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The 1600 km-long Gangdese magmatic belt features extensive Paleocene–Eocene I-type intrusive rocks and
coeval volcanic successions, abundant but more localized Oligo-Miocene calc-alkaline to alkaline plutons, and
Miocene potassic to ultrapotassic volcanic rocks. These Cenozoic igneous rocks record geodynamic changes
related to the India–Asia collisionwhich began at ~55–50Ma. New and published lithogeochemical andmultiple
isotopic (Os–Sr–Nd–O–Hf) analyses of these Cenozoic igneous rocks reveal that the Paleocene–Eocene magmas
have similar compositions to continental arc rocks throughout the belt, but later Miocene magmas show sharp
longitudinal contrasts in geochemical and isotopic compositions, which are also correlated with the occurrence
of porphyry-type mineralization.
SparseMiocene high-K calc-alkaline to shoshonitic volcanic rocks in the eastern Gangdese belt have low tomod-
erate (87Sr/86Sr)i ratios (0.7057–0.7121),moderately negative εNdi values (−9.4 to−3.4), low (187Os/188Os)i ra-
tios (0.154–0.210), highly variable εHfi values (−5.9 to +10.1), and low zircon δ18O values (+5.0–+6.7‰),
which are interpreted to reflect derivation by partial melting of subduction-modified Tibetan sub-continental
lithospheric mantle (SCLM). In contrast, Miocene high-K calc-alkaline to shoshonitic volcanic rocks in the west-
ern Gangdese belt have higher (87Sr/86Sr)i ratios (0.7069–0.7263), more negative εNdi values (−17.5 to −6.0)
and εHfi values (−15.2 to +0.7), and crust-like zircon δ18O values (+6.2–+8.8‰), but mantle-like
(187Os/188Os)i values (0.156–0.182), and high Ni and Cr contents. These features suggest that potassic to
ultrapotassic magmas in the western Gangdese belt were also derived from partial melting of Tibetan SCLM
but with ~3–25% input of melts ± fluids from the underthrust Indian plate (87Sr/86Sr = 0.74–0.76,
εNd=−18 to−10, δ18O=+10−+14‰). In contrast, Miocene alkaline magmas to the east were unaffected
by this source.
Oligo-Miocene calc-alkaline to high-K calc-alkaline granitoids related to large porphyry Cu–Mo deposits in the
eastern Gangdese belt (east of ∼89° E) are geochemically broadly similar to the early Paleocene–Eocene rocks.
They are thought to be derived from partial melting of subduction-modified lower crust with mixing of alkaline
melts from partial melting of SCLM, and have relatively low (87Sr/86Sr)i ratios (0.7047–0.7076), high εNdi

values (−6.1 to +5.5) and εHfi values (1.4–8.7), moderate (187Os/188Os)i ratios (0.224–0.835), and low zircon
δ18OVSMOW values (+5.5–+6.6‰). These magmas also had high water contents (weak Dy/Yb enrichment,
characterizedwith amphibole fractionation) and oxidation states (ΔFMQ0.8–2.9), which explain their unique as-
sociation with porphyry Cu–Mo mineralization. In contrast, Miocene high-K calc-alkaline to shoshonitic granit-
oids in the western Gangdese belt (west of ∼89° E) show differences in geochemical and isotopic compositions
to the earlier Paleocene–Eocene magmatism, and are characterized by crust-like zircon δ18O values
(+6.2–+8.8‰), high (87Sr/86Sr)i ratios (0.7147–0.7165), negative εNdi values (−11.3 to −7.9), crust-like
(187Os/188Os)i values (0.550–1.035), and low εHfi values (−13.0 to 3.9). These magmas are interpreted to reflect
involvement ofmelts ± fluids from the underthrust Indian plate and high degrees of crustal contamination upon
emplacement. Only one small porphyry Cu–Mo deposit is known to be associated with thesewestern granitoids.
We suggest that this difference reflects the variable extent of underthrusting of the Indian plate continental lith-
osphere beneath Tibet in the Oligo-Miocene, and diachronous breakoff of the Greater India slab. In the absence of
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underthrust Indian lithosphere to the east of ~89° E in the Oligo-Miocene, slab breakoff triggered asthenospheric
upwelling and partial melting of previously subduction-modified Tibetan lithosphere, generating hydrous, oxi-
dized calc-alkaline magmas with the potential to generate porphyry Cu–Mo deposits. In contrast,
underthrusting of the Indian plate to the west at this time limited the involvement of asthenospheric melts
and the extent of partial melting of subduction-modified lithosphere, with the result that melts ± fluids derived
from the underthrust lithosphere were infertile.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The Gangdesemagmatic belt is located along the southernmargin of
the Tibetan plateau, and records a series of magmatic events starting
with Late Triassic–Early Jurassic subduction of the Neo-Tethyan ocean
(Chu et al., 2006), followed by early collision of Greater India and ocean-
ic slab breakoff in the Eocene (“soft collision” at ~55–50 Ma; Allégre
et al., 1984; de Sigoyer et al., 2000; Gao et al., 2008; Van der Voo et al.,
1999). “Hard-collision” of the Indian craton with the Asian margin oc-
curred at ~35 Ma (Replumaz et al., 2010; van Hinsbergen et al., 2012),
with late-collisional processes in the Oligocene and Miocene. Breakoff
of the Greater India slab started in the western part of the belt at
~25 ± 5 Ma, and the tear propagated eastward until final detachment
beneath eastern Tibet at ~10 ± 5 Ma (Van der Voo et al., 1999;
Replumaz et al., 2010). A large number of small-volume calc-alkaline
to high-K alkaline and shoshonitic granitoids and high-K calc-alkaline
to shoshonitic lava flows were intruded or erupted in the Gangdese
belt between ~30 and 9 Ma, and constitute a 1600 km-long late (or
post)-collisional magmatic belt (Fig. 2; Chung et al., 2003, 2005; Ding
et al., 2003; Gao et al., 2007; Guo et al., 2013; Hou et al., 2004, 2009;
Leng et al., 2013; Li et al., 2011; Liu et al., 2011; Miller et al., 1999;
Turner et al., 1996; Wang et al., 2014a, 2014b, 2014c; Williams et al.,
2004; Wu et al., 2014; Yang et al., 2009; Zhao et al., 2009; Zheng et al.,
2012; Zheng et al., 2014a)

The Oligo-Miocene igneous rocks in the Gangdese belt show a sharp
longitudinal distinction in petrography, geochemistry, and association
with porphyry-type mineralization, with a boundary at ~89° E. The
eastern Gangdese group (longitude ~89°–94° E) is characterizedmainly
by intermediate–felsic calc-alkaline to high-K calc-alkaline plutons
(which are locally associated with porphyry Cu–Mo deposits), and
minor high-K calc-alkaline to shoshonitic volcanic rocks. These calc-
alkaline to high-K calc-alkaline granitoid magmas are characterized by
high Sr/Y and [La/Yb]N ratios (e.g. Chung et al., 2003; Hou et al., 2004,
2009; Li et al., 2011; Wang et al., 2014b). In contrast, the western
Gangdese group (longitude ~80°–89° E) is characterized mainly by
high-K calc alkaline to shoshonitic volcanic rocks and sparse porphyritic
plutons that are mostly barren. These alkaline volcanic rocks have high
Th and K2O contents, and low to moderate Sr/Y ratios (Miller et al.,
1999; Williams et al., 2004; Guo et al., 2013; Wang et al., 2014b). The
cospatial porphyritic plutons with similar mineralogical and geochemi-
cal compositions to the western alkaline volcanic rocks are likely their
equivalents (e.g. Wang et al., 2012; Yu et al., 2013).
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Previous isotopic studies of Miocene potassic to ultrapotassic volca-
nic rocks in thewestern Gangdese belt demonstrate that their composi-
tions are characterized by extremely low εNdi values (−17.4 to−7.1),
but high (87Sr/86Sr)i and δ18OVSMOW values (0.7068–0.7399 and
+8–+11‰, respectively) (e.g., Miller et al., 1999; Williams et al.,
2004; Zhao et al., 2009). These compositions suggest that the Indian
lithosphere (with low εNd = −18 to −10, and high 87Sr/86Sr =
0.74–0.76 and δ18O = +10–+14‰; France-Lanord et al., 1988; Inger
and Harris, 1993) was a likely source. Prior to this study, it was not
clear whether eastern Gangdese belt Miocene magmatism was also af-
fected by this source, partly because there are few reported occurrences
of Miocene potassic to ultrapotassic rocks in this part of the belt.
Oligo-Miocene granitoids from the eastern Gangdese belt have been
studied for Sr–Nd isotopic compositions, but no O isotopic data have
been published. In addition, many of these previously studied intrusive
rocks are associated with porphyry-type deposits and have been
affected by pervasive hydrothermal alteration, rendering whole-rock
Sr and O isotopic compositions suspect.

In this study, we collected fresh and minimally altered Cenozoic ig-
neous rocks from throughout the 1600 km-long Gangdese magmatic
belt, focusing on previously unsampled occurrences of Miocene rocks.
By combining our new data with published lithogeochemical and
multiple isotopic (Os–Sr–Nd–O–Hf) analyses, we show that differential
involvement of Indian plate lithosphere, subduction-modified Tibetan
lithosphere, and asthenospheric melts explains the observed spatial
and temporal distribution of magmatism, and restriction of porphyry-
type mineralization to the eastern Miocene Gangdese belt.

2. Tectonic setting

The Himalayan–Tibetan orogen is composed of theHimalayas, Lhasa
terrane, Qiangtang terrane, and Songpan–Ganze complex, from south to
north, separated from each other by the Indus–Yarlung Zangbu,
Bangong–Nujiang, and Jinsha River sutures (Yin and Harrison, 2000;
Fig. 1). The geological setting of the Lhasa terrane has been described
Fig. 1. Map indicating major tectonic units, boundaries, a
Modified from Aitchison et al. (2007), White et al. (2011)
in detail by several authors (e.g., Pan et al., 2004; Mo et al., 2005,
2007, 2008; Wen, 2007; Zhu et al., 2011, 2013; Zhang et al., 2013;
Wang et al., 2014a), and is only briefly summarized here. The core of
the Lhasa terrane is thought to consist of Archean and Proterozoic
crystalline basement that rifted from the Gondwana margin in the
Carboniferous–Middle Permian or earlier (Zhu et al., 2010), and was
covered by Paleozoic and Mesozoic metasedimentary and volcanic
rocks (Pan et al., 2004; Zhu et al., 2009, 2011). The Lhasa terrane is
thought to have collided with the Qiangtang terrane to the north in
the Early Cretaceous (Yin and Harrison, 2000; Kapp et al., 2005), and
northward subduction of Neo-Tethyan oceanic lithosphere beneath its
southern margin began in the Late Triassic or Early Jurassic (Chu et al.,
2006). This Andean-style continental subduction produced voluminous
Mesozoic–Cenozoic I-type plutons and coeval volcanic rocks, which
constitute the 1600 km-long Gangdese magmatic belt (Pan et al.,
2004; Mo et al., 2005; Wen, 2007; Zhu et al., 2011; Niu et al., 2013).
Whole-rock Nd isotopic and zircon Hf isotopic compositions of crustal
xenoliths in Neogene volcanic rocks (mostly εNd N −5, εHf = −5 to
+20; Chan et al., 2009; C.Z. Liu et al., 2014; Mo et al., 2005, 2007,
2008; Zhu et al., 2011) suggest that the crust beneath the Gangdese
belt is mostly juvenile.

The India–Asia collision started at ~55–50 Ma when the Greater
India plate (Indian continentalmargin; Ali andAitchison, 2005)first col-
lided with the Lhasa terrane (“soft collision”: Meng et al., 2012; van
Hinsbergen et al., 2012). The thicker and more rigid Indian craton
(plate) later began to underthrust the Asian margin at ~35 Ma (“hard
collision”: Replumaz et al., 2010; vanHinsbergen et al., 2012). Following
detachment of the Greater India slab in the Oligo-Miocene, the Indian
plate continued to underthrust the Lhasa terrane to the present day
(Kind and Yuan, 2010; Replumaz et al., 2010; Zhao et al., 2010). Seismic
tomographic studies indicate that the Indian continental lithosphere
(100 to 200 km thick) extends northward below the Tibetan plateau,
but the extent of underthrusting decreases from west (reaching ~33°
N at ~87° E, to the north of the Bangong–Nujiang suture) to east
(reaching ~30° N at ~93° E), with a NE-directed convergence vector
nd magmatic belts within the Tibet–Qinghai Plateau.
and Wang et al. (2014a).

Image of Fig. 1
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(Kumar et al., 2006; Li et al., 2008; Huang et al., 2009; Kind and Yuan,
2010; Zhao et al., 2010; Shokoohi Razi et al., 2014). Orogen-parallel
(east–west extension) began at ~19–4 Ma in response to plateau
collapse or subcontinental mantle lithospheric delamination or Indian
plate breakoff led to numerous north–south-trending extensional faults
and rift basins, which facilitated the ascent of deeply derived magmas
(Fig. 2; Armijo et al., 1986; Blisniuk et al., 2001; Burchfiel et al., 1991;
Cogan et al., 1998; Copley et al., 2012; Tapponnier et al., 2001).

3. Magmatism

3.1. Pre-collisional magmatism

North-directed Neo-Tethyan subduction beneath southern Tibet
produced voluminous Cretaceous calc-alkaline magmatism in the
Lhasa terrane (Harris et al., 1986; Wen, 2007; Mo et al., 2008; Lee
et al., 2011). Rollback of the Neo-Tethyan slab at ~69–53 Ma triggered
a magmatic flare-up (Kapp et al., 2007; Wen, 2007), represented by
extensive Paleocene–Eocene I-type intrusive rocks and widespread
Linzizong volcanic successions (Fig. 2). The magmas through the
whole Gangdese belt are characterized by moderate εNdi values
(−0.6 to +4.0), positive εHfi values (+3.8 to +7.1), moderate δ18O
values (+5.0‰ to +6.5‰), and low Th/Y and La/Yb ratios (b20).
These magmas were derived from the mantle with minor crustal
contamination in response to Neo-Tethyan slab rollback as proposed
by previous studies (Wen, 2007; Mo et al., 2008; Wang et al., 2015).

3.2. Syn-collisional magmatism

“Hard collision” between the Indian craton and the Asian margin at
~35Ma generated a large number of small-volume calc-alkaline to alka-
line intrusions and potassic to ultrapotassic volcanic rocks that were
emplaced or erupted in southern Tibet during the Oligo-Miocene
(Ding et al., 2003; Hou et al., 2009; Wang et al., 2014a, 2014b).

3.2.1. Granitoid plutons
Oligocene and Miocene granitoid plutons in the eastern Gangdese

belt are calc-alkaline to high-K calc-alkaline (monzonites, quartz
monzonites, granodiorites, granites; Fig. 2). They are associated with
several large porphyry Cu–Mo deposits, and have low (87Sr/86Sr)i ratios
(0.7047–0.7076), highly variable εNdi values (−6.2 to +5.5), and high
La/Yb and Sr/Y ratios (Hou et al., 2004; Li et al., 2011;Wang et al., 2014a,
Fig. 2. Geology of the Gangdese magmatic belt in the Lhasa terrane, showing the locations of s
broad green line represents the present northern limit of the underthrust Indian plate beneat
Miocene; the convergence direction is shown with a gray arrow (for details see Wang et al., 2
in the western Gangdese belt and eastern Gangdese belt, respectively (see Table 1 for prec
Cu–Mo deposits in the Gangdese belt are also shown.
2014b). Suggested petrogeneticmodels have included partialmelting of
a subducted oceanic slab (Qu et al., 2004, 2007), partial melting of slab
melt-modified mantle sources (Gao et al., 2007, 2010), partial melting
of thickened lower crust (Chung et al., 2003; Hou et al., 2004), and
partial melting of subduction-modified Tibetan lithosphere (Guo et al.,
2007; Hou et al., 2009; Li et al., 2011; Zheng et al., 2012; Wang et al.,
2014a, 2014b). These intrusions formed ~35 m.y. after the onset of
India–Asia collision, and cannot therefore be directly related to subduc-
tion or any relict oceanic lithosphere was present beneath this region.
Therefore, partial melting of a subducted oceanic slab is not considered
for the formation of these intrusions. Published Sr–Nd isotope composi-
tions of Gangdese Oligo-Miocene igneous rocks overlap those of the
cospatial Cretaceous Gangdese arc batholith, thus a source for these rel-
atively evolved (chemically and isotopically) late-collisional magmas
must be sought in either the previously subduction-modified Tibetan
lithosphere, or the underthrust Indian lithosphere, or the asthenospheric
mantle.

In contrast, there are no Oligocene granitoids in the western part of
the belt, and fewMiocene granitoids have been reported. Those that are
known have high-K calc-alkaline to shoshonitic compositions (Zheng
et al., 2007; Gao et al., 2010; Wang et al., 2012; Yu et al., 2013).
The western granitoids are mostly barren, and little studied, but grano-
diorite intrusions in a small Zhunuo porphyry Cu–Mo deposit have
moderate (87Sr/86Sr)i ratios (0.7071–0.7096), and negative εNdi values
(−7.4 to −4.1).

3.2.2. Alkaline volcanism
Sparse late Oligocene high-K calc-alkaline to shoshonitic volcanic

rocks mainly occur in the Qiangtang terrane to the north of the western
Gangdese belt, where no coeval granitoids are known (Fig. 2). They
have basaltic trachyandesitic, tephriphonolitic, trachyandesitic, and
trachytic compositions, moderate (87Sr/86Sr)i ratios (0.7060–0.7092),
and negative εNdi values (−9.2 to −3.8) (Ding et al., 2003; Liu et al.,
2008). These alkaline volcanic rocks are thought to be derived from
partial melting of enriched lithospheric mantle (Ding et al., 2003; Liu
et al., 2008).

In contrast, alkaline volcanic rocks were erupted widely in the
Miocene, especially in the western Gangdese belt (Fig. 2; minor occur-
rences also occur in the eastern part of the belt; Miller et al., 1999;
Wang et al., 2014a; Williams et al., 2004; Zhou et al., 2004, 2009).

The western Miocene alkaline volcanic rocks have high (87Sr/86Sr)i
ratios (0.7069–0.7399), low εNdi values (−17.4 to −7.1), and low
amples described in this paper (modified from Wang et al., 2014b; Zhao et al., 2009). The
h the Tibetan plateau, whereas the broad purple line is its estimated location in the mid-
014b). Yellow and blue hexagons with numerals mark the locations and ages of samples
ise locations, and sources of data from the literature). The locations of major porphyry

Image of Fig. 2
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Sr/Y ratios, quite distinct from the eastern calc-alkaline to high-K calc-
alkaline granitoids (Miller et al., 1999; Williams et al., 2004; Guo et al.,
2013; Wang et al., 2014a, 2014b). Petrogenesis of these volcanic rocks
is under debate, and their magmas have been interpreted to be derived
from the Indian middle-lower crust (Hébert et al., 2014), enriched lith-
osphericmantle (e.g.Miller et al., 1999;Williams et al., 2004; Zhao et al.,
2009), or India plate melt (±fluid)-modified mantle wedge (Guo et al.,
2013). We think these alkaline volcanic rocks are rooted deeper than
middle-lower crust, because many of these Miocene lavas carry crustal
or mantle xenoliths (Chan et al., 2009; Liu et al., 2011; D. Liu et al.,
2014) and also have high Cr and Ni contents. The mineralogy and
geochemistry of peridotite xenoliths from the Salipu area suggest that
a hydrous and metasomatized (i.e., phlogopite bearing) lithospheric
mantle existed below this part of Gangdese belt at this time (Liu et al.,
2011; D. Liu et al., 2014). In addition, the newly reported enrichedO iso-
topic values (δ18O=+.03±0.28‰; C.Z. Liu et al., 2014) of olivine from
Salipu xenoliths identified the metasomatized mantle, and suggest
the subducted/underthrusted Indian continental material (δ18O =
+10–+14‰; France-Lanord et al., 1988; Inger and Harris, 1993) is
the most likely candidate for metasomatic melts.

Miocene alkaline volcanic rocks are sparse in the eastern Gangdese
belt (Wang et al., 2014b; Yang, 2008; Zhou et al., 2009; Fig. 2), and little
studied. The only reported Qulong high-Mg diorites have relatively low
εNdi values (−5.4 to−5.1), high (87Sr/86Sr)i ratios (0.70070–0.70720),
and intermediate εHfi values (−3.0–+5.9) (Yang et al., 2015), which
are quite different from alkaline volcanic rocks in thewestern Gangdese
belt.

4. Porphyry deposits

Paleocene–Eocene igneous rocks in the Gangdese belt are mostly
barren, and only three small porphyry deposits have been discovered
to date: the Yaguila Pb–Zn vein-type deposit (62.4 ± 0.6 Ma) with
minor associated porphyry Mo mineralization (Huang et al., 2012),
the Sharang porphyry Mo deposit (52.25 ± 0.31 Ma; 10 Mt @ 0.061%
Mo; Zhao et al., 2011, 2014), and the Jiru porphyry Cu deposit
(49.2 ± 1.7 Ma; 41.9 Mt @ 0.43 Cu; Zheng et al., 2014b).

In contrast, high-K calc-alkaline plutons in the Oligocene are associ-
ated with several porphyry and skarn Cu deposits in the eastern
Gangdese belt, including the Nuri porphyry and skarn Cu deposit
(23.36 ± 0.49 Ma; 79.4 Mt at 0.73% Cu; Li et al., 2006; Chen et al.,
2011, 2012; Zhang et al., 2012), and the smaller Mingze, Liebu, and
Chongmuda deposits.

The largest porphyry Cu–Mo deposits occur in association with
Miocene calc-alkaline to high-K calc-alkaline intrusive rocks, and are
mainly restricted to the eastern Gangdese belt (Fig. 2; Hou et al.,
2009; Wang et al., 2014a). These include the Qulong porphyry Cu–Mo
deposit (16.4 ± 0.5 Ma; 1420 Mt @ 0.5% Cu; Yang et al., 2009), the
Jiama porphyry Cu–Mo deposit (14.8 ± 0.33 Ma; 1054 Mt @ 0.44% Cu;
Ying et al., 2014), and several small- to medium-sized porphyry
Cu–Mo deposits such as Bangpu, Tangbula, Lakang'e, Dabu, Gangjiang,
Chongjiang, and Tinggong (as reviewed in Hou et al., 2009).

In the western part of the belt, Miocene high-K calc-alkaline to
shoshonitic plutons are associated with only a few, small porphyry de-
posits (e.g., the Zhunuo porphyry Cu–Mo deposit; Zheng et al., 2007).
Thus, significant porphyry and skarn Cu–Momineralization is restricted
in space (east of ~89° E), time (Oligo-Miocene), and magmatic associa-
tion (calc-alkaline to high-K calc-alkaline plutons) in the Gangdese belt.

5. Sampling and analysis strategy

Large amounts of lithogeochemical and geochronological data have
been published on Cenozoic igneous rocks from the Gangdese belt (as
reviewed in Wang et al., 2014a, 2014b, 2014c, 2015), but few whole-
rock osmium isotope, zircon oxygen and hafnium isotope data exist. In
particular, few such analyses have been reported for Miocene potassic
and ultrapotassic volcanic and subvolcanic rocks from the eastern
Gangdese belt. For this reason, samplingwas focused on the latter lithol-
ogies, aiming to complement existing data from other areas (see Table 1
for sample locations). Fresh or minimally altered igneous rocks were
selected, and mafic end-members of igneous suites were prioritized in
order to evaluate least-evolved compositions. Six previously undated
Miocene intrusions and volcanic rocks were selected for dating by the
zircon U–Pb method.

Multiple isotopic (Os–Nd–O) analyses were applied on collected
samples for understanding their petrogenesis. Re–Os and Sm–Nd ele-
ments have different geochemical behaviors during mantle and crustal
processes, including magmatic differentiation. Crust and mantle have
contrasting Re and Os abundances, and initial Os isotopic compositions,
therefore Re–Os compositions ofmagmas are traceable to the crustal vs.
mantle sources (Shirey and Walker, 1998). Consequently, more
constraints on petrogenetic processes, such as crustal contamination,
can be achieved when their Nd and O isotopic compositions are
known. The strength of Sm–Nd method is that it can see back through
weak tomoderate alteration, high-grademetamorphism, andmagmatic
differentiation (Dickin, 2005). O isotope compositions are traceable to
the magmatic sources and contaminants as well; however, the whole-
rock O isotope compositions are susceptible to hydrothermal alteration,
which is pervasive in the eastern Gangdese belt because of porphyry-
type mineralization. Zircon, as a common high-temperature refractory
accessory mineral in igneous rocks, can resist younger thermal events
and hydrothermal alterations, and therefore be able to supply reliable
and robust estimates of primary magmas (Valley et al., 1994). In addi-
tion, the mantle is thought to be homogeneous in O isotope (Eiler,
2001), and igneous zircons in equilibriumwithmantle-derivedmagmas
have diagnostic values of 5.3 ± 0.3‰ (Valley et al., 1998).

6. Petrography and mineralogy

Lithological names used below are based on the TAS classification
scheme of Le Maitre (1989) and Middlemost (1994), using whole-
rock compositions presented in a later section. The following descrip-
tions are based on a combination of new and published samples and
observations.

6.1. Paleocene–Eocene suite

Eighteen samples of igneous rocks were collected from Paleocene–
Eocene calc-alkaline to high-K calc-alkaline intrusions (twelve samples)
and Linzizong volcanic rocks (six samples) in the Gangdese belt.

The Linzizong volcanic rocks include basalt, basaltic trachyandesite,
trachyandesite, andesite, dacite, and rhyolite. The basaltic to
trachyandesitic and andesitic lavas are composed of clinopyroxene, pla-
gioclase, and minor amphibole phenocrysts, with accessory minerals
such as magnetite, rutile, and titanite set in a hyalopilitic groundmass of
plagioclase microlites in glass (Fig. 3A). In contrast, the dacites and
rhyolites are mainly composed of plagioclase and quartz phenocrysts,
set in a glassy or fine-grained quartz-feldspathic groundmass (Fig. 3B).

The intrusive rocks include gabbro, gabbroic diorite, monzodiorite,
monzonite, quartz monzonite, granodiorite, and granite. The mafic to
intermediate intrusions are composed of coarse-grained orthopyroxene
(Fig. 3C), clinopyroxene, plagioclase, and interstitial amphibole, where-
as the felsic intrusions are composed plagioclase, K-feldspar, quartz, and
minor interstitial biotite (Fig. 3D). The samples collected are mostly
fresh, and are representative of the lithologies and spatial distribution
of such rocks across the region, as determined by our previous work
(Wang et al., 2014a, 2014c) and that of others (e.g., Dong, 2002; Chen,
2006; Dong et al., 2006a, 2006b; Wen, 2007; Mo et al., 2008; Ji et al.,
2009; Lee et al., 2009). There are no clear petrographic or mineralogical
differences in the Paleocene–Eocene suite either spatially or temporally
along the Gangdese belt.



Table 1
Cenozoic igneous rock locations from Gangdese belt, their ages, and applied lithogeochemical and isotopic analyses.

Sample number Location Lithology Longitude (E) Latitude (N) Altitude (m) Sr–Nd isotope δ18O isotope Zircon Hf isotope Lithogeo-chemistry Age (Ma)

WR-13-37 Close Gaer Basalt 80°02′35″ 32°23′03″ 4391 This study 58
WR-13-40 Close Gaer Basalt 80°02′35″ 32°23′03″ 4391 This study 58
WR-13-42 Geji Andesite 80°14′55″ 32°23′54″ 4459 Zircon 51
WR-12-40 Gangre Monzogranite 80°33′28″ 31°27′11″ 4717 49.3
WR-13-81 Cogen-Saga Monzonite 85°24′49″ 30°07′46″ 5500 This study Zircon This study 49.9
WR-12-33 Sangsang Granodiorite 86°19′06″ 29°33′17″ 5090 Amphibole 50.7
WR-12-30B Xietongmen Quartz monzonite 88°19′11″ 29°32′54″ 4706 This study Zircon This study 67.7
WR-13-117 Majiang peak Trachyandesite 90°07′57″ 29°53′53″ 5376 This study Zircon This study 53
WR-13-118 Majiang peak Dacite 90°07′57″ 29°53′53″ 5376 This study 53
WR-13-2 Quxu Monzonite 90°43′16″ 29°21′20″ 3500 Chen (2006) Zircon Wen (2007) 51.5
WR-12-8 Gurong Granodiorite 90°43′52″ 29°43′52″ 3954 Amphibole 56.8
WR-13-109 Gurong Monzodiorite 90°45′30″ 29°48′02″ 3789 This study This study 43.2
WR-13-113A Gurong Gabbroic diorite 90°45′30″ 29°48′02″ 3789 This study This study 43.2
WR-13-113B Gurong Rhyolite 90°45′30″ 29°48′02″ 3789 This study Zircon This study 43.2
WR-12-1 Lhasa Granodiorite 91°10′59″ 29°38′06″ 3673 64.3
XG-12-9 Xiongga Granodiorite 91°36′09″ 29°18′34″ 3646 Amphibole 50
XG-12-3 Xiongga Diorite porphyry 91°42′47″ 29°16′47″ 3661 Amphibole 50
GZ-12-1 Gazhang Granite 91°53′38″ 29°26′27″ 4496 60.1
CB-5 Zedang Quartz monzonite 91°54′51″ 29°16′08″ 3650 Zircon Wang et al. (2014b) 29.8
XB-12-1 Xueba Granite porphyry 92°19′46″ 29°24′17″ 3954 23.4
XB-12-3 Xueba Granite porphyry 92°19′46″ 29°24′17″ 3954 This study Wang et al. (2014b) 23.4
XB-12-7 Xueba Diorite 92°18′47″ 29°28′34″ 4381 23.4
WR-13-36 Gaer Trachyandesite 80°02′35″ 32°23′03″ 4391 Zircon This study 23.19 ± 0.09
WR-13-31 Zhaxigang Quartz monzonite porphyry 80°11′24″ 31°51′13″ 4615 This study 20
WR-12-52 Gaer Trachyandesite 80°19′43″ 32°22′36″ 4496 Phlogopite Turner et al. (1996) 16
WR-13-48 Geji Quartz monzonite porphyry 80°29′50″ 32°21′18″ 4684 This study Zircon This study This study 23.6 ± 1.9
WR-13-53 Xungba Trachyandesite 81°52′30″ 32°02′36″ 4624 This study This study 21.2
10YR07 Yare Quartz monzonite porphyry 82°19′48″ 31°28′48″ 4900 Zircon/Yu et al. (2013) Unpublished data 16
WR-13-26 Mayum Granodiorite porphyry 82°26′33″ 30°36′10″ 5169 This study This study 18.4
WR-13-74 Cogen Granodiorite porphyry 85°05′03″ 30°49′54″ 4722 Zircon This study 15.56 ± 0.22
WR-13-83 Jiadacuo Trachydacite 85°46′00″ 29°50′10″ 5180 Williams (2000) Zircon This study This study 17.68 ± 0.37
WR-13-85 Jiadacuo Trachyandesite 85°46′00″ 29°50′10″ 5180 Williams (2000) This study 17.68
WR-13-18 Sangsang Trachyandesite 87°01′03″ 29°19′15″ 4502 This study Williams (2000) 13
JR-5 Jiru Monzonite porphyry/volcanic rocks 88°53′16″ 29°39′24″ 4697 This study Zircon This study Wang et al. (2014b) 16
WR-13-14 Suojin Trachydacite 89°35′04″ 29°40′56″ 4336 Williams (2000) Zircon This study Williams (2000) 12.26 ± 0.25
WR-13-122 Yangying Trachyandesite 90°22′38″ 29°43′12″ 4615 This study Zircon This study This study 10.48 ± 0.15
WR-13-100 Qulong Monzonite porphyry/Volcanic rocks 91°36′51″ 29°36′30″ 5184 This study Zircon This study Yang (2008) 14
QL02-04-2 Qulong Granodiorite porphyry 91°36′51″ 29°36′30″ 5184 Yang (2008) Amphibole Yang (2008) 19
QL02-07 Qulong Granodiorite porphyry 91°36′51″ 29°36′30″ 5184 Yang (2008) Amphibole Yang (2008) 19
JM11-34 Jiama Quartz monzonite porphyry 91°45′13″ 29°41′43″ 4650 Zircon Hou et al. (2004) 15
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Fig. 3. Photomicrographs showing: A. Paleocene basalt (sample WR-13-37) with plagioclase and clinopyroxene; cross-polarized light; B. Eocene rhyolite (WR-13-113B) with plagioclase
phenocrysts; cross-polarized light; C. Eocene gabbroic diorite (WR-13-113A) with orthopyroxene and plagioclase; cross-polarized light; D. Paleocene quartz monzonite (WR-12-30B)
with biotite, plagioclase, and K-feldspar; cross-polarized light. Abbreviations: Bi= biotite; Cpx= clinopyroxene; Kfs=K-feldspar; Mt=magnetite; Opx=orthopyroxene; Phl= phlogopite;
Pl = plagioclase; Rt = rutile.
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6.2. Oligocene suite in the eastern Gangdese belt

Oligocene igneous rocks are sparse in the Gangdese belt, and all
known occurrences are located in the eastern part of the belt
(e.g., Harrison et al., 2000; Zheng et al., 2012; Wang et al., 2014b). The
main lithologies observed are monzonite, quartz monzonite, and granite
porphyry, with minor diorite. The diorites are mainly composed of
equigranular coarse-grained amphibole and plagioclase, whereas the
quartz monzonite and granite porphyry are mainly composed of
amphibole, plagioclase, biotite, quartz, and K-feldspar phenocrysts set in
a phaneritic matrix of quartz, plagioclase, and biotite.
6.3. Miocene suite in the eastern Gangdese belt

Miocene igneous rocks in the eastern Gangdese belt occur as
shallowly-emplaced calc-alkaline to high-K calc-alkaline granitoid
plutons, and minor high-K calc-alkaline to shoshonitic volcanic rocks,
that intrude or cover earlier Cretaceous–Eocene intrusive and volcanic
rocks (Fig. 2).

The collected alkaline volcanic rocks include one trachyandesite, one
trachydacite, and two porphyritic trachyandesite dike samples (JR-5
andWR-13-100, Table 1). Trachyandesite and trachydacite lavas consist
of clinopyroxene, amphibole, plagioclase, phlogopite, sanidine, and
K-feldspar phenocrysts set in a fine-grained, trachytic groundmass
(Fig. 4A, B). The porphyritic trachyandesite dike samples have a
hyalopilitic texture, and are composed of amphibole and minor
plagioclase phenocrysts set in a fine-grained amphibole-feldspathic
groundmass (Fig. 4C).

Two samples of granodiorite porphyry (Fig. 4D), one sample of
quartz monzonite porphyry, and one sample of granite were collected
from intrusions associated with the Qulong, Jiama, and Bangpu porphy-
ry deposits (Table 1), and are common rock types in this part of the belt
(e.g., Hou et al., 2004; Yang et al., 2009; Li et al., 2011; Wang et al.,
2014a). The quartz monzonite porphyry and granodiorite porphyry
samples consist of plagioclase, K-feldspar, amphibole, and quartz phe-
nocrysts set in a phaneritic matrix of quartz, plagioclase, and biotite.
The granite sample consists of amphibole, plagioclase, K-feldspar,
biotite, and quartz with an equigranular texture. All samples were
collected well away from the actual porphyry deposits to minimize
the effects of hydrothermal alteration.

6.4. Miocene suite in the western Gangdese belt

Miocene igneous rocks collected from the western Gangdese belt
consist of six high-K calc-alkaline to shoshonitic volcanic rocks
(lava flows and pyroclastic deposits), and five high-K calc-alkaline to
shoshonitic porphyritic granitoids. The alkaline volcanic rocks are
trachyandesitic and trachydacitic, and are mainly composed of phlogo-
pite, sanidine, and amphibole phenocrysts set in an aphanitic or
hyalopilitic matrix (Fig. 4E, F). These samples are representative of the
lithologies and spatial distribution of such rocks as described in
the literature (e.g., Miller et al., 1999; Ding et al., 2003; Williams et al.,
2004; Zhao et al., 2009; Guo et al., 2013).

Three samples of quartz monzonite porphyry and two samples of
granodiorite porphyrywere collected, and consist of amphibole, plagio-
clase, sanidine, biotite, phlogopite, and quartz phenocrysts set in a
fine-grained matrix (Fig. 4G, H). These porphyritic granitoids are
mineralogically and geochemically similar to the alkaline volcanic
rocks, and therefore are equivalents of the alkaline volcanic rocks.

7. Analytical techniques

7.1. Lithogeochemical analysis

Fresh samples of igneous rock for lithogeochemical analysis were
prepared by crushing (using corundum plates) and grinding in an
agate diskmill at theHebei Geological Survey Laboratory, China. The ex-
pected contamination of Si andAl by thesemethods fromagate diskmill
is estimated to be less than one weight percent (as assessed from
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Fig. 4.Miocene igneous rocks from the eastern (A–D) and western (E–F) Gangdese belts. Photomicrographs showing: A and B. trachyandesite (WR-13-122) with phlogopite, K-feldspar,
and amphibole, and clinopyroxene phenocrysts (cross-polarized light); C. porphyritic trachyandesitic dyke (JR-5) with amphibole phenocrysts (plane-polarized light); D. quartz monzo-
nite porphyry (QL02-01)with amphibole and plagioclase (cross-polarized light); E and F. trachyandesite (WR-13-53 andWR-13-85), G. granodiorite porphyry (WR-13-26), andH. quartz
monzonite porphyry (WR-13-48) with phlogopite, biotite, sanidine, and amphibole phenocrysts. (E, G, H): cross-polarized light; (F): plane-polarized light; Abbreviations: Amp =
amphibole; Bi = biotite; Cpx = clinopyroxene; Kfs = K-feldspar; Phl = phlogopite; Pl = plagioclase; San = sanidine.
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analyses of standards and blanks). All samples were analyzed at the Na-
tional Research Center of Geoanalysis, Chinese Academy of Geological
Science, in Beijing. Major elements were analyzed by wavelength dis-
persive X-ray fluorescence spectrometry. Accuracy for major elements,
as determined by reproducibility of standards and duplicates, is typical-
ly within five relative percent (b2 relative % for SiO2 and Al2O3). Trace
elements were analyzed with a FinniganMAT inductively coupled plas-
ma mass spectrometer (ICP-MS, Thermo Scientific X Series 2). Analyti-
cal accuracy for most trace elements is better than five relative
percent. The detailed analytical methods and precision for most ele-
ments have been described by Yang et al. (2015).

7.2. Nd–Sr isotope analyses

Finely ground sample powders (prepared as above) of seven igneous
rocks from the Paleocene–Eocene suite, and eight igneous rocks from
the Miocene suite were processed and analyzed for Nd–Sr isotopes at
the Radiogenic Isotope Facility, University of Alberta.

Image of Fig. 4
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Rock powders were accurately weighed and spiked with a known
amount ofmixed 150Nd–149Sm tracer solution, which has been calibrated
directly against the Caltech mixed Sm/Nd normal spike described by
Wasserburg et al. (1981). Dissolution used 3 mL mixed 24 mol/L
HF + 16 mol/L HNO3 media in sealed PFA Teflon vessels, held at 160 °C
for 5 days, followed by 3 mL 6 mol/L HCl. Chemical processing blanks
are b500 pg for Sm and Nd, and are insignificant relative to the amounts
of Sm or Nd in the samples. Further details can be found in Creaser et al.
(1997) and Unterschutz et al. (2002). The isotopic compositions of Sm
andNdwere determined in staticmodebymulti-collector ICP-mass spec-
trometry, and detailed procedures are described in Schmidberger et al.
(2007). The Geological Survey of Japan Nd isotope standard “Shin Etsu:
J-Ndi-1” (Tanaka et al., 2000) was used to monitor Nd isotopic measure-
ments. The long-term average value for this standard obtained in the
Radiogenic Isotope Facility is 0.512098 ± 11 [1δ, n = 66, past 6 years],
compared to the recommended value of 0.512107± 7when normalized
to 146Nd/144Nd = 0.7219. This represents an accuracy of ±0.17 epsilon
units.

Rb/Sr analyses were performed using isotope dilution and thermal
ionizationmass spectrometry (TIMS) using methods described in detail
by Creaser et al. (2004). Accurately weighed sample powders were
dissolved in HF/HNO3 as above, together with a known quantity of a
mixed 87Rb–84Sr tracer, and Sr and Rb were separated by conventional
cation exchange chromatography. The isotopic composition of Rb and
Sr was measured using a Micromass Sector 54 instrument using
single-filament analysis methods and static Faraday cup detection. The
average value of the NIST SRM987 Sr isotope standardmeasured during
the course of the analyses was 0.710279 ± 28 (1δ, n = 28), and all Sr
isotope data presented here are adjusted to a value for SRM987 of
0.71025.

7.3. Amphibole and phlogopite O isotope analysis

Crystals of amphibole and phlogopite from fresh igneous rocks were
hand separated after coarse crushing, and were then reacted with BrF5
at 625 °C to liberate oxygen (Clayton and Mayeda, 1963). Oxygen was
then converted to CO2 and analyzed for oxygen isotopic ratios on a
Finnigan-MAT 252 mass spectrometer in the Stable Isotope Laboratory,
University of Alberta. The data are reported in the usual delta nota-
tion with respect to Vienna Standard Mean Ocean Water (VSMOW).
Analytical reproducibility for δ18O values was ±0.1‰ (2σ).

7.4. Os isotope analyses

Chemistry and mass spectrometric analyses were performed at
the National Research Center of Geoanalysis, Chinese Academy of
Geological Science, in Beijing. Four grams of thirty-three finely ground
igneous rock powders was spiked with a known amount of mixed
185Re–190Os tracer solution (Du et al., 2004), and put into a clean,
dry, chilled Pyrex® borosilicate glass Carius tube. 3 mL of purified
12 mol/L HCl, 5 mL of purified 15 mol/L HNO3, and 1 mL H2O2

(30%) were added to the tube, and then the tube was sealed. The
digestions were performed at about 230 °C for 24–48 h in an oven.
An improved distillation technique was used for the separation of
Os, and solvent extraction was used to extract Re (Zhou, 2012;
Zhou et al., 2012).

The purified Re and Os were loaded onto platinum filaments, and
analyzed by a Thermo Fisher Scientific Triton-plus TIMS (Creaser et al.,
1991; Völkening et al., 1991). Re isotope ratios were measured as
185ReO4

− and 187ReO4
− using static-mode Faraday cups. Osmium isotope

ratiosweremeasured as 186OsO3
−, 187OsO3

−, 188OsO3
−, 189OsO3

−, 190OsO3
−,

and 192OsO3
− usingmulti-Faraday cups. Measured Re and Os ratios were

corrected formass fractionation using 185Re/187Re=0.59738 (Gramlich
et al., 1973) and for spike and blank contributions using 192Os/188Os =
3.0827 (Luck and Allègre, 1983). Total procedural blanks for Re and Os
are 1.39 and 0.3 pg/g, respectively. The reference value for applied
Chinese First Class Standard GBW04477 (JCBY sulfide, Certificate No.
1325) has Re of 38.61 ± 0.54 (ng/g), Os of 16.23 ± 0.17 (ng/g), and
187Os/188Os ratio of 0.3363 ± 0.0029. The reproducibility of standard
sample during analysis is 38.13 ± 0.11 (ng/g) for Re, 16.11 ± 0.05
(ng/g) for Os, and 0.3354 ± 0.0017 for 187Os/188Os ratio. Blank correc-
tion has been applied on analyzed samples.

7.5. Zircon U–Pb dating with SIMS

Zircons were separated from 2–3 kg of crushed rock samples by
heavy-liquid and magnetic methods followed by hand-picking at the
Hebei Geological Survey Laboratory, China. Selected crystals were typi-
cal ofmagmatic zircons: euhedral, clear, colorless, devoid ofmineral and
fluid inclusions, and 50–150 μm in diameter. The zirconsweremounted
in epoxy and polished to reveal their interiors. Cathodoluminescence
(CL, Fig. A1–A6), backscattered electron (BSE), and secondary electron
(SE) imageswere obtained for the zircon grainmounts prior to analysis,
to reveal internal zonations.

One epoxy grain mount was prepared containing three unknown
zircon groups and reference zircons TEM2 (416.8 Ma; Black et al.,
2004) and 6266 (559.0 Ma; Stern and Amelin, 2003). Secondary ion
mass spectrometer (SIMS, Cameca IMS 1280) analyses of U–Pb isotopes
were carried out in one session (I14022, divided into 3 sub-sessions for
data processing) in March 2014. The primary beam characteristics in-
cluded 16O2

− (3–6 nA); impact energy=23 keV; and projected (Kohler)
imagemode, with 15 μm× 25 μmprobe dimensions. The primary beam
was rastered around the analysis site for 2 min prior to data collection
with a stationary primary beam. IMS1280 secondary ion extraction
conditions included a sample image magnification of 200× at the field
aperture, entrance slit width = 65 μm, and field aperture width =
8 mm. The energy slit was maintained full open. Positive secondary
ions were collected sequentially with the axial electron multiplier and
an exit slit width = 185 μm, giving a mass resolution (1% peak height
definition) 4500–4900. Ten secondary ion mass positions (typical
count times in seconds) were collected over 5 cycles: 196Zr2O+ (2),
204Pb+ (20), 204.05background+ (20), 206Pb+ (20), 207Pb+ (30), 208Pb+

(3), 238U+ (3), 248ThO+ (3), 254UO+ (3), and 270UO2
+ (5). Data were

processed using SQUID2 software (Ludwig, 2009), in a custom version
designed for processing data output from the IMS 1280. Weighted
mean and age calculations were carried out using Isoplot v. 3.76
(Ludwig, 2012). Uranium decay constants are those of Jaffey et al.
(1971). The 206Pb/238U ages were calibrated against TEM2 zircon,
using a calibration constant (‘a’) determined from the relationship
206Pb+/270UO2

+ = a · (270UO2
+/254UO+)m, where the m ranged from

0.84 to 0.90 for TEM2 data. Spot-to-spot excess uncertainties in the
206Pb/238U values (not accounted for by within-spot counting uncer-
tainties) determined from analyses of TEM2 ranged from ±0.6% to
0.8% (68% confidence) (Stern and Ickert, 2010). Uranium abundances
were calibrated against 6266 zircon with U = 903 ppm, utilizing
270UO2

+/196Zr2O+. The Th/U ratios and Th abundances were determined
from 248ThO+/254UO+ using measured 232Th/238U discrimination fac-
tors for the session (~1.0). The radiogenic Pb-isotopes were corrected
for common Pb using 204Pb, assuming a model crustal composition
(Stacey and Kramers, 1975) at the 206Pb/238U age of the sample.
All count rates were corrected for deadtime = 40 ns. The mean
206Pb/238U age determined for 6266 zircon (N = 61) analyzed concur-
rently is 560±1.5 (MSWD=2.4), a value that iswithin error of the ref-
erence age of 559 Ma. The corresponding mean 207Pb/206Pb age is
562.9 ± 2.7 Ma (MSWD= 0.86).

7.6. Zircon O isotope analysis with SIMS

Oxygen isotope analyseswere carried out by SIMS (Cameca 1280) at
the Canadian Centre for Isotopic Microanalysis (CCIM), University of
Alberta. Pristine zircon core and rim domains (based on CL/BSE/SE
images) were targeted for analysis using a 20 keV Cs+ ion beam with
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a spot size of ~15 μm diameter. Reported errors are a quadratic combi-
nation of the standard error of the analysis and the standard deviation
of the reference materials analyzed together with the unknowns, and
the uncertainties per analysis are typically ±0.2‰ (2σ). The primary
reference material utilized in this study was the CCIM internal zircon
S0081 with δ18OVSMOW = +4.87‰. The accuracy of analyses for this
study was evaluated from concurrent analyses of secondary reference
zircon TEM2 with δ18OVSMOW = +8.20‰ (Black et al., 2004). The
mean of 94 analyses was δ18OVSMOW = +8.27‰ (1σ = 0.13‰).
Fig. 5. Zircon U–Pb reverse concordia diagrams for intrusive and volcanic samples dated by SI
WR-13-122.
7.7. Zircon Hf isotope analyses

Hf isotopic compositions of zirconswere analyzed using a Nu Plasma
high-resolution (HR) MC–ICP-MS (Nu Instruments) coupled with
Geolas 2005 LA system equipped with a 193 nm ArF-excimer laser at
the State Key Laboratory of Continental Dynamics, Northwest University,
Xi'an, China. The analytical spot size is around 44 μm, and the repetition
rate is 10 Hz. The detailed descriptions of analytical procedures can be
found in Wu et al. (2006) and Yuan et al. (2008), and Zircon 91500,
MS. A. Sample WR-13-36; B. Samples WR-13-48; WR-13-74; WR-13-83; WR-13-14; and

Image of Fig. 5


78 R. Wang et al. / Earth-Science Reviews 150 (2015) 68–94
MON and GJ-1 were used as the secondary standards for data quality as-
sessment, with recommended 176Hf/177Hf ratios of 0.282307, 0.282739
and 0.282015, respectively. Model ages of the samples were calculated
with an assumption that the 176Lu/177Hf ratio of average crust is 0.015,
and the 176Hf/177Hf and 176Lu/177Hf ratios of present chondrite and de-
pletedmantle are 0.282772 and 0.0332, 0.28325 and 0.0384, respectively
(Blichert-Toft and Albarède, 1997; Griffin et al., 2002; Vervoort and
Patchett, 1996). The decay constant of 176Lu used for this study is
1.865 × 10−11 (Scherer et al., 2001).
8. Zircon U–Pb dating results

Six intrusive and volcanic rocks from the Miocene Gangdese belt
were selected for zircon U–Pb dating. Four of them are undated, and
two of them were previously dated with Ar–Ar method. The dating
results are reported in Table A1.

Sample WR-13-36 was collected from the trachyandesitic lava near
Gaer town. This sample contains a homogeneous population of zircons,
and which yielded a concordia intercept age of 23.19 ± 0.09 Ma
(MSWD=0.69; Fig. 5A). This date is interpreted to be the emplacement
age of this rock.

Sample WR-13-48 was collected from a quartz monzonite porphy-
ritic intrusion near Geji town. It contains a homogeneous population
of zircons, and which yielded an intercept age of 23.6 ± 1.9 Ma
(MSWD=0.67; Fig. 5B). This date is interpreted to be the crystallization
age of this rock.

Sample WR-13-74 was collected from a granodioritic intrusion near
Cogen town. It contains a homogeneous population of zircons, and
which yielded an intercept age of 15.56 ± 0.22 Ma (MSWD = 1.4;
Fig. 5C). This date is interpreted to be the crystallization age of this rock.

Sample WR-13-83 was collected from the trachydacitic lava near
Jiadacuo Lake. The previous Ar–Ar dating results on whole rock and
hornblende suggest that the formation of the lavas at 17.3–19.3 Ma
(Williams, 2000). The collected sample contains a homogeneous popu-
lation of zircons, andwhich yielded an intercept age of 17.68± 0.37Ma
(MSWD = 1.4; Fig. 5D). This date is consistent with previous dating
results, and interpreted to be the emplacement age of this rock.

Sample WR-13-14 was collected from the trachydacitic lava near
Suojin town. The collected sample contains a homogeneous population
of zircons, and which yielded an intercept age of 12.26 ± 0.25 Ma
(MSWD=1.12; Fig. 5E). This date is interpreted to be the emplacement
age of this rock.

SampleWR-13-122was collected from the trachyandesitic lava near
Yangying town. The previous Ar–Ar dating results on sanidine and bio-
tite suggest that the formation of the lavas at 10.73–11.40 Ma (Zhou
et al., 2004). The collected sample contains a homogeneous population
of zircons, and which yielded an intercept age of 10.48 ± 0.15 Ma
(MSWD = 0.73; Fig. 5F). This date is consistent with previous dating
results, and interpreted to be the emplacement age of this rock.
9. Geochemical and isotopic results and petrogenesis

Whole-rock geochemical data, Sr–Nd–Os isotope data, and min-
eral (amphibole, phlogopite, and zircon) O, and zircon Hf isotope
data from this study are listed in Tables 2–6, and Table A2. These
data are supplemented with data from the literature as reviewed
in (Wang et al., 2014a, 2014b, 2014c, 2015) in the following
discussions.

Whole-rock geochemical data are plotted on lithological
discrimination diagrams in Fig. 6, and normalized trace element di-
agrams in Fig. 7. Mineral oxygen isotopic compositions are plotted
in Fig. 8, whole-rock Sr–Nd–Os isotopic compositions are plotted in
Figs. 9 and 10, and zircon hafnium isotopic compositions are plot-
ted in Fig. 11,
9.1. Paleocene–Eocene magmatism

Cospatial and coeval Paleocene–Eocene intrusive and volcanic rocks
show a similar compositional range. Five samples of Paleocene–Eocene
intrusions have gabbroic, dioritic, monzodioritic, monzonitic, and
quartz monzonitic compositions, whereas four samples of Linzizong
volcanic rocks are basaltic, trachyandesitic, dacitic, and rhyolitic
(Fig. 6A). They are mostly subalkalic and plotted in the calc-alkaline to
high-K calc-alkaline fields (Fig. 6A, B). Data for other Paleocene–
Eocene igneous rocks from the literature show similar but much
broader ranges of compositions.

All samples have low Sr/Y and [La/Yb]N ratios (Fig. 6C, D), and show
weakly listric normalized rare earth element (REE) patterns with mod-
erate enrichments of light rare earth elements (LREE) relative tomiddle
and heavy rare earth elements (MREE andHREE) ([La/Yb]N=8.7±3.3,
range = 3.7–14.2; Figs. 6D, 7A). They mostly have distinct negative Eu
anomalies, indicating fractionation of plagioclase feldspar from relative-
ly dry melts (Wang et al., 2014a). On a primitive mantle-normalized
trace element diagram these samples show relative depletions in Nb,
Ta, P, and Ti, and enrichments in Th, U, Pb, and K (Fig. 6B), typical of
arc-related igneous rocks worldwide (Pearce, 1982; Perfit et al., 1984;
Arculus and Powell, 1986). Our data fall within the typical ranges of
Paleocene–Eocene igneous rocks from the literature, shown as gray
fields in Figs. 6 and 7.

Zircon δ18O values from these rocks show a small range from+5.1‰
to+6.4‰ (Fig. 8A). Twomafic sampleswith low zircon δ18O values plot
in the mantle range (+5.3 ± 0.3‰: Valley et al., 1998), and four
intermediate–felsic samples have δ18O values between +5.6‰ and
+6.4‰ (Fig. 8A). These values are similar to values for amphibole,
which range from +5.3‰ to +6.7‰ (Fig. 8B). These values are close
to the range expected for minerals in equilibrium with mantle-derived
magmas, and indicate only minor crustal contamination (Kyser, 1986;
Mattey et al., 1994a, 1994b; Chazot et al., 1997; Eiler, 2001).

The (87Sr/86Sr)i, εNdi, and (187Os/188Os)i values for these samples
range from 0.7046 to 0.7079 (Fig. 9C), from −4.3 to +6.3 (Fig. 9A, B),
and from 0.226 to 0.464 (Fig. 10), respectively. Our new Sr–Nd isotopic
data mostly overlap the ranges of Paleocene–Eocene igneous rocks
from the literature (Fig. 9A–C). In addition, Cretaceous Gangdese
arc rocks have (87Sr/86Sr)i compositions ranging from 0.7032 to
0.7048, and εNdi values from +0.2 to +5.3 (Wen, 2007; Zheng et al.,
2014a) and that in combination with our new (187Os/188Os)i
values suggest that these magmas were derived from the mantle in re-
sponse to Neo-Tethyan subduction, with variable amounts of crustal
contamination.

In order to assess the effect of crustal contamination, we have
used the Energy-Constrained-Assimilation and Fractional Crystalli-
zation (EC-AFC) model of Bohrson and Spera (2001) and Spera and
Bohrson (2001) to simulate interaction between the most isotopi-
cally primitive basalt (WR-13-40, western Gangdese) and gabbro
(AG0364-2, eastern Gangdese) and possible crustal contaminants
(Fig. 12A). The crustal contaminants are average upper and lower
crusts (Bohrson and Spera, 2001). The reason for using different
starting primitive magma candidates for eastern Gangdese group
and western Gangdese group is that, generally, Paleocene–Eocene
igneous rocks in the easternGangdese belt have lower (87Sr/86Sr)i ratios
and higher compositions εNdi values than the counterparts in the
western Gangdese belt (Figs. 10A, and 12A). We think the geochemical
heterogeneity of Tibetan lithosphere from the west to the east might
exist. The simulations indicate that upper crustal contaminations
(within 10%) could explain the trend of Sr–Nd isotopic data of the
Paleocene–Eocene igneous rocks (Fig. 12A). εNdi vs. SiO2 plots for
Paleocene–Eocene igneous rocks verify this crustal contamination, be-
cause the more evolved magmas have lower εNdi values (Fig. 12C, D).
This crustal contamination trend is also shown on Os isotopic system
(Fig. 10C, D), where the felsic samples have higher (187Os/188Os)i ratios
than the mafic ones.



Table 2
Major and trace element analysis of igneous rock samples from the Cenozoic Gangdese magmatic belt.

Sample WR-13-37 WR-13-81 WR-12-30B WR-13-117 WR-13-118 WR-13-109 WR-13-113A WR-13-113B WR-13-53 WR-13-31 WR-13-26 WR-13-48 WR-13-84 WR-13-85 WR-13-122

wt. n
SiO2 49.18 57.84 66.01 62.37 64.12 54.33 54.76 74.22 59.39 65.28 66.72 65.58 64.10 62.76 60.42
TiO2 0.77 1.08 0.57 0.75 0.79 1.14 1.05 0.18 1.22 0.62 0.59 0.82 0.67 0.75 0.78
Al2O3 19.13 16.55 15.54 14.86 15.06 17.29 17.90 13.74 12.48 15.89 15.35 14.86 16.22 16.45 15.19
TFe2O3 7.84 7.12 4.58 5.56 6.04 11.22 8.80 2.04 4.46 3.71 3.63 3.36 4.06 4.09 5.07
MnO 0.10 0.16 0.10 0.10 0.08 0.32 0.25 0.05 0.08 0.06 0.05 0.06 0.06 0.06 0.13
MgO 3.04 2.95 1.60 1.73 1.73 3.09 3.10 0.27 4.63 1.46 1.82 2.20 2.19 2.24 2.58
CaO 11.08 5.06 3.57 3.25 2.19 3.49 6.04 0.93 4.63 2.62 3.25 2.67 4.41 4.47 4.13
Na2O 2.70 3.33 3.81 3.71 4.39 5.42 4.14 4.70 1.04 3.77 3.83 3.30 4.14 4.10 3.67
K2O 0.28 4.81 3.69 3.35 2.63 0.98 1.27 3.95 7.92 5.20 3.41 6.24 3.14 3.06 5.54
P2O5 0.14 0.38 0.15 0.22 0.22 0.32 0.44 0.03 1.09 0.24 0.21 0.43 0.22 0.24 0.61
LOI 6.38 0.64 0.30 4.00 3.13 3.10 1.79 0.57 2.07 1.54 1.52 0.78 0.29 1.69 1.43
Total 100.62 99.92 99.91 99.89 100.38 100.70 99.54 100.68 99.00 100.39 100.38 100.67 99.50 99.89 99.55

ppm
Sc 22.3 14.5 13.4 13.6 16.1 18.6 14 8.3 18.3 9.2 9.0 8.5 7.4 10.2 13.5
V 203.8 157 79.7 73.4 85.1 170 151 5.6 123 70.0 77.6 67.2 75.4 83.7 124
Cr 17.9 28.1 7.2 5.8 8.7 bdl 11.8 4.6 529 8.6 22.8 48.9 518 30.2 66.2
Co 30.8 18.3 10.4 8.9 9.7 11.8 14.9 1.4 20.2 9.4 11.8 9.6 20.9 13.1 20.5
Ni 19.1 18.8 5.5 3.6 5.0 9 10 0.5 112.7 8.7 15.2 31.4 167.4 20.2 41.7
Rb 4.80 213.7 142.0 99.6 79.5 66 88 109 786 242 133 445 121 100 392
Ba 76.8 661 525 818 514 148 311 915 3102 1426 889 2148 752 705 4000
Th 2.00 31.86 17.49 19.82 19.29 4.03 3.55 14.27 206 64.09 12.64 109.0 14.62 9.61 102.3
U 0.47 4.00 2.78 4.22 4.19 2.73 2.56 3.12 25.18 8.68 3.89 14.07 2.87 2.18 14.27
Nb 1.31 14.26 8.43 7.64 7.70 7.7 4.1 7.02 26.81 17.45 7.54 21.06 6.43 4.76 20.17
Ta 0.13 1.29 0.88 0.81 0.79 0.37 0.3 0.78 1.94 2.39 0.99 1.70 0.57 0.41 1.43
La 7.97 61.77 28.77 34.67 38.99 23.9 20.8 31.91 80.70 78.55 33.89 91.08 33.50 28.68 158
Ce 17.14 122.4 52.30 67.08 65.23 50.9 42.1 59.53 204.5 135 63.28 188 58.72 52.49 310
Pb 5.66 14.57 22.49 5.53 5.71 19 19 21.51 63.38 51.86 30.62 104 30.03 25.78 126
Pr 2.54 14.84 6.44 8.46 8.92 6.64 5.36 7.36 31.47 15.05 7.99 23.55 7.74 6.57 35.85
Sr 414 679 316 156 127 180 480 79.5 590 713 691 858 826 868 1529
Nd 11.39 55.41 23.30 32.50 34.57 27.4 22.3 27.23 150.3 50.06 30.68 92.68 29.65 25.23 132.5
Sm 2.88 10.32 4.45 6.38 6.71 6.05 4.63 5.47 33.05 6.90 5.36 15.24 5.21 4.19 20.9
Zr 47.93 332 194 269 266 310 305 215 514 246 139 460 116 140 565
Hf 1.66 9.33 6.04 7.78 7.45 6.1 6.1 6.59 15.72 8.19 4.30 13.51 3.72 4.28 15.12
Eu 0.92 1.85 1.01 1.37 1.47 1.63 1.65 1.13 4.96 1.29 1.23 2.71 1.20 1.12 4.00
Gd 2.90 7.97 4.24 6.00 6.48 5.72 3.89 4.95 17.37 4.19 4.06 8.03 3.69 3.24 12.53
Tb 0.43 1.08 0.63 0.87 0.95 0.92 0.59 0.73 1.61 0.44 0.49 0.84 0.42 0.36 1.31
Dy 2.69 6.05 3.71 5.41 5.54 5.31 3.31 4.41 7.07 2.07 2.53 3.61 2.17 1.70 5.68
Y 13.37 27.28 18.81 26.94 28.77 30 17 22.51 27.26 8.74 11.44 13.66 9.28 6.93 22.56
Ho 0.54 1.10 0.75 1.09 1.10 1.07 0.66 0.88 1.11 0.34 0.46 0.55 0.36 0.28 0.91
Er 1.54 3.14 2.20 3.00 3.14 3.04 1.92 2.60 3.33 1.11 1.24 1.62 0.99 0.78 2.66
Tm 0.24 0.45 0.33 0.46 0.48 0.447 0.277 0.41 0.36 0.13 0.17 0.18 0.13 0.10 0.28
Yb 1.57 3.11 2.35 3.01 3.12 3.04 1.81 2.69 2.54 0.85 1.12 1.11 0.83 0.65 2.01
Lu 0.24 0.45 0.36 0.48 0.47 0.502 0.295 0.43 0.35 0.14 0.17 0.15 0.13 0.09 0.28
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Table 3
Zircon O isotope data for the Cenozoic Gangdese magmatic rocks.

Sample Spot name 18O/16O δ18O(VSMOW) (‰) 2σ (‰)

WR-13-42 S2811_1@1 0.00201555 5.16 0.22
WR-13-42 S2811_11@1 0.00201547 5.12 0.18
WR-13-42 S2811_15@1 0.00201553 5.15 0.19
WR-13-42 S2811_20@1 0.00201552 5.15 0.19
WR-13-42 S2811_26@1 0.00201584 5.31 0.20
WR-13-42 S2811_26@2 0.00201579 5.28 0.18
WR-13-42 S2811_3@1 0.00201561 5.19 0.19
WR-13-42 S2811_7@1 0.00201547 5.12 0.19
WR-13-81 S2791_1@1 0.00201775 6.26 0.29
WR-13-81 S2791_11@1 0.00201735 6.06 0.26
WR-13-81 S2791_12@1 0.00201663 5.70 0.29
WR-13-81 S2791_12@2 0.00201705 5.91 0.26
WR-13-81 S2791_13@1 0.00201721 5.99 0.26
WR-13-81 S2791_14@1 0.00201742 6.09 0.25
WR-13-81 S2791_15@1 0.00201719 5.98 0.25
WR-13-81 S2791_16@1 0.00201745 6.11 0.24
WR-13-81 S2791_18@1 0.00201760 6.18 0.26
WR-13-81 S2791_19@1 0.00201727 6.02 0.22
WR-13-81 S2791_20@1 0.00201736 6.07 0.25
WR-13-81 S2791_21@1 0.00201764 6.21 0.26
WR-13-81 S2791_4@1 0.00201727 6.02 0.22
WR-13-81 S2791_5@1 0.00201720 5.98 0.24
WR-13-81 S2791_6@1 0.00201731 6.04 0.25
WR-13-81 S2791_7@1 0.00201725 6.01 0.25
WR-13-81 S2791_9@1 0.00201709 5.93 0.25
WR-12-30B S2796_1@1 0.00201776 6.26 0.25
WR-12-30B S2796_11@1 0.00201689 5.83 0.25
WR-12-30B S2796_12@1 0.00201770 6.23 0.25
WR-12-30B S2796_13@1 0.00201787 6.32 0.23
WR-12-30B S2796_14@1 0.00201712 5.95 0.26
WR-12-30B S2796_14@2 0.00201702 5.89 0.23
WR-12-30B S2796_17@1 0.00201708 5.92 0.25
WR-12-30B S2796_19@1 0.00201742 6.10 0.26
WR-12-30B S2796_19@2 0.00201701 5.89 0.27
WR-12-30B S2796_2@1 0.00201703 5.90 0.24
WR-12-30B S2796_21@1 0.00201693 5.85 0.24
WR-12-30B S2796_3@1 0.00201701 5.89 0.26
WR-12-30B S2796_4@1 0.00201698 5.88 0.24
WR-12-30B S2796_5@1 0.00201760 6.19 0.24
WR-12-30B S2796_6@1 0.00201737 6.07 0.26
WR-12-30B S2796_6@2 0.00201686 5.81 0.25
WR-12-30B S2796_7@1 0.00201687 5.82 0.24
WR-12-30B S2796_8@1 0.00201803 6.40 0.22
WR-13-117 S2800_1@2 0.00201684 5.80 0.26
WR-13-117 S2800_11@3 0.00201695 5.86 0.23
WR-13-117 S2800_12@1 0.00201681 5.79 0.23
WR-13-117 S2800_13@3 0.00201703 5.90 0.26
WR-13-117 S2800_14@3 0.00201693 5.85 0.24
WR-13-117 S2800_14@4 0.00201695 5.86 0.24
WR-13-117 S2800_16@1 0.00201740 6.09 0.24
WR-13-117 S2800_21@2 0.00201653 5.65 0.23
WR-13-117 S2800_3@2 0.00201714 5.96 0.23
WR-13-117 S2800_4@2 0.00201718 5.98 0.24
WR-13-117 S2800_5@2 0.00201684 5.81 0.24
WR-13-117 S2800_8@3 0.00201667 5.72 0.23
WR-13-2 S2797_1@1 0.00201723 6.00 0.24
WR-13-2 S2797_11@1 0.00201703 5.90 0.24
WR-13-2 S2797_11@2 0.00201674 5.75 0.23
WR-13-2 S2797_12@2 0.00201715 5.96 0.25
WR-13-2 S2797_18@1 0.00201713 5.95 0.23
WR-13-2 S2797_19@1 0.00201646 5.61 0.27
WR-13-2 S2797_19@2 0.00201680 5.79 0.24
WR-13-2 S2797_20@1 0.00201728 6.02 0.24
WR-13-2 S2797_3@1 0.00201698 5.88 0.23
WR-13-2 S2797_3@2 0.00201688 5.82 0.22
WR-13-2 S2797_4@1 0.00201711 5.94 0.24
WR-13-2 S2797_5@1 0.00201701 5.89 0.30
WR-13-2 S2797_5@2 0.00201759 6.18 0.24
WR-13-2 S2797_9@1 0.00201716 5.96 0.22
WR-13-2 S2797_9@2 0.00201758 6.17 0.23
WR-13-113B S2808_1@1 0.00201610 5.44 0.19
WR-13-113B S2808_12@1 0.00201606 5.42 0.20
WR-13-113B S2808_16@1 0.00201610 5.44 0.19
WR-13-113B S2808_2@1 0.00201567 5.22 0.19
WR-13-113B S2808_20@1 0.00201535 5.06 0.19

Table 3 (continued)

Sample Spot name 18O/16O δ18O(VSMOW) (‰) 2σ (‰)

WR-13-113B S2808_21@1 0.00201612 5.45 0.18
WR-13-113B S2808_23@1 0.00201646 5.62 0.20
WR-13-113B S2808_5@1 0.00201617 5.47 0.18
WR-13-113B S2808_5@2 0.00201583 5.30 0.18
CB-5 S2861_1@1 0.002017547 6.16 0.18
CB-5 S2861_3@1 0.002017561 6.16 0.15
CB-5 S2861_4@1 0.002017535 6.15 0.14
CB-5 S2861_4@2 0.002017818 6.29 0.18
CB-5 S2861_5@1 0.002017319 6.04 0.18
CB-5 S2861_5@2 0.002017602 6.19 0.15
CB-5 S2861_6@1 0.002017823 6.29 0.21
CB-5 S2861_7@1 0.002016709 5.74 0.22
CB-5 S2861_9@1 0.002017717 6.24 0.18
CB-5 S2861_12@1 0.002017873 6.32 0.16
CB-5 S2861_14@1 0.002017445 6.11 0.16
CB-5 S2861_16@1 0.002017746 6.26 0.20
CB-5 S2861_18@1 0.002017222 6.00 0.15
CB-5 S2861_18@2 0.002017901 6.33 0.23
WR-13-36 S2805_10@1 0.002021831 8.29 0.18
WR-13-36 S2805_10@2 0.002020755 7.76 0.21
WR-13-36 S2805_12@1 0.002021268 8.01 0.21
WR-13-36 S2805_14@1 0.002020733 7.75 0.19
WR-13-36 S2805_2@1 0.002020277 7.52 0.20
WR-13-36 S2805_2@2 0.002020936 7.85 0.21
WR-13-36 S2805_20@1 0.002021391 8.07 0.21
WR-13-36 S2805_20@1 0.00202042 7.59 0.20
WR-13-36 S2805_4@1 0.00202094 7.85 0.19
WR-13-36 S2805_8@1 0.002020811 7.79 0.20
WR-13-84 S2792_10@1 0.00201985 7.30 0.25
WR-13-84 S2792_11@1 0.00201960 7.18 0.26
WR-13-84 S2792_12@1 0.00201907 6.91 0.22
WR-13-84 S2792_12@2 0.00201905 6.91 0.23
WR-13-84 S2792_15@1 0.00201944 7.10 0.24
WR-13-84 S2792_17@1 0.00201985 7.30 0.26
WR-13-84 S2792_18@1 0.00201965 7.20 0.25
WR-13-84 S2792_19@1 0.00201910 6.93 0.26
WR-13-84 S2792_19@3 0.00201938 7.07 0.24
WR-13-84 S2792_2@1 0.00201949 7.13 0.25
WR-13-84 S2792_20@1 0.00202033 7.55 0.26
WR-13-84 S2792_21@1 0.00201961 7.19 0.26
WR-13-84 S2792_21@2 0.00201928 7.02 0.26
WR-13-84 S2792_4@1 0.00201919 6.97 0.27
WR-13-84 S2792_5@1 0.00201933 7.05 0.27
WR-13-84 S2792_6@1 0.00201926 7.01 0.26
WR-13-84 S2792_6@2 0.00201948 7.12 0.24
WR-13-84 S2792_7@1 0.00201925 7.01 0.23
WR-13-84 S2792_9@1 0.00201932 7.04 0.24
WR-13-84 S2792_9@2 0.00201902 6.89 0.29
WR-13-48 S2810_1@1 0.00202088 7.82 0.18
WR-13-48 S2810_12@1 0.00202117 7.96 0.18
WR-13-48 S2810_13@1 0.00201976 7.26 0.19
WR-13-48 S2810_18@1 0.00202135 8.06 0.19
WR-13-48 S2810_21@1 0.00202112 7.94 0.18
WR-13-48 S2810_21@2 0.00201909 6.92 0.18
WR-13-48 S2810_23@1 0.00202137 8.06 0.21
WR-13-48 S2810_3@1 0.00202095 7.85 0.19
WR-13-48 S2810_5@1 0.00202117 7.96 0.19
WR-13-74 S2799_1@1 0.01189047 6.16 0.24
WR-13-74 S2799_12@1 0.01455912 6.57 0.29
WR-13-74 S2799_14@1 0.01240131 6.40 0.25
WR-13-74 S2799_16@1 0.01354501 6.54 0.27
WR-13-74 S2799_18@1 0.01389026 6.22 0.28
WR-13-74 S2799_20@1 0.01193790 6.50 0.24
WR-13-74 S2799_21@1 0.01247303 6.41 0.25
WR-13-74 S2799_23@1 0.01167091 6.32 0.23
WR-13-74 S2799_24@1 0.01289896 6.42 0.26
WR-13-74 S2799_24@2 0.01305577 6.44 0.26
WR-13-74 S2799_25@1 0.01358415 6.51 0.27
WR-13-74 S2799_5@1 0.01115805 6.39 0.22
WR-13-74 S2799_5@2 0.01357411 6.37 0.27
WR-13-74 S2799_7@1 0.01221998 6.52 0.24
JR-5 S2803_11@1 0.00201579 5.28 0.19
JR-5 S2803_16@1 0.00201594 5.35 0.20
JR-5 S2803_16@2 0.00201594 5.36 0.19
JR-5 S2803_18@1 0.00201583 5.30 0.18
JR-5 S2803_4@1 0.00201578 5.28 0.21
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Table 3 (continued)

Sample Spot name 18O/16O δ18O(VSMOW) (‰) 2σ (‰)

JR-5 S2803_5@1 0.00201593 5.35 0.18
JR-5 S2803_9@1 0.00201600 5.38 0.19
WR-13-14 S2794_1@1 0.00201832 6.54 0.24
WR-13-14 S2794_10@1 0.00201857 6.67 0.26
WR-13-14 S2794_12@1 0.00201796 6.37 0.25
WR-13-14 S2794_15@1 0.00201804 6.40 0.22
WR-13-14 S2794_16@1 0.00201836 6.56 0.23
WR-13-14 S2794_18@1 0.00201653 5.65 0.24
WR-13-14 S2794_18@2 0.00201636 5.57 0.26
WR-13-14 S2794_19@1 0.00201840 6.58 0.27
WR-13-14 S2794_2@1 0.00201789 6.33 0.24
WR-13-14 S2794_2@2 0.00201821 6.49 0.24
WR-13-14 S2794_3@1 0.00201851 6.64 0.25
WR-13-14 S2794_3@2 0.00201833 6.55 0.23
WR-13-14 S2794_4@1 0.00201816 6.46 0.26
WR-13-14 S2794_7@1 0.00201793 6.35 0.24
WR-13-14 S2794_7@2 0.00201796 6.36 0.23
WR-13-14 S2794_9@1 0.00201728 6.03 0.23
WR-13-122 S2806_1@1 0.00201719 5.98 0.21
WR-13-122 S2806_13@1 0.00201715 5.96 0.20
WR-13-122 S2806_16@1 0.00201720 5.98 0.19
WR-13-122 S2806_2@1 0.00201725 6.01 0.19
WR-13-122 S2806_21@1 0.00201602 5.39 0.21
WR-13-122 S2806_22@1 0.00201779 6.28 0.18
WR-13-122 S2806_23@1 0.00201770 6.23 0.21
WR-13-122 S2806_3@1 0.00201738 6.07 0.19
WR-13-122 S2806_8@1 0.00201525 5.01 0.19
WR-13-122 S2806_8@2 0.00201623 5.50 0.21
WR-13-122 S2806_9@1 0.00201733 6.05 0.20
WR-13-100 S2802_13@1 0.00201703 5.90 0.22
WR-13-100 S2802_14@1 0.00201737 6.07 0.19
WR-13-100 S2802_18@1 0.00201746 6.11 0.19
WR-13-100 S2802_2@1 0.00201699 5.88 0.21
WR-13-100 S2802_2@2 0.00201705 5.91 0.21
WR-13-100 S2802_23@1 0.00201726 6.01 0.20
WR-13-100 S2802_3@1 0.00201702 5.90 0.19
WR-13-100 S2802_4@1 0.00201720 5.99 0.22
WR-13-100 S2802_5@1 0.00201746 6.12 0.21
WR-13-100 S2802_7@1 0.00201693 5.85 0.20
JM11-34 S2804_13@1 0.00201740 6.09 0.22
JM11-34 S2804_17@1 0.00201724 6.01 0.19
JM11-34 S2804_17@2 0.00201725 6.01 0.19
JM11-34 S2804_2@1 0.00201709 5.93 0.19
JM11-34 S2804_2@2 0.00201698 5.87 0.20
JM11-34 S2804_20@1 0.00201681 5.79 0.21
JM11-34 S2804_20@2 0.00201707 5.92 0.19
JM11-34 S2804_22@1 0.00201689 5.83 0.20
JM11-34 S2804_3@1 0.00201712 5.95 0.21
JM11-34 S2804_6@1 0.00201767 6.22 0.20
JM11-34 S2804_6@2 0.00201716 5.96 0.18
JM11-34 S2804_9@1 0.00201703 5.90 0.20
BP-1 S2798_1@1 0.00201720 5.99 0.26
BP-1 S2798_1@2 0.00201707 5.92 0.25
BP-1 S2798_10@1 0.00201707 5.92 0.23
BP-1 S2798_11@1 0.00201718 5.98 0.25
BP-1 S2798_13@1 0.00201740 6.08 0.28
BP-1 S2798_15@1 0.00201729 6.03 0.22
BP-1 S2798_15@2 0.00201746 6.11 0.24
BP-1 S2798_2@1 0.00201726 6.02 0.25
BP-1 S2798_20@1 0.00201617 5.47 0.27
BP-1 S2798_20@2 0.00201714 5.96 0.24
BP-1 S2798_22@1 0.00201650 5.64 0.24
BP-1 S2798_5@2 0.00201680 5.79 0.27
BP-1 S2798_6@1 0.00201744 6.10 0.24
BP-1 S2798_6@2 0.00201731 6.04 0.24
BP-1 S2798_7@1 0.00201690 5.83 0.24
BP-1 S2798_8@1 0.00201731 6.04 0.24
BP-1 S2798_9@1 0.00201844 6.60 0.25

Table 4
Amphibole and phlogopite O isotope data for the Cenozoic Gangdese magmatic rocks.

Sample number Mineral δ18O(VSMOW) (‰) 2σ (‰)

WR-12-8 Amphibole 6.7 0.1
XG-12-9 Amphibole 6.5 0.1
XG-12-3 Amphibole 5.9 0.1
WR-12-33 Amphibole 5.3 0.1
QL10-4-22 Amphibole 6.3 0.1
QL10-4-9 Amphibole 6.4 0.1
WR-12-52 Phlogopite 9.8 0.1
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9.2. Eastern Oligocene magmatism

Intrusions from the eastern Gangdese belt (none are known to occur
in the western part of the belt) have high-K calc-alkaline quartz
monzonitic to granitic compositions, similar to the range of published
data for these lithologies (Fig. 6A, B). They are somewhatmore depleted
in HREE relative to the Paleocene-Eocene suite (Fig. 6D), and have
pronounced listric-shaped normalized REE patterns that mostly lack
significant negative Eu anomalies. These patterns indicate fractionation
of hornblende (which preferentially partitions MREE, leading to listric-
shaped normalized REE patterns; Davidson et al., 2007; Green and
Pearson, 1985; Müntener et al., 2001; Rollinson, 1993; Rooney et al.,
2011) and suppression of plagioclase crystallization and fractionation
(Naney, 1983; Ridolfi et al., 2010). In combination with the abundance
of amphibole phenocrysts in these rocks, these geochemical features
suggest that the Oligocene magmas were relatively hydrous (N4 wt.%
H2O: Wang et al., 2014a).

Zircon δ18O values of sample CB-5 (+5.7‰ and +6.3‰; Fig. 8A)
are similar to the values from Paleocene–Eocene rocks, as are the
(87Sr/86Sr)i, εNdi, and (187Os/188Os)i values (0.7062 to 0.7063, −3.4 to
−2.5, and 0.224 to 0.359, respectively). Zircon Hf isotopic values of
CB-5 and XB-12-3 are positive, and vary from 3.1 to 6.5 (Zheng et al.,
2012) and 0.8 to 6.3 (Table A2), respectively.

The Oligocene igneous rocks have calc-alkaline continental arc-like
compositions, with enrichments in LILE (Rb, Ba, Th, U, and K), and de-
pletions in HFSE (Nb and Ta). Published Sr–Nd isotope compositions
of Gangdese Oligo-Miocene igneous rocks overlap those of the cospatial
Cretaceous Gangdese arc batholith. Despite the compositional and
isotopic similarity to the subduction-related Paleocene–Eocene rocks,
the Oligocene rocks are unlikely to have been directly subduction-
derived, because they formed ~25 m.y. after the onset of India–Asia
collision. We suggest that they were likely derived from partial melting
of subduction-modified Tibetan lower crust (juvenile) or subcontinen-
tal lithospheric mantle in a collisional setting (Hou et al., 2009; Zheng
et al., 2012; Wang et al., 2014a).

9.3. Miocene alkaline volcanic rocks

Potassic to ultrapotassic volcanic rocks from across the Gangdese
belt have high-K calc-alkaline to shoshonitic, trachyandesitic to
trachydacitic compositions (Fig. 6A, B). The eastern Miocene volcanic
rocks have high Sr/Y and [La/Yb]N ratios (Figs. 6D, 7E), with steeper
normalized REE patterns from high LREE to low HREE compared with
the Paleocene–Eocene and Oligocene rocks. These compositions are
similar to those reported in the literature for alkaline volcanic rocks
from the western Gangdese belt (Figs. 6 and 7).

Although there are some differences between the chemical
compositions of these alkaline rocks from east to west, they do
show distinct isotopic compositions. Zircon and amphibole δ18O
values for eastern samples range from +5.0‰ to +6.7‰ (similar to
the Paleocene–Eocene and Oligocene rocks), whereas zircons from
the western suite have higher values (+6.9 to +8.3‰; Fig. 8A),
and whole rocks and phlogopite extend this range to +11.0‰
(Fig. 8B). In addition, zircon Hf isotopic values for eastern samples
range from −5.9 to 10.1, whereas zircons from the western suite
have lower values (−15.2 to 0.7‰; Fig. 11). One sample from eastern
suite has relatively low εHf and εNd values (both below 0), and high
δ18O values. This sample is geographically close to the boundary at



Table 5
Sr–Nd isotope data for the Cenozoic Gangdese magmatic rocks.

Sample
number

Age
(Ma)

Rb
(ppm)

Sr
(ppm)

Sm
(ppm)

Nd
(ppm)

87Rb/86Sr 87Sr/86Sr 2σ (87Sr/86Sr)i 147Sm/144Nd 143Nd/144Nd 2σ εNd (143Nd/144Nd)i εNdi

WR-13-40 58.0 2.2 528.3 3.05 13.58 0.012 0.70515 0.00002 0.70514 0.1357 0.512643 0.000012 0.1 0.51262 0.5
WR-13-81 49.9 208.2 684.7 9.07 49.96 0.880 0.70650 0.00002 0.70588 0.1098 0.512418 0.000009 −4.3 0.51238 −3.7
WR-12-30B 67.8 138.1 306.5 4.37 23.27 1.304 0.70583 0.00002 0.70458 0.1136 0.512657 0.000008 0.4 0.51261 1.1
WR-13-117 53.0 97.3 167.1 5.79 29.83 1.685 0.70862 0.00002 0.70735 0.1173 0.512391 0.000007 −4.8 0.51235 −4.3
WR-13-109 43.2 104.6 311.2 7.28 26.96 0.972 0.70615 0.00002 0.70555 0.1633 0.512619 0.000007 −0.4 0.51257 −0.2
WR-13-113A 43.2 75.9 401.8 4.36 21.01 0.546 0.70565 0.00002 0.70532 0.1253 0.512612 0.000010 −0.5 0.51258 −0.1
WR-13-113B 43.2 97.7 77.2 5.31 27.15 3.663 0.71014 0.00005 0.70789 0.1183 0.512600 0.000005 −0.7 0.51257 −0.3
WR-13-53 21.2 726.2 598.2 28.95 133.84 3.520 0.72732 0.00001 0.72626 0.1308 0.511855 0.000009 −15.3 0.51184 −15.1
WR-13-26 18.0 243.6 297.4 4.88 27.84 2.373 0.71705 0.00002 0.71645 0.1060 0.512222 0.000010 −8.1 0.51222 −7.9
WR-13-48 23.0 240.0 767.9 14.4 88.2 0.905 0.71504 0.00002 0.71474 0.0985 0.512043 0.000005 −11.6 0.51203 −11.3
WR-13-18 14.0 243.6 297.4 10.14 54.25 2.373 0.71705 0.00002 0.71658 0.1131 0.511933 0.000008 −13.8 0.51192 −13.6
JR-5 16.2 103.5 803.8 4.05 19.88 0.372 0.70574 0.00002 0.70566 0.1232 0.512458 0.000010 −3.5 0.51244 −3.4
WR-13-122 11.0 244.8 1110.5 14.12 93.27 0.638 0.71220 0.00002 0.71210 0.0915 0.512150 0.000005 −9.5 0.51214 −9.4
WR-13-100 14.0 145.0 683.0 7.44 41.82 0.614 0.70668 0.00002 0.70656 0.1076 0.512297 0.000008 −6.6 0.51229 −6.5
BP-1 16.0 84.7 126.3 1.76 7.32 1.939 0.70670 0.00002 0.70626 0.1451 0.512588 0.000009 −1.0 0.51257 −0.9
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~89° E. We interpret the small variation of geochemistry is caused by
the heterogeneity of crust and mantle.

Strontium and neodymium isotopic compositions are also distinct
both from the earlier igneous rocks, and by longitude. The eastern
volcanic rocks have higher (87Sr/86Sr)i values (0.7057 to 0.7121;
Fig. 9C), and lower εNdi (−3.4 to −9.4; Figs. 9A, 11B) compared with
the Paleocene–Eocene suite, while the western suite has even higher
(87Sr/86Sr)i (0.7069 to 0.7263; Fig. 9C) and lower εNdi values (−6.0 to
−15.1; Figs. 9A, 11B).

These Sr, Nd, O, Os, and Hf isotopic data all suggest a significant
crustal involvement in the petrogenesis of these alkaline magmas, par-
ticularly for the western suite, but their low Os isotopic compositions,
Table 6
Osmium isotope data for the Cenozoic Gangdese magmatic rocks.

Sample number Analysis number Weight (g) Re (ppt) 2σ Os (ppt

WR-13-37 WR-13-37 4.0 43.0 0.1 7.76
WR-13-40 WR-13-40 4.0 285.4 0.9 7.32
WR-13-81 WR-13-81 4.0 205.4 0.7 2.53
WR-13-117 WR-13-117 4.0 44.0 0.1 0.75
WR-13-118 WR-13-118 4.0 52.2 0.2 1.02
CMD-17A CMD-17A 4.0 7.3 0.3 9.02
CMD-17B CMD-17B 4.0 8.4 0.2 6.62
CMD-32A CMD-32A 4.0 8.2 0.2 4.65
CMD-32B CMD-32B 4.0 13.2 0.3 4.38
CMD-33A CMD-33A 4.0 17.8 0.5 5.28
CMD-33B CMD-33B 4.0 11.0 0.3 3.82
WR-13-53 WR-13-53 4.0 157.3 0.5 160.5
WR-13-84 WR-13-84 4.0 9.6 0.1 2.93
WR-13-85 WR-13-85 4.0 34.1 0.1 3.33
WR-13-31 WR-13-31 4.0 133.2 0.4 1.02
WR-13-26 WR-13-26 4.0 53.2 0.2 1.06
10YR07 10YR07 4.0 76.7 0.3 0.89
WR-13-48 WR-13-48 4.0 20.6 0.1 2.99
WR-13-122 WR-13-123 4.0 54.3 0.4 4.93
WR-13-122 WR-13-124A 4.0 42.9 0.2 6.00
WR-13-122 WR-13-124B 4.0 39.7 0.3 5.23
WR-13-122 WR-13-125 4.0 68.8 0.2 3.87
WR-13-100 WR-13-100A 4.0 1348.4 6.0 39.04
WR-13-100 WR-13-100B 4.0 660.4 2.6 35.17
JR-5 JR-5 4.0 61.9 0.2 3.87
JM11-34 JM11-34 4.0 405.5 1.2 5.91
QL02-01 QL02-01 4.0 14.9 0.3 0.75
QL02-04-2 QL02-04-2 4.0 10.7 0.3 4.03
QL02-07 QL02-07 4.0 21.2 0.5 0.90
QL02-10 QL02-10 4.0 8.0 0.4 0.99
QL02-13 QL02-13 4.0 61.5 0.6 1.07
QL02-28 QL02-28A 4.0 8.4 0.2 1.24
QL02-28 QL02-28B 4.0 8.4 0.2 3.90
and high Ni (20.2–167.4 ppm) and Cr (22.8–529 ppm) compositions
also indicate a mantle source. We thus consider that these magmas
were likely derived by melting of Tibetan SCLM, with contamination
by crustal melts. However, the extremely high Sr–O and low Nd–Hf iso-
topic compositions of thewestern suite extendwell beyond the range of
compositions thought to represent Tibetan crust in the Gangdese belt
(87Sr/86Sr b 0.71, εNd N −10, and εHf N 0; as reviewed in Zhao et al.,
2009; Zhu et al., 2011), but they are similar to the compositions of
High Himalayan crystalline basement, which is commonly used as a
proxy for the Indian plate lithosphere ((87Sr/86Sr = 0.74 to 0.76),
δ18O = +10 − +14‰, εNd = −18 to −10; France-Lanord et al.,
1988; Zhao et al., 2009).We therefore propose that thewestern alkaline
) 2σ 187Re/188Os 2σ 187Os/188Os 2σ (187Os/188Os)i

0.05 27.3 0.2 0.2882 0.0024 0.262
0.03 194.8 1.0 0.4139 0.0031 0.226
0.01 423.2 2.8 0.7460 0.0070 0.394
0.01 305.1 2.8 0.7332 0.0085 0.464
0.00 261.3 1.5 0.5949 0.0061 0.364
0.09 3.9 0.2 0.2384 0.0047 0.236
0.11 6.1 0.2 0.3621 0.0099 0.359
0.04 8.5 0.2 0.2693 0.0086 0.265
0.03 14.3 0.3 0.2951 0.0031 0.288
0.05 16.3 0.5 0.2318 0.0111 0.224
0.06 13.8 0.4 0.3394 0.1424 0.332
1.9 4.7 0.1 0.1580 0.0027 0.156
0.01 16.0 0.2 0.1936 0.0015 0.188
0.02 49.7 0.3 0.1977 0.0016 0.182
0.01 723.0 7.0 1.2466 0.0149 1.006
0.01 269.5 1.8 1.0310 0.0085 0.948
0.00 442.6 2.3 0.6682 0.0059 0.550
0.02 37.2 0.3 1.0494 0.0097 1.035
0.03 53.5 0.6 0.1844 0.0021 0.175
0.03 34.7 0.2 0.1656 0.0013 0.159
0.03 36.7 0.3 0.1602 0.0014 0.153
0.02 86.7 0.6 0.2263 0.0024 0.210
0.35 168.4 1.7 0.2157 0.0029 0.176
0.16 91.3 0.5 0.1997 0.0018 0.178
0.02 77.9 0.4 0.2130 0.0031 0.192
0.02 340.9 1.6 0.3602 0.0047 0.269
0.03 91.9 5.0 0.8647 0.0521 0.835
0.05 12.8 0.4 0.2900 0.0189 0.286
0.02 108.1 3.2 0.4872 0.0773 0.452
0.03 36.7 2.2 0.4233 0.0229 0.411
0.02 284.5 5.2 0.4262 0.0114 0.334
0.03 32.7 1.3 0.5063 0.0249 0.496
0.04 10.3 0.3 0.5390 0.0367 0.536



Fig. 6. A. Total alkali–silica diagram for Paleocene–Eocene, Oligocene, and Miocene igneous rock samples from this study (after Le Maitre, 1989, and Middlemost, 1994). The alkaline/
subalkaline boundary of Irvine and Baragar (1971) is shown. B. SiO2 vs. total K2O (after Rickwood, 1989). C. Sr/Y vs. Y; “Adakite-like rock” field is from Defant and Drummond (1990).
D. [La/Yb]N vs. YbN; “Adakite-like rock” field is from Martin (1999). Typical fields for Paleocene–Eocene, Oligocene, and Miocene igneous rock samples from the literature (see text for
data sources) are shown.
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volcanic rocks include a component of melt or fluids (~3–25%; Fig. 9C,
D) from the underthrust Indian lithosphere.

9.4. Miocene granitoid plutons

Granitoid plutons from across the Gangdese belt have calc-alkaline to
high-K calc-alkaline (rare shoshonitic), quartz monzonitic, granodioritic,
and granitic compositions (Fig. 6A, B). They have high Sr/Y and [La/Yb]N
ratios (Fig. 6C, D). The eastern granitoids have pronounced listric-
shaped normalized REE patterns, similar to the Oligocene suite, whereas
the western granitoids have steep normalized REE patterns from high
LREE to low HREE (Fig. 7G), similar to the western alkaline volcanic
rocks (Fig. 7E).

As for the alkaline volcanic rocks, zircon and amphibole δ18O values
for granitoid samples from the eastern Gangdese belt (+5.5‰ to
+6.6%) are similar to values from the older Paleocene–Eocene and
Oligocene rocks, but the western granitoids (like the western alkaline
volcanic rocks) extend to higher values (up to +8.8‰; Fig. 8). In
addition, the western granitoids have lower zircon Hf isotopic values
(εHfi =−13.0 to 3.9; Fig. 11; Table A2), whereas the eastern granitoids
commonly have positive εHfi (BP-1: 1.4–8.7, Table A2; εHfi N 0 for
Qulong and Jiama intrusions, Hou et al., 2012).

Strontium, neodymium, and osmium isotopic ratios for the eastern
granitoids are also similar to the Paleocene–Eocene suite, but the
western granitoids have higher (87Sr/86Sr)i ratios (0.7147 to 0.7165;
Fig. 9C) and lower εNdi values (−7.9 to −11.3; Fig. 9), comparable
to the coeval western alkaline volcanic rocks. However, (187Os/188Os)i
values are much higher than any of the other lithologies (0.550 to
1.035; Fig. 10).

We interpret these data to indicate that the eastern Miocene gran-
itoids, like the cospatial Oligocene granitoids, were derived by partial
melting of subduction-modified Tibetan lithosphere (mainly lower
crust: Hou et al., 2004; Guo et al., 2007; Li et al., 2011; Wang et al.,
2014a). In contrast, the isotopic compositions of the western granit-
oids suggest a similar source to the coeval and cospatial alkaline
volcanic rocks, but with a higher degree of crustal contamination
upon emplacement (as reflected in their crustal Os isotopic values;
Fig. 10).

Image of Fig. 6


Fig. 7. Chondrite- and primitive mantle- (PM) normalized trace element diagrams for Paleocene–Eocene, Oligocene, and Miocene samples of igneous rocks from this study (see text and
Table 1 for data sources): A and B. Paleocene–Eocene igneous rocks; C andD. Oligocene igneous rocks; E and F.Miocene volcanic rocks; G andH.Miocene intrusive rocks. Normalization values
are from Sun and McDonough (1989). Typical fields for Paleocene–Eocene, Oligocene, and Miocene igneous rock samples from the literature (see text for data sources) are shown.
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In order to validate the magmatic source of eastern Miocene
granitoids, and assess the effect of crustal contamination for the for-
mation of eastern Miocene granitoids, we have used the EC-AFC
model to simulate interaction between the juvenile lower crust/sub-
duction modified lower crust and possible crustal contaminants
(Fig. 13A). Two juvenile lower crust candidates are used: one is
Jurassic basalt (YB5-1: Hou et al., 2015) and the other is Eocene gab-
bro (AG0364-2: Dong et al., 2006b). The crustal contaminants are av-
erage upper and lower crusts (Bohrson and Spera, 2001). The
simulations indicate that upper crustal contaminations could explain
the trend of the trace element (such as Nd) and Sr–Nd isotopic data
of Miocene granitoids (Fig. 13A). However, εNdi vs. SiO2 plot

Image of Fig. 7


Fig. 8. Oxygen isotopic compositions versus age for (A) zircon, and (B) amphibole,
clinopyroxene, phlogopite, olivine, and whole-rock for Cenozoic igneous rocks from the
Gangdese belt (see text and Table 1 for data sources, 2 sd for all samples and references).
Mantle phlogopite values: +5.74 ± 0.73‰ (Mattey et al., 1994a), mantle olivine values:
+5.28 ± 0.18‰ (Mattey et al., 1994b), mantle amphibole values: +5.3–5.6‰ (Chazot
et al., 1997), mantle zircon values: δ18O = +5.3 ± 0.3‰ (Valley et al., 1998).
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(Fig. 13B) for Miocene granitoids shows that the felsic intrusions have
higher εNdi values, which are hard to explain by crustal contamination.
Therefore, amixingmodel for the origin of theMiocene granitoids is pro-
posed. In this model, the formation of these rocks occurred by mixing of
mafic and low-εNdi melts and felsic and high-εNdi melts (Fig. 13B). The
mafic and low-εNdi melts are represented by potassic and ultrapotassic
volcanic rocks, which are formed by partial melting of highly
metasomatized lithospheric mantle (Fig. 13C). The felsic and high-εNdi
melts are represented by melts from partial melting of juvenile/subduc-
tionmodified lower crust.Wehave used Sr–Nd twoend-membermixing
model (DePaolo, 1980) to simulate magma mixing between the melts
from juvenile lower crust (Jurassic basalt of sample YB5-1 and the Eo-
cenegabbro of sampleAG0364-2) andhighlymetasomatized lithospher-
ic mantle (Trachyandesite WR-13-122 with the lowest (187Os/188Os)i
value of 0.153, Table 6). The simulations indicate the mixing of alkaline
mafic melts from highly metasomatized lithospheric mantle with felsic
melts from partial melting of Tibetan juvenile lower crust can generate
trend of the trace element (such as Nd) and Sr–Nd isotopic data of
Miocene granitoids.
10. Implications for geodynamic change

Our new geochemical and isotopic data for Cenozoic igneous rocks
from the Tibetan Gangdese belt are interpreted to reflect the diachronous
transition from subduction-related to collisional magmatism, and finally
to underthrusting of the Indian lithosphere.

Paleocene–Eocene intermediate-composition intrusive and volcanic
rocks are calc-alkaline to high-K calc-alkaline, and have similar geo-
chemical and isotopic compositions to normal subduction-related
magmatism. They are thought to have formed during the final stages
of subduction of Neo-Tethyan lithosphere, and incipient collision
between the Greater Indian plate and the accretionary Eurasianmargin
(i.e., the Lhasa terrane of southern Tibet). These early Paleogene rocks
are associated with few porphyry-type deposits, possibly because the
magmas appear to have been relatively anhydrous (evolved primarily
by fractionation of pyroxene and plagioclase; Wang et al., 2014a) and
less oxidized (−1.2 to +0.8; Wang et al., 2014c). We suggest that
these infertile magmatic features (Lee et al., 2009, 2012; Wang et al.,
2014a) are controlled by Neo-Tethyan slab rollback and breakoff
(Chung et al., 2005; Wang et al., 2015). By the time of oceanic
slab breakoff, the asthenosphere will rise rapidly into the lithosphere,
the thermal anomaly can trigger subduction-modified lithosphere par-
tial melting and generate a wide range of alkaline to calc-alkaline
melts (Wang et al., 2015). This melting mechanism is different
from the typical arc magmatism, where released water (accompanied
with high oxidation materials) from oceanic slab dehydration is the
trigger. We think the unique magma melting mechanism in the early
Paleogene of Gangdese belt produced the relatively dry and less
oxidized magmas.

Oligocene magmatism was restricted to the eastern Gangdese belt
with high-K calc-alkaline granitoids, and to the Qiangtang terrane
with high-K calc-alkaline to shoshonitic volcanic rocks. The granitoids
mostly occur as small plutons, and are compositionally similar to the
earlier Paleocene–Eocene suite, but show greater fractionation of REE,
higher Sr/Y and [La/Yb]N ratios, and mostly lack significant Eu anoma-
lies. These compositions have been interpreted by Wang et al. (2014a)
to reflect increasing water content in these Oligocene magmas. The
rocks are isotopically similar to the Paleocene–Eocene suite, and were
likely derived by partial melting of previously subduction-modified
Tibetan lithosphere. A few small porphyry deposits are associated
with these Oligocene granitoid intrusions. The sparse alkaline volcanic
rocks are barren, have moderate (87Sr/86Sr)i ratios (0.7060–0.7092)
and negative εNdi values (−9.2 to −3.8; Ding et al., 2003; Liu et al.,
2008), and only erupted in the Qiangtang terrane (to the north of the
western Gangdese belt; Fig. 2). This region was located to the north of
the main Cretaceous–Paleocene Gangdese arc, therefore not fertilized
by the previous subduction. We think less fluids and metals in
themagmatic source (lower crust or SCLM) of this region result in infer-
tile magmas and less mineralization (Lee et al., 2012; Richards et al.,
2013). We suggest that the Oligocene alkaline volcanic magmas were
derived by partial melting of enriched Tibetan SCLM during early
breakoff of Greater India slab started in the western Tibet at ~25 ±
5 Ma (Fig. 14).

The Oligo-Miocene igneous rocks formed ~35–25 m.y. after the
onset of India–Asia collision, and cannot therefore be directly relat-
ed to subduction. A significant geochemical and isotopic change is
observed in Miocene magmatism, which was characterized predom-
inantly by calc-alkaline to high-K calc-alkaline plutonism in
the eastern part of the Gangdese belt (east of ~89° E) and alkaline
volcanism to the west (although minor high-K calc-alkaline to
shoshonitic plutonism occurs in the west, and minor alkaline volca-
nism in the east).

Image of Fig. 8


Fig. 9. A. εNdi vs. longitude; B. εNdi vs. age; C. εNdi vs. (87Sr/86Sr)i; (D) Whole-rock δ18O vs. εNdi. Values of Dazi basalt and picrite are from Gao et al. (2010). In C, the green line shows
mixing between lower crustal garnet–amphibolite xenoliths in Tibet, which are thought to represent Tibetan lithospheric mantle and High Himalayan crystalline basement melts
(HHCB: thought to represent the composition of the Indian craton) (for mixing model details, see Wang et al., 2014b). Qiangtang Oligocene volcanic rock compositions are from Ding
et al. (2003) and Liu et al. (2008); Cretaceous igneous rock compositions are fromWen (2007) and Zheng et al. (2014a). In D, the orange line shows mixing (ticks on the curve give per-
centage of assimilation) between melts of HHCB (δ18O= 12, εNdi =−18; France-Lanord et al., 1988; Inger and Harris, 1993) and partial melts of the Tibetan SCLM (represented by av-
erage of easternMiocene alkaline volcanic rocks with mantle Os isotopic ratios: δ18O= 7.2, εNdi=−5.9; magma δ18O valueswere obtained from zircon δ18O values, using δ18O (Zircon-
WR)= δ18O (Zircon)− δ18O (WR)≈−0.0612 (wt.% SiO2)+2.5: Valley et al., 2005). Abbreviations: HHCB=HighHimalayan crystalline basement; SCLM=sub-continental lithospheric
mantle.
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The eastern calc-alkaline to high-K calc-alkaline granitoids are
broadly compositionally similar to the Paleocene–Eocene andOligocene
suites, but show significant amphibole fractionation and lower Dy/Yb
ratios, and are interpreted to be even more hydrous and oxidized than
the earlier suites (Davidson et al., 2007; Zellmer et al., 2012; Wang
et al., 2014a, 2014c). Sr–Nd isotopic compositions are also similar, but
extend to higher (187Os/188Os)i values, which are interpreted to reflect
crustal melts (partial melting of juvenile lower crust) in generation of
these relatively felsic (granodioritic to granitic) rocks. The small number
of granitoid plutons that occur in the western part of the Gangdese
belt (west of ~89° E) are compositionally similar to their eastern
counterparts, but they are slightly more potassic, and have significantly
elevated δ18O, (87Sr/86Sr)i, and (187Os/188Os)i ratios, and lower εNdi

values. These isotopic values are interpreted to reflect a significant
crustal involvement in these magmas, but more specifically, the very
low εNdi and εHfi values may indicate the involvement of partial
melts from the underthrust Indian crust, because such low values
are not known from any potential crustal sources in the Tibetan
lithosphere in the southern Lhasa subterrane (mostly juvenile crust:
Zhu et al., 2011).

High-K calc-alkaline to shoshonitic volcanism is widespread in the
western Gangdese belt, but of limited extent in the east. The feweastern
volcanic rocks sampled show slightly higher (87Sr/86Sr)i, lower εNdi and
δ18O values, and highly variable εHfi values than their coeval eastern
granitoids. In contrast, the western alkaline volcanic rocks show the
highest (87Sr/86Sr)i and δ18O values, and the lowest εNdi and εHfi values,
and are interpreted to reflect the involvement of partial melts from the
underthrust Indian lithosphere (Fig. 14).

Underthrusting of the Indian lithosphere beneath Tibet has been
spotted by seismic tomographic studies, and the present-extent of
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Fig. 10. A. (187Os/188Os)i vs. age; B. (187Os/188Os)i vs. εNdi; C. (187Os/188Os)i vs. 1/Os (g/pg); D. (187Os/188Os)i vs. Ni. Present day primitive upper mantle 187Os/188Os = 0.1296 ± 0.0008
(Meisel et al., 2001). Value of Dazi basalt is from Zhou (2012). Apparent trends for crustal contamination are also shown (187Os/188Os≈ 1–1.5 for the crust, 0.1100–0.1500 for themantle:
Shirey and Walker, 1998; Widow et al., 1999).
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underthrusting has passed the Bangong–Nujiang suture in the western
Tibet, but not in the eastern Tibet (Kumar et al., 2006; Li et al., 2008;
Kind and Yuan, 2010; Zhao et al., 2010; Shokoohi Razi et al., 2014).
Fast seismic velocities (~8.4 km/s) were detected at the depth of
~90 km the Tibetan plateau, and are correspondent to eclogite at this
depth (Huang et al., 2009; Shokoohi Razi et al., 2014). This fast-
velocity material extends to the north of 32° N (to the north of
Bangong–Nujiang suture), and such a long extension only exists in the
western Tibet (Shokoohi Razi et al., 2014). This is likely localized forma-
tion of eclogite during underthrusting of the Indian lower crust in
the Miocene. We suggest that the prograde metamorphism of the un-
derthrust Indian lower crust released high δ18O and low εNd and εHf
melts ± fluids into the Tibetan SCLM, and triggered low-degree partial
melting of the SCLM and formation of western ultrapotassic volcanic
rocks. The dehydrated Indian lower crust transformed to eclogite, and
shows the fast velocity feature in the western Tibet. The breakoff of
Greater India slab started in the west at ~25 ± 5Ma, and the tear prop-
agated eastward until final detachment beneath eastern Tibet at ~10 ±
5 Ma (Van der Voo et al., 1999; Replumaz et al., 2010). We suggest that
this diachronous breakoff event triggered upwelling of asthenospheric
mantle and partial melting of previous subduction-modified Tibetan
lithosphere, and generated late Oligocene magmatism (29–31 Ma:
Ding et al., 2003; Liu et al., 2008) to the north of the western Gangdese
belt (south Qiangtang terrane, Fig. 14) and Miocene magmatism in the
Gangdese belt (Hou et al., 2009; Wang et al., 2014a, 2014b). Late
Oligocene magmas to the north of western Gangdese belt were derived
from partial melting of the SCLM with involvement of upwelling as-
thenospheric melts (Ding et al., 2003; Wang et al., 2014b). Miocene
magmas in the western Gangdese belt were partially derived from the
underthrust Indian plate lithosphere, which limited the involvement
of asthenospheric melts and the extent of lithospheric partial melting
(Fig. 14). In contrast, Miocene magmas in the eastern Gangdese belt
were from partial melting of subduction-modified Tibetan lithosphere,
and show similar lithogeochemical and isotopic compositions with
Cretaceous–Eocene arc rocks.

11. Implications for metallogenesis

Arc magmatism can leave a large amount of hydrous residue at
the base of the crust and SCLM (Kay and Mpodozis, 2001; Richards,
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Fig. 11. Zircon hafnium isotopic compositions versus age (A), and oxygen isotopic compo-
sitions (B) for Oligo-Miocene igneous rocks from the Gangdese belt.
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2009). Earlier arc Paleocene–Eocene magmas are less oxidized, and
may have left much of their metals in the mantle and lower crust
(Wang et al., 2014c). Therefore, the subduction modified Tibetan
lithosphere is thought to be fertile. Miocene porphyry-type deposits
are rare in the western Gangdese belt, and we interpret the evidence
Fig. 12. A. (87Sr/86Sr)i vs. εNdi; B and C. εNdi vs. SiO2 plots for Paleocene–Eocene igneous
rocks in Gangdese belt. Also shown are crustal contamination vectors calculated using
EC-AFC thermodynamic model (Bohrson and Spera, 2001; Spera and Bohrson, 2001;
input parameters are listed in Appendix A): the most isotopically primitive basalt WR-
13-40 is used to model the composition of western Gangdese magma entering the crust;
possible crustal contaminants are represented by average upper (yellowish green) and
lower crust (green) from Bohrson and Spera (2001). The tick on curves indicates a per-
centage of assimilated contaminant. In addition, the most isotopically primitive gabbro
AG0364-2 (Dong et al., 2006b) is used to model the composition of eastern Gangdese
magma entering the crust; possible crustal contaminants are represented by average
upper (orange) and lower crusts (pinkish red) from Bohrson and Spera (2001). Crustal
contamination trend is shown in B and C.
for Indian plate underthrusting in the western Gangdese belt to indi-
cate that this process has limited themelting of subduction-modified
Tibetan lower crust, and thereby limited the generation of fertile

Image of Fig. 11
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Fig. 13.A and B. (87Sr/86Sr)i vs. εNdi; C. εNdi vs. SiO2; D. Cr vs. SiO2 for Miocene igneous rocks in eastern Gangdese belt. In A: crustal contamination vectors calculated using
EC-AFC thermodynamic model (Bohrson and Spera, 2001; Spera and Bohrson, 2001; input parameters are listed in Appendix A): the most isotopically primitive Eocene
gabbro AG0364-2 (Dong et al., 2006b) and Jurassic basalt YB5-1 are used to model the composition of melts from juvenile lower crust entering the upper crust; possible
crustal contaminants are represented by average upper (orange for Eocene juvenile lower crust, and purple for Jurassic lower crust) from Bohrson and Spera (2001). The
tick on curves indicates a percentage of assimilated contaminant. The blue line cycles the Qulong high Mg diorite in eastern Gangdese belt (Yang et al., 2015). In B: the
orange line shows mixing Eocene gabbro AG0364-2 (Dong et al., 2006b), which are thought to represent Tibetan juvenile lower crust, and High Himalayan crystalline
basement melts (HHCB: thought to represent the composition of the Indian craton). Meanwhile, the purple line shows mixing Jurassic basalt YB5-1 (Hou et al., 2015),
which is also thought to represent Tibetan juvenile lower crust, HHCB.
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magmas. In contrast, in the eastern part of the belt below which un-
derthrusting had not extended in the Miocene, upwelling astheno-
sphere (in response to slab breakoff; Fig. 14) caused partial melting
of metasomatized SCLM and these fertile lower crustal sources, and
gave rise to a suite of calc-alkaline to high-K calc-alkaline granitoids
with high potential to form magmatic–hydrothermal porphyry de-
posits. Under more hydrous and oxidizing conditions
(ΔFMQ N +1.5; Wang et al., 2014a, 2014c), residual sulfides from
prior arc magmatism left in the mantle or deep crust may have
been remobilized, releasing metals into the melts and thus making
them available for formation of post-subduction porphyry systems
(Chiaradia et al., 2009; Richards, 2009; Tomkins et al., 2009; Lee
et al., 2012; Richards and Mumin, 2013; Chiaradia, 2014; Wang
et al., 2014b; Hou et al., 2015).
12. Conclusions

New lithogeochemical and Os–Sr–Nd–O–Hf isotopic data for
Cenozoic igneous rocks collected from the 1600 km-long Gangdese
magmatic belt reflect variable involvement of Indian plate litho-
sphere, subduction-modified Tibetan lithosphere, and asthenospheric
mantle during the India–Asia collision, leading to different types of
magmatism and association with porphyry Cu–Mo deposits along
the belt. Paleocene–Eocene magmas throughout the Gangdese belt
are typical of continental arc magmas, and likely formed in the final
stages of Neo-Tethyan subduction, prior to slab breakoff. Later
Oligo-Miocene magmas show a sharp longitudinal distinction of geo-
chemical and isotopic compositions, and association with porphyry-
type mineralization.

Image of Fig. 13


Fig. 14. Petrogenesis of late-collisional Oligo-Miocene igneous rocks in southern Tibet. The breakoff of Greater India slab started in the west at ~25 ± 5 Ma, and the tear
propagated eastward until final detachment beneath eastern Tibet at ~10 ± 5 Ma (Van der Voo et al., 1999; Replumaz et al., 2010). This breakoff event triggered upwelling
of asthenospheric melts and partial melting of the Tibetan SCLM, and produced a suite of Oligo-Miocene magmatism from west to east. The following underthrusting Indian
lithosphere extended more in the western Gangdese belt. Prograde metamorphism Indian lithosphere released melts ± fluids into the Tibetan SCLM, and triggered its par-
tial melting, then derived alkaline magmas ascended through rift zones. In contrast, the eastern Gangdese belt was not fully underthrust by Indian lithosphere in the Mio-
cene. Upwelling of asthenospheric melts interacted with subduction-modified Tibetan lithosphere, and produced continental arc-like magmas and porphyry deposit
systems. Thrust systems are inferred from Yin and Harrison (2000). Depths of the Moho, Indian lithosphere–asthenosphere boundary, and Tibetan lithosphere–astheno-
sphere boundary are estimated from seismic studies (Kumar et al., 2006; Zhao et al., 2010; Shokoohi Razi et al., 2014). Abbreviations: SCLM = sub-continental lithospheric
mantle.
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Miocene high-K calc-alkaline to shoshonitic granitoids in western
Tibet are characterized by crust-like (187Os/188Os)i, high (87Sr/86Sr)i,
low εNdi and εHfi, and high zircon δ18O values, suggesting that
these magmas involved a large component of melts ± fluids from the
underthrust Indian plate, and experienced high degrees of crustal con-
tamination during emplacement. These magmas are infertile, and are
only associated with one known small porphyry Cu–Mo deposit. High-
K calc-alkaline to shoshonitic volcanic rocks in the western Gangdese
belt have extremely low εNdi values (−7.1 to−17.4), crust-like zircon
δ18O values (+6.2–+8.8‰) and εHfi values (−15.2 to 0.7), but low
mantle-like (187Os/188Os)i ratios, and high Ni and Cr contents. We
suggest that these magmas were derived from partial melting of the
Tibetan SCLMbut included ~3–25%melts± fluids from the underthrust
Indian plate.

Sparse high-K calc-alkaline to shoshonitic volcanic rocks in the
eastern Gangdese belt are characterized by moderate εNdi values
(−9.4 to −3.4), mantle-like (187Os/188Os)i (0.154–0.210), and zircon
δ18O values (+5.0–+6.7‰) and εHfi values (−5.9 to 10.1). These
magmas are thought to have been derived largely from partial melt-
ing of enriched Tibetan SCLM, and show no evidence of an Indian
plate source, suggesting that underthrusting had not extended this
far east by the Miocene.

Oligo-Miocene granitoids in the eastern Gangdese belt are calc-
alkaline to high-K calc-alkaline in compositions, and are character-
ized by similar (87Sr/86Sr)i, εNdi and zircon δ18O values to the
earlier Paleocene–Eocene igneous rocks. They were most likely de-
rived from partial melting of juvenile (subduction modified) lower
crust with mixing of enriched alkaline melts from highly
metasomatized SCLM. These late-collisional magmas are hydrous
and oxidized, and were able to remobilize Cu, Mo, and Au from
deep crustal residues of prior arc magmatism, leading to a unique
association with several large porphyry Cu–Mo deposits in eastern
Tibet.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.earscirev.2015.07.003.
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Fig. A1–A6. Cathodoluminescence images of representative analyzed zircons with in situ U–Pb (yellow circle), O (red circle), and Hf isotope (green circle) data for the Miocene igneous
rocks in the Gangdese belt.
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