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ABSTRACT 23 

Porphyry copper deposits (PCD) are economically significant sources of Cu and Mo, 24 

formed when metal-rich fluids precipitate at shallow levels, exsolving from 25 

underlying magmatic reservoirs at depth. However, the origin and evolution of these 26 

metal-rich fluids, whether through episodic enrichment from multiple pulses or a 27 

single continuous fluid-release event, remain a subject of controversy. To gain deeper 28 

insights into these processes, data on cathodoluminescence (CL) imaging, in-situ trace 29 

elements, and Sr isotopes of newly discovered scheelite (Sch 1, Sch 2, and Sch 3) 30 

found in three generations of vein types within the giant Qulong porphyry Cu-Mo 31 

mineralization system are presented. The anhedral Sch 1 occurs in quartz + magnetite 32 

+ anhydrite + chalcopyrite veins, exhibiting no obvious zoning in the CL image. 33 

These scheelite samples show high concentrations of Mo, Nb, Ta, and 87Sr/86Sr ratios 34 

ranging from 0.70688 to 0.71109. Moreover, they demonstrate enriched rare earth 35 

elements (REE) and negative Eu anomalies in the chondrite-normalized pattern, 36 

indicative of their formation in relatively oxidized metal-rich fluids during the early 37 

high-temperature alteration stage. Among the discovered scheelite varieties, the most 38 

volumetrically significant is the subhedral Sch2, which occurs in veins composed of 39 

quartz + pyrite + chalcopyrite. In its central region (Sch 2a), Cu-rich cores are 40 

dispersed, surrounded by an oscillatory Cu-poor mantle and rim (Sch 2b and 2c), as 41 

observed in the CL image. When compared to Sch 1, Sch 2 exhibits lower levels of 42 

REE, Nb, Ta, Mo, and 87Sr/86Sr ratios (ranging from 0.70502 to 0.70578), but higher 43 

Cu concentration and positive Eu anomalies. The gradual decrease in Cu content from 44 

the core to rim in Sch2, along with its rim’s intergrowth with sulfide, suggests the 45 

precipitation of Cu during the second pulse of fluids. Euhedral Sch 3 is found in 46 

relatively moderate-temperature mineral assemblages within quartz + galena+ 47 

sphalerite + molybdenite veins. It displays an oscillatory pattern with a Mo-rich core 48 

(Sch 3a), an extremely Mo-rich mantle (Sch 3b), and a Mo-poor rim (Sch 3c) in the 49 

CL image. Sch 3 shows lower REE, Cu, and Pb contents but variable Mo 50 

concentrations in different domains, while consistently recording 87Sr/86Sr ratios 51 
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ranging from 0.70498 to 0.70542. These characteristics indicate the precipitation 52 

process of Mo and Pb during the third pulse of fluid evolution. The observed shift in 53 

mineral assemblages, metal contents, and Sr isotopic components from Sch 1 to Sch 3 54 

reflects the occurrence of different fluid pulses within a cooling porphyry Cu-Mo 55 

mineralization system. Overall, the three generations of scheelite found at the Qulong 56 

porphyry Cu-Mo deposit indicate the occurrence of multiple pulsed flows of 57 

magmatic fluids, revealing a more complex fluid evolution for PCD than previously 58 

recognized. Notably, Sch 1 exhibits relatively high 87Sr/86Sr ratios, similar to the 59 

post-ore mafic porphyries, which are higher compared to Sch 2 and Sch 3, showing 60 

87Sr/86Sr ratios similar to the pre- and syn-ore host granite and porphyry. This result 61 

implies that mafic magma has significantly contributed to the formation of the first 62 

pulse of magmatic fluids, whereas syn-ore granitic magma contributed to the ore 63 

fluids responsible for forming the veins containing Sch 2 and Sch 3 in the later stage. 64 

Therefore, we propose that volatiles from mafic magma, injected into the porphyry 65 

metallogenic system, play a crucial role in the formation of PCD. Additionally, for the 66 

first time, the presence of Cu-Mo-W metal endowment in the PCD of the Gangdese 67 

magmatic belt is identified, providing valuable new insights into the metallogeny of 68 

PCD and offering promising opportunities for tungsten exploration in the collision 69 

zone. 70 

Keywords: Scheelite; PCD; Cu-Mo-W mineralization; In-situ Sr isotope; 71 

Cathodoluminescence imaging; Recharge of mafic magma; Gangdese 72 

  73 
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INTRODUCTION 74 

The formation of porphyry Cu deposits (PCD) through magmatic-hydrothermal 75 

processes has been well-established, supported by geologic, geochemical, and isotopic 76 

studies (Seedorff et al., 2005; Sillitoe, 2010; Buret et al., 2017). These studies have 77 

revealed that metals are released from magmatic fluids (>600 °C), driven by heat 78 

exsolved from deep-seated sub-volcanic intrusions at a paleodepth of 5–10 km. 79 

Eventually, these metals precipitate as sulfides of chalcopyrite and molybdenite in the 80 

shallow crust at depths of 1-3 km (Heinrich, 2007; Sillitoe, 2010; Kouzmanov and 81 

Pokrovski, 2012). However, despite this understanding, the source, mechanism, and 82 

dimensions of fluid evolution remain largely unclear. Specifically, the deciphering of 83 

the source and evolution processes of the metal-rich fluids, whether as a series of 84 

superimposed processes involving pulsed fluids or a single and continuous 85 

fluid-release event, is crucial for comprehending the formation of PCD. 86 

Previous studies have established that both single and continuous metal-rich fluid 87 

release and precipitation play significant roles in the formation of 88 

magmatic-hydrothermal mineralization systems, often resulting in extensive 89 

hydrothermal alteration haloes or spatial zoning of high- to low-temperature metallic 90 

elements in various ore clusters or deposits (Sillitoe, 2010). Studies involving fluid 91 

inclusions have further revealed that magmatic-hydrothermal mineralization systems, 92 

such as PCD, are generally produced by a single fluid evolution process, characterized 93 

by a two-phase fluid of brine and low-density vapor. This fluid is either directly 94 

exsolved from the silicate melt (Shinohara, 1994) or, more likely, separated from a 95 

single-phase supercritical fluid (Burnham, 1979; Cline and Bodnar, 1991). On the 96 

other hand, high-precision CA-ID-TIMS U-Pb zircon and Re-Os molybdenite dating 97 

have documented episodic magmatic-hydrothermal activities in certain areas. This 98 

episodic behavior can be attributed to multiple veins and alterations development, 99 

overprinting, or the episodic growth of fertile porphyries (Spencer et al., 2015; Buret 100 

et al., 2016; Tapster et al., 2016; Li et al., 2017; Zhao et al., 2021). Recently, oxygen 101 

isotope studies on mineralized quartz veins from porphyry-skarn deposits have led to 102 
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similar conclusions (Li et al., 2018, 2022). However, evaluating the presence of 103 

multiple pulses of metal-rich fluids in PCD is challenging. The intense hydrothermal 104 

alteration that often occurs can modify or alter primary mineral assemblages. 105 

Additionally, evidence of multistage fluids is commonly overprinted or erased by 106 

late-stage fluid-rock interactions. Therefore, the main challenge lies in three aspects: 107 

(1) identifying multistage-growth domains of hydrothermal minerals that formed 108 

throughout magmatic-hydrothermal systems, (2) using these minerals to trace the 109 

different stages of exsolved hydrothermal fluids from a vast and long-lived magmatic 110 

chamber, and (3) determining how these geochemical changes resulted in different 111 

metal mineralization. By clarifying the composition, source, and evolution of 112 

multistage fluids that led to metal mineralization, a better understanding of the 113 

hydrothermal mineralization processes can be gained, whether they occurred as 114 

pulsed events or single and continuous fluid-release events. 115 

Scheelite, an important ore mineral, is found across a wide range of pressure, 116 

temperature, and chemical (P-T-X) conditions in various types of ore deposits, 117 

including skarns, quartz veins, greisen, and orogenic Au deposits (Robert and Brown 118 

1986; Ghaderi et al. 1999; Nie et al., 2023). Its distinct textures and zonation patterns 119 

can be clearly distinguished using cathodoluminescence (CL) imaging, revealing 120 

changes in physical-chemical conditions, dissolution, and replacement during its 121 

growth (Wang et al., 2022; Han et al., 2020). Scheelite can form in hydrothermal 122 

fluids and incorporate numerous variable valence metals (Fe, Mo, Eu), metal elements 123 

(Cu, Pb), and REE (Ghaderi et al. 1999; Brugger et al. 2000; Poulin et al. 2018; Zhao 124 

et al. 2018). Due to its complex crystal structure, scheelite can accommodate a large 125 

number of major and trace elements, making it valuable in providing information 126 

about the nature of the fluids from which it formed (Sciuba et al., 2019). Moreover, its 127 

Sr isotopic composition can be used to study fluid origins and fluid-related processes 128 

(Darbyshire et al. 1996; Han et al., 2020). Therefore, combining the trace element 129 

chemistry of scheelite with its Sr isotope composition can be used to trace the 130 

hydrothermal mineralization processes of PCD. 131 
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In an effort to decipher the source and evolution of ore-forming fluids as either a 132 

pulsed phenomenon or a continuous fluid-release event, recently discovered 133 

multistage scheelites found in three different classes of mineralization veins within 134 

the world-class Qulong porphyry Cu-Mo deposit have been investigated. In this study, 135 

cathodoluminescence (CL) images, trace element geochemistry, and Sr isotopic 136 

composition of scheelite were utilized as proxies to demonstrate the composition, 137 

source, and evolution of the multistage fluids originating from a cooling magma 138 

chamber over time. The new findings propose an alternative model for the formation 139 

of the Qulong porphyry Cu-Mo mineralization system and provide fresh insights into 140 

the metal endowment potential in collision-related PCD. 141 

GEOLOGICAL SETTING 142 

Geological background 143 

The Lhasa terrane is situated between the Bangong-Nujiang suture zone (BNSZ) to 144 

the north and the Indus-Yarlung Zangbo suture zone (IYZSZ) to the south, and it is 145 

commonly subdivided into the northern, central, and southern Lhasa terrane (Fig. 1). 146 

These regions are separated by the Shiquan River-Nam Tso melange zone (SNMZ) 147 

and the Luobadui-Milashan fault (LMF) from north to south (Yin and Harrison, 2000; 148 

Zhu et al., 2011; Hou et al., 2015a, 2015b). The northern Lhasa subterrane is 149 

characterized by juvenile crust containing early Cretaceous medium-K calc-alkaline 150 

arc volcanic rocks and granitoids, overlain by Middle Triassic to Cretaceous 151 

sedimentary rocks (Zhu et al., 2013; Hou et al., 2015a). On the other hand, the central 152 

Lhasa terrane represents a possible microcontinent, which experienced multiple 153 

metamorphic events during the Neoproterozoic (Guynn et al., 2012). The southern 154 

Lhasa terrane within the Gangdese magmatic belt consists of Mesozoic to Cenozoic 155 

granitoids and is predominantly composed of juvenile crust with depleted mantle-like 156 

Nd-Hf isotopic signatures. This region is covered by the Paleogene Linzizong 157 

volcanic succession, along with thin successions of sedimentary rocks (Mo et al., 158 
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2007, 2008; Ji et al., 2009; Zhu et al., 2011, 2013; Ma et al., 2018). The southern 159 

Lhasa terrane has undergone complex structural evolution, including late 160 

Triassic-Middle Jurassic Neo-Tethys ocean subduction, subsequent continental 161 

collision from the early Eocene Indo-Eurasian to the late Oligocene-Miocene, and a 162 

post-extension setting (23–12 Ma) along with Miocene N-S rifts (Yin and Harrison, 163 

2000; Hou and Cook, 2009; Zhu et al., 2011; Chen et al., 2020; Fan et al., 2023). In 164 

this region, the major metallogenic events can be categorized into the 165 

Triassic-Jurassic porphyry Cu-Au and the Miocene–Oligocene porphyry-skarn 166 

Cu-Mo(-Au) mineralization (Lang et al., 2014; Hou et al., 2015; Chen et al., 2020). 167 

The Miocene–Oligocene porphyry-skarn related mineralization is of particular 168 

significance and is regarded as one of the most important porphyry-type deposits in 169 

China. It encompasses a series of large PCDs, including Jiama, Qulong, Chongjiang, 170 

Tinggong, Beimulang, and Zhunuo from east to west (Fig. 1; Hou et al., 2009, 2015a, 171 

2015b; Zheng et al., 2004, 2014; Sun et al., 2021; Liu et al., 2022Wu et al., 2022). 172 

Ore deposit geology 173 

The giant Qulong porphyry Cu-Mo deposit (29°36′–29°40′ N, 91°33′–91°37′E) 174 

is situated in the eastern part of the Gangdese magmatic belt (Fig. 2) and boasts 175 

substantial ore-proven reserves of 2200 Mt Cu @ 0.5% and 500 Mt Mo @ 0.04% 176 

(Zheng et al., 2004; Li et al., 2017). The deposit’s formation involved the intrusion of 177 

pre-ore Rongmucuola intrusions and ore-related monzogranitic porphyries into the 178 

Mesozoic Yeba Formation, which comprises a series of rhyolite, dacite-rhyolite 179 

porphyry, and volcanic-sedimentary rocks (Fig. 2; Zheng et al., 2004). The pre-ore 180 

Rongmucuola intrusions consist of biotite monzogranite (17.4 ± 0.6 Ma) in the center, 181 

surrounded by granodiorite (17.9 ± 0.5 Ma) (Zhao et al., 2016). Meanwhile, the 182 

syn-ore porphyries mainly comprise monzogranitic porphyries (16.9 ± 0.5 Ma) in the 183 

central area (Yang et al., 2009; Zhao et al., 2016). As for the post-ore lithology, the 184 

dioritic porphyries (15.7 ± 0.2 Ma) form dikes intruding into the rocks located above 185 

(Yang et al., 2015). The alteration zones exhibit a typical concentric alteration pattern, 186 
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featuring potassic alteration overprinted by late phyllic and argillic alteration to 187 

varying degrees, extending to the outer propylitic zone (Yang et al., 2009). Potassic 188 

alteration assemblages, characterized by secondary K-feldspar, magnetite, anhydrite, 189 

and biotite, dominate in the deep sections of the monzogranitic porphyry and 190 

granodiorite porphyry. An intruding hydrothermal breccia pipe displays potassic 191 

alteration, with an abundance of biotite and magnetite, subsequently overprinted by 192 

late phyllic alteration (Fig. 2; Yang et al., 2009; Li et al., 2017; Yu et al., 2022). The 193 

phyllic alteration zone is located in the monzogranitic porphyries and the peripheral 194 

biotite monzogranite, surrounding and superimposing the potassic alteration zone 195 

(Zheng et al., 2004). The Cu-Mo orebodies are primarily hosted in the biotite 196 

monzogranite, monzogranite porphyry, and central hydrothermal breccia pipe (Fig. 2; 197 

Zheng et al., 2004; Yang et al., 2009). The deposits consist of multiple stock veins, 198 

ranging from early-stage veinlets associated with biotite + quartz + anhydrite + 199 

magnetite + scheelite (Fig. 3a-b), quartz + magnetite + pyrite + chalcopyrite veins 200 

(Fig. 3c), and K-feldspar + quartz veins to late-stage pyrite + chalcopyrite + scheelite 201 

veins (Fig. 3d-h) and quartz + galena + Ag-rich tetrahedrite + sphalerite + 202 

molybdenite + scheelite veins (Fig. 3i-k) with Cu-Fe-Mo sulfide minerals. Copper 203 

mineralization is predominantly linked to potassic and phyllic alteration (Yang et al., 204 

2009; Li et al., 2017). The orebodies exhibit stockwork and disseminated 205 

mineralization, primarily composed of chalcopyrite, molybdenite, pyrite, and scheelite 206 

(Fig. 3; Zheng et al., 2004; Yang et al., 2009).  207 

SAMPLING AND METHODOLOGY 208 

Samples  209 

Representative samples containing scheelite were selected from drilled holes 210 

(ZK307, ZK303, ZK407, and ZK1412) at the Qulong deposit (Fig. 2). The 211 

distribution of scheelite in these drilled holes was examined using an ultraviolet 212 

fluorescent lamp. Approximately 25 scheelite-bearing samples were then prepared as 213 

40-50 µm thick thin sections for observation under reflected and transmitted light 214 
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microscopy to characterize their paragenetic relationships. Scheelite is primarily 215 

found in magnetite-bearing veins (sample ZK303-915), chalcopyrite-bearing veins 216 

(sample ZK407-689), and galena-sphalerite-molybdenite-bearing veins (ZK307-974). 217 

As a result, scheelite samples extracted from these three types of veins were subjected 218 

to scanning electron microscope (SEM) cathodoluminescence, major and trace 219 

elements, and Sr isotope analysis. 220 

SEM cathodoluminescence of scheelite 221 

In order to decipher the distinct textures and zonation patterns, SEM CL images of 222 

scheelite were recorded using an Analytical Scanning Electron Microscope coupled 223 

with a GATAN MINICL system. The applied acceleration voltage and current were 224 

approximately 10-13 kV and ca. 80-85 nA, respectively. 225 

Major and trace element composition of scheelite 226 

The major and trace element concentrations of scheelite were determined at the 227 

Wuhan SampleSolution Analytical Technology Co., Ltd., Wuhan, China. Laser 228 

sampling was performed using a GeolasPro laser ablation system, which consists of a 229 

COMPexPro 102 ArF excimer laser (wavelength of 193 nm and maximum energy of 230 

200 mJ) along with a MicroLas optical system. To acquire ion-signal intensities, an 231 

Agilent 7700e ICP-MS instrument was employed. During the ablation process, helium 232 

was used as the carrier gas. Each spot analysis incorporated approximately 30s of 233 

background acquisition, followed by 40s of data acquisition from the sample. A spot 234 

size of 32 μm was used together with a repetition rate of 8 Hz, and an energy density 235 

of 5.5 J*cm-2. After every 8-10 sample analyses, several analyses of external reference 236 

materials were conducted. For quality control (QC) purposes, NIST SRM 610 was 237 

utilized as the reference material to correct the instrumental time-dependent 238 

sensitivity drift. External calibration was carried out using multiple external standards, 239 

namely NIST 610, BHVO-2G, BCR-2G, BIR-1G, and GSE-1G. The preferred 240 

concentrations for the reference glasses were obtained from the GeoReM database 241 

(http://georem.mpch-mainz.gwdg.de/). To process the data, off-line selection and 242 

integration of background and analyte signals, time drift correction, and quantitative 243 

http://georem.mpch-mainz.gwdg.de/
http://georem.mpch-mainz.gwdg.de/
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calibration were performed using ICPMSDataCal 10.9 (Liu et al., 2008). The 244 

time-resolved signals for each analyzed spot were thoroughly reviewed. The 245 

analytical precisions for most measured elements were better than 8%, and the results 246 

were found to agree with their reference values within ±10%. The major and trace 247 

element data for minerals determined using LA-ICP-MS are listed in Appendix Table 248 

A1. 249 

In situ LA–MC–ICP–MS Sr isotopes of scheelite 250 

The Sr isotope ratios of scheelite were analyzed using a Neptune Plus 251 

MC-ICP-MS (Thermo-Scientific) coupled with a RESOlution M-50 193 nm laser 252 

ablation system at the State Key Laboratory of Isotope Geochemistry, Guangzhou 253 

Institute of Geochemistry, Chinese Academy of Sciences. For each single laser spot 254 

ablation, the spot diameter ranged from 112 to 180 μm, depending on the Sr signal 255 

intensity. The pulse frequency was set at 6 Hz, while the laser fluence remained 256 

constant at approximately 4 J*cm–2. To correct for 87Rb, the measured natural 257 

85Rb/87Rb value of 2.593 (Catanzaro et al., 1966) was used. The mass bias of 87Sr/86Sr 258 

was normalized to 86Sr/88Sr = 0.1194 with an exponential law. For in situ Sr isotope 259 

analysis of scheelite, a natural sample of plagioclase, PZHPl, was used as the 260 

(unknown) sample. The detailed data reduction procedure was previously reported by 261 

Zhang et al. (2018). 262 

RESULTS 263 

Scheelite distribution and classification 264 

Based on vein type, mineral assemblage, and CL images, three generations of 265 

scheelite (Sch 1, Sch 2, and Sch 3) associated with mineralization can be 266 

distinguished (Fig. 3 and 4). Sch 1 is mainly distributed in the quartz + magnetite + 267 

anhydrite + chalcopyrite veins as disseminations (Fig. 4a-b). It is characterized by 268 

weak oscillation zoning in the CL image (Fig. 4c), with no obvious compositional 269 

zoning. Sch 2 is the most commonly found stage associated with Cu ore and occurs as 270 

quartz ± chalcopyrite ± pyrite veinlets (Fig. 4d). According to the CL image, Sch 2 271 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fluence
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/fluence
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displays homogeneity and dispersal in the core (Sch 2a), along with oscillatory zoning 272 

in the bright mantle (Sch 2b) and dark rim (Sch 2c) (Fig. 4e-f). Sch 3 occurs as veins 273 

intergrown with quartz, galena, sphalerite, and molybdenite (Fig. 4g-h) and can be 274 

categorized into three sub-types based on the CL image (Fig. 4i). Sch 3a exhibits a 275 

homogeneous texture and bright color in the core, while Sch 3b displays a grey color 276 

without zoning in the mantle. Sch 3c is brighter than Sch 3b and displays 277 

well-developed oscillatory zoning texture (Fig. 4i). 278 

Major and trace element geochemistry 279 

A total of 60 major and trace elements were analyzed using LA-ICP-MS for 280 

three generations of scheelite at the Qulong deposit (Appendix Table A1). These 281 

scheelite grains exhibit similar major element compositions, with WO3 ranging from 282 

74.82% to 81.06% and CaO ranging from 15.60% to 19.55%. However, they display 283 

variable abundances of trace elements such as Sr, Y, Zr, Nb, Ta, Mo, U, Pb, and rare 284 

earth elements (REEs). The positive correlation between Na and REEs (Fig. 5a) in 285 

scheelite suggests that the REEs are likely incorporated into the scheelite structure 286 

through a Na substitution mechanism (Ghaderi et al. 1999). 287 

Among the three generations of scheelite, Sch 1 shows the highest REE content, 288 

ranging from 1244 to 2664 ppm (Fig. 6a). It is high in Y (345-1179 ppm), Sr (342-519 289 

ppm), Pb (17.0-27.3 ppm), Nb (3.70-74.4 ppm), Ta (0.07-2.46), Th (5.37-14.1), and 290 

Mo (2328-3824 ppm) (Fig. 5b; Appendix Table A1). Sch 1 exhibits flat REE 291 

distribution patterns with a negative Eu anomaly (Eu/Eu*=0.65-0.94) (Fig. 5b and 292 

6a). 293 

Sch 2 displays relatively low REE concentrations, ranging from 76.7 to 1789 294 

ppm, compared to Sch 1 (Fig. 6b). It shows variable abundances of U (0-403 ppm), 295 

Pb (4.84-196 ppm), Nb (1.63-9.45 ppm), Ta (0.02-0.09 ppm), Mo (1.91-336 ppm), Sr 296 

(326-959 ppm), Cu (0-16914 ppm), FeO (0-1.42 wt%) (Fig. 5b; Appendix Table A1). 297 

It exhibits a MREE-enriched pattern, with strong positive chondrite-normalized Eu 298 

anomalies (Fig. 6b). Notably, significant differences in REE content exist among 299 

different domains of Sch 2, with the lowest concentration in the mantle (Sch 2b) and 300 
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the highest in the rim (Sch 2c) (Fig. 6b). The Eu anomalies of Sch 2 demonstrate a 301 

negative correlation with Mo contents (Fig. 5b). In comparison, Sch 2a stands out 302 

with its high Cu and Fe content when compared to Sch 2b and Sch 2c, and there is a 303 

positive correlation between Fe and Cu contents (Fig. 5c). 304 

Sch 3 grains were analyzed and found to exhibit mainly positive Eu anomalies 305 

(ranging from 0.75 to 6.92) and the lowest total REE contents (ranging from 13.5 to 306 

610 ppm) among all the samples analyzed (Fig. 6c). They display low concentrations 307 

of U (0-4.41 ppm), Pb (0.66-9.71 ppm), and Cu (0-0.51 ppm), while Mo (0.68-6724 308 

ppm) and Sr (195-1110 ppm) contents vary (Fig. 5b; Appendix Table A1). Based on 309 

the difference in Mo content, Sch 3 can be divided into three types: Mo-rich Sch 3a 310 

core (78.2-397 ppm), extremely Mo-rich Sch 3b mantle (1052-6724 ppm), and 311 

Mo-poor Sch 3c rim (0.67-207 ppm) (Fig. 5d). Sch 3a and Sch 3b have relatively low 312 

REE contents compared to Sch 3c (Fig. 5c). Additionally, the Eu anomalies of Sch 3 313 

show a positive correlation with Mo contents (Fig. 5b). 314 

In situ Sr isotopes of scheelite  315 

The in situ Sr isotopes of three generations of scheelite are presented in Appendix 316 

Table A2 and Fig. 7. The 87Sr/86Sr ratios of anhedral Sch 1 found in the quartz + 317 

magnetite + anhydrite + chalcopyrite veins exhibit a wide variation, ranging from 
318 

0.70688 to 0.71109. In contrast, Sch 2 shows a lower 87Sr/86Sr ratio (ranging from 319 

0.70502 to 0.70578) compared to Sch 1, and these ratios do not vary along the profiles 320 

from core to rim within individual scheelite grains. The 87Sr/86Sr ratios of Sch 3 321 

demonstrate little variation and are similar to Sch 2, ranging from 0.70498 to 0.70542. 322 

DISCUSSION 323 

Evidence of multistage pulses of fluids 324 

Scheelite CL images, trace-element, and Sr isotope analyses of three generations 325 

of mineralization veins (quartz + magnetite + anhydrite + chalcopyrite veins, quartz + 326 

pyrite + chalcopyrite veins, and quartz + galena + sphalerite + molybdenite veins) not 327 

only provide direct evidence for scheelite formation related to different mineralization 328 
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stages but also yield valuable information about the source and evolution of ore fluids. 329 

The presence of three generations of scheelite in these veins, along with hydrothermal 330 

magnetite, chalcopyrite, and molybdenite, strongly suggests their derivation from 331 

hydrothermal fluids. Consequently, the cross-cutting nature of these three generations 332 

of mineralization veins, displaying poly-cyclic growth scheelite zoning, indicates the 333 

crystallization of these veins may be a result of multistage pulsed fluids, recording at 334 

least three stages of fluid activities. 335 

Anhedral Sch 1 occurs in quartz + magnetite + anhydrite + chalcopyrite veins, 336 

displaying no zoning in the CL image (Fig. 4a-c). It exhibits high concentrations of 337 

Mo, Nb, Ta, and an enriched pattern of REEs in comparison to chondrites along with 338 

negative Eu anomalies (Fig. 5b and 6a). These veins, characterized by early 339 

magnetite-bearing veinlets, exhibit varied alteration halos containing albite, 340 

K-feldspar, biotite, and anhydrite, with features typical of potassic alteration stage 341 

(Fig. 3a-c and 4a-c). Studies of fluid inclusions by Li et al. (2017) show that the early 342 

fluids in the potassic alteration stage from the Qulong porphyry system are indicative 343 

of high temperatures (~425 ℃). These features suggest that they may represent 344 

high-temperature fluids exsolved from an upper-crustal magma chamber during the 345 

early stages (Richards, 2003; Cooke et al., 2005). The Mo-rich scheelite found in the 346 

early veins of the Qulong deposit is intergrown with anhydrite and magnetite (Fig. 347 

3a-c and 4a-c), indicating its formation in an oxidized hydrothermal system. Such 348 

conditions are conducive to the enrichment and migration of Cu-Mo and other metal 349 

elements. This observation is further supported by the presence of a negative Eu 350 

anomaly and high Mo contents in Sch 1 (Fig. 5b). The incorporation of Mo (Mo6+) 351 

into scheelite by substituting for W6+ is facilitated in an oxidized setting (Ghaderi et al. 352 

1999; Elbaz-Poulichet et al. 2005; Zhao et al. 2018), making Mo a redox-sensitive 353 

element. Additionally, a negative Eu anomaly is typically associated with relatively 354 

oxidizing conditions, indicating an enrichment of Eu3+ compared to Eu2+, while a 355 

positive Eu anomaly suggests more reducing conditions (Ghaderi et al. 1999; Brugger 356 

et al. 2000; Poulin et al. 2018; Zhao et al. 2018). These findings collectively indicate 357 
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that Sch 1 likely represents the early-stage pulse of relatively oxidized metal-rich 358 

fluids during the high-temperature alteration stage. 359 

Subhedral Sch 2 is found in quartz + pyrite + chalcopyrite veins (Fig. 3d-h and 360 

4d), which are widely distributed and partially intersect with the early 361 

magnetite-bearing veins. The presence of large amounts of chalcopyrite within these 362 

quartz-pyrite veins and their associated phyllic alteration haloes suggests that the 363 

ore-forming hydrothermal fluids were enriched with reducing S2- and Cu. Li et al. 364 

(2017) determined trapping temperatures of 340 and 280 °C in the phyllic alteration 365 

stage using liquid–vapor two-phase fluid inclusions, indicating that the subhedral Sch 366 

2 formed in moderate-temperature aqueous fluids. Furthermore, the clear negative 367 

linear correlation between positive Eu anomalies and low Mo concentration (Fig. 5b) 368 

points to the presence of relatively reduced metal-rich fluids during the mineralization 369 

process (Ghaderi et al. 1999; Brugger et al. 2000; Elbaz-Poulichet et al. 2005). The 370 

CL image reveals conspicuous growth zoning in Sch 2 (Fig. 4e-f), which has 371 

remained unaltered by subsequent hydrothermal fluids, making it capable of 372 

preserving primary features and the physical-chemical conditions of its formation 373 

(Han et al., 2020). Sch 2 exhibits a dispersed Cu-rich core (Sch 2a) and an oscillatory 374 

Cu-poor mantle and rim (Sch 2b and 2c) in the CL image (Fig. 4c). The decrease in 375 

Cu concentration from Sch 2a to Sch 2b and 2c, along with its rim’s intergrowth with 376 

sulfide, indicates the precipitation of Cu in a moderate-temperature fluid environment. 377 

Consequently, Sch 2 displays lower REE, Nb, Ta, Mo, and 87Sr/86Sr ratios (ranging 378 

from 0.70498 to 0.70542) (Fig. 7), but higher Cu concentration and positive Eu 379 

anomalies compared to Sch 1. These characteristics suggest that this stage represents 380 

Cu-rich ore fluid pulses responsible for Cu ore formation under middle-temperature 381 

conditions. 382 

Euhedral Sch 3 is found in mineral assemblages characterized by relatively low 383 

temperatures, specifically in quartz + galena + Ag-rich tetrahedrite + sphalerite + 384 

molybdenite veins (Fig. 3i-k). Ag-rich tetrahedrite is a common middle- and 385 

low-temperature mineral in hydrothermal deposits (Gallego and Akasaka, 2010). Thus, 386 
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the mineral assemblage of Sch 3 with Ag-rich tetrahedrite, galena and sphalerite, 387 

indicates the formation of Sch 3 under middle- to low-temperature conditions. In the 388 

CL image (Fig. 4i), Sch 3 displays an oscillatory Mo-rich core (Sch 3a), an extremely 389 

Mo-rich mantle (Sch 3b), and a Mo-poor rim (Sch 3c) (Fig. 5d). This arrangement 390 

provides insights into the precipitation process of Mo and Pb during fluid evolution. 391 

Despite variations in different domains, Sch 3 consistently demonstrates lower levels 392 

of REEs, Cu, and Pb, along with variable Mo content. The recorded 87Sr/86Sr ratios 393 

(ranging from 0.70502 to 0.70578) (Fig. 7) remain constant, reflecting the fluid 394 

evolution. Notably, a significant positive linear correlation between Eu anomalies and 395 

Mo contents (Fig. 5b) suggests that Mo enrichment might be influenced by the Mo 396 

content in the fluid rather than the oxygen fugacity of hydrothermal fluids. 397 

Consequently, the third generation of fluids is interpreted as representing a Mo-rich 398 

fluid pulse originating from the cooling magma chamber. 399 

The source and evolution of pulsed fluids 400 

Based on the preceding discussion, scheelite from three generations of vein types 401 

exhibits intricate growth zoning patterns. This suggests that these scheelite samples 402 

can serve as indicators of the primary physicochemical conditions during their growth. 403 

Notably, 87Rb/86Sr ratios in scheelite are typically quite low, ranging from 0 to 0.17. 404 

As a result, the measured 87Sr/86Sr ratios can directly reflect the initial Sr isotope 405 

composition of the fluid from which scheelite crystallized (Chugaev et al., 2010). The 406 

high-temperature fluid exsolution would not alter the Sr-Nd isotope signatures in 407 

magmatic systems (Xu et al., 2015; Cao et al., 2021). Therefore, Sr-Nd isotope ratios 408 

of hydrothermal scheelite can be used to constrain the source of hydrothermal fluids 409 

and their parent magma. Previous studies have established a close connection between 410 

the Qulong porphyry Cu-Mo mineralization and the syn-ore monzonitic porphyries 411 

(Zheng et al., 2004; Yang et al., 2009; Zhao et al., 2016; Li et al., 2017). However, the 412 

newly identified 87Sr/86Sr values (ranging from 0.70688 to 0.71109) of Sch 1 are 413 

higher than those of the pre- and syn-ore host granite and porphyry ((87Sr/86Sr)i: 414 

0.704847–0.705237; Fig. 7; Yang et al., 2015). These values align more closely with 415 
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those from post-ore mafic porphyries ((87Sr/86Sr)i: 0.707004–0.707198; Yang et al., 416 

2015) and postcollisional ultrapotassic rocks from southern Tibet (Yang et al., 2016). 417 

This similarity implies that volatile components from more radiogenic mafic and 418 

ultrapotassic magma might have significantly contributed to the formation of 419 

Mo-W-rich magmatic fluids. Sch 2 and Sch 3, characterized by chalcopyrite and 420 

molybdenite mineralization, exhibit a comparable Sr isotope composition. This 421 

composition is akin to that of the pre- and syn-ore host granite and porphyry. Such 422 

similarity suggests that the primary metal-enriched fluids likely originated from either 423 

the syn-ore granitic magma or from an interaction between fluids emanating from the 424 

radiogenic mafic magma and exsolved hydrothermal fluids from the monzonitic 425 

porphyries. Consequently, the variations in isotopic ratios observed in scheelite across 426 

the three generations of vein types could potentially signify the involvement of 427 

multiple fluid and metal sources in the formation of the collision-related PCD.  428 

The formation of three generations of scheelite and veins offers a record of the 429 

progressive evolution of exsolved fluids within a cooling porphyry metallogenic 430 

system. Initial fluids from the porphyry system are enriched in metals and sulfur, 431 

representing an oxidizing nature. The subsequent two fluid generations, which might 432 

represent evolved fluids originating from the magmatic chamber, exhibit relatively 433 

different oxidation states, creating favorable conditions for the late stage precipitation 434 

of Cu and Mo enrichment. The sequential exsolution of Cu- and Mo-rich fluids at 435 

distinct time intervals from the magmatic chamber could potentially result in their 436 

spatial separation. Consequently, the pulsed evolution of fluids and the gradual 437 

cooling process significantly contribute to the precipitation of Cu, Mo, and W. 438 

A modified genetic model for the world-class Qulong porphyry deposit 439 

As discussed earlier, the following modified model is presented to elucidate the 440 

formation of the W-bearing world-class Qulong porphyry deposit through the 441 

hydrothermal evolution involving multiple stages of scheelite formation (Fig. 8). The 442 

initial stage is linked to pre-ore magmatic processes, resulting in the development of 443 

the Rongmucuola granite host (Fig. 8a; Zhao et al., 2016; Li et al., 2017). This 444 
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granitic magma exhibited relatively low volatile content, which did not give rise to 445 

significant Cu mineralization or alteration. Subsequently, it is presumed that the felsic 446 

magma reservoir underwent enrichment through the exsolution of volatiles from the 447 

underlying mafic magma into the overlying felsic mush (Fig. 8b). Supporting 448 

evidence comes from Sch-1 found in the quartz + magnetite + anhydrite + pyrite veins, 449 

exhibiting 87Sr/86Sr ratios comparable to those of high-Mg dioritic porphyries and 450 

postcollisional ultrapotassic rocks in southern Tibet (Yang et al., 2015, 2016). Yang et 451 

al. (2015) and Sun et al. (2018) proposed that mantle-derived high-Mg dioritic and 452 

postcollisional ultrapotassic magmas would increase water content through 453 

differentiation, influencing the Cu ore-forming fertility of porphyry intrusions. 454 

Additionally, previous research has demonstrated that mafic magmas derived from 455 

metasomatized mantle contain elevated volatile components and metals, including Cu 456 

and S (Hattori and Keith, 2001; Halter et al., 2005; Seedorff et al., 2005), which were 457 

repeatedly injected into the felsic magma chamber (Hollings et al., 2011; Cao et al., 458 

2018). This injection likely introduced a substantial amount of ore-forming elements 459 

(Hattori, 1993; Hattori and Keith, 2001; Cao et al., 2018), as supported by examples 460 

such as Bingham and Black Mountain (Hattori and Keith, 2001; Zhang and Audétat, 461 

2017; Cao et al., 2018, 2019), reinforcing the validity of this model. Hence, 462 

high-temperature fluid exsolution from the mafic melt is likely to have higher 463 

concentrations of volatiles such as water and S compared to the fluids exsolved from 464 

the overlying felsic mush, leading to the localized formation of early stage 465 

independent quartz + magnetite + anhydrite + chalcopyrite veins. These 466 

high-temperature fluids might further migrate, blend with lower-temperature fluids 467 

originating from the overlying felsic mush, and potentially engage with host rocks. 468 

This could trigger subsequent fluid pulses, marked by the precipitation of Sch-2 and 469 

Sch-3 during the process of fluid evolution and cooling. Volatiles released from the 470 

mafic melt can also induce alterations in the morphology and structure of minerals 471 

(Blundy et al., 2015). For instance, zircons exhibiting dark CL zoning in the 472 

Alumbrera Au-rich PCD signify their origin from the mafic melt infusion into the 473 
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magma chamber. The subsequent release of volatile matter during growth can lead to 474 

uneven crystallization of zircons (Buret et al., 2016). Additionally, the influence of 475 

high-temperature volatiles, coupled with the mafic melt input, can result in the 476 

development of disequilibrium phenocryst zoning, embayed quartz crystals, and 477 

cumulate clots (Wark et al., 2007; Cao et al., 2018, 2021). In light of this, both 478 

petrographic and chemical evidence from scheelite suggests that the influx of fluids 479 

through a mafic recharge event introduced substantial quantities of volatiles into the 480 

porphyry system. This process assumes vital importance in the formation of 481 

collision-related PCD. 482 

IMPLICATIONS 483 

The synthesis of currently available data encompassing petrography, CL analyses, 484 

in-situ trace element, and Sr isotope data of scheelite derived from three generations 485 

of vein types at the Qulong PCD reveals a record of temporal and spatial overlap of 486 

multiple hydrothermal events. The distinctive characteristics of these three 487 

generations of scheelite, including varied metal compositions, REE patterns, and 488 

87Sr/86Sr values, suggest that the fluid influx was marked by superimposed, episodic 489 

hydrothermal pulses. This contrasts with the notion of a singular, continuous release 490 

of metal-rich fluids. The first generations of scheelite, characterized by high 491 

concentrations of Mo, Nb, Ta, elevated 87Sr/86Sr values, and high REEs along with 492 

negative Eu anomalies in the chondrite-normalized pattern, indicates its formation 493 

within relatively oxidized metal-rich fluids during the early high-temperature 494 

alteration stage. The second and third generations of scheelite, found within distinct 495 

temperature mineral assemblages, display varying concentrations of Cu and Mo. This 496 

discrepancy suggests the occurrence of separate Cu-rich and Mo-rich ore fluid pulses, 497 

potentially leading to local decoupling of Cu-Mo mineralization. Therefore, the rapid 498 

and episodic release of such fluids offers an explanation for the presence of multiple 499 

mutually intersecting vein types and the widespread overlay of extensive multipulsed 500 

alteration and mineralization phenomena. These fluids could have undergone 501 
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migration, intermixing with other fluid types, and interaction with host rocks, 502 

consequently triggering metal precipitation throughout the course of fluid evolution 503 

and cooling. The duration and timing intervals of fluid pulses directly influence the 504 

efficiency of fluid exsolution and metal precipitation. Rapid and multi-stage fluid 505 

pulsing is particularly conducive to the expansion of mineral deposit scales. Moreover, 506 

Sch-1 exhibits relatively high 87Sr/86Sr ratios, akin to those of the post-ore mafic 507 

porphyries. This contrasts with Sch-2 and Sch-3, which present similar 87Sr/86Sr ratios 508 

to the pre-ore and syn-ore host granite and porphyry. These findings suggest a 509 

significant contribution of mafic magma to the initiation of the first pulse of magmatic 510 

fluids, whereas syn-ore granitic magma plays a role in supplying ore fluids for the 511 

formation of Sch-2- and Sch-3-bearing veins in the subsequent stages. Therefore, our 512 

proposition suggests that volatiles originating from mafic rocks, injected into the 513 

porphyry metallogenic system, assume a pivotal role in shaping PCD formation. The 514 

recent findings demonstrate that scheelite, displaying discernible internal textures 515 

across various vein generations, offers essential insights into the genesis and 516 

evolutionary trajectory of ore fluids. This represents a significant stride forward in 517 

comprehending the intricate development of multi-stage pulsed ore fluids derived 518 

from an upper-crustal magma chamber within the context of porphyry Cu-Mo 519 

mineralization systems. 520 

Furthermore, the co-occurrence of scheelite with quartz + pyrite+ chalcopyrite 521 

veins and quartz + galena + sphalerite + molybdenite veins displays a discernible 522 

spatial progression, becoming more pronounced at greater depths within the vein 523 

system, culminating from 700 to 900 m at the Qulong deposit. This finding bears 524 

significant implications for future exploration endeavors. The recognition of 525 

Cu-Mo-W mineralization within the Qulong PCD of the Gangdese magmatic belt 526 

offers valuable novel insights, shedding light on the potential for identifying 527 

complementary metal endowments of W-Cu-Mo and extending the metallogenic 528 

scope of PCD within collision zones. Given the Qulong PCD’s status as a prototypical 529 

representative of the Gangdese magmatic belt, the search for tungsten (W) potential 530 
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could emerge as a promising new avenue for exploration, positioning it as an 531 

innovative target for collision-related PCD investigations. 532 
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FIGURE AND TABLE CAPTION 770 

 771 

Fig. 1 Distribution of tectonic framework and Miocene porphyry copper deposits of 772 

the Lhasa terrane (modified after Hou et al., 2015a). Abbreviations: BNSZ = 773 

Bangong-Nujiang Suture Zone, GLZCF = Gar–Lunggar–Zhari Nam Tso–Comai 774 

Fault, LMF = Luobadui-Milashan Fault, SNMZ = Shiquanhe-Nam Tso Melange 775 

Zone, IYZSZ = Indus-Yarlung Zangbo Suture Zone, SLT = southern Lhasa 776 

terrane, CLT = central Lhasa terrane, NLT = northern Lhasa terrane. 777 

Fig. 2 (a) Deposit geology map of the Qulong porphyry Cu-Mo deposit (modified 778 

from Yang et al., 2009 and Zhao et al., 2016). (b) simplified geological condition 779 

of drill hole refers to ZK-numbers and depth. 780 

Fig. 3 Hand specimen photographs of veins and alteration in the monzogranite and 781 

monzonitic porphyry at the Qulong deposit. (a-c) Hydrothermal breccias with 782 

early veins with mineral assemblages of quartz + magnetite + anhydrite + 783 

chalcopyrite; (d-h) Monzogranite with quartz + scheelite + pyrite + chalcopyrite 784 
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veins and intensive phyllic alteration; (i-k) Late stage veins with mineral 785 

assemblages of quartz + galena+ sphalerite + molybdenite veins intruded into the 786 

monzogranite Abbreviations: Sch = Scheelite, Mag = Magnetite, Ccp = 787 

Chalcopyrite, Anh = Anhydrite, Qz = Quartz, Py = Pyrite, Sp = sphalerite, Mol = 788 

Molybdenite, Gn = galena. Mineral abbreviation according to Whitney and 789 

Evans (2010). 790 

Fig. 4 Representative photomicrographs of three generations of scheelite at the 791 

Qulong deposit. (a-b) Anhedral Sch 1 occurs in a quartz + anhydrite + magnetite 792 

+ chalcopyrite vein; (c) Anhedral Sch 1 with dispersive zoning in CL image; (d) 793 

Subhedral Sch 2 intergrowth with quartz + pyrite + chalcopyrite + rutile veins; 794 

(e-f) Sch 2 with dispersed Cu-rich core (Sch 2a) and oscillatory mantle (Sch 2b) 795 

and rim (Sch 2c) in CL image; (g-h) Euhedral Sch 3 intergrowth with quartz, 796 

galena, sphalerite, Ag-rich tetrahedrite, and molybdenite in the veinlet; (i) Sch 3 797 

exhibits an oscillatory zone with bright core (Sch 3a), dark mantle (Sch 3b), and 798 

oscillatory bright rim (Sch 3c) in the CL image. Abbreviations: Sch = Scheelite, 799 

Mag = Magnetite, Ccp = Chalcopyrite, Anh = Anhydrite, Qz = Quartz, Py = 800 

Pyrite, Rt = Rutile, Sp = sphalerite, Mol = Molybdenite, Gn = galena; Te = 801 

tetrahedrite. 802 

Fig. 5 Selected trace elemental variation of three generations of scheelite (a) Eu/Eu* 803 

vs. Mo, (b) REE+Y vs. Na, (c) Fe vs Cu, (d) Mo vs. WO3. 804 

Fig. 6 Chondrite-normalized REE patterns of three generations of scheelite from the 805 

Qulong deposit. Data are normalized by values of chondrite (Sun and 806 
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McDonough 1989). 807 

Fig. 7 In situ Sr isotopes for three generations of scheelite compared with whole-rock 808 

Sr isotopes of the Rongmucuola pluton, monzogranitic porphyries, and High-Mg 809 

diorite porphyry in the Qulong deposit. The data of Rongmucuola pluton, 810 

monzogranitic porphyries, High-Mg diorite porphyry, and postcollisional 811 

ultrapotassic rocks from southern Tibet are from (Yang et al., 2015, 2016; Hu et 812 

al., 2015) 813 

Fig. 8 Schematic illustration showing the genetic model of the Qulong porphyry 814 

Cu-Mo deposit. (a) Crystallization of pre-ore monzogranite and granodiorite with 815 

weak mineralization and alteration; (b) Metal-rich volatiles from mafic rocks 816 

injected in the depth into the porphyry metallogenic system and provide metals 817 

and sulphurous gases for formation of syn-ore monzogranitic porphyries, sulfide, 818 

and scheelite. 819 

Appendix Table A1. LA-ICP-MS major and trace elemental data of three generations 820 

of scheelite at the Qulong deposit. 821 

Appendix Table A2. LA-MC-ICP-MS Sr isotopes of three generations of scheelite at 822 

the Qulong deposit. 823 

 824 

 825 
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