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ABSTRACT

The giant Yulong porphyry Cu—Mo deposit was formed in postsubduction setting in eastern Tibet. Origin
of the ore-related Yulong intrusion remains a matter of debate. This study presents new whole-rock
major and trace element geochemistry, in-situ apatite Sr—Nd and zircon Hf—O isotopes, and mineral-
ogical chemistry of the Yulong intrusion. Least-altered samples from the Yulong intrusion have high SiO,
(66.3—69.5 wt%) and Al,03 (14.9—15.5 wt%) contents, high La/Yb (36.4—68.0) and Sr/Y (46.0—76.3) ratios,
and low MgO (0.63—1.24 wt%) and Cr (<30 ppm) contents, similar to adakitic rocks deriving from thick
juvenile lower crust. They are enriched in large ion lithophile elements (LILEs) and depletion in high field
strength elements (HFSEs), and show listric REE patterns. In-situ apatite Sr—Nd isotopes show limited
variations ((87Sr/%8sr); = 0.7060—0.7068, eNd(t) = —4.8—0.2), which plot between Paleo-Tethys ocean-
related arc magmas and the ancient crust in eastern Tibet. Zircon grains from this study and published
studies have mostly positive yet variable eHf(t) values (—20.6 to +12.2) and young Hf model ages that
overlap those of the Paleo-Tethys ocean-related arc magmas. The above Sr-Nd-Hf isotopes, together with
the elevated zircon 8'80 values (6.4 to 9.3%o) and arc-like trace element patterns, collectively suggest that
the Yulong intrusion may have originated from partial melting of juvenile lower arc crust related to the
subduction of the Paleo-Tethys ocean, with incorporation of a small amount of ancient crustal materials.
Two generations of amphibole were recognized at Yulong. Their compositions are used to calculate crys-
tallization depths, magmatic oxidation states, and water contents. The caculated results show that the early-
stage euhedral high-Al (5.87—8.51 wt%) amphibole phenocrysts may have crystallized in the underlying
magma chamber (71-12.5km in depth), whereas the late-stage xenomorphic low-Al (3.47—4.87 wt%)
amphibole grains may have crystallized in the porphyritic stock (4.0—5.6 km). Magmatic water contents
decrease from early- (3.5—4.6 wt%) to late-stage (2.8—3.5 wt%) amphibole, which is interpreted to indicate fluid
exsolution from the magma chamber during emplacement of the Yulong intrusion. Caculated oxidation states
increase from early- (ANNO = 0.6—1.5) to late-stage (ANNO = 1.9—2.3) amphibole. Plagioclase phenocrysts
show periodic or reverse core-to-rim zonation of An contents (range up to 25 mol%), which are coupled by FeO
contents, probably suggesting magma recharge events. Collectively, we propose that the magma chamber
beneath Yulong was recharged by a less evolved magma, and was saturated in fluids to produce intensive
alteration and mineralization. The relatively high oxidation states allow the metals to be enriched in the
evolving magma, and to be deposited in the hydrothermal alteration stage.
© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

2010), and are genetically related to partial melting of the subduction-
metasomatized asthenosphere mantle wedge (Richards, 2003, 2011).

Porphyry Cu deposits are typically developed in oceanic slab It is widely accepted that relatively high magmatic oxidation states
subduction-related magmatic arcs (Cooke et al., 2005; Sillitoe, 1972, (AFMQ > +1, where FMQ is the fayalite-magnetite-quartz buffer;
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Mungall, 2002; Ballard et al., 2002; Richards, 2015), high water con-
tents (>4 wt%; Richards, 2011), and high sulfur and halogen contents
(Streck and Dilles, 1998; Chelle-Michou and Chiaradia, 2017; Zhu et al.,
2018; Xu et al., 2016b) are all indispensable conditions for porphyry Cu
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mineralization. In addition, voluminous fluid exsolution and focused
metal precipitation are also essential factors in producing high grade
mineralization (Burnham, 1979; Candela, 1992; Richards, 2005).
Recent studies have shown that the postsubduction tectonic set-
tings, such as the Miocene Gangdese belt and the Eocene Yulong belt
in eastern Tethys domain, could also form porphyry Cu deposits (Hou
et al., 2004, 2011, 2013; Richards, 2009; Shafiei et al., 2009; Li et al.,
2011; Xu et al., 2012, 2016a; Deng et al.,, 2014, 2017). Origin of these
ore-forming porphyries, however, remains a matter of debate. Several
models have been proposed to account for the paragenesis of these
postsubduction porphyry deposits, which include partial melting of
the lithosphere mantle that was metasomatized by previous slab-
derived melts/fluids (Zhang and Xie, 1997; Zhang et al., 1998; Gao
et al.,, 2007, 2010; Xu et al.,, 2012, 2016a), partial melting of the sub-
ducted oceanic slab (Hu et al.,, 2015a), and partial melting of lower
crustal cumulates of early arc magmas (juvenile lower arc crust)
(Chung et al., 2003; Hou et al,, 2004, 2006, 2011, 2013, 2015; Richards,
2009; Shafiei et al., 2009; Li et al., 2011; Wang et al., 2014, 2018).
The giant Yulong porphyry Cu—Mo deposit, located in eastern
Tibet (Fig. 1A), is a typical postsubduction porphyry Cu—Mo deposit
(Tang and Luo, 1995; Hou et al,, 2003). Despite a mass of whole rock
geochemical and zircon Hf isotopic studies, origin of the ore-related
Yulong intrusion remains controversial. Major disputes include par-
tial melting of the ancient subduction-metasomatized lithospheric
mantle (Zhang and Xie, 1997; Zhang et al., 1998; Hou et al., 2003;
Jiang et al., 2006), or the juvenile mafic arc lower crust (Hou et al.,
2006; Li et al., 2012). In this contribution, we present new whole-rock
major and trace element geochemistry, in-situ apatite Sr—Nd and
zircon Hf—O isotopes of the ore-related Yulong intrusion, with the
aim of providing new evidences for the origin of the postsubduction
Yulong deposit. Textural and compositional features of silicate phe-
nocrysts (amphibole and plagioclase) of the Yulong intrusion are also
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reported to shed lights the variations of magmatic oxygen fugacity
and water contents during magmatic-hydrothermal evolution, which
finally led to the porphyry Cu mineralization.

2. Geological setting
2.1. Geology of the Yulong porphyry Cu belt

The 30-km-wide and >300-km-long Yulong porphyry Cu belt is
situated in the north Qiangtang terrane in eastern Tibet (Fig. 1A—B; Hou
and Zhang, 2015). The north Qiangtang terrane consists of Proterozoic
to early Paleozoic basement and middle Paleozoic—Mesozoic carbonate
and clastic cover rocks (Tang and Luo, 1995). It is separated from the
Songpan-Ganze terrane by the Permian Jiangda-Weixi arc, which is
product of the subduction of the Jinshajiang Ocean (a branch of the
Paleo-Tethys ocean) during Permian-Triassic (Fig. 1B; Hou et al., 2003;
Zi et al., 2012a). To the west, the north Qiangtang terrane is separated
from south Qiangtang terrane by the Permian-Triassic Zuogong-Jing-
hong arc (Fig. 1B). This arc marks the closure of Longmu Tso—Shuanghu
Ocean in Triassic, which is considered to have been the main branch of
the Paleo-Tethys Ocean in eastern Tibet (Fig. 1B; Li et al., 2007).

The NW—SE-trending Yulong belt hosts one giant (Yulong, 6.5
Mt Cu and 0.41 Mt Mo; Tibet Yulong Copper Co. Ltd., 2009), three
large (Malasongduo, 1 Mt Cu, 37.1 Ma; Duoxiasongduo, 0.5 Mt Cu,
37.2 Ma; Narigongma, 0.5 Mt Cu, 43.6—41.7 Ma; Liang et al., 2006;
Hou et al.,, 2003; Yang et al., 2014a), and three medium to small
(Baomai, 0.21 Mt Cu; 42.7 Ma; Zhanaga, 0.30 Mt Cu, 38.5Ma;
Mangzong, 0.25 Mt Cu, 37.5 Ma; Lin et al.,, 2018; Liang et al., 2006)
porphyry Cu deposits. Formation and distribution of these deposits
are structurally controlled by the crustal scale strike-slip faults that
were resulted from the Cenozoic India-Asian continental collision
(Fig. 1B; Hou et al., 2003). Because the subduction of the Jinshajiang
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Fig. 1. A. Simplified geological map of southeastern Tibet (Modified from Metcalfe, 2013). B. Simplified geological map of the Yulong porphyry Cu belt in eastern Tibet, showing
distribution and ages of Cenozoic porphyry Cu deposits (Modified from Hou et al., 2003). The ages of the deposits are from Liang et al. (2006), Li et al. (2012) and Lin et al. (2018). C.
Simplified geological map of the Yulong ore district (Modified from exploration report of the Tibet Yulong Copper Co., Ltd., 2009).
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and Longmu Tso—Shuanghu Ocean both have been completed
before late Triassic (Li et al., 2007; Zhu et al., 2011; Zi et al., 2012a;
He et al.,, 2018; Yang et al., 2018) in this region, and the Neo-Tethys
ocean had also closed before 65—55 Ma (Mo et al., 2007; Hu et al.,
2015b), these Eocene porphyry deposits (~42 Ma) apparently
belong to postsubduction porphyry deposits (Richards, 2009).

2.2. Deposit geology

As the largest deposit in the Yulong belt, the Yulong porphyry
Cu—Mo deposit is spatially and genetically related to the Yulong
composite porphyry stock (Fig. 1C), which intruded the Triassic
sandstone, mudstone and limestone. These sedimentary rocks may
also have contributed some of the ore-forming materials (e.g., Pb;
Huang et al., 2019a). The Yulong composite porphyry stock consists of
three magmatic phases: early stage monzongranite porphyry (MGP),
middle stage K-feldspar porphyry (KGP), and late stage quartz albite
porphyry (QAP) (Fig. 2; Chang et al., 2017). Copper and Mo minerali-
zation is mainly related to and hosted by the early stage MGP, which
contains phenocrysts of quartz, plagioclase, K-feldspar, biotite and
amphibole (Fig. 3A-D). Age of the MGP has been dated to be
40.9 + 0.2 Ma to 41.3 + 0.8 Ma (zircon U—Pb, 25; Guo et al., 2006; Liang
et al., 2006; Wang et al., 2009; Li et al., 2012; Huang et al., 2019b), with
an slightly older age reported to be 42.0 + 0.3 Ma (Chang et al., 2017).
The middle stage KGP occurs as small dikes, and yields zircon U—Pb
ages of 41.2 + 0.3 Ma, which is indistinguishable from the MGP (2c;
Chang et al,, 2017). Small portion of Cu or Mo mineralization (<20%)
was produced by this phase (Chang et al., 2017). The late stage quartz
albite porphyry (QAP; Fig. 2) postdates the Cu and Mo mineralization
(Chang et al., 2017), and yields zircon U—Pb age of 40.1 + 0.3 Ma (20;

Chang et al., 2017). The QAP also occurs as small dikes. No economic Cu
or Mo mineralization was produced by this phase.

The bulk Yulong composite porphyry stock had experienced
intense to moderate potassic alteration, which is mainly associated
with the former two magmatic phases (MGP and KGP; Fig. 2; Chang
et al., 2017). The potassic alteration is expressed by various types of
A veins such as biotite veins (Fig. 3E) and quartz + chalcopyrite +
molybdenite veins (Fig. 3A; Chang et al, 2017), and by the
replacement of amphibole phenocrysts by secondary biotite
(Fig. 3F). Deposition of Cu and Mo mainly occurred in this stage
(Fig. 2; Chang et al., 2017, 2018). Phyllic alteration is locally devel-
oped along with the occurrence of QAP, and commonly overprints
the precursory potassic alteration (Fig. 2). Intensive argillic alter-
ation developed in the upper part of the Yulong intrusion, and at
the contacts between the intrusion and wall rocks (Fig. 2). No
economic Cu or Mo mineralization was produced in the phyllic and
argillic alteration stages (Chang et al., 2017).

Apart from the mineralized Yulong composite porphyry stock,
the Yulong ore district also hosts several coeval subeconomic in-
trusions (Fig. 1B; the Ganlongla intrusion, 43.9+0.6Ma to
43.6 + 0.8 Ma, Guo et al., 2006; Wang et al., 2009; the Y3 intrusion,
414 + 0.6 Ma; Wang et al., 2011). The subeconomic intrusions have
indistinguishable whole rock major and trace element composi-
tions, whole-rock Sr—Nd and in-situ zircon Hf isotopes with the
mineralized MGP of the Yulong composite porphyry stock (Jiang
et al., 2006; Wang et al., 2011; Li et al., 2012), indicating that they
are co-magmatic (Zhang and Xie, 1997; Hou et al., 2003; Jiang et al.,
2006; Xu et al., 2012, 2016a; Hou et al., 2011; Li et al., 2012). Pre-
vious study have shown that all these intrusions were relatively
oxidized, hydrous, and sulfur-rich, and were fertile for ore-
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Fig. 2. Geological cross-section C-C’' of the mineralized Yulong intrusion, showing variation of ore grades, hydrothermal alteration, and occurrence of different magmatic phases
(After Chang et al,, 2017). The middle-stage K-feldspar granite porphyry and late-stage quartz albite porphyry occur as small dikes that intrude the early-stage monzogranite

porphyry. Location of cross-section C-C’ is shown in Fig. 1B.
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Fig. 3. Representative photographs and microphotographs of porphyry-type ores from the Yulong deposit. A. Porphyry ores with disseminated chalcopyrite and pyrite, and pyrite +
chalcopyrite veins. B. Transmitted light microphotographs showing the euhedral early-stage high-Al amphiboles from the Yulong deposit. C. Transmitted light microphotographs
showing the late-stage low-Al amphiboles. They are mainly developed in the groundmass, and are subhedral to xenomorphic in shape and smaller in size. D. Reflected light
microphotographs of (C), showing that the late-stage low-Al amphiboles coexist with magnetite. E. Hydrothermal biotite veins formed in potassic alteration stage. F. Hydrothermal
biotite formed by alteration of amphibole phenocrysts. Abbreviations: Amp = amphibole, Bi = biotite, Cpy = chalcopyrite, Kf = K-feldspar, Mag = magnetite, Moly = molybdenite,

Pl = plagioclase, Py = pyrite, Q = quartz, Ttn = titanite.

formation, whereas the mineralized Yulong composite porphyry
stock was more extensively devolatilized, which was possibly
triggered by magmatic recharge events (Huang et al., 2019b).

3. Sampling and analytical methods

Drill core samples from the syn-mineralization MGP were
collected and petrographically studied to seek least-altered phe-
nocrysts (plagioclase and amphibole) for electron microprobe
analysis, and the apatite crystals for in-situ Sr—Nd isotope analyses.
Locations of the collected samples are shown in Figs. 1C and 2, and
are described in Appendix Tables A1—A5. Twelve least-altered
samples (MGP) were collected at the open pit for whole-rock major
and trace element analysis. For convenience, the MGP is referred to
as the Yulong intrusion in the following text.

Four samples from the mineralized Yulong intrusion (MGP;
YL912, YL906, ZK0812-389, ZK1007-607) were used for in-situ
zircon Hf—O isotope analysis. Three of these samples have been
previously dated to be 43.2+0.3Ma (YL912, Xu et al, 2012),
411+ 0.3 Ma (sample ZK0812—389), and 40.9 + 0.3 Ma (sample
ZK1007—607), respectively (zircon U-Pb, 2¢; Huang et al., 2019b).

3.1. Electron microprobe analyses

Compositional data of plagioclase and amphibole were acquired
by a JEOL JXA-8230 electron microscope using wavelength-
dispersive spectroscopy at the Shandong Bureau Testing Center of
China Metallurgical Geology Bureau (Jinan). The operating condi-
tions are 15 KV accelerating voltage, 10 nA beam current, and 5 um
beam diameter. All data were corrected based on the ZAF
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A ZK0807-220 YL 1525

C ZK1007-671

Fig. 4. Representative CL images of the apatite crystals used for in-situ Sr—Nd isotope analyses. Also shown are the analytical spots and representative analytical results of Sr isotopes.

procedure. The following standards were used for element cali-
brating: phlogopite (F), jadeite (Na and Si), diopside (Ca, Mg),
garnet (Al), olivine (Fe), rhodonite (Mn), apatite (P), barite (Ba),
rutile (Ti) and sanidine (K). The peak/background counting times
were 8 s/3 s for Na, 10s/5s for Mg, Al, Si, Ni, K, Ti, Ca, P, Fand Cl, and
20s/10s for Mn, Fe and Cr.

3.2. Whole-rock major and trace element analyses

Whole-rock major element compositions were determined us-
ing an Axios PW4400 X-ray fluorescence spectrometer (XRF) at ALS
Chemex, Guangzhou, China, using fused lithum-tetraborate glass
pellets. The analytical accuracy is better than 5 relative %. Whole

Table 1
Whole-rock major (%) and trace (ppm) element compositions of the Yulong intrusion.

Sample  YL1522  YL1523 YL1524  YL1525  YL1525-4  YL1525-7 YL1528-2-1 YL1528-2-2 YL1530  YL1549-2  YL1552-26  YL1552-3
SiO, 69.3 69.5 68.6 66.5 66.3 67.4 68.8 67.5 66.9 67.6 68.2 68.3
TiO, 0.37 0.34 0.37 0.38 0.36 0.38 0.36 0.35 0.37 0.35 0.36 0.37
Al,03 15.3 14.9 15.2 15.1 15.0 15.5 15.3 14.9 15.2 15.1 15.4 15.5
TFe;03 2.21 2.46 3.18 3.85 3.08 3.31 244 3.22 2.99 2.75 2.05 239
MnO 0.01 0.02 0.01 0.01 0.01 0.01 0.02 0.01 <0.01 <0.01 0.01 0.01
BaO 0.15 0.11 0.11 0.09 0.12 0.13 0.11 * 0.12 0.15 0.15 0.14
MgO 0.93 1.06 1.13 1.18 1.06 1.22 1.04 1.13 1.24 1.12 0.63 0.76
Ca0o 1.22 1.72 1.52 1.08 1.50 1.08 2.07 1.08 1.32 1.44 24 244
Na,O0 3.06 3.44 3.61 3.22 3.79 3.88 3.72 3.96 3.18 3.40 3.51 3.50
K>0 4.98 4.68 4.40 534 4.54 4.53 4.44 433 5.10 5.26 5.16 4.95
P05 0.18 0.19 0.21 0.21 0.20 0.22 0.20 0.20 0.22 0.20 0.21 0.21
LOI 117 1.23 139 2.38 1.85 2.34 1.06 2.36 1.93 1.88 1.20 1.27
SUM 98.7 99.5 99.6 99.3 97.7 99.9 99.5 99.0 98.5 99.1 99.1 99.6
Mg# 46 46 42 38 41 42 46 41 45 45 38 39
La 55.6 82.1 719 71.1 729 62.1 67.8 719 63.7 68.0 484 433
Ce 105 158 141 141 141 120 130 137 115 131 123 104
Pr 10.8 16.1 14.8 14.9 15.1 12.7 13.5 13.9 11.6 133 141 12.0
Nd 36.9 56.0 52.1 51.2 53.8 44.7 474 49.2 393 46.6 524 447
Sm 6.04 8.71 8.39 8.65 8.70 7.19 7.49 7.77 6.06 7.18 8.73 7.62
Eu 1.82 2.14 213 2.28 2.42 1.70 191 1.86 1.77 1.76 2.25 1.94
Gd 4.06 5.52 543 5.48 6.10 5.04 4.94 5.12 4.40 4.58 5.69 5.06
Tb 0.53 0.66 0.67 0.67 0.76 0.64 0.60 0.64 0.56 0.56 0.67 0.61
Dy 2.66 324 3.16 3.25 3.68 3.21 3.06 3.09 2.84 2.62 3.17 2.85
Ho 0.53 0.58 0.59 0.55 0.63 0.61 0.53 0.55 0.53 0.47 0.53 0.53
Er 1.44 1.57 1.59 1.53 1.68 1.61 1.50 1.51 1.51 1.26 1.49 1.42
Tm 0.22 0.21 022 0.22 0.23 0.22 0.20 0.20 0.22 0.17 0.21 0.19
Yb 1.31 1.26 1.31 1.27 1.37 1.28 1.28 1.26 1.25 1.00 1.17 1.19
Lu 0.21 0.19 0.21 0.21 0.19 0.20 0.19 0.20 0.19 0.16 0.18 0.18
Hf 7.50 6.50 6.80 6.60 6.00 6.50 7.50 6.10 5.70 5.50 5.60 6.70
Y 13.6 15.6 15.7 16.6 17.4 16.2 15.2 15.7 15.5 13.5 15.1 15.6
Rb 239 189.5 207 276 195.0 196.0 218 201 254 240 237 231
Sr 780 963 998 764 1020 896 1065 831 871 1030 1100 1075
Nb 11.7 10.7 114 111 10.5 11.0 11.8 11.5 10.2 114 10.9 11.3
Ta 1.50 1.20 1.30 1.40 1.30 1.20 1.40 1.20 1.30 1.30 1.20 1.30
Th 26.3 233 235 23.2 23.2 22.0 26.9 259 221 231 26.0 17.90
§) 10.7 4.78 7.25 4.73 10.1 6.72 9.24 14.6 7.99 9.46 4.75 4.90
\Y 56 52 58 65 55 54 56 53 57 55 51 53
w 681 499 630 942 737 604 734 704 735 830 563 747
Zr 271 242 255 245 217 241 278 219 220 206 202 254
Ba 1240 914 941 830 1105 1195 965 1025 1075 1315 1250 1170
Cr 20 14 17 14 14 14 13 13 13 13 11 12
Ni 204 15.7 19.1 19.6 19.5 171 18.1 20.8 20.7 21.0 124 17.5
Cs 11.65 539 5.82 9.67 6.90 9.61 13.50 9.97 10.50 7.06 6.65 7.31
Ga 20.8 21.2 232 18.1 21.1 219 23.1 223 215 20.8 20.8 20.9
Cu 672 269 1450 666 2580 557 609 1180 5190 980 2060 1210
Li 20.6 21.1 22.7 28.5 17.5 21.2 199 20.0 22.1 19.2 10.6 11.0
Mo 6.14 8.95 3.26 6.08 2.58 1.62 2.36 2.18 5.62 6.04 166.5 26.9
La/Yb 424 65.2 54.9 56.0 53.2 48.5 53.0 57.1 51.0 68.0 414 36.4
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rock trace elements were determined using a PerkinElmer DRC-e
ICP-MS at IGCAS. About 50 mg powdered samples were precisely
weighted and dissolved in high-pressure Teflon bombs with HF and
HNOs3; mixture for 2 days at 190 °C. To monitor signal drift during
counting, Rh was used as an internal standard. Detailed analytical
methods were given by Qi et al. (2000). The analytical precision is
generally better than 10%.

3.3. Apatite Sr and Nd isotope analyses

Apatite is a ubiquitous accessory mineral in granitic rocks, and is
relatively insensitive to later hydrothermal alteration (e.g., Mao
et al., 2016). It could preserve the original chemical and isotopic
features of the parental magmas (Poitrasson et al., 2002). Consid-
ering the fact that whole-rock samples at Yulong have been sub-
jected to varying degrees of hydrothermal alteration, we therefore
chose apatite for Sr—Nd isotope analyses. The apatite grains
analyzed in this study are generally rectangular in shape, and show
oscillatory zonings in cathodoluminescence (CL) images, suggest-
ing a magmatic origin (Fig. 4A—C).

In-situ apatite Sr and Nd isotopic compositions were analyzed by
laser ablation that is coupled to a Neptune multi-collector ICP-MS (LA-
MC-ICP-MS) at the institute of geology and geophysics, Chinese
Academy of Sciences (IGGCAS). The analytical protocol follows the
method described in Yang et al. (2009, 2014b). For Sr isotope analyses,
the repetition rate was 8 Hz and spot size was 120 um. Apatite
reference materials AP1 and Slyudyanka were used as quality control
materials. They yielded average 37Sr/6Sr values of 0.71136 + 14 (25D,
n=22) and 0.70766 + 12 (2SD, n=28), respectively, which are in
agreement with the recommended values (0.711370+31 and
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0.70769 + 15, respectively; Yang et al., 2014). For Nd isotope analyses,
the repetition rate was 8 Hz and spot size was 90 um. Apatite refer-
ence materials AP1 and AP2 were used as external standards. They
yielded average '*Nd/'#4Nd values of 0.511345 + 38 (2SD, n = 18) and
0.511011 + 40 (2SD, n = 21), respectively, which are in agreement with
the recommended values (0.511349 + 38 and 0.511007 + 30, respec-
tively, 2SD; Yang et al., 2014b). The following values are used to
calculate the initial Sr ((37Sr/6Sr);) and Nd (eNd(t)) isotopic compo-
sitions: age=41Ma (Liang et al, 2006; Li et al, 2012); Arp=
142 x 10711 year!(Steiger and Jiger, 1977); sm=6.54 x
10~ "2year~! (Lugmair and Marti, 1978); (MNd/™*Nd)cyur =
0.512638 (Goldstein et al., 1984); (*Sm/™*Nd)cyur = 0.1967 (Jacob-
sen and Wasserburg, 1980).

3.4. Zircon O and Hf isotope analyses

In-situ zircon O isotope analyses of samples YL912 and YL906
were conducted at the Institute of Geology and Geophysics (IGG),
Chinese Academy of Sciences (CAS) in Beijing, using a Cameca IMS
1280 ion probe. Detailed analytical procedures were similar to
those described by Li et al. (2009). The Cs™ primary ion beam was
used as the ion source. Spot size of about 20 um was applied. One
analysis takes about 5 min. Uncertainties on individual analysis are
usually better than 0.2%0-0.3%0 (1o; Li et al, 2009, 2010). The
instrumental mass fractionation factor (IMF) is corrected using
zircon 91,500 standard with a 5'80 value of 9.9%. (Wiedenbeck
et al.,, 2004; Li et al., 2009). Zircon O isotopes of samples ZK1812-
389 and ZK1007-607 were determined using Cameca IMS-1280
SIMS at Guangzhou Institute of Geochemistry (GIG), CAS. Analytical
procedures were similar to those described above. The spot sites of
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Fig. 5. Plots of fluid-mobile elements (K, Na, Rb and Sr) versus LOI values of the Yulong intrusion.
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in-situ zircon O isotope analyses were selected to be next to the
sites of previous U—Pb isotope analyses. Instrumental mass frac-
tionation factor during analysis is corrected using the Penglai and
Qinghu zircon standards that yield 50 values of 5.31%o + 0.10%o
(2SD) and 5.4%o + 0.2%o (2SD), respectively (Li et al., 2010, 2013).

In-situ zircon Hf isotope analyses of samples YL912 and YL906
were conducted at IGGCAS, using a Neptune multi-collector ICP-MS
equipped with a Geolas 193 nm laser-ablation system. The spots of
Hf isotope analyses were selected to be next to the spots of O an-
alyses. Detailed analytical methods were described by Wu et al.
(2006). Zircon 91,500 was used as external standard. Our deter-
mined Hf/”’Hf ratios of zircon standards 91,500
(0.282308 + 0.000011) are well consistent with reported values
(0.282306 + 0.000028; Woodhead et al., 2004).

4. Results
4.1. Whole-rock major and trace element compositions

Whole-rock major and trace element compositions of the
Yulong intrusion are listed in Table 1, and illustrated in Figs. 5—7.

The Yulong intrusion has been subjected to varying degrees of
hydrothermal alteration (Figs. 2 and 3A—F), which may affect the
whole-rock compositions, especially these of the fluid-mobile ele-
ments such as K, Na, Rb, and Sr. To evaluate the potential effects of
alteration on whole-rock compositions, the contents of these mo-
bile elements (e.g., K, Na, Rb and Sr) are plotted versus loss-on-
ignition (LOI) values (Fig. 5). These plots show relatively constant
contents for the mobile elements with varying LOI values, sug-
gesting that alteration may only have minimal effect on the com-
positions of the studies samples.

The samples are compositionally homogenous, characterized by
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high SiO; (66.3—69.5 wt%), Al,03 (14.9—15.5 wt%), K20 (4.33—5.34 wt
%) contents, and low MgO (0.63—1.24%) and Cr (<30 ppm) contents
and Mg* values (Table 1; Fig. 6A—D). Major element compositions of
these samples were normalized to LOI free before geochemical
plotting. In the Zr/TiO, * 0.0001 versus Nb/Y diagram, these samples
mostly straddle the boundaries between rhyolite/granite, trachyan-
desite/syenite, and rhyodacite/granodiorite fields (Fig. 6A). In primi-
tive mantle-normalized extended trace element diagram (Fig. 7A),
these samples are characterized by enrichment in large ion lithophile
elements (LILEs, Rb, Ba, Th, U and K) and depletion in high field
strength elements (HFSEs, Nb, Ta, Ti and P), similar to typical sub-
duction-related igneous rocks (Hawkesworth et al., 1993; Pearce,
1996). In the chondrite-normalized rare earth element (REE) diagram
(Fig. 7B), these rocks are characterized by right inclined, listric-sha-
ped patterns, likely suggesting amphibole fractionation during evo-
lution of the hydrous magma (Castillo et al, 1999; Richards and
Kerrich, 2007). These samples also have high La/Yb (36.4—68.0) and
Sr/Y (46.0—76.3) ratios, and plot in the adakite field in the La/Yb
versus Yb diagram (Fig. 7C—D).

4.2. Apatite Sr and Nd isotopes

The analytical results of apatite Sr and Nd isotopes are listed in
Appendix Tables A1 and A2, respectively. Apatite grains from the
Yulong intrusion have very low 37Rb/®Sr ratios ranging from
0.0003 to 0.0146, suggesting negligible radiogenic 3’Sr contribution
after apatite formation. They have very uniform 37Sr/®6Sr ratios
ranging from 0.7060 to 0.7068, corresponding to initial Sr isotopic
values (i.e. (37Sr/2%Sr);) of 0.7060 to 0.7068 at 41 Ma (age of the ore-
related Yulong intrusion; Liang et al., 2006; Li et al., 2012). These
values conform to a Gaussian distribution, with the peak values at
0.7064 to 0.7066 (Fig. 8A). The apatite grains have '4’Sm/™*Nd and
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Fig. 6. (A) Zr/Ti0,*0.0001 vs. Nb/Y discrimination diagram (Winchester and Floyd, 1977), (B) Cr (ppm) vs SiO, (wt%) diagram, (C) Mg* vs SiO, (wt%) diagram, and (D) MgO (wt%) vs.
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Fig. 7. (A) Primitive mantle-normalized trace element spider diagram, (B) Chondrite-normalized rare earth element patterns, (C) La/Yb vs. Yb diagram, and (D) Sr/Y vs. Y diagram for
the Yulong intrusion. Normalization values of primitive mantle and chondrite are from Sun and McDonough (1989). Fields for mafic lavas in the Nangqian basin in A-B are from
Deng et al. (2001) and Spurlin et al. (2005). Fields for adakite and normal andesite-dacite-rhyolite, and trends for mineral fractionation in C-D are from Richards and Kerrich (2007).

Data sources of Yulong are the same as those in Fig. 6.

143Nd/144Nd ratios ranging from 0.0731 to 0.1524 and from 0.51238
to 0.51262, respectively. Corresponding initial Nd isotopic values
(i.e. eNd(t)) range from —4.8 to +0.2. They also conform to a
Gaussian distribution, with the peak values at —3 to —2 (Fig. 8B).

Initial Sr and Nd isotope compositions of the samples used for
in-situ apatite Sr and Nd isotope analysis are caculated based on
average values of all the apatite analyses in the corresponding
sample. The results are summarized in Table 2 and illustrated in
Fig. 9B. Published whole-rock Sr and Nd isotopes of the Yulong
intrusion are also compiled and illustrated in Figs. 8A—B and 9B.
Caculated initial Sr and Nd isotope compositions show limited
variations, with the (87Sr/86sr); values ranging from 0.7062 to
0.7066, and eNd(t) ranging from —3.0 to —1.7.

4.3. In-situ zircon Hf—O isotopes

The analytical results of zircon Hf—O isotopes of samples YL906
and YL912 are listed in Table 3, whereas the zircon O isotopes of
samples ZK0812-389 and ZK1007-607 are listed in Appendix
Table A3. All data are illustrated in Figs. 8C—D, 9A, and 10. The eHf(t)
values and two-stage model ages (Tpnyz) were caculated back to
41 Ma (age of the Yulong intrusion; Liang et al., 2006; Li et al., 2012;
Huang et al., 2019b). For comparison, published zircon Hf isotopes
of the Yulong intrusion (Jiang et al., 2006; Wang et al., 2011; Li et al.,
2012) are also compiled and illustrated in Figs. 8C and 10.

Zircon grains from samples YL906 and YL912 in this study have
positive  €Hf(t) values ranging from 0.6% to 4.8%o
(average = 2.4 + 1.1%o, n = 41), with model ages ranging from 811 to
1080 Ma (Fig. 10; Table 3). The eHf(t) values of this study and
published studies conform to a Gaussian distribution, with the peak
values at 0%o to 5%o (Fig. 8C). Several analyses from published study

(Jiang et al., 2006; Li et al., 2012) yielded significantly negative
zircon eHf(t) values (Figs. 8C and 10), possibly implying involve-
ment of crustal components during the formation of Yulong
intrusion.

Oxygen isotopes of zircon grains from the Yulong intrusion
show large variations from 6.4 to 9.3%o (Figs. 8D and 9A; n=79).
These data conform to a Gaussian distribution, with the peak values
at 6.8%o to 7.2%o (Fig. 8D). Most of the zircon 3'80 values range from
6.4 to 7.6%0 (average = 7.0 +0.3%o, 20, n=74; Table 3; Appendix
Table A3). A few zircons have higher 3'80 values ranging from 7.9 to
9.3%0 (Table 3; Appendix Table A3; Figs. 8D and 9A), possibly
implying involvement of supracrustal components during the for-
mation of Yulong intrusion.

4.4. Mineral compositions

Compositions of amphibole and plagioclase phenocrysts are
listed in Appendix Tables A4 and A5, respectively.

4.4.1. Amphibole compositions

Two generations of amphibole were recognized in the Yulong
intrusion. The early-stage amphibole grains occur as euhedral
phenocrysts, which commonly enclose mineral inclusions such as
apatite and magnetite (Fig. 3B). They have relatively high Al,Os,
FeO, TiO,, and NayO contents, and lower SiO,, MgO, and CaO con-
tents (Al,03 =5.87—8.51 wt%; SiO; =44.70—48.66 wt%; Appendix
Table A4; Fig. 11A—F), and are mainly classified as magnesio-has-
tingsite (Fig. 12A; Hawthorne et al., 2012). In comparison, the late-
stage amphibole grains were developed in the groundmass, and are
subhedral to xenomorphic in shape and smaller in size (Fig. 3C).
They also enclose magnetite mineral inclusions (Fig. 3D), indicating
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relatively high oxygen fugacity during their crystallization. They are
characterized by higher SiO,, MgO, and CaO contents, and lower
Al,03, FeO, TiO;, and NaO; contents (Al,03=3.47—4.87 wt%;
Si0, =49.92—52.05 wt%; Appendix Table A4; Fig. 11A—F), and are
mainly classified as tremolite (Fig. 12A; Hawthorne et al., 2012).
Amphibole compositions can be used to estimate oxidation states
and water contents of the magma from which the amphibole crys-
tallized, and crystallization temperatures and pressures of the
amphibole (e.g., Duan and Jiang, 2017; Leng et al., 2018; Zhu et al,,
2018). The estimated magmatic oxidation states, water contents
(using the spreadsheet of Ridolfi et al., 2010), crystallization tem-
peratures (using the equation of Ridolfi and Renzulli, 2012) and
pressures (using the spreadsheet of Mutch et al, 2016) of the
amphibole grains from Yulong are listed in Appendix Table A4 and
illustrated Fig. 12B—D. The parental magma to early-stage amphibole
grains has crystallization temperatures ranging from 629° to 722 °C
(average = 669° +22°C, n=25), pressures from 19 to 3.3 kbars
(average = 2.5 + 0.4 kbars, n = 25), water contents from 3.5 to 4.6 wt%
(average = 4.2 + 0.3 wt%, n=25), and ANNO (where NNO is the Ni-
NiO buffer) from 0.6 to 1.5 (average = 1.1 + 0.2, n = 25). Crystallization
depth of early-stage amphibole grains, assuming conditions of
lithostatic pressure (perust= 2.7 x 103 kg/m?), are 71-125km
(average = 9.5 + 1.4 km, n = 25), which indicate that they may have
crystallized in the underlying magma chamber (5—15km; Cloos,
2001; Richards, 2005; Sillitoe, 2010). By contrast, the parental magma
to late-stage amphibole grains has crystallization temperatures from
559° to 617 °C (average = 595° + 19 °C, n = 8), pressures from 1.0 to
1.5 kbars (average = 1.3 + 0.2 kbars, n = 8), water contents from 2.8 to
3.5wt% (average = 3.2 + 0.2 wt¥%, n=8), and ANNO from 1.9 to 2.3

(average=2.1+0.1, n=8). Crystallization depth of late-stage
amphibole grains are 4.0—5.6km (average =4.8+0.6km, n=38),
suggesting that they probably crystallized in the porphyritic stock
(2—5 km; Cloos, 2001; Seedorff et al., 2005; Sillitoe, 2010) that roots
in the underlying magma chamber.

In this study, the least-altered samples were petrographically
examined, and only fresh amphibole grains from the least-altered
samples were selected for electron microprobe analysis. We
therefore consider that alteration may only have had a minimal
effect on the compositions of amphiboles, as well as on the cacu-
lated crystallizing physical-chemical conditions such as pressure
and magmatic oxygen fugacity.

4.4.2. Plagioclase compositions

Three least-altered plagioclase phenocrysts were analyzed to
reveal the variations of chemical compositions from core to rim.
The results show that these phenocrysts have complex and
repeated zonings in anorthite (An) contents, which are coupled by
FeO contents (Appendix Table A5; Fig. 13A—C). One plagioclase
crystal from sample ZK1007-454 is characterized by repeated
zonings, with An and FeO contents decrease from core to mantle,
and then increase but finally decrease in the rim (Fig. 13A). Another
plagioclase crystal from sample ZK1007-454 almost shows reverse
zoning, with the An and FeO contents finally decrease in the rim
(Fig. 13B). The plagioclase crystal from sample ZK1007-660 is
characterized by saw-toothed core-to-rim An contents variations
(Fig. 13C). Overall, the plagioclase phenocrysts have An contents
ranging from 16 to 41 mol% (average = 26 + 6 mol%, n = 22), and are
classified as oligoclase (Anjp—20) to andesine (Angp—s50).



Table 2

Summary of in-situ apatite Sr—Nd isotopic compositions of the Yulong intrusion.

eNd(t)
—2.7

20

143Nq/144Ng

20

(¥751/%651),; 147Gy /144N

20

875865y

20

87Rb/%6sr

Sample

0.00005

0.51248
0.51250
0.51250
0.51246
0.51250
0.51249
0.51252

0.0001
0.0002
0.0003
0.0001
0.0003
0.0001
0.0001

0.1065
0.1273
0.1329
0.1060
0.1192
0.0799

0.0774
41Ma (Liang et al., 2006; Li et al., 2012); Agp=1.42 x 10~ year~!(Steiger and Jager, 1977);

0.7065
0.7065
0.7065
0.7066
0.7065
0.7062
0.7063

0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0002

0.7065
0.7065
0.7065
0.7066
0.7065
0.7062
0.7063

0.0001
0.0002
0.0001
0.0001
0.0003
0.0001
0.0003

0.0010
0.0024
0.0017
0.0010
0.0023
0.0010
0.0021

ZK0807-220

-24
24
-3.0
-23
-2.2

0.00004
0.00004
0.00005

ZK0807-100
ZK0807-30

ZK0812-275
YL1525

0.00005

0.00004
0.00005

ZK1007-671

-1.7

ZK1007-771

Note: The following values are used to calculate the initial Sr ((37Sr/®5Sr);) and Nd (eNd(t)) isotopic compositions: age
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hsm = 6.54 x 10~ "2 year—! (Lugmair and Marti, 1978); (**>Nd/'**Nd)cyug = 0.512638 (Goldstein et al., 1984); (*47Sm/"*Nd)cyur = 0.1967 (Jacobsen and Wasserburg, 1980). Two-stage Nd model age (Tpyp) is calculated using the

same formulation as Keto and Jacobsen (1987).

5. Discussion
5.1. Origin of the Yulong intrusion

The Yulong intrusion has mainly positive zircon eHf(t) values
(0.5—-8) and young Hf mantle model ages (Figs. 8C and 9A; Table 3),
suggesting its origin from a depleted or juvenile source. It has been
suggested that the Yulong intrusion originated directly from low-de-
gree partial melting of a metasomatized lithospheric mantle (Jiang
et al., 2006), or formed by assimilation-fractional crystallization (AFC)
of metasomatized mantle-derived melts (Hou et al., 2003; Xu et al.,
2016a). However, the high whole-rock SiO; (66.3—69.5 wt%) and low
MgO (<1.24%) contents and Mg# values (<46) argue against its origin
by direct partial melting of the lithosphere mantle (Baker et al., 1995;
Martin et al.,, 2005). Felsic magmas could be generated via assimila-
tion-fractional crystallization (AFC) and/or fractional crystallization
(FC) processes of mafic magmas (Miller et al., 1999). Although a few
inherited zircons have been found in the Yulong intrusion (Li et al.,
2012), the relatively uniform zircon Hf—O and apatite Sr—Nd isotopes
(Figs. 8 and 9) probably indicate that crustal contamination is insig-
nificant during emplacement of Yulong. An alternative explanation for
origin of the Yulong intrusion is the fractional crystallization of a
mantle-derived mafic magma. Lithospheric mantle-derived mafic
lavas coeval with the Yulong intrusion are widely developed in the
Nanggian Basin (Deng et al., 2001; Spurlin et al., 2005), which is about
100 km NW of Yulong (Fig. 1B). They have less evolved Sr—Nd isotopes
(Fig. 9B), but remarkably higher REE and LILEs contents than the
Yulong intrusion (Fig. 7A—B). This suggests that these mafic lavas are
unlikely to have been the parental magma of the Yulong intrusion,
because fractional crystallization of a mafic magma generally produce
felsic magmas with higher REE and LILEs contents (e.g., Rollison, 1993).

The depleted source of the Yulong intrusion is probably a juvenile
mafic lower arc crust, as suggested by the arc-like trace element
patterns (Fig. 7A—B) and positive zircon Hf isotopes and young Hf
mantle model ages (Figs. 8C, and 10). These Hf isotopes and model
ages overlap those of Paleo-Tethys subduction-related arc magmas in
the north Qiangtang terrane (Fig. 10; Zi et al., 2012b). In addition, the
relatively low contents of highly compatible elements (e.g., Cr) and
low Mg# values at Yulong are comparable to those of thick lower-
crust derived adakite-like rocks (Fig. 6B—D), which also indicates its
origin from partial melting of the thickened lower crust (Wang et al.,
2006). Furthermore, the Yulong intrusion has mainly elevated zircon
3180 values of 6.4 to 7.6%o (Figs. 8D and 9A; average = 7.0 + 0.5%o, 27,
n=79). These values are similar to average value of the global lower
crust (3'80 = 7.0%0; Kempton and Harmon, 1992), but significantly
higher than the values of mantle (5.3 + 0.6%o, 20, Valley et al., 1998,
2005), and higher than the magmas that predominately derived from
fractional crystallization of mantle-derived parental melts (<6.5%o;
Valley et al., 2005). This indicates that the Yulong intrusion should not
have originated from the lithospheric mantle, but most likely from
the juvenile mafic lower crust.

It is also noteworthy that a few magmatic zircons at Yulong have
negative zircon eHf(t) and high 3'80 values (Figs. 8C—D, 94, and 10;
Jiang et al., 2006; Li et al., 2012). This probably indicates a hetero-
geneous source of the Yulong intrusion, consisting mainly of a ju-
venile mafic lower crust with positive eHf(t) values and an ancient
crustal component with negative eHf(t) values and high 320
values. The ancient crustal component is probably metasedi-
mentary rocks, as suggested by the elevated zircon 3'30 (>7.8%0)
values (Figs. 8D and 9A). These high 8!80 values are typical of
supracrustal input (Cavosie et al., 2005; Hawkesworth and Kemp,
2006; Kemp et al., 2006). The Sr—Nd isotopes of the Yulong
intrusion plot between juvenile lower arc crust (as isotopically
approximated by Paleo-Tethys subduction-related tonalite from Zi
et al.,, 2012b) and the ancient lower crust (as approximated by
ancient sedimentary rocks-derived S-type granites from Wu et al.,
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Fig. 9. Histograms of zircon 3'80 vs. eHf(t) (A) and apatite (87Sr/36Sr); vs. eNd(t) (B) for the Yulong intrusion. The 3'®0 values for mantle zircons are from Valley et al. (1998,
2005), whereas the 3'30 values indicating supracrustal recycling are from Cavosie et al. (2005) and Hawkesworth and Kemp (2006 ). Data for intermediate-felsic arc magmas
related to Paleo-Tethys Ocean subduction are from Zi et al. (2012b) and Wu et al. (2013). Data for S-type granites derived from ancient sedimentary rocks are from Wu et al.
(2013). Data for Eocene mafic lavas in the Nangqian basin are from Deng et al. (2001) and Spurlin et al. (2005). Data sources of Yulong are the same as those in Fig. 8.
BSE = Bulk silicate earth.

Table 3
Zircon Hf and O isotopic compositions of the Yulong intrusion.
Analyses 176Lu/" 7 7Hf 26 176Hf/177THE 20 176yb /" 77Hf 26 €HIf(t) F(Lu/Hf) Tpm2(Ma) 3'%0 20
YL912@1 0.0012 0.0000 0.282818 0.000019 0.03 0.00 2.5 -0.96 955.7 7.3 0.3
YL912@2 0.0010 0.0000 0.282814 0.000015 0.02 0.00 24 -0.97 964.9 6.6 0.3
YL912@3 0.0008 0.0000 0.282795 0.000014 0.02 0.00 1.7 —-0.98 1007.4 6.7 0.3
YL912@4 0.0010 0.0000 0.282798 0.000014 0.02 0.00 1.8 -0.97 1001.4 6.9 0.2
YL912@5 0.0010 0.0000 0.282868 0.000016 0.02 0.00 43 -0.97 8434 7.3 0.3
YL912@6 0.0008 0.0000 0.282793 0.000027 0.02 0.00 1.6 -0.98 1010.9 9.3 0.3
YL912@7 0.0011 0.0000 0.282776 0.000017 0.03 0.00 1.0 -0.97 1051.0 7.5 0.3
YL912@8 0.0013 0.0000 0.282813 0.000015 0.03 0.00 2.3 —-0.96 966.6 7.0 0.3
YL912@9 0.0010 0.0000 0.282763 0.000017 0.03 0.00 0.6 -0.97 1079.8 8.0 0.4
YL912@10 0.0009 0.0000 0.282811 0.000015 0.02 0.00 23 -0.97 971.5 7.1 0.2
YL912@11 0.0009 0.0000 0.282815 0.000016 0.02 0.00 24 -0.97 962.0 8.2 0.2
YL912@12 0.0010 0.0000 0.282849 0.000016 0.02 0.00 3.6 -0.97 885.7 71 0.3
YL912@13 0.0009 0.0000 0.282822 0.000019 0.02 0.00 2.6 -0.97 946.1 7.5 0.2
YL912@14 0.0012 0.0000 0.282790 0.000016 0.03 0.00 1.5 -0.97 1018.1 7.9 0.2
YL912@15 0.0008 0.0000 0.282814 0.000015 0.02 0.00 24 —-0.98 964.8 7.2 0.2
YL912@16 0.0011 0.0000 0.282825 0.000017 0.03 0.00 2.7 -0.97 940.3 71 0.3
YL912@17 0.0011 0.0000 0.282846 0.000017 0.03 0.00 35 -0.97 893.5 7.3 03
YL912@18 0.0009 0.0000 0.282805 0.000016 0.02 0.00 2.0 -0.97 985.6 7.0 0.3
YL912@19 0.0012 0.0000 0.282771 0.000016 0.03 0.00 0.8 —-0.96 1061.9 7.5 0.4
YL912@20 0.0012 0.0000 0.282772 0.000017 0.03 0.00 0.9 —-0.96 1060.3 8.0 04
YL912@21 0.0012 0.0000 0.282876 0.000016 0.03 0.00 4.6 -0.96 824.6 7.6 0.2
YL912@22 0.0012 0.0000 0.282820 0.000018 0.03 0.00 2.6 —-0.96 951.9 71 0.3
YL912@23 0.0011 0.0000 0.282875 0.000019 0.03 0.00 4.5 -0.97 8273 7.2 0.2
YL912@24 0.0009 0.0000 0.282799 0.000015 0.02 0.00 1.8 -0.97 999.5 7.1 04
YL906@1 0.0009 0.0000 0.282829 0.000014 0.02 0.00 29 -0.97 931.9 6.8 0.3
YL906@2 0.0008 0.0000 0.282807 0.000018 0.02 0.00 2.1 -0.98 980.4 7.0 0.3
YL906@3 0.0011 0.0000 0.282862 0.000026 0.03 0.00 4.0 -0.97 857.6 7.0 0.2
YL906@4 0.0010 0.0000 0.282849 0.000018 0.03 0.00 3.6 -0.97 885.8 7.5 0.3
YL906@5 0.0011 0.0000 0.282809 0.000016 0.03 0.00 2.2 -0.97 976.6 6.8 0.4
YL906@6 0.0008 0.0000 0.282775 0.000023 0.02 0.00 1.0 -0.98 1053.3 6.9 03
YL906@7 0.0012 0.0000 0.282764 0.000017 0.03 0.00 0.6 -0.96 1077.9 71 0.2
YL906@8 0.0010 0.0000 0.282882 0.000018 0.03 0.00 4.8 -0.97 810.7 6.8 0.3
YL906@9 0.0010 0.0000 0.282821 0.000019 0.03 0.00 2.6 -0.97 947.9 7.6 0.4
YL906@10 0.0009 0.0000 0.282804 0.000016 0.02 0.00 2.0 -0.97 987.8 6.6 0.4
YL906@11 0.0012 0.0000 0.282806 0.000017 0.03 0.00 2.1 -0.96 983.5 6.8 0.4
YL906@12 0.0010 0.0000 0.282792 0.000018 0.02 0.00 1.6 -0.97 1014.5 6.4 0.2
YL906@13 0.0007 0.0000 0.282809 0.000018 0.02 0.00 22 -0.98 976.5 7.0 0.3
YL906@14 0.0011 0.0000 0.282796 0.000017 0.03 0.00 1.7 -0.97 1005.0 7.3 0.4
YL906@15 0.0011 0.0000 0.282823 0.000014 0.03 0.00 2.7 -0.97 945.7 6.8 0.3
YL906@16 0.0011 0.0000 0.282838 0.000017 0.03 0.00 3.2 -0.97 910.1 6.9 0.4
YL906@17 0.0010 0.0000 0.282860 0.000016 0.03 0.00 4.0 -0.97 860.3 6.8 0.2

Note: The eHf(t) values are calculated using present-day ('7%Lu/'””Hf)cur = 0.0332 and ('7®Hf/'77Hf)crur = 0.282772 (Blichert-Toft and Albarede, 1997). Tpm2 values are
calculated using present-day (*7Lu/!”7Hf)py = 0.0384 and (7®Hf/"7"Hf)pym = 0.28325 (Griffin et al., 2000). Decay constant of '7%Lu is 1.865 x 10~ " yr~! (Scherer et al., 2001).
176Hf/'77Hf value for the average continental crust is 0.015 (Griffin et al., 2002).
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Fig. 10. Plots of zircon ages vs. zircon eHf(t) values of the Yulong intrusion and the
Paleo-Tethys Ocean subduction-related magmas in the north Qiangtang terrane. Data
for the Yulong intrusion are from Jiang et al. (2006), Wang et al. (2011), Li et al. (2012),
and this study. Data for the Paleo-Tethys Ocean subduction-related magmas in north
Qiangtang terrane are from Zi et al. (2012b).

2013) in the north Qiangtang terrane (Fig. 9B), which further sug-
gests its origin by mixing between the juvenile and old crust.
Mixing of ancient- and juvenile crustal components could have
happened in the source, or by magma mixing during emplacement.
It has been suggested that efficient hybridization between mafic
and felsic magmas could only happen under the conditions of high
temperature and intense magma convection in depth (Chen et al.,
2009). This, together with the deficiency of covariant between
zircon eHf(t) and 3'30 values (Fig. 7A) and homogeneous Sr—Nd
isotopes (Fig. 7B), indicates that the mixing of ancient- and juvenile
crustal components was most likely to have happened in the deep
crust by concurrent partial melting.

The Yulong intrusion has broadly similar zircon U—Pb ages
(~41.0 Ma; Liang et al., 2006; Li et al., 2012; Huang et al., 2019b) and
geochemical features with the alkaline felsic magmatic rocks along
the strike-slip faults in eastern Tibet and western Yunnan (i.e. the
Jinshajiang-Ailaoshan belt; 43.8—34.6 Ma; e.g., Zhang and Xie,
1997; Wang et al., 2001; Bi et al., 2004, 2005; Hu et al., 2004; Hou
et al., 2006; Liang et al., 2006, 2007; Xu et al., 2012, 2016a; Lu et al.,
2013; Yang et al., 2014a, 2014b; Campbell et al., 2014; He et al,,
2016). This indicates that they may have formed in similar geo-
dynamic setting. Although partial melting of sources of these
alkalic-rich igneous rocks has been attributed to asthenospheric
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Fig. 11. Plots of major element compositions of amphibole from the Yulong intrusion. A. Al;03 vs. SiO,. B. FeO vs. SiO,. C. Ca0 vs. SiO,. D. MgO vs. SiO,. E. TiO, vs. SiO,. F. Na,0 vs. SiO,.
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Fig. 12. Discrimination diagram and plots of crystallization pressure, temperature, oxidation state (ANNO), and magmatic water content estimated from amphibole compositions
from the Yulong deposit. A. #(Na + K + 2Ca)(apfu) vs. (Al + Fe** +2Ti)(apfu) (Hawthorne et al., 2012). B. Temperature (°C) vs. pressure (kbar). C. Magmatic water contents (Wt%) vs.
pressure (kbar). D. Magmatic water contents (wt%) vs. ANNO. The atomic proportions of amphibole were caculated by using the spreadsheet given by Locock (2014). The magmatic
oxidation states (ANNO) and magmatic water content were caculated by using the spread sheet of Ridolfi et al. (2010). The crystallization temperature were caculated using the
equation of Ridolfi and Renzulli (2012). The crystallization pressure was caculated by using the equation of Mutch et al. (2016). Abbreviation: apfu = atoms per formula unit.

upwelling (e.g., Zhang and Xie, 1997), the cause of asthenospheric
upwelling remains controversial. Several models have been pro-
posed for these disputes, including delamination of the lithospheric
mantle (e.g., Lu et al., 2013; He et al,, 2016), and the regional
decompression caused by strike-slip fault systems (Hou et al., 2003;
Xu et al,, 2016a). Considering the fact that the Cenozoic alkaline
magmatic rocks (including the Yulong intrusion) are distributed
strictly along the NW-SE strike-slip faults, we prefer the later model
that asthenospheric upwelling was induced by regional decom-
pression caused by strike-slip faults. Therefore, the partial melting
of ancient- and juvenile crustal components at Yulong was prob-
ably triggered by crustal scale extension and upwelling of the
asthenosphere along the strike-slip faults in eastern Tibet (Zhang
and Xie, 1997; Wang et al., 2001; Hou et al., 2003), caused by India-
Asia collision at about 65—55 Ma (Fig. 14A—B; Chung et al., 1997;
Leech et al., 2005; Mo et al., 2007; Hu et al., 2015b).

5.2. Replenishment in the magma chamber

Plagioclase phenocrysts from Yulong show large variation of An
contents of up to 25 mol% (Fig. 13A—C; Appendix Table A5). The An
contents vary periodically or conversely from plagioclase cores to
rims, and are coupled by FeO contents (Fig. 13A—C). These large-
scale (100 um~) An and FeO variations are unlikely to have been
caused by simple changes in magma pressure/temperatures or by
chemical diffusion (Singer et al., 1995; Ustunisik et al., 2014; Waters
and Lange, 2015), but probably reflect periodic changes in magma
compositions (Singer et al., 1995; Andrews et al., 2008; Cao et al.,
2014; Zhu et al., 2018). The periodic changes in magma composi-
tions are most possibly resulted from pulsed recharge of the
magma chamber by a less evolved magma (Singer et al., 1995;
Rohalach and Loucks, 2005; Andrews et al., 2008; Cao et al., 2014,

2018). This interpretation is consistent with the conclusion based
on periodic sulfur zonation in apatite crystals at Yulong (Huang
etal., 2019b), and is also in agreement with the repeated exsolution
of compositionally similar ore-forming fluids (Chang et al., 2018).

5.3. Fluid exsolution in the magma chamber

The early-stage amphibole phenocrysts from Yulong have
higher crystallization pressures and temperatures than the late-
stage amphibole grains, suggesting that they crystalized at deeper
depth before the crystallization of low-Al amphiboles (Fig. 12B).
Caculated crystallization depths indicate that the early-stage
amphibole may have crystallized in the underlying magma cham-
ber (7.1-12.5 km), whereas the low-Al amphibole has crystallized
in the porphyry stock (4.0—5.6 km). Caculated water contents of the
magma parental to the late-stage amphibole are lower than those
of the early-stage amphibole, which may suggest fluid exsolution
from the underlying magma chamber at the time of emplacement
of the Yulong stock (Fig. 12C; Leng et al., 2018; Zhu et al., 2018).
Furthermore, the late-stage amphiboles have higher magmatic
oxygen fugacities (e.g., ANNO values) than the early-stage amphi-
boles (Fig. 12D). This is possibly caused by late-stage fractionation
or fluid exsolution process, as the caculated fO2 values are nega-
tively correlated with water contents (Fig. 12D). Nonetheless, it
should be noted that the magmatic oxidation states are high
throughout the magmatic evolution (ANNO > 0.5), which is
consistent with the conclusion based on zircon trace element
compositions (Liang et al., 2006; Xu et al., 2016a). The elevated
oxygen fugacity will suppress early formation of Cu-rich sulfides,
and thus will be favorable for metal transportation and enrichment
during magma evolution and emplacement (Mungall, 2002; Jugo
et al., 2005; Richards, 2015).
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Fig. 13. Cross-polarized transmitted light microphotographs, backscattered electron (BSE) images, and core-to-rim transects showing variations of anorthite proportion (Xa,) and

FeO contents of representative plagioclase phenocrysts from the Yulong intrusion.

In summary, the magma chamber beneath Yulong might have
been recharged by a compositionally less evolved magma, and was
saturated in magmatic fluid before or coeval with the emplacement of
the Yulong stock in the magma chamber. The magmatic oxidation
states are high, and increase during magma evolution, which may have
been essential to the enrichment of metals in the evolving magma.
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6. Conclusions

The Yulong intrusion has homogenous apatite Sr—Nd isotopes
((®7sr/B%sr); = 0.7060—0.7068; €Nd(t)=—4.8—0.2) that plot be-
tween juvenile and ancient crust in eastern Tibet. Zircon grains
from this study and published studies have mainly positive yet

B

M
Paleosurface

Mineralized intrusion Subeconomic intrusion

|2 km
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Fig. 14. Origin and ore-forming process of the postsubduction Yulong porphyry Cu—Mo deposit. A. The India-Asia collision-related strike-slip faults caused upwelling of the
asthenosphere, which provided heat for remelting of the sulfide-bearing residues of former arc magmas and ancient crustal materials. The resultant magmas migrated to middle-
upper crustal levels along the crustal-scale strike-slip faults to form the underlying magma chamber. B. The magma chamber beneath Yulong might have been recharged by a mafic
magma, and was saturated in magmatic fluids to produce intensive hydrothermal alteration and mineralization.
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variable eHf{(t) values (—20.6 to +12.2) and elevated 5'80 values (6.4
to 9.3%o). These Sr-Nd-Hf-O isotopes, in combined with the high
whole-rock SiO; (66.3—69.5wt%) contents and La/Yb ratios
(36.4—68.0), low MgO (0.63—1.24%) and Cr (<30 ppm) contents,
and the arc-like trace element patterns, suggest that the Yulong
intrusion may have originated from concurrent partial melting of
Paleo-Tethys subduction-related juvenile lower arc crust and a
small amount of ancient crustal materials.

Textural and compositional variations of silicate mineral phe-
nocrysts (amphibole, plagioclase) suggest that the magma chamber
beneath Yulong (7.1-12.5 km in depth) might have been recharged
by a mafic magma, and was saturated in magmatic fluids at the time
of emplacement of the Yulong intrusion (4.0—5.6 km in depth). The
oxidation states are relatively high (ANNO >0.6), and increase
through magma evolution. This temporal variation of oxidation
states allows the metals to be enriched in the magma during
magma evolution, and to be deposited in the hydrothermal alter-
ation stage.
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