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Abstract:  14 
Granite-related wolframite-quartz veins are the world’s most important economic tungsten 15 
mineralization style. Recent progress in revealing their hydrothermal processes has been greatly 16 
facilitated by the use of infrared microscopy and laser ablation-inductively coupled plasma-mass 17 
spectrometry (LA-ICP-MS) analysis of both quartz- and wolframite-hosted fluid inclusions. 18 
However, owing to the paucity of detailed petrography, previous fluid inclusion studies on 19 
coexisting wolframite and quartz are associated with a certain degree of ambiguity. To better 20 
understand the fluid processes forming these two minerals, free-grown crystals of intergrown 21 
wolframite and quartz from the giant Yaogangxian W deposit in South China were studied using 22 
integrated in situ analytical methods including cathodoluminescence (CL) imaging, infrared 23 
microthermometry, Raman microspectroscopy and fluid inclusion LA-ICP-MS analysis. Detailed 24 
crystal-scale petrography with critical help from CL imaging shows repetition of quartz, wolframite 25 
and muscovite in the depositional sequence, which comprises a paragenesis far more complex than 26 
previous comparable studies. The reconstruction of fluid history in coexisting wolframite and quartz 27 
recognizes at least four successive fluid inclusion generations, two of which were entrapped 28 
concurrently with wolframite deposition.  29 
Fluctuations of fluid temperature and salinity during precipitation of coexisting wolframite and 30 

quartz are reflected by our microthermometry results, according to which wolframite-hosted fluid 31 
inclusions do not display higher homogenization temperature or salinity than those in quartz. 32 
However, LA-ICP-MS analysis shows that both primary fluid inclusions in wolframite and quartz-33 
hosted fluid inclusions associated intimately with wolframite deposition are characterized by strong 34 
enrichment in Sr and depletion in B and As, compared to quartz-hosted fluid inclusions that are not 35 
associated with wolframite deposition. The chemical similarity between the two fluid inclusion 36 
generations associated with wolframite deposition implies episodic tungsten mineralization derived 37 
from fluids exhibiting distinct chemical signatures. Multiple chemical criteria including 38 
incompatible elements and Br/Cl ratios of fluid inclusions in both minerals suggest a magmatic-39 
sourced fluid with possible addition of sedimentary and meteoric water. Combined with 40 
microthermometry and Raman results, fluid chemical evolution in terms of B, As, S, Sr, W, Mn, Fe 41 
and carbonic volatiles collectively imply fluid phase separation and mixing with sedimentary fluid 42 
may have played important roles in wolframite deposition, whereas fluid cooling and addition of Fe 43 
and Mn do not appear to be the major driving factor.  44 



This study also shows that fluid inclusions in both wolframite and coexisting quartz may contain 45 
substantial amount of carbonic volatiles (CO2 ± CH4) and H3BO3. Ignoring the occurrence of these 46 
components can result in significant overestimation of apparent salinity and miscalculation of LA-47 
ICP-MS elemental concentrations. We suggest that these effects should be considered critically to 48 
avoid misinterpretation of fluid inclusion data, especially for granite-related tungsten-tin deposits. 49 
 50 
Key Words: wolframite-quartz vein, fluid inclusion petrography, LA-ICP-MS, SEM-CL, infrared 51 
microscopy, fluid geochemistry, metallogenic mechanism. 52 
 53 

Introduction 54 
Vein-type tungsten deposits, mostly referring to wolframite-quartz veins, provide approximately 44 % 55 
of the world’s known economic tungsten resource next to scheelite-skarn and contribute over 70 % 56 
of the global tungsten production (Werner et al., 2014). Wolframite-quartz veins consist of 57 
wolframite and quartz as the chief ore and gangue minerals, respectively, although variable amount 58 
of other W/Sn oxides and a variety of sulfides may also occur up to economic grade. Genetically, 59 
these veins and the commonly associated greisen-type mineralization are products of hydrothermal 60 
systems connected with shallow-seated (ca. 1.5 ~ 5 km) and highly fractionated granitic intrusions 61 
(Shcherba, 1970; Cerny et al., 2005).  62 

The hydrothermal processes controlling wolframite precipitation in wolframite-quartz veins have 63 
been debated for many decades. Early studies revealing fluid nature forming these veins were based 64 
mainly on fluid inclusion in quartz, and to a lesser extent in other coexisting transparent minerals 65 
such as cassiterite, scheelite, fluorite and topaz (e.g., Kelly and Rye, 1979; Zaw and Thet, 1983; 66 
Shepherd and Waters, 1984; Higgins, 1980, 1985; Guiliani et al., 1988; Lynch, 1989). In 1984, 67 
infrared microscopy was first applied to visualize internal textures of opaque minerals and thus 68 
enabled microthermometry measurement of wolframite-hosted fluid inclusion (Campbell et al., 69 
1984). Since then, comparative studies have been carried out on fluid inclusion in coexisting 70 
wolframite and quartz (e.g., Campbell and Robinson-Cook, 1987; Campbell and Panter, 1990; 71 
Lüders, 1996; Rios et al., 2003; Wei et al., 2012; Ni et al., 2015; Li et al., 2018; Chen et al., 2018; 72 
Korges et al., 2018; Legros et al., 2018). Among these works, a consensus is developing that most 73 
wolframite was precipitated from fluids displaying diverse temperature and/or salinity compared to 74 
the coexisting quartz, so that the two intergrown minerals are usually not cogenetic. Accordingly, it 75 
has been concluded that only wolframite-hosted fluid inclusions provide the true properties of ore-76 
forming fluid, whereas quartz-hosted fluid inclusions are unrepresentative (Campbell and Panter, 77 
1990; Lüders, 1996; Wei et al., 2012; Ni et al., 2015; Li et al., 2018 and Chen et al., 2018). 78 

However, the complexity of hydrothermal processes forming coexisting ore and gangue minerals 79 
has been increasingly recognized either based on elaborated petrography of free-grown crystal 80 
samples (e.g., Audétat et al., 1998, 2000) or via the application of scanning electron microscope-81 
cathodoluminescence (SEM-CL) imaging on quartz (e.g., Boiron et al., 1992; Van den Kerkhof and 82 
Hein, 2001; Rusk and Reed, 2002; Lambrecht and Diamond, 2014; Frelinger et al., 2015). A number 83 
of detailed fluid inclusion studies have demonstrated that millimeter-scale porphyry-type quartz 84 
veins can be products of multi-stage hydrothermal fluids featured by distinct physical and chemical 85 
properties, so that discrimination of the detailed fluid history is critical for revealing the 86 
metallogenic mechanism (Rusk and Reed, 2002; Landtwing et al., 2005; Klemm et al., 2007, 2008; 87 
Pudack et al., 2009; Stefanova et al., 2014 and Ni et al., 2017). Likewise, one may find it hard to 88 



imagine that quartz in larger scale wolframite-quartz veins (up to tens of centimeter thick) was 89 
precipitated from a rather monotonous fluid. Nevertheless, most previous fluid inclusion studies on 90 
coexisting wolframite and quartz from vein-type tungsten (± tin) deposits lack detailed petrography 91 
based on CL-revealed quartz textures (e.g., Campbell and Robinson-Cook, 1987; Campbell and 92 
Panter, 1990; Lüders, 1996; Wei et al., 2012; Ni et al., 2015; Li et al., 2018; Chen et al., 2018; 93 
Korges et al., 2018; Legros et al., 2018). Consequently, the complexity of hydrothermal history in 94 
wolframite-quartz veins is still poorly documented, and the affinity between fluid inclusions hosted 95 
by quartz and the intergrown wolframite remains elusive. 96 

From the late 1990s, laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) 97 
analysis of single fluid inclusion serves as one of the most powerful analytical techniques allowing 98 
quantitative determination of most major and trace elements with their detection limit lower to ppm 99 
level (Günther et al., 1998; Heinrich et al., 2003; Pettke et al., 2012). Previous quantitative fluid 100 
inclusion studies on vein-type tungsten deposits are particularly scarce, and only limited data from 101 
fluid inclusions in cassiterite and few gangue minerals have been reported (Heinrich et al., 1999; 102 
Audétat et al., 2000; Hulsbosch et al., 2016; Lecumberri-Sanchez et al., 2017; Legros et al., 2018). 103 
Recently, Korges et al. (2018) reported chemical compositions of both wolframite- and quartz-104 
hosted fluid inclusions from Sn-W quartz veins in the Zinnwald district. However, since the 105 
measured fluid inclusions are not from intergrown wolframite and quartz, and the paragenetic 106 
relationships between the fluid inclusion types are unclear, attempts to compare the chemical 107 
process of fluids forming coexisting wolframite and quartz are not applicable. 108 

In this contribution, a carefully selected sample comprising free-grown wolframite and quartz 109 
crystals from the giant Yaogangxian W deposit in South China is dissected using a combined in situ 110 
microanalytical protocol including SEM-CL imaging, infrared microthermometry, Raman 111 
microspectroscopy and single fluid inclusion LA-ICP-MS analysis. This paper aims to compare and 112 
better understand the detailed fluid processes forming coexisting wolframite and quartz via an 113 
elaborated petrography and quantitative analysis of fluid inclusion in both minerals. The 114 
complexities of hydrothermal history recorded in wolframite-quartz veins are demonstrated with 115 
special emphasis on mineral paragenesis and fluid inclusion entrapment sequence. Possible 116 
misinterpretation on fluid inclusion microthermometric and elemental composition data in previous 117 
studies are evaluated based on our results. This study also reports the first LA-ICP-MS analysis of 118 
wolframite-hosted fluid inclusions from vein-type tungsten deposit in China, and it is complemented 119 
by a preliminary discussion on wolframite deposition mechanism in light of fluid geochemistry. 120 
 121 

Geological Settings 122 
China is the world’s largest tungsten producer and hosts over 60 % of the world’s known tungsten 123 
resources (USGS, 2017). The majority of China’s tungsten resources and production are contributed 124 
by the world’s famous Nanling region in South China (Fig. 1, Hsu, 1943; RGNTD, 1985; Liu and 125 
Ma, 1993; Mao et al., 2007; Chen et al., 2008, 2013; Hu and Zhou, 2012; Ni et al., 2015). The 126 
Nanling region covers the joint area of ca. 2 × 105 km2 among the Jiangxi, Hunan, Guangdong and 127 
Guangxi Provinces (Shu, 2007). It is characterized by pervasively developed granitoids that are 128 
genetically related to the W-Sn mineralization (Hua et al., 2005; Chen et al., 2008, 2013). Except 129 
for few scheelite-skarn such as the giant Shizhuyuan W-Sn-Mo-Bi deposit (Lu et al., 2003), tungsten 130 
deposits in the Nanling region are predominately attributed to wolframite-quartz vein type (Fig. 1; 131 
Lu et al., 1986), among which Yaogangxian is the largest (Peng et al., 2006; Hu et al., 2012; Li et 132 



al., 2018). Tremendous previous geochemistry and geochronology studies have demonstrated that 133 
most of these deposits were formed in response to the emplacement of the Upper Jurassic granitoids 134 
during a limited time interval between ca. 165 and 150 Ma (Mao et al., 2007; Chen et al, 2013; Zhao 135 
et al., 2018; Yuan et al., 2018). 136 
 The Yaogangxian W deposit is located in the Chenzhou Prefecture of Hunan Province (Fig. 1). The 137 
deposit was initially explored in 1908, and it has being mined since 1914 with total WO3 production 138 
of over 60,000 tons to date (Hunan Yaogangxian Mining Co. Ltd., 2013). The total proven WO3 139 
reserve at Yaogangxian reaches approximately 500,000 tons (Zhu et al., 2015), which comprises 140 
two distinct types of W mineralization, i.e. wolframite-quartz vein (~ 200,000 tons) and scheelite-141 
skarn (~ 300,000 tons, Hsu, 1957; Zhu et al., 2015). Although scheelite has larger reserves, 142 
wolframite is mined predominately by far. The surface lithology of Yaogangxian is mainly featured 143 
by the Jurassic Yaogangxian composite granitic pluton (170 to 157 Ma, Dong et al., 2014) which 144 
intrudes the surrounding Paleozoic sedimentary strata (Fig. 2). The Yaogangxian composite granitic 145 
pluton is further divided into three phases, namely, coarse-grained biotite granite (ca. 170 Ma), 146 
medium- to fine-grained biotite granite (ca. 163 Ma) and fine-grained muscovite granite (ca. 155 147 
Ma, Dong et al., 2014). The two later phases are temporally associated with both types of W 148 
mineralization (ca. 155 ~ 163 Ma, Peng et al., 2006; Mao et al., 2007; Li et al., 2011). 149 

Over 200 NW- to NNW-striking, steeply dipping wolframite-quartz veins occur in the north and 150 
east contact zones between the granitic pluton and the surrounding sandstone (Fig. 2). These veins 151 
have variable thickness ranging from 0.01 to 22.3 m averaging at 0.5 to 1.5 m, and they display 152 
vertical extension mainly between 500 and 1,400 m (Hunan Yaogangxian Mining Co. Ltd., 2013). 153 
The massive scheelite-skarn orebody, measuring 2,000 m along strike by 1,433 m down dip and 154 
averaging 21.7 m in thickness, occurs in the west contact zone between the granitic pluton and the 155 
Devonian limestone (Fig. 2, Hunan Yaogangxian Mining Co. Ltd., 2013). Previous geology and 156 
geochronology studies suggest both types of W mineralization are cogenetic products of the same 157 
magmatic-hydrothermal system controlled by different host sediments (Hsu, 1957; Li et al., 2011). 158 
See Hsu (1957), Lin et al. (1987), Zhu et al. (2015) and Li et al. (2018) for more details on the 159 
deposit geology of Yaogangxian. 160 

 161 
Mineral Cavities & Sampling 162 

In addition to its significant role in tungsten production, the Yaogangxian deposit is one of the 163 
world’s renowned mineral specimen producers (Ottens and Cook, 2005; Cook, 2005). At 164 
Yaogangxian, over 60 mineral species have been recognized from open cavities in the wolframite-165 
quartz veins, where wolframite, bournonite and fluorite are well-known for developing into 166 
spectacularly brilliant crystals. Chen (1995) provides a systemic description of mineral cavities at 167 
Yaogangxian by summarizing the morphological features of 482 cavities from 22 major wolframite-168 
quartz veins. According to Chen (1995), open cavities are found mostly in wolframite-quartz veins 169 
occurring from 700 to 1,500 m ASL (above sea level), and they are best developed between 700 and 170 
1,150 m ASL, showing heterogeneous distribution among different veins. Over 90 % of cavities 171 
have volumes less than 0.34 m3, whereas large cavities with volume over 0.85 m3 are invariably 172 
found between 700 and 1,150 m ASL. However, due to intensive mining activities in the past decade 173 
with extra profits from selling specimen, outcropped cavities are nearly extinct below 1,200 m ASL. 174 
As a result, the examined free-grown crystal samples in this study are collected from veins above 175 
1200 m ASL or given by local miners. 176 



Six cavity samples containing euhedral wolframite and quartz crystals (Fig. 3) are obtained from 177 
wolframite-quartz veins at Yaogangxian. These crystals provide the best opportunity for fluid 178 
inclusion study because they usually contain large, well-preserved fluid inclusions and allow 179 
reconstruction of a clear chronological entrapment sequence (e.g., Audétat et al., 1998, 2000; Müller 180 
et al., 2001). However, because the cavities have more or less suffered from explosion during mining, 181 
all examined samples exhibit a certain degree of damage, and each only tells part of the cavities’ 182 
mineralogy and paragenesis. Except for wolframite and quartz, euhedral crystals of muscovite, 183 
arsenopyrite, pyrite, chalcopyrite, scheelite, calcite and fluorite selectively occur in different 184 
samples. Even though mineral assemblages of each sample can vary significantly from one another, 185 
a highly consistent paragenetic sequence is recognized according to the contact relationships 186 
between minerals. To be specific, quartz usually grows on the tip of coexisting wolframite crystals 187 
(e.g., Fig. 3a-b), whereas sulfides, calcite, fluorite and scheelite, if occur, commonly precipitate on 188 
the crystal surfaces of quartz or wolframite. Such relationships agree well with many previous 189 
studies (e.g., Campbell and Panter, 1990; Lüders, 1996; Wei et al., 2012; Ni et al., 2015; Li et al., 190 
2018; Chen et al., 2018) by roughly suggesting wolframite deposition at an earlier stage than 191 
coexisting quartz, which in turn is earlier than other minerals. 192 

However, detailed observation indicate a rather complicate story. Here, a suitable-sized sample 193 
(crystal 1-2, Fig. 3c-h) containing relatively intact coexisting wolframite and quartz crystals is 194 
selected for detailed dissection of mineral paragenesis and fluid history. As shown in Figure 3c-g, 195 
the studied sample mainly comprises a long tabular wolframite crystal and an intergrown prismatic 196 
quartz. Additional coexisting minerals include muscovite, arsenopyrite, chamosite and fluorite. 197 
Magnified photos show small quartz crystals grow on top of muscovite (Fig. 3f), as well as small 198 
wolframite grains trapped within the prismatic quartz (Fig. 3h). Due to crowded muscovite growth 199 
at the contact site, paragenetic relationship between the main wolframite and quartz crystals is 200 
difficult to tell. Nevertheless, a small branch of the main wolframite crystal is rooted into the main 201 
quartz crystal (Fig. 3e), indicating at least part of the quartz postdates the main wolframite. Special 202 
emphasis is given to the directional precipitation of arsenopyrite and chamosite on the ‘back’ side 203 
of the sample (Fig. 3d). Careful observation also shows entrapment of small wolframite (and 204 
muscovite) grains within the ‘back’ side of the main quartz crystal (Fig. 3h). Given their 205 
precipitation planes are parallel to each other, these observations collectively suggest a series of 206 
gravity-derived deposition of arsenopyrite, chamosite, wolframite and muscovite during vein 207 
formation. In other words, the paleo gravity should be perpendicular to the precipitation plane or 208 
‘back’ side, which was originally the upward face. Notably, although both arsenopyrite and 209 
chamosite show gravity-derived features, the arsenopyrite only selectively occurs on muscovite and 210 
wolframite, whereas the chamosite grains are scattered all over the exposed upward face. This 211 
phenomenon implies the initial nucleation of arsenopyrite occurred after wolframite and muscovite 212 
crystallization but prior to the prismatic quartz. The solo fluorite crystal also occurs on the upward 213 
face of the wolframite crystal, but it does not necessarily indicate gravity-derived deposition (Fig. 214 
3f). 215 

To better clarify the mineral paragenetic sequence and accordingly reconstruct the entrapment 216 
history of fluid inclusions, two doubly polished thin sections (300 µm in thickness) were made from 217 
the prismatic quartz crystal in the direction parallel to c axis and perpendicular to the precipitation 218 
plane. One doubly polished thin section (200 µm in thickness) of the main wolframite crystal was 219 
cut parallel to the (010) face to improve the chances of finding primary fluid inclusions (e.g., Bailly 220 



et al., 2002). These sections were mapped in detail using infrared and conventional microscopies, 221 
and then studied via the analytical procedures described below. 222 
 223 

Analytical Methods 224 

SEM-CL 225 

The scanning electron microscope-cathodoluminescence (SEM-CL) imaging was performed on two 226 
quartz crystal sections to distinguish different quartz generations and their paragenetic contexts that 227 
are usually not visible in hand sample or under transmitted light microscopy. The thin sections were 228 
ultrasonically cleaned and then carbon-coated before analysis. In total, 142 CL images were 229 
obtained using a Tescan MIRA3 LM instrument equipped with a CL detector at Nanjing 230 
Hongchuang Geological Exploration Technology Service Co. The applied acceleration voltage and 231 
current were set at consistent values of 15 kV and 1.2 nA, respectively. Each CL image was collected 232 
by 60 s accumulation and shared about 15 % overlapping area with the surrounding images to insure 233 
seamless stitching of panorama.  234 
 235 

Infrared microthermometry 236 

Fluid inclusion microthermometry was carried out using a Linkam THMSG600 Heating-Freezing 237 
stage mounted on an Olympus BX51 microscope at the State Key Laboratory for Mineral Deposits 238 
Research, Nanjing University. The microscopy is equipped with an infrared camera and filter to 239 
allow infrared observation and microthermometry on wolframite-hosted fluid inclusions (Ni et al., 240 
2015; Li et al., 2018). Determination of synthetic fluid inclusion standards using both infrared and 241 
normal transmitted light yielded identical phase transition temperatures within analytical precision, 242 
so that temperature shift (Moritz, 2006) induced by infrared light is negligible. Quartz-hosted fluid 243 
inclusions were measured using conventional approach in transmitted light. The Linkam Heating-244 
Freezing stage has a temperature range of −195 to +600°C. The stage was calibrated by measuring 245 
the melting points of pure water (0 °C), pure CO2 (−56.6 °C) in synthetic fluid inclusions and 246 
potassium bichromate (398 °C). The measurement accuracy of phase transition temperatures in fluid 247 
inclusions is ± 0.1 °C during cooling and about ± 2 °C between 100 and 600 °C. Although nearly 248 
all measured fluid inclusion in this study may contain a certain amount of CO2 (± CH4), the melting 249 
temperature of clathrate, if occurs, is particularly difficult to determine since no liquid CO2 can be 250 
observed during heating. In this case, the clathrate melting temperature is not a monotonic function 251 
of salinity (Collins, 1979; Darling, 1991). Assuming that the CO2 content is relatively minor, 252 
salinities of fluid inclusions are calculated using the final ice melting temperatures (Bodnar, 1993). 253 
Possible overestimation of salinity by ignoring the minor CO2 is discussed in detail below. Notably, 254 
homogenization temperatures of all quartz-hosted fluid inclusions were measured prior to the 255 
destructive LA-ICP-MS analysis. However, for wolframite chips containing large but flat fluid 256 
inclusions, homogenization temperature were obtained from smaller inclusions in the same fluid 257 
inclusion assemblage (FIA, Goldstein and Reynolds, 1994) after LA-ICP-MS analysis to minimize 258 
the risk of decrepitation during heating. 259 
 260 

Raman microspectroscopy 261 

Gas and liquid compositions of single quartz-hosted fluid inclusion at room temperature were 262 
analyzed with a Renishaw RM2000 Raman microprobe using an Ar-ion laser with a surface power 263 



of 5 mW for exciting the radiation (514.5 nm). The area of the charge-coupled device (CCD) 264 
detector is 20 μm2, and the scanning range for spectra was set between 500 and 4000 cm-1. 265 
Calibration of Raman spectrum using monocrystalline silicon and neon lamp standards was done 266 
prior to analysis. An accumulation time of 60 s for each scan with spectral resolution of ± 2 cm-1 267 
was applied and a Lecia objective lens of 50x/0.75 (magnification/numerical aperture) is used for 268 
fluid inclusion analysis. The grating is 1800 lines/mm and the slit size is set to 50 µm. For fluid 269 
inclusions with small bubbles, independent gas composition analysis is difficult due to relatively 270 
large detection area. 271 
 272 

Fluid inclusion LA-ICP-MS analysis 273 

More than 200 individual fluid inclusions hosted in the coexisting wolframite and quartz crystals 274 
were measured by LA-ICP-MS to obtain their major and trace element compositions. The 275 
measurement was performed using a Coherent GeolasHD system equipped with a 193 nm excimer 276 
laser coupled to a Perkin Elmer 350x quadrupole ICP mass spectrometer at the single inclusion LA-277 
ICP-MS lab in Nanjing University.  278 
To precisely locate the wolframite-hosted fluid inclusions under the non-infrared optical camera 279 

in the laser ablation system, careful fluid inclusion mapping using infrared microscopy is critical 280 
prior to analysis. Additional scratches were initially added to the fine polished surface as references. 281 
Then, a transmitted light image of the fluid inclusion (Fig. S1a) was taken together with a reflected 282 
light image of the surface using the infrared microscopy to locate the fluid inclusion projection on 283 
the reflected light image (Fig. S1b). The reflected image with fluid inclusion position marked was 284 
then used to relocate the fluid inclusion during LA-ICP-MS analysis (Fig. S1c). Similar positioning 285 
procedure for LA-ICP-MS analysis of fluid inclusion in opaque minerals was previously applied in 286 
pyrite and enargite from high-sulfidation epithermal deposit (Kouzmanov et al., 2010).  287 
Table S1 summaries the instrumental conditions and data acquisition parameters used for LA-ICP-288 

MS analysis of both quartz- and wolframite-hosted fluid inclusions. For quartz-hosted fluid 289 
inclusions, a stepwise increase of beam size was applied to avoid quartz decrepitation (Günther et 290 
al., 1998), whereas a fixed beam size was used for wolframite-hosted fluid inclusions. The final 291 
crater size is ideally slightly larger than the target fluid inclusion to ensure complete ablation. 292 
However, this criterion was not applied on few large but elongated fluid inclusions (e.g., 100 × 20 293 
µm) in wolframite to avoid intensive surface contamination derived from the condensation-294 
deposition effect of massive host ablation. Compared with quartz, the energy density on wolframite 295 
was reduced to 5 J/cm2 to avoid excessively high 182W intensity (over 109 cps) of the host signal, 296 
while the pulse frequency was set higher (10 ~ 15 Hz) because of the slow ablation rate. The quartz 297 
and wolframite samples were loaded and analyzed along with two external standards in a rhomb-298 
shaped plexiglass cell and a round silica glass cell, respectively. Both cells are covered by an anti-299 
reflection coated glass window and have relatively small internal volume (ca. 1 ~ 3 cm3) which 300 
enables fast washout of aerosol in 3 s. All wolframite samples were analyzed in the silica glass cell 301 
that is specially designed to withstand cleaning by aqua regia (Schlöglova et al., 2017). Prior to 302 
injection into the plasma, the He-based aerosol was admixed with nebulizer gas via a T-junction 303 
immediately after ablation cells and then flow through a smoothing device to optimize signals. The 304 
ICP-MS was tuned to achieve maximum sensitivity and low oxide production rate by lower the 305 
ThO/Th ratios to < 0.5 % before analysis. The fluid inclusions in quartz and wolframite were 306 
analyzed for different isotope listed in Table S1. The dwell time of elements that are detectable but 307 



have low concentration or high background (e.g., S, Cl, Br) were increased to improve their counting 308 
statistics, whereas dwell time of those major host elements were shortened to minimize the readings 309 
per replicate. 310 
Generally, measurement of each fluid inclusion consists of 20 ~ 30 s instrumental background 311 

followed by 50 ~ 100 s ablation depending on the depth of fluid inclusion. Wolframite tends to have 312 
slower ablation rate than quartz (ca. 1 µm/s), thus taking longer time to reach the fluid inclusion at 313 
a given depth. All measured fluid inclusions in this study are within a depth range of 10 to 60 µm 314 
as suggested by Pettke (2008). Fluid inclusions at greater depth are not measured to avoid increasing 315 
down-hole fractionation effect (Guillong and Pettke, 2012). For most fluid inclusions, a pre-ablation 316 
procedure was applied to eliminate surface contamination derived from previously ablated materials. 317 
Maximum amount of 25 fluid inclusions are analyzed in each run bracketed by measurement of 318 
external standards. The standard reference material NIST 610 and an in-house scapolite Sca-17 (Seo 319 
et al., 2011) from ETH Zurich are used as external standards. The Sca-17 has relatively higher 320 
concentrations of S, Cl and Br than NIST 610, and it is thus used to better quantify the S, Cl and Br 321 
contents (Guillong et al., 2008a; Seo et al., 2011), whereas NIST 610 is used for all other elements. 322 
LA-ICP-MS data reduction is performed using the SILLS software (Guillong et al., 2008b). Internal 323 
standards used for host composition quantification are 100% SiO2 for quartz and 100% total oxide 324 
(FeO / (FeO + Fe2O3) = 1) for wolframite. For fluid inclusions, apparent NaCl equivalent salinities 325 
obtained from microthermometry are used in combination with empirical mass or charge balance 326 
algorithms (Heinrich et al., 2003; Allan et al., 2005) to calculate the Na concentration and 327 
accordingly convert all other element/Na ratios into absolute concentrations. Major cations such as 328 
Na and K are included into the salt correction. However, B is inapplicable to the empirical mass or 329 
charge balance algorithms due to its dominant occurrence as oxyacid in aqueous solution, and 330 
therefore it is not included in the salt correction despite its relatively high concentration in fluid 331 
inclusion. This will introduce a certain degree of overestimation for all element concentrations 332 
(discussed below, Sirbescu et al., 2013). In this study, salinity of each individual fluid inclusion were 333 
determined prior to LA-ICP-MS analysis. For host (i.e. matrix) correction, a major host element 334 
with overwhelmingly higher concentrations than in fluid inclusion is used as a matrix-only tracer to 335 
remove host contribution from the mixed signal. Here, Si and W are selected as matrix-only tracers 336 
for fluid inclusion signal correction in quartz and wolframite, respectively. All element 337 
concentrations are reported as weight percent (wt. %) or ppm by weight (µg/g). The reliability of 338 
the reported values are double-checked according to their signal peaks, i.e., only element signals 339 
displaying clearly synchronous peak with Na are considered valid. The detection limits for all 340 
measured elements are calculated using the 3σ standard deviation of the background intensities 341 
(Heinrich et al., 2003; Pettke et al., 2012). Average elemental concentrations with uncertainties of ± 342 
1σ standard deviation are calculated using all obtained values in each FIA.  343 
 344 

Mineral & Fluid Inclusion Petrography 345 
Transmitted light (Fig. 4a) and SEM-CL (Fig. 4b) panoramas of the thin section made from the 346 
coexisting wolframite and quartz crystals show complex mineralogical textures and fluid history. 347 
Interpretation of these complexities are elaborated below in four major aspects, namely, (1) multi-348 
stage quartz generations; (2) gravity-derived precipitation; (3) mineral paragenesis; and (4) fluid 349 
inclusion entrapment. Stepwise magnified petrographic details of the thin section are illustrated in 350 
Figure 5, 6 and 7. 351 



 352 
Multi-stage quartz generations 353 
According to the CL features and crosscutting relationships (Fig. 4), four major quartz generations 354 
i.e., Q1 to Q4 can be identified in the prismatic quartz crystal. Q1 occupies over 90 % of the central 355 
area, and it is generally characterized by CL-gray color with uniform growth bands following the 356 
crystallographic forms of the quartz crystal. Slightly darker sectoral zones at both edges and 357 
intrasectoral zones (e.g., Onasch and Vennemann, 1995) indicated by the tapered wedges also 358 
belong to Q1. Two successive thin overgrowth zones extended from both upward and downward 359 
sides of Q1 are defined as Q3 and Q4, respectively. Q3 is featured by heterogeneous luminosity with 360 
irregular oscillatory growth bands, whereas Q4 shows homogeneous CL-dark color as the outmost 361 
shell (Fig. 5e & g). Notably, a continuous transition of Q1, Q3 and Q4 is observed at the tip of the 362 
prismatic quartz crystal, where Q4 exhibits both CL-dark and bright colors owing to different sectors 363 
(right of Fig. 4b). In the upward part of the quartz crystal, physical boundaries of Q1/Q3 and Q3/Q4 364 
are meanwhile outlined by two gravity-derived mineral precipitation zones that are visible under 365 
transmitted and cross-polarized light (Fig. 5c-d). In contrast, these boundaries are invisible in the 366 
downward part unless told from the CL image (Fig. 5f-g).  367 

In addition to the continuous overgrowth, the quartz crystal has obviously undergone repeated 368 
hydraulic fracturing and sealing. However, owing to similar CL features, discrimination of quartz 369 
generations in healed cracks is only achieved according to the crosscutting relationships between 370 
cracks and quartz overgrowth zones. Based on this criterion, quartz in the two major cracks and 371 
their subordinate fissures that are strictly truncated by the Q1/Q3 boundary is classified as Q2 (Fig. 372 
4b-c, 5e & g). In fact, Q2 may comprise at least two sub-generations (e.g., Fig. 5g) but they are not 373 
further differentiated here. Similarly, healed cracks that are truncated by the Q3/Q4 boundary are 374 
classified as Q3Ps (Fig. 5g, 7b), whereas healed cracks terminated within Q4 are classified as Q4Ps 375 
(Fig. 6b, 7b). 376 
 377 
Gravity-derived precipitation 378 
Several near parallel planes outlined by find-grained minerals in the upward part of the main quartz 379 
crystal are attributed to gravity-derived mineral precipitation zones (i.e. GD zone; Fig. 5c-d). The 380 
GD zone-1 which defines the Q1/Q3 boundary consists merely of crystalline muscovite and quartz 381 
(Fig. 5c, 6c), whereas the GD zone-2 which defines the Q3/Q4 boundary contains wolframite in 382 
addition to muscovite and quartz (Fig. 5c, 6c). This observation indicates that a wolframite 383 
mineralization event (wf3) had occurred between crystallization of Q3 and Q4. Several GD 384 
subzones consisting of only muscovite and quartz also occur within Q3 and Q4 (Fig. 5d, 6c). The 385 
chamosite grains outlines the outermost GD zone as observed in hand specimen (Fig. 3g-h). The 386 
occurrence of gravity-derived precipitation texture implies occasional static fluid environments in 387 
the hydrothermal processes. 388 
 389 
Mineral paragenesis 390 
Paragenetic sequence of minerals in the studied sample is further constrained from their contact 391 
relationships in thin sections. According to Figure 4, the coarse-grained muscovite occurring along 392 
euhedral wolframite crystals is considered to form after wolframite. Similarly, all quartz generations 393 
are inferred postdating the main wolframite and coarse-grained muscovite by enveloping their 394 
euhedral crystals. This hypothesis also explains the facts that gravity-derived arsenopyrite 395 



precipitation only occurs within the coarse-grained muscovite, and that it is absent in all quartz 396 
generations. Moreover, in both thin sections, blade-shaped wolframite crystals are observed 397 
occurring strictly along an early growth band of Q1 (Fig. 5a-b). This suggests another wolframite 398 
precipitation event (wf2) during Q1 crystallization. Nevertheless, these wolframite blades are not 399 
likely gravity-derived precipitates because they occur on both sides of the band.  400 

Figure 8 summarizes a detailed crystal-scale mineral paragenesis described above. Generally, the 401 
studied sample is consistent with other cavity samples by showing the main wolframite crystal 402 
predates the intergrown quartz (e.g., Fig. 3a-b). However, the repeated formations of quartz, 403 
wolframite and muscovite demonstrate the complexities of the hydrothermal processes. 404 
 405 
Fluid inclusion entrapment 406 
In the studied sample, two-phase aqueous inclusions constitute the solo fluid inclusion type in both 407 
wolframite and quartz at room temperature. Nearly all fluid inclusions show relatively consistent 408 
vapor proportions between 20 and 30 vol %. Rarely, small mica-like mineral occurs in quartz-hosted 409 
fluid inclusions, and it is interpreted as accidentally trapped solid phase due to its occasional 410 
occurrence. Post-entrapment modifications such as necking-down, stretching or decrepitation (e.g., 411 
Bodnar, 2003) are absent. Most quartz-hosted inclusions exposed at surface are surrounded by CL-412 
dark patches, which indicates refining of their host quartz during ripening process (Lambrecht and 413 
Diamond, 2014). However, fluid inclusion migration (Audétat and Günther, 1999; Lambrecht and 414 
Diamond, 2014) is not evident in the studied quartz crystal. The characteristics of all studied fluid 415 
inclusions are described below in terms of their host minerals and entrapment sequence. 416 

Wolframite: Primary fluid inclusions in the earlier formed main wolframite crystal represent the 417 
initial fluid record in the studied sample. Characterizing the fluid inclusion genesis in wolframite is 418 
greatly facilitated by the oriented sections, i.e., cutting parallel to the (010) face, where flat or 419 
elongated primary fluid inclusions lying along growth planes can be easily identified (Pw, Fig. S1a). 420 
Most primary fluid inclusions exhibit sizes between 10 and 40 µm in length, with exceptions of 421 
some very large inclusions sized up to 100 µm (e.g., Fig. 10). In contrast, fluid inclusion trails 422 
crosscutting the growth planes are attributed to secondary or pseudosecondary in origin (Roedder, 423 
1984; Goldstein and Reynolds, 1994). Because these fluid inclusions are usually smaller in size 424 
(mostly < 10 µm) and obscure under infrared microscopy, they are not studied in the current work. 425 

Quartz: The prismatic quartz crystal contains abundant fluid inclusions that generally show 426 
random distribution mainly in Q1. The CL imaging helps greatly in reconstructing their entrapment 427 
sequence by providing unambiguous growth textures and truncation relationships. Fluid inclusions 428 
occurring strictly along quartz growth zones are classified as primary in origin, whereas inclusions 429 
trails trapped within healed cracks truncated by later quartz growth zones are classified as 430 
pseudosecondary in origin. Essentially, pseudosecondary fluid inclusions are primarily trapped fluid 431 
that healed the crack, so that the inclusions are expected to form synchronously with the quartz 432 
generation in cracks.  433 

According to the criteria mentioned above, four successively trapped fluid inclusion generations 434 
are recognized in the prismatic quartz crystal. The first fluid generation refers to pseudosecondary 435 
fluid inclusions confined within Q1 and Q2 (Ps1-2, Fig. 6c, 7d). Because no primary fluid inclusion 436 
is identified in Q1 or Q2, the Ps1-2 inclusions actually represent a combination of fluids trapped 437 
between complete crystallization of Q1 and initiation of Q3. Ps1-2 inclusions usually have negative 438 
crystal shape and large sizes mainly from 20 to 100 µm in length. The second fluid generation refers 439 



to pseudosecondary trails terminated at the Q3/Q4 boundary (Ps3, Fig. 7c-d). Similarly, Ps3 440 
inclusions record the specific fluid occurring between complete crystallization of Q3 and initiation 441 
of Q4. Importantly, this timing is contemporaneous with the gravity-derived wolframite 442 
precipitation in GD zone-2 (Fig. 5c-d), suggesting a strong affinity between Ps3 fluid and wolframite 443 
mineralization. In contrast to Ps1-2 type, Ps3 inclusions have much smaller population, irregular 444 
shape, and they typically have size between 5 and 30 µm. The third and fourth fluid generations 445 
refer to primary inclusions occurring along Q4 growth zone (P4) and pseudosecondary trails 446 
terminated at GD subzone within Q4 (Ps4, Fig. 6c, 7c), respectively. Both P4 and Ps4 inclusions 447 
record the fluids from which Q4 precipitated, and they are very small in size (mostly < 5 µm). 448 
Interestingly, no secondary fluid inclusion (i.e., postdating all quartz generations) is identified in 449 
quartz.  450 

Summarized entrapment sequence of fluid inclusion assemblages and their correspondence to 451 
mineral paragenesis are illustrated in Figure 8. Note that Pw and Ps3 inclusions demonstrably 452 
provide the direct records of ore-forming fluids that are responsible for two wolframite precipitation 453 
events, i.e. wf1 and wf3, respectively.  454 
 455 

Fluid Geochemistry 456 
Microthermometric results 457 
Homogenization temperatures and salinities measured from 212 fluid inclusions in seventy FIAs 458 
are summarized in Table 1 and plotted in Figure 9a. The number of studied FIAs for each fluid 459 
generation varies greatly according to their relative abundances. Microthermometric data for each 460 
FIA of Pw, Ps1-2 and Ps3 types are listed in Table 2 with individual fluid inclusion data available 461 
in Table S2. Note that few FIAs are petrographically defined nice assemblages but only have one 462 
measurable fluid inclusion because of the size. 463 
Wolframite-hosted FIAs: Twenty-eight fluid inclusions from twelve Pw FIAs yield 464 

homogenization temperatures between 263 and 305 °C, and all except one homogenize between 263 465 
and 288 °C (Fig. 9a). Salinities of Pw FIAs range from 4.5 to 7.2 wt. % NaCl equiv. based on ice 466 
melting temperatures. During cooling of few large and flat Pw inclusions, an additional liquid phase 467 
is condensed (Fig. 10a), and it indicates the presence of CO2 in the vapor bubble. This hypothesis is 468 
confirmed by the melting of solid CO2 phase around −58 °C during heating (Fig. 10b-c, see caption 469 
for details). In addition, the slight depression on the triple point of CO2 (ideally at −56.6 °C) implies 470 
the presence of other gases (Seitz et al., 1987). Upon heating to a temperature range from 0 to 10 °C, 471 
the occurrence of clathrate in these fluid inclusions can be easily recognized from bubble 472 
deformation. However, the liquid CO2 that occurs during cooling does not regenerate in the heating 473 
run, suggesting the condensation of liquid CO2 was in clathrate metastable field (Diamond, 1992). 474 
For most Pw inclusions that are smaller or not flat-shaped, liquid CO2 phase is not observed during 475 
cooling. This is because either they have less CO2 that is insufficient to intersect the metastable 476 
extension of the Laq-Lcarb-V curve (e.g., Diamond, 1992, 2001; Steele-MacInnis, 2018), or the poor 477 
visibility to distinguish CO2 liquid phase from smaller but darker bubbles. Although few Pw 478 
inclusions show clathrate-derived bubble deformation above 0 °C during heating, the clathrate 479 
melting temperatures exhibit bad reproducibility, and thus they are not determined. In contrast, most 480 
Pw inclusions show no signs of clathrate formation above 0 °C, and they are inferred to contain only 481 
minor CO2, i.e., less than 1.5 mol% (relative to H2O + CO2; Diamond, 1992, 1994). In such scenario, 482 
CO2 contributes to the ice melting point depression as a dissolved component rather than forming 483 



clathrate, and it can result in a maximum ice melting depression of about −1.5 °C at Q1 point 484 
(Hedenquist and Henley, 1985). Accordingly, the calculated salinities for most Pw inclusions may 485 
be overestimated by maximum amount of 30 % to 50 % based on ice melting temperatures. 486 
Quartz-hosted FIAs: In general, microthermometry results are similar for all quartz-hosted fluid 487 

inclusion assemblages (Table 1). Measurements on forty-four Ps1-2 FIAs yield relatively variable 488 
homogenization temperatures from 233 to 297 °C, and consistent salinities from 5.9 to 6.6 wt. % 489 
NaCl equiv. (Fig. 9a). Average homogenization temperatures of eleven Ps3 FIAs vary from 250 to 490 
310 °C, with only one assemblage exceeding 300 °C (Fig. 9a). Obtained salinities of Ps3 FIAs are 491 
slightly variable from 5.2 to 8.4 wt. % NaCl equiv., and they apparently show a positive correlation 492 
with homogenization temperatures (Fig. 9b). Only a few microthermometric data are obtained from 493 
the P4 and Ps4 FIAs owing to their small sizes and numbers. Three individual fluid inclusions in 494 
the solo P4 assemblage give consistent homogenization temperatures at 268 °C and salinity of 5.9 495 
wt. % NaCl equiv. Two Ps4 FIAs containing seven fluid inclusions yield average homogenization 496 
temperatures of 274 and 280 °C, and salinities of 6.0 and 6.9 wt. % NaCl equiv., respectively. 497 
Although no liquid CO2 is observed during microthermometry, very few Ps1-2 inclusions are 498 
inferred to contain CO2 by showing signs of clathrate melting at temperature above 0 °C. Raman 499 
analysis confirms that nearly all Ps1-2 and Ps3 inclusions contain a certain amount of CO2 ± CH4, 500 
so that their salinities are overestimated based on ice melting temperatures. Similar to the 501 
wolframite-hosted fluid inclusions, a maximum CO2-derived ice melting depression of about 502 
−1.5 °C is expected for most quartz-hosted fluid inclusions that do not show clathrate formation. 503 
This corresponds to salinity overestimation by ca. 25 % to 45 % in maximum. 504 
 505 
Raman characteristics 506 
Prior to the destructive LA-ICP-MS analysis, Raman analysis has been carried out on several 507 
representative Ps1-2 and Ps3 inclusions to qualitatively identify their gas compositions and 508 
polyatomic ions in aqueous solutions. Pw inclusions are not suitable for Raman analysis owing to 509 
their host’s opacity, whereas P4 and Ps4 inclusions are too small to obtain workable Raman signals. 510 
 Typical Raman spectra collected from Ps1-2 and Ps3 inclusions are illustrated in Figure 11. 511 
Because Ps1-2 inclusions sometimes have huge size (up to 200 µm), their Raman spectra can display 512 
excellent SNR (signal to noise ratio) which enables identification of very week vibrations that are 513 
not recognizable in Ps3 inclusions. In addition to the dominated H2O peak, dissolved H3BO3 (876 514 
cm-1, Schmidt et al., 2005) and CO2 (1278 and 1385 cm-1, Davis and Oliver, 1972) in aqueous 515 
solution are identified in the liquid phase of Ps1-2 inclusions (Fig. 11a-b). The vapor phase of Ps1-516 
2 inclusions contain CO2 (1284 and 1387 cm-1, Rosso and Bodnar, 1995) and CH4 (2920 and 3020 517 
cm-1, Brunsgaard-Hansen et al., 2002) as the dominant gas species, while minor H2S (2611 cm-1, 518 
Burke, 2001) and N2 (2331 cm-1, Herzberg, 1950) are also detected (Fig. 11c-e). The occurrences of 519 
both boron and sulfur species are verified by subsequent LA-ICP-MS analysis with their 520 
concentrations quantitatively determined. In contrast, CO2 and CH4 are the only detectable species 521 
in addition to H2O in Ps3 inclusions owing to poorer SNR (Fig. 11f). Both CO2 and CH4 peaks show 522 
strong decrease in relative intensities compared to Ps1-2 inclusions, implying less CO2 and CH4 in 523 
Ps3 fluid. 524 
 525 
Elemental compositions 526 
LA-ICP-MS microanalysis was carried out on 202 individual fluid inclusions from sixty-seven FIAs 527 



of Pw, Ps1-2 and Ps3 types in both wolframite and quartz. Most FIAs contain 2 to 5 individual fluid 528 
inclusions, although few FIAs only allow LA-ICP-MS analysis on one inclusion because others are 529 
too small to yield workable signals. The average elemental concentrations and corresponding ratios 530 
X/(Na+K) with 1σ standard deviation for most detectable elements determined are tabulated in 531 
Table 2 and plotted in Figure 12, respectively. Complete dataset of all detectable elements for each 532 
individual fluid inclusion is available in Table S2 in the supplementary materials. Note that absolute 533 
elemental concentrations are calculated based on the applied internal standard, which in our case is 534 
the Na concentration derived from apparent salinity. The presence of carbonic volatiles can affect 535 
the apparent salinity and the relatively high B content will introduce errors in salt correction. Both 536 
may significantly result in overestimations of absolute Na concentration that in turn affects all other 537 
elements. However, the element ratios are independent of the applied internal standard (Günther et 538 
al., 1998), and they are thus used for most plots and discussions below. 539 
Figure S2 illustrates the time-resolved LA-ICP-MS signals of liquid-rich fluid inclusions in quartz 540 

(Fig. S2a) and wolframite (Fig. S2b), respectively. Most elements occur synchronously with the 541 
narrow Na peak, suggesting their presence in the aqueous solution (and vapor), whereas delayed 542 
peaks are attributed to solid minerals as exemplified by the second Al peak in Figure S2a. As shown 543 
in Table 2, all fluid inclusions contain NaCl and KCl as major dissolved salts. Regardless of the 544 
internal standard issue, K, B, Li, As and Cs are mostly at concentrations of 100s to 1000s of ppm, 545 
along with variable Rb, Cu, Sb and Sr concentrations from several to over 100 ppm. If detected, S 546 
and Al yield concentrations of few 1000s and few 100s ppm, respectively. Notably, Al is nearly 547 
absent in wolframite-hosted inclusions but is detectable in most quartz-hosted fluid inclusions, and 548 
its concentrations are much more variable than other elements. Even though some unexpected high 549 
Al values are subject to the small mica in these fluid inclusions, the measured Al concentrations are 550 
too high given its poor solubility in NaCl-H2O solution (e.g., Manning, 2006). The elevated Al 551 
concentrations can be resulted from either fluid inclusion ripening process (Lambrecht and Diamond, 552 
2014) which extracts additional Al from host quartz, or enhanced Al solubility in the presence of 553 
fluorine (Yardley et al., 1993; Tagirov et al., 2002) or borate complex (Tagirov et al., 2004). 554 
Nevertheless, our current data do not allow further identification on this point. W and Mn 555 
concentrations are only determined from quartz-hosted fluid inclusions at 10 ppm level. Given the 556 
three obtained Fe values and the minimum detection limit of Fe in most other fluid inclusions, Fe 557 
concentrations in Ps1-2 and Ps3 inclusions are generally less than few 10s of ppm. Ca concentrations 558 
are merely obtained from two Ps3 FIAs and yield values around 200 to 400 ppm.  559 
Evolution and comparison of fluid chemistry among three different fluid stages are illustrated in 560 

Figure 12 and 13, respectively. In general, element ratios X/(Na+K) for alkali metals such as Li, Na, 561 
K, Cs and Rb remain largely uniform (i.e., within one order of magnitude) among the three fluid 562 
stages irrespective of salinity and paragenetic sequence (Fig. 12). Compared with Pw inclusions, 563 
Ps1-2 and Ps3 inclusions show slightly lower Li and K contents, which are best explained by 564 
precipitation of Li-rich muscovite between entrapment of Pw and Ps1-2 fluids (Fig. 8b). The 565 
covariant depletion of K and Rb in some Ps1-2 FIAs probably implies that Ps1-2 inclusions actually 566 
comprise more than one fluid stage, which agrees with our inference from petrographic observation. 567 
Most strikingly, element ratios for B, As and Sr show strong variations between different fluid stages. 568 
Compared with Pw and Ps3 inclusions, B and As are distinctly enriched in Ps1-2 inclusions, whereas 569 
Sr is significantly depleted (Fig. 12, Fig. 13a-b). On the other hand, although Pw and Ps3 inclusions 570 
are both temporally and spatially separated, the chemical characteristics of the two fluid stages are 571 



remarkably consistent (Fig. 13c), particularly in terms of B, As and Sr (Fig. 13d). Using the 572 
minimum detection limit as the highest estimation, Cu and to a lesser extent S are likely enriched in 573 
Ps1-2 inclusions relative to Ps3, similar to the preference of B and As. However, this hypothesis 574 
does not apply to Pw inclusions because of the higher detection limits for Cu and S. In addition, 575 
despite a coeval wolframite precipitation event had occurred at Ps3 stage, the Mn/(Na+K) and 576 
W/(Na+K) ratios are generally consistent in both Ps1-2 and Ps3 fluid inclusions (Fig. 12), and they 577 
do not present obvious correlations with homogenization temperatures (Fig. 14). 578 
 579 

Discussion 580 
 581 
Fluid processes in coexisting wolframite and quartz 582 
Based on detailed petrography and quartz CL imagining, at least four successive quartz generations, 583 
three independent wolframite mineralization events and five stages of muscovite precipitation are 584 
identified in a single sample (Fig. 8). The degree of repetition of many minerals in the depositional 585 
sequence produces a paragenesis unusually complex among otherwise comparable studies on 586 
coexisting wolframite and quartz (e.g., Campbell and Robinson-Cook, 1987; Campbell and Panter, 587 
1990; Lüders, 1996; Rios et al., 2003; Wei et al., 2012; Ni et al., 2015; Li et al., 2018; Chen et al., 588 
2018; Legros et al., 2018). In these studies, coexisting wolframite and quartz are regarded as either 589 
cogenetic or not, whereas detailed paragenesis in the crystal scale is usually ignored. To better 590 
reconstruct the hidden paragenesis in wolframite-quartz veins, CL imagining on quartz can be 591 
indispensable (e.g., Rusk and Reed, 2002; Landtwing et al., 2005; Klemm et al., 2007, 2008; Pudack 592 
et al., 2009; Stefanova et al., 2014 and Ni et al., 2017). It is particularly important to use CL when 593 
the studied samples do not exhibit straightforward textures as those from free-grown euhedral 594 
crystals (e.g., Audétat et al., 1998, 2000). Even in our case where the gravity-derived mineral zones 595 
serve as natural boundaries, the complete quartz paragenesis would remain obscure without CL 596 
revealed textures. Besides, the elaborated petrography provides new insights on some specific fluid 597 
processes that have occurred during vein formation. For example, the repeated hydrofracturing and 598 
sealing of the studied quartz crystal likely reflect pressure fluctuation and turbulence of the fluid 599 
system. The gravity-derived precipitation of muscovite, wolframite, arsenopyrite and chamosite, on 600 
the other hand, implies occasional static fluid environment during vein formation. These findings 601 
demonstrably indicate the complexity of fluid processes that may be critical for better understanding 602 
the hydrothermal metallogenic system. 603 
The detailed paragenesis allows establishment of a clear entrapment sequence of fluid inclusion in 604 

the crystal scale. In the studied sample, at least four episodic fluid pulses are recognized and two of 605 
them, i.e., Pw and Ps3 are intimately concurrent with wolframite deposition (Fig. 8). This finding 606 
demonstrates the potential of trapping the true ore-forming fluid in both quartz and coexisting 607 
wolframite rather than only in wolframite, as many previous studies suggested (e.g., Campbell and 608 
Panter, 1990; Lüders, 1996; Wei et al., 2012; Ni et al., 2015; Li et al., 2018; Chen et al., 2018). As 609 
shown in Figure 9, wolframite-hosted inclusions do not exhibit significantly higher homogenization 610 
temperatures than those from coexisting quartz, although some quartz-hosted fluid inclusions do 611 
have lower temperatures. Contrastingly, comparative studies on samples from other wolframite-612 
quartz veins in the Nanling region (Wei et al., 2012; Ni et al., 2015; Li et al., 2018; Chen et al., 2018; 613 
Legros et al., 2018) invariably show that fluid inclusions in wolframite have higher homogenization 614 
temperatures than those in coexisting quartz. Such relationship is commonly reinforced by the 615 



earlier precipitation of wolframite than quartz (e.g., Li et al., 2018; Chen et al., 2018), but our results 616 
suggest that there are exceptions. Note the homogenization temperatures discussed above should be 617 
close to the true temperature because fluid boiling is suggested to have occurred during the 618 
crystallization of both wolframite and quartz (discussed in details below). In such scenario, pressure 619 
correction on the trapping temperature is less significant and thus is ignored. Owing to the presence 620 
of carbonic volatiles, the apparent salinity of our fluid inclusions can be overestimated by up to 621 
50 %. In spite of this, some fluid evolution trends are inferred from the microthermometry results 622 
(Fig. 9). For Ps1-2 inclusions, temperature fluctuation (both heating and cooling) is obvious, and it 623 
is probably coeval with quartz hydraulic fracturing and sealing. For Ps3 inclusions, the positive 624 
correlation between salinity and temperature is best interpreted by low-pressure boiling of a CO2-625 
bearing low salinity fluid, where variable degree of CO2 (and heat) loss to the vapor phase can 626 
increase the ice melting temperature of the residual liquid and result in extended salinity variation 627 
(Wilkinson, 2001). Raman results also show significant depletion of CO2 and CH4 in Ps3 inclusion 628 
relative to Ps1-2 (Fig. 11), suggesting fluid degassing had occurred. Although no boiling assemblage 629 
is observed, the hypothesis agrees with many previous studies on wolframite-quartz veins that fluid 630 
boiling or unmixing is commonly seen in quartz (e.g., Kelly and Rye, 1979; Higgins, 1985; Lüders, 631 
1996; Wei et al., 2012; Ni et al., 2015; Li et al., 2018; Chen et al., 2018).  632 
LA-ICP-MS analysis shows that fluids precipitating coexisting wolframite and quartz display 633 

distinct chemical signatures despite sharing similar overall ranges of salinity and homogenization 634 
temperature. Most strikingly, chemistries of Pw and Ps3 fluids coeval with wolframite deposition 635 
are remarkably similar, but both show strong enrichment in Sr and depletion in B and As relative to 636 
the Ps1-2 fluid. Given the above discussed fluid evolution, the selective depletion of B and As in 637 
Ps3 fluids could be straightforwardly explained as a result of fluid boiling, because B and As are 638 
both confirmed to preferentially partitioning into the vapor phase during fluid boiling (Heinrich et 639 
al., 1999; Audétat et al., 2000; Williams-Jones and Heinrich, 2005; Landtwing et al., 2010). To better 640 
examine this hypothesis, the relative ratios of B, As and two other elements Sb and S, which are 641 
also supposed to partition in favor of the vapor phase (Heinrich et al., 1999; Williams-Jones and 642 
Heinrich, 2005), are plotted against Na (Fig. 15). Considering the true sulfur concentrations in Ps3 643 
inclusions are lower than the detection limit, all elements except Sb show concurrent fractionation 644 
between Ps1-2 and Ps3. The trend is possibly indicative of fluid boiling at lower pressure, in which 645 
condition the salinity of the residual liquid does not change significantly (Heinrich, 2007). On the 646 
other hand, the consistent Sb ratios do not necessarily contradict fluid boiling because in some cases 647 
Sb can remain in the liquid phase, such as the boiling assemblages in Sn-W veins from Mole Granite 648 
(Audétat et al., 2000). Since Pw inclusions display strong chemical affinities with Ps3 inclusions 649 
and both are coeval with wolframite mineralization, it is reasonable to infer that Pw fluid had also 650 
undergone boiling before entrapment, and the ore-forming fluids characterized by special chemical 651 
signatures were injected episodically into the conduit veins. Nevertheless, the lack of constraint on 652 
fluid prior to Pw does not allow further discussion in the current study. Possible interpretation for 653 
the enrichment of Sr in Pw and Ps3 inclusions is the mixing with sedimentary fluids that are usually 654 
enriched in Sr (Kharaka and Hanor, 2014), similar to the fluid evolution revealed in Carlin-type gold 655 
deposit (Large et al., 2016). Such hypothesis is plausible at Yaogangxian given the majority of 656 
wolframite-quartz veins are hosted in sandstones and slate (Hunan Yaogangxian Mining Co. Ltd., 657 
2013). 658 
In summary, the studied intergrown wolframite and quartz crystals were precipitated from fluids 659 



exhibiting similar temperature and salinity but diverse chemistry. The fluids responsible for 660 
wolframite deposition are episodic and may have undergone fluid boiling and mixing to generate 661 
the distinct chemical features from those precipitating quartz. 662 
 663 
Misinterpretation of fluid inclusion data 664 
It should be noteworthy that the accuracy of fluid inclusion data from microthermometry and LA-665 
ICP-MS analysis can be significantly affected by the occurrence of carbonic volatiles and boric acid, 666 
which have been largely neglected among previous comparable study. In principle, the addition of 667 
carbonic volatiles and boric acid in fluid inclusions can both lead to miscalculation of element 668 
concentrations via two different ways. For microthermometry, the presence of CO2 (± CH4) up to 669 
ca. 10 mol % in low salinity aqueous fluid inclusion does not allow salinity estimation at Q2 point 670 
using clathrate melting temperature (Steele-MacInnis, 2018), so that significant overestimation by 671 
as much as 50 % on apparent salinity calculated from ice melting temperature can be achieved 672 
(Collins, 1979; Hedenquist and Henley, 1985). For LA-ICP-MS analysis, whether included in the 673 
salt correction or not, the relatively high boron content in fluid inclusion can yield large error in 674 
internal standardization of Na from apparent salinity (Sirbescu et al., 2013) which leads to 675 
miscalculation of all element concentrations. To be specific, including B into salt correction as BCl3 676 
can result in underestimation of absolute concentration, whereas excluding B from salt correction 677 
can do the opposite (Sirbescu et al., 2013). A preliminary text on our LA-ICP-MS data obtained 678 
from Ps1-2 inclusions shows maximum four times higher concentration for excluding than including 679 
B into salt correction (e.g., 8000 ppm vs. 2000 ppm for B). Assuming the true B concentration lies 680 
in the middle between the endmember values, all elemental concentrations reported for Ps1-2 681 
inclusions can be overestimated by over 50 % depending on the B to Na ratios. Combined with the 682 
CO2-derived error on apparent salinity, the occurrence of both carbonic volatiles and boric acid can 683 
collectively lead to overestimation by as much as 75 % for all element concentrations, although the 684 
elemental ratios are unaffected. 685 
Accordingly, misinterpretation of fluid inclusion data in many previous fluid inclusion studies on 686 

vein-type tungsten deposit can be significant. In particular, case studies worldwide have 687 
demonstrated the formation of wolframite-quartz veins by low salinity (generally < 10 wt. % NaCl 688 
eq.) CO2-bearing fluids, while CO2-rich fluid inclusion showing liquid CO2 phase at room 689 
temperature is not scarce (e.g., Kelly and Rye, 1979; Higgins, 1980, 1985; Ramboz et al., 1985; 690 
Guiliani et al., 1988; Campbell and Panter, 1990; Lüder, 1996; Wei et al., 2012; Rios et al., 2003; 691 
Ni et al., 2015; Chen et al., 2018; Li et al., 2018; Legros et al., 2018). Thus, possible salinity 692 
overestimation may be derived from those fluid inclusions that contain substantial amount of CO2 693 
(± CH4) but do not generate liquid carbonic phase during cooling, in which condition the salinity is 694 
conventionally calculated using ice melting temperature by assuming CO2 content is minor. This 695 
scenario may also help to explain why CO2-rich fluid inclusions commonly display lower salinity 696 
than coexisting CO2-bearing inclusions in some wolframite-quartz veins (e.g., Chen et al., 2018; 697 
Legros et al., 2018). 698 
In addition to carbonic volatiles, the presence of boron may introduce even greater error on the 699 

LA-ICP-MS elemental concentrations of fluid inclusion from vein-type tungsten (± tin) deposits. 700 
As an incompatible element during magma crystallization, B is generally enriched in evolved 701 
magma and the associated hydrothermal systems (e.g., Pollard et al., 1987; Peretyazhko et al., 2000; 702 
Thomas et al., 2003). Recent fluid inclusion studies from W-Sn deposits in the Panasqueira 703 



(Lecumberri-Sanchez et al., 2017) and the Erzgebirge districts (Thomas et al., 2003; Korges et al., 704 
2018) illustrate elevated B contents in ore-forming fluids derived from highly fractionated granites. 705 
Accordingly, the high B content in Ps1-2 fluid inclusions from Yaogangxian is not surprising, and 706 
it is presumably the same case for other granite-related quartz-vein type tungsten deposits in the 707 
Nanling region. Notably, Legros et al. (2018) reports fluid inclusion LA-ICP-MS data obtained from 708 
the Piaotang and Maoping W (-Sn) deposits in the Nanling region. Nevertheless, since B is not 709 
measured in their study, the reported elemental concentrations might be biased to a certain degree. 710 
 711 
Source of ore-forming fluid 712 
Multiple criteria based on element concentrations and ratios measured by LA-ICP-MS analysis are 713 
used to trace the fluid source at Yaogangxian (Fig. 16). Given the relatively high contents of CO2 714 
and reducing volatiles such as CH4 and H2S, fluids derived from the host sediments are possibly 715 
involved in the formation of wolframite-quartz veins in addition to magmatic fluids (Rios et al., 716 
2003; Burnard and Polya, 2004). To illustrate this assumption, fluid inclusion data are plotted in the 717 
Rb/Na vs. K/ Na and Mn vs. Na diagrams (Fig. 16a-b) with characteristic areas of magmatic-718 
hydrothermal fluids and basinal brines acquired from Samson et al. (2008) and Williams-Jones et 719 
al. (2010). The Rb/Na vs. K/ Na diagram shows clear magmatic source for most fluid inclusions in 720 
both wolframite and quartz, except for few Ps1-2 inclusions exhibiting slightly lower K/Na ratios 721 
likely due to massive precipitation of muscovite (Fig. 8). Because Mn cannot be determined in 722 
wolframite-hosted inclusions, only data from quartz-hosted fluid inclusions are plotted in the Mn 723 
vs. Na diagram. Contrastingly, these fluid inclusions show stronger affinity to basinal brines rather 724 
than magmatic fluids, even though the dilution effect from overestimation of absolute 725 
concentrations or meteoric water mixing is considered (Fig. 16b). Seemingly, the low Mn/Na ratio 726 
implies a sedimentary source for Mn, which is a major component in the studied wolframite. 727 
Nevertheless, an alternative explanation is preferred that the low Mn/Na ratios in quartz-hosted fluid 728 
inclusions are resulted from previous wolframite precipitation, which consumed most Mn from the 729 
initial magmatic fluid. If this is true, the hypothesized Mn concentrations in initial Pw fluid 730 
precipitating the major wolframite crystals should be one to two orders of magnitude higher than 731 
Ps1-2 and Ps3 fluids. 732 
Considering the non-reactive heavy alkalis i.e., Cs and Rb as largely conservative fluid components 733 

during hydrothermal mineralization, the Cs/Rb ratios can be applied to identify the diversity of fluid 734 
source (e.g., Klemm et al., 2008; Korges et al., 2018). Fluid inclusion Cs/Rb ratios from both 735 
wolframite and quartz are mostly confined within a narrow range between 4 and 20 (Fig. 16c), 736 
corresponding to a maximum 5-fold variation. Since the 100-fold variation in fluid inclusion Cs/Rb 737 
ratios reported from the Zinnwald Sn-W deposit in Erzgebirge is interpreted to suggest a single fluid 738 
source (Korges et al., 2018), our data should be confidently indicative of an identical magmatic fluid 739 
source by integrating previous isotopic data (Li et al., 2018). In addition, given the degree of fluid 740 
Cs enrichment is conventionally used to monitor the crystallization degree of the source magma in 741 
evolved magmatic-hydrothermal systems (e.g., Audétat and Pettke, 2003; Audétat et al., 2008; 742 
Klemm et al., 2008; Kouzmanov et al., 2010), the nearly constant Cs/(Na + K) ratio in all measured 743 
FIAs (Fig. 12) reflects a negligible change in crystallization degree of the parental granitic magma 744 
during the deposition of the studied wolframite and quartz crystals. 745 
The fluid Br/Cl ratio serves as another excellent tracer for fluid source and origin because it is 746 

largely conservative during fluid-rock interactions but particularly sensitive to fluid reservoirs 747 



originating ultimately from seawater evaporation (Böhlke and Irwin, 1992; Yardley et al., 1993; 748 
Irwin and Roedder, 1995; Nahnybida et al., 2009; Kendrick and Burnard, 2013; Lecumberri-749 
Sanchez and Bodnar, 2018). Figure 16d shows the fluid Br/Cl ratios obtained from this study and 750 
their correlation to other W-Sn deposits worldwide as well as typical fluid reservoirs for a variety 751 
of metallogenic environments. Eleven molar Br/Cl ratios obtained from quartz-hosted fluid 752 
inclusions exhibit a narrow range between 0.30 × 10-3 and 0.98 × 10-3, whereas the wolframite-753 
hosted fluid inclusion yields a sole higher value at 2.3 × 10-3. The Br/Cl ratios in quartz-hosted fluid 754 
inclusions are similar to those from the St. Austell Sn-W deposit in England (Irwin and Roedder, 755 
1995) and the Mole Granite Sn-W deposit in Australia (Seo et al., 2011), and they are generally 756 
overlapping with the summarized fluid reservoir for granite-related deposits (Lecumberri-Sanchez 757 
and Bodnar, 2018). Due to the strong S-type affinity for granites related to W-Sn deposits (Cerny et 758 
al., 2005), the relatively low Br/Cl ratios are well explained by assimilation of Br-poor evaporitic 759 
sedimentary rocks during crustal anatexis (e.g., Campbell et al., 1995; Seo et al., 2011). However, 760 
the Panasqueira W-Sn deposit provides an exception by displaying significantly elevated fluid Br/Cl 761 
ratios despite the S-type parental granite, and it is explained as a result of mixing with organic-rich 762 
sedimentary fluid (Polya et al., 2000). This interpretation may equally explain the high Br/Cl ratio 763 
obtained from wolframite-hosted fluid inclusion at Yaogangxian, but it is not conclusive based on 764 
the sole datum. 765 
In summary, our results favor the dominance of a single-sourced magmatic-hydrothermal fluid in 766 

the formation of the studied coexisting wolframite and quartz, although additions of sedimentary 767 
fluids and meteoric water are also likely. 768 
 769 
Wolframite deposition mechanism: an open question 770 
Along with recent applications of infrared microthermometry and LA-ICP-MS analysis on fluid 771 
inclusion from vein-type tungsten (± tin) deposits, four major wolframite deposition mechanisms 772 
have been proposed and debated, namely: (1) fluid cooling (Ni et al., 2015; Li et al., 2018; Chen et 773 
al., 2018); (2) addition of Fe during fluid-rock interaction (Lecumberri-Sanchez et al., 2017); (3) 774 
fluid boiling or unmixing (Lüders, 1996; Korges et al., 2018); and (4) mixing of magmatic fluid 775 
with meteoric water (Wei et al., 2012; Legros et al., 2018). Here, we provide a preliminary 776 
discussion on wolframite deposition mechanism based on our limited fluid inclusion data obtained 777 
from the studied sample.  778 
Given intense solubility decrease of wolframite from 350 to 300 °C in modeled magmatic-779 

hydrothermal fluid (Jaireth et al., 1990), fluid cooling may be one of the most effective mechanisms 780 
for wolframite deposition (Heinrich, 1990). According to the statistical evolution trend reflected by 781 
microthermometry data of wolframite-hosted fluid inclusions, previous studies on a number of vein-782 
type tungsten deposits in the Nanling region, including Yaogangxian, suggest fluid simple cooling 783 
as a major wolframite deposition mechanism (Ni et al., 2015; Chen et al., 2018; Li et al., 2018). 784 
Generally, our microthermometric data from Pw inclusions do not support such scenario (Fig. 9) 785 
but meanwhile not negate it because they are too limited to reflect any statistical significance. 786 
However, our LA-ICP-MS results do show that W and Mn concentrations in Ps1-2 and Ps3 787 
inclusions are invariant to temperature variation in the range from 220 to 320 °C (Fig. 14). This 788 
finding indicates at least some wolframite deposition events (e.g., wf3 in Fig. 8) are not simply 789 
derived by fluid cooling. 790 
Because W is mainly transported in the form of tungstic acids such as H2WO4, HWO4
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and/or other alkali metal tungstate in aqueous hydrothermal fluids (Gibert et al., 1992; Wood and 792 
Samson, 2000), the addition of cation precipitators such as Fe and Mn can be important driving 793 
factor for wolframite deposition. A recent fluid inclusion LA-ICP-MS study by Lecumberri-Sanchez 794 
et al. (2017) reports significantly low Fe concentrations in quartz-hosted fluid inclusions from the 795 
Panasqueira W-Sn deposit and shows the addition of Fe released from fluid-rock interaction with 796 
host sediments controls the wolframite deposition. Our fluid inclusion data are comparable to theirs 797 
by showing most Fe contents lower than the detection limit (Table S2). Nevertheless, the relatively 798 
high detection limit for Fe, generally at 10s to few 100s ppm in both our study and Lecumberri-799 
Sanchez et al. (2017), does not necessarily indicate insufficient Fe to precipitate wolframite from 800 
the initial fluids, especially considering the W concentrations that are also less than few 10s of ppm. 801 
On the other hand, Mn is detectable in over half of the fluid inclusions, and the mole ratios of Mn/W 802 
in fluid inclusions (~ 2 to 76, calculated from Table S2) are significantly higher than the coexisting 803 
wolframite (~ 0.6, our unpublished data). Consequently, the addition of Fe or Mn from other source 804 
cannot be concluded as a major wolframite deposition mechanism at Yaogangxian. 805 
Korges et al. (2018) carried out another comparable fluid inclusion study on the Zinnwald Sn-W 806 

deposit using both infrared microthermometry and LA-ICP-MS analysis. Based on the fluid 807 
chemistry and the occurrence of boiling assemblages, fluid boiling is proposed as the main 808 
mechanism for wolframite and cassiterite mineralization. This scenario is supported by several 809 
previous studies suggesting boiling or unmixing can result in pH increase by degassing acidic 810 
volatiles (e.g., HCl, CO2), which in turn facilitates wolframite deposition (Higgins, 1985; Lynch, 811 
1989; Wood and Samson, 2000; Krylova et al., 2012). As discussed above, our fluid inclusion data 812 
strongly imply the occurrence of fluid boiling or unmixing in Ps3 stage that is coeval with 813 
wolframite deposition. Raman and LA-ICP-MS analysis also suggests possible pH increase by loss 814 
of acidic species such as CO2, H2S and H3BO3 in Ps3 stage. Thus, fluid boiling or unmixing is likely 815 
the main driving mechanism for the late stage wolframite deposition (i.e., wf3). Given the similar 816 
fluid chemical features in both Pw and Ps3 inclusions, fluid boiling might be equally involved in 817 
the precipitation of the main wolframite crystal. However, this hypothesis cannot be confirmed in 818 
our current study due to lack of further constraint. It is also noteworthy that hypersaline brine 819 
inclusions are commonly observed in Sn dominated deposits but typically absent in W dominated 820 
deposits (Wood and Samson, 2000), as exemplified by the Zinnwald Sn-W deposit (Korges et al., 821 
2018) and the Yaogangxian W deposit (Li et al., 2018 and this study). This phenomenon implies the 822 
fluid unmixing at Yaogangxian occurred in relatively lower pressure and temperature conditions 823 
than those in Sn dominated deposits. 824 
A recent fluid inclusion LA-ICP-MS study on wolframite-quartz veins from the Maoping and 825 

Piaotang deposits suggests multiple-sourced fluids are involved in the formation of W-Sn 826 
mineralization (Legros et al., 2018). These two deposits are particularly comparable to Yaogangxian 827 
because they are very close in distance (Fig. 1), and they share similar geology, geochronology and 828 
mineralization characteristics (Ni et al., 2015; Chen et al., 2018). Based mainly on fluid inclusion 829 
microthermometry and elemental composition data, Legros et al. (2018) recognizes four endmember 830 
fluids in both Maoping and Piaotang, and interprets the dilution of magmatic fluids as the major 831 
ore-forming mechanism. However, aside doubt on the small number of composition data collected 832 
without using fluid inclusion assemblage, the reported salinities may be biased since the effect of 833 
additional CO2 is not considered. Therefore, the proposed fluid mixing mechanism at Maoping and 834 
Piaotang should be treated with more caution. In contrast, our fluid inclusion data from sixty-seven 835 



fluid inclusion assemblages demonstrably indicate the ore-forming fluids are derived mainly from 836 
a stable magmatic source during the period when the studied wolframite and quartz crystalized. 837 
Dilution of this magmatic fluid via mixing with meteoric water cannot be excluded according to the 838 
microthermometric results, since both dilution and the presence of variable amount of CO2 can result 839 
in the apparent salinity variation of Pw and Ps3 inclusions (Fig. 9b-c). Nevertheless, dilution alone 840 
cannot generate the significant chemical changes in Pw and Ps3 inclusions so that its association 841 
with wolframite deposition is not suggested in the studied case. In addition, the elevated Sr contents 842 
in both Pw and Ps3 inclusions imply the involvement of Sr-rich fluids likely derived from host 843 
sediments (Kharaka and Hanor, 2014; Large et al., 2016). This hypothesis is partly supported by a 844 
recent He-Ar isotope study, which proposes the ore-forming fluids at Yaogangxian are mixture of 845 
crustal and magmatic fluids containing mantle components (Hu et al., 2012). 846 
From the perspective of fluid chemistry in the studied sample, deposition of wolframite likely 847 

depends on the specific fluid processes that meanwhile control the variations of carbonic volatiles, 848 
B, As, S, Sr, and possibly Ca (presumably enriched in Ps3 inclusions) in the fluid. The depletion of 849 
these elements is unlikely to be derived by mineral crystallization because precipitation of the 850 
related minerals that can selectively extract some of these elements from fluid are either not coeval 851 
with the specific fluid stage or absent in the wolframite-quartz veins. Collectively, we suggest that 852 
fluid phase separation and mixing with sedimentary fluid may play important roles in controlling 853 
the chemical variation of fluid and the concurrent wolframite deposition. Nevertheless, owing to the 854 
limitation of our available data, the major wolframite deposition mechanism at Yaogangxian as well 855 
as other analogous vein-type tungsten deposits in the Nanling region remains an open question to 856 
solve.  857 
 858 

Implications 859 
The following implications can be made based on the observation and data presented: 860 
1. Detailed petrographic observation and CL imaging on the studied coexisting wolframite and 861 
quartz show repeated precipitation of quartz, wolframite and muscovite, suggesting the fluid 862 
processes forming these two minerals can be much more complex than previously proposed. 863 
Reconstruction of fluid history based on the crystal-scale paragenesis demonstrates that both quartz- 864 
and wolframite-hosted fluid inclusions are capable of reflecting the true wolframite deposition 865 
condition. 866 
2. Microthermometry results show some fluctuation of homogenization temperature and salinity of 867 
fluids trapped in coexisting wolframite and quartz. The measured wolframite-hosted fluid inclusions 868 
do not display significantly higher homogenization temperature than those from coexisting quartz, 869 
which provides an exception to the consensus reached from previous comparative studies in the 870 
same region.  871 
3. Distinct chemical features of quartz- and wolframite-hosted fluid inclusions are revealed by LA-872 
ICP-MS analysis. Fluid inclusions trapped concurrently with wolframite deposition are enriched in 873 
Sr but depleted in B, As and possibly S, compared with fluid inclusions that are not associated with 874 
wolframite deposition. The chemical similarity between the two wolframite-associated but spatially 875 
and temporally separated fluid inclusion generations implies episodic injection of ore-forming fluids 876 
characterized by similar chemical signatures. 877 
4. Both wolframite- and quartz-hosted fluid inclusions are proved to contain certain amounts of CO2 878 
± CH4, whereas H3BO3 in quartz-hosted fluid inclusions can occur as major solute second only to 879 



NaCl. Ignoring the presence of both carbonic volatiles and high B contents in fluid inclusions may 880 
lead to miscalculation and misinterpretation of fluid inclusion data. These effects should be 881 
considered critically for fluid inclusion study on granite-related tungsten-tin deposits. 882 
5. Multiple chemical criteria suggest the fluids that formed the studied wolframite and quartz 883 
crystals are derived predominately from an identical magmatic source with possible additions of 884 
sedimentary fluids and meteoric water. 885 
6. Fluid phase separation and mixing with sedimentary fluid may have played important roles in 886 
controlling the fluid chemical changes that are concurrent with wolframite deposition. Fluid cooling 887 
or addition of Fe and Mn from other source does not appear to be the major driving factor in the 888 
studied case. However, further investigation is necessary to better clarify the wolframite deposition 889 
mechanism at Yaogangxian. 890 
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 1260 
Figure Captions 1261 
 1262 
Fig. 1. Schematic geological map of the Nanling region in the Cathaysian Block, South China, 1263 
showing distribution of multiple stage granites and major wolframite-quartz vein type tungsten 1264 
deposits. Modified after Mao et al. (2007) and Chen et al. (2013). See online version for color 1265 
interpretation. 1266 
 1267 
Fig. 2. Detailed geologic map of the Yaogangxian tungsten deposits, illustrating the surface lithology, 1268 
structure and mineralization of the deposits. Modified after unpublished data from Hunan 1269 
Yaogangxian Mining Co. Ltd. (2013). See online version for color interpretation. 1270 
 1271 
Fig. 3. Photographs of typical free-grown crystals of coexisting wolframite and quartz collected 1272 
from the wolframite-quartz veins in underground mine working between 700 and 1400 m ASL at 1273 
Yaogangxian. (a) Aggregation of short tabular wolframite crystals coexisting with several euhedral 1274 
quartz and calcite crystals on the tip. (b) Group of parallel, long tabular to prismatic wolframite 1275 



crystals with euhedral quartz grown as epitaxial extensions. Both (a) and (b) illustrate a relatively 1276 
later paragenetic sequence of quartz than coexisting wolframite. (c-d) ‘Front’ and ‘back’ sides of the 1277 
studied sample crystal 1-2 in this paper, showing multi-stage mineral precipitation involving mainly 1278 
wolframite, quartz, muscovite and arsenopyrite. Note the directional shadowing of arsenopyrite and 1279 
the punctate chamosite on the ‘back’ side is derived by gravity (see text for discussion). (e) 1280 
Magnified details of a euhedral wolframite crystal rooted slightly into the main quartz crystal. (f) A 1281 
cubic purple fluorite crystal on the main wolframite crystal. Also shown are octahedral arsenopyrite 1282 
and fine-grained euhedral quartz grown on the base of muscovite. (g) Fine-grained chamosite 1283 
scattered on the ‘back’ side of the main quartz crystal, indicating a paleo gravity direction 1284 
perpendicular to the precipitation plane which originally faced upward. (h) Small wolframite and 1285 
muscovite grains floating beneath the main quartz crystal surface on which the chamosite 1286 
precipitated, also indicating a gravity-derived genesis. Pseudosecondary fluid inclusion in the main 1287 
quartz crystal can be observed under the given scale. The scales are 1 cm for thick bars and 3 mm 1288 
for thin bars unless defined otherwise. Abbreviations: wf = wolframite, qz = quartz, ms = muscovite, 1289 
asp = arsenopyrite, fl = fluorite, chm = chamosite, cal = calcite, py = pyrite. 1290 
 1291 
Fig. 4. Panoramic photomicrographs of the whole thin section made from the wolframite-quartz 1292 
sample shown in Fig. 3c-h. The section was cut in the direction parallel to the c axis of the main 1293 
quartz crystal and perpendicular to the precipitation plane defined by chamosite grains. (a) 1294 
Transmitted light panorama showing the contact relationship between different minerals and the 1295 
distribution of fluid inclusion trails (clouds of black dots) in quartz. See Fig. 5 to 7 for more detailed 1296 
textures and paragenetic relationships in the dashed boxes. (b) SEM-CL photomosaics showing 1297 
multiple stages of quartz deposition and fracturing. (c) A derived sketch from SEM-CL, illustrating 1298 
the time sequence of successive quartz generations (subscript ‘Ps’ stands for pseudosecondary) and 1299 
the coexisting wolframite and muscovite. Also labeled are three gravity-derived mineral 1300 
precipitation zones along the upper crystal face (see Fig. 5 for details). See online version for color 1301 
interpretation. 1302 
 1303 
Fig. 5. Magnified photomicrographs of the dashed areas in Fig. 4a, illustrating detailed textures and 1304 
paragenetic relationships between minerals and fluid inclusions (see Fig. 6 & 7 for more details in 1305 
the dashed boxes). (a-b) Transmitted light and CL images showing small wolframite blades occur 1306 
along oscillatory growth zones of Q1. Note the CL-dark Q2 trails are the surface reflection of fluid 1307 
inclusion trails underneath. (c-e) Transmitted light, cross-polarized light and CL images showing 1308 
several gravity-derived mineral precipitation zones which also define the border of different quartz 1309 
generations. Note that small wolframite grains previously observed in Fig. 3h only occur along GD 1310 
zone-2. (f-g) Transmitted light and CL images showing multi-stage quartz deposition, fracturing and 1311 
fluid inclusion entrapment. Absolute chronological sequence of quartz and fluid inclusion 1312 
generations can be determined from their crosscutting relationships. Abbreviations: wf = wolframite, 1313 
qz = quartz, ms = muscovite, GD = gravity-derived. 1314 
 1315 
Fig. 6. Magnified photomicrographs of the dashed area in Fig. 5c. (a-b) Transmitted light and CL 1316 
images illustrating the affinity between pseudosecondary fluid inclusion trails and quartz trails Q2 1317 
and Q4Ps. (c) Magnified area in (a), showing rigorous truncation of Ps1-2 trails by GD zone-1 and 1318 
Ps4 trails by a GD subzone in Q4, respectively. Abbreviations: wf = wolframite, GD = gravity-1319 



derived. 1320 
 1321 
Fig. 7. Magnified photomicrographs of the dashed area in Fig. 5f. (a-b) Transmitted light and CL 1322 
images illustrating the affinity between pseudosecondary fluid inclusion trails and quartz trails Q2, 1323 
Q3Ps and Q4Ps. (c-d) Magnified area in (a), showing rigorous truncation of Ps1-2, Ps3 and Ps4 trails 1324 
by the borders of Q1, Q3 and Q4, respectively. The borders between different quartz generations 1325 
can be defined from CL images although no gravity-derived mineral precipitation zone occurs in 1326 
the lower part of the crystal. 1327 
 1328 
Fig. 8. Summarized petrographic relationship (a) and relative time sequence (b) between different 1329 
mineral and fluid inclusion generations in the studied sample. Abbreviations: wf = wolframite, qz = 1330 
quartz, ms = muscovite, asp = arsenopyrite, chm = chamosite. 1331 
 1332 
Fig. 9. Homogenization temperature vs. salinity diagrams for all measured FIAs in the studied 1333 
sample. (a) Plots of mean value of each FIA with 1σ error bars. Data are available in Table 1. (b) 1334 
Comparison of four FIA data domains derived from (a). (c) Schematic diagram of different fluid 1335 
evolution processes predicted from the data distribution trends. Modified after Wilkinson (2001). 1336 
See online version for color interpretation. 1337 
 1338 
Fig. 10. Identification of CO2 in a large primary wolframite-hosted fluid inclusion during 1339 
microthermometry. (a) Liquid CO2 phase was condensed at ca. 3.0 °C only during cooling run, 1340 
suggesting phase separation in the metastable absence of clathrate during initial cooling (Diamond, 1341 
1992). (b-c) Melting of solid CO2 phase can be inferred according to the shape of vapor bubble after 1342 
overcooling to −95 °C and reheating to −55 °C. The solid CO2 phase melted at ca. −57.2 °C that is 1343 
lower than the CO2 triple point at −56.6 °C, indicating possible presence of other gases (Seitz et al., 1344 
1987). 1345 
 1346 
Fig. 11. Representative Raman spectra and relative wavenumbers of liquid and gas compositions of 1347 
Ps1-2 and Ps3 type fluid inclusions in quartz crystal. All measured at room temperature. (a-b) Raman 1348 
spectrum collected from the liquid phase of Ps1-2 type fluid inclusion, with magnified area between 1349 
500 and 1500 cm-1. The spectrum shows that minor H3BO3 and dissolved CO2 can be detected in 1350 
addition to the dominant H2O. (c-e) Raman spectrum collected from the vapor phase of the same 1351 
Ps1-2 type fluid inclusion measured in (a-b), with magnified areas from 500 to 1500 cm-1 and 2200 1352 
to 3200 cm-1, respectively. The spectrum shows that CO2 and CH4 are the dominant gases in the 1353 
vapor phase, whereas minor N2 and H2S also occur. Note that unattributed peak centered at ca. 1235 1354 
cm-1 is also detected in both liquid and vapor phases of Ps1-2 type fluid inclusion. (f) Raman 1355 
spectrum of vapor phase of Ps3 type fluid inclusion, showing significantly weaker CO2 and CH4 1356 
intensities compared with Ps1-2 fluid inclusion. Abbreviations: AS = aqueous solution; V = vapor. 1357 
 1358 
Fig. 12. Summary plots showing average homogenization temperatures (Th), salinities and element 1359 
concentration ratios X/(Na + K) of studied fluid inclusion assemblages of Pw, Ps1-2 and Ps3 types. 1360 
All error bars are at 1σ. Within each FIA type the values are ordered according to the FIA No. For 1361 
As, Sr, S, Sb and Cu, the minimum limits of detection (LODs) in each FIA are also plotted as 1362 
estimated upper limit for actual values. S in all Pw type inclusions are below LODs in which all 1363 



except one are too high to be plotted. The plotted LA-ICP-MS data are tabulated in Table 2 while 1364 
data for all other elements are available in Table S2.  1365 
 1366 
Fig. 13. Comparison of fluid chemistry between Pw, Ps1-2 and Ps3 type fluid inclusions. (a-c) Plots 1367 
of average element concentration ratios X/(Na + K) of Pw vs. Ps1-2, Ps3 vs. Ps1-2 and Pw vs. Ps3, 1368 
respectively. All error bars are at 1σ. In each diagram, only those elements detected in both fluid 1369 
inclusion types are plotted. Most elements have consistent concentration ratios in all fluid inclusions 1370 
except B, As, Sr and Cu. (d) Ternary plot of B, As, Sr in different fluid inclusion types, showing 1371 
conspicuously distinct chemical domains with respect to these three elements. Each symbol 1372 
represents a single fluid inclusion.  1373 
 1374 
Fig. 14. Plots of homogenization temperatures versus W and Mn concentration ratios X/(Na + K) 1375 
for all measured Ps1-2 and Ps3 type fluid inclusions. The nearly random-distributed symbols in both 1376 
(a) and (b) suggest that W and Mn concentrations in ore-forming fluids are not controlled by fluid 1377 
temperature within the plotted range (i.e. 220 to 320 °C). 1378 
 1379 
Fig. 15. Plots of element concentration ratios of B, As, Sb and S against Na in Pw, Ps1-2 and Ps3 1380 
FIAs. Note Pw inclusions data are slightly to the left because they have higher K concentration. All 1381 
error bars are at 1σ. The hollow symbols indicate the minimum limits of detection (LODs) of 1382 
element in each FIA.  1383 
 1384 
Fig. 16. Diagrams of selected element concentrations and concentration ratios of Pw, Ps1-2 and Ps3 1385 
FIAs used for discriminating fluid sources. All error bars are at 1σ. Data for magmatic-hydrothermal 1386 
fluids and basinal brines in (a) and (b) are sourced from Samson et al. (2008) and Williams-Jones et 1387 
al. (2010). Br/Cl ranges for evaporates and different ore deposit settings are modified from 1388 
Lecumberri-Sanchez and Bodnar (2018); fluid Br/Cl values for Panasqueira W-Sn, Mole Granite 1389 
Sn-W and St. Austell Sn-W deposits are from Polya et al. (2000), Seo et al. (2011) and Irwin and 1390 
Roedder (1995), respectively. The reference value for seawater (1.54 × 10-3) is from McCaffrey et 1391 
al. (1987), whereas the mantle values (ca. 1-2 × 10-3) are from Déruelle et al. (1992), Jambon et al. 1392 
(1995) and Johnson et al. (2000). Dilution lines are added in (c) and (d) to overcome the 1393 
miscalculation of absolute concentrations and possible dilution by meteoric water. 1394 
 1395 
 1396 



Fig. 1 
 

 
  

Fig. 1. Schematic geological map of the Nanling region in the Cathaysian Block, South China,
showing distribution of multiple stage granites and major wolframite-quartz vein type tungsten
deposits. Modified after Mao et al. (2007) and Chen et al. (2013). See online version for color 
interpretation.
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Fig. 2. Detailed geologic map of the Yaogangxian tungsten deposits, illustrating the surface lithology,
structure and mineralization of the deposits. Modified after unpublished data from Hunan
Yaogangxian Mining Co. Ltd. (2013). See online version for color interpretation.
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Fig. 3. Photographs of typical free-grown crystals of coexisting wolframite and quartz collected 
from the wolframite-quartz veins in underground mine working between 700 and 1400 m ASL at 
Yaogangxian. (a) Aggregation of short tabular wolframite crystals coexisting with several euhedral 
quartz and calcite crystals on the tip. (b) Group of parallel, long tabular to prismatic wolframite 
crystals with euhedral quartz grown as epitaxial extensions. Both (a) and (b) illustrate a relatively 
later paragenetic sequence of quartz than coexisting wolframite. (c-d) ‘Front’ and ‘back’ sides of the 
studied sample crystal 1-2 in this paper, showing multi-stage mineral precipitation involving mainly 
wolframite, quartz, muscovite and arsenopyrite. Note the directional shadowing of arsenopyrite and 
the punctate chamosite on the ‘back’ side is derived by gravity (see text for discussion). (e) 



Magnified details of a euhedral wolframite crystal rooted slightly into the main quartz crystal. (f) A 
cubic purple fluorite crystal on the main wolframite crystal. Also shown are octahedral arsenopyrite 
and fine-grained euhedral quartz grown on the base of muscovite. (g) Fine-grained chamosite 
scattered on the ‘back’ side of the main quartz crystal, indicating a paleo gravity direction 
perpendicular to the precipitation plane which originally faced upward. (h) Small wolframite and 
muscovite grains floating beneath the main quartz crystal surface on which the chamosite 
precipitated, also indicating a gravity-derived genesis. Pseudosecondary fluid inclusion in the main 
quartz crystal can be observed under the given scale. The scales are 1 cm for thick bars and 3 mm 
for thin bars unless defined otherwise. Abbreviations: wf = wolframite, qz = quartz, ms = muscovite, 
asp = arsenopyrite, fl = fluorite, chm = chamosite, cal = calcite, py = pyrite. 
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Fig. 4. Panoramic  photomicrographs  of  the  whole  thin section  made  from  the  wolframite-quartz 
sample shown in Fig. 3c-h. The section was cut in the direction parallel to the c axis of the main 
quartz  crystal  and  perpendicular  to  the  precipitation  plane  defined  by  chamosite  grains. (a)
Transmitted  light panorama showing  the  contact  relationship  between  different  minerals  and  the 
distribution of fluid inclusion trails (clouds of black dots) in quartz. See Fig. 5 to 7 for more detailed 
textures  and  paragenetic  relationships in  the  dashed  boxes. (b) SEM-CL photomosaics showing 
multiple stages of quartz deposition and fracturing. (c) A derived sketch from SEM-CL, illustrating 
the time sequence of successive quartz generations (subscript ‘Ps’ stands for pseudosecondary) and 
the  coexisting  wolframite  and  muscovite.  Also  labeled  are  three  gravity-derived  mineral 
precipitation zones along the upper crystal face (see Fig. 5 for details). See online version for 
color interpretation.

 



Fig. 5 
 

Fig. 5. Magnified photomicrographs of the dashed areas in Fig. 4a, illustrating detailed textures and 
paragenetic relationships between minerals and fluid inclusions (see Fig. 6 & 7 for more details in 
the dashed boxes). (a-b) Transmitted light and CL images showing small wolframite blades occur 
along oscillatory growth zones of Q1. Note the CL-dark Q2 trails are the surface reflection of fluid 



inclusion trails underneath. (c-e) Transmitted light, cross-polarized light and CL images showing 
several gravity-derived mineral precipitation zones which also define the border of different quartz 
generations. Note that small wolframite grains previously observed in Fig. 3h only occur along GD 
zone-2. (f-g) Transmitted light and CL images showing multi-stage quartz deposition, fracturing and 
fluid inclusion entrapment. Absolute chronological sequence of quartz and fluid inclusion 
generations can be determined from their crosscutting relationships. Abbreviations: wf = wolframite, 
qz = quartz, ms = muscovite, GD = gravity-derived.



Fig. 6 

Fig. 6. Magnified photomicrographs of the dashed area in Fig. 5c. (a-b) Transmitted light and CL 
images illustrating the affinity between pseudosecondary fluid inclusion trails and quartz trails Q2 
and Q4Ps. (c) Magnified area in (a), showing rigorous truncation of Ps1-2 trails by GD zone-1 and 
Ps4 trails by a GD subzone in Q4, respectively. Abbreviations: wf = wolframite, GD = gravity-
derived.



Fig. 7 

Fig. 7. Magnified photomicrographs of the dashed area in Fig. 5f. (a-b) Transmitted light and CL 
images illustrating the affinity between pseudosecondary fluid inclusion trails and quartz trails Q2, 
Q3Ps and Q4Ps. (c-d) Magnified area in (a), showing rigorous truncation of Ps1-2, Ps3 and Ps4 trails 
by the borders of Q1, Q3 and Q4, respectively. The borders between different quartz generations 
can be defined from CL images although no gravity-derived mineral precipitation zone occurs in 
the lower part of the crystal.



Fig. 8 

Fig. 8. Summarized petrographic relationship (a) and relative time sequence (b) between different 
mineral and fluid inclusion generations in the studied sample. Abbreviations: wf = wolframite, qz = 
quartz, ms = muscovite, asp = arsenopyrite, chm = chamosite.
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Fig. 9. Homogenization temperature vs. salinity diagrams for all measured FIAs in the studied
sample. (a) Plots of mean value of each FIA with 1σ error bars. Data are available in Table 1. (b)
Comparison of four FIA data domains derived from (a). (c) Schematic diagram of different fluid
evolution processes predicted from the data distribution trends. Modified after Wilkinson (2001). 
See online version for color interpretation.



Fig. 10 

Fig. 10. Identification of CO2 in a large primary wolframite-hosted fluid inclusion during 
microthermometry. (a) Liquid CO2 phase was condensed at ca. 3.0 °C only during cooling run, 
suggesting phase separation in the metastable absence of clathrate during initial cooling (Diamond, 
1992). (b-c) Melting of solid CO2 phase can be inferred according to the shape of vapor bubble after 
overcooling to −95 °C and reheating to −55 °C. The solid CO2 phase melted at ca. −57.2 °C that is 
lower than the CO2 triple point at −56.6 °C, indicating possible presence of other gases (Seitz et al., 
1987).



Fig. 11

Fig. 11. Representative Raman spectra and relative wavenumbers of liquid and gas compositions of 
Ps1-2 and Ps3 type fluid inclusions in quartz crystal. All measured at room temperature. (a-b) Raman 
spectrum collected from the liquid phase of Ps1-2 type fluid inclusion, with magnified area between 
500 and 1500 cm-1. The spectrum shows that minor H3BO3 and dissolved CO2 can be detected in 
addition to the dominant H2O. (c-e) Raman spectrum collected from the vapor phase of the same 
Ps1-2 type fluid inclusion measured in (a-b), with magnified areas from 500 to 1500 cm-1 and 2200 
to 3200 cm-1, respectively. The spectrum shows that CO2 and CH4 are the dominant gases in the 
vapor phase, whereas minor N2 and H2S also occur. Note that unattributed peak centered at ca. 1235 
cm-1 is also detected in both liquid and vapor phases of Ps1-2 type fluid inclusion. (f) Raman 
spectrum of vapor phase of Ps3 type fluid inclusion, showing significantly weaker CO2 and CH4 
intensities compared with Ps1-2 fluid inclusion. Abbreviations: AS = aqueous solution; V = vapor.
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Fig. 12. Summary plots showing average homogenization temperatures (Th), salinities and element 
concentration ratios X/(Na + K) of studied fluid inclusion assemblages of Pw, Ps1-2 and Ps3 types. 
All error bars are at 1σ. Within each FIA type the values are ordered according to the FIA No. For 
As, Sr, S, Sb and Cu, the minimum limits of detection (LODs) in each FIA are also plotted as 
estimated upper limit for actual values. S in all Pw type inclusions are below LODs in which all 
except one are too high to be plotted. The plotted LA-ICP-MS data are tabulated in Table 2 while 
data for all other elements are available in Table S2. 



Fig. 13 

Fig. 13. Comparison of fluid chemistry between Pw, Ps1-2 and Ps3 type fluid inclusions. (a-c) Plots 
of average element concentration ratios X/(Na + K) of Pw vs. Ps1-2, Ps3 vs. Ps1-2 and Pw vs. Ps3, 
respectively. All error bars are at 1σ. In each diagram, only those elements detected in both fluid 
inclusion types are plotted. Most elements have consistent concentration ratios in all fluid inclusions 
except B, As, Sr and Cu. (d) Ternary plot of B, As, Sr in different fluid inclusion types, showing 
conspicuously distinct chemical domains with respect to these three elements. Each symbol 
represents a single fluid inclusion. Same color codes are used in all following figures.



Fig. 14 
 

 

Fig. 14. Plots of homogenization temperatures versus W and Mn concentration ratios X/(Na + K) 
for all measured Ps1-2 and Ps3 type fluid inclusions. The nearly random-distributed symbols in both 
(a) and (b) suggest that W and Mn concentrations in ore-forming fluids are not controlled by fluid 
temperature within the plotted range (i.e. 220 to 320 °C). 



Fig. 15 

Fig. 15. Plots of element concentration ratios of B, As, Sb and S against Na in Pw, Ps1-2 and Ps3 
FIAs. Note Pw inclusions data are slightly to the left because they have higher K concentration. All 
error bars are at 1σ. The hollow symbols indicate the minimum limits of detection (LODs) of 
element in each FIA.



Fig. 16 

Fig. 16. Diagrams of selected element concentrations and concentration ratios of Pw, Ps1-2 and Ps3 
FIAs used for discriminating fluid sources. All error bars are at 1σ. Data for magmatic-hydrothermal 
fluids and basinal brines in (a) and (b) are sourced from Samson et al. (2008) and Williams-Jones et 
al. (2010). Br/Cl ranges for evaporates and different ore deposit settings are modified from 
Lecumberri-Sanchez and Bodnar (2018); fluid Br/Cl values for Panasqueira W-Sn, Mole Granite 
Sn-W and St. Austell Sn-W deposits are from Polya et al. (2000), Seo et al. (2011) and Irwin and 
Roedder (1995), respectively. The reference value for seawater (1.54 × 10-3) is from McCaffrey et 
al. (1987), whereas the mantle values (ca. 1-2 × 10-3) are from Déruelle et al. (1992), Jambon et al. 
(1995) and Johnson et al. (2000). Dilution lines are added in (c) and (d) to overcome the 
miscalculation of absolute concentrations and possible dilution by meteoric water. All diagrams 
share the same color codes.



Table 1. General characteristics of all measured fluid inclusion in the studied coexisting wolframite and quartz crystals from Yaogangxian 

FI type Host mineral Phase description Size Total number Salinity Average Th Average Raman gases 
 generation at room temperature µm (FIA number) wt. %1 ± σ °C ± σ  

Pw wf1 L-V, liquid-rich 15 ~ 120 28 (12) 4.5 ~ 7.2 5.8 ± 0.9 263 ~ 305 279 ± 11 CO2
2 

Ps1-2 Q1-2 L-V, liquid-rich 15 ~ 80 147 (44) 5.9 ~ 6.6 6.2 ± 0.2 233 ~ 297 266 ± 14 CO2, CH4, N2, H2S 
Ps3 Q3Ps L-V, liquid-rich 15 ~ 40 27 (11) 5.2 ~ 8.4 6.3 ± 1.2 250 ~ 310 270 ± 17 CO2, CH4 
P4 Q4 L-V, liquid-rich 5 ~ 10 3 (1) 5.9 5.9 268 268 n.d. 
Ps4 Q4Ps L-V, liquid-rich 5 ~ 15 7 (2) 6.0 ~ 6.9 6.2 ± 0.4 274 ~ 280 276 ± 3 n.d. 

Notes: Salinity and Th ranges are summarized based on average values of each fluid inclusion assemblage. The average values reported here are calculated using all fluid inclusions of each type, 

and are presented with 1 standard deviation (± σ). n.d. = not determined. 
1 Apparent salinities of fluid inclusions in wt. % NaCl equiv. 
2 Identified via microthermometry.  



Table 2. Summary of salinities, homogenization temperatures and main elemental concentrations of 67 FIAs in coexisting wolframite and quartz from Yaogangxian 

FIA Sa.2 Th Li B Na S Cl K Mn As Cu Rb Sr Sb Cs W 
(N)1  (°C) (ppm) (ppm) (wt. %) (ppm) (wt. %) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
Primary FIAs in wolframite (Pw type, N=12)         

81(3) 5.3  283 928 ± 155 1520 ± 752 1.84 ± 0.03 - - 3827 ± 430 n.d. - - 102.9 ± 8.8 66.2 ± 53.6 - 575 ± 349 n.d. 
85(1) 7.2  275 918 776 2.51 - - 5352 n.d. - - 145.6 31.9 - 980 n.d. 
86(1) 4.5  263 - 2374 1.59 - - 3004 n.d. - - 66.6 - - 316 n.d. 
87(4) 6.5  285 1329 ± 81 1008 ± 179 2.27 ± 0.02 - 6.82 ± 1.02 4467 ± 265 n.d. 86 ± 55 - 115.2 ± 11.3 117.4 ± 12.9 356.5 743 ± 79 n.d. 
88(2) 7.2  276 1345 ± 286 2172 2.44 ± 0.01 - - 6523 ± 158 n.d. - - 143.1 ± 9.6 106.6 ± 31.9 - 1026 ± 89 n.d. 
89(1) 7.0  271 1268 655 2.52 - 3.85 4164 n.d. - - 120.6 100.2 - 820 n.d. 
90(5) 5.4  273 817 ± 132 698 ± 160 1.92 ± 0.05 - 4.48 ± 1.81 3522 ± 798 n.d. 4 - 110.4 ± 24.7 38.3 ± 20.9 12.5 759 ± 235 n.d. 
91(3) 6.2  267 1158 ± 96 904 ± 356 2.18 ± 0.03 - 4.24 4120 ± 426 n.d. 15 - 137.3 ± 33.6 112.7 ± 43.7 - 831 ± 162 n.d. 
92(1) 6.7  270 763 1398 2.48 - - 2956 n.d. - - 86.8 186.1 - 341 n.d. 
93(1) 6.9  288 985 942 2.48 - 4.92 3804 n.d. 19 250 103.1 77.8 - 710 n.d. 
94(3) 4.5  305 690 ± 153 2235 ± 1722 1.62 ± 0.01 - - 2498 ± 227 n.d. - - 70.5 ± 20.1 - - 291 ± 38 n.d. 
95(3) 5.4  279 1314 ± 182 1397 ± 219 1.93 ± 0.04 - - 3303 ± 724 n.d. - - 98.9 ± 19.2 26.4 ± 15.3 - 684 ± 83 n.d. 

Pseudosecondary FIAs in Qtz 1-2 (PS1-2 type, N=44)          
1(3) 6.0  272 438 ± 136 9293 ± 1587 2.26 ± 0.02 2399 3.01 ± 0.73 2189 ± 413 - 354 ± 31 77.5 ± 92 122.6 ± 37.1 4.5 ± 0.8 42.6 ± 43.7 602 ± 16 10.2 ± 3.7 

2(2) 6.0  269 497 ± 169 7558 ± 469 2.27 ± 0.01 - 3.47 2021 ± 212 - 321 ± 4 - 74 ± 23 3.2 ± 0.2 20.6 ± 24.8 534 ± 15 14.9 

3(3) 6.0  269 444 ± 121 8119 ± 654 2.2 ± 0.09 - 2.78 ± 0.24 3064 ± 1451 - 466 ± 139 221.5 136.8 ± 60.2 3.1 ± 0.9 21.7 ± 8.2 623 ± 55 15.1 ± 1.2 

4(2) 6.0  291 412 ± 30 7033 ± 309 2.25 ± 0.01 - 3.19 ± 1.07 2280 ± 240 - 282 ± 23 - 94.5 ± 3.7 1.8 ± 0.5 16.4 ± 1.9 505 ± 32 4 ± 1.3 

5(2) 6.0  264 340 ± 19 8875 ± 26 2.23 ± 0.03 2389 3.27 ± 1.81 2553 ± 573 - 382 ± 19 3.3 112.5 ± 33.4 3.8 ± 0.1 13.7 ± 4.6 640 ± 21 17.9 ± 3.3 

6(2) 6.1  273 556 ± 24 7179 ± 1366 2.29 ± 0.01 - 3.59 ± 1.21 1929 ± 307 - 428 ± 102 12.9 196 ± 115 3.6 ± 0.8 20.8 ± 0.5 558 ± 29 7.4 ± 0.9 

7(4) 6.0  267 391 ± 124 10862 ± 4446 2.25 ± 0.02 1931 3.06 ± 0.81 2283 ± 376 - 344 ± 98 6 138.6 ± 48.9 4.4 ± 1 9.5 ± 3 647 ± 193 9.6 ± 3.8 

8(4) 6.0  269 430 ± 7 6070 ± 1550 2.25 ± 0.03 2002 ± 82 2.33 ± 0.48 2233 ± 535 - 305 ± 56 51.4 ± 58 113.7 ± 9.9 3.1 ± 0.6 78 ± 119.1 512 ± 83 6.4 ± 2.6 

9(4) 6.1  261 349 ± 36 8509 ± 137 2.3 ± 0.02 1984 ± 446 2.91 ± 0.32 1856 ± 236 - 429 ± 53 21.8 112.8 ± 14.9 4.1 ± 0.1 13.8 ± 3.6 675 ± 97 13.5 ± 3.3 

10(2) 6.1  244 367 ± 90 9887 ± 322 2.38 ± 0.03 2026 4.8 ± 2.55 375 ± 41 - 359 ± 55 15 39.9 ± 19.6 1.5 ± 0.4 11.6 619 ± 203 6.5 ± 5.8 

11(5) 6.2  258 353 ± 33 8693 ± 1257 2.35 ± 0.05 3016 ± 2205 3.25 ± 0.77 1189 ± 415 - 418 ± 147 9.4 ± 7.9 81.2 ± 32.3 3.7 ± 0.7 9.8 ± 4.1 656 ± 151 9.1 ± 2.7 

12(3) 6.3  264 404 ± 139 7841 ± 1203 2.45 ± 0.01 3186 3 ± 0.85 431 ± 90 - 347 ± 70 7.3 32.7 ± 8.3 2.3 ± 0.5 25.1 ± 9 555 ± 28 11.4 ± 2.2 



13(9) 6.2  266 383 ± 45 8356 ± 729 2.33 ± 0.01 2032 ± 793 2.67 ± 0.3 1530 ± 181 14.7 381 ± 50 27.6 ± 48 88.1 ± 20.5 4.1 ± 1.1 30 ± 32.1 604 ± 29 8.6 ± 3.7 

14(2) 6.2  256 369 ± 94 8692 ± 682 2.37 - 2.87 ± 0.32 861 ± 6 - 349 ± 21 6.1 46.3 ± 14.7 3.1 ± 0.1 12.7 ± 4.7 575 ± 20 11.5 ± 0.7 

15(5) 6.2  250 297 ± 57 8721 ± 968 2.39 ± 0.01 2121 2.66 ± 0.35 527 ± 120 - 385 ± 204 13.2 53 ± 9.9 2.3 ± 1.1 6.4 ± 2.7 659 ± 74 8 ± 2.9 

16(3) 6.2  259 352 ± 199 8106 ± 478 2.34 ± 0.09 2616 ± 135 2.65 ± 0.5 479 ± 7 8.4 404 ± 40 81.5 ± 111 54.9 ± 1.4 2 ± 0.3 42.1 ± 13.9 626 ± 49 4.7 ± 0.4 

17(3) 6.3  264 303 ± 108 8549 ± 669 2.46 1918 3.08 ± 0.3 337 ± 74 - 358 ± 29 32 30.6 ± 7.8 1.5 ± 1.1 25.1 ± 15.5 556 ± 59 7.9 ± 7 

18(5) 6.3  265 359 ± 60 7913 ± 459 2.42 ± 0.02 1542 3.24 ± 0.62 923 ± 347 5.9 343 ± 53 11.5 ± 7.4 54.1 ± 28.3 2.7 ± 1.1 30.6 ± 33.5 602 ± 47 8.6 ± 3.2 

19(2) 6.3  276 348 ± 40 7453 ± 8 2.4 ± 0.05 2830 ± 344 3.28 ± 0.13 1354 ± 901 14 ± 10.5 412 ± 99 31.1 95 ± 18.9 3.2 ± 1 54.3 ± 32.6 591 ± 101 11.3 ± 3.6 

20(2) 6.3  275 313 ± 50 7836 ± 215 2.45 ± 0.01 1999 ± 511 2.76 ± 0.08 476 ± 98 16.1 369 ± 34 41.9 ± 38.2 39.2 ± 8.1 1.7 ± 0.1 58 ± 45 542 ± 6 9.9 ± 1 

21(3) 6.4  258 505 ± 238 7422 ± 197 2.41 ± 0.03 2095 ± 559 3.35 ± 0.46 1420 ± 298 - 336 ± 31 - 67.8 ± 10.6 3.5 ± 0.6 10.3 ± 8.5 611 ± 175 6.2 ± 5.1 

22(3) 6.3  273 430 ± 17 7794 ± 304 2.38 ± 0.02 2230 ± 644 2.82 ± 0.4 1656 ± 255 10.6 ± 3.5 347 ± 27 81.2 ± 129 86.7 ± 11 3.1 67.1 ± 72.9 628 ± 30 5.3 ± 4.2 

23(6) 6.5  281 451 ± 165 8000 ± 746 2.45 ± 0.04 3151 ± 1173 3.54 ± 0.6 1437 ± 736 18 444 ± 85 53.9 ± 32.4 70 ± 29.2 5.1 ± 2.5 109.1 ± 101 649 ± 127 14.7 ± 5.3 

24(5) 6.3  291 450 ± 74 7881 ± 512 2.31 ± 0.1 - 2.72 ± 0.13 2429 ± 788 - 328 ± 33 95.5 ± 29.8 121.1 ± 51.2 3.7 ± 1.9 61.9 ± 22.6 585 ± 59 10.1 ± 4.1 

26(4) 6.4  271 449 ± 95 8011 ± 2408 2.37 ± 0.11 3663 ± 1517 3.03 ± 0.38 2084 ± 902 - 468 ± 183 86.1 ± 33.5 88.3 ± 27.6 3.6 ± 0.4 34.5 ± 23.4 569 ± 74 6.6 ± 4.1 

27(3) 6.5  267 481 ± 12 8487 ± 1083 2.43 ± 0.06 1758 2.98 ± 0.47 1759 ± 975 - 339 ± 34 60.7 ± 7.8 92.7 ± 37.9 3.2 ± 1.9 51.6 ± 21.6 633 ± 14 12.9 ± 0.7 

31(3) 6.2  266 307 ± 59 7822 ± 849 2.39 2274 ± 259 3.33 ± 0.88 492 ± 29 4.7 385 ± 27 3.3 ± 1.7 54.3 ± 11.4 1.9 ± 0.4 38.3 ± 6.5 626 ± 67 8 ± 1.4 

32(4) 6.2  257 369 ± 112 8982 ± 530 2.39 ± 0.01 2400 ± 593 3.24 ± 0.11 487 ± 124 14.4 403 ± 82 15.8 ± 13.9 55.8 ± 9.8 1.4 ± 1.2 27.6 ± 13 644 ± 91 5.5 ± 1.5 

34(4) 6.0  275 279 ± 88 6804 ± 500 2.27 ± 0.01 2342 ± 847 2.59 ± 0.31 1557 ± 242 11.7 ± 1.9 509 ± 72 11.9 ± 10.8 117.5 ± 25.4 1.2 ± 0.2 11.5 ± 8.8 633 ± 52 5.9 ± 7 

35(4) 6.0  270 336 ± 43 8146 ± 283 2.27 2870 ± 433 2.97 ± 0.47 1687 ± 63 19.8 ± 8.5 549 ± 235 65 ± 49.7 138.6 ± 29.1 1.4 ± 0.6 12.3 ± 9.4 671 ± 67 1.6 ± 0.8 

37(2) 5.9  292 385 ± 19 7443 ± 190 2.31 ± 0.03 3176 ± 923 2.72 ± 0.17 427 ± 183 14.6 469 ± 202 473 ± 378 41.1 ± 24 0.3 ± 0.1 133.9 ± 127 521 ± 96 29.2 

38(3) 6.0  246 393 ± 75 8096 ± 70 2.34 ± 0.06 1917 ± 83 2.71 ± 0.15 353 ± 81 13.7 380 ± 239 76 ± 79 53.6 ± 14.7 0.8 ± 0.4 16 ± 13.2 591 ± 119 7.4 ± 8.1 

39(3) 5.9  262 149 ± 24 5717 ± 2785 2.29 ± 0.01 887 2.21 ± 0.92 309 ± 108 - 453 ± 152 104 ± 92 46 ± 24.8 0.1 42 ± 39.7 477 ± 141 4.8 ± 1.1 

40(3) 6.1  259 361 ± 153 6730 ± 684 2.35 ± 0.1 1604 ± 429 2.94 ± 0.33 951 ± 191 - 332 ± 100 11.8 ± 6 71.1 ± 17.9 2.7 ± 1.7 25 ± 18.5 475 ± 141 2.5 ± 0.9 

41(3) 6.3  297 323 ± 27 7225 ± 1069 2.44 ± 0.18 1974 ± 260 2.59 ± 0.25 423 ± 89 9.6 ± 0.2 582 ± 246 193 ± 80 46.9 ± 14.8 0.1 ± 0.1 92.3 ± 55.9 480 ± 96 3.2 ± 3.3 

42(2) 6.6  279 298 ± 18 6382 ± 438 2.57 ± 0.16 1853 2.78 ± 0.02 417 ± 52 10 ± 0.1 314 ± 91 28 ± 24.5 48 ± 2.8 1.7 ± 0.9 26.9 ± 28.2 537 ± 138 1.6 ± 0.3 

43(6) 5.9  265 368 ± 70 7208 ± 920 2.29 2314 ± 628 2.5 ± 0.31 322 ± 71 15.4 ± 13 456 ± 81 128 ± 147 51.4 ± 7.2 0.2 ± 0.1 103 ± 211.4 569 ± 76 14.9 ± 14.4 

44(4) 6.0  280 339 ± 109 7666 ± 822 2.34 2125 2.81 ± 0.36 385 ± 66 - 358 ± 41 45 ± 20 40.1 ± 3.9 1.1 ± 0.6 61.4 ± 30.5 546 ± 43 12.2 ± 3.4 



62(2) 6.2  258 506 ± 160 10635 ± 2429 2.26 ± 0.04 2841 4.08 ± 1.51 3205 ± 21 - 187 ± 10 15.5 ± 2.2 133.9 ± 16.2 4.9 ± 0.1 22.7 ± 2.8 705 ± 99 5.4 ± 0.9 

67(1) 6.6  278 242 9264 2.38 1607 3.07 3658 - 234 25.2 182.6 3.9 68.3 446 - 

70(2) 5.9  261 351 ± 53 7662 ± 1641 2.18 ± 0.03 - 3.18 ± 0.07 2053 ± 531 - 256 ± 90 55.6 ± 4.9 120.2 ± 4.7 6.3 ± 0.6 41.4 ± 1.1 491 ± 77 10.1 

73(2) 6.0  264 408 ± 84 9890 ± 1819 2.17 ± 0.05 - 5.3 3300 ± 782 - 293 ± 94 37.6 146 ± 28.6 7.4 ± 3.3 33.3 ± 18.1 795 ± 397 10.7 ± 1 

77(4) 5.9  233 797 ± 344 8207 ± 1241 2.31 ± 0.06 1917 ± 233 4.11 ± 0.66 468 ± 195 10.7 ± 2.8 218 ± 58 - 55.6 ± 6.5 1.5 ± 1.4 18.7 ± 16.9 601 ± 110 1.6 ± 1 

78(4) 6.3  238 583 ± 68 7112 ± 984 2.44 ± 0.08 1215 3.29 ± 0.5 520 ± 166 13.9 ± 11 151 ± 22 2 48.1 ± 6.7 2 ± 1.1 11 ± 7.4 483 ± 16 3.2 ± 1.8 

Pseudosecondary FIAs in Qtz 3 (PS3 type, N=11)          
28(3) 5.5  263 503 ± 114 398 ± 72 2.07 ± 0.08 - 3.33 ± 0.64 1360 ± 275 - 4.6 - 33.7 ± 9.4 29.9 ± 2.6 34.2 ± 9.1 311 ± 53 12.6 ± 2.4 
29(4) 5.5  261 387 ± 71 411 ± 73 2.08 ± 0.07 - 4.1 ± 1.06 1617 ± 800 20.1 1.8 - 36.3 ± 24.9 25.7 ± 15.3 76.9 ± 10 265 ± 93 21.9 ± 11.6 
30(4) 5.1  252 367 ± 8 437 ± 48 1.93 ± 0.04 - 2.55 ± 0.27 1539 ± 375 4.2 9 ± 1.2 - 44.6 ± 14 34.1 ± 9 34.6 ± 6.4 327 ± 21 5.1 ± 6 
53(2) 7.3  277 523 ± 11 749 ± 80 2.64 ± 0.04 - 4.22 ± 0.1 3979 ± 633 15.5 16.9 ± 4 - 123.7 ± 30.2 71.1 ± 0.5 81.4 ± 1.7 734 ± 77 1.2 ± 0.1 
57(1) 5.4  265 272 443 1.99 - 3.95 2279 - 4.7 - 44.4 33.7 34.7 343 1.9 
61(2) 6.5  272 455 ± 106 490 ± 17 2.45 ± 0.01 - 3.63 ± 0.68 1469 ± 196 61.5 3.7 - 21.6 ± 6.2 39.7 ± 3.9 60.8 ± 13 372 ± 7 168.9 
63(2) 7.3  283 523 ± 92 756 ± 3 2.68 ± 0.03 - 4.33 ± 0.18 3282 ± 481 13.9 16.3 ± 2.1 - 107.1 ± 12.8 78.3 ± 13 72.1 ± 9.3 704 ± 73 1.8 ± 0.3 
65(3) 8.4  291 562 ± 136 718 ± 180 3.19 ± 0.19 - 5.4 1908 ± 404 - 30.9 - 48.3 ± 18.2 95.7 ± 5.2 101 ± 11.7 669 ± 49 10.5 
69(2) 8.3  309 405 ± 37 92 ± 18 3.12 ± 0.03 - 5.17 ± 0.29 2421 ± 561 10.5 ± 3.4 - 0.6 36.3 ± 10.1 261 ± 46 3.1 ± 1.2 293 ± 10 1.6 ± 1.8 
72(2) 5.6  269 274 ± 11 446 ± 10 2.15 ± 0.17 - 2.66 ± 0.14 1103 ± 722 26.7 5.9 3.3 22.5 ± 19.1 40.9 ± 21.7 57.8 ± 8.7 353 ± 37 1.2 ± 0.3 
76(2) 5.2  250 387 ± 157 468 ± 495 1.93 ± 0.01 - 2.48 ± 0.56 1823 ± 495 - 4.2 - 42.9 ± 19.6 49 ± 7.3 11.4 ± 3.9 283 ± 86 1.6 ± 0.7 

Notes: Data obtained from LA-ICP-MS analysis are presented as average values of each fluid inclusion assemblage with 1 standard deviation (± σ). Standard deviation for salinity and Th of 

each FIA can be found in Table S2. The absolute compositions were calculated without including boron in the salt correction, so that all elemental concentrations in fluid inclusions with higher 

boron contain (i.e. Ps1-2) can be overestimated by up to 50 %. Concentrations of other elements e.g. Mg, Al, Ca, Fe, Br, Zn, Sn and Pb refer to Table S2; ‘-’ = all individual inclusion in FIA 

have values below detection limit; n.d. = not determined. 
1 Number of individual fluid inclusions analyzed in each fluid inclusion assemblage. 
2 Apparent salinities of fluid inclusions in wt. % NaCl equiv. 

 
 
 
 
 




