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Processes generating fertile magma and associated porphyry Cu deposits in post-collision tectonic settings re-
main uncertain. Dabu, located in the Gangdese porphyry Cu belt of southern Tibet, is a typical porphyry Cu-
Mo deposit that formed in a post-collision setting. The deposit records two stages of magmatism: an Eocene
(46 £ 1 Ma) barren monzogranite (EG); and a fertile Miocene (15 £+ 1 Ma) monzogranite porphyry (MMP).
These intrusions have similar St-Nd (3”Sr/*®Sr(;; = 0.70514 to 0.70573, eNd(t) = —2.78 to +0.77) and zircon
Hf (eHf(t) = +3.46 to +8.85) isotopic compositions that fall within the range of the Palaeocene-Eocene
Gangdese Batholith and the coeval Linzizong volcanics and plot on a mixing line between Tethyan basalts and
Indian Ocean pelagic sediments. These features, coupled with the variable Sr/Nd, Sr/Th, Ba/Th, and Rb/Y ratios
of the intrusions, are indicative of a common source involving basaltic lower crustal melts underplated during
the Palaeocene and Eocene. The basaltic material was sourced from a mantle wedge that was metasomatized
by Neo-Tethyan slab-derived fluids and oceanic sediments. The MMP, however, formed under a higher magmatic
oxygen fugacity than did the EG, as indicated by their higher zircon Ce**/Ce® " ratios (87-1112) and higher fO,
values (AFMQ = 5), determined using ilmenite-magnetite mineral pairs. The decompression and discharge of
SO, during the Linzizong volcanic event and the fractionation of magnetite could account for the low oxygen fu-
gacity (Ce**/Ce3* = 58-164; AFMQ = —0.3) of the EG as well the limited development of porphyry deposits
associated with the Gangdese Batholith.
The MMP and Miocene mineralization-related intrusions within other Gangdese porphyry Cu deposits have high
Sr/Y and V/Sc ratios and a negative correlation between Dy/Yb and SiO,, all of which are indicative of the crystal-
lization of hornblende from a hydrous mafic melt. The EG and Gangdese Batholith, however, have low Sr/Y and V/
Sc ratios and decreasing Sr concentrations over a wide range of SiO, contents, indicating that these intrusions
formed from dry melts that had undergone significant plagioclase fractionation. Late-crystallized hornblende is
generally present as small crystals within early formed feldspar phenocrysts in the EG, which is in good agree-
ment with a rapid increase followed by a decrease in Y and Dy concentrations at ~60 wt.% SiO,. In addition, ap-
atite in MMP has F (2.66-3.72%) and Cl (0.06-0.53%) volatile contents that are higher than those of apatite from
EG (0.85-1.50% F and 0.02-0.03% Cl). These geochemical and mineralogical characteristics suggest that EG
formed from a relatively dry magma with <4.0% H,0, whereas MMP formed from a more hydrous magma
with >5.5% H,0. It is here proposed that long-lived subduction caused the high oxygen fugacity conditions of
the arc magma by adding oxidized components to the sub-arc mantle in addition to F, Cl, S, and Cu. Long-term
metamorphic dehydration resulted from the India-Asia collision, and subsequent crust thickening and shorten-
ing was responsible for the high water contents by continuously replenishing the basaltic melts at the base of the
lower crust. Both subduction-related metasomatism and late-collision-related metamorphic dehydration con-
trolled the genesis of fertile magma that formed the post-collision porphyry Cu-Mo deposits of southern Tibet.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Porphyry Cu deposits are commonly found in volcanic-arc tectonic
settings above subduction zones and are generally associated with inter-
mediate to felsic calc-alkaline magma (Richards, 2003, 2009; Seedorff
et al,, 2005; Sillitoe, 2010; Hou et al.,, 2011; Deng et al.,, 2014a,b). Recent


http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2015.10.023&domain=pdf
mailto:sunxiang8003@sina.com
Journal logo
http://dx.doi.org/10.1016/j.oregeorev.2015.10.023
Unlabelled image
http://www.sciencedirect.com/science/journal/01691368
www.elsevier.com/locate/oregeorev

84 S. Wu et al. / Ore Geology Reviews 73 (2016) 83-103

research, however, has identified numerous porphyry-type deposits that
formed in non-arc or post-collision settings, including porphyry deposits
in the Alpine-Himalayan Tethyan Orogen such as the Kerman porphyry
belt in Iran, and the Gangdese, Yulong and Ailaoshan porphyry belts of
Tibet and Yunnan (Hou et al., 2009; Shafiei et al., 2009; Richards et al.,
2012; Lu et al,, 2013, 2015; Mao et al., 2014; Richards, 2014; Zheng
etal, 2015). A variety of models have been proposed to explain the source
of the magma that formed these post-collision porphyry Cu deposits. Hou
etal. (2011) suggest that the adakite-like magma is derived from the par-
tial melting of a thickened juvenile mafic lower crust or a delaminated
thickened lower crust and that the breakdown of amphibole within
these eclogite and garnet amphibolite sources contributed to the genera-
tion of the highly oxidized and hydrous fertile magma that formed non-
arc porphyry Cu deposits. Richards (2009, 2011b) suggests that the fertile
magma that formed post-subduction porphyry deposits is probably the
product of the remelting of previously subduction-modified mantle litho-
sphere or hydrous lower-crustal cumulates residual from the first stages
of arc magmatism, which stresses the inheritance of previously
subduction-associated arc magma features with abundant F, Cl, S and
Cu, and high oxidation states (Shafiei et al., 2009; Li et al., 2011; Wu
etal, 2014).

Lee et al. (2012) propose that remelting of Cu-rich pyroxenite cumu-
lates triggered by magnetite crystallization and the onset of sulfide sat-
uration in the deep roots of arcs are important steps in the generation of
porphyry Cu deposits. The authors also emphasize that the magmatism-
related thickness and maturity of continental arcs controls on the con-
centration of Cu in the resulting magma, rather than sourcing any Cu
from the mantle or subducting slab (Chiaradia, 2013; Lee, 2013). Lu
et al. (2015) propose that the ore-forming high Sr/Y porphyries in
southern Tibet are derived from high-pressure differentiation of hy-
drous mafic partial melts of the mantle, rather than from the melting
of a thickened mafic lower crust.

The high oxygen fugacity conditions during the formation of primary
melts and the high water content of these melts are both critical for the
generation of fertile magma and associated porphyry deposits (Sillitoe,
2010; Richards, 2011a,b; Sun et al,, 20133, 2015; Loucks, 2014). The rea-
son for this is that water, as the most abundant volatile component, can
lower the solidus of silicate assemblages, leading to the formation of a
magmatic-hydrothermal ore-forming system. Such a system is domi-
nated by hydrous melts and a water-rich volatile phase at shallow crust-
al levels with the decrease in temperature and pressure (Wolf and
Wyllie, 1994; Eichelberger, 1995; Burnham, 1997; Richards, 2011b;
Liu et al., 2012). In addition to water, chloride and sulfur are also critical
components of economic porphyry Cu deposits, because chloride con-
trols the partitioning of Cu and other base metals. Furthermore, suffi-
cient chloride can transport large quantities of metals as chloride
complexes in a hydrothermal fluid, whereas sufficient initial sulfur in
magma can mobilize metals such as Cu and Mo from the asthenospheric
mantle wedge above subduction zones and yield a sulfur-rich aqueous
fluid (Cline and Bodnar, 1991; Cline, 1995; Pokrovski et al., 2008;
Richards, 2015). A relatively high oxidation state of magma ensures
that the bulk of the sulfur dissolved in the melt is present as sulfate,
resulting in the retention of sulfide-compatible (i.e. chalcophile) ele-
ments in the evolving magma until they are partitioned into exsolving
hydrothermal fluids (Carroll and Rutherford, 1985; Richards, 2003).

The Gangdese metallogenic belt in Tibet contains porphyry Cu-Mo
deposits that formed in a post-collisional setting, such as Qulong,
Zhunuo, and Dabu (Zheng et al., 2004, 2007b, 2014a; Yang, 2008; Wu
et al., 2014). The belt was subjected to a long-lived northward subduc-
tion of the Neo-Tethyan oceanic slab and the subsequent collision of the
Indian and Asian plates (Zhu et al., 2013). Subduction-associated arc
magma represented by the Palaeocene-Eocene Gangdese Batholith,
however, has little potential of forming economic porphyry Cu deposits,
especially when compared with Miocene intrusions in the area (Wen,
2007; Ji et al., 2009). Wang et al. (2014b,c) studied the temporal and
geochemical evolution of igneous rocks along the eastern part of the

Gangdese magmatic belt in southern Tibet. They conclude that increas-
ing magmatic water volume and oxygen fugacity from Palaeocene-
Eocene to the Oligocene-Miocene magmatism is essential in the forma-
tion of post-subduction porphyry Cu deposits. Yang et al. (2015), how-
ever, suggest a mixing model involving ultra-potassic melts and melts
derived from the juvenile lower crust to explain the high K,0 concen-
trations of adakite-like rocks in the Qulong porphyry Cu deposit. The au-
thors emphasize that the water necessary for the formation of the
porphyry Cu systems in continental collision zones is generally added
by ultra-potassic magma instead of dehydrating slabs. These possibili-
ties show that understanding the key factors and processes that control
the fertility of Miocene mineralization-related intrusions in southern
Tibet and whether the magma is linked to earlier subduction-related
processes can provide important constraints on the genesis of post-
collision porphyry deposits and guide mineral exploration in the area.

This manuscript presents a detailed petrographic, mineralogical, and
geochemical comparison of a barren Eocene monzogranite (EG) with a
fertile Miocene monzogranite porphyry (MMP) associated with the
Dabu porphyry Cu-Mo deposit in southern Tibet. The oxidation state
of the magma associated with the intrusions and the water contents
of their initial melts are discussed here. This is followed by the compar-
ison between the data collected in this study and published data for the
Miocene ultra-potassic rocks in southern Tibet, the Gangdese Batholith,
and the coeval Linzizong volcanics to further constrain the relationship
and differences among these igneous rocks (Miller et al., 1999; Gao
et al., 2007; Mo et al., 2007, 2008; Wen, 2007; Zhao et al., 2009; Ji
et al., 2012; Lee et al., 2012; Liu et al., 2014; Wang et al., 2014a). These
data are finally used to develop a new petrogenetic model that can ac-
count for the formation of both barren and fertile intrusive rocks associ-
ated with the Gangdese porphyry Cu deposits (GPCD).

2. Regional geology

The Tibetan Plateau is part of the Alpine-Himalayan orogenic belt
and is divided into the Songpan-Ganzi, Qiangtang, Lhasa, and Himalaya
terranes (Fig. 1a; Yin and Harrison, 2000). The Lhasa Terrane, also called
the Gangdese orogenic belt, is a ~2500 km long tectono-magmatic belt
(or domain) that is ~150-300 km wide and bound by the Bangong-
Nujiang and Indus-Yarlung Zangbo sutures (Fig. 1b; Pan et al., 2006).
The terrane is divided into northern, central, and southern domains
that are separated by the Shiquanhe-Nam Tso Mélange Zone and the
Luobadui-Milashan Fault (Fig. 1b; Zhu et al., 2011a). The central Lhasa
Domain contains Precambrian rocks and either represents a
microcontinent derived from the Australian Gondwana or has rifted
off the Indian Gondwana (Yin and Harrison, 2000; Zhu et al., 2011b).
In contrast, the southern and northern domains are characterized by ju-
venile crust with a locally preserved Precambrian crystalline substrate
and were more recently accreted during their movement across the Te-
thyan Ocean (Ji et al., 2009; Zhu et al,, 2011a; Hou et al., 2015a).

The Lhasa Terrane consists of Precambrian crystalline rocks uncon-
formably overlain by Paleozoic to Mesozoic marine sedimentary units
and arc-type volcanics, abundant Mesozoic and Cenozoic intrusions,
and three medium- to high-grade metamorphic belts (Yin and
Harrison, 2000; Pan et al., 2006; Zhu et al., 2013; Zhang et al., 2014b).
Recently, authors have suggested that the eastern part of the terrane
underwent amphibolite and granulite facies metamorphism during
the Mesozoic and Cenozoic (e.g. Dong et al, 2010; Zhang et al.,
2014b). The Gangdese Batholith and Linzizong volcanics formed as an
Andean-style magmatic-arc along the southern flank of the terrane
(Fig. 1b). These units are attributed to the northward subduction of Te-
thyan oceanic lithosphere from the Jurassic to the Palaeogene (Mo et al.,
2008; Wen et al., 2008; Ji et al., 2009; Lee et al., 2012).

Post-collisional ultra-potassic rocks are located in the western part
of the Lhasa Terrane, with ages ranging from 24 to 8 Ma, and commonly
crop out along northward trending normal faults (Miller et al., 1999;
Gao et al.,, 2007; Zhao et al., 2009; Liu et al., 2013; Wang et al., 2014a).



S. Wu et al. / Ore Geology Reviews 73 (2016) 83-103 85

I:I Gangdese Batholith -

Oligocene—Miocene
granitoids

@ Porphyry deposit

\z474
86°

82° 84° Sagua\

Linzizong volcanic Ij Ophioliti 0 50 100km
3 iolitic melange zone
succession P 9 —
86° 92 94° (b)

Ji
Xiongcun

Quiong Chuibaizi
(A

@Rongjiang i 2'

29°

88° 90° 92° 94°

Fig. 1. (a) Tectonic framework of the Tibetan Plateau (Yin and Harrison, 2000); (b) simplified geological map of the Lhasa Terrane showing the distribution of the main porphyry deposits
and the locality of the study area (modified after Zhu et al., 2011a; Wu et al., 2014; Mo et al., 2008). Abbreviations: ]SSZ = Jinsha suture zone, BNSZ = Bangong-Nujiang suture zone,
SNMZ = Shiquan River-Nam Tso Mélange Zone, LMF = Luobadui-Milashan Fault, IYZSZ = Indus-Yarlung Zangbo Suture Zone, SL = southern Lhasa Domain, CL = central Lhasa Domain,

NL = northern Lhasa Domain.

Oligocene-Miocene granitic rocks with high Sr/Y values are present as
dykes and small intrusions within the southern Lhasa Domain and de-
fine an eastward trending magmatic belt along the Indus-Yarlung
Zangbo Suture (Fig. 1b; Chung et al., 2009; Gao et al., 2010; Zheng
et al,, 2012; Zhang et al.,, 2014a).

Three episodes of porphyry-type mineralization, which formed in
subduction, syn-collisional, and post-collisional tectonic settings be-
tween the Middle Jurassic and the Miocene, have been identified in
southern Tibet (Hou et al., 2009, 2015b; Lang et al., 2014; Zhao et al.,
2014; Zheng et al., 2014b). The post-collision porphyry Cu deposits
are generally associated with Miocene intrusions with high Sr/Y values
and define the giant eastward trending Gangdese porphyry Cu belt. The
belt included the Zhunuo, Jiru, Chongjiang, Tinggong, Dabu, Lakang'e,
Qulong, Demingding, Chuibaizi, and Tangbula deposits (Fig. 1b). These
deposits have molybdenite Re-Os ages between ca. 21 and 13 Ma and
are associated with mineralized ca. 20 and 13 Ma porphyritic intrusions
(Zheng et al., 2015). Several porphyry-skarn Cu-W-Mo deposits are
located within the SE margin of the Gangdese porphyry Cu belt, in-
cluding the Mingze-Chengba and Nuri deposits, and are related to
Oligocene granodiorite or monzonite intrusions (Chen et al., 2012;
Sun et al., 2013c). The rocks in the Palaeocene-Eocene arc are
predominantly barren, with only the Sharang porphyry Mo and Jiru
porphyry Cu deposits present (Zhang et al., 2008; Zhao et al., 2014;
Zheng et al., 2014b). The Xiongcun deposit is a unique porphyry
Cu-Au deposit that formed in response to northward subduction of
Tethyan oceanic crust during the Jurassic (Lang et al., 2014). Overall, it
is evident that subduction-related porphyry deposits are rare in southern
Tibet, especially when compared to the size and number of collision-
related porphyry deposits.

3. Deposit geology

The Dabu porphyry Cu-Mo deposit is located ~40 km west of Lhasa
and is a typical example of a porphyry deposit that formed in a post-
collisional setting. The deposit has a reserve of approximately 0.5 Mt Cu
at an average grade of ~0.31 wt.% (Zheng et al,, 2015). The deposit's age
is ca. 15 £ 1 Ma, as constrained from U-Pb SHRIMP zircon dating of the

ore-forming monzogranite porphyry (Wu et al,, 2014). This date is also
consistent with the molybdenite Re-Os isochron age of ca. 15 + 1 Ma
for the deposit (Qu et al., 2007).

The rocks in the Dabu mine area include an Eocene medium- to
coarse-grained monzogranite and Miocene medium- to fine-grained
monzogranite porphyry and granodiorite. Eocene rocks are widespread
throughout the area, which are cross-cut by small stocks or dykes of the
MMP and granodiorite (Fig. 2). Ovoidal and ellipsoidal mafic
microgranular enclaves are common in the Miocene monzogranite por-
phyry (Fig. 3b).

The Eocene rocks are light red in color and are not mineralized and
not altered (Fig. 3a). They contain K-feldspar (35%), plagioclase (20%),
quartz (35%), hornblende (5%), and biotite (5%). The K-feldspar ranges
from 10 to 30 mm in size, forming euhedral megacrysts, whereas the
plagioclase, quartz, hornblende, and biotite forming the matrix are
subhedral to anhedral and relatively small (1-3 mm; Fig. 3c). The horn-
blende is usually present as small crystals within K-feldspar pheno-
crysts (Fig. 3e), indicating that it crystallized after the feldspars in
more evolved melts. The porphyritic Miocene intrusions contain quartz
(10%), plagioclase (30%), K-feldspar (15%), and biotite (4%) phenocrysts
that range in size from 1 to 4 mm, as well as minor (~5%) amounts of
magnetite, ilmenite, apatite, rutile, and sphene (Fig. 3d). The ground-
mass is microcrystalline or consists of aphanitic felsic minerals
(Fig. 3f). These rocks are free of hornblende, indicating that they may
have solidified from more primitive melts before the formation of the
feldspar in the monzogranite porphyry.

The ore minerals at Dabu are hosted by the monzogranite porphyry
and consist of veined or disseminated chalcopyrite, pyrite, lamellar mo-
lybdenite, and minor amounts of ragged magnetite (Fig. 4a, b, ). The
deposit is dominated by potassic, phyllic, and propylitic alteration. The
potassic alteration is characterized by thin sheets of secondary biotite
(Fig. 4d), disseminated secondary fine-grained K-feldspar crystals,
quartz-K-feldspar veins surrounded by a micro-grain K-feldspar alter-
ation halo (Fig. 4f), and is widely developed from the ground surface
to deep parts of the deposit. The phyllic alteration is weakly developed
from the ground surface to a depth of ~200 m and is dominated by
sericite locally replacing plagioclase (Fig. 4e). Propylitic alteration is
only present within 100 m of the ground surface, and the deposit does
not have a supergene enrichment zone or a leached cap.
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Fig. 2. Geological map of the Dabu porphyry Cu-Mo deposit.

4. Analytical methods
4.1. Zircon U-Pb dating

Zircons from Samples DB-18 and DB-75 were separated by conven-
tional techniques involving rock crushing, sieving, drying, and electro-
magnetic and heavy liquid separation at the Institute of Regional
Geology and Mineral Resource Survey in the Hebei Province of China.
Single zircon crystals from each sample were handpicked under a binoc-
ular microscope on the basis of size, clarity, color, and morphology. The
crystals were then mounted in epoxy resin, polished to expose their
crystal centers, and coated with gold. Transmitted and reflected light
photomicrographs and cathodoluminescence (CL) images were taken
to reveal any internal zoning and inheritance prior to analyses. CL im-
ages were obtained using a JEOL JXA-8100 microprobe at the Electron
Microprobe Group of the Institute of Geology and Geophysics, Chinese
Academy of Geological Sciences. Zircon U-Th-Pb isotope analyses
were performed using a sensitive high-resolution ion microprobe
(SHRIMP) from the SHRIMP II Consortium at Curtin University of Tech-
nology in Perth, Western Australia, based on the operating procedures
and conditions described by Compston et al. (1984), Williams (1998),
Lu et al. (2012) and Liu et al. (2015a). The ratios and absolute abun-
dances of U, Th, and Pb isotopes were determined relative to the
BR266 zircon standard (2°°Pb/?*3U age = 559.0 + 0.3 Ma; Stern,
2001). The TEMORA standard with an age of 417 Ma and a 2°°Pb/238U
ratio of 0.0668 (Black et al., 2003) was used to monitor performance.
Analyses of the BR266 standard were interspersed with zircon of un-
known age during each measurement session. During the analytical pe-
riod, several measurements of the BR266 zircon standard gave
weighted mean 2°°Pb/?38U ages of 546.5 + 9.7 Ma (MSWD = 0.99,
n = 3). A spot size between 25 and 30 pum in diameter was used during
the analyses, with a mass-filtered O3 primary beam of ~2 nA. Measured
compositions were corrected for common Pb using the 2°*Pb method,
and the programs SQUID II and ISOPLOT were used for data processing

(Ludwig, 2003, 2009). The uncertainties in individual analysis are re-
ported at the 1o level, and the mean ages of pooled 2°°Pb/238U results
are quoted at the 95% confidence level.

4.2. In-situ zircon Hf isotope analyses

In-situ Hf isotope measurements were subsequently completed on
the same spots or the same age domains for the age determinations of zir-
cons with concordant ages, as guided by the CL images. Zircons were an-
alyzed using a Neptune Plus multiple collector inductively coupled
plasma mass spectrometer (MC-ICP-MS) coupled to a Geolas 2005
excimer ArF laser ablation system with a beam diameter of 44 um at the
state Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences in Wuhan. The GJ-1 and 91,500 zircon
standards were analyzed to evaluate the accuracy of the laser-ablation re-
sults. During the session, GJ-1 yielded mean '7Hf/!7’Hf values of
0.282036 + 10 (20, n = 8; the recommended value is 0.282015 + 19
in Elhlou et al., 2006), and 91,500 gave a mean '’®Hf/!””Hf value of
0.282322 4 28 (20, n = 26; the recommended value is 0.282330 + 29
in Griffin et al., 2006). Detailed instrumental conditions and data acquisi-
tion are given in Hu et al. (2012). The eHf(t) values are parts of the 10* de-
viation of the initial Hf isotope ratios between the zircon sample and the
chondritic reservoir, and TSy denotes the zircon Hf isotope crustal model
ages based on a depleted-mantle source and an assumption that the
protolith of the zircon's host magma has the average continental crustal
1761 1/"77Hf ratio of 0.015. The gHf(t) and TSy values were calculated fol-
lowing the recommendation of Griffin et al. (2002) using the 7%Lu decay
constant given by Blichert-Toft and Albaréde (1997).

4.3. Zircon trace element analyses
Trace element analyses were performed on zircons using a laser-

ablation, inductively coupled plasma mass spectrometer (LA-ICPMS) at
the State Key Laboratory of Continental Dynamics, Northwest University
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Fig. 3. Representative field and petrographic photographs of EG and MMP at the Dabu porphyry Cu-Mo deposit. (a, ¢) Porphyroid texture of the EG with euhedral K-feldspar megacrysts;
(b) mafic enclaves hosted within MMP; (e) the small hornblende crystals within K-feldspar phenocrysts in EG; (d, f) typical porphyritic texture of MMP with quartz, plagioclase, and bi-
otite. Abbreviations: Bt = biotite, Kfs = K-feldspar, Qtz = quartz, Pl = plagioclase, Hbl = hornblende, Spn = sphene.

in Xi'an, China. All of the measurements were carried out using time-
resolved analysis operating in a fast, peak-jumping mode. Each spot anal-
ysis consisted of ~30s of background acquisition (gas blank) followed by
60 s of data acquisition. The oxide production rate was tuned at <0.5%
ThO/Th. NIST 610 glass was used as an external standard to calculate
the trace-element concentrations of unknowns (Pearce et al., 1997).
NIST 610 was run three times per sample, with one analysis at both the
beginning and end and one analysis in the middle of each run. The 2°Si
signatures were used to monitored mineral inclusions during analyses,
and any analysis with an abnormal °Si signature was discarded. Data re-
duction was performed using the GLITTER 4.0 Macquarie University soft-
ware. A detailed compilation of instrument and data acquisition
parameters is given by Gao et al. (2002) and Yuan et al. (2004).

4.4, Sr-Nd isotope analyses

Whole-rock Sr-Nd isotope analyses were performed at the state Key
Laboratory of Geological Processes and Mineral Resources, China Uni-
versity of Geosciences in Wuhan. The Sr isotope ratios were determined
using a Finnigan Triton TIMS. During the analytical period, several mea-
surements of the NBS987 Sr reference standard yielded 3”Sr/%5Sr values
of 0.71025 + 8 (20; the recommended value is 0.71024), and the

Chinese GBW04411 standard yielded 87Sr/35Sr values of 0.75999 =+ 4
(the recommended value is 0.75999 + 20). Mass fractionation was
corrected to 87Sr/25Sr = 0.1194.

Nd isotope composition analyses were carried out on a Neptune mul-
tiple collector inductively coupled plasma mass spectrometer (MC-ICP-
MS). The international BCR-2 Nd reference solution yielded '**Nd/'**Nd
values of 0.512643 + 15 (20; the recommended value is 0.512633),
and the international JNdi-1 standard yielded '**Nd/'#*Nd values of
0.512115 &+ 8 (20; the recommended value is 0.512115). The Nd isotope
ratios were internally corrected for mass fractionation using a constant
value of 0.7219 for '“®Nd/!**Nd by exponential law. The 4’Sm/!**Nd
and 87Rb/%Sr ratios of the samples were calculated using Sm, Nd, Rb,
and Sr concentrations determined on an ICP-MS (eg. Liang and
Grégoire, 2000). The total analytical blanks were <50 pg for Nd and
0.2-0.5 ng for Sr. The detailed procedures for sample digestion, column
chemistry, and instrumental analysis are described in Ling et al. (2009).

4.5. Major and trace element analyses
Whole-rock chemical analyses were determined at the Institute of

Regional Geology and Mineral Resource Survey of the Hebei Province,
China. The samples were ground to ~200 mesh in an agate mortar. The
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Fig. 4. Photographs showing characteristics of the alteration and mineralization at the Dabu deposit: (a) disseminated chalcopyrite and pyrite; (b) clusters of anhedral chalcopyrite and
lamellar molybdenite; (c) interstitial texture of euhedral-ragged magnetite and anhedral-granular chalcopyrite; (d) thin secondary biotite with distinct cleavage and pleochroism;
(e) weak phyllic alteration dominated by sericite that is locally replaced plagioclase; (f) quartz-K-feldspar vein surrounded by a micro-grain K-feldspar alteration halo. Abbreviations:

Cpy = chalcopyrite, Mol = molybdenite, Mag = magnetite, Ser = sericite.

major oxides were determined using X-ray fluorescence spectrometry
(XRF) on fused glass disks, and the standard GB/T14506.28-1993 for
NaZO, MgO, Aleg, SiOZ, P205, 1(20, Cao, TiOZ, MnO, FeZO3, and FeO. The
standard GB/T14506.2-1993 was used for H,O™, and the standard LY/T
1253-1999 was used for loss-on-ignition (LOI). Rare earth elements
(REE) and trace elements including Cu, Pb, Th, U, Hf, Ta, Sc, Cs, V, Co,
and Ni were determined using ICP-MS and the standard DZ/T 0223-
2001. The elements Sr, Ba, Zn, Rb, Nb, Zr, and Ga were determined using
XRF on pressed powder pellets and the standard JY/T016-1996. A blank
solution was prepared, and the total procedural blank was <50 ng for
all elements assayed. The analyses were crosschecked using different an-
alytical methods and verified by reference to the international GBW stan-
dard. The estimated precision for most elements varied from 1 to 10%.
Liang and Grégoire (2000) describe the analytical procedures, which are
similar to those described by Wu et al. (2009) and Liu et al. (2015b).

4.6. Electron microprobe analyses

Mineral chemistry analyses of silicates and oxides were determined
on polished thin sections using a JXA-8230 electron microprobe at the
Institute of Mineral Resources, Chinese Academy of Geological Sciences.
Analyses of Si, Al, Fer,, Mg, Ti, Mn, Ca, Na, K, P, Cr, and Ni were completed
for biotite, apatite, magnetite, and ilmenite using an accelerating voltage
of 15 kV ata beam current of 20 nA and a spot diameter of 5 pm. Natural
minerals and synthetic pure oxides were used as standards. Liu et al.
(2015c¢, 2015d) describe the matrix corrections using the ZAF correction
program, standards, and crystals during the analyses of some elements.

5. Results
5.1. Zircon U-Pb ages

Zircon U-Pb isotopic results for EG and MMP are presented in
Table 1 and plotted on Fig. 5. Eleven spot analyses of zircons from EG

contain 156-620 ppm U and 89-526 ppm Th with high Th/U ratios of
0.42 to 0.92, indicating that they are of magmatic origin (Hoskin and

Black, 2000). Their 2°°Pb/228U ages have a weighted mean of 46 +
1 Ma (20, MSWD = 1.4; Fig. 5c), which is interpreted as the crystalliza-
tion age of EG. Zircons from MMP contain 101-1493 ppm Th and
116-1183 ppm U with Th/U ratios of 0.68-1.78. Analyses of nine grains
form a coherent age group with a weighted mean age of 15 4+ 1 Ma (20,
MSWD = 1.5; Fig. 5d). The remainder spot analysis of zircon with a dark
core yielded an age of 46 Ma, which is consistent with the age of EG
within error and interpreted as a date for inherited zircon in EG.

5.2. Major and trace elements

The major and trace element compositions of MMP and EG at the
Dabu deposit are listed in Table 2. The MMP has a felsic composition
with SiO, contents ranging from 65.5 to 70.3 wt.% and high alkali contents
(NaO + K,0) varying from 6.9 to 8.9 wt.%. The MMP plots in the
monzogranite and granodiorite fields on the K;0 + Na,O versus SiO, di-
agram of Middlemost (1994) (Fig. 6a). The K50 versus SiO, (wt.%) dia-
gram in Fig. 6b shows that MMP can be classified as high-K calc-alkaline
series that also have high Sr (494-952 ppm) and low Y (5.6-7.1 ppm)
contents, resulting in moderately high Sr/Y ratios (83.6-164.5) (Fig. 6b,
¢). The MMP is strongly fractionated in REE, as shown in Fig. 7a with a
Lan/Yby ratio of 19.7-33.2, does not have an Eu anomaly (Eu/Eu* =
0.87-1.08), and has highly fractionated middle REE (MREE) to heavy
REE (HREE) with Smy/Yby (5.5-8.2) and Gdy/Yby (2.7-4.1) ratios.
MMP samples are also enriched in Pb, Hf, and K elements, but are deplet-
ed in Nb, Ta, Zr, Ti, and P on the primitive mantle-normalized plot
(Fig. 7b). Such trace element characteristics are indicative of the involve-
ment of garnet and amphibole as cumulates or residual phases in the par-
ent magma (e.g. Martin et al., 2005; Moyen, 2009; Gao et al., 2009). The
EG has an intermediate SiO, composition ranging from 62.4 to 66.0 wt.%
with a high alkali content (Na,0 + K,0) varying from 7.7 to 8.7 wt.%,
plots in the high-K calc-alkaline and shoshonitic fields on Fig. 6b, and is
marked by low Sr/Y and La/Yb ratios compared to the MMP (Fig. 6¢, d).
In addition, EG has moderately fractionated light REE (LREE) to HREE
(Lan/Yby = 17.8-23.2) with relatively flat middle to heavy patterns
(Smy/Yby = 3.89-4.75; Gdn/Yby = 2.18-2.84), LREE enrichment, and a
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Table 1

Zircon SHRIMP U-Pb data for EG (DB-75) and MMP (DB-18) at the Dabu porphyry deposit.
Spot U (ppm) Th (ppm) Th/U 206pp (%) 206ph? (ppm) 207ph3 /235y (+%) 206pha/2381 (+%) 206ph/238y (Ma; +10)
DB-75 for EG
1.1 377 348 0.92 3.55 227 0.030(34) 0.00700(2.4) 45.0(1.1)
2.1 325 275 0.85 - 2.06 0.054(9) 0.00739(2.2) 47.5(1.0)
3.1 347 147 0.42 - 215 0.054(9) 0.00722(1.7) 46.4(0.8)
4.1 1405 2028 1.44 - 9.25 0.051(5) 0.00767(1.9) 49.2(0.9)
5.1 460 334 0.73 - 2.89 0.050(7) 0.00731(1.6) 47.0(0.8)
6.1 434 299 0.69 033 2.68 0.048(9) 0.00719(1.7) 46.2(0.8)
7.1 246 199 0.81 291 1.43 0.027(45) 0.00678(2.3) 43.5(1.0)
8.1 212 122 0.58 1.39 1.30 0.033(29) 0.00715(3.9) 45.9(1.8)
9.1 342 246 0.72 0.98 213 0.038(18) 0.00724(1.8) 46.5(0.8)
10.1 156 89 0.57 0.97 0.97 0.035(27) 0.00720(2.7) 46.2(1.2)
11.1 391 225 0.57 1.76 232 0.034(22) 0.00690(2.4) 44.3(1.0)
12.1 620 526 0.85 - 3.83 0.057(8) 0.00720(1.7) 46.2(0.8)
DB-18 for MMP
1.1 334 227 0.68 3.21 0.64 0.010(61) 0.00223(3.4) 14.4(0.4)
2.1 273 486 1.78 0.00 0.55 0.014(17) 0.00234(4.0) 14.9(0.9)
3.1 138 112 0.81 16.24 0.22 0.026(33) 0.00188(10.7) 14.4(0.8)
41 104 77 0.73 - 0.25 0.062(31) 0.00277(7.9) 15.1(0.8)
5.1 1183 1493 1.26 - 7.33 0.049(5) 0.00722(1.9) 46.4(1.0)
6.1 114 89 0.78 27.03 0.16 0.048(40) 0.00168(15.5) 14.5(0.6)
7.1 116 104 0.90 0.00 0.24 0.032(18) 0.00242(5.5) 14.7(1.0)
8.1 172 134 0.78 - 0.36 0.024(33) 0.00244(3.6) 15.1(0.5)
9.1 116 129 1.11 4.04 0.25 0.008(155) 0.00253(4.6) 16.5(0.5)
10.1 162 78 0.48 294 036 0.010(99) 0.00261(3.5) 16.9(0.5)
11.1 287 299 1.04 337 0.56 0.011(62) 0.00228(3.0) 14.9(0.4)
12.1 106 112 1.06 - 023 0.023(19) 0.00249(2.0) 15.9(0.5)
13.1 147 121 0.82 6.96 0.26 0.009(149) 0.00208(5.6) 14.6(0.4)
14.1 151 126 0.83 336 0.29 0.009(103) 0.00225(8.9) 14.4(1.0)
15.1 243 286 1.18 226 0.49 0.016(42) 0.00233(4.8) 15.3(0.9)

Note: 2%Pb, denotes the proportion of common 2°Pb in total measured >°°Pb.
¢ Denotes radiogenic lead.
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Fig. 5. Cathodoluminescence images and concordia plots of zircons for EG (a, ¢) and MMP (b, d) at the Dabu deposit. Solid and dashed circles mark the area for U-Pb isotopic dating and Hf
isotopic analysis of the zircons, respectively. The numbers in the solid circles denote the number of analysis spots. The SHRIMP U-Pb ages and €Hf{(t) values are given for each spot.
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Table 2

Whole-rock major (wt.%) and trace element (ppm) data for EG and MMP at the Dabu porphyry deposit.
Sample DB11-35 DB11-36 DB11-76 DB11 DB13 D-14 DB15 DB16 DB17 DB4-1 DB4-2 DB11-27 DB11-49 DB11-55 DB11-60 DB11-15 DB11-72

EG MMP

Si0, 65.98 63.68 65.36 63.49 63.58 62.55 62.52 62.43 63.97 65.53 66.11 69.73 70.32 68.59 67.92 66.50 69.24
Al,03 15.50 16.10 16.60 16.39 16.30 16.70 16.34 16.70 15.85 16.39 16.55 15.31 15.23 15.65 16.11 16.52 16.05
TiO, 0.74 0.80 0.67 0.80 0.81 0.81 0.92 0.91 0.69 0.48 0.48 0.30 0.28 0.41 0.41 0.45 0.40
Fe,03 247 2.63 141 2.12 2.10 213 232 244 2.48 1.00 1.28 1.02 1.04 1.05 0.98 143 1.16
FeO 1.68 2.16 1.51 2.18 223 237 249 235 1.99 2.06 1.89 1.10 0.79 1.63 1.65 1.51 0.36
Cao 3.05 3.15 3.14 3.59 3.75 3.97 4.02 424 3.08 3.00 3.49 2,61 1.84 2.05 230 2.55 0.96
MgO 1.63 1.83 1.44 1.67 1.65 1.80 1.90 1.81 1.54 1.67 1.66 1.02 0.94 1.22 1.20 1.47 1.15
K,0 3.44 3.95 4.48 4.20 3.84 3.62 3.54 3.09 5.03 231 223 3.13 3.80 321 3.05 2.84 3.77
Na,O 4.28 4.40 4.12 4.19 4.45 4.73 4.54 4.90 3.69 4.70 4.67 4.53 424 4.65 4.83 4.57 5.13
MnO 0.028 0.031 0.066 0.079 0.078 0.082 0.088 0.085 0.075 0.034 0.047 0.031 0.020 0.021 0.023 0.020 0.019
P05 0.296 0.320 0.262 0.332 0.339 0.353 0.369 0.356 0.290 0.194 0.195 0.139 0.110 0.158 0.158 0.177 0.167
LOI 0.72 0.74 0.71 0.49 0.39 0.40 0.44 0.22 0.81 1.24 093 0.89 1.16 1.12 1.06 1.63 1.34
Total 99.79 99.78 99.76 99.53 99.51 99.50 99.49 99.52 99.49 98.61 99.52 99.79 99.77 99.75 99.69 99.67 99.76
Mg# 42.79 42.12 48.14 42.26 41.81 42.96 42.67 41.65 39.52 50.24 49.39 47.62 49.41 45.93 45.86 48.52 59.53
Be 2.62 274 277 248 298 2.76 2.80 3.30 2.14 2.10 2.07 245 217 2.07 2.05 2.09 2.17
Sc 8.96 9.71 7.41 9.16 9.41 9.34 9.89 9.39 8.91 7.09 7.34 3.95 3.26 4.72 4.90 5.14 2.63
\ 77.7 85.1 64.9 97.8 105.6 97.8 1113 109.7 104.1 80.5 85.6 38.7 344 61.7 62.3 58.1 56.2
Cr 16.3 203 133 16.0 19.1 16.8 19.6 18.8 226 19.8 230 22.0 15.0 154 17.6 14.8 134
Co 6.83 7.40 7.67 10.1 109 10.6 118 11.0 9.6 8.6 9.8 5.50 4.64 7.17 7.07 7.40 3.40
Ni 5.96 5.85 4.95 6.4 7.3 6.5 75 73 6.2 16.8 16.5 8.88 7.14 7.07 7.71 11.21 6.60
Zn 39.5 36.5 77.0 76.3 82.7 76.5 874 81.0 77.2 40.8 523 24.6 253 19.6 25.0 17.6 254
Ga 216 21.6 219 20.9 223 209 221 222 199 19.7 20.1 171 17.6 20.1 21.8 19.8 18.5
Rb 79.3 86.0 79.3 100.2 99.2 88.2 93.3 81.1 1105 933 65.6 71.7 829 80.8 59.6 83.6 66.0
Sr 6229 638.4 706.7 750 753 768 753 769 736 914 952 646.5 616.5 716.9 764.7 630.8 4943
Y 20.13 22.63 21.59 18.74 19.09 17.77 2227 20.11 15.15 5.56 6.74 6.94 5.76 6.73 6.37 7.11 591
Zr 2311 257.8 209.0 2258 2228 233.6 259.6 248.7 199.3 107.7 108.8 94.0 89.5 1144 1149 96.1 1143
Nb 2422 23.10 22.15 22.00 23.42 20.89 25.55 2536 17.88 270 5.42 5.75 321 3.58 4.07 3.57 243
Cs 5.95 6.74 4.78 4.82 4.75 4.73 4.90 4.63 4.58 6.20 5.51 1.59 391 292 243 10.41 2.63
Ba 866.7 946.8 1292 1270 1170 917 975 739 1558 698 795 8334 853.4 900.9 1079 665.6 7844
La 69.74 65.94 61.77 51.66 56.65 54.11 65.44 59.35 43.95 19.26 2232 21.45 21.92 28.98 26.73 23.85 22.80
Ce 114.8 1255 117.7 103.60 109.92 101.00 125.89 115.50 84.86 3545 42.54 41.36 40.22 54.14 50.23 46.97 43.94
Pr 15.19 16.93 15.92 12.01 12.49 1147 14.61 13.13 9.72 4.25 5.15 6.04 5.62 7.62 7.09 6.87 6.38
Nd 52.90 58.88 56.29 45.75 47.14 43.60 55.70 49.62 36.94 17.30 20.82 23.35 20.74 28.25 26.52 26.36 23.60
Sm 8.29 9.34 8.86 7.35 7.42 6.95 8.80 7.94 5.96 292 3.50 4.11 343 443 4.11 433 3.66
Eu 1.93 2.18 2.16 1.70 1.82 1.74 2.05 1.82 1.49 0.92 0.92 1.03 0.92 1.21 1.16 1.09 091
Gd 6.25 6.99 6.55 5.81 6.01 5.57 7.09 6.42 4.79 2.10 2.54 2.59 236 3.09 2.87 2.80 248
Tb 0.92 1.05 0.99 0.81 0.81 0.77 0.98 0.86 0.65 0.28 0.33 0.36 0.32 0.40 0.38 0.39 033
Dy 431 4.79 4.63 3.60 3.67 3.73 4.10 3.96 2.85 1.11 1.36 1.59 133 1.62 1.56 1.60 1.35
Ho 0.79 0.87 0.84 0.62 0.64 0.62 0.76 0.69 0.50 0.20 0.23 0.27 0.22 0.27 0.25 0.28 0.22
Er 237 2.61 2.50 1.82 1.75 1.76 2.09 1.93 1.39 0.53 0.65 0.77 0.68 0.76 0.71 0.83 0.61
Tm 037 0.40 0.38 0.27 0.28 0.26 033 0.29 0.21 0.07 0.09 0.11 0.09 0.10 0.09 0.12 0.08
Yb 237 2.62 249 1.79 2.08 1.67 230 1.88 1.39 0.44 0.52 0.70 0.67 0.63 0.60 0.87 0.50
Lu 0.31 0.35 0.34 0.22 0.23 0.22 0.36 0.25 0.19 0.06 0.08 0.11 0.11 0.09 0.10 0.11 0.08
Hf 14.66 17.01 12.36 15.71 15.54 1343 16.64 15.39 9.21 591 6.40 3.92 337 3.45 3.12 5.45 4.02
Ta 1.86 1.81 1.86 1.65 1.69 1.51 1.86 1.84 1.27 0.17 0.38 0.46 0.27 0.27 0.31 0.25 0.17
Pb 13.6 158 210 243 242 193 20.8 20.2 242 19.0 18.1 17.6 459 243 304 17.1 20.6
Ti 4437 4779 3999 4809 4827 4833 5528 5450 4161 2860 2878 1775 1679 2440 2446 2668 2398
Th 17.50 15.47 19.80 16.2 13.7 10.7 15.1 129 10.9 9.0 7.8 16.47 12.76 11.59 10.57 11.54 7.00
§) 2.84 3.69 3.98 4.29 4.05 3.19 3.83 3.56 3.04 1.97 1.12 2.90 230 0.89 0.96 2.30 0.88
Eu/Eu* 0.79 0.79 0.83 0.77 0.81 0.83 0.77 0.76 0.82 1.08 0.90 0.90 0.93 0.95 0.98 0.90 0.87
Nb/Ta 13.01 12.79 11.93 13.33 13.83 13.83 13.74 13.75 14.13 16.17 14.14 12.50 11.96 13.36 13.23 14.11 14.28
Sr/Y 30.94 28.21 32.73 39.99 39.46 43.22 33.81 38.21 48.61 164.46 141.36 93.10 107.11 106.57 120.05 88.68 83.57
La/Yb 29.42 25.19 24.81 28.78 27.26 3235 28.41 31.61 31.51 43.74 42.90 30.79 32.69 46.26 44.86 27.52 45.89
T2(°C) 742.8 739.5 731.0 735.5 752.2 750.4 738.5 759.1

Note: Eu/Eu* = 2*Eu,/(Sm, + Gd,) using concentrations normalized to chondrite; T, is the zircon saturation temperature (Watson and Harrison, 1983).

06

€01-€8 (9107) €2 smaindy £50j025 210 / DI NN °S



S. Wu et al. / Ore Geology Reviews 73 (2016) 83-103

i
itz Al —-\\*
e Sonante_] - — B AWET
—~ 9 Monzonite - -
X
?-: 8 M //
S o lEE
e -
O 4 Diorite Granodiorite
“(; L Gabbroic
P 3 diorite
2 -
1 L
0 L= M B N SRR SR TP VA
50 55 60 65 70 75 80
Si0, (wt.%)
200
Adakite
I @, 30% darnetamphibolite
150 !
&
| -
00100
50
“Normal” andesite-
dacite-rhyolite
0
0 10 20 30 40
Y (ppm)

91

6

Shoshonitic

K,O (wt.%)

Tholeiitic

75

60 65 70
SiO, (wt.%)

50

40 45

0

55 80

100

d

Adakite

@® MMP
B EG

80

30% gaxnet amphibolite
70 |

|
i
1
'
|
'
1
|
]

La/Yb

-
o
T

0 L 1 L L L

2
Yb (ppm)

“Normal” andesite-
dacife-rhyolite |

3

Fig. 6. Plots: (a) total alkalis-silica (TAS) diagram (Middlemost, 1994); (b) K;0 vs SiO, (Peccerillo and Taylor, 1976); (c) Sr/Y vs Y (Defant and Drummond, 1993); and (d) La/Yb vs Yb
(Castillo et al.,, 1999). Enriched-Mid oceanic Ridge Basalt (E-MORB) source from Sun and McDonough (1989). The simulated results of variable degrees of partial melting of different

basaltic lower crust from Haschke et al. (2010) and Shafiei et al. (2009).

slightly negative Eu anomaly (0.76-0.83) (Fig. 7a). The Eu anomaly and
low Sr contents of 623-769 ppm may reflect that plagioclase removal
playing a significant role in their genesis, while the moderate HREE frac-
tionation precludes the retention of garnet in the restite. EG exhibits var-
iable enrichment in large lithophile elements (LILEs; e.g., Rb, Ba, Th, U, K,
Pb) and strong depletion of high-field strength elements (HFSEs; e.g., Nb,
Ta, Ti), as shown on the primitive mantle-normalized spidergram
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(Fig. 7b). Furthermore, EG generally has higher total REE and trace
element contents than MMP (Fig. 7).

5.3. Whole-rock Sr-Nd and zircon Hf isotopes

The measured and age-corrected Sr-Nd isotopic compositions of EG
and MMP are given in Table 3 and plotted on Fig. 8. The MMP has a
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Fig. 7. Chondrite-normalized REE patterns (a) and primitive mantle-normalized trace element patterns (b) of EG and MMP at the Dabu deposit. Published data of the Palaeocene and
Eocene Gangdese Batholith from Wen (2007) and Ji et al. (2012). Values for the chondrite and primitive mantle are from Sun and McDonough (1989).
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Sr-Nd isotopic data for EG and MMP at the Dabu porphyry deposit.

Notes: (87Sr/%0sr);
(3Nd/MINd),

Table 3
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limited range of isotopic compositions, with 3Sr/%Sr;, ratios between
0.70514 and 0.70573, eNd(t) between —2.78 and 0.77, and Tpy; be-
tween 952 and 735 Ma. The EG displays a similar Sr-Nd isotopic range
with 87Sr/%6Sr ;) ratios of 0.70531 to 0.70549, eNd(t) values of —0.75
to —0.34, and model ages of 910 to 617 Ma.

In-situ Hf isotopic compositions of zircons from EG and MMP are listed
in Table 4 and plotted on Fig. 9. Zircons from EG have initial ”®Hf/"”Hf
ratios of 0.282842-0.282917, Hf(t) values of 3.46-6.13 (n = 12), and
TSm ages between 901 and 731 Ma. Zircons from MMP have initial
176H£/"77Hf ratios of 0.282873 to 0.283013, eHf(t) values of 3.82 to 8.85
(n = 13), and Hf isotope crustal model ages (TSy) between 851 and
532 Ma. Both the positive gHf(t) values and the distinctly young Ty
(Hf) ages for MMP and EG indicate a significant mantle input (e.g. Ma
etal, 2013).

5.4. Zircon trace elements

Zircon trace element concentrations for EG and MMP are presented
in Supplementary Table 1, and the chondrite-normalized REE zircon
patterns are shown in Fig. 10a. Both the MMP and EG have similar REE
patterns characteristic for magmatic zircons, such as positive Ce and
negative Eu anomalies and HREE enrichment relative to LREE
(Fig. 10a; Hoskin and Schaltegger, 2003). The method proposed by
Ballard et al. (2002) is used here to estimate the magmatic oxygen fu-
gacity, by which zircon Ce**/Ce>" ratios are calculated based on a
lattice-strain model for mineral-melt partitioning of Ce** and Ce>*
cations, and trace elements in whole rock samples have also been
used as a proxy for melt. The calculated Ce**/Ce3* of 58 to 164 and
Eu/Eu” ratios of 0.34 to 0.56 for zircons from EG are lower than the cal-

0.2137.

051315, "7Sm/“*Ndpy
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culated Ce**/Ce3* of 87 to 1112 and Eu/Eu* ratios of 0.45 to 0.72 for zir-
cons from MMP (Fig. 10b).
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ture zone; Zhang et al., 2005); Indian Ocean marine sediments (including sample V28-343
used as a proxy for Neo-Tethyan sediment; Ben Othman et al., 1989); global subducting
sediment (Plank and Langmuir, 1998); ultra-potassic rocks (Miller et al., 1999; Gao
et al,, 2007; Zhao et al., 2009; Liu et al,, 2014; Wang et al.,, 2014a); Miocene mineraliza-
tion-related intrusions in the Gangdese porphyry copper deposits (Qu et al., 2004;
Meng, 2004; Yang, 2008; Leng et al., 2013; Wang et al., 2006; Li et al., 2011; Zheng et al.,
2014b; Hu et al., 2015); Gangdese Batholith and Linzizong volcanics (Mo et al., 2007,
2008; Wen, 2007; Lee et al., 2012); the lower crust (Miller et al., 1999); and the field of
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Table 4

Hf isotopic data for zircons from EG and MMP at the Dabu porphyry deposit.
Spot 176yh/177HE 10 Y76Hf/ TTHE 10 176 u/ 77Hf 10 Age (Ma) €Hf(0) eHf(t) Tpm(Ma) fLumr T Sm(Ma)
DB-75 for EG
1.1 0.011147 0.000731 0.282865 0.000011 0.000365 0.000026 45.0 33 4.28 539 —0.99 848
2.1 0.044185 0.001169 0.282917 0.000010 0.001196 0.000025 47.5 5.1 6.13 477 —0.96 731
31 0.026413 0.000683 0.282867 0.000010 0.000912 0.000023 46.4 34 434 545 —0.97 845
41 0.035182 0.001109 0.282846 0.000009 0.000933 0.000029 49.2 2.6 3.65 575 —0.97 891
5.1 0.021272 0.000832 0.282880 0.000010 0.000615 0.000020 47.0 3.8 4.84 521 —0.98 813
6.1 0.073546 0.005122 0.282843 0.000012 0.001826 0.000130 46.2 25 3.46 593 —0.94 901
7.1 0.046097 0.001337 0.282879 0.000009 0.001384 0.000043 435 3.8 471 534 —0.96 819
8.1 0.057840 0.002046 0.282912 0.000010 0.001536 0.000055 459 49 5.90 489 —0.95 744
9.1 0.080292 0.004290 0.282879 0.000009 0.001980 0.000106 46.5 3.8 4.75 543 —0.94 819
10.1 0.030519 0.002301 0.282877 0.000009 0.001240 0.000131 46.2 3.7 4.69 535 —0.96 822
11.1 0.052849 0.000679 0.282879 0.000011 0.001343 0.000019 443 3.8 473 533 —0.96 818
12.1 0.051654 0.001332 0.282842 0.000010 0.001374 0.000020 46.2 25 3.46 587 —0.96 901
DB-18 for MMP
1.1 0.000461 0.000006 0.017911 0.000271 0.282934 0.000012 144 5.7 6.03 445 —0.99 712
2.1 0.000415 0.000024 0.016931 0.001077 0.282907 0.000012 15.0 4.8 5.09 482 —0.99 773
3.1 0.000556 0.000012 0.021456 0.000419 0.282931 0.000012 121 5.6 5.89 449 —0.98 719
41 0.000351 0.000006 0.013959 0.000281 0.282938 0.000009 17.8 5.9 6.27 437 —0.99 699
5.1 0.001043 0.000024 0.039550 0.001012 0.282866 0.000010 46.4 33 431 548 —0.97 847
6.1 0.000649 0.000005 0.025649 0.000337 0.282873 0.000009 10.8 3.6 3.82 532 —0.98 851
7.1 0.000475 0.000010 0.017461 0.000363 0.283013 0.000009 15.6 85 8.85 334 —0.99 532
8.1 0.000390 0.000005 0.015513 0.000177 0.282915 0.000009 15.7 5.0 539 470 —0.99 754
9.1 0.000424 0.000008 0.016295 0.000196 0.282940 0.000010 16.3 5.9 6.29 436 —0.99 697
10.1 0.000649 0.000020 0.024904 0.000849 0.283010 0.000009 16.8 8.4 8.77 340 —0.98 538
111 0.000616 0.000011 0.022092 0.000422 0.282967 0.000011 14.7 6.9 7.20 400 —0.98 637
12.1 0.000489 0.000031 0.020163 0.001426 0.282961 0.000009 16.0 6.7 7.04 406 —0.99 648
13.1 0.000406 0.000005 0.015431 0.000203 0.282918 0.000009 13.4 5.2 5.46 466 —0.99 748
14.1 0.000538 0.000011 0.019100 0.000302 0.282958 0.000009 145 6.6 6.89 412 —0.98 657

5.5. Mineral chemistry

The compositions of biotite, apatite, magnetite, and ilmenite from EG
and MMP are listed in Supplementary Table 2. The biotite has a similar
Mg number (i.e. Mg/(Mg + Fer,)) between 0.58 and 0.76 and overlaps
with the range of magnesium biotite (Fig. 11a). The calculated Fe>*/
Fe? ™ ratios for biotite from MMP range from 0.11 to 0.38 and between
0.05 and 0.22 from EG. The Ti concentrations for biotite from MMP are
markedly higher (0.25-0.44) than those in EG (0.04-0.05) (Fig. 11c¢).
In addition, MMP samples plot at higher temperatures than samples
from EG on the Ti versus Mg/(Mg + Fe) diagram (Fig. 11d; Henry,
2005). The F (2.66-3.72%) and Cl (0.06-0.53%) contents for apatite in
MMP are also higher than those in EG (0.85-1.50%, 0.02-0.03%, respec-
tively) (Fig. 10c). The magmatic oxidation states are estimated by the
magnetite-ilmenite mineral pairs based on the ILMAT spreadsheet of
Lepage (2003). The representative magnetite-ilmenite pairs from
MMP yielded calculated temperature of 633 °C and LogfO, value of
— 14, which is higher than the temperature of 553 °C and LogfO,
value of — 22 for EG (Fig. 10d).

6. Discussion
6.1. Origin of the EG and MMP

The EG has a relatively flat MREE-HREE pattern and a small negative
Eu anomaly, does not have a concave-upward chondrite-normalized
REE pattern, and is geochemically similar to the Palaeocene-Eocene
Gangdese Batholith that formed from melts generated by the partial
melting of either a newly underplated basaltic lower crust or
subduction-modified lithospheric mantle (Fig. 7a; Wen, 2007; Ji et al.,
2012). These features provide evidence supporting the involvement of
plagioclase instead of amphibole and garnet as either a fractionated
phase or residual mineral in the source region. The EG and published
data for the Batholith have overall low Sm/Yb (generally <4) and high
La/Sm (up to 13) ratios, suggesting a less LREE-enriched and
pyroxene-dominated residual mineralogy (Fig. 13f; Kay and Mpodozis,

2001). The EG has low Sr/Y and La/Yb ratios that are consistent with
generation from the crust with an inferred thickness of ~45 km
(Fig. 6¢, d; Hildreth and Moorbath, 1988). In comparison, the MMP has
high Sr/Y (84-164) and La/Yb (28-46) ratios, low Y (5.56-7.11 ppm)
and Yb (0.44-0.87 ppm) concentrations, and strongly fractionated REE
patterns with a negative HREE slope, all of which are indicative of deri-
vation from a thickened source region dominated by amphibole and gar-
net fractionation or restite equilibration (Figs. 6¢, d, and 7a).
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Fig. 9. Plot of eHf(t) values vs U-Pb ages of zircons from EG and MMP at the Dabu deposit.
Data of the Gangdese Batholith in the southern Lhasa Terrane from Du et al. (2012), Ma
etal. (2014), and Chen et al. (2015); mafic enclaves and diorite-gabbro from Guan et al.
(2012), Zheng et al. (2012b, 2014a), Ma et al. (2013) and Wu et al. (2014); Palaeogene
Linzizong (Dianzhong and Nianbo) volcanics from Lee et al. (2007).
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On the plot of Sm/Yb versus La/Sm (Fig. 13f), the MMP overlaps with
the range of Miocene Cu-mineralization-related felsic rocks with high
Sm/Yb ratios (4-10), which also reflect the presence of a thickened
lower crust with amphibole and garnet in the source. A basaltic source
composition extracted from an enriched upper mantle (E-MORB), as
discussed by Sun and McDonough (1989), was used to model the vari-
able degrees of partial melting of different basaltic lower crust dominat-
ed by garnet-bearing amphibolite source mineralogies on Sr/Y versus Y
and La/Yb versus Yb diagrams (Fig. 6¢c, d). The results suggest that
garnet-bearing (5-30%) amphibolite lower crust accounted for the pa-
rental magma for MMP, consistent with the overthickened crust of 70-
80 km beneath the Lhasa Terrane (Kind et al., 1996; Chung et al., 2009).

The MMP has a limited range of isotopic compositions with
87Sr/85Sr(;y = 0.70514-0.70573, eNd(t) = —2.78 t0 0.77, and Tpy =
952-735 Ma. These values are similar to those of Miocene
mineralization-related intrusions within GPCD with 87Sr/%Sr(;, =
0.70439-0.70594, eNd(t) = — 6.8 to 5.9 (Meng, 2004; Qu et al., 2004;
Wang et al., 2006; Yang, 2008; Li et al., 2011; Leng et al., 2013; Zheng
et al, 2014b; Hu et al., 2015). The EG has a Sr-Nd isotopic range similar
to MMP, with 37Sr/3Sr(;, values of 0.70531-0.70549, eNd(t) values of
—0.75 to —0.34, and model ages of 910-617 Ma. The Sr-Nd isotopic
compositions of MMP and EG fall within the range of the 65-45 Ma
Gangdese Batholith and Linzizong volcanics, both of which are thought
to have formed from arc magma sourced from a mantle wedge that was
metasomatized by slab-derived fluids or sediment-derived melts during
the Neo-Tethyan Ocean subduction (Mo et al., 2007, 2008; Wen, 2007;

Lee et al,, 2012). On passing, the initial eNd values and 37Sr/%5Sr ratios
of all of the samples in Fig. 8 were recalculated as T = 15 Ma.

There is no difference in zircon Hf isotopic compositions between
Palaeogene and Miocene rocks when plotted on an age versus
¢Hf(t) diagram (Fig. 9), with both MMP and EG plotting in the evolution
field of Cretaceous, Palaeocene-Eocene, and Oligocene-Miocene
igneous rocks such as granitic rocks, mafic enclaves, diorite-gabbro
intrusions, and volcanics (Lee et al., 2007; Du et al., 2012; Guan et al.,
2012; Zheng et al., 2012b, 2014a; Ma et al., 2013, 2014; Wu et al,,
2014; Chen et al., 2015). The fact that the Sr-Nd-Hf isotopic composi-
tions of MMP and EG are indistinguishable suggests that they have a
common magma source, although their REE and spider patterns are
distinctively different.

Both MMP and EG are significantly enriched in LILEs (Ba, Rb, K, and
Sr), but are depleted in HFSEs (Nb, Ta, and Ti) and have positive Pb
anomalies when compared to the composition of the primitive mantle
(Fig. 7b). These characteristics are indicative of subduction-related arc
magmas (e.g. Tatsumi et al., 1986; Pearce and Parkinson, 1993; Elburg
et al., 2002). Generally, slab-derived aqueous fluids contain low concen-
trations of REEs, Th and HFSEs, but can introduce significant amounts of
LILEs and other fluid-mobile trace elements such as U and Pb into a
mantle wedge. In comparison, partial melts derived from subducted
continental sediments are characterized by relatively high Th and
LREE concentrations (Guo et al., 2013 and references therein). Conse-
quently, high Ba/La, Ba/Th, Rb/Y, Sr/Th, and Sr/Nd ratios are generally
thought to be indicative of arc magma derived from sources that had
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been strongly metasomatized by a fluid component, whereas rocks with
sources that had been enriched by partial melts derived from subducted
continental sediments are likely to have high Th/Yb, Th/Pb, and Th/Nb
ratios. The EG, MMP, Gangdese Batholith, and Miocene mineralization-
related intrusions within GBCD have variable Sr/Th, Sr/Nd, Ba/Th, and
Rb/Y ratios, but narrow ranges of Th concentrations and Th/Yb, Th/Nb,
and Th/Pb ratios; these characteristics are consistent with derivation
from a magma that underwent subducted slab-derived fluid-related en-
richment (Fig. 12; Meng, 2004; Qu et al., 2004; Wang et al., 2006; Yang,
2008; Lietal., 2011; Jietal, 2012; Leng et al., 2013; Zheng et al., 2014b;
Hu et al,, 2015). In contrast, Miocene ultra-potassic rocks define a differ-
ent source enrichment trend, with high Th/Yb, Th/Nb, and Th/Pb ratios
reflecting derivation from magma associated with enrichment related
to subducted continental sediments (Fig. 12; Miller et al., 1999; Gao
et al,, 2007; Wen, 2007; Zhao et al., 2009; Liu et al., 2014; Wang et al.,
2014a).

The MMP and EG also share a distinct Sr-Nd isotopic range with co-
eval ultra-potassic volcanics that were derived from an enriched litho-
spheric mantle that had been metasomatized by subducted Indian
continental material resulting in magma that is less hydrous and formed
under less oxidized conditions (Fig. 8; Ding et al., 2003; Zhao et al.,
2009; Wang et al., 2014d). Instead, MMP and EG, as well as the
Gangdese Batholith and Miocene mineralization-related intrusions, fall
on a mixing line between the Tethyan basalts and Indian Ocean pelagic
sediments, indicating derivation from a magma sourced from regions of

the mantle that underwent differing amounts of interaction with
subducted oceanic sediments (Fig. 8). These geochemical data, com-
bined with the fact that the occurrence of the Miocene GBCD defines a
linear trend and is evenly spaced along the Yarlung Zangbo Suture, sug-
gest a genetic link between earlier Neo-Tethyan subduction and the for-
mation of both the MMP and Miocene mineralization-related
porphyritic intrusions (Fig. 1b; Hou et al,, 2009; Zheng et al., 2015).

It is here concluded that the transition from normal arc-magmatism
during the Eocene to adakite-like high Sr/Y calc-alkaline magmatism in
the Miocene dominated by entirely different mineral phases was due to
a gradual increase in the crustal thickness and maturation of the arc
(Fig. 13i; Jamali and Mehrabi, 2015). The EG was generated by partial
melting of a basaltic source in the lower crust that was formed by
newly underplating of subduction-modified lithospheric mantle-
derived magma, which was subsequently fractionated crystallizing py-
roxene and plagioclase. In comparison, MMP formed from the remelting
of previously underplated basaltic melts at the base of the lower crust
that had undergone post-collisional thickening and metamorphism to
garnet-bearing amphibole facies.

6.2. Magmatic oxygen fugacity
The trace element composition of zircon is a sensitive indicator of

the oxidation state of the magma in which it crystallized, because a zir-
con can incorporate multivalent Ce and Eu within its crystal structure,
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Fig. 12. Plots: (a) Th/Yb vs Sr/Nd, (b) Th vs Sr/Th, (c) Th/Nb vs Ba/Th, and (d) Th/Pb vs Rb/Y. Published data for the Miocene ore-forming intrusions in GPCB and ultra-potassic rocks are the
same as in Fig. 8, and the data for the Gangdese Batholith are from Wen (2007) and Ji et al. (2012).

with oxidized Ce* ™ preferentially incorporated into zircon relative to
trivalent REEs. In contrast, reduced Eu?* cannot be incorporated into
a zircon. This means that a zircon with high Ce**/Ce®>* and high Euy/
Eun® ratios is indicative of high oxygen fugacity conditions and, as
such, is characteristic of an intrusion that is a prospective host for por-
phyry Cu mineralization (Ballard et al., 2002; Hoskin and Schaltegger,
2003; Dilles, 2015). The zircon Ce**/Ce3* and Euyn/Eun* ratios for
MMP and EG have been calculated in this study following the example
of Ballard et al. (2002). The results show that zircons within MMP
have higher Ce**/Ce** (87-1112) and Euy/Eun* (0.45-0.72) ratios
than zircons in EG (58-164 and 0.34-0.56, respectively), implying in-
creasing oxygen fugacity from the Eocene to the Miocene (Fig. 10b).
Also estimated is the crystallization temperatures based on the Ti-in-
zircon thermometer (Ferry and Watson, 2007) by setting the activities
of SiO, to 1 and TiO,, to 0.6. The average results show that MMP crystal-
lized at 683 °C and EG crystallized at a similar temperature of 706 °C.
Fe-Ti oxide thermometry and oxybarometry are based on
temperature- and redox-sensitive equilibria between titanomagnetite
and ilmenite-hematite solid solutions, and these approaches have been
widely used to provide information on the temperature and oxygen fu-
gacity conditions during magmatic processes (e.g. Buddington and
Lindsley, 1964; Lattard et al., 2005; Sauerzapf et al., 2008). Magnetite—
ilmenite pairs and the ILMAT spreadsheet of Lepage (2003) were used
to estimate the magmatic oxidation states. Pairs from EG yielded calculat-
ed temperature of 553 °C and AFMQ value (relative to the FMQ buffer at
1 kbar; O'Neill, 1987) of —0.3 and plot on the fayalite-magnetite-quartz
(FMQ) oxygen buffer line (Fig. 10d). In comparison, MMP yielded

calculated temperature of 633 °C and AFMQ value of 5.0 and plot on the
magnetite-hematite (MH) oxygen buffer line (Fig. 10d).

Biotite is a common mafic mineral in most felsic magmatic rocks and
is structurally and chemically sensitive to the temperature, pressure,
and oxygen fugacity of the host magma (e.g. Henry, 2005; Uchida
et al., 2007; Shabani, 2010). The relative abundance of annite (Fe?™)
and oxyannite (Fe* ) components in biotite can provide evidence for
the redox conditions during the evolution of a felsic melt (Wones and
Eugster, 1965). Biotite in MMP is stable in conditions between the Ni-
NiO (NNO) and Fe;04-Fe,03 (HM) buffers, which suggests an evolu-
tionary oxidizing trend that is responsible for the increasing oxyannite
component (Fig. 11b). Most of the biotite from EG plots close to the
NNO buffer, indicating a lower magmatic oxygen fugacity than during
the formation of MMP (Fig. 11b). All of the above evidence indicates
that the fertile MMP formed under higher oxygen fugacity conditions
than the barren EG.

Arc magma formed above subduction zones is generally highly oxi-
dized (Brandon and Draper, 1996; Parkinson and Arculus, 1999; Frost
and McCammon, 2008; Kelley and Cottrell, 2009; Mullen and
Mccallum, 2013). The addition of oxidized components such as Fe> ™
or dissolved sulfate is derived from dehydration or partial melting of
subducting oceanic plates and overlying sediments. This is thought to
be a major mechanism for the oxidation of arc magma during the inter-
action with fluids or melts (Wood et al., 1990; Kelley and Cottrell, 2009;
Rowe et al,, 2009).

Lécuyer and Ricard (1999) suggest that the transfer of ferric iron
from magnetite produced during the hydrothermal alteration of oceanic
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Fig. 13. Geochemical correlation diagrams for EG and MMP at the Dabu deposit, and published data of Miocene mineralization-related intrusions in GPCB, ultra-potassic rocks, and
Gangdese Batholith. Data sources are the same as for Fig. 12. The approximate boundaries in the La/Sm vs Sm/Yb diagram are from Kay and Mpodozis (2001). The plot of La/Yb vs Th/
Yb is after Condie (1989). Abbreviations: AMPH = amphibole, GAR = garnet, PYX = pyroxene.

crust towards the mantle is the main process responsible for the oxi-
dized nature of arc magma. Lee et al. (2010), however, suggest that
the highly oxidized nature of arc lava must be, at least in part, a conse-
quence of shallow-level differentiation processes rather than solely
reflecting the nature of the magma source. In any case, it is clear that
arc magma that forms in subduction zones is generally oxidized.

As discussed in Section 6.1, MMP and EG exhibit magmatic arc geo-
chemical characteristics and share a common magma source that had
been metasomatized by subducting slab-derived fluid and oceanic sed-
iments. It is also clear that the fertile MMP formed under higher mag-
matic oxygen fugacity than the barren EG. The question therefore
remains as to which key factors or processes reduced the magmatic ox-
ygen fugacity for EG?

Previous research has suggested several processes that might lower
oxygen fugacity during the evolution of a magma, including (1) the
degassing of oxidized volatile species (i.e. CO,, SO3, and SO,), thereby
lowering the amount of oxygen in the magma or reducing sulfate to sul-
fide (Oyarzun et al., 2001; Kelley and Cottrell, 2012); (2) the

assimilation of subducted continental crust, organic-rich sediments, or
wall rocks during magma ascent (Shen and Pan, 2013; Wang et al.,
2014d); and (3) the fractional crystallization of magnetite and hematite,
thereby lowering the abundance of ferric iron in the magma (Sun et al.,
2004, 2013a). The Gangdese Batholith and the coeval Linzizong volca-
nics are widespread throughout the Lhasa Terrane cropping out over
an area of ~1000 x 200 km (Fig. 1b; Wen, 2007; Mo et al., 2008; Ji
et al., 2009; Lee et al., 2009). In addition, the ca. 50 Ma magmatic
‘flare-up’ is recorded by the Linzizong volcanism represented by the
Pana Formation. The volcanism is characterized by significant geochem-
ical variations from low-K tholeiitic through calc-alkaline to shoshonitic
compositions, which suggests heterogeneous mantle and crustal
sources (Lee et al., 2012). These features indicate that magma forming
EG was generated in an open magmatic system (Oyarzun et al., 2001;
Asadi et al.,, 2014). This was associated with the decompression and dis-
charge of SO, during the Linzizong volcanism, a process that in turn re-
duced the oxygen fugacity in the EG magma. In comparison, the absence
of volcanism under compressional conditions during the Miocene, as
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documented by Zheng et al. (2007a), prevented the escape of volatiles
from sulfur-rich and highly oxidized magma within the closed porphyry
magma, which favored the formation of porphyry Cu mineralization.
This model is further supported by the fact that apatite in MMP has
higher volatile concentrations (e.g. F and Cl) than the apatite in EG
(Fig. 10c).

6.3. Magmatic water content

Magmatic water (or fluid) plays a key role in the formation of por-
phyry Cu deposits (Richards, 2011a). However, directly measuring the
content of magmatic water is difficult, primarily as a result of the exten-
sive degassing of magma as it reaches the surface. Previous estimates of
magmatic H,O abundances are generally based on plagioclase hygrom-
eter analysis and the analysis of undegassed basaltic glasses or melt in-
clusions (Walker et al., 2003; Kelley and Cottrell, 2009; Lange et al.,
2009). Lu et al. (2015) introduced a geohygrometer for granites using
zircon-saturation thermometry and H,O-dependent phase equilibria,
and concluded that the high Sr/Y copper ore-forming magma in the
Gangdese porphyry Cu belt had dissolved H,0 contents of >10 wt.%.
Furthermore, some whole-rock element ratios and the order of crystal-
lization of minerals such as hornblende, feldspar, and magnetite can
provide evidence of the water content of initial melts (Loucks, 2014;
Wang et al., 2014c). For example, Sr can substitute for Ca in plagioclase
under typical magmatic conditions and is therefore a sensitive indicator
of plagioclase fractionation (McKay et al., 1994). Immobile elements
such as V and Sc behave similarly during partial melting and are not
perturbed by degassing, meaning that their abundances are generally
unaffected by hydrothermal alteration (Canil, 1997; Anser Li and
Aeolus Lee, 2004). In detail, the partitioning of the element V is redox-
sensitive and has a very high magnetite-melt partition coefficient,
whereas Sc partitions strongly into hornblende (La Tourrette et al.,
1991; Sisson, 1994). Experimental studies have shown that the crystal-
lization of hornblende from basaltic and basaltic-andesitic melt compo-
sitions above ~980 °C requires a melt containing >5 wt.% dissolved H,0
(Feig et al., 2006). If the bulk H,0 content of a silicate melt remains at
6 wt.% during differentiation, the crystallization sequence of minerals
will be hornblende followed by plagioclase and finally magnetite. How-
ever, the crystallization of plagioclase prior to that of hornblende during
cooling at any given pressure will be expected in a dry mafic-to-felsic
differentiation series (Loucks, 2014 and references therein). This indi-
cates that magmatic rocks with high V/Sc and Sr/Y ratios and high Sr
concentrations most likely reflect the fractional crystallization of horn-
blende from more hydrous mafic melts. This process removes Y and Sc
from the melt, but enriches the residual melt in Sr, Ti, and Fe>* resulting
in the suppression or delay of magnetite and plagioclase crystallization.

Both EG and Gangdese Batholith have low Sr/Y ratios of <50, rela-
tively high Y and Yb values, and Sr concentrations that decrease over a
wide range of SiO, contents from ~49 to 77 wt.% (Fig. 13a, d, g, h;
Wen, 2007; Ji et al., 2012). These characteristics indicate that plagioclase
fractionation proceeded throughout the evolution of the magma from
mafic to felsic compositions. The Dy, Y, and Yb concentrations of these
rocks rapidly increase at ~60 wt.% SiO, before subsequently decreasing
at a higher silica content (Fig. 13e, g, h). This suggests that hornblende,
which preferentially incorporates Dy as well as HREEs (Moyen, 2009),
did not begin to fractionate until the magma reached relatively evolved
compositions. This view is consistent with the observation that the late-
crystallized hornblende is generally present as small crystals within ear-
lier formed feldspar phenocrysts in EG (Fig. 3e). The intrusions also have
relatively low V/Sc ratios that gradually decrease with increasing SiO, as
shown in Fig. 13c, which is indicative of magnetite fractionation being
another process that can remove Fe>* from a melt and contributed to
the low magmatic oxygen fugacity of EG. All of these features suggest
that the magma forming EG, as well as the rocks in the Palaeocene-
Eocene Gangdese arc, were relatively dry with magmatic water con-
tents of <4 wt.% (Ridolfi et al., 2009; Loucks, 2014). In contrast,

magma forming MMP at the Dabu deposit, as well as other Miocene
mineralization-related intrusions in the GBCD, have high Sr/Y and V/
Sc ratios, and low Dy and Y concentrations (Fig. 13a, c, e, g; Meng,
2004; Qu et al., 2004; Wang et al., 2006; Yang, 2008; Li et al., 2011;
Leng et al., 2013; Zheng et al., 2014b; Hu et al., 2015). This suggests
that the magma underwent early hornblende crystallization (Lu et al.,
2015). The hornblende fractionation is also indicated by a negative cor-
relation between Dy/Yb ratios and SiO, concentrations (Fig. 13b).

MMP also has a higher Sr concentration than EG and the Gangdese
Batholith at constant SiO-, values and records a rapid decrease in Sr con-
centrations with an increase in SiO, concentrations from 62 to 77 wt.%
(Fig. 13d). These features may reflect the suppression of early plagio-
clase fractionation by hornblende crystallization resulting in high Sr
concentrations, which is consistent with the absence of hornblende
phenocrysts in the felsic MMP primarily because hornblende had al-
ready crystallized out from the hydrous mafic melt. All of this evidence
indicates that the magma forming MMP was hydrous containing
>5.5 wt.% magmatic water (Loucks, 2014). In addition, based on the
geohygrometer introduced by Lu et al. (2015), the inferred H,O content
dissolved in MMP is ~11%, corresponding to zircon saturation tempera-
tures of 731-759 °C.

The ultra-potassic rocks in the region have lower Sr/Y and V/Sc ratios
that are comparable to the barren Gangdese Batholith (Fig. 13a, c; Miller
et al,, 1999; Gao et al., 2007; Zhao et al., 2009; Liu et al., 2014; Wang
et al., 2014a). These rocks also have negative correlations between Dy/
Yb ratios and Sr concentrations compared to SiO, contents (Fig. 13b,
d). This indicates that both hornblende and plagioclase crystallized
early from relatively hydrous melts. However, it is here suggested that
the magma forming the Miocene mineralization-related intrusions
was more hydrous than the magma forming the ultra-potassic rocks pri-
marily because the former have lower Dy and Y concentrations than the
latter (Fig. 13e, g). We therefore infer that the extremely high water
content of >10% in MMP and the Miocene mineralization-related intru-
sions, as documented by Lu et al. (2015), is unlikely to be associated
with ultra-potassic magma.

In running summary, the EG and ca. 65-45 Ma Gangdese Batholith
formed from dry magma with <4% H,0, which experienced plagioclase
and magnetite fractionation, whereas the Miocene ultra-potassic rocks
formed from relatively hydrous magma that fractionated both horn-
blende and plagioclase early during its magmatic history. MMP and
other Miocene mineralization-related intrusions formed from even
more hydrous magma with >5.5% H-0, as shown by the early fraction-
ation of hornblende and the suppression of plagioclase crystallization.
As discussed in Section 6.1, both MMP and EG were derived from
magma generated in a common source region that had been
metasomatized by subducted slab-derived fluids and oceanic sedi-
ments. The question remains as to what happened from the Eocene to
the Miocene to increase the magmatic water contents for the generation
of ore-productive intrusions?

Porphyry Cu deposits formed in the post-collisional setting in south-
ern Tibet are special because they experienced not only a long-lived
northward subduction of the Neo-Tethyan ocean slab, but also the sub-
sequent collision of the Indian and Asian plates accompanied by gradual
crust thickening and shortening (Wen et al., 2008; Chung et al., 2009; Ji
et al,, 2009). During such processes, the mafic lower crust of the South
Lhasa Terrane would have also experience intense deformation and
metamorphism as a result of increasing regional stress in the
Himalaya-Tibet orogenic belt (Yin and Harrison, 2000). As stated by
Zhang et al. (2013), the lower crust of the Gangdese magmatic arc
underwent extensive granulite facies metamorphism during the
Palaeocene and Eocene as recorded by deep-seated orthogneiss and
paragneiss. These rocks are dominated by plagioclase, muscovite, bio-
tite, and quartz with or without garnet and amphibole, as well as
some sillimanite- and kyanite-bearing gneiss. The lower-crustal granu-
lites of the Gangdese arc root underwent a long period of prograde
metamorphism between the Eocene and the Miocene, primarily as a
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result of the increasing pressures and temperatures generated by the
thickening of the lower crust during continental collision. The higher-
grade metamorphism took place in response to both higher tempera-
tures and lower water activity, generating a succession of mineral as-
semblages that reflect progressive dehydration (Binns, 1964; Labotka
et al., 1984; Guiraud et al.,, 2001; Weinberg and Hasalova, 2015). The
water released during this metamorphic dehydration either filled
grain boundaries and pore networks or may have entered surrounding
blocks along fractures (Yardley, 1981; Bottrell et al., 1990; Yardley and
Valley, 1997; Jackson et al., 2004).

It is here suggested that the thickening lower crust of the South
Lhasa Terrane became dehydrated through metamorphic reactions of
hydrous minerals during the India-Asia collision and intracontinental
deformation. Examples of this include (i) muscovite dehydration in-
volving a reaction proceeding at ~650-750 °C with the equilibrium
equation of muscovite + plagioclase + quartz = K-feldspar +
kyanite + H,0 (Thompson, 1983; Yardley and Valley, 1997); (ii) biotite
dehydration at ~750-850 °C involves the equilibrium equation of bio-
tite + sillimanite + quartz = K-feldspar + garnet/cordierite + H,0
(Phillips, 1981); (iii) and amphibole dehydration at ~850-900 °C in-
volving the equilibrium equation of hornblende + plagioclase =
clinopyroxene/garnet + H,0 (Wolf and Wyllie, 1994). The large quan-
tity of water released by these long-term metamorphic dehydration re-
actions could have been stored at the crust-mantle boundary, an area
that also preserved previously underplated basaltic melts. The continu-
ous infiltration of additional water from these metamorphic dehydra-
tion reactions increased the water content of the basaltic melts; a
process that eventually produced the fertile MMP and other Miocene
mineralization-related magma that formed porphyry Cu deposits in
Tibet.

6.4. New model of post-collisional porphyry Cu mineralization

The collision between India and Asia began at ~65-50 Ma, and the
on-going collision and convergence of the plates resulted in the thicken-
ing and shortening of the continental crust and uplift of the Tibetan Pla-
teau (Patriat and Achache, 1984; Klootwijk et al., 1992; Yin and
Harrison, 2000; DeCelles et al., 2002; Mo et al., 2003; Ding et al., 2005;
Chung et al., 2009). The Gangdese Batholith and the coeval Linzizong
volcanics crop out throughout the South Lhasa Terrane (Wen, 2007;
Mo et al., 2008; Ji et al,, 2009). However, only two collision-related por-
phyry deposits have been discovered in this area to date. These are the
ca. 45 Ma Jiru porphyry Cu deposit (Zheng et al., 2014b) and the ca.
52 Ma Sharang porphyry Mo deposit (Zhao et al., 2014). As discussed
earlier, EG formed from magma generated by partial melting of a
newly underplated basaltic region of the lower crust, which was origi-
nated from a mantle wedge that was metasomatized by Neo-Tethyan
slab-derived fluids and oceanic sediments. The break-off of the
subducted Neo-Tethyan slab during the early stages of the India-Asia
collision may have caused asthenospheric upwelling and subsequent
basaltic underplating (Fig. 14a; Lee et al., 2012). The basaltic melts
inherited being highly oxidized arc magma characterized with high CI,
F, S, and Cu concentrations (Sillitoe, 1997; Li et al., 2011). The melts
formed at the crust-mantle boundary and constitute the lower crust
within the arc. However, when some of the melts ascended to the shal-
low surface together with the fractional crystallization of pyroxene, pla-
gioclase, and magnetite in relatively dry conditions, the decompression
and discharge of SO, through the contemporary Linzizong volcanism
would have reduced their magmatic oxygen fugacity (Fig. 14a). This
could account for the generation of magma forming the barren EG, as
well as the fact that few porphyry deposits are associated with the
Gangdese Batholith in Tibet. In particular, the Eocene formation of the
Jiru porphyry Cu deposit may have been related to fragments of under-
thrusting ocean crust during continental collision, as shown by the

presence of mafic microgranular enclaves with high Sr/Y ratios (Niu
et al.,, 2013; Sun et al., 2013b). The genesis of the Sharang porphyry
Mo deposit was associated with the assimilation of old crustal material,
as evidenced by the enriched Sr-Nd isotopic signatures of
mineralization-related intrusions and the low Re contents of molybde-
nite from this deposit (Zhao et al,, 2012, 2014).

Several models have been proposed to explain the geodynamic
processes that formed the Miocene Gangdese porphyry Cu-Mo de-
posits and associated granites with high Sr/Y ratios (Chung et al.,
2009; Hou et al., 2009; Ji et al., 2009; Li et al., 2011; Wu et al.,
2014; Zheng et al., 2015). Most of these models explain the Miocene
magmatism as a result of the convective removal of a thickened re-
gion of lithospheric mantle caused by gravitational instability and
the subsequent upward counterflow of hotter asthenospheric man-
tle, although the timing of removal of this orogenic lithospheric
mantle root has been assigned various ages of 30-15 Ma (Chung
et al., 2009), 33-13 Ma (Ji et al., 2009), and 20-10 Ma (Li et al.,
2011). Following Richards (2009) and Wu et al. (2014), it is here pro-
posed that remelting of previously underplated basaltic magma dur-
ing the Palaeocene and Eocene generated the fertile MMP and other
magma associated with Miocene porphyry deposits. This model is
supported by whole-rock Sr-Nd and zircon Hf isotopic compositions
that are indistinguishable from those of the Palaeocene-Eocene
Gangdese Batholith and the Linzizong volcanics (Figs. 8 and 9).

The model presented on Fig. 14b predicts a genetic link between ear-
lier Neo-Tethyan subduction processes and the formation of porphyry
Cu deposits in a post-collision tectonic setting. Long-lived subduction
is likely responsible for the highly oxidized nature of fertile magma, a
characteristic that is generated by the addition of oxidized components
(aswell as F, C1, S, and Cu) to the sub-arc mantle. In addition, the long-
term metamorphic dehydration associated with the India-Asia collision
and subsequent crustal thickening and shortening was responsible for
the high water contents of the magma, because the metamorphism re-
leased water that then replenished the basaltic melts at the base of the
lower crust. In summary, metasomatism related to subducted oceanic
crust, metamorphic dehydration of the thickened region of the lower
crust, and the absence of coeval volcanism were all important controls
on the genesis of fertile magma and the formation of the Miocene por-
phyry Cu deposits in Tibet.

7. Conclusions

The barren Eocene monzogranite (EG) and the fertile Miocene
monzogranite porphyry (MMP) associated with the Dabu porphyry
Cu-Mo deposit in southern Tibet have similar Sr-Nd-Hf isotopic
compositions to the Palaeocene-Eocene Gangdese Batholith and
the coeval Linzizong volcanics. All of these rocks formed from
magma generated by partial melting or remelting of a basaltic source
in the lower crust, which was underplated during the Palaeocene and
Eocene. The basaltic melts were derived from a mantle wedge that
was metasomatized by the Neo-Tethyan slab-derived fluids and oce-
anic sediments.

MMP formed under higher magmatic oxygen fugacity conditions
and contained more water than EG did. The decompression and
discharge of SO, during the coeval Linzizong volcanism might account
for the low magmatic oxygen fugacity of EG and the limited develop-
ment of porphyry Cu deposits associated with the Gangdese Batholith.
The high water content of MMP probably reflects the continuous infil-
tration of additional water during metamorphic dehydration associated
with the India-Asia collision and subsequent crust thickening and
shortening.

The metasomatism related to subducted oceanic crust, the meta-
morphic dehydration of a thickened region of the lower crust, and an
absence of coeval volcanism all contributed to the genesis of fertile
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Fig. 14. Schematic model showing the tectonic evolution of GPCD from collisional to post-collisional stages and the genesis of barren and fertile magmas: (a) the subducted Neo-Tethyan
slab rollback and subsequent break-off during the India-Asia collision resulted in the underplating of basaltic melts derived from a metasomatized mantle wedge during the long-lived
subduction process at the crust-mantle boundary, which formed the Gangdese Batholith and Linzizong volcanics accompanied by the decompression and discharge of SO, in an open sys-
tem; and (b) re-melting of previous underplated basaltic melts induced by the delamination of a thickened lithospheric mantle root, characterized by high magmatic oxygen fugacity
inherited from the former arc-mantle and high water contents added by long-term metamorphic dehydration (leading to the generation of fertile porphyries for the post-collisional por-
phyry Cu-Mo deposits under compressional conditions in Tibet). Abbreviations: SCLM = subcontinental lithospheric mantle, CC = continental crust, LM = lithospheric mantle, OC =
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magma that is prospective for the formation of post-collision porphyry
Cu-Mo deposits in Tibet.
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