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Abstract

:

The Xiawolong gold deposit, located in the Muping–Rushan gold metallogenic belt (eastern Jiaodong Peninsula), is a newly discovered deposit that developed in the late Early Cretaceous as fine-grained granite. Gold mineralization, which mainly occurs in the middle of fresh fine-grained granite dikes, consists of stockwork-style and disseminated ores. They are characterized by middle-high-temperature mineral assemblages, such as molybdenite and magnetite, associated with gold-bearing pyrite. Four types of primary fluid inclusions, contained within the quartz grains from the gold-bearing disseminated and stockwork-style fine-grained granitic ores, were identified based on microthermometry and Raman spectroscopy. The types identified were type 1 aqueous inclusions with middle-high temperature (201 to 480 °C) and middle-low salinity of 0.18 to 17.00 wt.% NaCl equiv.; type 2 H2O–CO2 inclusions, which show middle-high temperatures (218 to 385 °C), middle-low salinities (1.23 to 13.26 wt.% equiv. NaCl), and variable XCO2 (0.031 to 0.044); type 3 daughter mineral-bearing inclusions with high temperature (416 to 446 °C) and relatively constant and high salinity (28.59 to 32.87 wt.% NaCl equiv.); and type 4 CO2 fluid inclusions, which possess a bulk density of 0.405 to 0.758 g/cm3 and a constant XCO2 (0.952 to 0.990) (according to the decreasing abundance of fluid inclusions). The δ18Owater range is between 3.4 and 5.9‰, and the range of the δD is from −97.1 to −77.4‰, which indicates that the ore-forming process is of a magmatic water origin. The δ34S values possess a narrow range between 4.5 and 9.3‰, indicating the source of the Mesozoic Kunyushan granitoids. The Pb isotopic compositions of pyrite show that the Mesozoic Kunyushan granitoids are the main lead source for pyrites. Types 1, 2, and 3 fluid inclusions coexist in the same view field of the quartz grain, which are suggested to occur as the result of fluid immiscibility because of the boiling of a single homogeneous NaCl-CaCl2-KCl-CO2-H2O system. The fluid immiscibility, rather the fluid mixing and wall-rock sulfidation, is the mechanism of gold precipitation in the Xiawolong deposit. Compared with both the “Linglong-type” and “Jiaojia-type” gold deposits in the Jiaodong Peninsula in terms of geological–petrographic evidence and all of the available geochemical data, it can be concluded the Xiawolong gold deposit is of magmatic hydrothermal origin, having a genetic relation to the fine-grained granite.
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1. Introduction


The Jiaodong Peninsula, situated at the southeastern edge of the North China Craton (NCC) (Figure 1) [1], is endowed with a total proved reserve of over 5000 t Au [2], which makes it one of the most important gold provinces worldwide, and the number one gold producer in China (Figure 1) [3,4]. The giant Jiaodong gold province is composed of the Zhaoyuan–Laizhou, Penglai–Qixia, and Muping–Rushan gold metallogenic belts situated in the western, central, and eastern Jiaodong Peninsula, respectively (Figure 1) [5].



Since the 1980s, a large number of studies have been performed on the Jiaodong gold deposits in terms of the source of ore-forming fluids [7,8], the timing of gold deposition [9,10,11], the structural environment controlling the auriferous fluid migration [12,13], the hydrothermal alteration [14,15], and the metallogenic geodynamic setting [16,17,18]. The gold deposits, with the Precambrian high-grade metamorphic rocks of the NCC, the late Jurassic Linglong-type granitoids, and the middle Early Cretaceous Guojialing-type granitoids being the gold-hosting rocks, are considered to occur as two types of mineralization, i.e., the “Jiaojia-type” and the “Linglong-type” [1]. The former is represented by the gold-bearing quartz veins, and the latter is represented by stockwork and disseminated pyrite–sericite–quartz altered ores [19,20]. The “Jiaojia-type” gold deposit is generally hosted in the regional NNE- to NE-trending faults along the lithologic contacts between Linglong granite and Precambrian metamorphic rock or between Linglong granite and Guojialing-type granitoid, such as the Sanshandao, Jiaojia, and Zhaoping faults (Figure 1b) [21], and “Linglong-type” deposit is usually hosted in the lower-order NNE- to NE-trending faults that cut the Mesozoic granitoids or the Precambrian metamorphic rocks (Figure 1b) [22]. Both of the two types of orebodies are surrounded by the zoned hydrothermal alteration characterized by strong sericitization in the inner domain and silicification in the outer. The thickness of the alteration envelope is usually between 10 and several hundred meters for the “Jiaojia-type” gold deposit, and less than 2 m for the “Linglong-type” deposit [23].



However, a special case is the Xiawolong gold deposit, situated at the Muping–Rushan gold metallogenic belt (Figure 1). It was newly discovered by the Shandong Provincial No.6 Exploration Institute of Geology and Mineral Resources, China during 2012–2017 [24]. Based on the primary geological survey work, the deposit is different from both the “Linglong-type” and “Jiaojia-type” gold deposits in terms of host rock, gold mineralization style, structural controls, and hydrothermal alteration [24]. Furthermore, so far, no more information has been published on this deposit.



More interestingly, it is noted that the deposit developed in the late Early Cretaceous as fine-grained granite. Fine-grained granite is considered to be the late-stage product of granitic magmatic crystallization and is usually rich in Be-Li-Nb-Ta-Sn-Bi-W-Mo-Cu-Zn-U elements [25,26,27,28], which has resulted in the close spatial and temporal relationship between fine-grained granites and orebodies in many deposits [29], such as the W-Mo deposit [28,30,31], copper deposit [32], uranium deposit [25,33,34], and Pb-Zn deposit [35]. However, little information on the gold mineralization associated with fine-grained granite has been reported to date.



This paper reports the fluid inclusions and stable isotope geochemistry of Xiawolong gold deposit and draws comparisons with the ore-forming fluid geochemistry of the “Linglong-type” and “Jiaojia-type” gold deposits in the Jiaodong Peninsula, in order to reveal the ore-forming characteristics of gold mineralization associated with the fine-grained granite, and discuss whether the distinct mineralization styles were formed under the different or similar ore-forming processes. The present work sheds new light on the genesis of gold in the Jiaodong gold deposits.




2. Geological Setting and Ore Deposit Geology


2.1. Geological Setting


The Jiaodong Peninsula, to the west separated from the Luxi Block of the NCC by the 2400 km long NNE–SSW (010° and 025°) trending and steeply dipping Tan–Lu Fault (TLF), and to the east bounded by the Pacific Plate [36], consists of the Sulu terrane in the southeast and the Jiaobei terrane in the northwest (Figure 1a). The Jiaobei and Sulu terranes are separated by the lithospheric-scale NNE–SSW- to NE–SW-trending Wulian–Qingdao–Yantai Fault (WQYF) (Figure 1a,b). The former includes the Jiaolai Basin in the southeast and the Jiaobei Uplift in the northwest (Figure 1b) [37], where all the gold deposits are hosted by the Jiaobei Uplift. More precisely, the Zhaoyuan–Laizhou and Penglai–Qixia gold metallogenic belts are located in the western and central Jiaodong Peninsula, respectively (Figure 1) [5], whereas in the Sulu Terrane, namely the eastern Jiaodong Peninsula, gold is concentrated in the Muping–Rushan gold metallogenic belt (Figure 1) [5].



The Muping–Rushan gold metallogenic belt is dominated by Paleoproterozoic and Neoproterozoic basement rocks of the Yangtze Craton (YC) [38], which were subjected to an ultrahigh-pressure (UHP) metamorphic event resulting from the mid-Late Triassic collision ca. 244 to 220 Ma between the YC and NCC along the WQYF [39], as well as the Mesozoic intrusions (Figure 2 and Figure 3) [37]. The UHP metamorphic rocks comprise quartzite, coesite-bearing eclogite, granitic gneiss, and marble [40], with the granulite to amphibolite-facies metamorphism (220 to 205 Ma) overprinting in local outcrops [41]. The Late Jurassic–Early Cretaceous magmatism was widely developed (Figure 2) [42], of which the Late Jurassic crustally derived Kunyushan granitoid, with emplacement ages ranging between 161 and 141 Ma [43,44], is a batholith consisting of granodiorite, monzogranite, and garnet-bearing leucogranite [45], whereas the late Early Cretaceous Sanfoshan monzonite resulting from crust–mantle interaction, with zircon U-Pb ages varying from 121 to 110 Ma [45], which intrudes into the Kunyushan granitoid in the southeast part (Figure 2). The former is undeformed and hosts no gold deposits, whereas the latter exhibits an NNE–SSW-trending mylonitic foliation associated with WNW–ESE-trending stretching lineations [42] and hosts almost all the gold deposits in the Muping–Rushan gold metallogenic belt (Figure 2).



Structurally, the Muping–Rushan gold metallogenic belt is dominated by the NNE–NE-trending Muping–Rushan Fault Zone, as well as the SN-trending Mishan Fault, considered to be subsidiary to the WQYF [47] (Figure 1 and Figure 2). The Muping–Rushan Fault Zone comprises a series of sub-parallel NNE–NE-striking faults steeply dipping towards the SE (Figure 2), which are evenly distributed with an interval of ca. 2–3 km in the middle to central part of the Kunyushan granitoid, from west to east, named the Qinghushan–Tangjiagou, Jinniushan, Chahe–Sanjia, Jiangjunshi–Quhezhuang, Gekou, and Laohuwo–Hezi Faults. These faults, usually ca. 5 to 15 km long, cut the Late Jurassic Kunyushan granitoids at the footwall of the WQYF and control the “Linglong-type” deposits, represented by the Jinqingding, Denggezhuang, and Yinggezhuang gold deposits, whereas the Mishan Fault, striking N5° and dipping E 40 to 65°, mostly follows the contact between the east edge of the Kunyushan granitoid in the footwall and the UHP metamorphic rocks in the hanging wall (Figure 2). This area underwent multiple tectonic movements, with mylonites, cataclasite, fault gouge, and weak hydrothermal alteration occurring along the fault; however, no gold deposits have yet been discovered within it [24].




2.2. Ore Deposit Geology


The Xiawolong gold deposit, 20 km or so northeast of the Jinqingding gold deposit, is situated along the contact between the Sanfoshan granitic pluton and the Kunyushan granitoid in the southeast part of the Muping–Rushan gold metallogenic belt (Figure 2). It is dominated by Kunyushan monzogranite, where both the UHP metamorphic rocks and Paleoproterozoic Jingshan Group metamorphic rocks occur as discrete ellipsoidal xenoliths, as well as the Sanfoshan granitic pluton (Figure 3a–c). The Sanfoshan granitic pluton, a sheet-like NNW-trending intrusive body of medium- to fine-grained monzonite, intrudes the medium- to coarse-grained Kunyushan monzogranite (Figure 2 and Figure 3a) and shows abrupt contact with the host rock (Figure 3d).



The gold orebodies are hosted in the fine-grained granite, which mainly occurs as concealed dikes (Figure 3a–c). However, a few outcrops, showing abrupt contact with the medium- to coarse-grained Kunyushan monzogranite (Figure 3e), can be observed locally. Four fine-grained granite dikes, named I#, II#, III#, and IV#, are recognized based on a systematic drill hole in the Xiawolong gold mine (Figure 3a–c). They strike E–W, dip 20 to 50° to the S, and show varied thicknesses between 10 and 80 m (Figure 3a–c). No baked margins are observed at the contact between the Kunyushan monzogranite and fine-grained granite dike. The latter is generally fresh and non-deformed, where almost no alterations, faults, or fractures develop (Figure 3f).



A total of 19 gold orebodies have been discovered in the Xiawolong gold mine to date. All of them are concealed with a lens shape, and most are located in the middle of the fine-grained granite dikes, with only a few in the lower or upper margins (Figure 3b,c). Lode II-1#, hosted in the II# fine-grained granite dike, is the main orebody and is approximately 366 m long, which accounts for 67% of the proven resource. It usually strikes 270 to 285° and dips 20 to 28° (average 25°) SW, showing the roughly S-shaped, vein-like lenses (Figure 3b,c). It has variable thickness ranging from 0.91 to 2.85 m (average 1.17 m), extending from the +44 m level down to below the −70 m level. The gold grade ranges between 1.5 and 52.6 g/t with an average of 11.47 g/t gold.



All the gold orebodies in the Xiawolong gold mine are characterized by the disseminated and stockwork-style ores developed in the fresh fine-grained granite dikes (Figure 4a–c). The gangue minerals comprise K-feldspar, calcite, quartz, biotite, and plagioclase (Figure 4d–f), and the ore minerals mainly consist of include pyrite, magnetite, pyrrhotite, molybdenite, and chalcopyrite, with minor quantities native gold and electrum (Figure 4g–l). Calcites mostly occur as subhedral fine-grained grains intergrown with quartz, K-feldspar, and plagioclase (Figure 4d). In general, the euhedral fine-grained pyrite is associated with the subhedral and anhedral quartz, biotite, and K-feldspar (Figure 4e–g), with the K-feldspar grain hosted in pyrite (Figure 4f). It is also common that the anhedral pyrite is intergrown with quartz (Figure 4h), which is associated with anhedral magnetite, pyrrhotine, chalcopyrite, and molybdenite (Figure 4i–k). Gold is the only economically viable element, and other elements such as S, Cu, and Mo are all sub-economic. The most important gold-bearing mineral is pyrite, followed by magnetite, pyrrhotite, chalcopyrite, and molybdenite. The gold is fine-grained (56%) and medium-grained (44%) gold, and mainly occurs on the margins of the individual grains (60%) (Figure 4l) or as inclusions in pyrite and other sulfides (35%), with only a few as filling microfractures in pyrite (5%).





3. Sampling and Analytical Methods


3.1. Fluid Inclusion Analyses


Samples were taken from the gold-bearing disseminated and stockwork-style fine-grained granitic ores for fluid inclusion analyses. Twenty-seven doubly polished sections were examined petrographically, of which twelve samples were picked for microthermometric and laser Raman spectroscopic measurement on quartzes. In disseminated fine-grained granitic ores, quartz grains occur as fine-grained (0.1 to 0.5 mm), anhedral to subhedral, and smoky gray aggregates intergrown with disseminated euhedral pyrite, magnetite, pyrrhotite, chalcopyrite, and molybdenite (Figure 5a), whereas in stockwork-style fine-grained granitic ores, they occur as euhedral fine-grained (0.2 to 0.7 mm) and dark gray veins intergrown with sulfide veins, which mainly consists of pyrite, magnetite, pyrrhotite, chalcopyrite, and molybdenite (Figure 5b). All of the samples had no deformation Figure 5a–c). The fluid inclusions trapped in the quartzes are generally minute (3 to 15 μm), with many of occurring as clusters, whereas a few occur in isolation (Figure 5c).



Fluid inclusion microthermometry was performed on the Linkam THMSG 600 heating–cooling stage equipped with a Leitz microscope, the measured temperature range of which is from −198 °C to 600 °C, at the Fluid Inclusion Laboratories of China University of Geosciences, Beijing. For ensuring the accuracy of measurements, the synthetic fluid inclusions were selected to calibrate the stage. Firstly, the freezing experiments were performed so as to avoid experimentally induced stretching. Then, during the heating process, when near the clathrate-melting temperatures (Tm(clath)) and the melting temperatures of the carbonic phase (Tm(CO2)), the heating rate was 0.1–0.2 °C/min, and for the other measurements, it was 0.2–0.4 °C/min. Uncertainties were ±0.1 °C and ±1 °C for temperatures < 30 °C and >30 °C, respectively.



After the microthermometry, Laser Raman (LRM) analysis was performed at the Fluid Inclusion Laboratories of China University of Geosciences, Beijing. The LRM analysis instrument, used to collect Raman spectra of the fluid inclusion trapped in the quartz grains, was a British Renishaw inVia Raman spectrometer. The light source used was an argon ion laser, with a wavelength of 514.5 nm, a laser power of 20 mW, and a laser beam spot size of approximately 1μm. During the analysis, the counting time was 10 to 30 s, and the peaks were taken for one time point in the whole waveband of 100 to 4000 cm−1, with the spectral resolution being 1 to 2 cm−1. According to the measured Raman spectrum peak area and relative Raman cross-section values given by [48], i.e., 2.5 for CO2 and 7.5 for CH4, the molar compositions of the fluid inclusions were obtained.




3.2. D-O and S-Pb Isotopic Analyses


Thirteen typical samples, from the gold-bearing disseminated and stockwork-style fine-grained granitic ores, were crushed to 40–60 mesh in order to separate the pyrite and quartz. For the quartz and pyrite, >99% purity was obtained by handpicking under a binocular microscope, and they were then used for D-O and S-Pb isotopic studies, respectively, at the Analytical Laboratory of the Beijing Research Institute of Uranium Geology.



For D isotopic analysis, quartz grains were heated to over 600 °C in an induction furnace to release the water from fluid inclusions inside the quartzes, which was then converted to H2 by reacting with zinc powder at ca. 400 °C. Regarding the O isotopic analysis, the quartz grains were first reacted with BrF5 at 500–600 °C for ca. 14 h to generate O2, and then reacted with graphite to generate CO2 at ca. 700 °C. The resultant H2 and CO2 were measured by the Finnigan MAT-253 mass spectrometer to determine the D-O isotopic composition, which was recorded relative to the Standard Mean Ocean Water (SMOW) with a precision of ±1‰ [49].



For S isotopic analysis, under a vacuum pressure of 2 × 10−2 Pa at ca. 980 °C, the pyrite grains were reacted with cuprous oxide to generate SO2, which was then measured using a Delta V Plus mass spectrometer. The S isotope composition adopted the Canyon Diablo Troilite (CDT) standards with a precision of ±0.2‰ [49]. For Pb isotopic analysis, pyrite grains were first dissolved by HNO3 and HCl, then passed through an anion exchange resin to extract the Pb, which, after drying, was diluted by 1% HNO3 for testing by the ISOPROBE-T Thermal Ionization Mass Spectrometer. Pb isotope results are reported in terms of normalization to the accepted ratio for NBS-981: 208Pb/204Pb = 36.7119 ± 0.0331, and 207Pb/204Pb = 15.4968 ± 0.0107, 206Pb/204Pb = 16.9386 ± 0.0131 (±2σ).





4. Fluid Inclusion Study


4.1. Fluid Inclusion Petrography


Based on careful petrographical observation, microthermometry at room temperature and Raman spectroscopy, four types of fluid inclusions trapped in the quartz grains related to the ore-forming event were identified, according to their phases. These types of fluid inclusions were type 1 aqueous, type 2 H2O–CO2, type 3 daughter mineral-bearing, and type 4 CO2 fluid inclusions, according to their abundance from high to low, respectively. Type 1 aqueous inclusions, generally 2–15 μm in diameter, consist of two phases (liquid H2O + vapor H2O), having a variable degree of fill (10–60 vol.% gas) (Figure 5d). They normally develop as clusters or along pseudo-secondary trails, possessing negative crystal, ellipsoid, irregular, or elongated shapes (Figure 5d,h,i). Type 2 H2O–CO2 inclusions contain three phases of liquid H2O + liquid CO2 + CO2-rich vapor (Figure 5e), with a CO2 volumetric proportion of 20–60% (Figure 5e). They are usually 3–15 μm in diameter, and occur in isolation, with ellipsoid, elongated, or irregular shapes (Figure 5e). Type 3 daughter mineral-bearing inclusions are composed of one salt daughter mineral, which has a variable volume ratio of 20–60%, aqueous solution, and a vapor bubble (Figure 5f). They are generally isolated and have ellipsoid shapes, ranging from 9 to 15 μm in diameter (Figure 5f). Type 4 CO2 inclusions comprise liquid CO2 and vapor CO2, usually showing a constant degree of fill (30–50 vol.% gas) (Figure 5g) and are typically 2 to 15 μm in diameter (Figure 5g). They occur in isolation, with round, ellipsoid, elongated, or irregular shapes (Figure 5g).




4.2. Results of Microthermometry


4.2.1. Type 1 Aqueous Inclusions


Although it is difficult to obtain and replicate the eutectic temperatures, i.e., the first ice melting temperatures (Tme), because of the small diameter of the type 1 aqueous inclusions, some observations of −58.4 to −51.2 °C (mean −55 ± 2.3 °C; 1σ; n = 9) could be obtained (Table 1). Final ice melting temperatures (Tm(ice)) were −13.0 to −0.1 °C (mean −6.3 ± 3.4 °C; 1σ; n = 76), whereas they usually range from −13.0 to −2.0 °C (mean −7.0 ± 3.0 °C; 1σ; n = 67). Total homogenization (Th(tot)) to liquid takes place in a wide range of temperatures, from 201 to 480 °C (mean 289 ± 71 °C; 1σ; n = 76) (Table 1; Figure 6).




4.2.2. Type 2 H2O–CO2 Inclusions


The first melting temperatures for the type 2 H2O-CO2 inclusions, i.e., carbonic phase melting temperatures (Tm(CO2)), range from −59.6 to −56.6 °C (mean −58.2 ± 1 °C; 1σ; n = 14) (Table 1; Figure 6). Most of them are just below the pure CO2 triple-point (−56.6 °C), indicating that other minor quantities of gas species likely exist in the carbonic phase, such as CH4 (Burruss, 1981). Clathrate-melting temperatures (Tm(clath)) range from 2.0 to 9.4 °C (mean 5.7 ± 1.8 °C; 1σ; n = 14). The partial homogenization of CO2 (Th(CO2)) into liquid takes place from 22.3 to 30.4 °C (mean 26.8 ± 3.1 °C; 1σ; n = 6), whereas the homogenization of inclusions into vapor occurs from 21.3 to 30.6 °C (mean 27.8 ± 3.4 °C; 1σ; n = 8) (Table 1; Figure 6). Total homogenization (Th(tot)) to liquid for all of the H2O–CO2 inclusions takes place from 218 to 385 °C (mean 249.8 ± 43.8 °C; 1σ; n = 14) (Table 1; Figure 6).




4.2.3. Type 3 Daughter Mineral-Bearing Inclusions


For the type 3 daughter mineral-bearing inclusions, the final ice melting temperatures (Tm(ice)) displayed a large range from −17.1 to −1.5 °C (mean −7.7 ± 5.2 °C; 1σ; n = 6), similar to the temperatures for the type 1 aqueous inclusions. The halite (sylvite) fully dissolved at 120 to 219 °C, with a mean value of 170 ± 33 °C (1σ; n = 6) (Table 1; Figure 6), before the total homogenization (Th(tot)) of these inclusions to liquid occurred at 416 to 439 °C (mean 431 ± 10 °C; 1σ; n = 6) (Table 1; Figure 6).




4.2.4. Type 4 CO2 Fluid Inclusions


For type 4 CO2 fluid inclusions, the first melting of the carbonic phase (Tm(CO2)) takes place either instantaneously at the pure CO2 triple-point (−56.6 °C) or within a narrow interval with lower melting temperatures of −59.1 °C to −57.2 °C (Table 1; Figure 6), indicating that the carbonic phase is near pure or probably comprise other minor quantities of gas species, such as CH4 [50]. The homogenization of CO2 (Th(CO2)) into liquid takes place from 21.2 to 29.3 °C (mean 25.8 ± 3.1 °C; 1σ; n = 5), except for one inclusion, for which homogenization to vapor occurs at 20.3 °C (Table 1; Figure 6).





4.3. Laser Raman Results


Laser Raman spectroscopy analysis was carried out for the typical fluid inclusions trapped in the quartz grains associated with the ore-forming event, so as to acquire the compositions of fluid inclusions, and the Laser Raman spectra obtained are shown in Figure 7. No other components were detected, except water in the liquid and vapor phases for the type 1 aqueous inclusions (Figure 7a,b). For the type 2 H2O–CO2 (Figure 7c–e) and type 4 CO2 inclusions (Figure 7f), some of the carbonic phases comprise nearly pure CO2, whereas others contain minor quantities of CH4.




4.4. Composition and Density of Fluid Inclusions


Using the Bakker program [51] and MacFlincor software [52], the salinity, density, and composition of fluid inclusions were calculated according to the microthermometric data. In addition, the CH4 content in the carbonic phase was calculated based on the V–X diagrams [53]. The corresponding results are displayed in Table 2.



4.4.1. Salinity


Salinities in type 1 aqueous inclusions range from 0.18 to 17.00 wt.% equiv. NaCl (mean 9.2 ± 4.5; 1σ; n = 76; Table 2; Figure 8). Type 2 H2O–CO2 inclusions contain 1.23–13.26 wt.% equiv. NaCl (mean 7.8 ± 3.1; 1σ; n = 14) (Table 2; Figure 8). The salinities of the type 3 daughter mineral-bearing inclusions are of 28.59–32.87 wt.% equiv. NaCl (mean 30.6 ± 1.4; 1σ; n = 6) (Table 2; Figure 8).




4.4.2. Carbonic Phase Composition


For type 2 H2O–CO2 inclusions, the results of Laser Raman analysis (Figure 7) and the carbonic phase melting temperatures (Tm(CO2)) reveal temperatures 3.0 °C lower than the CO2 triple-point (−56.6 °C) (Table 1; Figure 6), indicating that the CH4 existed in the carbonic phase. The XCH4 was found to be 3–9 mol% (mean 6 ± 3 mol%; 1σ; n = 12; Table 2) according to Th(CO2) and Tm(CO2) on the basis of the V–X diagrams [53].




4.4.3. Bulk Composition and Density


The densities of type 1 aqueous inclusions were calculated to be between 0.467 and 0.98 g/cm3. Type 2 H2O–CO2 inclusions consist of ca. 90 mol% H2O and CO2, varying from 3.1 to 4.4 mol% with an average value of 3.6 ± 0.3 mol% (1σ; n = 14; Table 2). The bulk densities of type 2 H2O–CO2 inclusions are 0.954–1.053 g/cm3 (mean 1.015 ± 0.030 g/cm3; 1σ; n = 14). The densities of type 3 daughter mineral-bearing inclusions range from 0.865 to 0.896 g/cm3. For type 4 CO2 inclusions, the bulk densities are 0.405 to 0.758 g/cm3 (mean 0.583 ± 0.154 g/cm3; 1σ; n = 6; Table 2), with a constant XCO2 (0.952 to 0.990).






5. Isotope Geochemistry


5.1. δ18. O and δD of Quartz and Ore-Forming Fluids


The D-O isotope data for the hydrothermal quartz selected from eight gold-bearing disseminated and stockwork-style fine-grained granitic ores are given in Table 3. The measured δ18O values of hydrothermal quartz (δ18Oquartz) range from 6.8 to 9.3‰ (mainly 8.4 to 8.7‰), with an average value of 8.4‰ (Table 3). The δD values of fluid inclusions in hydrothermal quartz (δDquartz) range from −97.1 to −77.4‰, with an average value of −87.4‰ (Table 3).



The δ18Owater, i.e., the δ18O value of hydrothermal waters in equilibrium with hydrothermal quartz, is obtained based on the isotopic fraction equation of δ18Owater = δ18Oquartz − 3.38 × 106T−2 + 3.4 [54], where T is the oxygen isotope equilibrium temperature between the hydrothermal quartz and water, which is estimated to be 431 °C based on the homogenization temperatures obtained from the type 3 daughter mineral-bearing inclusions (Table 1). Accordingly, the calculated δ18Owater values vary from 3.4 to 5.9‰ (mainly 5.0 to 5.9‰), with an average value of 5.1‰ (Table 3).




5.2. δ34. S Isotope and Pb Compositions of Pyrite


The hydrothermal pyrites picked from 13 gold-bearing disseminated and stockwork-style fine grained granitic ores were used to carry out out δ34S and Pb isotope analyses (Table 4). The results show that the δ34SCDT values of the hydrothermal pyrites possess a relatively narrow range of 4.5 to 9.3‰ (mainly 6.2 to 8.1‰), with an average value of 6.7‰. Similarly, the Pb isotopic ratios also show narrow ranges, with 206Pb/204Pb ratios of 17.000 to 17.792, 207Pb/204Pb ratios of 15.415 to 15.520, and 208Pb/204Pb ratios of 37.176 to 37.870.





6. Discussion


6.1. Source of Ore-Forming Fluids


The δ18O values of hydrothermal quartzes have a narrow range of 6.8 to 9.3‰ (typically 8.4 to 8.7‰) (Table 3), suggesting that these hydrothermal quartzes are formed during the same stage. Figure 9 shows that the value of δ18Owater nearly lies within the field of primary magmatic water, indicating the origin of magmatic water [55]. The δDwater values are −97.1 to −77.4‰, being slightly lower than those of the primary magmatic water and overlapping with the lower end of the Sanfoshan Granite magmatic waters (Figure 9), which likely results from the early degassing process in an open magma system [56,57,58,59,60].



In addition, none of the D-O isotopic data of ore-forming fluids in the Xiawolong gold deposit fall within the values for magmatic waters of the Mesozoic Kunyushan, or the metamorphic water of the Jingshan Group (Figure 9), indicating that it is impossible that the ore-forming fluids were derived from these rocks. Furthermore, the δ18O and δD compositions possess a narrow region, without an obvious linear decreasing or increasing trend, as shown in Figure 9, which may indicated that during the ore-forming stage, no water–rock interaction and/or mixing with another source fluid occurred. This is consistent with the fact that no hydrothermal alteration, fault, or fracture developed in the Xiawolong gold deposit. Therefore, it is logical to conclude that the ore-forming fluid in the Xiawolong gold deposit is likely of a magmatic source.



The type 1 aqueous inclusions have a eutectic temperature of 58.4 to −51.2 °C, indicating the existence of CaCl2 in the fluid [62]. The identification of daughter minerals, such as sylvite and CO2 in fluid inclusions, proves that KCl and CO2 are important components. As a result, the ore-forming fluid of Xiawolong gold deposit should be ascribed to the NaCl-CaCl2-KCl–CO2-H2O system.



Middle-high temperature mineral assemblages, such as molybdenite and magnetite, are usually associated with gold-bearing pyrite in disseminated and stockwork-style fine-grained granitic ores in the Xiawolong gold deposit. Furthermore, the type 3 daughter mineral-bearing inclusions are represented by high temperature (416 to 439 °C) and high salinity (32.87 to 28.59 wt.% NaCl equiv.), whereas the type 1 aqueous and type 2 H2O–CO2 inclusions show the relatively lower temperature and salinity, being 201 to 480 °C and 0.18 to 17.00 wt.% NaCl equiv. for the type 1 aqueous inclusions, and 218 to 385 °C and 1.23 to 13.26 wt.% NaCl equiv. for the type 2 H2O–CO2 inclusions (Figure 10). In addition, it can be seen that the type 1 aqueous, type 2 H2O–CO2, and type 3 daughter mineral-bearing inclusions coexisted in the same view field. Therefore, it is logical to infer that it is impossible for these inclusions to have been captured from a homogeneous fluid system, whereas the similar homogenization temperatures obtained suggest fluid immiscibility, resulting from extensive fluid boiling. The fluid immiscibility changes the chemical and physical properties of the ore-forming fluid system, which is beneficial to the deposition of pyrite, magnetite, molybdenite, and other sulfide minerals.




6.2. Ore-Forming Material Sources


The δ34S values of hydrothermal pyrite in the gold-bearing disseminated and stockwork-style fine-grained granitic ores possess a narrow range, from 4.5 to 9.3‰ (mainly 6.2 to 8.1‰) (Figure 11a), with an average value of 6.7‰, indicating that they originated from the same source. All values are at the top part of the spectrum of the representative range of orogenic gold deposits [63,64], and also within the ranges of the Mesozoic Kunyushan granitoids (Figure 11b). Therefore, the δ34S value in the Xiawolong gold deposit could be derived from the Mesozoic Kunyushan granitoids.



The Pb isotopic compositions of the hydrothermal pyrite in the gold-bearing disseminated and stockwork-style fine-grained granitic ores possess a narrow range and overlap with those of the metamorphic rocks of the Paleoproterozoic Jingshan group (Figure 12). Moreover, they overlap with the field of Mesozoic Kunyushan granitoid, which is the main host rock of the Xiawolong gold deposit. Thus, the Pb isotopic compositions of pyrite can be considered to mainly come from the host rocks. In addition, the Pb isotopic compositions of these pyrites span the lower crust and orogenic line (Figure 12), indicating that they are likely from the lower crust and are related to the orogenic lead reservoir.




6.3. Gold Precipitation Mechanism


In the Early Cretaceous, the Jiaodong Peninsula underwent lithospheric extension and thinning, which led to strong magmatic activity [42]. During the process of granitic magma invading along the structure, the crystallization differentiation of the magmatic system itself probably resulted in the late-stage magmatic hydrothermal fluid being rich in Be-Li-Nb-Ta-Sn-Bi-W-Mo-Cu-Zn-U-Au [25,26,27,28]. With regard to the late stage of granitic magmatic crystallization, the fluid is dominantly sourced from magma degassing and fluid exsolution, which is represented by both high salinity and temperature. When the fluid migrates upward and suffers structural fracture, the release of fluid pressure and the boiling of fluid occurred suddenly, which resulted in the fluid immiscibility indicated by the coexistence of type 1 aqueous, type 2 H2O–CO2, and type 3 daughter mineral-bearing fluid inclusions in the same view field. The fluid immiscibility makes an important contribution to the precipitation of molybdenite, magnetite, pyrite, and other sulfides.



The Au of the Xiawolong deposit develops mostly in the form of pyrite. Previous studies suggested that Au can migrate in several complex forms through the ore-forming fluid system. The main theories on the mechanism of Au precipitation, forming complexes in hydrothermal solution, are as follows: natural cooling [67,68,69], mixing of different fluids [8,67,70,71,72,73], fluid boiling or immiscibility [74,75,76,77,78,79], a change in pH or oxygen fugacity and the water–rock reaction [80,81,82,83], and pressure decrease [81]. The Au precipitation in the Xiawolong deposit is mostly concentrated in the fine-grained granite. The fluid immiscibility changes the chemical and physical properties of the ore-forming fluid system [84], resulting in the deposition of pyrite, magnetite, molybdenite, and other sulfide minerals.




6.4. Comparison with other Gold Deposits in the Jiaodong Peninsula


As mentioned above, the “Jiaojia-type”, characterized by the Xincheng, Jiaojia, Luoshan, and Taishang gold deposits (Figure 1), and the “Linglong-type”, characterized by the Linglong, Fushan, and Wang’ershan gold deposits (Figure 1), are the two types of gold mineralization in the Jiaodong Peninsula. Although the “Jiaojia-type” is composed of stockwork and disseminated pyrite–sericite–quartz-altered ores hosted within the first-order regional faults, and the “Linglong-type” is represented by gold-bearing quartz veins hosted in the lower-order NNE- to NE-trending faults, they both have similar ore-forming ages, mineral paragenesis, and alteration assemblages [1,61]. They are characterized by middle-low temperature ore mineral assemblages, including pyrite, chalcopyrite, galena, and sphalerite [20]. Three types of fluid inclusions associated with gold mineralization are H2O–CO2–NaCl, aqueous, and CO2 fluid inclusions [1]. The ore-forming fluid is represented by medium-high homogenization temperatures of 211 to 393 °C, significant CO2 (ca.15% mol), minor amounts of CH4 (≤18% in the carbonic phase), and low salinity (≤11.2 wt.% NaCl eq.) [1,20]. Most of the hydrogen–oxygen isotopic data of both the “Jiaojia-type” and the “Linglong-type” gold ore deposits are concentrated within the range of −80‰ to −33‰ for δD and −5‰ to 11‰ for δ18O (Figure 9), suggesting that the ore-forming fluids possess a metamorphic source together with the mixing of meteoric water [20,61]. The δ34S values of hydrothermal pyrite have a narrow range, from 4.5‰ to 8.0‰, and are within the very broad range of the majority of lode gold deposits [63,64]. In general, both the “Jiaojia-type” and “Linglong-type” of gold mineralization are formed in large-scale unified events, in terms of the consistent ore-forming process, mechanism of gold deposition and timing of gold mineralization, are considered to be orogenic gold deposits [1,2,3].



However, the Xiawolong gold deposit is hosted in late Early Cretaceous fine-grained granite, which is generally fresh and non-deformed. All of the gold orebodies are represented by the stockwork-style and disseminated ores developed in the fresh fine-grained granite dikes. No hydrothermal alteration surrounded the orebodies. Middle-high temperature mineral assemblages, such as molybdenite and magnetite, are usually associated with gold-bearing pyrite. The fluid inclusions can be divided into four types: type 1 aqueous, type 2 H2O–CO2, type 3 daughter mineral-bearing, and type 4 CO2 fluid inclusions. The ore-forming fluid of the Xiawolong gold deposit has a magmatic source and is mainly a NaCl-CaCl2-KCl–H2O system with high temperature (416 to 446 °C) and high salinity (32.87 to 28.59 wt.% NaCl equiv.). The δ34S value is derived from that of the Mesozoic Kunyushan granitoids. The Pb isotopic compositions of pyrite show that it is likely that the Mesozoic Kunyushan granitoids are the main source of Pb.



In view of the distinct stable isotope compositions and ore-forming fluid systems, together with the disconcordant wall-rock alteration assemblages, structural systems, nature of orebodies, and gold occurrence conditions, it is concluded that the gold mineralization in the Xiawolong deposit, associated with the fine-grained granite, is different from the “Jiaojia-type” and “Linglong-type” gold deposits in the Jiaodong Peninsula.




6.5. Implications for Intrusion-Related Gold Systems


As mentioned above, the gold orebodies in the Xiawolong deposit occur in the fresh fine-grained granite dikes, and K-feldspar crystals are observed on the edge of some quartz veins. These observations, and the presence of K-feldspar crystals hosted in pyrite (Figure 4f), indicate the transition from the final stage of magmatism towards the formation of orebodies with the presence of other sulfides (Figure 4h–k), suggesting that the mineralization paragenesis is intimately related to the magmatic stage [85]. These finding are comparable to similar features described in the Passa Três gold deposit (southern Brazil), where aplitic dikes occur close to or along gold-bearing quartz veins [85]. It should be noted that these features usually occur within the roof zone of the granitic system [86], such as the syenite-associated gold deposits in the Abitibi greenstone belt in Canada [87], the Porgera gold deposit in the highlands of Papua New Guinea [88], or the Timbarra gold deposit in Australia [89].



In intrusion-related environments, the most favorable areas for the formation of gold deposits are apical portions of small intrusions [90], such as the Fort Knox deposit [89]. According to [91], the shallow intrusion-related gold deposits (<5 km) usually have fluid inclusions with high temperatures and high salinities, as well as low-salinity CO2 fluid inclusions, which are characteristic for the Xiawolong deposit. Furthermore, the D-O isotopes indicates a magmatic water origin for the ore-forming fluid in the Xiawolong deposit. Therefore, it is logical to conclude that for the Xiawolong gold deposit, the ore-forming process is the result of the fluid release that can occur during the transition from magmatic to hydrothermal stages.





7. Conclusions


(1) The Xiawolong gold deposit is hosted in late Early Cretaceous fine-grained granite and is represented by stockwork-style and disseminated ores, with high-temperature mineral assemblages, such as molybdenite and magnetite, associated with the gold-bearing pyrite.



(2) Four types of primary fluid inclusions in the Xiawolong gold deposits were identified: type 1 aqueous, type 2 H2O–CO2, type 3 daughter mineral-bearing, and type 4 CO2 fluid inclusions (in order of the decreasing abundance of fluid inclusions). The ore-forming fluid is of a NaCl-CaCl2-KCl–H2O system, represented by both high temperature (416 to 446 °C) and salinity (32.87 to 28.59 wt.% NaCl equiv.).



(3) The D-O isotopes indicate a magmatic water origin for the ore-forming fluid, and magma degassing resulting in a decrease in fluid δD. The S isotope indicates that the sulfur is from the Mesozoic Kunyushan granitoids. The Pb isotopic compositions of pyrite show that it is likely that the Mesozoic Kunyushan granitoids are the main source of Pb.



(4) The fluid immiscibility, rather the wall-rock sulfidation and fluid mixing, causes changes in the chemical and physical properties of the ore-forming fluid system, resulting in the deposition of pyrite, magnetite, molybdenite, and other sulfide minerals.



(5) The Xiawolong gold deposit is a magmatic hydrothermal deposit having a genetic relation to the fine-grained granite, unlike the “Jiaojia-type” and “Linglong-type” gold deposits in the Jiaodong Peninsula.
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Figure 1. (a) A simplified tectonic map of the North China craton showing the location of the Jiaodong Peninsula. Adapted with permission from Ref. [6]. 2012, Elsevier. (b) A simplified geological map of the Jiaodong Peninsula showing the distribution of crystalline basement, Mesozoic volcanic-sedimentary sequence and granitoids, major structures, and typical gold deposits. Adapted with permission from Ref. [1]. 2015, Elsevier. Main faults: WQYF, Wulian–Qingdao–Yantai Fault; TLF, Tan–Lu Fault; ZPF, Zhaoping Fault; SSDF, Sanshandao Fault; JJF, Jiaojia Fault; MRF, Muping–Rushan Fault. Typical gold deposits: ① Jiaojia; ② Xincheng; ③ Linglong; ④ Taishang; ⑤ Fushan; ⑥ Luoshan; ⑦ Wang’ershan; ⑧ Xiawolong. 
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Figure 2. Geological map of the Muping–Rushan gold belt. Adapted with permission from Ref. [46]. 2007, Elsevier. 
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Figure 3. (a) Geological map of the Xiawolong gold deposit. (b) No. 31# and (c) No. 35# prospecting line profile of the Xiawolong gold deposit. (d) The abrupt contact between the medium- to coarse-grained monzogranite and medium- to fine-grained monzonite. (e) The abrupt contact between the medium- to coarse-grained monzogranite and the fine-grained granite dike. (f) Unaltered fine-grained granite. 
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Figure 4. Photographs of (a,b) disseminated and (c) stockwork-style ores developed in the fresh fine-grained granite dikes. Photomicrographs under transmitted light (d–f) and reflected light (g–l), showing the important minerals, textures, and occurrences of gold at Xiawolong deposit; (d) Subhedral and anhedral quartz, calcite, K-feldspar, and plagioclase; (e) Subhedral and anhedral quartz and biotite intergrown with pyrite; (f) subhedral and anhedral quartz, K-feldspar, and plagioclase intergrown with pyrite; (g) euhedral pyrite intergrown with quartz; (h) anhedral pyrite intergrown with quartz; (i) pyrite intergrown with magnetite and pyrrhotine; (j) pyrite intergrown with chalcopyrite and pyrrhotine; (k) anhedral molybdenite associated with magnetite; (l) gold on the margin of magnetite. Abbreviations: Qz, quartz; Bt, biotite; Cal, calcite; Kfs, K-feldspar; Pl, plagioclase; Au, gold; Py, pyrite; Mot, molybdenite; Mag, magnetite; Po, pyrrhotine; Ccp, chalcopyrite. 
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Figure 5. (a–c) Photomicrographs under cross-polarized light showing the micro-texture characteristics of quartz grains for fluid inclusion studies: (a) fine-grained subhedral quartz grains intergrown with disseminated euhedral pyrite; (b) fine-grained subhedral quartz grains intergrown with sulfide vein; (c) fluid inclusions occurring as irregular, three dimensional clusters or in isolation. (d–i) Photomicrographs under plane-polarized light showing the characteristics of fluid inclusions from Xiawolong gold deposit: (d) type 1 inclusions (liquid H2O + vapor H2O) occurring as irregular, three-dimensional clusters; (e) type 2 H2O–CO2 inclusions containing three phases (liquid H2O + liquid CO2 + CO2-rich vapor); (f) type 3 daughter mineral-bearing inclusions coexisting with types 1 and 2 within the same field of view; (g) type 4 CO2 inclusions consisting of liquid CO2 and vapor CO2; (h) type 1 inclusions with elongated and irregular shapes; (i) type 1 inclusions occurring along pseudo-secondary trails. Abbreviations: Qtz, quartz; Py, pyrite. 
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Figure 6. Histograms of microthermometric data including: (a) melting temperatures of CO2 (Tm(CO2)), (b) clathrate-melting temperatures (Tm(clath)), (c) final ice melting temperatures (Tm(ice)), (d) homogenization temperatures of CO2 (Th(CO2)), (e) dissolution temperatures of halite/sylvite (Td), and (f) temperatures of total homogenization (Th(tot)). 
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Figure 7. Laser Raman spectra for fluid inclusions representative of the various types described from Xiawolong gold deposit. (a,b) Type 1 aqueous inclusions, (c–e) type 2 H2O–CO2 inclusions, and (f) type 4 CO2. 
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Figure 8. Frequency histograms of salinity (wt.% equiv. NaCl) of different types of fluid inclusions trapped in quartz. 
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Figure 9. Calculated δD and δ18O values of ore-forming fluids in the Xiawolong gold deposit. Data for the areas of magmatic water of the Kunyushn granite, magmatic water of the Sanfoshan granite, metamorphic water of the Jinshan Group, and the “Jiaojia-type” and “Linglong-type” gold deposits are from [20,61] and references therein. Adapted with permission from Ref. [20]. 2017, Elsevier andRef. [61]. 2014, Acta Petrol. Sin. 
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Figure 10. Temperatures (°C) of total homogenization (Th(tot)) versus salinity (wt.% equiv. NaCl) for different types of fluid inclusions trapped in quartz in the Xiawolong gold deposit. 
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Figure 11. (a) Histograms of δ34S values of hydrothermal pyrites from the Xiawolong gold deposit. (b) Comparison of sulfur isotopic compositions in Xiawolong and related major geologic bodies. The ranges of major geologic bodies are from [65]. Adapted with permission from Ref. [65]. 2014, Acta Petrol. Sin. 
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Figure 12. Pb isotopic compositions of pyrite in the Xiawolong gold deposit. The evolution lines for major geological units are from Zartman and Haines [66]. Adapted with permission from Ref. [66]. 1988, Elsevier. UC, upper crust; O, orogen; M, mantle; LC, lower crust. 
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Table 1. Summary of the microthermometric data for fluid inclusions trapped in quartz at the Xiawolong gold deposit. Note: data are given as mean, 1σ standard deviation, range, and number of measurements.
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Ore Style

	
Fluid Inclusion Type

	
Tm co2 (°C)

	
Tme (°C)

	
Tm ice (°C)

	
Tm Clath (°C)

	
Th co2 (l,°C)

	
Th co2 (v,°C)

	
Td (℃)

	
Th TOT (°C)






	
disseminated

	
Type 1 aqueous

	
/

	
−58.4 to −51.2 (−55 ± 2.3, n = 9)

	
−13 to −0.3 (−6.9 ± 3.2, n = 43)

	
/

	
/

	
/

	
/

	
201 to 480 (283.8 ± 80.1, n = 43)




	
Type 2 H2O-CO2

	
−56.6 to −59.1 (−58.2 ± 0.8, n = 7)

	
/

	
/

	
4.3 to 9.4 (6.5 ± 1.8, n = 7)

	
22.3 to 27.3 (24.3 ± 2.2, n = 4)

	
21.3 to 26.1 (23.7 ± 2, n = 3)

	
/

	
220 to 385 (257.6 ±5 6.5, n = 7)




	
Type 3 daughter mineral-

bearing

	
/

	
/

	
−17.1 to −1.5 (−8.1 ± 6.6, n = 3)

	
/

	
/

	
/

	
120 to 219 (175.3 ± 41.2, n = 3)

	
416 to 446 (432.7 ± 12.5, n = 3)




	
Type 4 CO2

	
−56.6 (n = 1)

	
/

	
/

	
/

	
/

	
20.3 (n = 1)

	
/

	
/




	
stockwork

	
Type 1 aqueous

	
/

	
/

	
−12.5 to −0.1 (−5.5 ± 3.7, n = 33)

	
/

	
/

	
/

	
/

	
202 to 390 (296.5 ± 56.7, n = 33)




	
Type 2 H2O-CO2

	
−59.6 to −56.6 (−57.9 ± 1, n = 7)

	
/

	

	
2 to 7 (4.9 ± 1.5, n = 7)

	
30.2 to 30.4

(30.3 ± 0.1, n = 2)

	
30.1 to 30.6 (30.3 ± 0.2, n = 5)

	
/

	
218 to 289 (242 ± 22.9, n = 7)




	
Type 3 daughter mineral-

bearing

	
/

	
/

	
−11.8 to −5.1 (−7.4 ± 3.1, n = 3)

	
/

	
/

	
/

	
139 to 192 (165.3 ± 21.6, n = 3)

	
421 to 439 (429 ± 7.5, n = 3)




	
Type 4 CO2

	
−59.1 to −56.6 (−56.8 ± 0.3, n = 3)

	
/

	
/

	
/

	
21.2 to 29.3

(24.6 ± 34, n = 3)

	
/

	
/

	
/
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Table 2. Composition of fluid inclusions trapped in quartz at the Xiawolong gold deposit. Note: data are given as mean, 1σ standard deviation, range, and number of measurements.
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Ore Style

	
Fluid

Inclusion Type

	
Eq. wt.% NaCl

	
Bulk XH2O

	
Bulk XNaCl

	
Bulk XCO2

± CH4

	
Carbonic XCO2

	
Carbonic XCH4

	
Bulk Density

	
Bulk Molar Volume






	
disseminated

	
Type 1 aqueous

	
0.35 to 17 (10.1 ± 4, n = 43)

	
1.05 to 2.14 (1.23 ± 0.22, n = 43)

	
0.0011 to 0.0594 (0.0341 ± 0.014, n = 43)

	
/

	
/

	
/

	
0.467 to 0.952 (0.831 ± 0.118, n = 43)

	
20.6 to 39.6 (23.9 ± 4.2, n = 43)




	
Type 2 H2O-CO2

	
1.23 to 10.14 (6.41 ± 3.2, n = 7)

	
0.932 to 0.953 (0.941 ± 0.007, n = 7)

	
0.004 to 0.032 (0.020 ± 0.010, n = 7)

	
0.035 to 0.044 (0.038 ± 0.003, n = 7)

	
0.92 to 0.96 (0.94 ± 0.02, n = 7)

	
0.04 to 0.08 (0.06 ± 0.02, n = 7)

	
0.954 to 1.053 (1.010 ± 0.038, n = 7)

	
19.2 to 19.8 (19.5 ± 0.2, n = 7)




	
Type 3 daughter mineral-

bearing

	
28.6 to 32.9 (30.9 ± 1.8, n = 3)

	
1.12 to 1.15 (1.13 ± 0.02, n = 3)

	
0.11 to 0.13 (0.12 ± 0.01, n = 3)

	
/

	
/

	
/

	
0.866 to 0.896 (0.883to0.013, n = 3)

	
25.91 to 26.03 (25.96 ± 0.05, n = 3)




	
Type 4 CO2

	
/

	
/

	
/

	
/

	
0.96 to 0.99 (0.97 ± 0.01, n = 3)

	
0.01 to 0.04 (0.03 ± 0.01, n = 3)

	
0.405 to 0.758 (0.537 ± 0.157, n = 3)

	
57.7 to 106.5 (86.6 ± 30.0, n = 3)




	
stockwork

	
Type 1 aqueous

	
0.18 to 16.35 (8.07 ± 4.92, n = 33)

	
1.02 to 1.82 (1.31 ± 0.23, n = 33)

	
0.0006 to 0.0575 (0.0270 ± 0.017, n = 33)

	
/

	
/

	
/

	
0.549 to 0.98 (0.785 ± 0.126, n = 33)

	
20.55 to 33.24 (24.91 ± 3.72, n = 33)




	
Type 2 H2O-CO2

	
5.77 to 13.26 (9.1 ± 2.2, n = 7)

	
0.93 to 0.95 (0.94 ± 0.006, n = 7)

	
0.018 to 0.044 (0.029 ± 0.008, n = 7)

	
0.031to0.036

(0.034 ± 0.001, n = 7)

	
0.91 to 0.97 (0.95 ± 0.02, n = 7)

	
0.03 to 0.09 (0.05 ± 0.02, n = 7)

	
0.998 to 1.042 (1.019 ± 0.015, n = 7)

	
19.3 to 19.6 (19.5 ± 0.1, n = 7)




	
Type 3 daughter mineral-

bearing

	
29.3 to 31.5 (30.3 ± 0.9, n = 3)

	
1.13 to 1.16 (1.14 ± 0.01, n = 3)

	
0.113 to 0.124 (0.018 ± 0.005, n = 3)

	
/

	
/

	
/

	
0.865 to 0.887 (0.879 ± 0.010, n = 3)

	
25.8 to 26.1 (25.9 ± 0.2, n = 3)




	
Type 4 CO2

	
/

	
/

	
/

	
/

	
0.95 to 0.99 (0.98 ± 0.02, n = 3)

	
0.01 to 0.05 (0.02 ± 0.02, n = 3)

	
0.438 to 0.747 (0.629 ± 0.136, n = 3)

	
58.5 to 97.4 (72.7 ± 17.5, n = 3)
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Table 3. The D-O isotopic composition of quartz in the Xiawolong gold deposit.






Table 3. The D-O isotopic composition of quartz in the Xiawolong gold deposit.





	
Ore Style

	
Sample

	
δDwater (‰)

	
δ18Oquartz (‰)

	
δ18Owater (‰)

	
T (°C)






	
stockwork-style ores

	
XWL-g9

	
−85.0

	
9.3

	
5.9

	
431




	
XWL-g11

	
−77.4

	
8.4

	
5.0

	
431




	
XWL-g16

	
−81.5

	
8.7

	
5.3

	
431




	
XWL16D001B2

	
−90.3

	
8.6

	
5.2

	
431




	
Disseminated ores

	
TZ2ZK3-5 XTS-37~41

	
−92.7

	
8.5

	
5.1

	
431




	
2ZK317

	
−86.6

	
6.8

	
3.4

	
431




	
TS②ZK2-31 XTS-21~25

	
−89.1

	
8.5

	
5.1

	
431




	
TS②ZK2-43

	
−97.1

	
8.5

	
5.1

	
431
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Table 4. Sulfur isotopic compositions and lead isotopic ratios of pyrite in the Xiawolong gold deposit.






Table 4. Sulfur isotopic compositions and lead isotopic ratios of pyrite in the Xiawolong gold deposit.





	
Ore Style

	
Sample

	
δ34SCDT (‰)

	
208Pb/204Pb

	
207Pb/204Pb

	
206Pb/204Pb






	
Stockwork ores

	
XWL-g1

	
6.6

	
37.369

	
15.436

	
17.247




	
XWL-g3

	
6.9

	
37.870

	
15.504

	
17.792




	
XWL-g9

	
6.1

	
37.432

	
15.444

	
17.193




	
XWL-g10

	
7.6

	
37.490

	
15.468

	
17.481




	
XWL-g11

	
7.1

	
37.472

	
15.459

	
17.526




	
XWL-g12

	
7

	
37.498

	
15.467

	
17.500




	
XWL-g16

	
8.1

	
37.453

	
15.459

	
17.432




	
Disseminated ores

	
TZ2ZK3-5 XTS-37~41

	
6.6

	
37.619

	
15.480

	
17.297




	
TZ2ZK3-4 XTS-32~36

	
6

	
37.294

	
15.415

	
17.000




	
2ZK317

	
4.5

	
37.745

	
15.520

	
17.586




	
TS②ZK2-31 TS-21~25

	
6.2

	
37.176

	
15.432

	
17.040




	
TS②ZK2-43

	
5.2

	
37.519

	
15.479

	
17.390




	
TS7ZK1-8 XTS-42–45

	
9.3

	
37.436

	
15.458

	
17.240
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