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Abstract 16 

Hydrothermal rutile (TiO2) is a widely distributed accessory mineral in 17 

hydrothermal veins or alteration assemblages of porphyry deposits and 18 

provides important information for further understanding hydrothermal fluid 19 

signatures. This study investigates the geochemical composition and U–Pb 20 

dates of hydrothermal rutile from the Yulong porphyry Cu-Mo deposit in east 21 



Tibet, China. The three types of TiO2 polymorphs distinguished at the deposit 22 

by their Raman spectroscopy, textural and chemical characteristics are: (1) 23 

brookite and anatase pseudomorphs after titanite in a fine-grained matrix, 24 

indicating low-temperature hydrothermal fluids destabilizing primary Ti-25 

bearing minerals during argillic alteration (type-I); (2) elongated and prismatic 26 

rutile present in hydrothermal veins or in clusters in accompanying alteration 27 

envelope characterized by weak zoning (type-II); and (3) rutile intergrown with 28 

sulfides in hydrothermal veins, characterized by well-developed patchy and 29 

sector zoning (type-III). In contrast to the type-I and type-II TiO2 polymorphs, 30 

tungsten is enriched in back-scatter bright patches and sector zones in type-III 31 

rutile, which is due to the substitution of W6+ in the Ti4+ octahedral site. The 32 

mechanism of the enrichment of tungsten is effectively driven by the halogen-33 

rich (F, Cl) aqueous fluids during hydrothermal mineralization. In situ U-Pb 34 

dating of the type-III rutile yields a lower intercept age of 41.8 ± 1.2 Ma, which 35 

brackets the timing of the Cu-Mo mineralization. The relationship between 36 

rutile textures and composition indicates that W-bearing rutile can serve as a 37 

recorder of hydrothermal processes in porphyry Cu deposits. 38 

Keywords: W-bearing rutile, Hydrothermal fluid signatures, U-Pb 39 

geochronology, EMPA, Mineral chemistry, Porphyry Cu-Mo deposits 40 

 41 



Introduction 42 

Rutile is a widely distributed accessory mineral, found in metamorphic, 43 

sedimentary, and igneous rocks (Zack et al., 2004; Meinhold, 2010; Zack and 44 

Kooijman, 2017; Pe-piper et al., 2019) and formed in many magmatic-45 

hydrothermal ore deposits, such as porphyry deposits (Scott, 2005; Rabbia et 46 

al., 2009; Schirra and Laurent, 2021; Wang et al., 2021). Previous studies 47 

have confirmed that rutile can form as a replacement product of Ti-bearing 48 

oxides and silicates (such as ilmenite, titanite or biotite), and contains variable 49 

concentrations of Fe, V, high field strength elements (HFSE), transition, and 50 

base metallic elements (Luvizotto and Zack, 2009; Meinhold, 2010; Plavsa et 51 

al., 2018; Agangi et al., 2019). The variable concentrations of trace elements 52 

are closely connected to the composition of the primary minerals, type and 53 

composition of magmatic and metamorphic fluids (Cl- or F-rich), pressure and 54 

temperature conditions, and oxygen fugacity (fO2) (Zack et al., 2002, 2004; 55 

Plavsa et al., 2018; Majzlan et al., 2021). Therefore, rutile enriched in V, W, 56 

Mo, Sn and Sb can be used as a geochemical fingerprint of a hydrothermal 57 

fluid associated with mineralization (c.f. Czamanske et al., 1981; Clark and 58 

Williams-Jones, 2004; Scott, 2005; Scott et al., 2011; Agangi et al., 2019). 59 

Studies of rutile associated with porphyry Cu deposits have already been 60 

attempted using: (a) the trace element signature of the rutile as an indicator of 61 

mineralization (Rabbia et al., 2009; Schirra and Laurent, 2021); and (b) direct 62 



U-Pb dating of rutile associated with sulfides to constrain the timing of the 63 

hydrothermal mineralization events (Schirra and Laurent, 2021). Studies of 64 

variations in, and incorporation mechanism of, these pathfinder elements in 65 

rutile in porphyry deposits are still very limited. For example, individual rutile 66 

commonly contains well-developed patchy and sector zonation reflecting the 67 

distributions of various elements (e.g. W, Fe; Mercer and Reed, 2013). 68 

Nonetheless, the modification of these elements driven by hydrothermal fluids 69 

is poorly understood. Published studies have reported that hydrothermal rutile 70 

containing up to 3 wt% tungsten content in porphyry deposits closely coexists 71 

with sulfides, such as the Butte deposit in the USA (Mercer and Reed, 2013). 72 

However, there is still a lack of understanding of the genesis of W-bearing 73 

rutile in hydrothermal veins, including its distribution, substitution mechanism 74 

and source of W. Answers to the above-mentioned problems are potentially 75 

helpful in understanding the critical contributions of hydrothermal fluids to 76 

mineralization in porphyry deposits, and defining vectors to undiscovered 77 

systems. 78 

The world-class Yulong Cu-Mo porphyry deposit (Fig. 1) is hosted by an 79 

extensional (post-collisional) strike-slip fault zone in eastern Tibet, and has 80 

been the focus of extensive studies and exploration in recent years (Tang and 81 

Luo, 1995; Hou et al., 2003, 2006; Li et al., 2012; Chang et al., 2017, 2018; 82 

Huang et al., 2019). A variety of minerals existing in porphyries, hydrothermal 83 



veins or alteration halos have been used to constrain the magmatic and 84 

hydrothermal processes operating during the genesis of the deposit (Huang et 85 

al., 2019). This includes: (i) the accurately determined age and duration of 86 

molybdenite crystallization in the deposit (Chang et al., 2017); (ii) the evolution 87 

of the mineralizing magmatic-hydrothermal fluids and metal precipitation 88 

based on the study of fluid inclusions in quartz (Sun et al., 2021); and (iii) 89 

constraints on the time scales of individual magmatic phases and fluid pulses 90 

using Ti diffusion in quartz (Chen et al., 2021). Although rutile is abundant in 91 

altered porphyries and hydrothermal veins that are closely related to 92 

mineralization, its origins, mineralogical characteristics, and the nature of 93 

mineralization processes are poorly understood. 94 

In this study, petrographically well-characterized hydrothermal rutile and 95 

other TiO2 polymorphs were collected from highly mineralized porphyries and 96 

veins from Yulong for detailed analysis. The techniques used include: (i) 97 

scanning electron microscopy-backscattered electron (SEM-BSE) imaging 98 

and Raman spectroscopy analysis for textural and mineralogical analysis; (ii) 99 

electron microprobe analysis (EMPA) and mapping to quantify element 100 

abundances; and (iii) in situ dating of hydrothermal rutile by laser ablation-101 

inductively coupled plasma-mass spectrometry (LA-ICP-MS) to directly 102 

determine the U-Pb ages of hydrothermal activity and Cu-Mo mineralization. 103 

The data collected are then used to define the processes involved in the 104 



incorporation of trace elements, such as W, to gain a better insight into the 105 

evolution of hydrothermal systems that lead to a fertile porphyry deposit. 106 

 107 

Geological background 108 

The Yulong deposit is situated in a 15-30 km wide and 300 km long zone 109 

containing porphyry Cu deposits. The zone is in the Qiangtang Terrane within 110 

the Himalayan-Tibetan Orogen (Tang and Luo, 1995; Hou et al., 2003; Fig. 111 

1a). The deposits are spatially and temporally associated with over 100 112 

Eocene porphyry intrusions and K-rich mafic to felsic volcanic rocks. The 113 

intrusions are hosted by N- to NNW-trending regional strike-slip faults, which 114 

are related to the culmination of the Paleocene to Eocene Eurasian-Indian 115 

continental collisional event (Hou et al., 2003; Yang et al., 2014; Wang et al., 116 

2014, 2016, 2018a; Deng et al., 2017, 2018). The intrusions have LA-ICP-MS 117 

zircon U-Pb ages that decrease from ca. 44 Ma in the northwest to ca. 37 Ma 118 

approximately 100 km to the SE (Liang et al., 2006; Fig. 1b). 119 

The mineralized zone includes several medium, large, and giant Cu(-Mo-120 

Au) deposits, which are interpreted as being associated with a post-121 

subduction or post-collisional setting (Hou et al., 2015; Lu et al., 2015; Wang 122 

et al., 2018b). The Yulong deposit is the third largest porphyry-type Cu-Mo 123 

deposit in China, containing a resource of > 1 Gt with an average grade of 124 

0.62% Cu, 0.04% Mo and 0.05 g/t Au (Yang and Cooke, 2019). The deposit is 125 



hosted by the Yulong Granite, which is subdivided into a porphyritic 126 

monzogranite, with lesser amounts of porphyritic quartz monzonite, and rare 127 

dykes of porphyritic quartz gabbro recognized at depth (Fig. 1c; Tang and 128 

Luo, 1995; Chang et al., 2017). 129 

Intrusion of the Yulong Granite was structurally controlled by several ring-130 

shaped, steeply dipping faults at the southern end of the N- to NW-trending 131 

Hengxingcuo Anticline (Fig. 1c). The granite intrudes Triassic carbonate and 132 

clastic rocks, and was emplaced at a depth of 1 to 3 km (Hou et al., 2003). 133 

The deposit is characterized by concentric alteration zones ranging from an 134 

inner K-silicate zone through a sericite and argillic zone to an outer propylitic 135 

zone. The highest Cu-Mo grades are present in the porphyritic monzogranite 136 

and faults around the pipelike orebody (Fig. 1d–e).  137 

The porphyritic monzogranite hosts the majority of the Cu and Mo 138 

mineralization at the Yulong deposit (Fig. 2a-b; Chang et al., 2017; Chen et 139 

al., 2021; Sun et al., 2021). The deposit includes multiple stockwork veins, 140 

such as the early EB veins associated with biotite alteration (Fig. 2c), the A 141 

veins which consist of K-silicates (Fig. 2c), and the B veins which are 142 

associated with chlorite-sericite alteration selvages (Fig. 2d; Chen et al., 143 

2021). Anatase and brookite polymorphs of TiO2 found in the altered and 144 

mineralized porphyritic monzogranite form accessory minerals replacing 145 

altered titanite (Fig. 3b, c). In addition, a larger proportion of rutile is 146 



commonly present within or along the edge of medium- to high-temperature 147 

EB, A, and B quartz veins containing abundant sulfides. The occurrence of 148 

rutile in these veins shows that its genesis is closely related to the main stage 149 

of the Cu-Mo mineralization. Significantly, there is hardly any rutile in the late 150 

D veins formed at low temperatures. 151 

 152 

Sampling and Analytical Methods 153 

Samples 154 

Representative samples of core were collected from two diamond-155 

drillholes and from depth in the Yulong mine. Eight thin and polished sections 156 

of rutile-bearing porphyritic monzogranite and hydrothermal veins were 157 

selected by microscopic examination for BSE, Raman and EMPA analysis. 158 

Three rutile-bearing samples of hydrothermal veins were selected for U-Pb 159 

dating and trace element analysis by LA-ICP-MS. Detailed sample locations 160 

and descriptions are provided in Figure 1 and Table S1. 161 

SEM-backscattered electron 162 

All the rutile grains analyzed in this study were from the polished 70-μm-163 

thick sections, which revealed the textural and genetic context of rutile 164 

associated with the Yulong Cu-Mo mineralization. The polished thin sections 165 

were coated with carbon for BSE imaging using a Tescan GAIA3 SEM-FIB 166 

equipped with an Oxford Instruments CL detector at the Beijing Research 167 



Institute of Uranium Geology, (BRIUG), China. Images were acquired in BSE 168 

mode with an accelerating voltage of 15 keV and a primary beam current of 169 

20 nA. 170 

Raman spectroscopy analysis 171 

Studies of Raman spectra yielded information on the mineral structures 172 

indistinguishable from microscopy and BSE imaging. The polymorphs of the 173 

Ti-oxide were confirmed using a LabRam HR800 Raman micro-spectrometer 174 

with a Zeiss microscope at the Institute of Geology and Geophysics, Chinese 175 

Academy of Sciences (IGGCAS), Beijing, China. The exciting radiation was 176 

provided by an argon ion laser with a wavelength of 532 nm and a source 177 

power of 44 mW. Phase identification used Raman wavenumbers at 143, 241, 178 

443, and 612 cm–1 for rutile, 144, 197, 400, 516 and 640 cm−1 for anatase, 179 

and 153, 247, 322 and 636 cm−1 for brookite (Meinhold, 2010). 180 

Electron microprobe analysis and element mapping 181 

The major and minor element compositions of rutile and other minerals in 182 

polished sections were analyzed using a JEOL JXA-iHP200F EMPA at the 183 

Institute of Mineral Resources, Chinese Academy of Geological Sciences. For 184 

the analyses of biotite, magnetite, hematite and sericite, the accelerating 185 

voltage was 15 keV at a beam current of 20 nA, with beam spots of 1–10 μm. 186 

Counting times were 10–30s on peak and half of this time on the respective 187 



backgrounds, depending on the element and mineral analyzed. Natural 188 

minerals and synthetic oxides were used as standards for calibration. 189 

In order to obtain a lower detection limit for rutile crystals, the beam 190 

current and counting time were accordingly increased with analysis conditions 191 

of 15 keV accelerating voltage, 100 nA beam current, and 1 μm beam spot 192 

(Zack et al., 2004). The counting times for Si, Zr, Ti, Nb, Fe, Cr, Ta, W, and V 193 

are 90, 300, 15, 300, 150, 150, 300, 150 and 150s, respectively, with 194 

respective detection limits of 23, 22, 253, 28, 49, 52, 29, 58 and 41 ppm. 195 

Natural andradite was used as a Si standard, natural rutile was used as a Ti 196 

standard, Natural eskolaite was used as a Cr standard, synthetic magnetite 197 

was used for Fe, synthetic zircon was used as a Zr standard, and pure metals 198 

were used for W, Nb, and Ta standards. All mineral formulas were 199 

recalculated using the MINPET 2.0 software. High-sensitivity, low-resolution 200 

element mapping of imaging was carried out using similar analysis conditions 201 

to the spot analyses, and consumed ~4 hours of instrument time for every 202 

sample. 203 

U-Pb dating and trace element analysis 204 

Rutile U-Pb isotopic and trace-element measurements were carried out 205 

simultaneously using the LA-ICP-MS at the Nanjing Hongchuang Exploration 206 

Technology Service Co., Ltd. Radiometric data were obtained using a 207 

Wavelength Resonetics Resolution SE 193 nm Deep ultraviolet laser (Applied 208 



Spectra, the USA) coupled to an Agilent 7900 (the USA) quadrupole ICP-MS. 209 

Pre-ablation was conducted for each spot analysis using 5 laser shots (~0.3 210 

μm in depth) to remove potential surface contamination. The analysis was 211 

performed using 30 μm diameter spot at 5 Hz with fluence of 3 J/cm2. 212 

Analyses were conducted over 20s background collection and 35-40s ablation 213 

periods. The ablated material was carried by helium gas and subsequently 214 

mixed with argon prior to input into the plasma. Trace-element concentrations 215 

were determined using the rutile RMJG and NIST SRM 610 as a calibration 216 

standard and to correct for any instrumental drift, mass bias and elemental 217 

fractionation. Measured masses included 49Ti, 27Al, 28Si, 51V, 52Cr, 56Fe, 90Zr, 218 

93Nb, 95Mo, 118Sn, 121Sb, 178Hf, 181Ta, 182W, 202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 219 

232Th, and 238U with a total sweep time of ~0.23s. The internal standard was 220 

49Ti with a content assumed as being stoichiometric. Every group of ten spots 221 

on unknows was bracketed by two analyses of the rutile RMJG standard 222 

(1758.4 ± 9.7 Ma, 2σ; Zhang et al., 2020) and two analyses of NIST SRM 610 223 

glass standard. Reduction of both trace-element and U–Pb data was 224 

performed using the Iolite v2.5 software (Paton et al., 2011). The age 225 

calculations and plotting of concordia diagrams were completed using the 226 

ISOPLOT software (version 3.6; Ludwig, 2008). Common lead uncorrected 227 

data were used to construct a Tera-Wasserburg plot to calculate the lower 228 

intercept and U–Pb age. The initial 207Pb/206Pb common lead ratio was used 229 



for single spot age calculations (Williams, 1998). Errors are quoted at the 2σ 230 

(95% confidence) level and are propagated from all sources except mass 231 

spectrometer sensitivity and flux monitor. Full isotopic and trace-element data 232 

for the standards and samples are given in Table S3. 233 

 234 

Results  235 

Occurrence and texture 236 

Rutile and other TiO2 polymorphs from Yulong, hydrothermal minerals in 237 

the altered porphyry and quartz veins, have variable textures and trace 238 

element compositions (see Table 1). All the analyzed TiO2 polymorphs are 239 

typically deep reddish-brown and subhedral to anhedral in shape, varying 240 

from below 20 μm to over 300 μm in diameter (Fig. 3). The three types of TiO2 241 

polymorphs identified based on their petrographic characteristics and mode of 242 

occurrence are: (i) the type-I TiO2 minerals with the same micro-Raman 243 

spectra as brookite and anatase (Fig. 5a–b); and (ii) both the type-II and type-244 

III composed of rutile crystals, but the Raman intensity is slightly different at 245 

different positions (Fig. 5c–d). For example, the intensity of ~442 cm-1 246 

wavenumber of W-rich rutile in type-III is significantly higher than that of W-247 

poor rutile, and W-rich rutile has a peak at ~681 cm-1 wavenumber. 248 

The type-I brookite and anatase typically form pseudomorphs of titanite 249 

crystals in a fine-grained matrix of altered porphyry (Fig. 3a–c). The titanite is 250 



not completely replaced by polymorphs that contain monazite and sporadic 251 

amounts of sulfides (e.g. chalcopyrite, Fig. 3b). The brookite and anatase are 252 

subhedral and fine grains display homogeneous BSE intensity (Fig. 3b, c).  253 

The type-II rutile commonly forms elongated and prismatic grains, and 254 

appears alone in hydrothermal veins or in clusters accompanying alteration 255 

envelopes (Fig. 3d, e). The rutile coexists with relict titanite and displays 256 

irregular and faint zoning on BSE images (Fig. 3d, f). 257 

The type-III rutile is anhedral forming irregular grains in hydrothermal veins. 258 

Blocky rutile grains are hosted by biotite, sericite, and hematite, and are 259 

typically associated with the breakdown of Ti-rich minerals such as biotite and 260 

ilmenite (Fig. 3g–i). Many rutile grains are also intergrown with or included in 261 

sulfides such as pyrite, chalcopyrite and molybdenite in B veins (Fig. 3j–o). 262 

The type-III rutile displays well-developed zoning patterns including patchy, 263 

faint, oscillatory and sector zoning (Fig. 3h, k, l, n), as found in other porphyry 264 

deposits, for example at El Teniente, Butte, and El Salvador (Rabbia et al., 265 

2009; Mercer and Reed, 2013; Schirra and Laurent, 2021). Small rutile grains 266 

are seen intergrown with hydrothermal minerals such as zircon, apatite, and 267 

anhydrite in hydrothermal veins (Fig. 4a–c), but are rarely associated with 268 

magnetite (Fig. 4d). 269 



Major and minor element composition 270 

In situ chemical analyses of rutile carried out using EMPA are shown in 271 

Figure 6 and summarized in Table S2. Concentrations of most trace elements 272 

are heterogeneous within each sample and each type. The type-I brookite and 273 

anatase in the porphyritic monzogranite contain high Si (up to 0.89 wt%) and 274 

Zr (up to 0.28 wt%) contents, but low Cr (<0.05 wt%), Ta (<0.05 wt%), and W 275 

(<0.01 wt%) contents. The type-II rutile has a similar range of Fe and Ta 276 

contents as the type-I brookite and anatase, but slightly higher V, Cr, and W 277 

contents. The type-III rutile in veins contain significantly variable Fe (0.39–278 

3.51 wt%), V (0.84–1.80 wt%), Nb (0.07–4.89 wt%) and W (0.12–7.11 wt%) 279 

contents, but low Zr (<0.07 wt%), Si (<0.11 wt%), Cr (<0.52 wt%) and Ta 280 

(<0.14 wt%) contents. Compared with the type-II rutile, the type-III rutile has 281 

significantly higher V and W, and more variable Fe contents (Table S2). For 282 

the purpose of comparison, the type-III rutile is subdivided into W-rich and W-283 

poor rutile. 284 

The three types of rutile at Yulong show a negative correlation between W 285 

and Ti (Fig. 6a), whereas the V contents only display an obvious negative 286 

correlation with Ti in the type-III W-rich rutile (Fig. 6b). In addition, the type-II 287 

rutile has a more variable Nb content, and the concentrations of V and Nb 288 

cannot be correlated (Fig. 6c). The W and V contents of the other type-II and 289 

type-III rutile appear to be positively correlated (Fig. 6d). The V contents of all 290 



the types of rutile increase with increasing W contents. The W-rich type-III 291 

rutile has higher V and Fe contents, but lower Nb contents than type-II and W-292 

poor type-III rutile grains (Fig. 6e). In addition, the type-I data cluster in the 2s 293 

field for brookite, and most of the data from the type-II and -III grains cluster in 294 

the 2s field for rutile (Fig. 6f) from Triebold et al. (2011). 295 

The EMPA mapping indicates that the elements are unequally distributed 296 

in the apparent homogeneous, faint, or patchily zoned type-II and III rutile 297 

grains (Fig. 7). High concentrations of trace elements are displayed on the 298 

EMPA images as warm colors (red, yellow, green) and the low concentrations 299 

appear as cool colors and tones (blue, purple, black). For example, the bright 300 

zones in the BSE images of the rutile grains interlocking with biotite contain 301 

more W than darker zones, and patches with variable bright zones locally 302 

show elevated V and Nb values (Fig. 7b). Similar element mapping results are 303 

also found in rutile intergrown with other minerals (Figs. A1–A2). 304 

Biotite, magnetite, and other alteration minerals associated with rutile were 305 

scanned with the EMPA (Table S2). The results show that the TiO2 content of 306 

magnetite in ore-bearing porphyry and quartz (EB) veins is generally low 307 

(<0.24 wt%). In contrast, the hydrothermal biotite is enriched in Ti (1.16-2.68 308 

wt% TiO2). The Ti content of sericite and hematite in hydrothermal alteration 309 

zones is also generally low (<0.4 wt%). 310 



LA-ICP-MS U-Pb Dating 311 

Seventeen U-Pb isotopic analyses were completed on vein-hosted type-III 312 

rutile (samples 18-23B6, 1103B3, and 17-08B10). Results of U-Pb dating and 313 

concordia diagrams are presented in Figure 8 and Table S3. The rutile 314 

analyzed in this study has variable U contents (10.5–173 ppm) and variable 315 

percentages of radiogenic 206Pb, but a generally high proportion of common 316 

lead as reflected by the spread of the discordant data points. Three analyses 317 

were disregarded owing to high concentrations of common Pb, low U and the 318 

presence of Si-rich inclusions. On the Tera-Wasserburg plot, linear regression 319 

of the uncorrected data of 14 analyses yields a lower intercept age of 41.8 ± 320 

1.2 Ma (2σ, MSWD = 1.2) with an initial 207Pb/206Pb ratio of 0.8059 ± 0.015 321 

(Fig. 8a–c), which was used to calculate individual spot ages that yielded the 322 

weighted average 206Pb/238U age of 41.3 ± 1.1 Ma (2σ, MSWD = 0.6, Fig. 8c). 323 

Discussion 324 

Rutile U–Pb geochronology related to Cu-Mo mineralization 325 

Prior studies have constrained the timing of magmatism and Cu-Mo 326 

mineralization at the Yulong deposit (Tang and Luo, 1995; Hou et al., 2003; 327 

Chen et al., 2021 and references therein). The ages of the ore-bearing 328 

porphyry have been constrained within a ca. 3.6 Ma time span bracketed by 329 

U-Pb zircon LA-ICP-MS/SHRIMP dating from the earliest porphyritic 330 

monzogranite dated at 43.8 ± 0.7 Ma (Wang et al., 2009) to the porphyritic 331 



quartz gabbro dated at 40.2 ± 0.3 Ma (Chang et al., 2017). The barren 332 

porphyritic monzonite at Ganlongla over 1 km to the north is coeval with the 333 

ore-bearing porphyritic monzogranite (Figs. 1a and 8d). Previous ID-ICP-MS 334 

and recent high-precision ID-NTIMS Re-Os molybdenite dating show that the 335 

deposit was mineralized over a period of ~5.1 million years (Hou et al., 2006; 336 

Chang et al., 2017). The bulk of the Cu-Mo mineralization, therefore, 337 

developed in a period of ca. 1.4 million years from the early-stage A2E veins 338 

dated at 42.3 ± 0.2 Ma to transitional stage BT veins dated at 40.9 ± 0.2 Ma 339 

(Fig. 8d; Chang et al., 2017). Furthermore, the high-precision Re-Os 340 

molybdenite age of ca. 41 Ma does not bracket the complete age of the 341 

mineralizing event (Fig. 8d; Chiaradia et al., 2014; Schirra and Laurent, 2021). 342 

Most rutile crystals at the Yulong deposit formed broadly synchronously 343 

with hydrothermal quartz, biotite, and most of the sulfides in the potassic and 344 

phyllic alteration zones. This means the rutile will record the age of porphyry 345 

mineralization. An advantage of LA-ICP-MS rutile U–Pb dating is that it 346 

typically contains adequate U and radiogenic Pb for accurate dating (Santos 347 

et al., 2020; Schirra and Laurent, 2021). The closure temperature for Pb 348 

diffusion in rutile is strongly dependent on the grain size. For a cooling rate of 349 

1 °C Ma−1 and spherical geometry, Cherniak (2000) determined closure 350 

temperature (Tc) values of 567 °C for 70 μm-size grains and 617 °C for 200 351 

μm-size grains. This Tc is higher than the formation temperature of 352 



hydrothermal quartz veins reflected by the homogenization temperatures (Th) 353 

of fluid inclusions (~500–600 °C in the EB and A veins, and ~375–500 °C in 354 

the B veins; Sun et al., 2021). Consequently, rutile fulfills the basic 355 

requirements for a reliable U-Pb geochronometer. The U-Pb dating of 356 

hydrothermal rutile should yield the crystallization ages and the timing of given 357 

hydrothermal mineralization, instead of representing cooling ages.  358 

In this study, in situ U-Pb dating of the rutile yields a lower intercept age 359 

of 41.8 ± 1.2 Ma (Fig. 8c), which overlaps the previously reported molybdenite 360 

Re-Os ages (Fig. 8d). Significant scatter and abnormal MSWD values of the 361 

rutile U-Pb data within a single sample could be due to multiple preserved 362 

generations of rutile (Fig. 8a–b). Furthermore, the common Pb incorporation 363 

in rutile grains could also result in over-dispersion without a requirement for 364 

multiple rutile populations (e.g. Plavsa et al., 2018; Santos et al., 2020). This 365 

could be accounted for by U-Pb perturbation during dissolution and 366 

reprecipitation recrystallization above the Tc for rutile during the early 367 

hydrothermal process. Although the internal precision of individual rutile U-Pb 368 

weighted mean dates is significantly lower than that of the zircon U-Pb and 369 

molybdenite Re-Os, they all overlap within the uncertainty and are not 370 

resolvable. This suggests that the bulk of the Yulong Cu-Mo mineralization 371 

formed broadly synchronously with the emplacement of the porphyritic 372 

monzogranite. 373 



Origin and formation environment of TiO2 polymorphs 374 

The distinctive textures and compositions of TiO2 polymorphs replacing 375 

Ti-rich minerals during hydrothermal alteration in porphyry Cu(-Mo-Au) 376 

deposits may better reflect the mineralization processes. TiO2 polymorphs in 377 

the fine-grained matrix and hydrothermal veins studied coexist with typical 378 

hydrothermal biotite, anhydrite, sericite, magnetite, and sulfides (e.g. 379 

chalcopyrite, molybdenite, and pyrite indicating a hydrothermal origin (Fig. 3). 380 

Likewise, these polymorphs can reflect different temperature and pressure 381 

conditions, driven by hydrothermal fluids (Triebold et al., 2011; Plavsa et al., 382 

2018). 383 

Anatase and brookite typically form during low temperature and pressure 384 

metamorphism and alteration, with aqueous low-T conditions promoting their 385 

stability (Smith et al., 2009; Plavsa et al., 2018). The type-I brookite and 386 

anatase at Yulong are present in a fine-grained matrix of altered porphyry and 387 

commonly pseudomorph magmatic titanite (Fig. 3a–c). This highlights the role 388 

of low-temperature hydrothermal fluids in destabilizing primary Ti-bearing 389 

minerals during argillic alteration. This interpretation is also confirmed by 390 

porphyry hand specimens that are overprinted by strong argillic alteration in 391 

the late-stage mineralization (Fig. 2b). Lower temperature polymorphs 392 

(anatase and brookite) have systematically different geochemical signatures 393 

to rutile. Previous studies have demonstrated that the availability of HFSE and 394 



base metals such as V–Cr–W–Fe for inclusion in the brookite and anatase is 395 

largely controlled by the breakdown of precursor Ti-rich minerals and co-396 

precipitation of other phases (Triebold et al., 2011; Plavsa et al., 2018). 397 

Rutile associated with porphyry copper deposits forms at temperatures 398 

between ~400 and 700 °C, pressures of a few hundred MPa, fO2 above the 399 

nickel-nickel oxide (NNO) buffer, and under hydrous conditions (Rabbia and 400 

Hernández, 2012). A hydrothermal fluid associated with the overall 401 

development of a porphyry deposit does not have a consistent temperature, 402 

fO2, pH, and chlorine content, and such fluids interact with the ore-bearing 403 

porphyry (Rabbia and Hernández, 2012). The presence of rutile crystallizing 404 

during hydrothermal alteration can be interpreted as representing localized re-405 

equilibration and breakdown of Ti-rich minerals, such as titanite, biotite, and 406 

ilmenite (Scott, 2005; Rabbia et al., 2009).  407 

The chemical stability of pre-existing Ti-rich minerals is extremely 408 

susceptible to high-temperature and SO2-rich oxidizing fluids, which could 409 

explain why rutile is present in zones of hydrothermal alteration in porphyry 410 

deposits (Rabbia and Hernández, 2012). Fluids metasomatism promoted the 411 

incomplete replacement of the earlier titanite by type-II rutile in the early 412 

hydrothermal quartz A veins (e.g. titanite + SO2-rich fluid → anhydrite + quartz 413 

+ rutile), which also records the breakdown of Ti-rich minerals during the 414 

introduction of high-temperature fluids (Fig. 3d–f). 415 



In contrast to titanite and ilmenite, Ti-rich magmatic biotite and 416 

hornblende initially re-equilibrate to hydrothermal biotite during K-alteration 417 

(e.g. Rabbia and Hernández, 2012; Mercer and Reed, 2013; Xiao et al., 418 

2021). The breakdown of Ti-rich biotite is regarded as the main mechanism 419 

generating hydrothermal rutile associated with veins developed during 420 

widespread K-alteration in the Yulong deposit (Fig. 3g–h). Under a 421 

subsequent moderate temperature of 300–400 ºC at elevated fO2 levels 422 

during phyllic alteration, hydrothermal magnetite becomes unstable and is 423 

completely replaced by hematite intergrown with hydrothermal rutile (Fig. 3i). 424 

The relatively high Ti concentration (1.16-2.68 wt%) of hydrothermal biotite at 425 

Yulong makes it a potential source for rutile. Additionally, the intergrowth 426 

relationships between individual, blocky type-III rutile and Cu-Fe sulfides in 427 

hydrothermal veins (i.e. B veins; Fig. 3j–o), support the conclusion that rutile 428 

is a product of precipitation from aqueous fluids as a vein-filling phase 429 

indicative of Ti migration. A similar relationship of rutile forming synchronously 430 

with Cu-Mo mineralization has been reported for deposits such as Batu Hijau, 431 

Bingham Canyon, El Salvador, and North Parkes (Schirra and Laurent, 2021). 432 

The composition of hydrothermal fluid is another factor controlling the 433 

growth of rutile (Rabbia and Hernández, 2012; Schirra and Laurent, 2021). 434 

Recent experimental work on high temperature metamorphic rocks 435 

demonstrates that the solubility of rutile increases significantly in F- and Cl−-436 



rich brines (Rapp et al., 2010). Apatite is known to preferentially incorporate F 437 

and apatite inclusions are widely recognized in various stages of hydrothermal 438 

veins at Yulong (Fig. 4b; Chang et al., 2018). Once the precipitation of apatite 439 

took place, the mineralizing fluids became depleted in F, consequently 440 

reducing the solubility of Ti, Zr and other HFSE resulting in Ti saturation and 441 

the crystallization of rutile. In addition, unlike the slow heating and cooling 442 

processes in metamorphic rocks, hydrothermal rutile is commonly formed in 443 

events with rapid pulsating fluid flow leading to enrichment of Zr (Cabral et al., 444 

2015; Agangi et al., 2019; Feng et al., 2020). The estimated rutile 445 

crystallization temperature in this study using the Zr-in-rutile thermometer of 446 

Tomkins et al. (2007) is over 100 °C higher than the fluid inclusion 447 

temperature reported by Sun et al. (2021) demonstrating that Zr-in-rutile 448 

thermometer is not appropriate for use in rutile of hydrothermal origin (Cabral 449 

et al., 2015). Thus, the origin of rutile in hydrothermal veins might be due to 450 

the effect of fluorine (i.e. fluorapatite) on the solubility of rutile.  451 

Introduction of W in the hydrothermal rutile 452 

The composition of hydrothermal rutile in this study has wide variations in 453 

the concentrations of Fe, V, Nb, and W (Fig. 6f). Consequently, a single-spot 454 

analysis may not be representative of the bulk composition of rutile grains, 455 

similar to what was seen by Meinhold (2010). Combining BSE images with 456 

element mapping of rutile grains can reveal complex zonation patterns or 457 



patchy zoned crystals. Our analyses of rutile crystals show that W content 458 

correlates positively with BSE brightness (Figs. 7 and 9), and the patchy or 459 

sector zonation is controlled by the distribution of trace elements in rutile. 460 

The chemical structure of rutile consists of chains of TiO8-
 6 octahedra that 461 

link each oxygen in triangular coordination with Ti4+ ions (Baur, 2007; Klein 462 

and Dutrow, 2007). It has been found in previous studies that Ti in the rutile 463 

crystal lattice can be substituted by W, Fe, V and Nb, and the substitution of 464 

Ti4+ is controlled by the ionic radius and ionic charge of the substituted cation 465 

(Meinhold, 2010; Win et al., 2017; Reznitsky et al., 2017; Agangi et al., 2019, 466 

2020; Adlakha et al., 2020). 467 

The oxidation state of Fe, V, Nb, Cr, and W in rutile of this study and their 468 

substitution mechanisms are evaluated using binary plots (Fig. 11). The cation 469 

percentages were calculated using the number of total cations for oxygen 470 

being 2, and iron predominantly being incorporated into rutile as Fe3+ (Murad 471 

et al., 1995; Bromiley et al., 2004; Win et al., 2017). The M3+ represents the 472 

trivalent cations (i.e. Fe3+, Cr3+, and V3+). The slope of Ti and V range from -1 473 

to -1/3, reflecting the equation V3+ + M5+ ↔ 2Ti4+ in the W-poor rutile and 2V3+ 474 

+ W6+ ↔ 3Ti4+ in the W-rich rutile, but the direct substitution of V4+ for Ti4+ is 475 

rare (Fig. 11a). The partial trivalent elements Fe, Cr, and V for the W-poor 476 

rutile, and the Nb content of rutile containing M3+ exhibit a slope > 1 (Fig. 11b), 477 

reflecting the compatibility of different valences (i.e. V5+, or Fe2+) in rutile. The 478 



correlation between the M3+ and W6+ in the W-rich rutile corresponds to a 479 

slope of 2 (Fig. 11c), indicating coupled substitutions with a strong correlation 480 

following the chemical equation 2M3+ + W6+ ↔ 3Ti4+. The correlation between 481 

W and Fe in the W-rich rutile (slope = 2; Fig. 11d), is consistent with the 482 

equation 2Fe3+ + W6+ ↔ 3Ti4+. A strong negative correlation between Ti and 483 

W6+ + 2M3+ in the W-rich rutile grains (slope = -1.02, R2 = 0.98) clearly shows 484 

that W incorporated into the hydrothermal rutile is largely controlled by the 485 

reaction 2M3+ + W6+ ↔ 3Ti4+ (Fig. 11e). Based on the correlations between Ti 486 

and Nb5+ + 2M3+ of the W-poor rutile (slope = -1.03, R2 = 0.88; Fig. 11f), Nb5+ 487 

might substitute into the rutile lattice structure following the similar reaction 488 

M3+ + Nb5+ ↔ 2Ti4+. In addition, many rutile grains contain high concentrations 489 

of Fe, Cr, and V relative to Nb or W, as the data trends plot above the 490 

correlation line without intersecting 0 (Fig. 11a, c). This is explained by excess 491 

amounts of Fe3+, Cr3+, and V4+ substituting for Ti4+ in rutile. 492 

Alternatively, the possibility of vacancy-bearing substitutions has been 493 

proposed, with hydrogen atoms or OH groups being involved in local charge 494 

compensation at the oxygen position in rutile and cassiterite samples 495 

(Maldener et al., 2001; Losos and Beran, 2004; Borges et al., 2015). However, 496 

recent Raman and X-ray absorption spectroscopy studies of W-rich rutile 497 

exclude the possibility of hydrogen acting as a charge balancing species or 498 



oxygen vacancies (Majzlan et al., 2021). These suppositions are also not 499 

supported by analyses completed in this study. 500 

Another parameter that favors substitution of Ti by W is the similarity in 501 

their ionic radii (Shannon, 1976). Under the condition of charge balance, the 502 

virtually identical ionic radius in sixfold coordination of W6+ (0.74 Å) is 503 

arguably favorable for the replacement of Ti4+ (0.745 Å) in the rutile crystal 504 

structure. In addition to these mechanisms, non-equilibrium incorporation of 505 

trace elements during fast mineral growth in hydrothermal ore systems 506 

(Agangi et al., 2019) cannot be ignored. 507 

Source of W and hydrothermal fluid signatures in the Yulong porphyry 508 

Cu-Mo deposit 509 

Previous studies show that the presence of pathfinder elements such as 510 

W, Nb, V, Sn, and Fe in hydrothermal rutile is influenced by the nature of 511 

precursor minerals and the composition of magmatic or metamorphic fluids 512 

(Plavsa et al., 2018; Agangi et al., 2020; Schirra and Laurent, 2021). Rutile at 513 

Yulong contains high levels of W, V, Fe, and Nb (Fig. 10), similar to rutile from 514 

other porphyry deposits (Scott, 2005; Rabbia et al., 2009; Mercer and Reed, 515 

2013; Schirra and Laurent, 2021). We therefore interpret the chemical 516 

composition of rutile formed in a hydrothermal ore system to reflect the 517 

composition of ore-forming fluids associated with porphyry Cu-Mo 518 

mineralization. 519 



The crystallographic control of impurities into the rutile lattice during 520 

crystal growth can cause compositional variations such as sector zoning 521 

(Plavsa et al., 2018; Agangi et al., 2020; Moore et al., 2020; Majzlan et al., 522 

2021). The intensity of backscattered luminescence is related to the relative 523 

atomic mass of elements. Due to the common presence of elements such as 524 

W, Nb, V and Fe heavier than Ti, the incorporation of trace elements results in 525 

brighter sectors in BSE images. In this study, hydrothermal rutile preserves 526 

well-developed patchy and sector zoning (Fig. 9a–b), which largely relates to 527 

the contribution of W (Fig. 9c). However, the element mapping of residual 528 

titanite that is incompletely replaced by rutile in the quartz veins shows 529 

extremely low W content (Fig. 7a), indicating that W is unlikely inherited from 530 

primary Ti-rich minerals. In general, several HFSEs such as W, Nb, and V 531 

form complexes with F in aqueous fluids. These elements tend to be enriched 532 

in rocks formed from strongly fractionated, typically F-rich and high-Cl felsic 533 

magmatic-hydrothermal fluids (Carruzzo et al., 2006; Chevychelov et al., 2005; 534 

Agangi et al., 2020). The presence of F-bearing phases in the minerals 535 

studied such as fluorapatite (e.g. average 3.13 wt% F; Huang et al., 2019), 536 

indicates the presence of F in the mineralizing fluids, explaining the 537 

mobilization of HFSEs (Fig. 12). The latest studies of the composition of fluid 538 

inclusions, using LA-ICP-MS, confirm that brine and intermediate density 539 

inclusions in the early- and transitional-stage quartz veins represent the main 540 



mineralization event at Yulong. The inclusions contain W assaying up to 541 

thousands of ppm (Chang et al., 2018). Furthermore, the presence of high 542 

valence cations also points towards high fO2 during the hydrothermal 543 

alteration in the porphyritic monzogranite at Yulong, which is further supported 544 

by the presence of texturally associated anhydrite (Fig. 4c). 545 

Deciphering the signatures of ore-forming fluids is a prerequisite in 546 

deciphering the genesis of mineral deposits (Cao et al., 2020; Qiu et al., 2021). 547 

The brookite and anatase in the fine-grained matrix of altered porphyritic 548 

monzogranite, and forming pseudomorphs after magmatic titanite and at 549 

contacts with monazite, magnetite, and quartz, indicating that the lower 550 

temperature argillic alteration associated with late-stage mineralization was in 551 

an H2O-rich environment with a relatively high fO2 (Broska et al. 2007; Huang 552 

et al., 2019; Xiao et al., 2021). This easily overlooked observation suggests 553 

that TiO2 polymorphs can be produced by varying degrees of hydrothermal 554 

fluids modification in a porphyry system (Plavsa et al., 2018). The texture and 555 

geochemistry of the type-II rutile indicate that the hydrothermal fluid during 556 

potassic alteration was more oxidized, preceding the main mineralization 557 

stage. The widespread occurrence of the type-III rutile intergrown with sulfides 558 

formed during the main mineralization stage shows that Ti can be highly 559 

mobile in hydrothermal fluids during porphyry alteration. Furthermore, the 560 

enrichment of W in the type-III rutile indicates that these elements are highly 561 



mobile in the hydrothermal fluids in the presence of halogen-rich (F, Cl) 562 

aqueous fluids associated with the mineralization at Yulong. 563 

In summary, the mineralizing hydrothermal fluids in the Yulong deposit 564 

had a high fO2 at a high-temperature, and were rich in SO2 and F. This 565 

resulted in the breakdown of pre-existing Ti-rich minerals and mobilizing 566 

relatively insoluble HFSEs. These ore-forming fluids are crucial for the 567 

formation of hydrothermal rutile in porphyry deposits. 568 

 569 

Implications 570 

The textures, assemblages, and compositions of hydrothermal rutile 571 

forming contemporaneously with ore mineralization can provide clues and 572 

information regarding the genesis of hydrothermal processes during the 573 

growth of magmatic-hydrothermal deposits. The trace element composition of 574 

hydrothermal rutile can be used as a pathfinder for hydrothermal activity. The 575 

introduction of trace elements driven by hydrothermal alteration explains the 576 

variety of chemical compositions observed in natural hydrothermal rutile found 577 

in porphyry copper deposits. High-temperature ore-forming fluids with high 578 

oxygen fugacity, and rich in SO2 and F can promote the introduction of 579 

relatively insoluble high field-strength elements and base metals (such as W) 580 

into the crystal lattice of rutile. Consequently, the chemical or isotopic 581 

composition recorded in rutile provides comprehensive information allowing 582 



us to better understand the nature of hydrothermal fluids operating during the 583 

deposition of porphyry deposits. This in turn potentially allows us to define 584 

vectors towards the location of porphyry deposits. Geochemistry of 585 

hydrothermal rutile can be expected to provide additional insights into 586 

hydrothermal fluid compositions responsible for different mineralization styles. 587 

In addition, it has been identified that anatase and brookite (rather than rutile) 588 

replaced titanite during low temperature argillic alteration. Thus, detailed and 589 

correct identification of TiO2 polymorphs may much better understand 590 

hydrothermal processes, particularly during using rutile geochemistry as a 591 

vector towards mineralisation. 592 
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 907 

Figure captions 908 

Fig. 1 (a) Simplified tectonic framework of the Sanjiang Orogen and its 909 

adjacent areas (modified after Wang et al., 2014); (b) the simplified geological 910 

map of the Eocene Yulong porphyry Cu belt (modified after Hou et al., 2003); 911 



(c) Geological map of the Yulong deposit (modified after Chang et al., 2018); 912 

and (d–e) Distribution and zonation of mineralization based on the logging of 913 

drill core along the two cross-sections. The figure shows the SSE-NNW 914 

oriented cross-section A-A' parallel to the long axis and the WSW-ENE 915 

oriented cross-section B-B' perpendicular to the long axis of the Yulong 916 

porphyry (modified after Chang et al., 2017). The colored circles show the 917 

locations of samples analyzed for this study. Abbreviations: 918 

JASZ=Jinshajiang-Ailaoshan Suture Zone; LSSZ=Longmu Co-Shuanghu 919 

Suture Zone; CMSZ=Changning-Menglian Suture Zone; BNSZ=Bangonghu-920 

Nujiang Suture Zone; YZSZ= Yarlung Zangbo Suture Zone. 921 

Fig. 2 Hand specimen photographs of the syn-mineralization porphyritic 922 

monzogranite at Yulong showing: (a) porphyritic monzogranite; (b) argillic 923 

altered porphyritic monzogranite; (c) early (EB) biotite–quartz veins and 924 

quartz–K-feldspar–pyrite–chalcopyrite (A) veins with potassic alteration; and 925 

(d) quartz–chalcopyrite–pyrite (B) veins. Abbreviations: Pl = plagioclase, Kfs = 926 

K-feldspar, Py = pyrite, Qz = quartz, Bt = biotite, Ccp = chalcopyrite; Mol = 927 

molybdenite. 928 

Fig. 3 Representative examples of photomicrographs (transmitted and 929 

reflected light) and BSE images of analyzed TiO2 polymorphs showing: (a–c) 930 

type-I brookite and anatase pseudomorphs after titanite in a fine-grained 931 

matrix of altered porphyry and contacting with monazite, chalcopyrite, 932 



magnetite, and quartz; (d) elongated and prismatic type-II rutile in clusters 933 

associated with the alteration; (e, f) type-II rutile coexisting with relict titanite 934 

and showing faint zoning; (g–i) type-III rutile hosted by biotite and hematite 935 

showing patchy zoning; (j, k) irregular rutile coexisting with molybdenite; (l) 936 

anhedral and concentric zoning rutile intergrown with chalcopyrite; (m, n) type-937 

III rutile included in chalcopyrite; and (o) patchy zoning of type-III rutile 938 

coexisting with pyrite. The red circles and numbers represent the EMPA spots 939 

in rutile, and the blue circles and numbers are marked as the EMPA spots in 940 

other minerals. Abbreviations: Ttn = titanite, Mag = magnetite, Kfs = K-941 

feldspar, Rt = rutile, Ant = anatase, Brk = brookite, Hem = hematite, Py = 942 

pyrite, Qz = quartz, Bt = biotite, Ccp = chalcopyrite; Mol = molybdenite, Cv = 943 

covellite.  944 

Fig. 4 Representative photomicrographs in transmitted light and BSE images 945 

showing: (a) rutile associated with quartz, K-feldspar, zircon, and sericite in 946 

veins; (b) columnar apatite inclusions widely distributed in veins; (c) rutile 947 

coexisting with anhydrite in the vein halo; and (d) magnetite in EB veins. 948 

Abbreviations: Qz = quartz, Rt = rutile, Kfs = K-feldspar, Zrn = zircon, Ser = 949 

sericite, Mag = magnetite; Anh = anhydrite; Ap = apatite. 950 

Fig. 5 Comparison of Raman spectra between the standard TiO2 polymorphs 951 

(brookite, anatase, and rutile; Meinhold, 2010) from Yulong showing: (a–b) 952 

type-I brookite and anatase from sample 18-13B1; (c) type-II rutile from 953 



1103B3; and (d) type-III rutile from 1103B4. Raman spectra spots are marked 954 

with yellow letters and crosses in Figure 3. 955 

Fig. 6 Concentrations of selected oxides and trace elements in TiO2 956 

polymorphs showing: (a) TiO2 vs WO3; (b) TiO2 vs V2O3; (c) Nb2O5 vs V2O3; (d) 957 

V2O3 vs WO3; (e) Box-and-whisker diagram (constructed from spot EMPA 958 

images) for oxide concentrations; and (f) V vs Cr plot with 1-, 2-, and 3-σ 959 

probability regions for rutile, anatase, and brookite (modified after Triebold et 960 

al., 2011). 961 

Fig. 7 EMPA trace element mapping of: (a) type-II rutile; and (b) type-III rutile. 962 

The vertical scale represents the EMPA counts per unit area. The high 963 

concentrations of trace elements are shown in red, yellow, and green, and the 964 

low concentrations are shown as blue, violet, and dark colors. 965 

Fig. 8 Graphs showing: (a–b) BSE image of two representative rutile grains 966 

from the Yulong deposit showing the LA-ICP-MS analysis spots and results; 967 

(c) LA-ICP-MS rutile U-Pb Tera–Wasserburg diagram for type-III rutile in 968 

hydrothermal veins; and (d) the summary of the zircon U-Pb, molybdenite Re-969 

Os, and rutile U-Pb (this study) data for the Yulong porphyry Cu-Mo deposit 970 

(Data sources: Chen et al., 2021 and references therein). 971 

Fig. 9 Relationship between W concentrations and BSE intensity. The green 972 

and orange arrows show examples of traverses across rutile with different W 973 

concentrations. The original W intensity profiles by EMPA mapping are shown 974 



in orange curves, smoothed BSE intensity profiles are shown in green curves, 975 

and EMPA spots are shown with circles. 976 

Fig. 10 Selected trace element compositions of rutile from Yulong deposit. 977 

The background shades indicate the compositional ranges of rutile from 978 

metamorphic, igneous and sedimentary environments, and other porphyry 979 

deposits reported in the literature (Data sources: Luvizotto and Zack, 2009; 980 

Meyer et al., 2011; Okay et al., 2011; Ewing et al., 2013; Gao et al., 2014; 981 

Şengün and Zack, 2016; Hart et al., 2018; Plavsa et al., 2018; Ver Hoeve et 982 

al., 2018; Rösel et al., 2019; Pereira et al., 2019; Pe-Piper et al., 2019; Agangi 983 

et al., 2020; Şengün et al., 2020; Schirra and Laurent, 2021). 984 

Fig. 11 Binary plots of element abundances in rutile using EPMA data 985 

recalculated as atomic cation percent: (a) Ti and V; (b) Nb and Fe+Cr+V; (c) 986 

W and Fe+Cr+V; (d) W and Fe; (e) Ti and W6++2(Fe, Cr, V)3+; and (f) Ti and 987 

(Nb5+, W6+)+2(Fe, Cr, V)3+. Trendlines rooted are shown representing different 988 

substitution mechanisms, and M3+ indicates the sum of the trivalent elements. 989 

Fig. 12 Model of rutile formation via replacement of pre-existing Ti-rich 990 

minerals. Flow of mineralizing fluids (blue arrows) can mobilize scarcely 991 

soluble elements, such as W, V, Nb, as discussed in the text. 992 

Table caption 993 

 Table 1. TiO2 polymorphs textural features and assemblages in the Yulong 994 

Cu-Mo porphyry deposit. 995 



























Table 1. TiO2 polymorphs textural features and assemblages in the Yulong Cu-Mo porphyry deposit 

Types Host rocks Occurrence Morphology BSE texture 
Type-I 

anatase and 
brookite 

Fine-grained matrix of altered 
porphyritic monzogranite 

Accessory hydrothermal altered mineral; 
pseudomorphic shape of titanite crystals contact 

with monazite, chalcopyrite, magnetite, and quartz 

Subhedral, and fine grains
Size: 20–200 μm 

Homogeneous 

Type-II 
rutile 

Hydrothermal veins or alteration 
envelope of altered porphyritic 

monzogranite 

Occurs alone or in clusters in veins or alteration 
envelope; completely replacing titanite or 

coexisting with residual titanite 

Anhedral, elongated and 
prismatic grains      
Size: 50–300 μm 

Faint zoning 

Type-III 
rutile 

Hydrothermal veins of altered 
porphyritic monzogranite 

Hosted in biotite or hematite; intergrown with or 
included in pyrite, chalcopyrite and molybdenite 

Anhedral, and irregular 
grains          

Size: 50–300 μm 

Well-developed zoning patterns 
including oscillatory, patchy and 

sector zoning 
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