	
2.2




	
Py3 (n = 24)

	

	

	

	

	

	

	

	

	

	




	
Avg

	
17.7

	
14.6

	
6.0

	
639.4

	
10,318.7

	
10,427.3

	
91.4

	
644.7

	
6.2

	
24,579.8

	
2.5




	
Min

	
1.9

	
bdl

	
bdl

	
8.6

	
bdl

	
3464.8

	
0.2

	
19.1

	
0.3

	
42.8

	
bdl




	
Max

	
230.9

	
55.0

	
18.6

	
8548.8

	
109,036.4

	
16,706.8

	
347.6

	
2033.3

	
75.9

	
159,346.2

	
8.0




	
Py4 (n = 21)

	

	

	

	

	

	

	

	

	

	




	
Avg

	
229.1

	
79.0

	
22.3

	
17.1

	
39.0

	
31.3

	
14.0

	
1.8

	
0.1

	
159.6

	
6.3




	
Min

	
2.4

	
4.6

	
2.2

	
0.1

	
1.7

	
1.8

	
bdl

	
bdl

	
bdl

	
bdl

	
0.1




	
Max

	
2565.8

	
256.1

	
92.0

	
44.0

	
181.7

	
149.1

	
80.4

	
5.0

	
0.4

	
708.6

	
29.2








Note: bdl denotes the detection limit. The whole dataset is listed in Table S1 in the Supplementary Materials.
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