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Triassic granites are widely exposed in the central Qiangtang, northern Tibetan Plateau. They, therefore, made an
important contribution to the growth of the Tibetan Plateau. In this paper, we present zircon U–Pb dating and Hf
isotopic results, andwhole-rock elemental and Sr–Nd isotopic analyses of the Dongdashan (DDS) batholith in the
central Qiangtang in order to understand their petrogenesis and tectonic setting. LA-MC-ICP-MS zircon U–Pb re-
sults show that the DDS batholith was emplaced at 220.3 ± 0.7 Ma. All the granites in the DDS possess high A/
CNK values (N1.0) and display peraluminous characteristics, similar to S-type granite. Their strongly fractionated
REE patterns ((La/Yb)N = 6.98–13.9) with conspicuous negative Eu anomalies (Eu*/Eu = 0.51–0.67), together
with negative εNd(t) and εNd(t) values, and depleted Nd and Hf model ages, suggest that the DDS granitic
magma had a dominantly crustal source, likely the Paleoproterozoic basement (i.e., the Ningduo and Caoqu
group metasediments) in the area.
In combination with regional studies, our new geochemical data and geochronological results demonstrate that
the Late Triassic magmatism was generated in a post-collisional tectonic setting. The spatial distribution pattern
of the Mesozoic igneous rocks, coupled with the exhumation of high-pressure metamorphic rocks in the central
Qiangtang, favors a slab breakoffmodel, which resulted in post-collisional extension and asthenospheric upwell-
ing that induced large-scale partial melting of the middle-lower crust to produce voluminous amounts of felsic
magma. Therefore, the occurrence of the Late Triassic post-collisional magmatism, and particularly the exhuma-
tion of high-pressure eclogites and blueschists as well as their presence in the lowermost portion of the Late Tri-
assic volcanoclastics in the Qiangtang basin, clearly indicate that the final closure of the of Paleo-Tethys Ocean
and associated continent–continent collision between the Gondwana-derived Western Qiangtang and Eastern
Qiangtang terranes had not been completed until the early mid-Triassic.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Granitoids are the important component of the upper crust, and are
found in all plate tectonic environments, especially orogenic settings.
Their magmas may be derived from different source regions, producing
distinct granitoid types (e.g., Chappell and White, 1974; Sylvester, 1989;
Eby, 1992; Moyen et al., 2001), such as S-, I- and A-type granites. Accord-
ingly, they provide petrogenetic ‘windows’ into the evolution of deeper
crustal sources, as well as clues to the overall tectonic setting (e.g.,
Pitcher, 1983; Pearce et al., 1984; Condie and Kröner, 2013). Moreover,
different types of granitoidmagmatismusually take place in different tec-
tonic regimes during the evolution of orogeny, including subduction, and
chemistry, Chinese Academy of
epublic of China. Tel.: +86 20
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syn- to post-collisional and post-orogenic extensional settings (e.g.,
Chappell and White, 1974; Sylvester, 1989; Chappell and White, 1992;
Brown, 1994; Barbarin, 1999; Bonin, 2007). For example, many
peralkaline and alkaline granites are associated with post-tectonic
within-plate extension (e.g., Bonin, 2007), whereas subduction-related
granites tend to bemetaluminous, although somemetaluminous granites
are collision-related (e.g., Martin, 1987; Wedepohl, 1991). In addition,
granites related to continent–continent collision tend to be peraluminous
(e.g.,Wedepohl, 1991; Chappell andWhite, 1992, 2001). However, sever-
al studies have demonstrated that the majority of collision-related,
strongly peraluminous graniteswere emplaced inpost-collisional settings
after the peak of crustal thickening (e.g., Sylvester, 1998). Furthermore,
the resultant magmas could have involved the melt and heat input from
mantle (Sylvester, 1998; Wang et al., 2010; Peng et al., 2013). In fact, an
increasing number of studies have revealed that crustal anatexis during
syn-collisional or syn-orogenic settings generally produces leucogranites,
which are peraluminous, such as those along the Alpine-Himalayan
lished by Elsevier B.V. All rights reserved.
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Mountain chain (e.g., Harrison et al., 1998; Ciancaleoni and Marquer,
2004; Gaillard et al., 2004).

The Qiangtang block lies to the north of the Lhasa terrane and is the
most important part of the Tibetan Plateau (Fig. 1a). The discovery of an
early Mesozoic high-pressure (HP) to ultrahigh-pressure (UHP) meta-
morphic belt in the central Qiangtang (Li et al., 2006; Pullen et al.,
2008; Liu et al., 2011; Zhai et al., 2011) and the recent identification of
the Carboniferous oceanic ophiolites (Zhai et al., 2013c) indicate that
the Paleo-Tethys Ocean was most likely situated between the Eastern
and Western Qiantang terranes during the late Paleozoic, and its sub-
duction and final closure led to collision between the two terranes (Li
and Zheng, 1993; Yang et al., 2011; Zhai et al., 2011, 2013a). It is quite
noticeable that the tectono-magmatism related to the evolution of the
Paleo-Tethys Ocean made an important contribution to the growth of
the Tibetan Plateau. In recent years, many studies have been carried
out in this belt in order to decipher the evolution of the Paleo-Tethys
Ocean, especially the correlation between the magmatism, metamor-
phism and sedimentation, and the tectonic regime transition from sub-
duction to collision in the area (e.g., Pullen et al., 2008; Liu et al., 2011;
Yang et al., 2011; Zhai et al., 2011, 2013a). Nonetheless, the tectonic set-
ting of the middle–late Triassic tectono-magmatism, especially for the
late Triassic magmatism and sedimentation in the Qiangtang block, is
still an issue of debate (Wang et al., 2008; Fu et al., 2010; Zhai et al.,
2011, 2013a). Hence, knowledge about the syn- to post-collisional his-
tory in this region remains unknown.Moreover, in the case of the gran-
ite belt that is parallel to the HP metamorphic belt in the central
Qiangtang, little attention has been paid to its association with themid-
dle–late Triassic volcanoclastic and metamorphic rocks (Kapp et al.,
Fig. 1. Simplified geological map (a) and tectonic units (b) of the Sanjiang region in eastern Tibe
Tectonic sutures: BNS, Bangong–Nujiang suture; CMS, Changling–Menglian suture; JSS, Jinshajia
Qiangtang; L, Lhasa; QD, Qaidam; QL, Qilian; SG, Songpan Ganzi; SM, Simao; WB, West Burma;
2000, 2003). The significance of these granites in a reconstruction of
the Paleo-Tethys remains uncertain, because few geochronological
and geochemical data are available.

In this contribution, we present whole-rock geochemical and Sr–Nd
isotopic compositions, and zirconU–Pb dating and Lu–Hf isotope results
for the Late Triassic granites in the central Qiangtang, Eastern Tibetan
Plateau. Based on our data, coupled with regional results, our aims are
to: (1) illustrate the nature and source of the protoliths of the Late Tri-
assic granites and their melting process; (2) shed insights into the
geodynamicmechanismof their generation; and 3) discuss the relation-
ships between the Late Triassic crustal anatexis and the evolution of the
Paleo-Tethys.
2. Geological background and petrography

The Eastern Tibetan Plateau is a collage of several blocks or micro-
plates (terranes), including the Songpan–Ganzi, Yidun, Qiangtang and
Eastern Lhasa terranes, where numerous important geological records
related to the evolution of the Eastern Paleo-Tethys have beenwell doc-
umented (Lv et al., 1993; Pan et al., 2003; Zhang and Santosh, 2012;
Zhang et al., 2012; Zheng et al., 2013; Zhu et al., 2013; Zhang et al.,
in 2014). It is also a key metallogenic district, named as the Tethys
metallogenic domain in West China (Pan et al., 2003; Hou et al., 2011;
Wang et al., 2014; and references therein), inwhichmany economically
important Cu-polymetallic ore deposits have been discovered, such as
the Yulong, Zhongdian, Yangla and Narigongma porphyry Cu ore de-
posits (Hou et al., 2007; Liang et al., 2009; Wang et al., 2011; Yang
t and Yunnan, SWChina (modified from Liu et al., 2011; Deng et al., 2012;Metcalfe, 2013).
ng suture; LSS, Longmu Co–Shuanghu suture. Continental blocks: BS, Baoshan; EQ, Eastern
WQ, Westernern Qiangtang. Available ages (with references) are included.
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et al., 2012), and the Gachun and Luchun volcanogenic massive sulfide
(VMS) ore deposits (Wang et al., 2001;Hou et al., 2003; Panet al., 2003).

The Qiangtang block lies in the north-central Tibetan plateau
(Fig. 1a). It is separated from the Songpan–Ganzi terrane to the east
by the Jinsha suture that represents the back-arc basin of the Paleo-
Tethys, and from the Lhasa block to the west by the Bangong–Nujiang
Mesotethyan suture (Fig. 1a; XZBGM, 1993). The only dated basement
rocks in the Qiangtang block are orthogneisses from the Duguer Shan
(476–474Ma; Pullen et al., 2011) and a block ofmafic gneiss inmélange
near Gangma Co that yielded Cambrian and Ordovician zircon ages
(Kapp et al., 2000). Based on the significant distinction in the strata,
fossil assemblages and paleomagnetic data before the later Middle
Permian (XZBGM, 1993; Li and Zheng, 1993; Zhang et al., 2010), the
Qiangtang block can be subdivided into two parts: the Eastern
Qiangtang (also termed Qamdo or Changdu) and Western Qiangtang
terranes, of which the former is dominantly covered by Upper Trias-
sic–Upper Jurassic intercalatedmarine siliciclastic rocks and limestones,
with Carboniferous–Permian shelf sediments at its easternmost and
western margins (Li and Zheng, 1993; XZBGM, 1993; Zhang et al.,
2002; Pan et al., 2004; Li et al., 2006; Zhang et al., 2006c), which
shows a Gondwana affinity (Zhu et al., 2011; Metcalfe, 2013). In con-
trast, the Western Qiangtang block consists of Carboniferous–Permian
shelf strata along with Jurassic marine rocks on its northern and south-
ern margins, which has a Cathaysian affinity, similar to the Southern
China Block (Fig. 1b; Li and Zheng, 1993; XZBGM, 1993; Zhang et al.,
2002; Pan et al., 2004; Li et al., 2006; Zhang et al., 2006c). The two ter-
ranes are separated by the Early Triassic HP–UHP metamorphic belt,
also named as the Central Qiangtang metamorphic belt: QMB (Kapp
et al., 2003; Li et al., 2006; Zhang et al., 2006a,b; Pullen et al., 2008)
that is composed of blueschist, eclogite, ophiolitic mélange, and
metasedimentary rocks (including greenschist, glaucophane-bearing
marble and minor chert) (Li and Zheng, 1993; XZBGM, 1993; Kapp
et al., 2000, 2003; Li et al., 2006; Zhang et al., 2006a,b; Zhai et al.,
2011). The QMB extends from west (Longmu Co area) to east
(Shuanghu area) over a distance of ~500 km (Fig. 1b; Li and Zheng,
1993; Li et al., 2006; Zhang et al., 2006a,b), and likely links southeast-
ward with the Ando–Basu HP metamorphic belt (AMB) (Fig. 1a;
Zhang et al., 2008; Zhang and Tang, 2009; Zhang et al., 2010), because
they have similar basement and deformation histories (Zhang and
Tang, 2009; Zhang et al., 2014). Radioactive isotopic dating and P–T es-
timation of the metamorphic rocks revealed that they had experienced
HP–UHP metamorphism at ~244 Ma (Pullen et al., 2008) and subse-
quent retrograde processes from ~237 Ma to 202 Ma (Kapp et al.,
2000, 2003; Zhai et al., 2011).

Recently, some typical ophiolitic lithological assemblages of meta-
morphosed ultramafic rocks, gabbro cumulates, diabases, pillow basalts,
and radiolarian cherts along the southern part of the Eastern Qiangtang
block, north of the Longmu Co-Shuanghu suture, have also been recog-
nized (Zhai et al., 2007; Zhai et al., 2011). Zircon U–Pb dating of cumu-
late gabbros and plagiogranites demonstrated that these oceanic slices
formed mainly at 438–348 Ma (Shi et al., 2009; Yang et al., 2011), indi-
cating that the Paleo-Tethys Ocean had developed at least since the
Early Silurian. Also, some subduction-related arc magmatic rocks, in-
cluding andesites, rhyodacites and granites, have been recognized
along the southern part of the Eastern Qiangtang (Yang et al., 2011). Zir-
conU–Pb ages (275–248Ma) revealed that oceanic/continental subduc-
tion in the area might have lasted until the Early Triassic (Yang et al.,
2011). Most recently, a large number of Early Permian (~280 Ma)
mafic dyke swarms were discovered in the QMB, although they were
thought to be the products of a Large Igneous Province (LIP) (Zhai
et al., 2013b).

In addition, an important feature is that the Late Triassic magmatism
is extensive across the central Qiangtang, particularly in the Mesozoic
Qiangtang basin (XZBGM, 1993; Wang et al., 2007; Zhai and Li, 2007).
These igneous rocks form a huge Late Triassic magmatic zone, including
a large volume of volcanic rocks in the Mesozoic Qiangtang basin and a
granitic belt, parallel to the Longmu Co–Shuanghu suture (Fig. 1b). The
Late Triassic volcanic rocks are dominated by dacite, rhyolite, felsic tuff
and volcanic breccia, with minor andesites and basaltic rocks (XZBGM,
1993;Wang et al., 2007; Zhai and Li, 2007). In composition, they display
a bimodal affinity (Zhai et al., 2011; Zhang et al., 2011). Furthermore,
some volcanic rocks, as well as diorites, geochemically resemble
adakites or adakitic rocks (Zhai et al., 2011). At present, numerous stud-
ies have been concentrated on their petrogenesis and rock-forming tec-
tonic setting, and different models have been proposed (e.g., Fu et al.,
2010; Zhai et al., 2011, 2013a).

Numerous granitic intrusions occur along the LongmuCo–Shuanghu
suture and extend southwards into the Amdo area, forming a granitic
belt that stretches from west to east over a length of 1000 km
(Fig. 1b). Three relatively large granitic bodies with an exposure of
N1000 km2 include the Rongma intrusion in the westernmost portion
and the Jitang and Dongdashan (DDS) intrusions in the easternmost
segment (Fig. 1b). The DDS batholith intruded the Early Carboniferous
Kagong Group (C1kg) (Fig. 2). The Kagong Group consists of two forma-
tions, including slates and metasandstones with minor interlayered
marbles, in the lower section, and marbles and slates with minor inter-
bedded metasandstones, in the upper section (XZBGM, 1993). These
granitic intrusions are not deformed and metamorphosed.

3. Sampling and analytical techniques

3.1. Sampling

In this study, we collected one granitic sample from the DDS intru-
sion for LA-MC-ICP-MS zircon U–Pb dating (Fig. 2). The sample for zir-
con dating (11ST-60F) was collected from the Mangkang–Zuogong
road (N29°43.663, E97°58.354; Fig. 2) in the central part of the
Dongdashan batholith; other five samples (11ST-60A, 11ST-60C,
11ST-60E, 11ST-61A and 11ST-60C) were collected along the
Mangkang–Zuogong road, for chemical analysis. All studied samples
have not undergone any deformation or metamorphism. They are
coarse-grained and massive with minor microgranular enclaves. The
granites are composed of K-feldspar (~25–35 vol.%), plagioclase
(~27–36 vol.%), quartz (~16–32 vol.%), biotite (~8–12 vol.%), with
minor zircon, apatite, titanite and iron oxides. Based on modal mineral
compositions obtained by point counting and then plotting on a QAP di-
agram (Fig. 3), all the samples plot within the monzogranite field.

3.2. Zircon U–Pb analysis

Zircons for LA-MC-ICP-MS U–Pb dating were separated from
sample 11ST-60F by using conventional heavy liquid and magnetic
techniques and purified by handpicking under a binocular micro-
scope. The zircon grains were mounted in epoxy resin, polished to
half their thickness, and gold coated, and then photographed in
transmitted and reflected light. The internal structure of zirconswas ex-
amined using cathodoluminescence (CL) imaging prior toU–Pb isotopic
analysis. The CL images were obtained using an EMPA-JXA-8100 scan-
ning electron microscope at the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou. Zircon U–Pb isotopes were
analyzed by LA-MC-ICP-MS at the Department of Earth Sciences, the
University of Hong Kong, using a Nu Plasma HR MC-ICP-MS, equipped
with a 193 nm excimer laser ablation system (Resolution M-50) using
a ~5 J/cm2 energy density, 6 Hz laser cycle and 30 μm beam diameter.
The detailed analytical methods follow those of Xia et al. (2011). U–Pb
raw data were corrected offline using ICPMSDataCal 7.0 (Liu et al.,
2010) with zircon 91500 as the external standard. All ages were plotted
using the Isoplot 3.23 program (Ludwig, 2003) and the results were re-
portedwith 1σ errors. To quantitatively supplement the visual compar-
isons of binned frequency histograms from detrital zircon ages from
two samples, the K–S statistics was used to compare their cumulative
probability plots (Press et al., 1986). The K–S test determines a



Fig. 2. Geological map of the Dongdashan area.
Modified after Pan et al., 2004.
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probability (P) that assesses whether differences between two cumula-
tive probability plots could be due to random choice of grains during
analysis. If P N 0.05, there is 95% confidence that two cumulative prob-
ability plots reflect statistically indistinguishable zircon sources.
Common Pb was corrected according to the method proposed by
Anderson (2002). The U–Pb ages were calculated using the U decay
constants of Steiger and Jäger (1997) and Isoplot Ex 3 software
(Ludwig, 2003). Individual analyses are presented with 1σ error (95%
confidence level). U–Pb zircon results are listed in Table 1, and their
U–Pb concordia plots and representative zircon CL images are shown
in Fig. 4.

3.3. Zircon Hf isotope analysis

Analytical methods for zircon Hf isotope analysis were described in
detail in Xia et al. (2011) and are summarized below. Analyses were
carried out in situ with the laser-ablation system Resolution M-50, at-
tached to a Nu Plasma HR MC-ICP-MS, at the University of Hong Kong.
All analyseswere obtained using a beamdiameter of 55 μmand the ener-
gy density of 15–20 J/cm2. Interference of 176Lu on 176Hfwas corrected by
measuring 172Yb and 175Lu, respectively. In situ calculated 173Yb/172Yb
ratio was used for mass bias correction for both Yb and Lu because of
their similar physicochemical features. Ratios used for the corrections
are 0.5887 of 176Yb/172Yb and 0.02655 of 176Lu/175Lu, respectively. Zircon
91500, with a recommended 176Hf/177Hf ratio of 0.282306 ± 10
(Woodhead et al., 2004), was used as the reference standard afterwards.
εHf(t) valueswere calculated using themeasuredU–Pb ages andwith ref-
erence to the chondritic reservoir (CHUR) present-day 176Hf/177Hf =
0.282772 and 176Lu/177Hf = 0.0332 (Blichert-Toft and Albarede, 1997).
Single-stage Hf model ages (TDM1(Hf)) were calculated relative to the
depleted mantle present-day value of 176Hf/177Hf = 0.28325 and 176Lu/
177Hf = 0.0384 (Griffin et al., 2000). We also calculated a ‘crustal’



Fig. 3.Modal classification of the granitoids (after Streckeisen, 1967). AG= alkali-feldspar
granite; AS = alkali-feldspar syenite; SG = syenogranite; QS = quartz syenite; MG =
monzogranite; QM= quartzmonzonite; GD= granodiorite; QD= quartzmonzodiorite.

1498 T. Peng et al. / Gondwana Research 27 (2015) 1494–1508
model age (TDM2(Hf)), which assumes that the parentalmagmawas pro-
duced from average continental crust (176Lu/177Hf = 0.015, Griffin et al.,
2004) that originally was derived from the depleted mantle. The zircon
Hf analyses were obtained using the same mounts as those used for U–
Pb dating and data were collected over the U–Pb spots in most cases
but, where this is not possible, they were run on adjacent sites within
the same CL domain. The analytical results are listed in Table 2.

3.4. Whole-rock major-trace element and Sr–Nd isotope analysis

Major oxide contents were determined at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIGCAS), Guangzhou, using
a wavelength X-ray fluorescence (XRF) spectrometer with analytical
Table 1
LA-ICP-MS U-Pb data for zircons from the Late Triassic granite in the Eastern Qiangtang.

Analysis Th/U Corrected isotope ratios

207Pba/206Pba ±1σ 207Pba/235U ±1σ 206Pba/238U

11ST-60F-1 0.37 0.0509 0.0003 0.2441 0.0031 0.0348
11ST-60F-2 0.38 0.0510 0.0001 0.2663 0.0012 0.0379
11ST-60F-3 0.57 0.0508 0.0003 0.2573 0.0018 0.0367
11ST-60F-4 0.53 0.0509 0.0003 0.2616 0.0019 0.0373
11ST-60F-5 0.46 0.0506 0.0002 0.2430 0.0015 0.0348
11ST-60F-6 0.45 0.0506 0.0001 0.2427 0.0022 0.0348
11ST-60F-7 0.42 0.0509 0.0002 0.2588 0.0019 0.0369
11ST-60F-8 0.49 0.0510 0.0001 0.2446 0.0013 0.0348
11ST-60F-9 0.20 0.0514 0.0003 0.2873 0.0066 0.0405
11ST-60F-10 0.52 0.0506 0.0002 0.2427 0.0016 0.0348
11ST-60F-11 0.53 0.0506 0.0002 0.2425 0.0025 0.0348
11ST-60F-12 0.34 0.0506 0.0001 0.2430 0.0016 0.0348
11ST-60F-13 0.50 0.0509 0.0002 0.2574 0.0018 0.0367
11ST-60F-14 0.31 0.0505 0.0001 0.2419 0.0012 0.0347
11ST-60F-15 0.45 0.0511 0.0002 0.2448 0.0022 0.0347
11ST-60F-16 0.36 0.0507 0.0002 0.2430 0.0015 0.0348
11ST-60F-17 0.47 0.0505 0.0001 0.2430 0.0028 0.0349
11ST-60F-18 0.16 0.0504 0.0001 0.2416 0.0040 0.0348
11ST-60F-19 0.23 0.0511 0.0001 0.2450 0.0031 0.0348
11ST-60F-20 0.25 0.0513 0.0002 0.2844 0.0039 0.0402
11ST-60F-21 0.27 0.0520 0.0005 0.3132 0.0037 0.0439
11ST-60F-22 0.28 0.0502 0.0001 0.2409 0.0020 0.0348
11ST-60F-23 0.42 0.0505 0.0002 0.2419 0.0011 0.0347

a = Radiogenic lead.
errors better than 2%. Trace element analyseswereperformed at the Insti-
tute of Geochemistry, CAS, Guiyang, China, by inductively coupled plasma
mass spectrometry (ICP-MS). The detailed analytical protocol is described
in Qi et al. (2000). The analytical precision is better than 5% for elements
N10 ppm, better than 8% for those b10 ppm, and about 10% for transition
metals. The analytical results are presented in Table 3.

Sr andNd isotopic compositionsweremeasured using a Triton Ther-
mal Ionization Mass Spectrometry (TIMS) and a Micromass Isoprobe
multi-collector-inductively coupled plasma-mass spectrometer (MC-
ICP-MS) at GIGCAS, respectively. Analytical procedures for Sr and Nd
isotopes are described in detail by Li et al. (2004) and Chen et al.
(2010). The 87Sr/86Sr value of the NBS987 standard and the 143Nd/
144Nd value of the JNdi-1 standard were 0.710288 ± 28 (2σ) and
0.512109 ± 12 (2σ), respectively; fractionation corrections of 146Nd/
144Nd = 0.7219 and 86Sr/88Sr = 0.1194 were applied to all measured
143Nd/144Nd and 86Sr/88Sr values, respectively. The Sr–Nd isotopic ana-
lytical results are presented in Table 4.

4. Results

4.1. Zircon U–Pb and Lu–Hf results

Zircons from the monzogranite sample (11ST-60F) from the DDS
batholith are dominantly light pink to colorless euhedral crystals.
Most grains range in length from 100 to ~300 μmwith length/width ra-
tios of 3:1. Zircons exhibit oscillatory magmatic zoning in CL images, al-
though some have inherited cores (Fig. 4b and c).

The analyzed zircons from sample 11ST-60F have an age range from
220.0 to 276.7 Ma, with Th/U ratios ranging from 0.16 to 0.57 (Table 1).
All analyzed spots are concordant. The fifteen youngest spots give a
weighted mean 206Pb/238U age of 220.3 ± 0.7 Ma (MSWD = 0.5;
Fig. 4a), which can be interpreted as the crystallization age of the gran-
ite. The older ages, including 276.7± 3.9Ma, 254.6± 5.6Ma (weighted
mean age), 239.7 ± 1.0 Ma, 236.0 ± 1.3 Ma and 232.6 ± 1.0 Ma
(weighted mean age) (Fig. 4a and Table 1), were obtained from cores
and xenocrysts. The Permian–Early Triassic ages are consistent with
the times of arc magmatism (275–248 Ma) in the area as reported
recently by Yang et al. (2011), while the middle Triassic age
(240–230 Ma) is well coupled with the zircon dating results from two
Isotope ages (Ma)

±1σ 207Pba/206Pba ±1σ 207Pba/235U ±1σ 206Pba/238U ±1σ

0.0004 235.3 11.1 221.8 2.5 220.3 2.4
0.0002 239.0 10.2 239.7 1.0 239.7 1.0
0.0001 231.6 17.6 232.5 1.5 232.4 0.7
0.0002 235.3 17.6 236.0 1.5 236.0 1.3
0.0002 220.4 9.3 220.8 1.2 220.8 1.1
0.0003 233.4 5.6 220.7 1.8 220.4 1.9
0.0002 235.3 11.1 233.7 1.5 233.5 1.2
0.0002 239.0 10.2 222.2 1.1 220.4 1.0
0.0009 257.5 38.9 256.4 5.2 256.2 5.6
0.0002 233.4 7.4 220.6 1.3 220.4 1.4
0.0004 220.4 7.4 220.4 2.0 220.4 2.3
0.0002 233.4 5.6 220.9 1.3 220.6 1.3
0.0002 235.3 11.1 232.6 1.5 232.2 1.0
0.0002 220.4 8.3 220.0 1.0 220.0 1.0
0.0002 255.6 9.3 222.4 1.8 220.0 1.3
0.0002 227.8 7.4 220.8 1.2 220.2 1.2
0.0004 220.4 10.2 220.9 2.3 220.9 2.3
0.0006 213.0 5.6 219.8 3.2 220.3 3.5
0.0004 255.6 5.6 222.5 2.5 220.2 2.6
0.0005 253.8 2.8 254.1 3.1 254.1 3.3
0.0006 283.4 20.4 276.7 2.9 276.7 3.9
0.0003 205.6 7.4 219.1 1.6 220.3 1.6
0.0001 220.4 10.2 220.0 0.9 220.0 0.8



Fig. 4. LA-ICP-MS zircon U–Pb concordia plots for the Dongdashan granite from the central Qiangtang and the representative zircons (some analyzed grainswith 206Pb/238U age and εHf(t)
values). The number in the circle is the analyzed spot.
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eclogite samples (230±3Ma and 237±4Ma, Zhai et al., 2011). Hence,
it is likely that these zircons are xenocrysts entrapped by the granitic
magma during their ascent. The calculated zircon saturation tempera-
tures are b800 °C (Table 1). Taking into account the presence of
inherited zircons in the granites, it is evident that zirconium was satu-
rated in the magma source. Therefore, TZr should place an upper limit
on magma temperature (Miller et al., 2003).

Twenty three zircon grains from the samplewere analyzed for Lu–Hf
isotopic composition (Table 2). All analyses of zircons yielded a relative-
ly low 176Hf/177Hf ratio between 0.282123 and 0.282398 and a wide
range of εHf(t) values from −18.33 to −8.30 (Table 2; Fig. 5) with
TDM2(Hf) model ages ranging from 1.79 Ga to 2.41 Ga.
Table 2
Lu–Hf isotopic compositions of zircons from the Late Triassic granite in the eastern Qiangtang.

Analysis 176Hf/177Hf ±1σ 176Lu/177Hf 176Yb/177Hf 207Pb/206Pb age

11ST-60F
60F-1 0.282281 0.000014 0.001005 0.023188 220
60F-2 0.282319 0.000014 0.001060 0.026169 240
60F-3 0.282261 0.000016 0.001493 0.037520 232
60F-4 0.282292 0.000018 0.001366 0.035754 236
60F-5 0.282123 0.000018 0.001478 0.038205 221
60F-6 0.282319 0.000011 0.001434 0.034004 220
60F-7 0.282398 0.000013 0.001194 0.028664 233
60F-8 0.282357 0.000013 0.001895 0.049183 220
60F-9 0.282256 0.000013 0.001517 0.037501 256
60F-10 0.282338 0.000010 0.001194 0.029734 220
60F-11 0.282304 0.000018 0.001304 0.032685 220
60F-12 0.282287 0.000021 0.001663 0.040814 221
60F-13 0.282299 0.000014 0.001415 0.035978 232
60F-14 0.282356 0.000010 0.001684 0.039575 220
60F-15 0.282380 0.000013 0.001543 0.040759 220
60F-16 0.282306 0.000013 0.000904 0.022674 220
60F-17 0.282363 0.000021 0.001444 0.034315 221
60F-18 0.282375 0.000013 0.000951 0.023109 220
60F-19 0.282360 0.000015 0.000951 0.025254 220
60F-20 0.282385 0.000012 0.001629 0.041912 254
60F-21 0.282312 0.000019 0.001745 0.041515 277
60F-22 0.282315 0.000009 0.001243 0.032898 220
60F-23 0.282353 0.000008 0.000962 0.023229 220

The 176Hf/177Hf and 176Lu/177Hf ratios of chondrite and depleted mantle at the present day ar
(1997), Griffin et al. (2000). λ = 1.865 × 10− 11 a−1, Scherer et al. (2001). (176Lu/177Hf)c
εHf(t) = 10,000 × {[(176Hf/177Hf)S − (176Lu/177Hf)S × (eλt − 1)] / [(176Hf/177Hf)CHUR,0 −
(176Hf/177Hf)DM] / [(176Lu/177Hf)S − (176Lu/177Hf)DM]}; TDM2(Hf) = TDM1(Hf)− (TDM1(Hf)
4.2. Major and trace element data

Major and trace element compositions and Sr–Nd isotopic results of
all samples are listed in Tables 3 and 4, respectively. The DDS granites
have slightly variable major element contents, with SiO2 =
67.04–67.50 wt.%, MgO = 1.21–2.44 wt.%, CaO = 2.20–3.25 wt.%,
Al2O3 = 13.98–15.43 wt.%, Fe2O3t = 3.95–4.38 wt.% and total alkali
(K2O + Na2O) contents of 5.94 to 6.92 wt.%. These characteristics, to-
gether with high K2O/Na2O ratios (1.27–1.64), show that most granites
belong to the high-K calc-alkaline series (Fig. 6a). They have a range of
A/CNK values (mol. Al2O3/(CaO + K2O + Na2O)) of 1.03–1.19, which
are N1.0, indicating that they are peraluminous granites (Fig. 6b;
(Ma) 176Hf/177Hf (i) εHf(t) TDM1(Hf) (Ga) TDM2(Hf) (Ga) fLu/Hf

0.282277 −12.67 1.37 2.06 −0.97
0.282314 −10.94 1.32 1.96 −0.97
0.282254 −13.21 1.42 2.10 −0.96
0.282286 −12.03 1.37 2.03 −0.96
0.282117 −18.33 1.61 2.41 −0.96
0.282313 −11.41 1.33 1.98 −0.96
0.282393 −8.30 1.21 1.79 −0.96
0.282349 −10.13 1.30 1.90 −0.94
0.282249 −12.88 1.43 2.10 −0.95
0.282333 −10.71 1.30 1.93 −0.96
0.282299 −11.90 1.35 2.01 −0.96
0.282280 −12.57 1.39 2.05 −0.95
0.282293 −11.85 1.36 2.01 −0.96
0.282349 −10.14 1.29 1.90 −0.95
0.282374 −9.25 1.25 1.84 −0.95
0.282302 −11.80 1.33 2.00 −0.97
0.282357 −9.83 1.27 1.88 −0.96
0.282371 −9.36 1.24 1.85 −0.97
0.282356 −9.89 1.26 1.88 −0.97
0.282377 −8.38 1.25 1.81 −0.95
0.282303 −10.50 1.35 1.96 −0.95
0.282310 −11.52 1.33 1.98 −0.96
0.282349 −10.14 1.27 1.90 −0.97

e 0.282772 and 0.0332, and 0.28325 and 0.0384, respectively, Blichert-Toft and Albarede
= 0.015, t = crystallization age of zircon.
(176Lu/177Hf)CHUR × (eλt − 1)] − 1}; TDM1(Hf) = 1/λ × ln{1 + [(176Hf/177Hf)S −
− t)((fcc− fs) / (fcc − fDM)), In our calculation, fcc = −0.55 and fDM = 0.157.



Table 3
Major (wt%) and trace (ppm) element compositions for the late Triassic granites in the
Eastern Qiangtang.

Sample 11ST-60A 11ST-60C 11ST-60E 11ST-60F 11ST-61A 11ST-61C

SiO2 67.50 67.49 67.35 67.04 67.04 67.26
TiO2 0.46 0.47 0.45 0.46 0.60 0.63
Al2O3 15.00 15.02 15.25 15.43 13.98 14.16
CaO 3.21 3.25 3.01 2.92 2.20 2.27
Fe2O3 4.06 4.05 3.95 3.96 4.38 4.18
K2O 3.73 3.93 3.69 4.00 3.75 3.57
MgO 1.23 1.21 1.30 1.24 2.44 2.33
MnO 0.07 0.07 0.07 0.08 0.07 0.06
Na2O 2.80 2.71 2.90 2.92 2.28 2.36
P2O5 0.12 0.12 0.12 0.12 0.18 0.18
L.O.I 1.24 1.09 1.35 1.29 2.57 2.48
Total 99.43 99.41 99.44 99.44 99.50 99.50
Mg# 38 37 40 38 53 53
A/CNK 1.04 1.03 1.07 1.07 1.18 1.19
Sc 7.64 6.57 11.4 4.58 10.8 12.6
V 35 40 51 21 66 80
Cr 15 9 23 9 80 104
Co 5 6 8 3 9 11
Ni 3 4 5 2 24 32
Ga 15.2 18.0 21.5 9.51 17.4 21.1
Rb 136 96 132 76.5 159 175
Sr 234 161 241 120 147 131
Y 26.6 23.9 28.9 16.6 27.7 36.9
Zr 201 135 162 97 170 206
Nb 12.8 13.1 14.1 6.92 14.3 15.2
Cs 2.23 2.75 3.43 1.21 3.34 2.71
Ba 1091 1020 1243 608 1137 826
La 55.9 23.3 45.1 18.1 43.8 44.6
Ce 106 48.1 85.1 35.0 89.9 89.2
Pr 11.8 5.43 9.57 4.15 10.8 10.4
Nd 42.8 20.9 33.9 15.6 41.1 39.1
Sm 7.21 4.36 6.38 3.10 7.56 7.37
Eu 1.28 0.99 1.27 0.67 1.34 1.21
Gd 6.59 4.59 5.93 3.17 6.93 6.88
Tb 0.99 0.72 0.93 0.52 0.99 1.11
Dy 5.67 4.45 5.58 3.12 5.70 6.71
Ho 1.14 0.94 1.12 0.66 1.13 1.43
Er 3.15 2.63 3.16 1.88 3.05 4.05
Tm 0.45 0.39 0.45 0.28 0.42 0.57
Yb 2.89 2.57 2.90 1.86 2.72 3.72
Lu 0.44 0.38 0.44 0.28 0.39 0.55
Hf 5.74 3.64 4.52 2.85 4.69 5.73
Ta 1.23 1.19 1.39 0.85 1.45 1.66
Pb 30.0 26.5 31.7 16.7 37.5 28.1
Th 25.4 13.6 21.4 9.69 24.4 22.9
U 3.59 2.24 3.23 1.91 2.57 3.16

A/CNK= (mol. Al2O3 / (CaO+K2O+ Na2O)),Mg#= (100× molarMgO / (MgO+
FeO), FeO= 0.8998 × Fe2O3.
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Sylvester, 1998; Clemens, 2003). The Na2O contents (b3.2 wt.%), lower
than those of I-type granites in all samples, display an affinity to S-type
granite (Chappell and White, 1974, 2001), which is consistent with the
classification of Chappell andWhite (1992) (Fig. 6c). All granite samples
have similar chondrite-normalized REE patterns, showing enrichment
in LREE (i.e., (La/Yb)CN= 6.52–13.9), withmoderate negative Eu anom-
alies (Eu*/Eu = 0.51–0.67, Fig. 7a). In the primitive mantle-normalized
Table 4
Sr–Nd isotopic compositions of selected Dongdashan granites in the eastern Qiangtang.

Rb Sr Sm Nd 87Rb/86Sr 147Sm/143Nd 87Sr/86Sr(

11ST-60C 96 161 4.36 20.9 1.73 0.13 0.723624
11ST-60F 76.5 120 3.1 15.6 1.85 0.12 0.724253
11ST-61A 159 147 7.56 41.1 3.14 0.11 0.736370
11ST-61C 175 131 7.37 39.1 3.87 0.11 0.741243

Notes: Chondrite uniform reservoir values, 147Sm/144Nd = 0.1967, 143Nd/144Nd = 0.512638
144Nd)DM = 0.2137 and (143Nd/144Nd)DM = 0.51315. Sm and Nd in ppm. TDM1 = l/λ ×
(TDM1 − t) × ((fcc − fs) / (fcc − fDM)); Where s = sample. fcc; fs and fDM are the fSm =
In our calculation, fcc = −0.4 and fDM = 0.08592; where t = the Formation age of the r
spidergram, they display conspicuous negative Nb, Ta, Sr, P, and Ti
anomalies (Fig. 7b).

4.3. Whole rock Sr–Nd isotopes

The DDS granites have high and variable 87Sr/86Sr ratios
(0.723624–0.741243) and low 143Nd/144Nd ratios (0.511882–0.511967)
(Table 2). The initial 87Sr/86Sr ratios vary from 0.7182 to 0.7291, and εNd
(t = 220 Ma) values range from −11.09 to −10.82, different from
those of the Late Triassic volcanics in the central Qiangtang (Fig. 8).
Their TDM2 model ages are in the range of 1.87–1.90 Ga (Table 4), which
are similar to those of the Precambrian metasedimentary rocks at the
southern margin of Yangtze Block (Fig. 8b; Li and McCulloch, 1996).

5. Discussion

5.1. Magma origin

As described above, all the DDS granites have high A/CNK values (A/
CNK N 1.0; Table 3 and Fig. 6a), and are peraluminous, which are similar
to S-type granites (Fig. 6c; Chappell and White, 1974; Sylvester, 1998;
Chappell andWhite, 2001; Clemens, 2003). The geochemical and isoto-
pic evidence and constraints from experimental petrology have docu-
mented that most peraluminous granites originate mainly from
melting of crustal rocks (e.g., Miller, 1985; Petford and Atherton,
1996; Sylvester, 1998). Their protoliths likely include aluminous-rich
metasediments (metapelites), basicmeta-igneous rocks (amphibolites)
and quartzo-feldspathic meta-igneous rocks (orthogneisses and
greywackes) in the continental crust. Clemens (2003) pointed out
that metaluminous meta-igneous rocks (orthogneisses) as reported by
Beard et al. (1993), and amphibolites as reported by Patiño Douce and
Beard (1995) and Springer and Seck (1997), are also able to produce
peraluminous felsic melts at low melting fractions and in water-
deficient conditions.

All the DDS granites have higher CaO/Na2O (0.96–1.20) and lower
Al2O3/TiO2 ratios (22–34) than those of the pelite-derived melts
(Sylvester, 1998), suggesting that their parental magma was not the
product of partialmelting of just pelitic sediments. In addition, all the an-
alyzed samples have low Rb contents (11–257 ppm; Table 1), also pre-
cluding the possibility of their formation from a pure metapelite.
Experimental studies demonstrate that peraluminous melts can be pro-
duced by the dehydration melting of metaluminous basic meta-
igneous rocks (amphibolites) under lower crustal conditions (e.g., Wolf
and Wyllie, 1994; Patiño Douce and Beard, 1995; Springer and Seck,
1997). The melts should be high-Na, low HREE, high-Al trondhjemites
in geochemical composition, with residues of garnet, clinopyroxene
and amphibole (Petford and Atherton, 1996), and highly depleted in
LILE, U and Th (Clemens, 2003). For the DDS granites, however, it is evi-
dent that they do not display such signatures (Table 1 and Fig. 7b). More
importantly, their pronounced high initial 87Sr/86Sr, and low εNd (t =
220 Ma) and zircon εNd(t) values (Tables 2 and 4), are inconsistent
with the isotopic composition of the lower crust in the Simao terrane
to the south of Qiangtang terrane (Zhong, 1998). In this regard, an origin
from lower crustal meta-igneous rocks for the DDS granites can be ruled
2σ) 143Nd/144Nd(2σ) 87Sr/86Sr(t) 143Nd/144Nd(t) εNd(t) tDM(Ga)

(8) 0.511967 (10) 0.718216 0.511797 −10.89 1.88
(10) 0.511951 (6) 0.718470 0.511794 −10.95 1.88
(12) 0.511892 (8) 0.726547 0.511800 −10.82 1.87
(12) 0.511882 (6) 0.729106 0.511787 −11.09 1.90

, are used for the calculation. TDM1 values are calculated based on present-day (147Sm/
ln{1 + [(143Nd/144Nd)s − 0.51315] / [(147Sm/144Nd)s − 0.2137]}; TDM2 = TDM1 −
Nd values of the continental crust, the sample and the depleted mantle, respectively.
ock.



Fig. 5. Relationship between εHf(t) values and U–Pb ages for zircons from the intrusive rocks in the Yidun terrane. Hf isotopic compositions of chondrite and depleted mantle are from
Blichert-Toft and Albarede (1997) and Vervoort and Blichert-Toft (1999).
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out. Also, the heat-flow models do not support the proposal that most
granitic rocks originate from partial melting of the lower crust, as con-
cluded by Clemens (2003).

Interaction of basaltic magmas with Al-rich metasedimentary rocks
has also been advocated to generate peraluminous granites (Sylvester,
1998; Sandeman and Clark, 2003). However, the Sr–Nd isotopic data
of the DDS granites clearly show that a direct and significant involve-
ment of mantle magmas is unlikely in their genesis. Consequently,
their major element signatures, such as high CaO/Na2O and low Al2O3/
TiO2 ratios (Fig. 9a), coupled with their whole-rock Sr–Nd and zircon
Hf isotopic compositions, more likely indicate their derivation from a
greywacke or psammite source (Miller, 1985; Holtz and Johannes,
1991; Clemens, 2003). In the Rb/Ba vs. Rb/Sr diagram (Fig. 9b), most
of the DDS granitic rocks plot close to the greywacke that has a clay-
poor source (Chappell and White, 1992; Sylvester, 1998), although
some do plot near the shale, indicating a mixed source dominated by
greywacke, but including minor shale.

Considering the old TDM2(Nd) and TDM2(Hf)model ages (1.87–1.90Ga
and 1.79–2.41 Ga, respectively) of the DDS granites, we propose that the
metasedimentary source was in the middle/upper crust, likely corre-
sponding to metasedimentary rocks of the Precambrain Ningduo and
Caoqu groups in the Eastern Qiangtang (You et al., 2001). Especially, the
Ningduo and Caoqu group metasediments that are composed of
metagreywackes, metapelite and minor interlayered metabasalts (You
et al., 2001), are the most feasible source for the generation of the DDS
granitic magma. The relatively flat HREE patterns of all the DDS granites
(Fig. 7a),with (Gd/Yb)N values in the range of 1.12 to 1.40, further suggest
an absence of garnet in the source and, therefore, middle/upper crustal
levels of partial melting. This feature is common to many peraluminous
granites (e.g., Rossi et al., 2002). In addition, the strongly negative Eu,
Ba, Nb, Tb, Sr, P and Ti anomalies (Fig. 7a and b) suggest that these
peraluminous magmas have undergone some degrees of fractional crys-
tallization during magmatic evolution.

5.2. Tectonic setting

As discussed above, the identification of the Carboniferous ophiolites
within the QMB in the central Qiangtang suggests that the Paleo-Tethys
Ocean was located between the Eastern and Western Qiangtang ter-
ranes during the late Paleozoic (Li and Zheng, 1993; Li et al., 2006;
Zhai et al., 2013c). Also, the recognition of the Permo-Early Triassic arc
igneous rocks (Yang et al., 2011) in the central Qiangtang further dem-
onstrates that the subduction of oceanic crust developed until the Early
Triassic. However, the tectonic setting responsible for the Middle–Late
Triassic HPmetamorphic event andmagmatismhas long been disputed.
Some workers suggest an arc regime to account for the Middle–Late
Triassic metamorphic thermal event and magmatism (Liu et al., 2011;
Zhai et al., 2011, 2013a). In contrast, other researchers have invoked a
continental rift to explain the characteristics of the Late Triassic
magmatism and sedimentation, and believed that the subduction of
oceanic crust and subsequent continent–continent collision had been
completed by the Middle Triassic (Fu et al., 2008; Wang et al., 2008;
Fu et al., 2010).

Although the presence of adakitic rocks (i.e., diorites from the Baohu
area and some volcanic rocks from the Juhuashan area) led Zhai et al.
(2013a) to believe that a Late Triassic subduction-related arc regime is
responsible for the HP metamorphism and magmatism, the identifica-
tion of the HP lawsonite-like eclogite (Zhai et al., 2011) and blueschists
(Liu et al., 2011) does not support a hot subduction that is necessary for
producing adakitic melts in the area, but argues for a cold subduction at
that time (e.g., Ravna et al., 2010). Moreover, the recognition of the Car-
boniferous (345–357Ma) ophiolite in the area, including oceanic cumu-
late, gabbro, basalt, actinolitite and plagiogranite (Zhai et al., 2013c),
also argues against a young (b25 Ma), hot oceanic subduction that is
requisite for the generation of the Late Triassic (~220 Ma) adakitic
rocks. Accordingly, the generation of adakitic rocks could be the results
of re-melting of the detached oceanic slab in a post-collisional environ-
ment (also see the discussion in Section 5.4). In fact, the following sev-
eral lines of evidence lend strong support to a post-collisional setting
responsible for the Late Triassic tectono-magmatism and sedimentation
in the central Qiangtang block, rather than a subduction-related arc en-
vironment (Zhai et al., 2011, 2013a).

Firstly, in the case of the Late Triassic sedimentation, the onset of the
Late Triassic continentalmolasse formation thatmainly includes alluvial
and fluvial sedimentary facies associated with continental volcanic ex-
plosion facies (Wang et al., 2000; Li et al., 2003; Wang et al., 2004) in
the Mesozoic Qiangtang basin, marks the end of oceanic subduction
and the initiation of a continental rift-related extension in the early
Late Triassic. Moreover, the basal conglomerates of the Nadi Kangri For-
mation (the volcanic rocks from this formation were dated at the range
of 225–205Ma;Wang et al., 2007; Zhai and Li, 2007;Wang et al., 2008)
are poorly rounded, some of which contain the eclogite gravels and
blueschist fragments that were derived from underlying beds (Fu
et al., 2010). This also implies that these HP metamorphic rocks had
been rolled back or exhumed back to the surface by ~225Ma. Secondly,
the synchronous development of the Late Triassic volcanic rocks in the
two sides of the QMB or the Longmu Co–Busu suture belt, along with
the fact that they share broad geochemical similarities (Fu et al.,
2010), indicates that they probably erupted in the same tectonic envi-
ronment. In this respect, an island arc regime is difficult to account
for such a pattern of magmatism. On the Rb vs. Y + Nb and Hf–Rb/
30-Ta × 3 diagrams (Fig. 10a and b), all the granites fall within the post-



Fig. 6. (a) K2O versus SiO2 (afterWinchester and Floyd, 1977), (b) molar Al/(K+Na) ver-
sus Al/(Ca + Na + K) diagram, and (c) ACF diagram (after Chappell and White, 1992).
Whole rock compositions are corrected for loss-on-ignition.
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collision or late-collision fields and not the syn-collision or volcanic arc
fields, which further supports the above interpretation. More impor-
tantly, the Late Triassic igneous rocks show a bimodal affinity that is a
typical rock association of extension-related magmatism (Zhang et al.,
2011). Furthermore, the basic volcanic rocks have an affinity to the
within-plate basalt in geochemical composition (Fu et al., 2010), rather
than the subduction-related island arc basalt.

Taken together, a post-collisional environment is the most feasible
explanation for the development of tectono-magmatism in the central
Qiangtang and the sedimentation in theMesozoic Qiangtang basin dur-
ing the Late Triassic. This also implies that the Paleo-Tethys Ocean had
not been closed until the earliest Triassic, and that the peak collision be-
tween the Gondwana-derivedWestern Qiangtang terrane and the East-
ern Qiangtang terrane with a Cathysian affinity had been completed at
least by the early Late Triassic (~237 Ma) (Zhai et al., 2011).

5.3. Geodynamic model

It has been established that several tectonic scenarios are responsible
for post-collisional extension, including (1) convective thinning of the
lithosphere (e.g., Houseman and Molnar, 1997), (2) lithospheric delam-
ination (e.g., Kay and Kay, 1993), (3) gravitational or orogenic collapse
(e.g., Turner et al., 1999; Rey et al., 2001), and (4) slab detachment or
breakoff (e.g., Davies and von Blanckenburg, 1995). These mechanisms
have the potential to cause upwelling of the asthenosphere that would
perturb the original thermal gradient and lead to lithospheric extension
and large volumes of magma generation (Bonin, 2004).

However, taking into account the presence of eclogites and
blueschists in the central Qiangtang terrane (Liu et al., 2011; Zhai
et al., 2011), it is quite clear that the former three scenarios are difficult
to lead to the exhumation of these HP–UHP metamorphic rocks from a
depth of N70 km (a peak condition of eclogite facies metamorphism at
410–460 °C and 2.0–2.5 GPa, Zhai et al., 2011). On the contrary, slab
breakoff is the most effective mechanism to trigger the HP and UHP
metamorphic rocks to roll back and exhume back to the surface (Von
Blanckenburg and Davies, 1995). Moreover, slab breakoff generally
results in a narrow linear zone of magmatism, uplift that propagates
along strike and moderate amounts of erosional products in
intramontane basins (von Blanckenburg and Davies, 1995). Such sce-
nario is the most viable to explain the distribution patterns of Late Tri-
assic magmatism and sedimentation in the central Qiangtang (Fig. 1b).

For instance, themid-Triassic igneous rocks form a linear belt that is
parallel to the HP metamorphic belt in the central Qiangtang (Fig. 1b;
XZBGM, 1993). The association of the exhumed HP rocks with igneous
rocks is diagnostic of the breakoff process (Davies and von
Blanckenburg, 1995), which is akin to the features described from
other orogenic belts, such as the Alps (von Blanckenburg and Davies,
1995; Marchant and Stampfli, 1997) and the Basin and Range Province
(Camp et al., 2003), particularly the Aegean islands of Greece, with the
exposure of both a blueschist belt and granitoids (Schliestedt et al.,
1987).

In this scenario, following slab breakoff, a detached part of the litho-
sphere would sink into the mantle and force some mantle material
downwith it. Hot asthenospherewould rise and heat themantle direct-
ly above the descending slab as it sinks deeper. Heat from the astheno-
spheric mantle would be transferred to the mantle lithosphere by
conduction, and this would trigger partial melting of the overlying
enriched wedge mantle (Davies and von Blanckenburg, 1995). The ba-
saltic magmas formed by this melting would rise into the crust, where
they further induce large-scale crustal melting, resulting in granitic or
rhyolitic magmatism (Davies and von Blanckenburg, 1995; Atherton
and Ghani, 2002). Owing to the thickened nature of the crust,
magmatism would be dominated by felsic rocks, with only minor
basic magmas at this stage in the central Qiangtang (e.g., Wang et al.,
2007; Fu et al., 2008; Wang et al., 2008; Fu et al., 2010; Zhang et al.,
2011; Zhai et al., 2013a). Also, following slab breakoff, buoyancy forces
triggered the subducted slab to retreat (Jolivet and Faccenna, 2000)
and drove the HP–UHP metamorphic rocks upward along the subduc-
tion zone from ~75 km depth to the surface. Subsequent further uplift
of continental crust would result in partial erosion of HP–UHP rocks
into the foreland basin, coeval with the emplacement of igneous rocks
(von Blanckenburg and Davies, 1995). Hence, this scenario accounts
for the exhumation of HP eclogites and blueschists within the QMB
and their occurrence in the Qiangtang basin (Pullen et al., 2008; Liu
et al., 2011; Zhai et al., 2011). Meanwhile, the detached oceanic slab
would also melt due to being surrounded by the hot asthenosphere.
Such melt shows an adakitic affinity, such as the Late Triassic diorites



Fig. 7. (a) Chondrite-normalized REE patterns and (b) primitive mantle-normalized spider diagrams for the DDS granites. Normalizing values of chondrite and primitive mantle are from
Taylor and McLennan (1985) and Sun and McDonough (1989), respectively. The Late Triassic felsic rocks are from Fu et al. (2010), Zhang et al. (2011) and Zhai et al. (2013a). The sub-
alkaline and alkaline basalts are from Fu et al. (2010) and Zhang et al. (2011), respectively. The adakitic rocks are from Zhai et al. (2013a).

Fig. 8. εNd(t) versus (a) 87Sr/86Sr(t) (t= 220Ma) and (b) TDM2. Precambrian sediments at
the southern margin of Yangtze Block are from Li and McCulloch (1996); permian mafic
rocks are from Zhai et al. (2013b); Late Triassic mafics are from Zhang et al. (2011); Late
Triassic felsic rocks are from Zhang et al. (2011) and Zhai et al. (2013a). The curve
representing the mixing proportion between two components, i.e., mantle-derived
magma and middle/upper crustal melts corresponding to the mafic rocks are from Zhai
et al. (2013b) and the DDS granitic magma from this study, respectively.

Fig. 9. (a) CaO/Na2O versusAl2O3/TiO2 (after Jung and Pfander, 2007) and (b)Rb/Ba versus
Rb/Sr diagrams. Fields of the Himalayan and Lachlan fold belt peraluminous granites are
from Patiño Douce and Harris (1998) and Sylvester (1998), respectively.
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Fig. 10. Geochemical discrimination diagrams of (a) Rb versus Y + Nb of Pearce (1996) and (b) Rb–Hf–Ta of Harris et al. (1986) for the DDS granites. Abbreviations: VAG, volcanic arc
granites; ORG, ocean ridge granites; WPG, within-plate granites; syn-COLG and post-COLG, syn- and post-collision granites; LCG-PCG, late- and post-collision granites.
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in the Baohua area and volcanic rocks in the Juhuashan area (Zhai et al.,
2013a).

5.4. Geochronological framework of Mesozoic tectono-magmatism and its
implications

In recent years, a large number of precise chronological data have
been reported for Mesozoic metamorphism-related thermal and mag-
matic events from the central Qiangtang area. The metamorphic ther-
mal records include the garnet Lu–Hf ages of 244 ± 11 Ma for the
epidote eclogite and 223.4 ± 4.5 Ma for the garnet glaucophane in the
Gemo area (Pullen et al., 2008), the zircon U–Pb ages of 230 ± 3 Ma
and 237 ± 4 Ma for two eclogite samples (Zhai et al., 2011), the 40Ar/
39Ar ages of 223 ± 4 Ma and 227 ± 4 Ma of sodic amphiboles from
the Qiangtang blueschists (Zhai et al., 2009), the 40Ar/39Ar ages of 203
to 222 Ma for white mica from metapelite (Kapp et al., 2000, 2003;
Zhai et al., 2009), and the phengite 40Ar/39Ar ages of 223–211 Ma for
the eclogite and garnet-phengite schist (Zhai et al., 2011; Liang et al.,
2012). In the case of the Triassic magmatism, a large volume of Late
Triassic igneous rocks have also been verified, along with minor Early
Triassic arc granites (Yang et al., 2011) and Middle Triassic alkaline
diabases (Zhang et al., 2011) in the central Qiangtang. For example,
the Nadi Kangri volcanic rocks erupted in the Geladaindong (220.4 ±
2.3 Ma, Fu et al., 2010), Juhua Mountain (225 ± 1 Ma and 219 ±
4 Ma, Zhai and Li, 2007; Fu et al., 2008), Jiangai (210 ± 2 Ma, Zhai
et al., 2013a), Guoganjianian (215 ± 3 Ma, Zhai et al., 2013a), and the
Nadigangri, Shishui River and Woruo Mountain (210 ± 4 Ma, 208 ±
4Ma and 216±4Ma, respectively,Wang et al., 2007) areas; the volcanic
rocks from the Wanghuling Formation (comparable to the Nadi Kangri
Formation) in the Mayer Gangri region of the central Qiangtang give
SHRIMP zircon U–Pb ages of 214 ± 4 Ma and 215 ± 3 Ma (Li et al.,
2007). Also, the dioritic and graniticmagmatismdeveloped in the Baohua
(223±2Ma, Zhai et al., 2013a) and theDongdala areas (220±2Ma, this
study).

Taking into account the fact that zircon crystals (dated at 230±4Ma
and 237 ± 4 Ma) from the Qiangtang eclogite contain numerous inclu-
sions of the HP eclogite facies assemblages, including garnet, omphacite
and phengite that are similar to those in the matrix of eclogite (Zhai
et al., 2011), this likely indicates that the HP–UHP peak metamorphism
had been completed before the formation of zircon crystals, at least by
~237 Ma. Moreover, the presence of the alkaline diabase with an age
of 234 ± 4 Ma in the Tuohepingco area, central Qiangtang (Zhang
et al., 2011) also indicates that the subducted slab had been broken off
and subsequent decompressional melting of upwelling asthenosphere
had taken place at that time, coinciding with this inference. Therefore,
the garnet Lu–Hf isochron age of 244 ± 11 Ma probably represents
the peak time of HP–UHP metamorphism (Pullen et al., 2008), and the
age range of 237–203 Ma should record the post-peak retrograde and
magmatism-related thermal events.

Alternatively, the occurrence of the HPmetamorphic fragments in the
lowest segment of the Late Triassic strata with an oldest depositional age
at 225 ± 1 Ma (based on the dating result of the Nadi Kangri volcanic
rock, Fu et al., 2008) implies that the HP–UHP rocks had been rolled
back to the surface at least at ~225 Ma and were rapidly eroded into the
Mesozoic Qiangtang basin. According to Ernst's conclusion that the inter-
val of formation and exhumation of theUHP rocksworldwide is not larger
than 15Ma (Ernst, 2006), it is possible that theHP–UHP rocksmight have
been exhumed at ~230 Ma in the central Qiangtang. Considering the fact
that the emplacement time of 234 ± 4 Ma for the alkaline diabases
(Zhang et al., 2011) is synchronous with the magmatic zircon age of
237±4Ma from eclogite sample (Zhai et al., 2011)within errors, it likely
indicates that the slab break-off event might have started at ~237 Ma,
shortly after the peak metamorphism in central Qiangtang, resulting in
rapid exhumation of the central Qiangtang HP–UHP rocks. In this case,
the exhumation rates of the HP–UHP rocks may be up to ~5 mm/year.
Such speedy unloading appears to be greater than currently measured
uplift and erosion rates in the Himalayas (Searle, 1996), but is roughly
compatible with exhumation rates of ~4 mm/year calculated by Genser
et al. (1996) for the Eastern Alps. A simplified model for the evolution
of the Paleo-Tethys in the central Qiangtang during Permian to Late Trias-
sic times was shown in Fig. 11.

6. Conclusions

Geochronological and geochemical data for the Late Triassic
Dongdashan (DDS) granites in the Eastern Qiangtang terrane, Eastern
Tibetan plateau, coupled with previously published results, allow us to
reach the following conclusions:

1) The DDS batholith was emplaced in the Late Triassic (at 220.3 ±
0.7 Ma).

2) Geochemically, the DDS granites display peraluminous affinities
with negative zircon εHf(t) values and old depleted Hf model
ages, suggesting that they originated from partial melting of
Paleoproterozoic crustal basement.

3) Continent–continent collision (between the Eastern and Western
Qiangtang) of the Paleo-Tethys occurred by the Early Triassic, and
the HP–UHP peak metamorphism ended by the Mid-Triassic of
~237 Ma.

4) A post-collisional tectonic setting related to slab breakoff was re-
sponsible for the Mesozoic magmatism and the exhumation of
high-pressure eclogites and blueschist.



Fig. 11. Schematic models for (a) oceanic subduction, (b) syn-collisional orogen and peakmetamorphism of eclogite and blueschist, (c) break-off of the Paleo-Tethyan slab and (d) post-
collisional magmatism in the central Qiangtang area. WQ: the Western Qiangtang; EQ: the Eastern Qiangtang; QMB: the Qiangtang metamorphic belt.
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