10

11

12

13

14

15

16

17

18

19

20
21

22

Determining the impact of magma water contents on
porphyry Cu fertility: constraints from hydrous and

nominally anhydrous mineral analysis

WENTING HUANG! 23, MICHAEL J. STOCK?, XIAO-PING XIA 34, XIAOMING SUN®,
ZEXIAN CUI%* OUYANG LIUYUNY3, JIAN ZHANGE, XILIAN CHEN’, Y1 ZHENG?,
HUAYING LIANG®"

1 Key Laboratory of Mineralogy and Metallogeny, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
2 Department of Geology, Trinity College Dublin, Dublin, Ireland
3CAS Center for Excellence in Deep Earth Science, Guangzhou, 510640, China
“State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences, Guangzhou 510640, China
5 Guangdong Provincial Key Lab of Geological Processes and Mineral Resource
Survey, School of Earth Science and Engineering, Sun Yat-sen University, Guangzhou
510275, China
¢ Key Laboratory of Environment Change and Resources Use in Beibu Gulf, Ministry
of Education, Nanning Normal University, Nanning 530001, China
7 State Key Laboratory of Nuclear Resources and Environment, East China University

of Technology, Nanchang 330013, China

* Corresponding authors, email: xpxia@gig.ac.cn (X.P. Xia), lianghy@gig.ac.cn (H.Y. Liang)



mailto:xpxia@gig.ac.cn
mailto:lianghy@gig.ac.cn

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

Abstract

Most large scale porphyry-style mineralization is genetically associated with
oxidized, sulfur-rich and hydrous magmas, whose sources were enriched in mantle-
derived or juvenile crustal-derived materials. Geochemical indices for these features
can distinguish fertile magmas and barren magmas. However, fertile magmas which
generate different sized porphyry deposits are usually geochemically indistinguishable
and the factors controlling the size of porphyry mineralization are poorly understood.
Here, we use zircon H20 contents, and the compositions of apatite host in zircon,
phenocrysts, and groundmass to compare the water contents and volatile evolution of
fertile magmas in the Yulong ore belt, Tibet, which generated giant, large and medium
sized porphyry deposits. We find that these porphyries have comparable major and trace

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

cl F

. . X X .
contents. A negative correlation between X% VS. X—‘éﬁ’ of apatites suggests that the
Ap Ap

magmas consistently achieved H20 saturation before zircon crystallization and zircon
hydroxyl contents reveal that the melt water contents positively correlate with the size
of the deposits, consistent with larger deposits achieving H20 saturation at deeper
crustal levels. The deeper H20 saturation also caused the larger amount of Cl extraction,

cl

. . X . . .
"L increasing and the —5% decreasing with the deposit
Xip Xap

F
as indicated by the trends that ~42
sizes. These datasets can be reconciled by magmas forming larger deposits having

higher H20 contents and suggest that the H20 content is a key control on their fertility.

Our study highlights the utility of integrated hydrous and nominally anhydrous mineral
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analyses for constraining enigmatic magmatic volatile processes in magmatic ore-

forming systems.

Introduction

Porphyry Cu deposits supply over 75% of the world’s Cu production and are
thought to form through the exsolution of metal-rich hydrothermal fluids from magmas
at 5-15 km depth, which precipitate ores in the shallow (<6 km depth) crust (Hedenquist
and Lowenstern, 1994; Richards, 2011b; Sillitoe, 2010). The ore-forming magmas are
generally considered to be water-rich and formed in supra-subduction-zone and
oceanic/continental arcs (Lu et al., 2015; Richards et al., 2012; Sillitoe, 2010; Wang et
al., 2014; Wang et al., 2017). Measurement of magmatic water contents in porphyry-
forming magmas has been hampered by lack of robust petrological volatile record in
these systems: silicate melt inclusion and hydrous mineral volatile records are often
compromised by (1) diffusive re-equilibration and (2) hydrothermal alteration (Bucholz
et al., 2013; Gaetani et al., 2012; Portnyagin et al., 2008; Webster et al., 2017).
However, hydrous mineral compositions (e.g. amphibole and biotite), whole-rock Sr/Y
ratios, zircon Ti saturated temperatures and (Euy/Eu*) X 10000/Y ratios have been
successfully applied as proxies for the relative “wetness” (i.e. magmatic water
concentration) of porphyry-forming magmas which has been identified as a
discriminator between barren and fertile porphyry-forming magmas (Lu et al., 2015;
Richards et al., 2012; Wang et al., 2014). These proxies are typically indistinguishable

between magmas that formed small-scale mineralization and those that formed giant
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deposits (Richards, 2013) and, as a result, the role of “wetness” in generating giant
deposits remains controversial.

Previous studies have identified that water can occupy vacancies within the
nominally anhydrous zircon lattice as hydroxyl ions (OH) in water-rich, SiO2-saturated
environment, and that the extent of zircon OH" incorporation is related to the magmatic
water activity (Botis et al., 2013; De Hoog et al., 2014; Nasdala et al., 2001a; Trail et
al., 2010; Woodhead et al., 1991). As water diffusion in zircon is 1-2 orders of
magnitude slower than in other magmatic minerals (e.g. olivine, garnet, and
orthopyroxene; Zhang, 2015; Ingrin and Zhang, 2016), zircon crystals can preserve a
record of magmatic water content/activity at the time of crystallization, without being
reset by subsequent diffusional re-equilibration. In light of this, recent studies have
shown that zircon water contents are a useful petrological tool for interrogating the
magmatic water contents (Liebmann et al., 2021; Meng et al., 2021)

Volatile analysis in hydrous apatite [Cas(POa)3(F, Cl, OH)] crystals has recently
received increasing attention as a novel method for constraining the behavior and
concentrations of magmatic volatiles in both terrestrial (Boyce and Hervig, 2008;
Piccoli and Candela, 1994; Stock et al., 2016) and extra-terrestrial systems (Boyce et
al., 2014; McCubbin et al., 2015). Recent studies have shown that phenocryst-hosted
apatite inclusions preserve their volatile record at the time of entrapment and, given

some knowledge about the order in which minerals crystallize, these can be used to
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construct a relative chronology of volatile behavior in a magmatic system (Stock et al.,
2018; Stock et al., 2016).

Here, we report the zircon water contents and the compositions of apatite
inclusions host in zircon, phenocrysts, and groundmass from three fertile porphyry
systems in the Yulong Cu belt (YCB here after), eastern Tibetan Plateau (Fig. 1), which
formed medium-, large- and giant-size Cu deposits. We find systematic differences in
hydrous (apatite) and nominally anhydrous (zircon) mineral compositions, which
indicate systematic differences in magmatic volatile compositions at the time of zircon
saturation, which correlate with the deposit size. Specifically, our data indicate that the
size of these porphyry Cu deposits is impacted by the water concentration (i.e.
“wetness”) and mass of Cl extraction of the porphyry-forming magma.

Geological background and samples

The India-Asia collision at about 65-55 Ma has formed a series of fault systems in
the eastern Tibetan Plateau (Peltzer and Tapponnier, 1988; Hou et al., 2003; Wang et
al., 2020) and numerous potassic porphyry bodies occur along these faults (Fig. 1).
Some of these porphyries were emplaced into the pull-apart basins along the northern
Batang-Lijiang faults and generated giant- to medium-size porphyry Cu deposits which
constitute the >100 km-long Yulong Cu belt (Campbell et al., 2014; Hou et al., 2003;
Liang et al., 2006). These fertile intrusions have been dated at 36 to 41 Ma and share
similar trace element and isotopic signatures (Campbell et al., 2014; Hou et al., 2003;

Jiang et al., 2006; Liang et al., 2006).
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We selected three fertile YCB porphyries (Fig. 2) for this study. These have
broadly comparable ages and geological associations, but extremely variable scales of
mineralization. They include: (1) the Yulong monzogranite porphyry (sample 83-271,
zircon U-Pb age: 40.9 Ma) which is associated with giant porphyry deposit with Cu
reserve > 6.5 Mt; (2) the Duoxiasongduo monzogranite porphyry (sample 83-388,
zircon U-Pb age: 37.5 Ma) which associated with a large porphyry deposit with Cu
reserve of ~1.0 Mt; and (3) the Zhanaga syenogranite porphyry (sample 83-432, zircon
U-Pb age: 38.5 Ma) which is associated with a medium deposit with Cu reserve of 0.65
Mt (Hou et al. 2003; Liang et al. 2006). These porphyries intruded into the Triassic
marine clastic and carbonate rocks are composed of multiphase intrusions and
underwent similar hydrothermal alteration including potassic silicate alteration, quartz-
sericite alteration, propylitic alteration and argillic to advanced alteration stage (Hou et
al., 2003).

The giant Yulong porphyry deposit is the largest deposit in the YCB. The porphyry
has a surface area of about 0.6 km? and is made up mainly of monzogranite porphyry
and guartz monzonite porphyry (Hou et al., 2003); mineralization occurs mainly in the
monzogranite porphyry. The Yulong deposit is composed of lenticular ore body hosted
in the porphyry and a stratiform ore body in the contact zone between the strata and the
porphyry. The size of the lenticular ore body is about 1000 m long, 600 m wide and
500 m deep. The stratiform ore body is ~200-300 m long, 130-200 m wide and ~20 —

100 m thick (Hou et al., 2003). For this study, we collected a sample of the syn-ore
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monzogranite porphyry. This contains phenocrysts of plagioclase (10-15 vol.%), K-
feldspar (10-15 vol.%), biotite (5-10 vol.%), quartz (5-10 vol.%), and amphibole (3—
5 vol.%), with groundmass mainly consisting of K-feldspar (15-20 vol.%), quartz (25—
30 vol.%), plagioclase (15-20 vol.%) and biotite (3-5 vol.%; Fig. 2A). Accessory
phases include apatite, zircon, titanite and magnetite.

The large Duoxiasongduo porphyry deposit has a surface area of ~0.30 km? and is
the third largest deposit in the YCB. The porphyry consists mainly of alkaline feldspar
granite and monzogranite. The ore body is mainly hosted in the porphyry and is 600 m
long, 500 m wide and 570 m thick (Hou et al., 2003). For this study, we sampled the
syn-ore monzogranite porphyry, which contains phenocrysts of plagioclase (5-10
vol.%), K-feldspar (5-10 vol.%), quartz (5-10 vol.%), biotite (3-5 vol.%) and
amphibole (3-5 vol.%) with an aphanitic groundmass (Fig. 2B) and accessory zircon,
apatite, and magnetite.

The medium-sized Zhanaga porphyry deposit is close to the Yulong giant deposit
(Fig. 1B) and has a surface area of ~0.6 km? It consists of monzogranite and
syenogranite porphyry, which hosts veinlet/disseminated mineralization, with a ore
body ~540 m long, 200 m wide and 200 m thick (Hou et al. 2003). We sampled the syn-
ore syenogranite porphyry, which contains quartz (10-15 vol.%), plagioclase (5-10
vol.%), K-feldspar (5-10 vol.%), amphibole (5-10 vol.%), and biotite (5-10 vol.%)
phenocrysts set in a microcrystalline groundmass with similar mineral assemblage (Fig.

2C). Accessory phases include zircon, apatite, magnetite, and titanite.
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Zircon occurs as a fine grained (~50-300 pum) groundmass phase in our samples.
Cathodoluminescence imaging shows that zircon crystals from all three porphyries
contain well-developed oscillatory zones zoning textures (Fig. 3A) and primary fluid
inclusions (Fig. 3B). Apatite crystals are hosted within plagioclase (Fig. 4A), biotite
(Fig. 4B), amphibole (Fig. 4C-D) and quartz (Fig. 4E-F) phenocrysts or occur in the
groundmass (Fig. 4G-H). Some of the host-phenocrysts are cracked or altered (Fig. 4).
We scanned the apatite crystals with electron microscope backscattered-electron (BSE)
to reveal whether the crystals are altered. Scanning BSE images show that apatite
crystals are either unzoned or oscillatory zoned. Some apatite crystals contain voids
which have been are altered by hydrothermal fluids (Bouzari et al., 2016) were excluded
from the analyses (Fig. 4); only the euhedral, inclusion-free grains were analyzed (Fig.
4F-H).

Methods

Sample preparation

Samples were prepared for analysis both as polished thin sections and grain
mounts. Zircons from our three porphyry samples were separated from ~1 kg crushed
rock using conventional heavy liquid and magnetic techniques before being mounted
and polished for geochemical analysis. Phenocryst-hosted apatite inclusions and
groundmass apatites were directly analyzed in thin sections, except for zircon-hosted

apatites which were analysed in our epoxy zircon mounts. Transfer/reflected-light
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micrography and cathodoluminescence (CL) imaging were performed before chemical
analyses to reveal zircon internal textures and zircon-hosted apatite inclusions.
Whole-rock analysis.

Major element analysis. Two-hundred grams of each sample was crushed and sieved
to 200 mesh after removing the weathered surface. For the major-element analyses,
powered samples were mixed with Li2B4O> at a rate of 1:8 to make homogeneous
glass disks by fusion at 1150-1200 °C. Glass discs were then analyzed by X-ray
fluorescence spectroscopy (XRF) in the State Key Laboratory of Isotope
Geochemistry (SKLIG), Guangzhou Institute of Geochemistry, Chinese Academy of
Science (GIG-CAS) following procedures of Li et al., (2002). 2o relative precision for
XRF major element analyses is 1-3%, as determined by repeat analysis of appropriate
secondary standards.

Trace element analysis. For the trace-elements analysis, the powered samples were
dissolved in high-pressure Teflon bombs using HF + HNO3z at 100°C, following the
procedures described by Liu et al. (1996). Solutions were then analysed using a
Perkin-Elmer Sciex ELAN 6000 ionizing coupled plasma-mass spectrometer (ICP-
MS) in the SKLIG, GIG-CAS, following procedures detailed by Li et al., (2006). A
rhodium internal standard was used to monitor the signal drift and standards GSR-1
(GBWO07103, China national certified reference materials), BHVO-1 (U.S. Geological
Survey) and OU-6 (Potts and Kane, 2005) were used to calibrate elemental

concentrations. 2¢ relative precision for ICP-MS trace element analyses is <5% for
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elements of >20 ppm and < 10% for elements <20 ppm, as determined by repeat
analysis of appropriate secondary standards.

Zircon analyses

Zircon Raman spectroscopy. Zircon separates for Raman spectroscopy were mounted
in epoxy before polishing. Only the zircon grains free of fluid inclusions and inherited
cores in CL images were analysed. Analyses were conducted using a WITec alpha
300R high-resolution confocal Raman spectrometer at the KLMM, GIG-CAS,
avoiding cracks or inclusions in the crystals. Raman spectra of were acquired by spot
analysis, using the 532 nm laser, 300 mm™ grating and a 50 x Zeiss objective, with 10
mW laser power, 5s acquisition time and 2.5 cm™ resolution. Raman spectra were
processed using the WITec Control Five software. Identification of Raman peaks was
based on reference phase spectra from Frezzotti et al. (2012) and Rinaudo et al.
(2003). The shift and the Full Width at Half Maximum (FWHM) of v3(Si0,)
vibration band were measured after fitting to the Gaussian function.

Zircon water and oxygen isotope analyses. Zircon separates for secondary ion mass
spectrometry (SIMS) were mounted in tin alloy before polishing to give low water
backgrounds (<10 ppm; Zhang et al. 2018). Zircon H20 concentration and oxygen
isotope measurements were collected simultaneously using a CAMECA IMS 1280-
HR SIMS spot analyses at the SKLIG, GIG-CAS, again avoiding inclusions or cracks
in crystals. The samples were placed in the instrument high vacuum storage chamber

overnight and further pumped down in the analysis chamber to <2.0 10-° mbar prior
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to analysis. The secondary ions were sputtered using a 3-5 nA Cs* source with 10 kV
impact energy. 1°0 and 80 signals were detected by two Faraday cup detectors and
180'H was simultaneously collected by an electron multiplier.

Each spot analysis lasted 4.5 minutes, including 200 s pre-sputter and secondary
ion beam automatic centering, and ~1 minute to integrate 20 cycles of static *0*H, %0
and 0 measurement. The 2 internal precision of 30/*%0 and *O*H/*0 are usually
<0.4%0 and <0.5%, respectively. 80/*®0O values were normalized to the Vienna
Standard Mean Ocean Water standard (VSMOW: 80/1%0 = 0.0020052).

Zircon standards for H20 contents were analyzed before and after the unknowns
to establish a calibration curve for inversion of analytical *O'H/**O to H20
concentration, following Xia et al. (2019). Using this method, H20 detection limit has
been determined to be ~10 ppm and the H20 concentration 26 precision is ~10% (Xia
et al., 2019). The Penglai zircon standard was used to correct the instrument mass
fractionation during oxygen isotope analysis and the Qinghu zircon was used as a
secondary standard. The weighted mean §'80 value obtained for the Qinghu zircon
(5.54 = 0.30%o, 26, n = 17) is within error of the recommended value (5.4 = 0.2%o; Li
et al. 2013).

Zircon Hf isotope analysis. Zircon Hf isotopes were analysed using a Neptune
multicollector (MC)-ICP-MS coupled to a Resolution M-50 LA system at the SKLIG,
GIG-CAS, following analytical and data reduction procedures described by Wu et al.

(2005). Data were acquired using a 44 pm beam size at a 5 Hz repetition rate. Each
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spot analysis lasted 70 s, with a 30 s blank collection (laser off) and 40 s signal
detection (laser ablation). Measured isotope ratios of 1"*Hf/*’’"Hf were normalized to
9Hf/1THf = 0.7325, using an exponential correction for mass bias. Repeat analysis
of the Penglai zircon standard yielded Y"°Hf/*""Hf = 0.282906 = 0.000036 (26, n =
27), consistent with the recommended "®Hf/*""Hf value of 0.282906 + 0.000010 (2c;
Li et al. 2010).

The "®Lu decay constant of 1.867>10"%a (Séderlund et al., 2004) was used to
calculate initial "*Hf/*""Hf. Present-day values for 1"6Lu/*"’Hf = 0.0336 and *"Hf/*""Hf
= 0.282785 of the chondritic uniform reservoir (Bouvier et al., 2008), and *Lu/*""Hf
=0.0384 and 1"®Hf/*""Hf = 0.284250 of the depleted mantle (Griffin et al., 2000) were
used in the calculation of the eHf values and the model ages.

Zircon trace element analysis. Zircon trace element concentrations (REE, U, Th, Hf,
Y, Ti, P) were measured using a Thermo Fisher Scientific ELEMENT XR laser
ablation-ionizing coupled- mass spectrometer (LA-1CP-MS), equipped with a 193-nm
(ArF) Resonetics RESOlution M-50 laser system, at the SKLIG, GIG-CAS. Analysis
were collected using 33 pm laser spots, with a constant 5 Hz repetition rate and a 4
Jlem fluence, following analytical procedures were detailed by Zhang et al. (2019).
NIST SRM 610 and 612 glass (Jochum et al., 2011; Pearce et al., 1997) and Temora
zircon (Black et al., 2003) secondary standards were analyzed alongside unknows and

20 relative precision is better than §%.
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Apatite major element analysis

Apatite major element concentrations were measured by electron microprobe
analysis (EMPA), using a JEOL JXA-8230 instrument at the Key Laboratory of
Mineralogy and Metallogeny, GIG-CAS. Analyses were collected using 15 kV
accelerating voltage, 20 nA beam current, and 3-5 um spot size. Fluorine and CI were
first analyzed and, where possible, apatite crystals were only selected for analysis where
their c-axis was oriented perpendicular to the incident electron beam, to minimize
halogen migration due to electron-beam-induced sample damage (Goldoff et al., 2012;
Stock et al., 2015; Stormer et al., 1993).

Peak and background elemental counting times were 20s and 10s,
respectively, for P, Ca, 10 sand 5 s for Cl, and F, 40 s and 20 s for Si, 60 s and 30 s for
S. Calcium, P, and F were calibrated with Durango apatite, and Cl with tugtupite.
Analytical accuracy is <1% for P, <2% for Ca and F, and <5% for Cl and S. Relative
precision, quantified through repeated analyses of Wilberforce apatite, is #22% for Ca,
P, and F, and 4% for Cl. The apatite OH content was estimated by the difference,
assuming a fully occupied Z site (Candela, 1986). The mole fraction of F, Cl and OH
in apatite (X2°, XZP and X.P) were calculated based on 25 oxygen.

Results

Whole-rock major and trace elements

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

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



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

69.2 wt.%) and alkali (K20 + Na20 >8 wt.%, K2O/Naz0 > 1.0; Fig. 5A) concentrations,
high Al203 (13.7-17.1 wt.%), low TiOz2 (< 0.5 wt.%) and varying P2Os contents (0.03—
0.30 wt.%; Table Al). The samples plot into the quartz-monzonite field in a total alkali
silica diagram (Fig. 5A) and the shoshonite field in a K20 vs. SiO2 diagram (Fig. 5B).
Our samples are highly enriched in large ion lithophile elements (K, Rb, Ba) and
light rare earth elements but depleted in heavy rare earths and high-field strength
elements (Fig. 6). They have listric-shape REE patterns with high chondrite-normalized
[La/Yb]n ratios (21-50), Eun/Eu* ranging 0.82-1.0 and Sr/Y ranging 19-86 (Table

Al), showing arc-like and adakitic affinity (Richards et al., 2012).
Zircon Raman spectra

Raman spectra were collected for 45 zircon grains, with results (Raman shifts
FWHM) reported in Table A2. Previous Raman spectroscopy studies revealed that the
FWHM of the v;(Si0,) band shows positive correlation with the degree of zircon
radiation damage (Nasdala et al., 1995; Nasdala et al., 2001b) and, in our samples, the
shift of the zircon v5(Si0,) band is narrow (1004.0-1007.6 cm™; avg. 1006.1 0.9
cm). A representative baseline corrected Raman spectra for each Yulong deposit is
shown in Figure A1, which is characterized by sharp peak (FWHMs = 3.3-7.3 cm™™).
Following Nasdala et al., (2001b) and Yang et al., (2022), these results indicate that
zircon crystals are consistently primary (i.e. grew from their host porphyry magma)

with negligible metamictization induced by radiation damage.
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Zircon isotopic compositions

The O and Hf isotope compositions of zircons from the YCB are broadly
comparable (Fig. 7; Tables A3 and A4): Zircons from Yulong, Duoxiasongduo and
Zhanaga deposits each yield a narrow range of 30 values (6.6—7.6%o, 6.9—7.7%o and
6.5-7.6 %o, respectively) which overlap with one another (Fig. 7). These 580 ratios are
consistently higher than average mantle value (5.3 = 0.6%o; Valley et al. 1998).

Twenty zircon analyses from the Yulong deposit yielded '"*Hf/!”’Hf in the range
0.282728-0.282936 and enf(t) ranging -0.7—6.6 (calculated with U-Pb age of 40.9 Ma
from Liang et al., 2006; Table A4). These have associated two-stage Hf model ages
(Tom2) of 691-1161 Ma. Nineteen zircon grains from Duoxiasongduo yielded
76 H{/'"THf ranging 0.282744-0.282899 and enf(t) ranging —0.1-5.4 (calculated with
U-Pb age of 37.5 Ma from Liang et al., 2006; Table A4), with associated Tpm2 of 773—
1122 Ma. Twenty-two zircon grains from the Zhanaga yielded '"Hf/'"’Hf ranging
0.282802-0.282927 and enf(t) ranging 1.9-6.3 (calculated with U-Pb age of 38.5 Ma

from Liang et al., 2006; Table A4), with associated Tpmz of 710-992 Ma.

Zircon trace element compositions

The trace element compositions of 59 zircons from the YCB are reported in Table
A2. Zircons from each of our three studied porphyries have comparable U and Th
concentrations, ranging 156-2211 ppm and 167-1343 ppm, respectively. These values

indicate that the crystals received low a decay doses (Da <3x<10% events/mg), well
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below the radiation damage threshold for point defects-dominated damage (Murakami
etal. 1991).

Despite having different absolute ) REE and Y concentrations (Table A2), the
zircons from the three porphyries have similar chondrite-normalized (Fig. 8 and A2),
typical of igneous zircons with strong light rare earth element depletion and positive Ce
anomalies (Fig. 8 and A2). They also have high Eun/Eu* (avg. 0.69) and trace element-
in-zircon oxybarometry returns a high oxygen fugacities (fO2) which about two log
units above the quartz-fayalite-magnetite buffer (QFM, Table A2), consistent with
crystallization from highly oxidized magmas (Loucks, 2021). The mean (Euy/Eu™) X
10000/Y ratio of our zircons is 9.9 +4.1(Table A2); this has been suggested as a proxy
for magma water content and is consistent with a ‘wet” magma (Lu et al., 2016).

Incorporation of non-tetravalent cations into zircon structure (e.g. REEs and Y)
requires incorporation of other charge balancing ions to maintain stoichiometry,
through coupled substitutions. Most of our zircons have Fe <15 ppm, Mg <2 ppm and
Al <10 ppm but variable P concentrations ranging 28-277 ppm. Y REE shows no
correlations with Mg, Fe or Al (Fig. A3 A-C) but a positive correlation with P (Fig. 9A-
B). This suggests that at least some of the REE and Y were incorporated by the
xenotime substitution (Finch et al., 2001):

(REE+Y)* + P°* = Zr** + Si**  [1]

However, P/Y’REE+Y ratios are consistently <<1.0, ranging 0.15-0.47 (avg. 0.25

#0.09) in the Yulong porphyry, 0.11-0.57 (avg. 0.26 +0.12) in the Duoxiasongduo
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porphyry and 0.13-0.44 (avg. 0.22 £0.09) in the Zhanaga porphyry. These ratios
indicate there was insufficient P>* to fully charge-balance the REE3* and Y3* in the
YCB zircons (Belousova et al., 2002; Hanchar and van Westrenen, 2007) and suggest
that some charge compensation could be via a H-compensated trivalent substitution

mechanism (De Hoog et al., 2014).
Zircon water contents and speciation

Water analyses of 59 zircon crystals from the YCB are in Table A3 (measured by
SIMS). Zircons H20 contents are highly variable in each individual sample, ranging
from hundreds ppm to >1000 ppm, but show an overall positive correlation with the
scale of mineralization in each deposit (Fig. 10A): zircon H20 contents are typically
highest in the giant Yulong porphyry deposit (n = 20; avg. 637 £233 ppm), have
intermediate values in the large Duoxiasongduo porphyry (n = 17; avg. 574 202 ppm),
and are lowest in the medium Zhanaga porphyry (n =22; avg. 319 +178 ppm). However,
interpreting these data in the context of magmatic H20 contents requires determination
of the speciation and mechanism of H20 incorporation in our zircon crystals.

Previous studies have identified two mechanisms of H20 incorporation into non-
metamict zircons (Botis et al., 2013; De Hoog et al., 2014; Nasdala et al., 2001a; Trail
et al., 2010): first, H20 can be incorporated as H* ions which are charge balanced by
the coupled substitution of a trivalent anion in either the Zr site (De Hoog et al., 2014;
Trail et al., 2010):

H* + (REE+Y)* = Zr** [2]
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or the Si site:
AP + H* = Si* [3].

Second, H20 can be incorporated as OH™ anions through a hydrogarnet-type
substitution in the Si vacancy (Botis et al., 2013; De Hoog et al., 2014; Nasdala et al.,
2001a; Trail et al., 2010):

SiOs = (OH)4 [4]
or the Zr vacancy:
ZrOz = (OH)a  [5]

Following egs. 1 and 2, we estimate the maximum H* atomic concentrations in
our crystals by subtracting the atomic concentration of P°>* from those of REE+Y3*
(Trail et al., 2010). As with H20rotar (atomic concentration of H20), indicates that the
H* concentrations are typically highest in the giant Yulong porphyry deposit (avg. 2.47
+1.06 apfu*1000), intermediate in the large Duoxiasongduo deposit (avg. 2.06 +0.68
apfu*1000) and lowest in the medium-sized Zhanaga deposit (avg. 1.57 =+ 0.45
apfu*1000; Fig. 10B). However, the H20 contents of our crystals far exceed those
expected if H20 incorporation was entirely through H* charge balancing for REE+Y3*
(Fig. 11C-D): if H20 was entirely incorporated through this mechanism,
(H20tota+P)/(REE+Y) would show a 1:1 correlation with REE+Y (De Hoog et al.,
2014), but our samples consistently show elevated ratios (avg. 4.5 1.7, n = 61; Fig.

9C-D). Calculated H*/H20xotar ratios are typically <0.2 (Fig. 11A), suggesting that H*
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substitution was not the dominant mechanism of H20 uptake into our zircons and that
a significant quantity is incorporated as OH".

We estimate the minimum OH" atomic contents of our zircons by subtracting
REE+Y?* from H2Otota+P>* after Trail et al., (2010). In our samples, OH/H20xotal ratios
are typically >0.8 (Fig. 11B), confirming that most H20 is incorporated as OH", through
hydrogarnet-type substitution reactions (egs. 4 and 5; Fig. 11C). As with total H20 and
the H* concentration, OH" concentrations correlate with the scale of mineralization in
the YCB deposits, with zircons from the giant Yulong porphyry typically having the
highest OH" concentrations (avg. 11.7 5.0 apfu*1000, n = 17), crystals from the large
Duoxiasongduo porphyry having intermediate concentrations (10.7 %4.2 apfu*1000, n
=22), and crystals from the medium Zhanaga porphyry having the lowest

concentrations (average at 5.5 +£3.7 apfu*1000, n = 20; Fig. 10C).
Apatite volatile compositions

The compositions of primary apatite crystals from the YCB are in Tables 1, A5
and Figures 12, 13. Crystals are sub-divided based on their textural association into: (1)
zircon-hosted apatite inclusions, (2) apatite inclusions within other phenocryst phases
(amphibole, biotite, plagioclase and quartz) and (3) groundmass apatite crystals.

Apatite inclusions hosted in plagioclase, biotite and quartz phenocrysts from the
giant Yulong porphyry deposit (n = 54) have similar compositions (Table 1), with low
C1(0.03-0.18 wt.%), F (1.65-2.77 wt.%) and SO3 (0.04—1.14 wt.%) contents (Fig. 12A,

E). Assuming stoichiometry, the low halogen contents imply that the crystals are
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relatively OH-rich. The compositions of groundmass apatite crystals (n=25; C1=0.04—
0.10 wt.%, F = 1.79-2.63 wt.%, and SO3 = 0.08-0.48 wt.%) from the Yulong deposit
are comparable with those of phenocryst-hosted apatite (Fig. 12A). However, while
zircon-hosted apatite inclusions (n = 11) also have similar SO3 content (0.08—0.71 wt.%)
(Fig. 12D), their halogen contents are distinctly variable (Cl = 0.08-0.33 wt.%, F =

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

F Cl Cl F

. XA X4 . . ”» A XA
preserve negative —z+ vs. —55 correlations (Fig. 13A) and positive —5& Vs. —5x
XAp XAp XAp XAp

correlations (Fig. A4A). These trends are consistent with water-saturated evolution
(either retaining their primary volatile compositions or later diffusive re-equilibration),
where Cl partitions preferentially (to F) into fluids, and fluid-melt partition coefficients
of F are >1 (Aiuppa et al., 2009; Baker and Alletti, 2012; Chevychelov et al., 2008;
Dolej$ and Baker, 2007; Stock, 2016; Stock et al., 2018; Webster, 1990).

Apatite inclusions within amphibole, plagioclase, biotite and quartz phenocrysts
from the large Duoxiasongduo deposit have similar volatile composition (n = 82; Cl =
0.05-0.43 wt.%, F = 1.33-2.70 wt.%, SO3= 0.02—1.47 wt.%), which overlap with those
of groundmass crystals (n=19; Cl1=0.08-0.24 wt.%, F = 1.60-2.79 wt.%, SO3=0.20—
0.98 wt.%; Fig. 12B, E). The F (1.78-3.05 wt.%) and SOs3 (0.17-1.00 wt.%) contents
of zircon-hosted apatite inclusions are also similar but these crystals have distinctly

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

F

(Fig. 12B). As in the Yulong deposit, % ratios (9.13—73.3) in Duoxiasongduo apatites

Ap
: : L XE, . . o XA
show negative correlation with ZOH (Fig. 13B) and positive correlation with ZOH
Ap Ap
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(0.50-3.18) (Fig. A4B), consistent with H2O-saturated magmatic evolution (Stock et al.

F

2016, 2018; Stock, 2016). However, Xap ratios are typically lower in Duoxiasongduo
X5

phenocryst-host and groundmass apatites comparing with those from the Yulong
porphyry (Fig. 13E-F).

Apatite crystals from the medium-sized Zhanaga deposit exhibit some
compositional differences to those from the Yulong and Duoxiasongduo porphyries
(Table 1). Specifically, the Zhanaga apatites have similar volatile compositions
regardless of their textural association (Table 1; Figs. 12C), with: 0.12-0.43 wt.% Cl,
1.58-2.44 wt.% F and 0.02—1.48 wt.% SOs in apatites hosted withing amphibole, biotite,
plagioclase and quartz phenocrysts; 0.19-0.45 wt.% Cl, 1.56-2.60 wt.% F and 0.18—
1.14 wt.% SOs in groundmass apatite crystals; and 0.19—0.48 wt.% Cl, 1.70-2.60 wt.%
F and 0.15-1.12 wt.% SOs in zircon-hosted apatite inclusions. While CI concentrations

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

F

porphyries (Fig. 12), their zel ratios are typically lower (<25, Fig. 13E-F). Zhanaga
Ap
: . xf i . : .
apatite crystals preserve the negative X—Cf Vs. XTZ correlation (Fig. 13C) and positive
Ap Ap

Xfp Xhp . . : : .
Yon VS Zom correlation (Fig. A4C), consistent with H2O-saturated magmatic
Ap Ap

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

Discussion

Petrogenetic fertility indicators in the YCB porphyries

Previous studies have identified several factors controlling the magma fertility for

porphyry Cu deposits (Audésat et al., 2012; Chiaradia, 2020; Richards, 2013; Wilkinson,
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2013). Compared to barren rocks, fertile magmas usually: (1) have magma sources
comprising mantle-derived or juvenile crust-derived enriched material (Holwell et al.,
2019; Hou et al., 2015; Richards, 2003; Richards, 2009); (2) are highly oxidized,
promoting metal enrichment in the magma through delayed sulfide fractionation (Liang
et al.,, 2009; Sillitoe, 2010; Sun et al., 2013), (3) are S-enriched generating
mineralization with Cu/S ratios >100 (Gustafson and Hunt, 1975); and (4) have high
H20 contents, facilitating early H20 saturation and the formation ore fluids, which
extract metals from the magma, transport them to shallow crust and form porphyry
deposits (Candela and Holland, 1986; Lu et al., 2015; Richards, 2011a; Wilkinson,
2013). However, while these features characterize most fertile magmas, to date, there
is no evidence that they vary systematically between deposits of different sizes.

The giant Yulong, large Duoxiasongduo and medium Zhanaga porphyry deposits
are related in space and time (Fig. 1). Their mineralized rocks have similar ages, share
similar arc-like trace element patterns (Fig. 6A), indicating a shared tectonic
background and petrogenesis. They also have similar zircon Hf-O isotope compositions
(Fig. 7), with positive err(t) (avg. 2.85 +1.71) and 580 (avg. 6.91 +0.31) values, again
attesting to a shared magma source, with melts likely derived from thickened juvenile
mafic lower crust or delaminated lower crust (Hou et al., 2015; Hou et al., 2011)

The three fertile porphyries are all highly oxidized (avg. fO2 = QFM+2), recorded
by the high zircon Eun/Eu* ratios (>0.4; Loader et al., 2017) and the presence of

magnetite/hematite (Liang et al., 2009; Sun et al., 2013). Under these oxidized
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conditions, sulfur in the melt generally occurs as S®* (Jugo, 2009; Jugo et al., 2005) and
enters apatite structure (Streck and Dilles, 1998). Our YCB apatites preserve high S
contents (mean 0.43 wt.% SOs), which are comparable to those in other fertile
porphyries systems worldwide (SO3>0.5 wt.%; Streck and Dilles 1998; Chelle-Michou
and Chiaradia 2017), indicating high sulfur contents in the oxidized magmas.

The abundance of hydrous minerals (e.g. amphibole, biotite) in our three porphyry
systems attests to their high H20 concentrations (Fig. 2). Similarly, high whole-rock
Sr/Y (avg. 60 *=18) and Eun/Eu* ratios (avg. 0.88 +0.05), as well as the high zircon
(Eupy/Eu*) x 10000/Y ratios (avg. 9.9 £4.1) are indicative of high magmatic H20
contents (Loucks, 2021; Lu et al., 2015; Richards et al., 2012).

Overall, petrogenetic features of the Yulong, Duoxiasongduo and Zhanaga
porphyry deposits (i.e. sources, high oxidation states, sulfur and H20-rich) are
consistent with other ‘fertile’ porphyry systems worldwide, and elucidate the cluster of
deposits in YCB. However, these established fertility indicators do not vary
consistently between the giant, large and medium deposits and are therefore ineffective

tools for differentiating deposit size.
Zircon water contents of different scale porphyry deposits

There are three major mechanisms for H20 entering the crystal structure of zircon
(Aines and Rossman, 1986; Botis et al., 2013; De Hoog et al., 2014; Nasdala et al.,
2001a; Trail et al., 2010; Woodhead et al., 1991): (1) absorption into metamict zircons

due to the accumulation of radiation damage through a-decay of U and Th (Aines and
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Rossman, 1986; Woodhead et al., 1991); (2) entering the zircon structure in the form
of H* through H-compensated trivalent substitution (reactions [2] and [3]) (De Hoog et
al., 2014); and (3) hydrogarnet-type substitution in the form of OH" (reactions [4] and
[5]) (Botis et al., 2013; Nasdala et al., 2001a; Trail et al., 2010). In the first and second
scenarios, zircon H20 content do not record the water activity in their host magma (De
Hoog et al., 2014). However, in the third scenario, H20 content in zircon is mainly
dependent on the water activity and pressure of the melt (Trail et al., 2010). In this case,
we can theoretically compare the H20 contents in the melts with similar compositions
by comparing their zircon OH" contents after excluding the influence of pressure. In
H20-saturated condition, magmatic H20 contents are equivalent to their H20 solubility,
as magmatic H20 solubility is predominantly a function of pressure (Candela, 1986).
Thus, the magmatic H20 content and pressure would have uniform effect on the zircon
OH- content. This means that zircon OH" content could serve as an indicator of both the
magma water activity/content and magma storage depth (pressure) in H20-saturated
conditions.

Our zircon samples are non-metamict and free of radiation damage, as indicated by
their well-developed oscillatory zones (Fig. 3A), low radiation dose (Ddpa <3%<10% -
decay events/mg, calculated after Murakami et al. (1991)) and the FWHM of the
v3(Si0,) band being <8cm™ (Liebmann et al., 2021; Yang et al., 2022). This precludes

H20 absorption in our zircons.
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While some H20 is incorporated into our zircon crystals as H*, where
concentrations maybe affected by the REE®" content in melt (De Hoog et al., 2014),
most of the H20 was incorporated through an OH" substitution mechanism (Fig. 11).
Primary fluid inclusions are common in our zircons (Fig. 4B) and directly attest that
the ore-forming magmas had achieved H20 saturation/exsolved fluids prior to the
zircon crystallization. Moreover, apatite inclusions in our zircon crystals preserve the
H2O-saturated evolution trend (Fig. 13D), further supporting that the zircons have
crystallized from a H20-saturated magma. Thus, the positive correlation between zircon
OH" concentration and the size of porphyry deposits in the YCB (Fig. 10C) reflects that
the fertile magma of giant deposit having the highest water content during zircon
crystallization. This correlation also demonstrates a fundamental connection between

the depth of H20-saturation and the size of mineralization.

Deep fluid exsolution and the scale of porphyry-style mineralization

Apatites from the Yulong, Duoxiasongduo and Zhanaga porphyries consistently
record H20-saturated magma evolution (Fig. 13, section 4.6). Since ClI partitions more
strongly into magmatic fluids than F (Aiuppa et al., 2009; Alletti et al., 2009; Baker and

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

F

X ) x§t ) - .
should have lower X% and higher X% ratios than those equilibrated with later melts
Ap Ap

during the H20-saturated evolution (Stock et al., 2016; 2018).
Our amphibole, biotite, plagioclase, and quartz phenocrysts-hosted apatite

inclusions have comparable volatile compositions to groundmass apatite crystals (Fig.
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13A-C), suggesting that they do not preserve an earlier volatile record. As diffusive re-
equilibration of apatite inclusions is very slow and unlikely to occur on normal
magmatic timescale (Li et al., 2020; Stock et al., 2016), we interpret the phenocryst-
hosted apatites have re-equilibrated with late-stage melts post-entrapment, as a result
of their host-crystals being compromised by fracturing and/or alteration (Fig. 2; i.e.
apatite inclusions are no longer “shielded” from the magma by their phenocryst host).

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

Duoxiasongduo porphyries, have lower 22 C P and higher Of, ratios than other apatite
Ap Ap

inclusions and groundmass apatite crystals (Fig. 13A-B), suggesting zircon-hosted
apatite inclusions may preserve an earlier volatile record during their entrapment (i.e.
refractory zircons are uncompromised host crystals).

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

xF
AP

hosted, or in groundmass), apatite Py is the highest in the giant Yulong porphyry
Ap

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

Cl

the SZ ratios display the opposite trend (Fig. 13E-F; Fig. A4 E-F). The hlgher
A

Xap p

Cl

X . . . . . .
and the lower X% values of apatite appear to link with greater extent of mineralization,
Ap

possibly caused by different timing of volatile exsolution in the three porphyry systems.
) ) . xE x5t )
Magmatic H20-saturated evolution would increase X—C’l’ but decrease XT,’?, ratios
Ap Ap
of apatite (Stock et al., 2016; 2018). As discussed above, the magmas generated

giant/large porphyry deposits achieved H20-saturation at greater storage depths than

that of the medium-sized deposit. The deeper magmatic H20-saturation would release
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more fluid to interact with larger volume of melt, which promoted ClI extraction (Baker

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

Cl

apatlte Z higher and —5% lower (cf. shallower H20-saturation). While Stock et al.,
Ap Ap
F
(2016, 2018) typically envisage a slight positive correlation between % and )):A”
Ap Ap

during H20-saturated magmatic evolution, they consistently consider F to be
incompatible in the fluid phase. We suggest that the slight negative correlation in our
data (Fig. A4) maybe because F is, in fact, compatible in the Yulong porphyry fluids,
consistent with recent experimental data (Aiuppa et al., 2009; Baker and Alletti, 2012;
Chevychelov et al., 2008; Dolejs and Baker, 2007).

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

. T . . . xk
Liebmann et al., 2021), thus assimilation would likely increase apatite X% and
Ap
Cl

decrease the j: . However, the Yulong porphyry has similar isotopic compositions to
v
Xﬂ,
the other two porphyries (Fig. 7), indicating its hlghest a and lowest ~oH values are
Ap Ap

not caused by crustal assimilation.
Fractionation of volatile-bearing minerals (e.g., biotite, amphibole and apatite)

F XCl
may be expected to drive the decrease of both apatite p ~2% and 0 —2P ratios, because F

Ap Ap
typically partitions more strongly into common hydrous minerals (e.g., apatite, biotite,
and amphibole) than CI, and CI more strongly than OH (Benard et al., 2017; Li and

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

trends, thus fractionation of volatile-bearing minerals is unlikely the main mechanism.
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We suggest that the relationship between higher ﬁ lower X% and the larger

Ap Ap
deposit sizes in YCB reflects the link between the mass of Cl extracted by volatile
exsolution and the subsequent scale of mineralization. The magma generated the giant
Yulong porphyry deposit achieved H20O-saturation at deeper level, causing more ClI
extraction than the large Duoxiasongduo porphyry deposit; while the saturation in the
large Duoxiasongduo deposit was relatively deeper, and the CI extraction was more
than the medium-sized Zhanaga porphyry deposit (Fig. 14). This further demonstrates
the relationship between the H20-saturation depth and the porphyry mineralization size.
Since Cu and Mo formed Cl-complexes readily and partitioned into the fluid phase
(Grondahl and Zajacz, 2017; Simon et al., 2006; Ulrich and Mavrogenes, 2008;
Williams-Jones and Migdisov, 2014; Zajacz et al., 2011), deeper H20O-saturation also

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

mineralization.
Conclusions and implications for porphyry mineralization

Giant porphyry deposits are usually associated with more extensive hydrothermal
alteration than smaller ones (Hou et al., 2003; Sillitoe, 2010). This indicates that giant
ore-forming magmas have released more fluids and, theoretically, ‘wetter’ magmas
should have higher potential to generate giant porphyry deposits. This correlation
between magma wetness and porphyry mineralization intensity has been constrained

by our study:
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(1) Regardless of the deposit sizes, the three porphyries in YCB share similar
sources and geochemical features, i.e., they are all comparable when
considering established fertility indicators (high oxidation state, high sulfur
content and water-rich). While these fertility indicators may effectively
discriminate between baren and fertile systems, our data confirm that they do
not correlate with the scale of porphyry mineralization.

(2) Magmas in each of our three porphyries were H20 saturated at the time of
zircon crystallization. The zircon OH" content show a systematic increase with
deposit size, indicating that the porphyry mineralization intensity correlates

with the depth of H20-saturation.

.. Xk . ] o xCl
(3) Apatite X—‘é’l’ value show systematic increase with deposit size, whereas X%
Ap Ap

shows an opposite trend. These trends reflect more CI (and likely Cu and Mo)
extraction in larger deposits due to deeper magmatic H2O-saturation.

Since the depth of H20O-saturation could be determined by the magma H20 content,

(2) and (3) further demonstrate the positive correlation between the magma H20 content

and the porphyry mineralization size.

Cl

. . xk X . -
Zircon Hz0 contents and the apatite X—ﬁﬁ’ and X% ratios could serve as indices
Ap Ap

of the relative magma wetness in other porphyry systems, where conventional
petrological volatile indicators are less reliable (e.g. melt inclusions are crystallized).
They could also be used as novel mineral-geochemical tools to assess the scale of

porphyry mineralization potential.
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Moreover, trace element studies in zircon-hosted apatite inclusion have been a
topic of interest in detrital zircon provenance studies (e.g., Bruand et al., 2016; Meng
et al., 2022; Jennings et al., 2011;). Our study highlights that the zircon-hosted apatite
inclusions could preserve primary volatile compositions while the rest apatite has
been re-equilibrated with the later-stage melt. Combination of trace elements and
volatiles compositions of zircon-hosted apatite inclusions might also be relevant to

determine the provenance in the search for ore deposits and in other applications.
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FiG. 1. Simplified tectonic map of eastern Tibetan Plateau (modified after Campbell et
al. 2014; Leloup et al. 1995).

FiG. 2. The minerals assemblage of the Yulong porphyry, Duoxiasongduon porphyry,
and Zhanaga porphyry. Abbreviation: Amp=amphibole, Bio=biotite, Kfs=K-feldspar,
Pla=plagioclase, and Qtz=quartz.

FiG. 3. Representative photos of (A) CL image showing the zircon structure, and (B)
primary fluid inclusions in zircon from fertile porphyries under transmitted light.

FiG. 4. Backscattered-electron (BSE) of represent apatites with different occurrences.
(A) apatite inclusion within plagioclase phenocryst, (B) the apatite inclusions within
the biotite phenocrysts, (C) the apatite inclusions host by altered amphibole, with (D)
zoning texture showing primary and magmatic origin, (E) apatite inclusion host by
quartz with (F) zoning texture showing primary and magmatic origin, (G) apatite in
groundmass with (H) zoning texture showing primary and magmatic origin.

FiG. 5. Bulk-rock (A) total alkaline (TAS), and (B) the K20 vs. SiO2 diagrams of the
samples.

F1G. 6. Primitive mantle normalized bulk rock trace element and chondrite-normalized
bulk rock rare earth elements (REEs) patterns for Yulong porphyry (A, B),
Duoxiasongduo porphyry (C, D) and Zhanaga porphyry (E, F). The normalized values
are from Sun and McDonough (1989). Legends are the same as those in Fig. 5.

F1G. 7. The zircon 3'%0 vs. 4¢(t). Solid lines are isotopic mixing curves, and the open

circles along lines denote 10% intervals. Hfm/Hfc is the ratio of Hf concentration in the
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mantle (m) and the crust (c). Identical oxygen contents (50%) in the mantle and crust
were assumed. Depleted mantle source has &y ¢(t)=+17 and 8'*0=+5.3%o; Continental
crust has ey (t)=-35, "0 =+ 9.5%o. The composition of continental crustal zircon
5180 was from Yang et al. (2021). Legends are the same as those in Fig. 5.

FiG. 8. The average chondrite-normalized zircon REE patterns. Legends are the same
as those in Fig. 5.

FiG. 9. Plots of REE+Y vs. P (A and B), and vs. P+H20total (C and D).

F1G. 10. Zircon H20 contents in ppm (A), calculated maximum H* content (B), and the
(C) calculated minimum OH" contents vs. the mineralization size of the porphyry
deposits. Legends are the same as those in Fig. 9.

F1G. 11. Plots of (A) calculated maximum H* vs. H2Oxotai, (B) calculated minimum OH"
vs. H20rtotar, and (C) maximum calculated H* vs. minimum OH". Legends are the same
as those in Fig. 9.

FiG. 12. The CI contents vs. F contents, and SOs content vs. SiO2 contents of the apatite
from the Yulong porphyry (A, D), the Duoxiasongduo porphyry (B, E) and the Zhanaga
porphyry (C, F).

FiG. 13. Scatter plots of apatite compositions in X237 /X3P vs. XiP/X2P of (A)
Yulong, (B) Duxiasongduo, and (C) Zhanaga porphyry deposits. The same data are also
shown according to apatite textural associations, including zircon-hosted (D),

phenocryst-hosted (E), and in groundmass (F).
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FiG. 14. (A) Schematic diagram summarizing the water content evolution of porphyry
magmas that formed medium-size deposit (B) and giant/large deposit (C), and their
relations with the depth-dependent water solubility (blue solid line).
Table

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

Appendix
Fi1G. Al. Representative v5(Si0O,) Raman band of zircon grains from the three
intrusions.
FiG. A2. Chondrite-normalized REE patterns of each zircon grain.
FiG. A3. Variations between zircon (A) Mg, (B) Fe, and (C) Al contents and the REE+Y
contents. Values are given as atoms per functional zircon unit based on 4 oxygen (apfu.)
multiplied by 1000.
FIG. A4. Scatter plots of apatite compositions in X7 /X5P vs. X7 /x5P of (A)
Yulong, (B) Duxiasongduo, and (C) Zhanaga porphyry deposits. The same data are also
shown according to apatite textural associations, including zircon-hosted (D),
phenocryst-hosted (E), and in groundmass (F).
TABLE Al. Whole rock major and trace element composition of the three porphyries
from YCB
TABLE A2. Laser Raman spectra and LA-ICP-MS trace element composition (in ppm)

concentrations of the zircons from three porphyries from eastern Tibet
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TABLE A3. Water content and O isotopic composition of zircon from three porphyries
from eastern Tibet by SIMS

TABLE A4. Hf isotopic composition of zircon from the three porphyries from eastern
Tibet by MC LA-ICP-MS

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

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

Apatite Compositions — P‘henocryst host - Groundmass Zircon host
occurrences 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
Yulong giant‘ SO3(wt.%) 0.22-1.14 0.08-0.89 0.04-0.77 0.08-0.48  0.08-0.71
porphyry deposit — y ~  0.01-0.05 0.02-0.09 0.01-0.06 0.01-0.04  0.02-0.17
Xe/Xe 39.0-104 23.3-79.2 26.0-111 36.7-109 14.1-46.9
X/ Xom 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%) 0.07-021 0.06-0.28 0.19-0.43 0.05-0.15 0.08-0.24  0.17-0.37

Duoxiasongduo ~ FOWL%)  1.78-2.70 1.83-248 186237 1.33-249 160279  1.78-3.05
large porphyry  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
deposit XoXon  0.03-0.11 0.02-0.11 0.07-0.18 0.01-0.07  0.02-0.11  0.06-0.28
Xe/Xo  20.6-70.0 13.5-64.8 9.13-22.3 29.2-73.3  14.8-40.0  12.1-33.1

XelXon 093277 1.00-2.05 1.06-1.87 0.54-225 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

Zhanaga F(wt%) 1.86-2.37 1.58-2.44 1.78-225 1.64-237 1.56-2.60  1.70-2.60

medium SO;(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

porphyry deposit Xo'Xon  0.07-0.18 0.05-0.12 0.06-0.12 0.03-0.16  0.07-0.19  0.08-0.21
X/ X 9.13-22.3 7.42-25.1 9.76-24.7 8.57-27.4 8.30-23.2  8.31-24.1
X/ Xon 1.06-1.87 0.80-2.03 0.99-1.71 0.86-1.97 0.78-2.69  0.89-2.89
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