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The eastern Tianshan Terrane is a highly prospective zone that contains several porphyry Cu–Mo, VMS Cu–Zn, magmatic Cu–Ni, epithermal and orogenic Au deposits. However, few attention has been paid to tungsten deposits. Of these, the source and evolution of the mineralising fluids related to the skarn W deposits are poorly understood. The Heiyanshan W deposit is hosted by metamorphosed clastic and carbonate beds in the Mesoproterozoic Jianshanzi Formation deposited on a continental margin tectonic setting. The Jianshanzi Formation is intruded by biotite monzogranite that yield weighted 206Pb/238U age of 326.9 ± 1.6 Ma, which suggest that the Heiyanshan W deposit was formed in the Carboniferous. The mineralisation is hosted by a prograde hydrothermal altered zone represented by a garnet (–pyroxene) skarn, and retrograde skarn characterised by fine-grained scheelite. The paragenesis of the Heiyanshan mineralisation can be subdivided into prograde skarn stage, retrograde skarn stage, quartz-sulphide stage and quartz-calcite vein stage. The types of fluid inclusions recognised in the various minerals in the deposits are liquid-rich aqueous, vapour-rich aqueous, and daughter mineral-bearing. The homogenisation temperatures of fluid inclusions from the Heiyanshan deposit decrease from 290 ± 28°C in garnet, through 232 ± 31°C in scheelite, to 232 ± 36°C in quartz and 158 ± 15°C in non-mineralised calcite, which is typical of W-bearing skarn deposits worldwide. The δ18Owater values from the Heiyanshan deposit range from +4.7 to +6.6‰ in garnet, +1.3 to +1.9‰ in quartz and −6.1 to −4.4‰ in calcite. We have measured δD in fluid inclusions from different minerals, although these bulk analyses are just a mixture of the different FIA’s present in the sample. The δD values of fluid inclusions in garnet, quartz, and calcite are from −121 to −71‰, −84 to −75‰ and −101 to −82‰, respectively, also indicative of deep-sourced magmatic fluids mixed with meteoric water. The decrease in the homogenisation temperatures for the fluid inclusions at the Heiyanshan deposit is accompanied by a drop in salinity indicating that tungsten-bearing minerals precipitated during fluid mixing between magmatic fluids and meteoric water. We conclude that eastern Tianshan Terrane contains two pulse of tungsten metallogenic events of Late Carboniferous and Early Triassic.
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INTRODUCTION
Chinese production of tungsten accounts for over half of the world’s supply of the metal. Skarns are one of the most common hosts for the W representing 71% of China’s production of W (Chang et al., 2019). Tungsten deposits in China are widely distributed in the South China Block, Kunlun-Qilian-Qinling-Dabie-Sulu orogens, Sanjiang and Himalaya-Tibetan, and Central Asian Orogen Belt (CAOB). The Nanling region in central South China Block contains over 73% of Chinese tungsten resources in an area covering ∼6,600 km2 (Mao et al., 2019).
The eastern Tianshan Terrane (ETT) at the southern margin of the CAOB, is a highly prospective region containing several major porphyry Cu–Au–Mo, VMS Cu–Zn and magmatic Cu–Ni deposits, as well as orogenic and epithermal gold deposits (Chen et al., 2012; Deng et al., 2016; Wang et al., 2016, 2018; Wang and Zhang, 2016; Xiao et al., 2017; Wu et al., 2018; Li et al., 2019; Zhang et al., 2019; Chen et al., 2020; He et al., 2020; Muhtar et al., 2020). Several large porphyry Mo and W–(Mo) skarn deposits are also present in the region, including the Donggebi Mo, Baishan Mo, Shadong W-Rb and Xiaobaishitou W–(Mo) deposits (Deng et al., 2017; Wu et al., 2017; Chen et al., 2018; Li et al., 2019b, 2020a). These W skarn deposits contain resources of over 200,000 t WO3, with minor molybdenum and rubidium.
The Heiyanshan W skarn deposit located in the central part of the ETT was discovered in 2013 with a pre-mining resource of over 10,000 t WO3. Previous studies focused on the geology, geochemistry, geochronology of ore-related granites at W deposits of the ETT (Chen, 2006; Li et al., 2011; Deng et al., 2017; Chen et al., 2018; Li et al., 2019a), but there are few detailed descriptions of fluid inclusions and systematic isotope studies of the major skarn W deposits. The Heiyanshan skarn deposits provide an excellent opportunity to study the source and evolution of mineralised fluids and metals, and how the W mineralisation precipitated in skarns. This study aims to improve our understanding of the major W skarn mineralisation in NW China.
REGIONAL GEOLOGY
The CAOB is bounded by the Tarim Block to the south and by the Siberian Craton to the north (Figures 1A–C; Sengör et al., 1993; Windley et al., 2007; Xiao et al., 2013, 2020). The ETT is a significant component of the CAOB located between the Kelameli Fault in the north and the Toukexun-Gangou-Xinxingxa Fault in the south (Figure 1B). The ETT is subdivided into the North Tianshan and Central Tianshan Blocks, separated by the Aqikekuduke Fault (Figure 1C; Qin et al., 2002).
[image: Figure 1]FIGURE 1 | Geological maps of the eastern Tianshan Terrane showing: (A) Tectonic setting of the North Xinjiang region (modified after Sengör et al., 1993); (B) the distribution of tectonic units in the North Xinjiang region (modified after Chen et al., 2012); and (C) Tectonic framework and distribution of ore deposits in the eastern Tianshan Terrane (modified after Deng et al., 2017).
The Northern Tianshan Block is subdivided in the Dananhu-Tousuquan and Harlik Belts in the north separated from the Aqishan-Yanmansu Belt in the south by the Kangguer-Huangshan Shear Zone (Gu et al., 2001). The Dananhu-Tousuquan volcanic arc consists of Ordovician to Devonian volcanic and sedimentary rocks hosting VMS Cu–Zn deposits (Deng et al., 2016, 2020) and porphyry Cu deposits (Zhang et al., 2006; Wang et al., 2016, 2018). The Yamansu volcanic arc includes Carboniferous to Permian volcanic-sedimentary rocks hosting several Fe deposits (Zhao et al., 2019). The Kanggur–Huangshan Shear Zone includes Cu-Ni sulphide, porphyry Mo deposits and orogenic Au deposits (Mao et al., 2015; Wu et al., 2018; Muhtar et al., 2020).
The Central Tianshan Block (CTB) includes Meso-to Neoproterozoic greenschist to amphibolite facies metamorphic rocks and minor Palaeozoic volcano-sedimentary rocks (Qin et al., 2002; Lei et al., 2011). The Mesoproterozoic rocks include Jianshanzi Formation in the Kawabulag Group (Lei et al., 2011). The Precambrian units are intruded by Palaeozoic and Mesozoic plutons (Wang et al., 2006), some of which are related to tungsten skarn deposits, such as the Xiaobaishitou and Heiyanshan deposits (Deng et al., 2017). The CTB includes the Weiya V–Ti magnetite, Tianhu Fe, and the Caixiashan giant-size Pb–Zn deposit, and the Permian mafic-ultramafic complexes present along the northern margin of the area, which hosts the Tianyu and Baishiquan Cu-Ni deposits (Wu et al., 2010; Yu et al., 2018; Li et al., 2019; Tang et al., 2020).
GEOLOGY OF THE HEIYANSHAN DEPOSIT
Geological Background
The host lithologies at Heiyanshan deposit consist of the Mesoproterozoic Jianshanzi Formation of the Kawabulag Group (Figure 2; Hu et al., 2016). The Kawabulag Group is distributed in the southern part of the Heiyanshan district (Figure 2A), with strike near east-west and dip about 50°–70° to the southeast. It is represented by a suite of metamorphic rocks, mainly marble, dolomite marble, metamorphic sandstone, and mica quartz schist, in which marble is the main ore-bearing lithology.
[image: Figure 2]FIGURE 2 | Geological map and profiles of the Heiyanshan deposit (modified after Hu et al., 2016).
The igneous rocks at the deposit include Carboniferous biotite monzogranite and E-trending dykes of diorite. The Carboniferous biotite monzogranite is distributed in the northern part of the ore district, intruding into the Kawabulag Group. It is grey, medium-grained, and consists of plagioclase (35–40 wt%), K-feldspar (25–33 wt%), quartz (25–30 wt%), biotite (5–8 wt%), and accessory amounts of tourmaline and zircon. The biotite monzogranite is characterized by high silicon and alkali, and plot into high-K calc-alkaline series. The ASI values cluster between 0.91 and 1.02, indicating metaluminous affinity. The residual marble of the Kawabulag Group can be seen in the biotite monzogranite, accompanied by scheelite mineralization.
The structure of the ore district includes faults, folds and contact zone structures, which obviously control the formation and distribution of orebodies.
Orebodies
The Heiyanshan deposit includes 25 scheelite-rich orebodies hosted by skarn in contact of biotite monzogranite and marble, to a minor extent, in fractures in the biotite monzogranite (Jiang, 2016). Three economic W orebodies referred to as the No. XⅧ, XX, XⅣ orebodies grading between 0.12 and 1.06 wt% WO3 have been delineated at the deposit, which are 100–1,500 m long and 0.5–8 m thick (Figure 2A; Hu et al., 2016).
No. XⅧ orebody is located in the southwestern part of the ore district, with the thickness of 4.6 m, and length of 1,186 m and an ore grade of 0.52 wt% WO3. The orebody is mainly composed of garnet skarn and diopside skarn, which occurs in the external contact skarn zone along the contact zone structure. The direction of dip of the orebody is 120–170° and the dip angle is 50–90°.
No. XⅣ orebody is located in the northwest of the ore district, with a thickness of 1.1 m, and a length of 1,194 m and an ore grade of 0.41 wt% WO3. The orebody is mainly composed of garnet skarn and diopside skarn and occurs in the external contact skarn zone along the contact zone structure (Figure 3). The direction of dip of the orebody is 350–14° and the dip angle is 40–65°.
[image: Figure 3]FIGURE 3 | Columnar diagram of drill hole of the Heiyanshan deposit showing the sample location.
No. XX orebody is located in the eastern part of the ore district, with the thickness of 7.2 m, and length of 289 m and an ore grade of 0.31 wt% WO3. The orebody occurred as lens between biotite monzogranite and marble, with a dip of 135° and a dip angle is 50–70°.
Skarn Mineralogy and Paragenesis
The skarn is zoned with garnet in the inner zone near biotite monzogranite, succeeded by pyroxene in the outer zone (Figure 3). The skarn is composed of garnet and pyroxene, with minor amounts of scheelite, magnetite, quartz, and calcite (Figures 4A,B). The scheelite is disseminated in the skarn and associated with the retrograde skarn alteration, or in quartz veins cut the skarn (Figures 4B,C,E). Based on field investigation and petrographic observation, the paragenesis of the Heiyanshan mineralisation is subdivided into: 1) prograde skarn stage; 2) retrograde skarn stage; 3) quartz-sulphide vein stage; and 4) quartz-calcite vein stage (Figure 5).
[image: Figure 4]FIGURE 4 | Photographs and photomicrographs of mineralisation at the Heiyanshan deposit: (A) garnet and pyroxene in banded skarn; (B) disseminated scheelite in the garnet-pyroxene skarn; (C) tourmaline occurred as vein in altered biotite monzogranite; (D) garnet and pyroxene in banded skarn; (E) quartz-scheelite vein cross-cut the garnet-pyroxene skarn; (F) tourmaline in altered monzogranite; (G) prograde euhedral garnet overgrown by retrograde epidote, quartz, and calcite; (H) prograde pyroxene replaced by calcite; and (I) prograde garnet and pyroxene cut by a quartz–calcite vein. (J) tourmaline occurs as veins in altered granite, and replaced by quartz + calcite.
[image: Figure 5]FIGURE 5 | Mineral paragenesis for the Heiyanshan W deposit.
The prograde skarn stage is characterised by large amounts of garnet and pyroxene in banded skarn (Figures 4A,D). The garnet is fine-grained (0.05–0.5 mm), euhedral to subhedral, and is commonly intergrown with pyroxene (Figures 4D,E,G). The EPMA data show that garnet from the Heiyanshan W deposit is essentially grossularite-andradite-pyralspite (Gr-Ad-Py) solid solutions (Table 1; Figure 6A). The composition of garnet is relatively uniform and there are no obvious core and rim structure. In most cases, the garnet are enriched in Fe relative to Al. The composition range of Gr, Ad and Py is 78.43–80.39%, 8.99–11.58%, and 9.99–11.47%, respectively. The pyroxene is green, fine-grained (0.01–0.5 mm), and euhedral to subhedral (Figure 4H). The EPMA data show that pyroxene from the Heiyanshan W deposit is essentially diopside-hedenbergite (Di-Hd) solid solutions (Table 1; Figure 6B). In summary, the garnet in the Heiyanshan W deposit displays characteristics similar to those in most other skarn systemsand are compositionally consistent with garnets in W skarns (Figure 6; Meinert et al., 2005).
TABLE 1 | Representative Electron Microprobe Analyses of garnet from the Heiyanshan deposit.
[image: Table 1][image: Figure 6]FIGURE 6 | Ternary diagrams summarizing garnet and pyroxene compositions in the Heiyanshan W deposit. Ad = andradite, Gr = grossular, Pyralspite = (pyrope + almandine + spessartine).
The retrograde skarn stage consists of epidote, tremolite, actinolite, scheelite and quartz, which replace the garnet and pyroxene in the prograde skarn (Figures 4B,G). The quartz-sulphide stage is characterised by veins with the mineral assemblages of quartz-scheelite, and quartz-molybdenite-pyrrhotite-chalcopyrite-sphalerite-galena, which cross-cut the earlier stages intrude into the earlier skarn stage ores (Figures 4C,E,F). The quartz-calcite stage is represented by calcite veinlets crosscutting the skarn (Figure 4I). In addition, the tourmaline occurs as veins in altered granite (Figures 4C,J) and has no direct contact with skarn minerals, thus, the relationship between tourmaline and skarn is not clear. However, tourmaline is replaced by quartz + calcite (Figure 4J), indicating earlier than the quartz-calcite stage.
SAMPLING AND ANALYTICAL METHODS
Fluid Inclusion Study
All the samples used for fluid inclusions study were collected from drill hole of the Heiyanshan deposit (Figure 3). Doubly polished thin sections with a thickness of ∼0.20 mm were prepared from garnet, scheelite, quartz, and calcite samples associated with different stages of the Heiyanshan mineralisation. The fluid inclusions were carefully observed to identify their genetic relationships and types, vapour-liquid ratios, and spatial clustering, and to choose representative examples for microthermometric studies. The studies were carried out using a Linkam THMSG600 Heating–Freezing stage at the Fluid inclusion laboratory of the Institute of Geology for Mineral Resources in Beijing. The heating stage is designed to measure temperatures between −196 and 600°C, and it was attached to a Leica DM2700P microscope connected to a television camera and screen. The stage was calibrated using synthetic fluid inclusions at −56.6, 0.0, and +374.1°C, with a heating/freezing rate of 0.2–5.0°C/min, which was reduced to <0.2°C/min near the phase transformation. The uncertainties for the measurements are ±0.5°C for runs in the range from −120 to 30°C, ± 1 for temperatures between 30 and 300°C, and ±2.0°C from 300 to 600°C. Ice melting temperatures were observed at a heating rate of less than 0.1°C/min, and homogenisation temperatures at a rate of ≤1°C/min.
All low-temperature phase transitions were measured using a standard procedure starting with rapidly cooling to −120°C. This was followed by progressive heating at a rate of 5–10°C/min and reduced to <0.5°C/min near the phase transformation. Two-phase transitions were observed in the inclusions involving the melting of the ice (Tm(ice)) and the homogenisation temperature (Th). All the phase transitions were measured using the cycling method described by Goldstein and Reynolds (1994). Salinities of aqueous inclusions were calculated using the equations of Bodnar (1993).
Isotopic Analyses
Ten samples from the Heiyanshan deposit were selected for hydrogen and oxygen isotope studies. The sample location is recorded in Figure 2 and Figure 3. The samples from the Heiyanshan deposit comprise four from garnet in the prograde skarn, three from quartz in the quartz-sulphide stage, and three from calcite in the carbonate stage.
The analytical methods were explained in detail by Ding (1988). Mineral separates were reacted with BrF5, followed by total conversion to CO2 for oxygen isotope analysis. The δD values were measured on water in fluid inclusions decrepitated from garnet, quartz, and calcite separates by heating at 600°C for 1 h. The released gases were passed through a CuO bucket at 600°C and frozen with liquid nitrogen to obtain water from which hydrogen gas was released by reduction with zinc.
The oxygen, hydrogen and carbon isotope analyses were conducted using a Finnigan MAT 253 EM mass spectrometer at the Open Laboratory for Isotope Geochemistry, Chinese Academy of Geological Sciences in Beijing. Isotopic data were reported per mil relative to the Vienna SMOW standard for oxygen and hydrogen. The total uncertainties were estimated to be better than ±0.2‰ for δ18O and ±2.0‰ for δD at the σ level.
Zircon LA-ICPMS U–Pb Dating
Zircon sample was collected from unaltered granite (H1602-39). The sample location is recorded in Figure 2C and Figure 3. The LA-ICP-MS U-Pb dating analyses of zircon was performed at the Key Laboratory of Marine Resources and Coastal Engineering, Sun Yat-sen University. The analyses were performed using a 193 nm ArF excimer laser ablation system (GeoLasPro) coupled with an Agilent 7,700x ICP-MS. A 32 µm spot size was used with an energy density of 5 J/cm2 and a repetition rate of 5 Hz. Zircon 91500 was used as age standard (1,062 Ma, Wiedenbeck et al., 1995). Analytical methodology is described in detail in Liu et al. (2010). Errors on individual analyses by LA-ICPMS are quoted at 95% (1σ) confidence level.
FLUID INCLUSIONS
Types of Fluid Inclusions
Three types of primary fluid inclusions were identified in different minerals from the Heiyanshan deposits (Figure 7). The L-type inclusions are biphase liquid-rich inclusions with variable proportions of vapour between 5 and 20 vol%. This type of inclusion commonly has a negative crystal shape, elliptic or irregular shapes and range in size from 5 to 20 μm, and is the dominant type at the Heiyanshan deposits (about 90% of the total). The V-type inclusions are biphase inclusions with high vapour proportions containing >50% vapour/(vapour + liquid). These inclusions commonly have negative crystal or ellipse shape and range in size from 5 to 30 μm.
[image: Figure 7]FIGURE 7 | Photomicrographs of fluid inclusions from the Heiyanshan deposit showing: (A) scattered two-phase L-type fluid inclusions in garnet from the prograde skarn; (B) coexistence of L- and V-type fluid inclusions in scheelite (C, D) two-phase L-type fluid inclusions randomly distributed in quartz with similar homogenise temperatures; (E) coexisting L- and V-type fluid inclusions in quartz; and (F) clusters of two-phase L-type fluid inclusions in calcite.
Entrapment Sequence of Fluid Inclusions
The Microthermometry results of fluid inclusions in the samples of the Heiyanshan W deposit are summarized in Figure 8. Although CL image can be successfully used for the interpretation of the entrapment sequence of fluid inclusions in the sample, the entrapment sequence of fluid inclusions was identified in the different skarn minerals. The prograde skarn stage includes garnet and pyroxene, which contain abundant L-type inclusions (Figure 7A) and are considered to be primary fluid inclusions (c.f. Goldstein and Reynolds, 1994; Chi et al., 2021). The retrograde skarn stage contains scheelite, which contain primary L-type and V-type inclusions that are scattered or randomly distributed within the host crystals (Figure 7B). The sulphide stage includes sulphide and quartz enriched in L- and V-type inclusions (Figures 7C–E). The carbonate stage contains L-type fluid inclusions in calcite (Figure 7F).
[image: Figure 8]FIGURE 8 | Histogram of the homogenisation temperature and salinity for fluid inclusions at Heiyanshan deposit.
Microthermometry
In the prograde garnet, 33 of L-type and inclusions have been analyzed (Table 2; Figure 8). The L-type inclusions with melting of the ice (Tm (ice)) range from −9.4 to −4.8°C, corresponding to salinity of 7.6–13.3 wt% NaCl equiv (mean = 10.4 ± 1.6 wt% NaCl equiv.). They are homogenized to liquid at 228–338°C, with mean of 290 ± 28°C. The bulk densities range from 0.74 to 0.93 g/cm3.
TABLE 2 | Microthermometric data for fluid inclusions from the Heiyanshan W deposits.
[image: Table 2]In the scheelite of quartz-sulfide stage, 28 L-type inclusions have been analyzed (Table 2). The L-type inclusions with Tm(ice) range from −9.5 to −3.4°C. The estimated salinities range from 5.6 to 13.4 wt% NaCl equiv (mean 9.4 ± 1.9 wt% NaCl equiv.). They are homogenized to liquid at temperatures of 146–296°C (mean = 232 ± 31°C), slightly lower than that of the L-type inclusions in prograde garnet. The bulk densities range from 0.81 to 0.96 g/cm3.
In the quartz of quartz-sulfide stage, 159 L-type inclusions are analyzed (Table 2). The L-type inclusions with Tm(ice) range from −9.5 to −3.2°C. The estimated salinities range from 5.3 to 13.4 wt% NaCl equiv (mean = 9.0 ± 1.7 wt% NaCl equiv.). They are homogenized to liquid at temperatures of 178–393°C (mean = 232 ± 36°C). The bulk densities range from 0.78 to 0.96 g/cm3.
In the calcite of carbonate stage, a total of 35 L-type inclusions yield Tm(ice) of −5.5 to −1.6°C (Table 2), salinities of 2.7–8.5 wt% NaCl equiv (mean = 5.2 ± 1.3 wt% NaCl equiv.), and homogenization to liquid at temperature of 136–186°C (mean = 158 ± 15°C). The bulk densities range from 0.91 to 0.98 g/cm3.
OXYGEN AND HYDROGEN ISOTOPIC SYSTEMATICS
The δ18O values for garnet in the prograde skarn at the Heiyanshan W deposit range from +4.8 to +6.7‰, and the δ18O values for quartz from the sulphide stage range from +11.1 to +11.7‰ (Table 3). The δ18O values of +8.7 to +10.4‰ for calcite from the carbonate stage are similar to those of the sulphide stage. Considering the homogenisation temperatures of the fluid inclusions, the calculated δ18Owater values of the mineralising fluid related to the prograde skarn range from +4.7 to +6.6‰ (Table 3; Figure 9). The calculated δ18Owater values for quartz from the sulphide stage are between +1.3 and +1.9‰, which are obviously lower than those of the skarn. The carbonate stage has δ18Owater values between −6.1 and −4.4‰, lower than those of the sulphide stage and skarn.
TABLE 3 | Isotopic compositions (‰) of samples from the Heiyanshan W deposit.
[image: Table 3][image: Figure 9]FIGURE 9 | CL images and concordia diagrams of zircon samples from the Heiyanshan W deposit.
The measured δD values of fluids associated with the prograde skarn at the Heiyanshan W deposit are between −121 and −71‰, and the δD values of quartz from sulphide stage range from −84 to −75‰ (Table 3). The carbonate stage has δDwater values between −101 and −82‰, with are lower than those for the sulphide stage and skarn.
ZIRCON U-PB DATING
Zircons in sample H1602-39 are colorless and euhedral (Figure 10A). The crystals range in length from 100 to 200 μm, with length/width ratios ranging from 2:1 to 4:1. Cathodoluminescence images reveal complex zoning characterized by two major concentric zones, i.e., core and rim (Figure 10A). The LA-ICP-MS analyses were concentrated on the zircon rims in an attempt to date the crystallization age of the granite.
[image: Figure 10]FIGURE 10 | Homogenisation temperature vs salinity diagrams for the measured fluid inclusions at the Heiyanshan deposits.
Twelve analyses conducted on the rims show they have 2,649–10654 ppm U, 429–2,947 ppm Th, and Th/U ratios of 0.16–0.28 (Table 4). Their 206Pb/238U ages vary from 325.8 ± 2.8 Ma to 329.6 ± 2.8 Ma (1σ error), with an average of 326.9 ± 1.6 Ma (n = 12, MSWD = 0.16; Figure 10B), which is interpreted as the crystallization age of the granite.
TABLE 4 | LA-ICP-MS zircon U-Pb dating results of granites from the Heiyanshan W deposit.
[image: Table 4]DISCUSSION
Fluid Evolution in the W-Skarn Deposits
Our studies show that the evolution of hydrothermal fluids related to the Heiyanshan W-skarn deposits involved at least four stages: 1) an early high to moderate temperature of ∼290°C during the development of the prograde stage; 2) development of a retrograde skarn hosting W mineralisation; 3) development of a low-temperature (∼230°C) quartz-sulphide stage hosting scheelite; and 4) development of a low-temperature (160°C) barren carbonate stage. The temperature of the mineralising fluid decreased from the prograde skarn, through the sulphide stage to the carbonate stage, which is consistent with W-skarns worldwide (Figure 11; Pan et al., 2019).
[image: Figure 11]FIGURE 11 | Graphs showing (A) the calculated δD and δ18O values for fluids; and (B) homogenise temperatures and δ18O values for the mineralisation at the Heiyanshan deposit.
During Carboniferous, the carbonaceous limestone and marble in the Jianshanzi Formation was intruded by the biotite monzogranite in the extensional event associated with the alteration of the limestone into the prograde skarn. Primary fluid inclusions in minerals have long been thought to be relics or residuals of mineralising fluids trapped and preserved in crystals (c.f. Roedder, 1984; Chen et al., 2007; Pirajno, 2009). For example, prograde skarns at the W-skarn deposits in the Tienshan region included high temperature (>400°C), medium pressure (>700 bars), and high salinity (>45wt% NaCl equiv.) magmatic-related hydrothermal fluids that exsolved from a crystallising magma (Soloviev, 2011, 2015; Soloviev and Kryazhev, 2017a,b). However, the fluid inclusions at the W-hosted prograde skarns in the ETT have high to moderate homogenisation temperatures of ∼300°C and medium to low salinities and are classified as NaCl-H2O fluids. Furthermore, the tourmaline occurs as veins in altered granite indicates that the magma-related hydrothermal fluid at the deposits contained boron in addition to aqueous solution (Figure 4F).
The fluid inclusions in the retrograde skarn at the Heiyanshan W deposit are characterised by their low temperatures (∼230°C), moderate to low salinities, and can be classified as a NaCl–H2O fluid. The H–O isotopes in the quartz at the deposit are indicative of magmatic fluids mixed with meteoric water resulted in the formation of coarse-grained scheelite in quartz veins.
The fluid inclusions in the carbonate stage have low-temperatures (160°C), low salinities, low pressure, and can be classified as NaCl-H2O fluids. The δD and δ18O values point to a meteoric source for the fluid inclusions. Thus, the precipitation of calcite represents the end of the magma-related mineralising hydrothermal fluids.
Fluid Mixing and Precipitation of Tungsten
The precipitation of scheelite can relate to cooling of the carrying fluids resulting in the decrease in W-solubility, fluid mixing, and the buffering of pH levels neutral levels by reaction with carbonate rocks (e.g., Wood and Samson, 2000; Robb, 2005).
If simple cooling of the mineralised fluids led to tungsten deposition, it would be expected that the fluid’s salinity would not change significantly (Ni et al., 2015). However, the salinity decreases from the early prograde skarn to the late carbonate stage at Heiyanshan (Figure 11), which also excludes cooling as a key factor during the mineralising process.
Fluid boiling is also crucial for the deposition of tungsten-bearing minerals because fluid boiling increase pH values that destabilize tungsten complexes, leading to tungsten precipitation (c.f. Jiang et al., 2019). The irregular presence of L- and V-type inclusions in scheelite from the oxide stage and quartz from the sulphide stage are characteristic of fluid boiling (Figures 7B,E). However, the fluid inclusions homogenizing into different phases (liquid and gas) at similar temperatures is not obvious in the Heiyanshan deposit. Therefore, fluid boiling may not be the major cause to promote tungsten precipitation for the Heiyanshan deposit.
Einaudi et al. (1981) proposed that the key mechanism for precipitating scheelite in skarns is the increase of Ca2+/H+ due to reaction of W-rich fluids with Ca-rich lithologies, but this would include changes in the fluid’s salinity (c.f. Wilkinson, 2001). The calculated δ18Owater and δDwater values for fluid inclusions in the prograde skarn at Heiyanshan plot near the edge of the magmatic box on the δD-δ18O diagram (Figure 9), which is similar to that of the prograde skarn at Xiaobaishitou (Li et al., 2020b). The calculated δ18Owater and δDwater values for the carbonate stage plot closer to the meteoric water line (Figure 9), indicating the possible contribution of meteoric water. The fluids from sulphide stage have δ18Owater and δDwater values intermediate between those for the prograde skarn and carbonate stages, indicating a mixing of deep-sourced magmatic fluids with meteoric water.
Therefore, it is proposed that the fluid mixing during its reaction with carbonates are the major factors involved during the precipitation of scheelite at Heiyanshan deposit.
Two Pulse of Tungsten Skarn in East Tianshan
In recent years, several tungsten skarn deposits have been discovered in ETT, and the WO3 resources of these tungsten skarn deposits are more than 200,000 tons. The tungsten deposit in ETT is mainly distributed in the Central Tianshan Block and the South Tianshan Terrane (Figure 1). The Central Tianshan Block contains Xiaobaishitou W (-Mo), Shadong Rb-W, Heiyanshan W, Jiangshan W, Shadongdong W and Jinshan Au-W deposit. South Tianshan Terrane contains Zhongbao W, Sangshuyuanzi W and Wutonggou W deposits (Figure 1C). The metallogenic ages of these tungsten deposits can be divided into two stages, namely, Late Carboniferous and Early Triassic.
The Zhongbao and Sangshuyuanzi W deposits in Kumush area of South Tianshan Terrane are typical skarn tungsten deposits. The W orebodies occur in the contact zone between quartz schist and marble of the Arpishimaibulag Formation and monzogranite. Chen et al. (2013) reported that LA−ICP−MS zircon U–Pb age of monzogranite from the Zhongbao and Sangshuyuanzi W deposits are 296 ± 4 Ma and 293 ± 3 Ma, respectively, indicating that the tungsten deposits in the Kumush area of South Tianshan were mainly formed in the Late Carboniferous. We have recently discovered the Wutonggou tungsten skarn deposit in the South Tianshan Terrane. The orebody is stratiform and lenticular and occurs in the contact zone between quartz schist and marble of the Arpishimaibulag Formation and monzogranite. The LA−ICP−MS zircon U–Pb age of Wutonggou monzogranite is 313 ± 2 Ma (unpublished data), indicating an important Late Carboniferous tungsten mineralization in Kumush area, South Tianshan Terrane. This paper reports a LA−ICP−MS zircon U–Pb age of 326.9 ± 1.6 Ma for the biotite monzogranite in the Heiyanshan W deposit (Figure 10), which indicate a Late Carboniferous tungsten mineralization in the Central Tianshan Block.
The Xiaobaishitou and Heiyanshan W deposits are typical calcareous skarn deposits in Central Tianshan Block. The orebody is controlled by the contact zone of Mesoproterozoic Jianshanzi Formation of the Kawabulag Group and granite. Although Chen and Wang (1993) have reported whole rock Rb–Sr isochron age of 294 ± 49 Ma for Xiaobaishitou W deposit, the easily disturbed Rb–Sr isotopic systems make these data unreliable. Deng et al. (2017) reported that LA−ICP−MS zircon U–Pb age of biotite granite and Mo-mineralized granite are 242 ± 1.7 Ma and 240.5 ± 2.1 Ma, which constrains the emplacement age of the Xiaobaishitou granite more precisely as 240 Ma. Li et al. (2020b) obtained molybdenite Re-Os isochron age and muscovite 40Ar/39Ar plateau age of 253.0 ± 2.7 Ma and 247.6 ± 2.3 Ma, respectively, which consistent with our results. The Shadong W deposit is unique magnesia skarn tungsten deposit in Central Tianshan Block. Tungsten skarn occurs in the contact zone between schist and gneiss of Kawabulag Group and granite. Chen et al. (2018) obtained a LA−ICP−MS zircon U–Pb age of 239 ± 2 Ma, indicating the development of large-scale Early Triassic tungsten mineralization in the Central Tianshan Block.
In a word, ETT contains two pulse of tungsten metallogenic events of Late Carboniferous and Early Triassic. More and more tungsten deposits have been discovered in ETT, indicating that ETT will become an important tungsten metallogenic belt in northwest China.
CONCLUSION
The ore-foming process at the Heiyanshan W deposit in the East Tianshan consists of four stages, namely, prograde skarn stage, retrograde skarn stage, quartz-sulphide vein stage, and quartz-calcite vein stage.
The mineralised magma-related hydrothermal fluids related to the Heiyanshan W deposit progressed with the development of a skarn at moderate to low temperatures and salinities.
The decrease in the fluid’s temperatures is probably due to a gradual introduction of meteoric water interacting with the hydrothermal fluid resulting in the deposition of scheelite.
The LA-ICP-MS zircon U–Pb age of 326.9 ± 1.6 Ma for the host biotite monzogranite, demonstrating that the Heiyanshan W system was formed in the Carboniferous, and the eastern Tianshan contains two pulse of tungsten metallogenic events.
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Al,O5 20.52 20.49 20.68 20.85 20.24
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MnO 244 233 2.35 247 236
MgO 0.1 0.09 0.10 0.08 0.06
Ca0 335 33.17 3391 33.83 34.02
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Total cations 8011 8.002 8.009 8.008 8015

End member percentages

Grossularite 79.01 79.24 79.62 80.39 78.43
Andradite 9.990 9.630 9.910 8.990 11.58
Pyr + Spe + Am 11.00 11.23 10.47 10.62 9.990

Abbreviation: Aim = alamacine, Pyr = pyrope, Sp = Spessartine.
TFe® = FaO + Fo0s
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Average
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L
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The 6'%0,, values were calculated using equations for gamet-water, quartz-water and calcite-water provided by Bottinga and Javoy, 1975, Zheng, 1993, and O'Nell et al. (1969),

respectively.
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