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Abstract 23 

Most large scale porphyry-style mineralization is genetically associated with 24 

oxidized, sulfur-rich and hydrous magmas, whose sources were enriched in mantle-25 

derived or juvenile crustal-derived materials. Geochemical indices for these features 26 

can distinguish fertile magmas and barren magmas. However, fertile magmas which 27 

generate different sized porphyry deposits are usually geochemically indistinguishable 28 

and the factors controlling the size of porphyry mineralization are poorly understood. 29 

Here, we use zircon H2O contents, and the compositions of apatite host in zircon, 30 

phenocrysts, and groundmass to compare the water contents and volatile evolution of 31 

fertile magmas in the Yulong ore belt, Tibet, which generated giant, large and medium 32 

sized porphyry deposits. We find that these porphyries have comparable major and trace 33 

element and zircon Hf-O isotope compositions, with high oxygen fugacity and sulfur 34 

contents. A negative correlation between 
𝑋𝐴𝑝

𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 vs. 

𝑋𝐴𝑝
𝐹

𝑋𝐴𝑝
𝐶𝑙  of apatites suggests that the 35 

magmas consistently achieved H2O saturation before zircon crystallization and zircon 36 

hydroxyl contents reveal that the melt water contents positively correlate with the size 37 

of the deposits, consistent with larger deposits achieving H2O saturation at deeper 38 

crustal levels. The deeper H2O saturation also caused the larger amount of Cl extraction, 39 

as indicated by the trends that 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  increasing and the 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 decreasing with the deposit 40 

sizes. These datasets can be reconciled by magmas forming larger deposits having 41 

higher H2O contents and suggest that the H2O content is a key control on their fertility. 42 

Our study highlights the utility of integrated hydrous and nominally anhydrous mineral 43 



 

 

analyses for constraining enigmatic magmatic volatile processes in magmatic ore-44 

forming systems. 45 

Introduction 46 

Porphyry Cu deposits supply over 75% of the world’s Cu production and are 47 

thought to form through the exsolution of metal-rich hydrothermal fluids from magmas 48 

at 5–15 km depth, which precipitate ores in the shallow (<6 km depth) crust (Hedenquist 49 

and Lowenstern, 1994; Richards, 2011b; Sillitoe, 2010). The ore-forming magmas are 50 

generally considered to be water-rich and formed in supra-subduction-zone and 51 

oceanic/continental arcs (Lu et al., 2015; Richards et al., 2012; Sillitoe, 2010; Wang et 52 

al., 2014; Wang et al., 2017). Measurement of magmatic water contents in porphyry-53 

forming magmas has been hampered by lack of robust petrological volatile record in 54 

these systems: silicate melt inclusion and hydrous mineral volatile records are often 55 

compromised by (1) diffusive re-equilibration and (2) hydrothermal alteration (Bucholz 56 

et al., 2013; Gaetani et al., 2012; Portnyagin et al., 2008; Webster et al., 2017). 57 

However, hydrous mineral compositions (e.g. amphibole and biotite), whole-rock Sr/Y 58 

ratios, zircon Ti saturated temperatures and (𝐸𝑢𝑁/𝐸𝑢∗) × 10000/𝑌 ratios have been 59 

successfully applied as proxies for the relative “wetness” (i.e. magmatic water 60 

concentration) of porphyry-forming magmas which has been identified as a 61 

discriminator between barren and fertile porphyry-forming magmas (Lu et al., 2015; 62 

Richards et al., 2012; Wang et al., 2014). These proxies are typically indistinguishable 63 

between magmas that formed small-scale mineralization and those that formed giant 64 



 

 

deposits (Richards, 2013) and, as a result, the role of “wetness” in generating giant 65 

deposits remains controversial.   66 

Previous studies have identified that water can occupy vacancies within the 67 

nominally anhydrous zircon lattice as hydroxyl ions (OH-) in water-rich, SiO2-saturated 68 

environment, and that the extent of zircon OH- incorporation is related to the magmatic 69 

water activity (Botis et al., 2013; De Hoog et al., 2014; Nasdala et al., 2001a; Trail et 70 

al., 2010; Woodhead et al., 1991). As water diffusion in zircon is 1–2 orders of 71 

magnitude slower than in other magmatic minerals (e.g. olivine, garnet, and 72 

orthopyroxene; Zhang, 2015; Ingrin and Zhang, 2016), zircon crystals can preserve a 73 

record of magmatic water content/activity at the time of crystallization, without being 74 

reset by subsequent diffusional re-equilibration. In light of this, recent studies have 75 

shown that zircon water contents are a useful petrological tool for interrogating the 76 

magmatic water contents (Liebmann et al., 2021; Meng et al., 2021)  77 

Volatile analysis in hydrous apatite [Ca5(PO4)3(F, Cl, OH)] crystals has recently 78 

received increasing attention as a novel method for constraining the behavior and 79 

concentrations of magmatic volatiles in both terrestrial (Boyce and Hervig, 2008; 80 

Piccoli and Candela, 1994; Stock et al., 2016) and extra-terrestrial systems (Boyce et 81 

al., 2014; McCubbin et al., 2015). Recent studies have shown that phenocryst-hosted 82 

apatite inclusions preserve their volatile record at the time of entrapment and, given 83 

some knowledge about the order in which minerals crystallize, these can be used to 84 



 

 

construct a relative chronology of volatile behavior in a magmatic system (Stock et al., 85 

2018; Stock et al., 2016). 86 

Here, we report the zircon water contents and the compositions of apatite 87 

inclusions host in zircon, phenocrysts, and groundmass from three fertile porphyry 88 

systems in the Yulong Cu belt (YCB here after), eastern Tibetan Plateau (Fig. 1), which 89 

formed medium-, large- and giant-size Cu deposits. We find systematic differences in 90 

hydrous (apatite) and nominally anhydrous (zircon) mineral compositions, which 91 

indicate systematic differences in magmatic volatile compositions at the time of zircon 92 

saturation, which correlate with the deposit size. Specifically, our data indicate that the 93 

size of these porphyry Cu deposits is impacted by the water concentration (i.e. 94 

“wetness”) and mass of Cl extraction of the porphyry-forming magma. 95 

Geological background and samples 96 

The India-Asia collision at about 65-55 Ma has formed a series of fault systems in 97 

the eastern Tibetan Plateau (Peltzer and Tapponnier, 1988; Hou et al., 2003; Wang et 98 

al., 2020) and numerous potassic porphyry bodies occur along these faults (Fig. 1). 99 

Some of these porphyries were emplaced into the pull-apart basins along the northern 100 

Batang-Lijiang faults and generated giant- to medium-size porphyry Cu deposits which 101 

constitute the >100 km-long Yulong Cu belt (Campbell et al., 2014; Hou et al., 2003; 102 

Liang et al., 2006). These fertile intrusions have been dated at 36 to 41 Ma and share 103 

similar trace element and isotopic signatures (Campbell et al., 2014; Hou et al., 2003; 104 

Jiang et al., 2006; Liang et al., 2006).  105 



 

 

We selected three fertile YCB porphyries (Fig. 2) for this study. These have 106 

broadly comparable ages and geological associations, but extremely variable scales of 107 

mineralization. They include: (1) the Yulong monzogranite porphyry (sample 83-271, 108 

zircon U-Pb age: 40.9 Ma) which is associated with giant porphyry deposit with Cu 109 

reserve > 6.5 Mt; (2) the Duoxiasongduo monzogranite porphyry (sample 83-388, 110 

zircon U-Pb age: 37.5 Ma) which associated with a large porphyry deposit with Cu 111 

reserve of ~1.0 Mt; and (3) the Zhanaga syenogranite porphyry (sample 83-432, zircon 112 

U-Pb age: 38.5 Ma) which is associated with a medium deposit with Cu reserve of 0.65 113 

Mt (Hou et al. 2003; Liang et al. 2006). These porphyries intruded into the Triassic 114 

marine clastic and carbonate rocks are composed of multiphase intrusions and 115 

underwent similar hydrothermal alteration including potassic silicate alteration, quartz-116 

sericite alteration, propylitic alteration and argillic to advanced alteration stage (Hou et 117 

al., 2003).  118 

The giant Yulong porphyry deposit is the largest deposit in the YCB. The porphyry 119 

has a surface area of about 0.6 km2 and is made up mainly of monzogranite porphyry 120 

and quartz monzonite porphyry (Hou et al., 2003); mineralization occurs mainly in the 121 

monzogranite porphyry. The Yulong deposit is composed of lenticular ore body hosted 122 

in the porphyry and a stratiform ore body in the contact zone between the strata and the 123 

porphyry. The size of the lenticular ore body is about 1000 m long, 600 m wide and 124 

500 m deep. The stratiform ore body is ~200–300 m long, 130–200 m wide and ~20 –125 

100 m thick (Hou et al., 2003). For this study, we collected a sample of the syn-ore 126 



 

 

monzogranite porphyry. This contains phenocrysts of plagioclase (10–15 vol.%), K-127 

feldspar (10–15 vol.%), biotite (5–10 vol.%), quartz (5–10 vol.%), and amphibole (3–128 

5 vol.%), with groundmass mainly consisting of K-feldspar (15–20 vol.%), quartz (25–129 

30 vol.%), plagioclase (15–20 vol.%) and biotite (3–5 vol.%; Fig. 2A). Accessory 130 

phases include apatite, zircon, titanite and magnetite.  131 

The large Duoxiasongduo porphyry deposit has a surface area of ~0.30 km2 and is 132 

the third largest deposit in the YCB. The porphyry consists mainly of alkaline feldspar 133 

granite and monzogranite. The ore body is mainly hosted in the porphyry and is 600 m 134 

long, 500 m wide and 570 m thick (Hou et al., 2003). For this study, we sampled the 135 

syn-ore monzogranite porphyry, which contains phenocrysts of plagioclase (5–10 136 

vol.%), K-feldspar (5–10 vol.%), quartz (5–10 vol.%), biotite (3–5 vol.%) and 137 

amphibole (3–5 vol.%) with an aphanitic groundmass (Fig. 2B) and accessory zircon, 138 

apatite, and magnetite.  139 

The medium-sized Zhanaga porphyry deposit is close to the Yulong giant deposit 140 

(Fig. 1B) and has a surface area of ~0.6 km2. It consists of monzogranite and 141 

syenogranite porphyry, which hosts veinlet/disseminated mineralization, with a ore 142 

body ~540 m long, 200 m wide and 200 m thick (Hou et al. 2003). We sampled the syn-143 

ore syenogranite porphyry, which contains quartz (10-15 vol.%), plagioclase (5-10 144 

vol.%), K-feldspar (5-10 vol.%), amphibole (5-10 vol.%), and biotite (5-10 vol.%) 145 

phenocrysts set in a microcrystalline groundmass with similar mineral assemblage (Fig. 146 

2C). Accessory phases include zircon, apatite, magnetite, and titanite. 147 



 

 

Zircon occurs as a fine grained (~50–300 μm) groundmass phase in our samples. 148 

Cathodoluminescence imaging shows that zircon crystals from all three porphyries 149 

contain well-developed oscillatory zones zoning textures (Fig. 3A) and primary fluid 150 

inclusions (Fig. 3B). Apatite crystals are hosted within plagioclase (Fig. 4A), biotite 151 

(Fig. 4B), amphibole (Fig. 4C-D) and quartz (Fig. 4E-F) phenocrysts or occur in the 152 

groundmass (Fig. 4G-H). Some of the host-phenocrysts are cracked or altered (Fig. 4). 153 

We scanned the apatite crystals with electron microscope backscattered-electron (BSE) 154 

to reveal whether the crystals are altered. Scanning BSE images show that apatite 155 

crystals are either unzoned or oscillatory zoned. Some apatite crystals contain voids 156 

which have been are altered by hydrothermal fluids (Bouzari et al., 2016) were excluded 157 

from the analyses (Fig. 4); only the euhedral, inclusion-free grains were analyzed (Fig. 158 

4F-H).  159 

Methods 160 

Sample preparation 161 

Samples were prepared for analysis both as polished thin sections and grain 162 

mounts. Zircons from our three porphyry samples were separated from ~1 kg crushed 163 

rock using conventional heavy liquid and magnetic techniques before being mounted 164 

and polished for geochemical analysis. Phenocryst-hosted apatite inclusions and 165 

groundmass apatites were directly analyzed in thin sections, except for zircon-hosted 166 

apatites which were analysed in our epoxy zircon mounts. Transfer/reflected-light 167 



 

 

micrography and cathodoluminescence (CL) imaging were performed before chemical 168 

analyses to reveal zircon internal textures and zircon-hosted apatite inclusions. 169 

Whole-rock analysis.  170 

Major element analysis. Two-hundred grams of each sample was crushed and sieved 171 

to 200 mesh after removing the weathered surface. For the major-element analyses, 172 

powered samples were mixed with Li2B4O7 at a rate of 1:8 to make homogeneous 173 

glass disks by fusion at 1150-1200 oC. Glass discs were then analyzed by X-ray 174 

fluorescence spectroscopy (XRF) in the State Key Laboratory of Isotope 175 

Geochemistry (SKLIG), Guangzhou Institute of Geochemistry, Chinese Academy of 176 

Science (GIG-CAS) following procedures of Li et al., (2002). 2σ relative precision for 177 

XRF major element analyses is 1–3%, as determined by repeat analysis of appropriate 178 

secondary standards. 179 

Trace element analysis. For the trace-elements analysis, the powered samples were 180 

dissolved in high-pressure Teflon bombs using HF + HNO3 at 100oC, following the 181 

procedures described by Liu et al. (1996). Solutions were then analysed using a 182 

Perkin-Elmer Sciex ELAN 6000 ionizing coupled plasma-mass spectrometer (ICP-183 

MS) in the SKLIG, GIG-CAS, following procedures detailed by Li et al., (2006). A 184 

rhodium internal standard was used to monitor the signal drift and standards GSR-1 185 

(GBW07103, China national certified reference materials), BHVO-1 (U.S. Geological 186 

Survey) and OU-6 (Potts and Kane, 2005) were used to calibrate elemental 187 

concentrations. 2σ relative precision for ICP-MS trace element analyses is <5% for 188 



 

 

elements of ≥20 ppm and < 10% for elements <20 ppm, as determined by repeat 189 

analysis of appropriate secondary standards. 190 

Zircon analyses 191 

Zircon Raman spectroscopy. Zircon separates for Raman spectroscopy were mounted 192 

in epoxy before polishing. Only the zircon grains free of fluid inclusions and inherited 193 

cores in CL images were analysed. Analyses were conducted using a WITec alpha 194 

300R high-resolution confocal Raman spectrometer at the KLMM, GIG-CAS, 195 

avoiding cracks or inclusions in the crystals. Raman spectra of were acquired by spot 196 

analysis, using the 532 nm laser, 300 mm−1 grating and a 50 × Zeiss objective, with 10 197 

mW laser power, 5s acquisition time and 2.5 cm-1 resolution. Raman spectra were 198 

processed using the WITec Control Five software. Identification of Raman peaks was 199 

based on reference phase spectra from Frezzotti et al. (2012) and Rinaudo et al. 200 

(2003). The shift and the Full Width at Half Maximum (FWHM) of 𝝂𝟑(𝑺𝒊𝑶𝟒) 201 

vibration band were measured after fitting to the Gaussian function. 202 

Zircon water and oxygen isotope analyses. Zircon separates for secondary ion mass 203 

spectrometry (SIMS) were mounted in tin alloy before polishing to give low water 204 

backgrounds (<10 ppm; Zhang et al. 2018). Zircon H2O concentration and oxygen 205 

isotope measurements were collected simultaneously using a CAMECA IMS 1280-206 

HR SIMS spot analyses at the SKLIG, GIG-CAS, again avoiding inclusions or cracks 207 

in crystals. The samples were placed in the instrument high vacuum storage chamber 208 

overnight and further pumped down in the analysis chamber to <2.0·10-9 mbar prior 209 



 

 

to analysis. The secondary ions were sputtered using a 3–5 nA Cs+ source with 10 kV 210 

impact energy. 16O and 18O signals were detected by two Faraday cup detectors and 211 

16O1H was simultaneously collected by an electron multiplier.  212 

Each spot analysis lasted 4.5 minutes, including 200 s pre-sputter and secondary 213 

ion beam automatic centering, and ~1 minute to integrate 20 cycles of static 16O1H, 16O 214 

and 18O measurement. The 2σ internal precision of 18O/16O and 16O1H/16O are usually 215 

<0.4‰ and <0.5%, respectively. 18O/16O values were normalized to the Vienna 216 

Standard Mean Ocean Water standard (VSMOW: 18O/16O = 0.0020052). 217 

Zircon standards for H2O contents were analyzed before and after the unknowns 218 

to establish a calibration curve for inversion of analytical 16O1H/16O to H2O 219 

concentration, following Xia et al. (2019). Using this method, H2O detection limit has 220 

been determined to be ~10 ppm and the H2O concentration 2σ precision is ~10% (Xia 221 

et al., 2019). The Penglai zircon standard was used to correct the instrument mass 222 

fractionation during oxygen isotope analysis and the Qinghu zircon was used as a 223 

secondary standard. The weighted mean δ18O value obtained for the Qinghu zircon 224 

(5.54 ± 0.30‰, 2σ, n = 17) is within error of the recommended value (5.4 ± 0.2‰; Li 225 

et al. 2013). 226 

Zircon Hf isotope analysis. Zircon Hf isotopes were analysed using a Neptune 227 

multicollector (MC)-ICP-MS coupled to a Resolution M-50 LA system at the SKLIG, 228 

GIG-CAS, following analytical and data reduction procedures described by Wu et al. 229 

(2005). Data were acquired using a 44 μm beam size at a 5 Hz repetition rate. Each 230 



 

 

spot analysis lasted 70 s, with a 30 s blank collection (laser off) and 40 s signal 231 

detection (laser ablation). Measured isotope ratios of 176Hf/177Hf were normalized to 232 

179Hf/177Hf = 0.7325, using an exponential correction for mass bias. Repeat analysis 233 

of the Penglai zircon standard yielded 176Hf/177Hf = 0.282906 ± 0.000036 (2σ, n = 234 

27), consistent with the recommended 176Hf/177Hf value of 0.282906 ± 0.000010 (2σ; 235 

Li et al. 2010).  236 

The 176Lu decay constant of 1.867×10-11a-1 (Söderlund et al., 2004) was used to 237 

calculate initial 176Hf/177Hf. Present-day values for 176Lu/177Hf = 0.0336 and 176Hf/177Hf 238 

= 0.282785 of the chondritic uniform reservoir (Bouvier et al., 2008), and 176Lu/177Hf 239 

= 0.0384 and 176Hf/177Hf = 0.284250 of the depleted mantle (Griffin et al., 2000) were 240 

used in the calculation of the εHf values and the model ages.  241 

Zircon trace element analysis. Zircon trace element concentrations (REE, U, Th, Hf, 242 

Y, Ti, P) were measured using a Thermo Fisher Scientific ELEMENT XR laser 243 

ablation-ionizing coupled- mass spectrometer (LA-ICP-MS), equipped with a 193-nm 244 

(ArF) Resonetics RESOlution M-50 laser system, at the SKLIG, GIG-CAS. Analysis 245 

were collected using 33 μm laser spots, with a constant 5 Hz repetition rate and a 4 246 

J/cm-2 fluence, following analytical procedures were detailed by Zhang et al. (2019). 247 

NIST SRM 610 and 612 glass (Jochum et al., 2011; Pearce et al., 1997) and Temora 248 

zircon (Black et al., 2003) secondary standards were analyzed alongside unknows and 249 

2σ relative precision is better than 8%.  250 



 

 

Apatite major element analysis 251 

Apatite major element concentrations were measured by electron microprobe 252 

analysis (EMPA), using a JEOL JXA-8230 instrument at the Key Laboratory of 253 

Mineralogy and Metallogeny, GIG-CAS. Analyses were collected using 15 kV 254 

accelerating voltage, 20 nA beam current, and 3–5 μm spot size. Fluorine and Cl were 255 

first analyzed and, where possible, apatite crystals were only selected for analysis where 256 

their c-axis was oriented perpendicular to the incident electron beam, to minimize 257 

halogen migration due to electron-beam-induced sample damage (Goldoff et al., 2012; 258 

Stock et al., 2015; Stormer et al., 1993). 259 

Peak and background elemental counting times were 20s and 10s, 260 

respectively, for P, Ca, 10 s and 5 s for Cl, and F, 40 s and 20 s for Si, 60 s and 30 s for 261 

S. Calcium, P, and F were calibrated with Durango apatite, and Cl with tugtupite. 262 

Analytical accuracy is <1% for P, <2% for Ca and F, and <5% for Cl and S. Relative 263 

precision, quantified through repeated analyses of Wilberforce apatite, is ±2% for Ca, 264 

P, and F, and ± 4% for Cl. The apatite OH content was estimated by the difference, 265 

assuming a fully occupied Z site (Candela, 1986). The mole fraction of F, Cl and OH 266 

in apatite (𝑋𝐹
𝐴𝑝

,  𝑋𝐶𝑙
𝐴𝑝

 and 𝑋𝑂𝐻
𝐴𝑝

) were calculated based on 25 oxygen. 267 

Results 268 

Whole-rock major and trace elements 269 

The results of whole-rock geochemical analysis are reported in Table A1. Our 270 

porphyry samples from each of the three YCB deposits have similarly high SiO2 (64.2–271 



 

 

69.2 wt.%) and alkali (K2O + Na2O >8 wt.%, K2O/Na2O > 1.0; Fig. 5A) concentrations, 272 

high Al2O3 (13.7–17.1 wt.%), low TiO2 (< 0.5 wt.%) and varying P2O5 contents (0.03–273 

0.30 wt.%; Table A1). The samples plot into the quartz-monzonite field in a total alkali 274 

silica diagram (Fig. 5A) and the shoshonite field in a K2O vs. SiO2 diagram (Fig. 5B).  275 

Our samples are highly enriched in large ion lithophile elements (K, Rb, Ba) and 276 

light rare earth elements but depleted in heavy rare earths and high-field strength 277 

elements (Fig. 6). They have listric-shape REE patterns with high chondrite-normalized 278 

[La/Yb]N ratios (21–50), EuN/Eu* ranging 0.82–1.0 and Sr/Y ranging 19–86 (Table 279 

A1), showing arc-like and adakitic affinity (Richards et al., 2012). 280 

Zircon Raman spectra 281 

Raman spectra were collected for 45 zircon grains, with results (Raman shifts 282 

FWHM) reported in Table A2. Previous Raman spectroscopy studies revealed that the 283 

FWHM of the 𝜈3(𝑆𝑖𝑂4) band shows positive correlation with the degree of zircon 284 

radiation damage (Nasdala et al., 1995; Nasdala et al., 2001b) and, in our samples, the 285 

shift of the zircon 𝜈3(𝑆𝑖𝑂4) band is narrow (1004.0–1007.6 cm-1; avg. 1006.1 ± 0.9 286 

cm-1). A representative baseline corrected Raman spectra for each Yulong deposit is 287 

shown in Figure A1, which is characterized by sharp peak (FWHMs = 3.3–7.3 cm-1). 288 

Following Nasdala et al., (2001b) and Yang et al., (2022), these results indicate that 289 

zircon crystals are consistently primary (i.e. grew from their host porphyry magma) 290 

with negligible metamictization induced by radiation damage. 291 



 

 

Zircon isotopic compositions 292 

The O and Hf isotope compositions of zircons from the YCB are broadly 293 

comparable (Fig. 7; Tables A3 and A4): Zircons from Yulong, Duoxiasongduo and 294 

Zhanaga deposits each yield a narrow range of δ18O values (6.6–7.6‰, 6.9–7.7‰ and 295 

6.5–7.6 ‰, respectively) which overlap with one another (Fig. 7). These δ18O ratios are 296 

consistently higher than average mantle value (5.3 ± 0.6‰; Valley et al. 1998). 297 

Twenty zircon analyses from the Yulong deposit yielded 176Hf/177Hf in the range 298 

0.282728–0.282936 and εHf(t) ranging -0.7–6.6 (calculated with U–Pb age of 40.9 Ma 299 

from Liang et al., 2006; Table A4). These have associated two-stage Hf model ages 300 

(TDM2) of 691–1161 Ma. Nineteen zircon grains from Duoxiasongduo yielded 301 

176Hf/177Hf ranging 0.282744–0.282899 and εHf(t) ranging –0.1–5.4 (calculated with 302 

U–Pb age of 37.5 Ma from Liang et al., 2006; Table A4), with associated TDM2 of 773–303 

1122 Ma. Twenty-two zircon grains from the Zhanaga yielded 176Hf/177Hf ranging 304 

0.282802–0.282927 and εHf(t) ranging 1.9–6.3 (calculated with U–Pb age of 38.5 Ma 305 

from Liang et al., 2006; Table A4), with associated TDM2 of 710–992 Ma.  306 

Zircon trace element compositions 307 

The trace element compositions of 59 zircons from the YCB are reported in Table 308 

A2. Zircons from each of our three studied porphyries have comparable U and Th 309 

concentrations, ranging 156–2211 ppm and 167–1343 ppm, respectively. These values 310 

indicate that the crystals received low α decay doses (Dα <3×1015 events/mg), well 311 



 

 

below the radiation damage threshold for point defects-dominated damage (Murakami 312 

et al. 1991). 313 

Despite having different absolute ∑REE and Y concentrations (Table A2), the 314 

zircons from the three porphyries have similar chondrite-normalized (Fig. 8 and A2), 315 

typical of igneous zircons with strong light rare earth element depletion and positive Ce 316 

anomalies (Fig. 8 and A2). They also have high EuN/Eu* (avg. 0.69) and trace element-317 

in-zircon oxybarometry returns a high oxygen fugacities (fO2) which about two log 318 

units above the quartz-fayalite-magnetite buffer (QFM, Table A2), consistent with 319 

crystallization from highly oxidized magmas (Loucks, 2021). The mean (𝐸𝑢𝑁/𝐸𝑢∗) ×320 

10000/𝑌 ratio of our zircons is 9.9 ± 4.1(Table A2); this has been suggested as a proxy 321 

for magma water content and is consistent with a ‘wet’ magma (Lu et al., 2016). 322 

Incorporation of non-tetravalent cations into zircon structure (e.g. REEs and Y) 323 

requires incorporation of other charge balancing ions to maintain stoichiometry, 324 

through coupled substitutions. Most of our zircons have Fe <15 ppm, Mg <2 ppm and 325 

Al <10 ppm but variable P concentrations ranging 28–277 ppm. ∑REE shows no 326 

correlations with Mg, Fe or Al (Fig. A3 A-C) but a positive correlation with P (Fig. 9A-327 

B). This suggests that at least some of the REE and Y were incorporated by the 328 

xenotime substitution (Finch et al., 2001): 329 

(REE+Y)3+ + P5+ = Zr4+ + Si4+  [1] 330 

However, P/∑REE+Y ratios are consistently <<1.0, ranging 0.15–0.47 (avg. 0.25 331 

± 0.09) in the Yulong porphyry, 0.11–0.57 (avg. 0.26 ± 0.12) in the Duoxiasongduo 332 



 

 

porphyry and 0.13–0.44 (avg. 0.22 ± 0.09) in the Zhanaga porphyry. These ratios 333 

indicate there was insufficient P5+ to fully charge-balance the REE3+ and Y3+ in the 334 

YCB zircons (Belousova et al., 2002; Hanchar and van Westrenen, 2007) and suggest 335 

that some charge compensation could be via a H-compensated trivalent substitution 336 

mechanism (De Hoog et al., 2014). 337 

Zircon water contents and speciation  338 

Water analyses of 59 zircon crystals from the YCB are in Table A3 (measured by 339 

SIMS). Zircons H2O contents are highly variable in each individual sample, ranging 340 

from hundreds ppm to >1000 ppm, but show an overall positive correlation with the 341 

scale of mineralization in each deposit (Fig. 10A): zircon H2O contents are typically 342 

highest in the giant Yulong porphyry deposit (n = 20; avg. 637 ± 233 ppm), have 343 

intermediate values in the large Duoxiasongduo porphyry (n = 17; avg. 574 ± 202 ppm), 344 

and are lowest in the medium Zhanaga porphyry (n = 22; avg. 319 ± 178 ppm). However, 345 

interpreting these data in the context of magmatic H2O contents requires determination 346 

of the speciation and mechanism of H2O incorporation in our zircon crystals.  347 

Previous studies have identified two mechanisms of H2O incorporation into non-348 

metamict zircons (Botis et al., 2013; De Hoog et al., 2014; Nasdala et al., 2001a; Trail 349 

et al., 2010): first, H2O can be incorporated as H+ ions which are charge balanced by 350 

the coupled substitution of a trivalent anion in either the Zr site (De Hoog et al., 2014; 351 

Trail et al., 2010): 352 

H+ + (REE+Y)3+ = Zr4+  [2] 353 



 

 

or the Si site: 354 

Al3+ + H+ = Si4+  [3].  355 

Second, H2O can be incorporated as OH- anions through a hydrogarnet-type 356 

substitution in the Si vacancy (Botis et al., 2013; De Hoog et al., 2014; Nasdala et al., 357 

2001a; Trail et al., 2010): 358 

SiO4 = (OH)4  [4] 359 

or the Zr vacancy: 360 

ZrO2 = (OH)4  [5] 361 

Following eqs. 1 and 2, we estimate the maximum H+ atomic concentrations in 362 

our crystals by subtracting the atomic concentration of P5+ from those of REE+Y3+ 363 

(Trail et al., 2010). As with H2Ototal (atomic concentration of H2O), indicates that the 364 

H+ concentrations are typically highest in the giant Yulong porphyry deposit (avg. 2.47 365 

± 1.06 apfu*1000), intermediate in the large Duoxiasongduo deposit (avg. 2.06 ± 0.68 366 

apfu*1000) and lowest in the medium-sized Zhanaga deposit (avg. 1.57 ± 0.45 367 

apfu*1000; Fig. 10B). However, the H2O contents of our crystals far exceed those 368 

expected if H2O incorporation was entirely through H+ charge balancing for REE+Y3+ 369 

(Fig. 11C-D): if H2O was entirely incorporated through this mechanism, 370 

(H2Ototal+P)/(REE+Y) would show a 1:1 correlation with REE+Y (De Hoog et al., 371 

2014), but our samples consistently show elevated ratios (avg. 4.5 ± 1.7, n = 61; Fig. 372 

9C-D). Calculated H+/H2Ototal ratios are typically <0.2 (Fig. 11A), suggesting that H+ 373 



 

 

substitution was not the dominant mechanism of H2O uptake into our zircons and that 374 

a significant quantity is incorporated as OH-. 375 

We estimate the minimum OH- atomic contents of our zircons by subtracting 376 

REE+Y3+ from H2Ototal+P5+ after Trail et al., (2010). In our samples, OH-/H2Ototal ratios 377 

are typically >0.8 (Fig. 11B), confirming that most H2O is incorporated as OH-, through 378 

hydrogarnet-type substitution reactions (eqs. 4 and 5; Fig. 11C). As with total H2O and 379 

the H+ concentration, OH- concentrations correlate with the scale of mineralization in 380 

the YCB deposits, with zircons from the giant Yulong porphyry typically having the 381 

highest OH- concentrations (avg. 11.7 ± 5.0 apfu*1000, n = 17), crystals from the large 382 

Duoxiasongduo porphyry having intermediate concentrations (10.7 ± 4.2 apfu*1000, n 383 

=22), and crystals from the medium Zhanaga porphyry having the lowest 384 

concentrations (average at 5.5 ± 3.7 apfu*1000, n = 20; Fig. 10C).  385 

Apatite volatile compositions 386 

The compositions of primary apatite crystals from the YCB are in Tables 1, A5 387 

and Figures 12, 13. Crystals are sub-divided based on their textural association into: (1) 388 

zircon-hosted apatite inclusions, (2) apatite inclusions within other phenocryst phases 389 

(amphibole, biotite, plagioclase and quartz) and (3) groundmass apatite crystals. 390 

Apatite inclusions hosted in plagioclase, biotite and quartz phenocrysts from the 391 

giant Yulong porphyry deposit (n = 54) have similar compositions (Table 1), with low 392 

Cl (0.03–0.18 wt.%), F (1.65–2.77 wt.%) and SO3 (0.04–1.14 wt.%) contents (Fig. 12A, 393 

E). Assuming stoichiometry, the low halogen contents imply that the crystals are 394 



 

 

relatively OH-rich. The compositions of groundmass apatite crystals (n = 25; Cl = 0.04–395 

0.10 wt.%, F = 1.79–2.63 wt.%, and SO3 = 0.08–0.48 wt.%) from the Yulong deposit 396 

are comparable with those of phenocryst-hosted apatite (Fig. 12A). However, while 397 

zircon-hosted apatite inclusions (n = 11) also have similar SO3 content (0.08–0.71 wt.%) 398 

(Fig. 12D), their halogen contents are distinctly variable (Cl = 0.08–0.33 wt.%, F = 399 

1.26–2.53 wt.%) contents (Fig. 12A). Overall, apatites from the Yulong deposit 400 

preserve negative 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙    vs. 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻  correlations (Fig. 13A) and positive 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻  vs. 

𝑋𝐴𝑝
𝐹

𝑋𝐴𝑝
𝑂𝐻 401 

correlations (Fig. A4A). These trends are consistent with water-saturated evolution 402 

(either retaining their primary volatile compositions or later diffusive re-equilibration), 403 

where Cl partitions preferentially (to F) into fluids, and fluid-melt partition coefficients 404 

of F are >1 (Aiuppa et al., 2009; Baker and Alletti, 2012; Chevychelov et al., 2008; 405 

Dolejš and Baker, 2007; Stock, 2016; Stock et al., 2018; Webster, 1990).  406 

Apatite inclusions within amphibole, plagioclase, biotite and quartz phenocrysts 407 

from the large Duoxiasongduo deposit have similar volatile composition (n = 82; Cl = 408 

0.05–0.43 wt.%, F = 1.33–2.70 wt.%, SO3 = 0.02–1.47 wt.%), which overlap with those 409 

of groundmass crystals (n = 19; Cl = 0.08–0.24 wt.%, F = 1.60–2.79 wt.%, SO3 = 0.20–410 

0.98 wt.%; Fig. 12B, E). The F (1.78–3.05 wt.%) and SO3 (0.17–1.00 wt.%) contents 411 

of zircon-hosted apatite inclusions are also similar but these crystals have distinctly 412 

higher Cl contents (n = 16; 0.17–0.37 wt.%; Fig. 12B), which extend to higher values 413 

(Fig. 12B). As in the Yulong deposit, 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  ratios (9.13–73.3) in Duoxiasongduo apatites 414 

show negative correlation with  
𝑋𝐴𝑝

𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻  (Fig. 13B) and positive correlation with 

𝑋𝐴𝑝
𝐹

𝑋𝐴𝑝
𝑂𝐻 415 



 

 

(0.50–3.18) (Fig. A4B), consistent with H2O-saturated magmatic evolution (Stock et al. 416 

2016, 2018; Stock, 2016). However, 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  ratios are typically lower in Duoxiasongduo 417 

phenocryst-host and groundmass apatites comparing with those from the Yulong 418 

porphyry (Fig. 13E-F). 419 

Apatite crystals from the medium-sized Zhanaga deposit exhibit some 420 

compositional differences to those from the Yulong and Duoxiasongduo porphyries 421 

(Table 1). Specifically, the Zhanaga apatites have similar volatile compositions 422 

regardless of their textural association (Table 1; Figs. 12C), with: 0.12–0.43 wt.% Cl, 423 

1.58–2.44 wt.% F and 0.02–1.48 wt.% SO3 in apatites hosted withing amphibole, biotite, 424 

plagioclase and quartz phenocrysts; 0.19–0.45 wt.% Cl, 1.56–2.60 wt.% F and 0.18–425 

1.14 wt.% SO3 in groundmass apatite crystals; and 0.19–0.48 wt.% Cl, 1.70–2.60 wt.% 426 

F and 0.15–1.12 wt.% SO3 in zircon-hosted apatite inclusions. While Cl concentrations 427 

in the Zhanaga apatite crystals extend to higher values than in either of our other two 428 

porphyries (Fig. 12), their  
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙   ratios are typically lower (<25, Fig. 13E-F). Zhanaga  429 

apatite crystals preserve the negative 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  vs. 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 correlation (Fig. 13C) and positive 430 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻  vs. 

𝑋𝐴𝑝
𝐹

𝑋𝐴𝑝
𝑂𝐻  correlation (Fig. A4C), consistent with H2O-saturated magmatic 431 

evolution (Stock et al. 2016, 2018; Stock, 2016).  432 

Discussion 433 

Petrogenetic fertility indicators in the YCB porphyries 434 

Previous studies have identified several factors controlling the magma fertility for 435 

porphyry Cu deposits (Audétat et al., 2012; Chiaradia, 2020; Richards, 2013; Wilkinson, 436 



 

 

2013). Compared to barren rocks, fertile magmas usually: (1) have magma sources 437 

comprising mantle-derived or juvenile crust-derived enriched material (Holwell et al., 438 

2019; Hou et al., 2015; Richards, 2003; Richards, 2009); (2) are highly oxidized, 439 

promoting metal enrichment in the magma through delayed sulfide fractionation (Liang 440 

et al., 2009; Sillitoe, 2010; Sun et al., 2013), (3) are S-enriched generating 441 

mineralization with Cu/S ratios >100 (Gustafson and Hunt, 1975); and (4) have high 442 

H2O contents, facilitating early H2O saturation and the formation ore fluids, which 443 

extract metals from the magma, transport them to shallow crust and form porphyry 444 

deposits (Candela and Holland, 1986; Lu et al., 2015; Richards, 2011a; Wilkinson, 445 

2013). However, while these features characterize most fertile magmas, to date, there 446 

is no evidence that they vary systematically between deposits of different sizes.  447 

The giant Yulong, large Duoxiasongduo and medium Zhanaga porphyry deposits 448 

are related in space and time (Fig. 1). Their mineralized rocks have similar ages, share 449 

similar arc-like trace element patterns (Fig. 6A), indicating a shared tectonic 450 

background and petrogenesis. They also have similar zircon Hf-O isotope compositions 451 

(Fig. 7), with positive εHf(t) (avg. 2.85 ± 1.71) and δ18O (avg. 6.91 ± 0.31) values, again 452 

attesting to a shared magma source, with melts likely derived from thickened juvenile 453 

mafic lower crust or delaminated lower crust (Hou et al., 2015; Hou et al., 2011) 454 

The three fertile porphyries are all highly oxidized (avg. fO2 = QFM+2), recorded 455 

by the high zircon EuN/Eu* ratios (>0.4; Loader et al., 2017) and the presence of 456 

magnetite/hematite (Liang et al., 2009; Sun et al., 2013). Under these oxidized 457 



 

 

conditions, sulfur in the melt generally occurs as S6+ (Jugo, 2009; Jugo et al., 2005) and 458 

enters apatite structure (Streck and Dilles, 1998). Our YCB apatites preserve high S 459 

contents (mean 0.43 wt.% SO3), which are comparable to those in other fertile 460 

porphyries systems worldwide (SO3 >0.5 wt.%; Streck and Dilles 1998; Chelle-Michou 461 

and Chiaradia 2017), indicating high sulfur contents in the oxidized magmas.  462 

The abundance of hydrous minerals (e.g. amphibole, biotite) in our three porphyry 463 

systems attests to their high H2O concentrations (Fig. 2). Similarly, high whole-rock 464 

Sr/Y (avg. 60 ± 18) and EuN/Eu* ratios (avg. 0.88 ± 0.05), as well as the high zircon 465 

(𝐸𝑢𝑁/𝐸𝑢∗) × 10000/𝑌 ratios (avg. 9.9 ± 4.1) are indicative of high magmatic H2O 466 

contents (Loucks, 2021; Lu et al., 2015; Richards et al., 2012). 467 

Overall, petrogenetic features of the Yulong, Duoxiasongduo and Zhanaga 468 

porphyry deposits (i.e. sources, high oxidation states, sulfur and H2O-rich) are 469 

consistent with other ‘fertile’ porphyry systems worldwide, and elucidate the cluster of 470 

deposits in YCB. However, these established fertility indicators do not vary 471 

consistently between the giant, large and medium deposits and are therefore ineffective 472 

tools for differentiating deposit size. 473 

Zircon water contents of different scale porphyry deposits 474 

There are three major mechanisms for H2O entering the crystal structure of zircon 475 

(Aines and Rossman, 1986; Botis et al., 2013; De Hoog et al., 2014; Nasdala et al., 476 

2001a; Trail et al., 2010; Woodhead et al., 1991): (1) absorption into metamict zircons 477 

due to the accumulation of radiation damage through α-decay of U and Th (Aines and 478 



 

 

Rossman, 1986; Woodhead et al., 1991); (2) entering the zircon structure in the form 479 

of H+ through H-compensated trivalent substitution (reactions [2] and [3]) (De Hoog et 480 

al., 2014); and (3) hydrogarnet-type substitution in the form of OH- (reactions [4] and 481 

[5]) (Botis et al., 2013; Nasdala et al., 2001a; Trail et al., 2010). In the first and second 482 

scenarios, zircon H2O content do not record the water activity in their host magma (De 483 

Hoog et al., 2014). However, in the third scenario, H2O content in zircon is mainly 484 

dependent on the water activity and pressure of the melt (Trail et al., 2010). In this case, 485 

we can theoretically compare the H2O contents in the melts with similar compositions 486 

by comparing their zircon OH- contents after excluding the influence of pressure. In 487 

H2O-saturated condition, magmatic H2O contents are equivalent to their H2O solubility, 488 

as magmatic H2O solubility is predominantly a function of pressure (Candela, 1986). 489 

Thus, the magmatic H2O content and pressure would have uniform effect on the zircon 490 

OH- content. This means that zircon OH- content could serve as an indicator of both the 491 

magma water activity/content and magma storage depth (pressure) in H2O-saturated 492 

conditions. 493 

Our zircon samples are non-metamict and free of radiation damage, as indicated by 494 

their well-developed oscillatory zones (Fig. 3A), low radiation dose (Ddpa <3×1015 α-495 

decay events/mg, calculated after Murakami et al. (1991)) and the FWHM of the 496 

𝜈3(𝑆𝑖𝑂4) band being <8cm-1 (Liebmann et al., 2021; Yang et al., 2022). This precludes 497 

H2O absorption in our zircons.  498 



 

 

While some H2O is incorporated into our zircon crystals as H+, where 499 

concentrations maybe affected by the REE3+ content in melt (De Hoog et al., 2014), 500 

most of the H2O was incorporated through an OH- substitution mechanism (Fig. 11). 501 

Primary fluid inclusions are common in our zircons (Fig. 4B) and directly attest that 502 

the ore-forming magmas had achieved H2O saturation/exsolved fluids prior to the 503 

zircon crystallization. Moreover, apatite inclusions in our zircon crystals preserve the 504 

H2O-saturated evolution trend (Fig. 13D), further supporting that the zircons have 505 

crystallized from a H2O-saturated magma. Thus, the positive correlation between zircon 506 

OH- concentration and the size of porphyry deposits in the YCB (Fig. 10C) reflects that 507 

the fertile magma of giant deposit having the highest water content during zircon 508 

crystallization. This correlation also demonstrates a fundamental connection between 509 

the depth of H2O-saturation and the size of mineralization.   510 

Deep fluid exsolution and the scale of porphyry-style mineralization  511 

Apatites from the Yulong, Duoxiasongduo and Zhanaga porphyries consistently 512 

record H2O-saturated magma evolution (Fig. 13, section 4.6). Since Cl partitions more 513 

strongly into magmatic fluids than F (Aiuppa et al., 2009; Alletti et al., 2009; Baker and 514 

Alletti, 2012; Webster et al., 2017), the apatites equilibrated with the earlier melts 515 

should have lower 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  and higher 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 ratios than those equilibrated with later melts 516 

during the H2O-saturated evolution (Stock et al., 2016; 2018).  517 

Our amphibole, biotite, plagioclase, and quartz phenocrysts-hosted apatite 518 

inclusions have comparable volatile compositions to groundmass apatite crystals (Fig. 519 



 

 

13A-C), suggesting that they do not preserve an earlier volatile record. As diffusive re-520 

equilibration of apatite inclusions is very slow and unlikely to occur on normal 521 

magmatic timescale (Li et al., 2020; Stock et al., 2016), we interpret the phenocryst-522 

hosted apatites have re-equilibrated with late-stage melts post-entrapment, as a result 523 

of their host-crystals being compromised by fracturing and/or alteration (Fig. 2; i.e. 524 

apatite inclusions are no longer “shielded” from the magma by their phenocryst host). 525 

In contrast, zircon-hosted apatite inclusions, especially those from the Yulong and 526 

Duoxiasongduo porphyries, have lower 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  and higher 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 ratios than other apatite 527 

inclusions and groundmass apatite crystals (Fig. 13A-B), suggesting zircon-hosted 528 

apatite inclusions may preserve an earlier volatile record during their entrapment (i.e. 529 

refractory zircons are uncompromised host crystals).  530 

However, regardless of the apatite textural association (zircon-hosted, phenocryst-531 

hosted, or in groundmass), apatite 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  is the highest in the giant Yulong porphyry 532 

deposit, and is the lowest in the medium-sized Zhanaga deposit (Fig. 13E-F), whereas 533 

the 
𝑋𝐴𝑝

𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 ratios display the opposite trend (Fig. 13E-F; Fig. A4 E-F). The higher 

𝑋𝐴𝑝
𝐹

𝑋𝐴𝑝
𝐶𝑙  534 

and the lower 
𝑋𝐴𝑝

𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 values of apatite appear to link with greater extent of mineralization, 535 

possibly caused by different timing of volatile exsolution in the three porphyry systems. 536 

Magmatic H2O-saturated evolution would increase 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  but decrease 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 ratios 537 

of apatite (Stock et al., 2016; 2018). As discussed above, the magmas generated 538 

giant/large porphyry deposits achieved H2O-saturation at greater storage depths than 539 

that of the medium-sized deposit. The deeper magmatic H2O-saturation would release 540 



 

 

more fluid to interact with larger volume of melt, which promoted Cl extraction (Baker 541 

and Alletti, 2012; Hsu et al., 2019; Proffett, 2009; Wilkinson, 2013), and thereby drove 542 

apatite 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  higher and 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 lower (cf. shallower H2O-saturation). While Stock et al., 543 

(2016, 2018) typically envisage a slight positive correlation between 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  and 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 544 

during H2O-saturated magmatic evolution, they consistently consider F to be 545 

incompatible in the fluid phase. We suggest that the slight negative correlation in our 546 

data (Fig. A4) maybe because F is, in fact, compatible in the Yulong porphyry fluids, 547 

consistent with recent experimental data (Aiuppa et al., 2009; Baker and Alletti, 2012; 548 

Chevychelov et al., 2008; Dolejš and Baker, 2007). 549 

Crustal-derived magmas are usually F-rich but Cl-poor (Aiuppa et al., 2009; 550 

Liebmann et al., 2021), thus assimilation would likely increase apatite 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  and 551 

decrease the 
𝑋𝐴𝑝

𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻. However, the Yulong porphyry has similar isotopic compositions to 552 

the other two porphyries (Fig. 7), indicating its highest 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  and lowest 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 values are 553 

not caused by crustal assimilation.  554 

Fractionation of volatile-bearing minerals (e.g., biotite, amphibole and apatite) 555 

may be expected to drive the decrease of both apatite 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  and 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 ratios, because F 556 

typically partitions more strongly into common hydrous minerals (e.g., apatite, biotite, 557 

and amphibole) than Cl, and Cl more strongly than OH (Benard et al., 2017; Li and 558 

Hermann, 2017; Van den Bleeken and Koga, 2015). This is inconsistent with our data 559 

trends, thus fractionation of volatile-bearing minerals is unlikely the main mechanism. 560 



 

 

We suggest that the relationship between higher 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙 , lower 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 and the larger 561 

deposit sizes in YCB reflects the link between the mass of Cl extracted by volatile 562 

exsolution and the subsequent scale of mineralization. The magma generated the giant 563 

Yulong porphyry deposit achieved H2O-saturation at deeper level, causing more Cl 564 

extraction than the large Duoxiasongduo porphyry deposit; while the saturation in the 565 

large Duoxiasongduo deposit was relatively deeper, and the Cl extraction was more 566 

than the medium-sized Zhanaga porphyry deposit (Fig. 14). This further demonstrates 567 

the relationship between the H2O-saturation depth and the porphyry mineralization size. 568 

Since Cu and Mo formed Cl-complexes readily and partitioned into the fluid phase 569 

(Grondahl and Zajacz, 2017; Simon et al., 2006; Ulrich and Mavrogenes, 2008; 570 

Williams-Jones and Migdisov, 2014; Zajacz et al., 2011), deeper H2O-saturation also 571 

likely caused more metal extraction, and hence higher potential to form larger porphyry 572 

mineralization. 573 

Conclusions and implications for porphyry mineralization 574 

Giant porphyry deposits are usually associated with more extensive hydrothermal 575 

alteration than smaller ones (Hou et al., 2003; Sillitoe, 2010). This indicates that giant 576 

ore-forming magmas have released more fluids and, theoretically, ‘wetter’ magmas 577 

should have higher potential to generate giant porphyry deposits. This correlation 578 

between magma wetness and porphyry mineralization intensity has been constrained 579 

by our study: 580 



 

 

(1) Regardless of the deposit sizes, the three porphyries in YCB share similar 581 

sources and geochemical features, i.e., they are all comparable when 582 

considering established fertility indicators (high oxidation state, high sulfur 583 

content and water-rich). While these fertility indicators may effectively 584 

discriminate between baren and fertile systems, our data confirm that they do 585 

not correlate with the scale of porphyry mineralization.  586 

(2) Magmas in each of our three porphyries were H2O saturated at the time of 587 

zircon crystallization. The zircon OH- content show a systematic increase with 588 

deposit size, indicating that the porphyry mineralization intensity correlates 589 

with the depth of H2O-saturation.   590 

(3) Apatite  
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  value show systematic increase with deposit size, whereas 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 591 

shows an opposite trend. These trends reflect more Cl (and likely Cu and Mo) 592 

extraction in larger deposits due to deeper magmatic H2O-saturation. 593 

Since the depth of H2O-saturation could be determined by the magma H2O content, 594 

(2) and (3) further demonstrate the positive correlation between the magma H2O content 595 

and the porphyry mineralization size. 596 

Zircon H2O contents and the apatite 
𝑋𝐴𝑝

𝐹

𝑋𝐴𝑝
𝐶𝑙  and 

𝑋𝐴𝑝
𝐶𝑙

𝑋𝐴𝑝
𝑂𝐻 ratios could serve as indices 597 

of the relative magma wetness in other porphyry systems, where conventional 598 

petrological volatile indicators are less reliable (e.g. melt inclusions are crystallized). 599 

They could also be used as novel mineral-geochemical tools to assess the scale of 600 

porphyry mineralization potential.  601 



 

 

Moreover, trace element studies in zircon-hosted apatite inclusion have been a 602 

topic of interest in detrital zircon provenance studies (e.g., Bruand et al., 2016; Meng 603 

et al., 2022; Jennings et al., 2011;). Our study highlights that the zircon-hosted apatite 604 

inclusions could preserve primary volatile compositions while the rest apatite has 605 

been re-equilibrated with the later-stage melt. Combination of trace elements and 606 

volatiles compositions of zircon-hosted apatite inclusions might also be relevant to 607 

determine the provenance in the search for ore deposits and in other applications. 608 
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FIG. 1. Simplified tectonic map of eastern Tibetan Plateau (modified after Campbell et 955 

al. 2014; Leloup et al. 1995). 956 

FIG. 2. The minerals assemblage of the Yulong porphyry, Duoxiasongduon porphyry, 957 

and Zhanaga porphyry. Abbreviation: Amp=amphibole, Bio=biotite, Kfs=K-feldspar, 958 

Pla=plagioclase, and Qtz=quartz. 959 

FIG. 3. Representative photos of (A) CL image showing the zircon structure, and (B) 960 

primary fluid inclusions in zircon from fertile porphyries under transmitted light. 961 

FIG. 4. Backscattered-electron (BSE) of represent apatites with different occurrences. 962 

(A) apatite inclusion within plagioclase phenocryst, (B) the apatite inclusions within 963 

the biotite phenocrysts, (C) the apatite inclusions host by altered amphibole, with (D) 964 

zoning texture showing primary and magmatic origin, (E) apatite inclusion host by 965 

quartz with (F) zoning texture showing primary and magmatic origin, (G) apatite in 966 

groundmass with (H) zoning texture showing primary and magmatic origin. 967 

FIG. 5. Bulk-rock (A) total alkaline (TAS), and (B) the K2O vs. SiO2 diagrams of the 968 

samples. 969 

FIG. 6. Primitive mantle normalized bulk rock trace element and chondrite-normalized 970 

bulk rock rare earth elements (REEs) patterns for Yulong porphyry (A, B), 971 

Duoxiasongduo porphyry (C, D) and Zhanaga porphyry (E, F). The normalized values 972 

are from Sun and McDonough (1989). Legends are the same as those in Fig. 5. 973 

FIG. 7. The zircon δ18O vs. 𝜀𝐻𝑓(𝑡). Solid lines are isotopic mixing curves, and the open 974 

circles along lines denote 10% intervals. Hfm/Hfc is the ratio of Hf concentration in the 975 



 

 

mantle (m) and the crust (c). Identical oxygen contents (50%) in the mantle and crust 976 

were assumed. Depleted mantle source has 𝜀𝐻𝑓(𝑡)=+17 and δ18O=+5.3‰; Continental 977 

crust has 𝜀𝐻𝑓(𝑡)=-35, δ18O =+ 9.5‰. The composition of continental crustal zircon 978 

δ18O was from Yang et al. (2021). Legends are the same as those in Fig. 5. 979 

FIG. 8. The average chondrite-normalized zircon REE patterns. Legends are the same 980 

as those in Fig. 5. 981 

FIG. 9. Plots of REE+Y vs. P (A and B), and vs. P+H2Ototal (C and D). 982 

FIG. 10. Zircon H2O contents in ppm (A), calculated maximum H+ content (B), and the 983 

(C) calculated minimum OH- contents vs. the mineralization size of the porphyry 984 

deposits. Legends are the same as those in Fig. 9. 985 

FIG. 11. Plots of (A) calculated maximum H+ vs. H2Ototal, (B) calculated minimum OH- 986 

vs. H2Ototal, and (C) maximum calculated H+ vs. minimum OH-. Legends are the same 987 

as those in Fig. 9. 988 

FIG. 12. The Cl contents vs. F contents, and SO3 content vs. SiO2 contents of the apatite 989 

from the Yulong porphyry (A, D), the Duoxiasongduo porphyry (B, E) and the Zhanaga 990 

porphyry (C, F).  991 

FIG. 13. Scatter plots of apatite compositions in  𝑋𝐶𝑙
𝐴𝑝

/𝑋𝑂𝐻
𝐴𝑝

 vs. 𝑋𝐹
𝐴𝑝

/𝑋𝐶𝑙
𝐴𝑝

 of (A) 992 

Yulong, (B) Duxiasongduo, and (C) Zhanaga porphyry deposits. The same data are also 993 

shown according to apatite textural associations, including zircon-hosted (D), 994 

phenocryst-hosted (E), and in groundmass (F). 995 



 

 

FIG. 14. (A) Schematic diagram summarizing the water content evolution of porphyry 996 

magmas that formed medium-size deposit (B) and giant/large deposit (C), and their 997 

relations with the depth-dependent water solubility (blue solid line). 998 

Table 999 

TABLE 1 Summarized the volatile compositions of apatite with different occurrences 1000 

from the three studied porphyry deposits in YCB 1001 

Appendix 1002 

FIG. A1. Representative 𝜈3(𝑆𝑖𝑂4)  Raman band of zircon grains from the three 1003 

intrusions.  1004 

FIG. A2. Chondrite-normalized REE patterns of each zircon grain.  1005 

FIG. A3. Variations between zircon (A) Mg, (B) Fe, and (C) Al contents and the REE+Y 1006 

contents. Values are given as atoms per functional zircon unit based on 4 oxygen (apfu.) 1007 

multiplied by 1000. 1008 

FIG. A4. Scatter plots of apatite compositions in  𝑋𝐶𝑙
𝐴𝑝

/𝑋𝑂𝐻
𝐴𝑝

 vs. 𝑋𝐹
𝐴𝑝

/𝑋𝑂𝐻
𝐴𝑝

 of (A) 1009 

Yulong, (B) Duxiasongduo, and (C) Zhanaga porphyry deposits. The same data are also 1010 

shown according to apatite textural associations, including zircon-hosted (D), 1011 

phenocryst-hosted (E), and in groundmass (F). 1012 

TABLE A1. Whole rock major and trace element composition of the three porphyries 1013 

from YCB 1014 

TABLE A2. Laser Raman spectra and LA-ICP-MS trace element composition (in ppm) 1015 

concentrations of the zircons from three porphyries from eastern Tibet 1016 



 

 

TABLE A3. Water content and O isotopic composition of zircon from three porphyries 1017 

from eastern Tibet by SIMS 1018 

TABLE A4. Hf isotopic composition of zircon from the three porphyries from eastern 1019 

Tibet by MC LA-ICP-MS 1020 

TABLE A5. Major and volatile element composition of zircon-hosted, phenocryst-host 1021 

and groundmass apatites from the three porphyries in YCB 1022 



30°N

30°

25°

25°N

95° 100° 105°

100°E95°E

Dali

Gongjue

Mangkang

Batang

Ailao-Red River Fault

Longm
en

 S
han

 th
ru

st
 z

one

B
a
ta

n
g

-L
ijia

n
g

fa
u

lt s
y
s
te

m

India

G
a

o
lig

o
n

g
 fa

u
lt

Duoxiasongduo

Zhanaga

Yulong

X
ia

o
jia

n
g

 fa
u

lt

Strike-slip fault

Thrust

Tertiary basins

Tertiary barren high-K igneous rocks

Tertiary fertile high-K igneous rocks 

City

0      100km

B

RRAS
Indochina

Tibet S
ou

th
C

hi
na

India

A
rabian

  S
ea

Bay of 
Bengal

Indian
Ocean2000km

Tianshan

S
outh

 C
hin

a

S
ea

A

B

          Tertiary 
metamorphic belt

Fig.1



Pla

Bio

Qtz Pla

Bio

Kfs

Pla

Pla

Bio
Amp

Qtz

AA AB AC

Fig.2

500μm 1mm 500μm



20μm
50μm

A B

Fig.3



Pla

Bio

Amp

Qtz

ApAp

Ap

Ap

Bio

Kfs

Ap

Ap

Ap

Qtz

Kfs

Bio

Ap

Ap

Ap

Ap
Bio

A B

C D

E F

G H

H

F

D

Fig.4



Yulong

Duoxiasongduo

Zhanaga

This study Literature

0

1

2

3

4

5

6

7

8

40 50 60 70 80

Calc-alkaline 

Low K

T
ra

ch
yd

a
ci

te

(q
z-

m
o
n
zo

n
it
e
)

Rhyolite
(granite)

     Dacite
(granodiorite)

Andesite
(diorite)

N
a

O
+

K
O

 (
w

t%
)

2
2

SiO  (wt%)2

A

L
a
tite

(m
o
n
zo

n
ite

)

0 

2 

4 

6 

8 

10 

12 

45 55 65 75 
SiO  (wt%)2

K
O

 (
w

t%
)

2

B

High-K calc-alkaline 

Shoshonite

Fig. 5



1

10

100

1000

Rb Ba Th U Nb Ta La Ce Pr Sr Nd Zr Hf SmEu Ti Gd Tb Dy Ho Y Er Tm Yb Lu

1

10

100

1000

1

10

100

1000

1

10

100

1000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1

10

100

1000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

1

10

100

1000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Rb Ba Th U Nb Ta La Ce Pr Sr Nd Zr Hf SmEu Ti Gd Tb Dy Ho Y Er Tm Yb Lu

Rb Ba Th U Nb Ta La Ce Pr Sr Nd Zr Hf SmEu Ti Gd Tb Dy Ho Y Er Tm Yb Lu

W
h

o
le

-r
o

c
k
/C

h
o

n
d

ri
te

W
h

o
le

-r
o

c
k
/C

h
o

n
d

ri
te

W
h

o
le

-r
o

c
k
/C

h
o

n
d

ri
te

W
h

o
le

-r
o

c
k
/P

ri
m

it
iv

e
 m

a
n

tl
e

W
h

o
le

-r
o

c
k
/P

ri
m

it
iv

e
 m

a
n

tl
e

W
h

o
le

-r
o

c
k
/P

ri
m

it
iv

e
 m

a
n

tl
e

A B

E F

C D

Fig. 6



ɛ
(t

)
H

f

18δ O(‰)

Depleted mantle

Continental crust

Hf /Hf =3m c1

0.5

0.2

0.05

-45.0

-35.0

-25.0

-15.0

-5.0

5.0

15.0

5 6 7 8 9 10

Fig. 7



Z
ir

c
o

n
/c

h
o

n
d

ri
te

0.1

1

10

100

1000

10000

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Fig. 8



0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50
0

5

10

15

20

25

30

35

40

45

50

0 2 4 6 8 10

0

5

10

15

20

25

30

35

40

45

50

0 10 20 30 40 50

REE+Y (apfu × 1000)

0

1

2

3

4

5

6

7

0 1 2 3 4 5 6 7

P
 (

a
p

fu
 ×

 1
0

0
0

)

REE+Y (apfu×1000)

P
 (

a
p

fu
 ×

 1
0

0
0

)

P
+

H
O

 (
a

p
fu

 ×
 1

0
0

0
)

2
to

ta
l

REE+Y (apfu×1000) REE+Y (apfu×1000)

DeHoog et al. (2014)

83-271

83-388

83-430

1:1 1:1

1:1

1:1

A B

C D

P
+

H
O

 (
a

p
fu

 ×
 1

0
0

0
)

2
to

ta
l

1:0.4

1
:1

0

B

D

Fig.9



0

200

400

600

800

1000

1200

1400

1600

H
O

 (
p

p
m

)
2

A

0

5

10

15

20

25

30

35

-
O

H
(a

p
fu

*1
0

0
0

)

C

0.39Mt 1.0Mt 6.5Mt

0

1

2

3

4

5

6

7

+
H

(a
p

fu
*1

0
0

0
)

B

0.39Mt 1.0Mt 6.5Mt0.39Mt 1.0Mt 6.5Mt

Average value

Fig.10



0

5

10

15

20

25

30

35

0 10 20 30
0

5

10

15

20

25

30

35

0 10 20 30

+
H

 (
a

p
fu

 ×
 1

0
0

0
)

—
O

H
 (

a
p

fu
 ×

 1
0

0
0

)

H O  (apfu×1000)2  to ta l H O  (apfu×1000)2  to ta l

A B
1:1

10:1

1:1

10:1

0.1

1

10

100

0.1 1 10 100
—OH  (apfu×1000)

1:1
0

1:1

10:1

C

+
H

 (
a

p
fu

 ×
 1

0
0

0
)

Fig. 11



C
l(

w
t%

)

F(wt%)

S
O

(w
t%

)
3

SiO (wt%)2
SiO (wt%)2 SiO (wt%)2

F(wt%) F(wt%)

0.0

0.4

0.8

1.2

1.6

0 0.5 1 1.5

0.0

0.4

0.8

1.2

1.6

0 0.5 1 1.5

Phenocryst-host

Zircon-host

In groundmass

Duoxiasongduo

0.00

0.10

0.20

0.30

0.40

0.50

0 1 2 3 4

Phenocryst-host

Zircon-host

In groundmass

Zhanaga

0.00

0.10

0.20

0.30

0.40

0.50

0 1 2 3 4
0.00

0.10

0.20

0.30

0.40

0.50

0 1 2 3 4

Yulong

Phenocryst-host

Zircon-host

In groundmass

0.0

0.4

0.8

1.2

1.6

0 0.5 1 1.5

A B C

D E F

Fig. 12



0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 10 20 30 40

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 20 40 60 80 100
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0 20 40 60 80 100 120 140

0.00

0.10

0.20

0.30

0 50 100 150
0.00

0.10

0.20

0.30

0 50 100 150

X /XF Cl

X
/X

C
l

O
H

X
/X

C
l

O
H

X /XF Cl X /XF Cl

X /XF ClX /XF ClX /XF Cl

0.00

0.10

0.20

0.30

0 50 100 150

A B C

D E F

Yulong

Phenocryst-host

Zircon-host

In groundmass

Phenocryst-host

Zircon-host

In groundmass

Duoxiasongduo

Phenocryst-host

Zircon-host

In groundmass

Zhanaga

Zircon-host

Yulong

Duoxiasongduo

Zhanaga

Phenocrysts-host

Yulong

Duoxiasongduo

Zhanaga

In groundmass

Yulong

Duoxiasongduo

Zhanaga

Fig. 13



H O content in melt2

D
e

p
th

H
O
 solubility

2

Argillic-altered rocks

Porphyry deposits

A B Medium Giant/large

0

B

C
H O saturation2

Magmatic water content

Water content in melt 
during zircon crystallization

Medium 

Giant/Large

Mineralization scale

C

Zr

Cu

Fluids

Fluidinclusion

Ap

Cl

Fig. 14



Biotite Plagioclase Quartz Amphibole
n 16 15 23 25 11

Cl(wt.%) 0.03-0.11 0.06-0.18 0.03-0.13 0.04-0.10 0.08-0.33
F(wt.%) 1.65-2.65 1.88-2.77 1.77-2.66 1.79-2.63 1.26-2.54
SO3(wt.%) 0.22-1.14 0.08-0.89 0.04-0.77 0.08-0.48 0.08-0.71
XCl/XOH 0.01-0.05 0.02-0.09 0.01-0.06 0.01-0.04 0.02-0.17
XF/XCl 39.0-104 23.3-79.2 26.0-111 36.7-109 14.1-46.9
XF/XOH 0.79-2.52 1.05-3.18 0.93-2.65 0.92-2.43 0.50-2.52

n 19 25 22 16 19 16
Cl(wt.%) 0.07-0.21 0.06-0.28 0.19-0.43 0.05-0.15 0.08-0.24 0.17-0.37
F(wt.%) 1.78-2.70 1.83-2.48 1.86-2.37 1.33-2.49 1.60-2.79 1.78-3.05
SO3(wt.%) 0.06-1.29 0.06-1.08 0.02-1.47 0.04-1.11 0.20-0.98 0.17-1.00
XCl/XOH 0.03-0.11 0.02-0.11 0.07-0.18 0.01-0.07 0.02-0.11 0.06-0.28
XF/XCl 20.6-70.0 13.5-64.8 9.13-22.3 29.2-73.3 14.8-40.0 12.1-33.1
XF/XOH 0.93-2.77 1.00-2.05 1.06-1.87 0.54-2.25 0.78-3.48 0.97-5.86

n 22 21 11 33 19 14
Cl(wt.%) 0.19-0.43 0.15-0.40 0.16-0.37 0.12-0.42 0.19-0.45 0.19-0.48
F(wt.%) 1.86-2.37 1.58-2.44 1.78-2.25 1.64-2.37 1.56-2.60 1.70-2.60
SO3(wt.%) 0.02-1.47 0.11-1.10 0.11-1.04 0.10-1.48 0.18-1.14 0.15-1.12
XCl/XOH 0.07-0.18 0.05-0.12 0.06-0.12 0.03-0.16 0.07-0.19 0.08-0.21
XF/XCl 9.13-22.3 7.42-25.1 9.76-24.7 8.57-27.4 8.30-23.2 8.31-24.1
XF/XOH 1.06-1.87 0.80-2.03 0.99-1.71 0.86-1.97 0.78-2.69 0.89-2.89

Zhanaga 
medium 

porphyry deposit

Table 1 Summarized the volatile compositions of apatite with different occurrences from the three 
studied porphyry deposits in YCB

Phenocryst host
Groundmass Zircon host

Apatite 
occurrences

Compositions

Yulong giant 
porphyry deposit

Duoxiasongduo 
large porphyry 

deposit  
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