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The West Kunlun orogenic belt (WKOB) at the northwest margin of the Greater Tibetan Plateau records seafloor
subduction, ocean basin closing and continental collision with abundant syncollisional granitoids in response to
the evolution of the Proto- and Paleo-Tethys Oceans from the early-Paleozoic to the Triassic. Here we present a
combined study of detailed zircon U-Pb geochronology, whole-rock major and trace elements and Sr-Nd-Hf iso-
topic geochemistry on the syncollisional Arkarz (AKAZ) pluton with mafic magmatic enclaves (MMEs) exposed
north of the Mazha-Kangxiwa suture (MKS) zone. The granitoid host rocks and MMEs of the AKAZ pluton give
the same late Triassic age of ~225 Ma. The granitoid host rocks are metaluminous granodiorite and monzogranite.
They have initial 3’Sr/26Sr of 0.70818 to 0.70930, £ng(225 Ma) = —4.61 to —3.91 and £4(225 Ma) = —3.01 to
0.74. The MMESs are more mafic than the host with varying SiO, (51.00-63.24 wt.%) and relatively low K,0 (1.24-
3.02 wt.%), but have similar Sr-Nd-Hf isotope compositions to the host ((3Sr/%6Sr); = 0.70830-0.70955,
ena(225 Ma) = —4.88 to —4.29, gy¢(225 Ma) = —2.57 to 0.25). Both the host and MMEs have rare earth
element (REE) and trace element patterns resembling those of bulk continental crust (BCC). The MMEs most like-
ly represent cumulate formed from common magmas parental to the granitoid host. The granitoid magmatism is
best explained as resulting from melting of amphibolite of MORB protolith during continental collision, which
produces andesitic melts with a remarkable compositional similarity to the BCC and the inherited mantle-like
isotopic compositions. Simple isotopic mixing calculations suggest that ~80% ocean crust and ~20% continental
materials contribute to the source of the AKAZ pluton. Thus, the hypothesis “continental collision zones as
primary sites for net continental crust growth” is applicable in the WKOB as shown by studies in southern
Tibet, East Kunlun and Qilian orogens. In addition, we also propose a new view for the tectonic evolution of
the Paleo-Tethys Ocean in geological regions recorded and represented by the MKS.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

to the evolution of the Proto- and Paleo-Tethys Oceans from the early-
Paleozoic to the Triassic (Bi et al., 1999; Jiang et al., 2000; Yuan, 1999).

The West Kunlun orogenic belt (WKOB) is surrounded by the Tarim
Basin and Tibet Plateau to the north and south, and to the west by the
Pamir Plateau. It is offset from East Kunlun orogen and Songpan-Ganzi
terrane by the Altun strike-slip fault to the east (Fig. 1a). The WKOB is
geologically in conjunction with the Paleo-Asian and Tethys tectonic do-
mains and has abundant syncollisional granitoids recording seafloor
subduction, ocean basin closing and continental collision in response
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Studies on the WKOB started since 1990s (e.g., Matte et al., 1996;
Mattern and Schneider, 2000; Mattern et al., 1996; Pan, 1990, 1994;
Pan et al., 1994, 1996; Yang et al., 1996; Yin and Harrison, 2000) and
have acquired further insights in recent decades (e.g., C.L. Zhang et al.,
2007; Jiang et al., 2002, 2008, 20123, 2013; Wang, 2004; Wang et al.,
2001, 2002; Xiao et al., 2002, 2005; Yuan et al., 2002, 2003, 2004,
2005). However, debate remains about the timing of the closure and
tectonic evolution of the Proto- and Paleo-Tethys Oceans. It should be
noted that previous studies on the WKOB mainly focused on the struc-
ture and stratigraphy with little effort on the systemic chronology,
geochemistry, and especially isotopic investigations.

Continental crust growth is an important issue which is widely ac-
cepted to be derived from island arcs (Taylor, 1967) because arc rocks
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Fig. 1. Schematic map of Kunlun orogen and adjacent regions (a); and a simplified geologi

ical map of the West Kunlun orogenic belt (WKOB) modified after Wang et al. (2013) (b). Zircon

U-Pb ages are also labeled. In a, @ = Oytag-Kudi-Qimanyute suture (OKS in b); @ = Mazha-Kangxiwa-A'nyemagen suture (MKS in b); @ = Hongshanhu-Qiaoertianshan-Jinshajiang

suture (HQS in b); @ = Bangonghu-Nujiang suture; ® = Indus-Yarlung-Zangbo suture.

In b, NKT = North Kunlun Terrane; SKT = South Kunlun Terrane; TST = Tianshuihai Terrane;

KKT = Karakorum Terrane; KKF = Karakorum Fault. AKAZ = Arkarz pluton; STL = Saitula pluton; WSTL = West Saitula pluton; SSL = Sanshili pluton; WKXW = West Kangxiwa pluton;
DHLT = Dahongliutan pluton. Literature age data are from Cui et al. (2006a,b, 2007a,b), Gao et al. (2013), Guo et al. (2003), Jiang et al. (2008, 2013), Li et al. (2006), Qu et al. (2007), Wang

etal. (2013), Xiao et al. (2005), Yang (2013), Ye et al. (2008), Yu et al. (2011), Yuan et al

share some common features with the bulk continental crust (BCC).
However, Niu and co-workers found that the “island arc” model for
continental growth has many drawbacks (Niu and O'Hara, 2009; Niu
et al.,, 2013) and proposed an alternative hypothesis “continental colli-
sion zones as primary sites for net continental crust growth” (Niu
et al., 2007). This hypothesis has been tested through studies of
syncollisional granitoids from southern Tibet, East Kunlun and Qilian
orogenic belts. In this model, the Phanerozoic juvenile crust with mantle
isotopic signature is dominated by syncollisional granitoids that do not
have the so-called “adakite signature”. This is evidenced by the volumi-
nous intrusions mainly derived from partial melting of the remaining
underthrusting ocean crust under amphibolite facies conditions during
continental collision in many orogenic belts on the greater Tibetan
Plateau (Huang et al., 2014, in press; Mo et al., 2007a, 2008; Niu and
O’Hara, 2009; Niu et al.,, 2007, 2013; Zhu et al., 2009, 2011, 2012,
2013), and the recent studies show that the Qilian orogenic adakites
can complement the volumetrically significant “non-adakitic” batho-
liths for net continental crust growth (Song et al., 2014; Wang et al.,
2014). The WKOB with abundant syncollisional granitoids related to
continental collision is another ideal site to further test this hypothesis.

. (1999, 2002), C.L. Zhang et al. (2007), Z.W. Zhang et al. (2007).

The Arkarz (AKAZ) pluton is located in the Mazha-Kangxiwa suture
zone of the Paleo-Tethys Ocean, and is the largest batholith in the WKOB
(~2800 km?). A detailed study of this pluton is thus important for
understanding the tectonic evolution of the Paleo-Tethys Ocean and
continental growth associated with the WKOB. However, existing
work (Liu et al., 2015; Yuan et al., 2002) is rather limited without
deep insights into the petrogenesis of the AKAZ pluton and the hosted
mafic magmatic enclaves (MMEs, Barbarin, 1988). In this paper, we re-
port detailed zircon U-Pb ages, whole-rock major and trace element
analyses and Sr-Nd-Hf isotopic compositions on the syncollisional
AKAZ pluton and the hosted MMEs with the aims of (1) exploring the
origin and petrogenesis of the granitoids and MMEs; (2) testing the hy-
pothesis “continental collision zones as primary sites for net continental
crust growth”; and (3) offering new perspectives on the evolution of the
Paleo-Tethys Ocean recorded in the Mazha-Kangxiwa suture (MKS).

2. Geological setting and sampling

There are 5 suture zones in the western section of the Greater
Tibetan Plateau; from north to south, they are: Oytag-Kudi-Qimanyute
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Table 1
Sample locations and lithology of granitoids and enclaves from AKAZ pluton.

Sample name Si0; (wt.%) Pairs  GPS Elevation (m Lithology Rock type  Age in this study(Ma)
XKL12-92 74.36 N36°42'26.6", E77°3'39.3" 3487 amphibole-bearing biotite monzogranite  host rock

XKL12-93 72.99 amphibole-bearing biotite granite host rock

XKL12-95host 70.82 1 N36°41'46.9", E77°3'45.6" 3500 amphibole-bearing biotite monzogranite host rock 2240 £ 1.5
XKL12-95MME 52.80 1 diorite MME 2248 £ 3.7
XKL12-99 53.48 2 N36°41'20.9", E77°4'6.3" 3541 monzodiorite MME

XKL12-101 61.16 2 diorite MME

XKL12-102 72.57 2 amphibole-bearing biotite monzogranite host rock

XKL12-104 64.02 N36°40'26.6", E77°4'57.9" 3623 granodiorite host rock

XKL12-109host 67.16 3 N36°37'58.7", E77°8'32.3" 3945 granodiorite host rock
XKL12-109MME  51.00 3 diorite MME

XKL12-111 62.92 N36°36'9.5”, E77°8'56.8" 4160 diorite MME

XKL12-112 59.42 monzodiorite MME

XKL12-116 69.86 4 N36°35'52.5", E77°8'51.6" 4221 amphibole-bearing biotite granite host rock 2255+ 29
XKL12-117 63.24 4 monzodiorite MME 2246 + 2.7
XKL12-119 62.40 N36°35'30.1", E77°8’44" 4256 granodiorite host rock

suture (labeled @ in Fig. 1a and “OKS” in Fig. 1b), Mazha-Kangxiwa-
A'nyemaqgen suture (labeled @ in Fig. 1a and “MKS” in Fig. 1b),
Hongshanhu-Qiaoertianshan-Jinshajiang suture (labeled ® in Fig. 1a
and “HQS” in Fig. 1b), Bangonghu-Nujiang suture (labeled @ in
Fig. 1a) and Indus-Yarlung-Zangbo suture (labeled ® in Fig. 1a)
(e.g., Jiang et al., 2012a, 2013; Pan et al., 1994, 1996). The involved tec-
tonic units include the northern Kunlun terrane (“NKT” in Fig. 1b),
southern Kunlun terrane (“SKT” in Fig. 1b), Tashkurghan-Tianshuihai
terrane (“TST” in Fig. 1b), Karakoram terrane (“KKT” in Fig. 1b) and
Kohistan terrane (Fig. 1a).

It is accepted that the OKS is the early-Paleozoic suture of the Proto-
Tethys Ocean and the MKS is the early-Mesozoic suture of the Paleo-
Tethys Ocean (see Jiang et al., 2002; Mattern and Schneider, 2000).
The MKS extends over 1000 km inside China. It starts at the Wuzibieli
Mountain Pass, extending southeastward before turning eastward at
the Yeerqiang River. It goes through Mazha-Kangxiwa region and is

e e o )
/ amtlc veinle g
<
e s SH

- "

offset in the vicinity of the Lake Xiaoerkule by the Altun fault. The strata
and intrusive rocks on both sides of the MKS are distinct. It consists of
the metamorphic basement complex and massive Caledonian and
Hercynian intrusive rocks north of the MKS (i.e., SKT), and is composed
of the Paleozoic to Cenozoic strata and Indosinian and Yanshan intru-
sions south side of it (i.e., TST). The MKS was previously interpreted as
indicating the closure of the Paleo-Tethys Ocean in the late Triassic-
early Jurassic (e.g., Wang, 2004; Xiao et al., 2002). However, later stud-
ies confirmed that the MKS had also been affected by the early Paleozoic
orogenesis (Guo et al., 2003; Han et al., 2004; Ji et al., 2004; Li, 2007; Li
et al,, 2006; Qu et al., 2007; Xu et al.,, 2005, 2007). Thus, the MKS
may underwent two cycles, i.e. the Proto-Tethys Ocean (or Mazha-
Kangxiwa Ocean) and the Paleo-Tethys Ocean (or Mazha-Kangxiwa-
Subashi Ocean). The WKOB may be a long-term active continental
margin from the Cambrian to the Jurassic (e.g., Xiao et al., 2005). The
MKS has also been suggested to be related to the southern belt of the

T -

\ 2 Southern AKAZ

»-

Fig. 2. Photographs showing field occurrence (a, b) and mineral assemblage of granitoid host rock under crossed polarized light (c) and MME under plane polarized light (d). The red
arrows in b point to MMEs. Hbl = hornblende; Bt = biotite; Pl = plagioclase; Qtz = quartz; Kfs = K-feldspar.
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East Kunlun Orogen and extended to the A'nyemagen suture zone
(e.g., Bian et al,, 2001a,b; Matte et al., 1996; Pei, 2001). The AKAZ pluton
occurs adjacent to the Mazha-Kangxiwa Fault south of the SKT. The
northern part of the AKAZ pluton intruded the Paleo-Proterozoic
Kulangnagu Group metamorphic complex. The southern part intruded
the early-Permian Sailiyake Group volcanic rocks and was cross-cut by
Mazha-Kangxiwa Fault.

The sample details are given in Table 1. The pluton mainly consists of
medium-coarse grained amphibole-bearing biotite-granite, granodio-
rite, monzogranite and quartz diorite. The mineralogy is dominantly
plagioclase (~30-40%), quartz (~30-40%), alkali feldspar (~10-20%)
with minor amphibole and biotite (~5-10% in total) which mainly
occur around the MMEs. The accessory minerals are titanite, zircon, ap-
atite and magnetite (Fig. 2c). There are abundant MME:s in the pluton
(Fig. 2b). The MMEs, which vary in size from few centimeters to dozens
of centimeters, mainly consist of fine-grained diorite and monzodiorite.
They are dominantly spheroidal and ellipsoidal with few showing
weak plastic deformation. Some MMEs have large-grained feldspar and
locally show intrusion of host granitoid veinlets (Fig. 2a). The MMEs
have the same mineralogy as the host granitoids but have greater mafic
mineral modes (e.g., ~30-40% amphibole and biotite in total; ~40-50%
plagioclase; ~5-15% quartz and ~5% alkali feldspar) (Fig. 2d). The
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accessory minerals are titanite, apatite and magnetite. Previous studies
on this pluton give zircon U-Pb ages of early-Triassic (Yang, 2013) to
late-Triassic (Liu et al., 2015; Xiao et al.,, 2005; Yuan et al., 1999).

3. Analytical methods

In this study, 15 samples (including 4 host-MME pairs) from the
AKAZ pluton were analyzed for whole-rock major and trace elements,
in which two host-MME pairs were selected for zircon U-Pb dating. In
addition, 13 samples were analyzed for whole-rock Sr-Nd-Hf isotope
compositions.

Zircons extracted from the samples were cast in epoxy resin prior to
polishing for cathodoluminescence (CL) image analysis. CL images were
taken using a CL spectrometer (Gatan MonoCL4 +) equipped on a FEI
Quanta 450 FEG scanning electron microscope (SEM) and zircons
in situ U-Th-Pb isotope analysis was done using a Laser Ablation
Inductively Coupled Plasma Mass Spectrometer (LA-ICP-MS) at China
University of Geosciences in Wuhan (CUGW). Operational parameters
and analytical precisions were given in Liu et al. (2009, 2010). All the
data were processed using ICPMSDataCal (Liu et al., 2009, 2010) and
plotted using Isoplot/Exversion 4.15 (Ludwig, 2012).

weighted mean **Pb/"**U age:
224.8+3.7Ma
n=17, MSWD =10.2

0.040
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@ 00321
]
a
8 3
0.028 | N e—
100 i m I
157.3 LiMa
0.024 |
E— 100 i m
0.020 XKL12-9SMME ] ]
’ 0.20 0.22 0.24 0.26 0.28 0.30
207p /235
0.039
weighted mean *’Pb/***U age:
224.6+2.7 Ma 40 d
n=17, MSWD =3.6
0.037
=) 0.035
s
a2
S 0.033 |
0.031
190,
XKL12-117
0.029 . . . . ; .
0.19 0.21 0.23 0.25 0.27 0.29 0.31 0.33
207235

Fig. 3. U-Pb concordia diagram for granitoid host rocks (a, ¢) and MMEs (b, d). The crystallization age of zircon for both the granitoid host rocks and MMEs is ~225 Ma.
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All the samples for geochemical analysis were removed of weather
surfaces and veins before crushed into small chips and washed repeat-
edly with deionized water in an ultrasonic cleaner. All the dried chips
were then powered into 200-mesh using an agate mill in a clean
environment for whole-rock geochemical analysis.

The major element analysis was done at CUGW using X-ray fluores-
cence (XRF) technique on fused glass disks following the analytical de-
tails by Ma et al. (2012). The trace element analysis was done using
Agilent-7500a Inductively Coupled Plasma mass Spectrometry (ICP-
MS) at China University of Geosciences in Beijing (CUGB) following
Song et al. (2010).

Eight samples were analysed for Sr-Nd-Hf isotopes at CUGW. The Sr-
Nd isotopic ratios were measured using Thermo Finnigan Triton
Thermal Ionization Mass Spectrometer (TIMS) and Hf isotope ratios by
Thermo Neptune Plus Multi-Collector Inductively Coupled Plasma
Mass Spectrometer (MC-ICP-MS). The chemical separation and analyti-
cal details are given in Gao et al. (2004) and Yang et al. (2010). The other
five samples for Sr-Nd isotopes were analyzed in the Radiogenic Isotope
Facility at the University of Queensland, Australia (RIF of UQ). The
chemical separation procedures were modified after Mikova and
Denkova (2007) with details given in Guo et al. (2014). Hf isotope com-
positions of these five samples were analyzed at Northwest University
in Xi'an following Yuan et al. (2007) which was modified after
Miinker et al. (2001) with details given in Meng et al. (2015).

4. Results
4.1. Zircon U-Pb ages

Zircons from the 2 host-MME pairs were analyzed for U-Pb dating.
The pair of XKL12-95host and XKL12-95MME were collected from the
northern AKAZ pluton and the pair of XKL12-116 and XKL12-117
were collected from the southern AKAZ pluton. The results are given
in Appendix A and illustrated in Fig. 3. Zircons from host rocks are trans-
parent, euhedral, prismatic crystals and have regular oscillatory mag-
matic zoning; zircons from MMEs are colorless, short and subhedral
crystals. Most of the zircons from MMEs have no oscillatory zoning
and some of the zircons possess straight rhythmic stripes (Fig. 3). The
Th, U contents and Th/U ratios of zircons from MMEs are more variable
than that from host rocks. 18 spots of each sample were analyzed.
Sample XKL12-95host yields a concordia age of 224.0 + 1.5 Ma (n =
18, MSWD = 0.76). Sample XKL12-95MME, XKL12-116 and XKL12-
117 give weighted mean 2°°Pb/238U age of 224.8 4+ 3.7 Ma (n = 17,
MSWD = 10.2), 225.5 & 2.9 Ma (n = 18, MSWD = 5.0) and 224.6 +
3.6 Ma (n = 17, MSWD = 3.6), respectively. The results indicate that
the MMEs are coeval with their host felsic magmas. The ages obtained
in this study are older than the previously reported late-Triassic zircon
U/Pb age of ~212-215 Ma (Liu et al., 2015; Xiao et al., 2005; Yuan
et al., 1999), but younger than the early-Triassic zircon U/Pb age of
~242 Ma (Yang, 2013).

4.2. Whole-rock geochemistry

4.2.1. Major elements

The 15 samples include 8 host rocks and 7 MMEs (4 host-MME
pairs). The host rocks have SiO, = 62.40-74.36 wt.%, and plot in the
field of granite and granodiorite in total alkalis (Na,O + K,0) versus
SiO, (TAS) diagram (Fig. 4a). They are all metaluminous with A/CNK
(=molar Al,03/(Ca0O + Na,O + K,0)) < 1.0 (Table 2 and Fig. 4c).
These host rocks are calc-alkaline (Fig. 4a) with high K0 in the field
of high-K calc-alkaline series (Fig. 4b). The MMEs have relatively low
Si0, = 51.00-63.24 wt.% and show scattering in the TAS diagram
(Fig. 4a). One sample plot in the field of gabbro-diorite (XKL12-99),
yet it is actually a mafic diorite of cumulate origin with abundant am-
phibole but without clinopyroxene (see below). They are metaluminous
with A/CNK < 1.0 and plot mainly between calc-alkaline and high-K

calc-alkaline series in K50 vs. SiO, diagram. On SiO,-variation diagrams,
the hosts and MMEs altogether define linear trends for TiO,, Al;0s,
Fe,03, MnO, MgO, Ca0, P,0s, K-0, Sr and Eu (Fig. 5), which are appar-
ently consistent with fractionation of amphibole, biotite and plagioclase,
but are more directly controlled by modal mineralogy of the samples al-
though both are genetically linked. The scatter in some elements
(e.g., Nay0 and Yb) of MME:s is likely caused by detailed mineralogy
and interstitial melt compositions of cumulate rock, noting that
coarse-grained rocks like granitoids (in particular gabbros) are compo-
sitionally mixture of cumulate crystals and interstitial melts (Niu, 2005).

4.2.2. Trace elements

All the samples are enriched in light rare earth elements (LREEs)
with negative Eu anomalies (except for XKL12-95host) and show flat
heavy rare earth element (HREE) patterns (Fig. 6a). The MMEs have
higher HREEs and lower La/Yb than the host because of the high
modes of mafic minerals (Fig. 6a). Nearly all the samples have negative
Sr and Eu anomalies (i.e., St/St* = Srpp/[Prpm x Ndpw]? < 1; Eu/Eu* =
Eupm/[Smpm % Gdpp]'7? < 1), which is typical of granitoids and is
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Fig. 4. Plots of (Na,O + K,0) vs. SiO, (TAS, Le Maitre et al., 1989) (a); K0 vs.
Si0; (b) and A/NK (= molar ratio Al,03/(Na0 + K,0)) vs. A/CNK (= molar ratio
Al,03/(Ca0 + Na,0 + K;0)) (c) for granitoid host rocks and MMEs sampled from
the AKAZ pluton in WKOB.
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Table 2
Whole-rock major, trace elements and Sr-Nd-Hf isotopic data of the AKAZ pluton in West Kunlun Mountain.

Sample name  XKL12-92  XKL12-93 XKL12-95host XKL12-95MME XKL12-99 XKL12-101 XKL12-102 XKL12-104  XKL12-109host XKL12-109MME XKL12-111 XKL12-112 XKL12-116 XKL12-117 XKL12-119

Host-MME Pairs 1 1 2 2 2 3 3 4 4

Type host rock host rock  host rock MME MME MME host rock host rock host rock MME MME MME host rock MME host rock
XRF: major element (wt.%)

Si0, 744 73.0 70.8 52.8 53.5 61.2 72.6 64.0 67.2 51.0 62.9 59.4 69.9 63.2 624
TiO, 0.18 0.24 022 1.14 0.96 0.85 0.21 0.53 0.46 135 0.51 0.93 0.27 0.55 0.66
Al,04 13.2 13.7 15.2 17.5 16.7 16.1 14.0 16.6 15.5 18.2 15.7 16.3 15.0 16.6 16.2
Fe,0} 1.85 2.46 1.71 8.97 8.31 7.53 2.25 4.82 4.27 109 6.43 7.81 2.84 6.50 6.25
MnO 0.04 0.06 0.03 0.19 0.13 0.14 0.06 0.10 0.08 0.19 0.16 0.14 0.06 0.15 0.12
MgO 0.34 0.62 0.59 3.88 5.31 1.66 0.56 1.29 1.16 3.13 1.37 2.84 0.58 131 1.84
Ca0 143 2.19 2.40 7.48 8.52 4.07 1.90 4.15 3.56 5.89 4.01 4.81 2.04 2.01 4.64
Na,O 3.50 3.46 3.61 4.65 2.54 420 3.65 3.99 3.80 4.13 498 4.58 4.10 5.71 3.96
K,0 4.50 4.02 478 1.77 124 2.16 433 2.79 3.12 3.02 1.85 2.21 4.67 1.99 2.79
P,05 0.05 0.07 0.07 0.29 0.14 0.22 0.06 0.16 0.14 0.39 0.25 0.21 0.08 0.23 0.21
LOI 0.29 0.36 0.35 0.46 2.12 1.34 0.53 1.01 0.65 0.87 1.20 0.83 0.52 1.94 0.71
total 99.70 100.17 99.76 99.12 99.44 99.42 100.15 99.47 99.95 99.02 99.37 100.04 100.04 100.19 99.72
A/NK 124 1.36 1.36 1.83 3.02 1.74 131 1.73 1.61 1.81 1.54 1.64 1.27 143 1.69
A/CNK 0.99 0.97 0.98 0.75 0.79 0.96 0.99 0.97 0.96 0.87 0.90 0.87 0.97 1.09 0.90
ICP-MS: trace elements (ppm)

Rb 92.2 167 129 853 413 109 135 78.1 104 164 76.5 148 168 105 99.0
Sr 130 201 317 372 404 286 165 386 303 391 276 249 228 341 352

Y 9.99 16.6 8.86 29.4 16.7 349 119 179 18.1 39.1 54.1 342 211 61.0 249
Zr 159 143 216 201 83.0 154 117 269 249 251 140 136 217 222 263
Nb 9.91 19.3 6.99 17.5 7.88 312 10.6 14.9 17.2 25.8 25.2 20.1 184 46.2 20.8
Ba 750 645 1183 296 235 363 609 1150 767 1152 236 257 823 258 571
La 394 373 51.1 36.0 14.0 10.0 32.8 47.5 415 40.5 17.0 238 55.0 12.3 364
Ce 721 69.5 84.8 829 29.2 29.2 533 87.9 76.9 98.9 51.9 56.0 107 353 75.1
Pr 7.09 6.63 6.98 9.03 3.48 4.63 5.66 8.45 7.88 11.8 7.79 7.13 10.0 5.50 8.40
Nd 224 21.0 19.8 333 14.0 213 17.7 27.8 26.5 45.0 338 278 318 25.5 30.2
Sm 3.19 3.40 2.40 6.29 3.12 5.60 2.74 4.45 4.45 8.65 8.62 5.99 4.95 7.72 5.50
Eu 0.67 0.73 0.90 1.28 0.90 0.72 0.54 1.25 1.08 1.71 0.87 0.80 0.76 0.65 121
Gd 2.49 2.88 1.87 5.55 3.15 5.49 2.28 3.82 3.82 7.61 831 548 4.03 8.13 4.85

Tb 0.32 0.42 0.23 0.78 0.48 0.90 0.34 0.51 0.54 1.07 1.32 0.83 0.54 143 0.71
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Dy 1.77 252
Ho 0.35 0.52
Er 1.04 1.62
Tm 0.15 0.24
Yb 1.04 1.76
Lu 0.16 0.27
Hf 3.75 3.70
Ta 0.61 1.27
Pb 15.9 21.9
Th 11.0 17.9
§] 1.38 1.67
Nb/Ta 16.4 15.2
Sr/Sr*? 0.29 0.48
Eu/Eu*® 0.70 0.69
Sr-Nd-Hf isotope compositions
8751855y 0.714948
+20 0.000009
143Nd/"4Nd 0512253
+20 0.000005
176HE/ T THE 0.282573
+20 0.000009
(87sr/%6Sr); © 0.70838
£na ()9 —433
eqr (£)5° —3.01
Tna DM 1.09

(Ga)c,d.f
Ty DM 0.87

(Ga)c,e,h
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Sr/Sr* = St py / [Pr pw x Nd py]!
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t=225Ma. N\ = 14210 "Ta" 1
4 The '*Nd/"**Nd and "*’Sm/'*4Nd ratios of chondrite and depleted mantle at present day are 0.512638 and 0.1967, and 0.51315 and 0.2137, respectively. N = 0.654 x 10~ a~".
The "7®Hf/*”’Hf and '7Lu/"7Hf ratios of chondrite and depleted mantle at present day are 0.282772 and 0.0332, 0.28325 and 0.0384, respectively. \ = 1.867 x 10~ "' a~ 1.
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consistent with plagioclase fractionation (Fig. 6b). The Nb/Ta ratios
(14.49-18.61, with an average of 16.63) of the host rocks and MMEs
are sub-chondritic (chondrite Nb/Ta ratio: 17.5, Sun and McDonough,
1989), similar to that of average middle continental crust (16.67,
Rudnick and Gao, 2003). All the host samples are enriched in LREEs
and large ion lithophile elements (LILEs) (e.g., Rb, Sr, K, Pb), depleted
in high field strength elements (HFSEs) (e.g., Nb, Ta, Ti) and have signif-
icant negative Sr, Eu anomalies. Above trace elemental characteristics

resemble the model BCC which has weak but significant negative Sr
and Eu anomalies (Fig. 6).

4.2.3. Sr-Nd-Hf isotopes

The Sr-Nd-Hf isotopic data are given in Table 2. The host rocks
give (87Sr/%sr); = 0.70818 to 0.70930, eng (t) = —4.61 to —3.91,
and ey (t) = —3.01 to 0.74. The MMEs have similar Sr-Nd-Hf isotopes
(Fig. 7), i.e., (37Sr/5Sr); = 0.70830 to 0.70955, eng (t) = —4.88 to
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Fig. 5. SiO,-variation diagrams showing major element oxides (wt.%) and selected trace elements (ppm) for the AKAZ granitoid host rocks and MMEs from WKOB.
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—4.29, and gy (t) = — 2.57 to 0.25. The similar Sr-Nd-Hf isotope com-
positions between the MMEs and host rocks have been shown previous-
ly in syncollisional granitoids from orogens of the Qilian (Chen et al., in
press), East Kunlun (Huang et al., 2014; Liu et al., 2003), West Kunlun
(Chen et al., 2005; Jiang et al., 2013; Liu et al., 2015; Yuan, 1999), and
South Gangdese (Mo et al., 2008, 2009; Niu et al., 2013), which indicate
a common source and common origin (Niu et al., 2013). In addition, Hf-
Nd isotopes are “coupled” and lie within global mantle and crustal array
(Fig. 8b).

5. Discussion
5.1. Origin of the MMEs

There are three popular models for the origin of MMEs. They repre-
sent (1) the restite of melting (e.g., Chappell and White, 1991; Chappell
etal, 1987, 1999; Chen et al., 1989; White and Chappell, 1977); (2) the
mantle-derived melts that injected into felsic magmas (e.g., Baxter and
Feely, 2002; Chen et al., 2014; Clemens and Stevens, 2012; Jiang et al.,
2005, 2009, 2012b; Liu et al., 2015; Mo et al., 2007b, 2011; Silva et al.,
2000; Vernon, 1984; Wiebe et al., 1997; Yang et al., 2004, 2007);
(3) “cognate” fragments of cumulates (e.g., Bateman and Chappell,
1979; Dahlquist, 2002; Donaire et al., 2005; Huang et al., 2014; Niu
et al.,, 2013; Wall et al., 1987).

The similar zircon U-Pb ages between the host rocks and MMEs
argue against the restite model. The restite model emphasizes that the
MMEs represent refractory or residual portions of the granite source
(e.g., Chappell and White, 1991; Chappell et al., 1987; Chen et al.,
1989). If this is the case, the MMEs should be older than the host
rocks. In addition, they should have complementary REE patterns,
which is inconsistent with our observations. Furthermore, the expected
metamorphic or residual sedimentary fabric (Vernon, 1984) is not ob-
served in MMEs of the AKAZ pluton.

Previous studies emphasized that the MMEs of the WKOB were
mantle-derived melts injected into the felsic magmas (Jiang et al.,
2013; Liu et al., 2015) without complete digestion (Chen et al., 2005;
Gao et al.,, 2013; Kang et al., 2012; Zhan et al., 2010). However, there
is no reason that the mantle-derived mafic melts and felsic end-
member in magma mixing should have the same (or similar) Sr-Nd-
Hf isotope compositions (Fig. 7). Previously published Sr-Nd-Hf
isotopes of the AKAZ pluton (Chen et al., 2005; Liu et al., 2015; Yuan,
1999), and the approximately coeval Muztag, Taer plutons (Jiang
et al., 2013) (ages and positons see Fig. 1b) from the WKOB also show
that the MMEs and host rocks have similar Nd and Hf isotopes
(Fig. 7b, c) although slightly different in Sr isotopes (Fig. 7a). Thus, the

—O— hostrock a
—&— MME
BCC (Rudnick and Gao, 2003)

Sample/Chondrite

1
La Ce Pr Nd Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu

interpretation of mantle-derived melts injected into felsic magma or
magma mixing cannot explain the origin of the MMEs in the AKAZ plu-
ton. It also should be noted that the MMEs and host rocks have signifi-
cant liner trends in SiO, variation diagrams (Fig. 5), which could be
interpreted as magma mixing or fractional crystallization. While such
interpretation is reasonable, the correlated trends are in practice largely
controlled by the compositions and modes of the constituent mineralo-
gy (see above).

As discussed above, the MMEs in the AKAZ pluton have similar min-
eralogy to that of the host rocks but different modal proportions. This,
plus their same formation age, approximately similar REE patterns
(Fig. 6) and the same Sr-Nd-Hf isotopes (Fig. 7), indicates that the
MMEs are consistent with a cumulate origin from the same parental
magmas as the host granitoids.

5.2. Petrogenesis of the AKAZ pluton

The samples have (87Sr/25Sr); = 0.70818-0.70955, eng(t) = —4.88
to —3.91, and eye(t) = —3.01 to 0.74, which are inconsistent with M-
type granitoids formed from juvenile mantle-derived materials
(Whalen, 1985). The lack of high temperature anhydrous phases
(e.g., pyroxene and fayalite) and late-crystallizing biotite and amphibole
are inconsistent with A-type granite either (Huang et al., 2008, 2013,
and Fig. 2). The AKAZ pluton is mainly metaluminous with all the sam-
ples having A/CNK < 1.1, which is characteristic of I-type granite
(Chappell, 1999; Chappell and White, 1992, 2001). Furthermore, they
contain abundant amphibole and do not have typical peraluminous
minerals such as muscovite, garnet or cordierite (Fig. 2). All these are
consistent with the AKAZ pluton being I-type granitoids.

Our new data and the whole-rock Sr-Nd and zircon Hf isotopic data
in the literature on the AKAZ, Muztag and Taer plutons (Jiang et al.,
2013; Liu et al., 2015; Yuan, 1999) show quite uniform Hf-Nd but vari-
able Srisotope compositions (Fig. 8). The slightly radiogenic enq (t), and
especially the whole-rock ey (t) values (—3.01 to 0.74) of this study
and the zircon gy (t) values (— 0.7 to 0.3) in the literature (Liu et al.,
2015) are all indicative of significant mantle (or juvenile continental
crust which was also derived from mantle in no distant past) contribu-
tion towards the petrogenesis of these granitoids because melting of
mature continental crust cannot produce the observed Sr-Nd-Hf isoto-
pic characteristics. The “island arc” model can produce the “continental
signature” (e.g., enriched in LREE and LILE, depleted in HFSE) and
mantle-like isotopes. However, the bulk arc crust is too mafic to produce
the more felsic melts (Niu et al., 2013). In addition, previous studies
(Mattern and Schneider, 2000; Pan, 2000) suggest that the Paleo-

Sample/Primitive mantle

Ba U Nb La Pb Sr

Zr Sm Gd Tb Y Er Yb
Pr Nd Hf Eu Ti Dy Ho Tm Lu

0.1
Rb Th K Ta Ce

Fig. 6. Chondrite normalized REE patterns (a) and Primitive Mantle (PM) normalized trace element patterns (b) for the AKAZ granitoid host rocks and MMEs from the WKOB. The bulk
continental crust (BCC, red solid line) composition is also plotted for comparison. Chondrite and Primitive Mantle values are from Sun and McDonough (1989). The BCC values are from

Rudnick and Gao (2003).
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Fig. 7. Sr-Nd-Hf isotopes vs. SiO, diagrams showing no isotopic variation between the
AKAZ granitoid host rocks and MMEs. The previously published whole-rock Sr-Nd
isotopes and zircon Hf isotope data of AKAZ, Muztag and Taer plutons are also plotted
for comparison. The literature Sr-Nd-Hf isotope data are from Chen et al. (2005), Jiang
etal. (2013), Liu et al. (2015) and Yuan (1999).

Tethys Ocean may have closed with the collision taking place at the time
of granitoid emplacement (~225 Ma).

As discussed above, the AKAZ pluton formed in a syncollisional set-
ting after subduction and closure of the Paleo-Tethys Ocean. Partial
melting of subducted basaltic ocean crust can produce andesitic melts
with inherited mantle isotopic signatures. On the other hand, involve-
ment of terrigenous sediments and crustal contamination during melt

emplacement is necessary to explain the crustal signature (Chen et al.,
2014; Huang et al., 2014; Mo et al., 2008).

It is generally believed that ancient subducted ocean crust is too cold
to melt (e.g, Peacock, 2003). However, many studies suggest that melt-
ing of the subducting slab together with sediments is physically possible
and necessary (Castillo, 2006; Kelemen et al., 2003; Song et al., 2014;
Tatsumi, 2006) as tested by experimental petrology (Mo et al., 2008;
Niu, 2005). The melting mechanism of remaining ocean crust during
continental collision has been discussed in detail in the studies of
syncollisional granitoids along the East Kunlun orogen and in southern
Tibet (Huang et al,, 2014; Mo et al., 2008; Niu et al., 2013). This mecha-
nism also applies to produce andesitic magmas in this study. The under-
thrusting Paleo-Tethys ocean crust subducted along a high T/P path
(hotter at a given depth relative to the warm and cold subduction
geotherms) as a result of retarded subduction and enhanced heating
during the collision between the SKT and TST. It is expected that the
highly hydrated (altered/weathered) ocean crust began to melt when
intersected with the hydrous basaltic solidus under amphibolite facies
conditions. Sediments of the more felsic compositions will melt under
the similar conditions (details see Section 3.2.3 in Niu et al., 2013).
The andesitic magma emplaced in a magma chamber will under cooling
crystallize mafic minerals (e.g., amphibole, biotite) and plagioclase to
form cumulate. Such cumulate piles can be readily fragmented (wheth-
er brittle or plastic) by the replenishing granitoid magmas to produce
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Fig. 8. Diagrams of eyq (t) vs. initial 87Sr/6Sr and ey (t) vs. eng (t) for AKAZ, Muztag and
Taer plutons from the WKOB, where (t) refers to intrusion ages. In a, data for LCC
(model lower continental crust), GLOSS (Global subducting sediments) and DMM are
from Jahn et al. (1999), Plank and Langmuir (1998) and Workman and Hart (2005),
respectively. In b, the field for crustal and mantle array is from Vervoort et al. (1999)
and the terrestrial array is from Vervoort et al. (2011).
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the MMEs dispersed in the granitoid host magmas eventually solidified
such as the AKAZ pluton.

We can model the Sr-Nd-Hf isotope compositions of the AKAZ plu-
ton in terms of melting-induced source mixing (see Niu and Batiza,
1997 for concept) by using subducted basaltic ocean crust and
subducted terrigenous sediments. There is no published isotope data
on the ophiolite in MKS, but MKS is suggested to be related to the south-
ern belt of the East Kunlun and extended to the A'nyemaqen suture
zone (e.g., Bian et al,, 2001a,b; Matte et al., 1996; Pei, 2001), where
abundant ophiolites of the Paleo-Tethys Ocean regime exist (Bian
et al, 2001a,b; Pei, 2001), like the N-MORB type basalt from the
Zongwulong and Bugingshan ophiolite (~350 Ma) of the A'nyemagen
suture zone (Guo et al., 2007a,b, 2009). We thus use these basalts as
representing the Paleo-Tethys ocean crust end-member and the S-
type granites from the North Qaidam (Chen et al., 2007; Wang et al.,
2014) and North Qilian (Chen et al., 2014) as upper crust composition
(or terrigenous sediments) for conceptual simplicity. Fig. 9a-b show
that the AKAZ pluton can be explained isotopically by ~80% mantle con-
tribution (in terms of the Zongwulong basalts end-member) and ~20%
crustal contribution (in terms of the Mohe granite end-member).
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However, Fig. 9c-d suggest that the AKAZ pluton can also be explained
by ~40% mantle contribution (in terms of Bugingshan basalts) and
~60% crustal materials (in terms of Dulan granites). The detailed param-
eters are given in Appendix B. Our modeling shows that melting of the
Paleo-Tethys ocean crust with the involvement of continental materials
which could be due to magma assimilation in crustal magma chambers
or more likely melt contributions from subducted terrigenous sedi-
ments as part of the underthrusting ocean crust, can match well with
the Sr-Nd-Hf isotope compositions of the AKAZ pluton (Fig. 9) with sig-
nificant mantle contributions to the juvenile crustal accretion.

5.3. Tectonic evolution of the Paleo-Tethys (Mazha-Kangxiwa-Subashi)
Ocean

No seafloor sediments or sedimentary rocks have been found west of
the MKS zone, but the 338 Ma arc volcanic rocks of the Mazha mélange
(see Fig. 1b) north of the suture zone may indicate northward subduc-
tion of the Paleo-Tethys seafloor in the Carboniferous in the Mazha re-
gion (Li et al., 2006). However, radiolarian-bearing ophiolite in the
eastern Subashi region (see Fig. 1b) suggests that the seafloor spreading
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Fig. 9. Simple mixing calculations for Sr-Nd (a, c) and Nd-Hf (b, d) isotopes of the AKAZ pluton. The Paleo-Tethys Ocean crustal end-member is represented by Zongwulong (a, b) and
Bugingshan (c, d) basalt of A'nyemaqen suture (Guo et al., 2007a,b, 2009), and the continental end-member is represented by Mohe granite pluton (a, b) and S-type granites (c, d) in
the North Qaidam (Chen et al., 2007; Wang et al., 2014). Other choice of the two end members will not affect the interpretation of this paper and the Paleo-Tethys ocean crust even
contribute more than 80% materials to the AKAZ pluton. The isotope compositions of end-members and the detailed calculations are given in Appendix B. ZWL = Zongwulong basalt
in A'nyemagen suture; BQS = Buqgingshan basalt in A'nyemaqen suture; MH = Mohe granite pluton in North Qaidam; NQD = S-type granites in the North Qaidam.
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continued in the Permian in the Subashi region (Han et al., 2004; Ji et al.,
2004; Li et al.,, 2006, 2007). Many granitoids exposed north of the MKS
zone from Sanshili (located between Mazha and Subashi, see Fig. 1b)
eastward to Subashi were suggested to have emplaced in the Permian,
which was believed to be the evidence of northward subduction of the
Paleo-Tethys Ocean (Bi et al., 1999). However, the ages of these plutons
are unreliable. For example, the zircon U-Pb dating of Saitula, West
Saitula and West Kangxiwa plutons (see Fig. 1b) give ages of late-
Ordovician to late-Silurian (our unpublished data). Thus, these plutons
cannot prove the occurrence of northward subduction of the Paleo-
Tethys Ocean in the range of Sanshili-Subashi. Furthermore, from
Sanshili eastward to Subashi, Triassic granitoids only occurred south of
the MKS and no Permian-Triassic granitoids were found north of the
MKS. From Sanshili westward to Bulunkou (see Fig. 1b), Triassic granit-
oids are widespread north of the MKS (Fig. 1b). Hence, we propose that
the Paleo-Tethys Ocean may have undergone southward subduction
beneath the TST from Sanshili eastward to Subashi, and northward
subduction beneath SKT from Sanshili westward to Bulunkou.

Generally, the Paleo-Tethys Ocean had subducted northward
beneath the SKT in the West Kunlun region. We only emphasize that
there is no evidence to support northward subduction in the range of
Sanshili-Subashi, where the present geological records indicate that
the ocean may have subducted southward. The younging of the granit-
oids from Bulunkou to Dahongliutan along the MKS (see Fig. 1b for plu-
ton ages and positons) suggests the closure of the ocean from northwest
gradually towards southeast.

5.4. Significance of continental crust growth in the WKOB

In this study, the AKAZ pluton has REE and trace element patterns
resembling those of BCC. Despite the felsic and radiogenic Sr and Nd
compositions of the AKAZ pluton, it has relatively higher enq (t) value
than that of typical continental crust. In particular, the whole-rock ey
(t) (this study) and zircon &¢ (t) (Liu et al., 2015) values point to the
dominance of mantle contributions (see Section 5.2). Hence, this
syncollisional pluton represents juvenile crust with primary materials
coming from the mantle. It is best explained by partial melting of
amphibolite of MORB protolith during continental collision, which pro-
duces andesitic melts with a remarkable compositional similarity to the
BCC with inherited mantle-like isotopic compositions (see Section 5.2).
Simple mixing and mass balance calculations show that ~80% Paleo-
Tethys ocean crust with ~20% involvement of continental materials
can match well with the Sr-Nd-Hf isotopes of the AKAZ pluton
(Fig. 93, b). We thus suggest that the hypothesis of “continental collision
zones as primary sites for net continental crust growth” (Niu et al., 2007,
2013) is applicable in the WKOB.

6. Conclusions

1) Zircon U-Pb dating of the AKAZ pluton gives a late Triassic age
(~225 Ma) for both MMEs and host rocks. MMEs and host rocks
have the same mineralogy, approximately similar REE patterns
and trace element characteristics, and indistinguishable Sr-Nd-

Hf isotope compositions, all of which indicate that the MMEs

represent disturbed cumulate of common source with the host

felsic magmas.

The AKAZ pluton is best explained by melting of amphibolite of

MORB protolith (the Paleo-Tethys ocean crust) during continen-

tal collision, which produces andesitic melts with a remarkable

compositional similarity to the BCC and the inherited mantle-
like isotopic compositions.

3) Simple isotopic mixing calculations suggest that even more than
80% Paleo-Tethys ocean crust materials contribute to the source
of the AKAZ pluton. The hypothesis of “continental collision
zones as primary sites for net continental crust growth” is appli-
cable in the WKOB.

\S]
~

4) A new view on the evolution of the Paleo-Tethys (Mazha-
Kangxiwa-Subashi) Ocean in the MKS zone is proposed. The
existing data do not support the northward subduction in the
range of Sanshili-Subashi, where the present geological records
indicate that the ocean may have subducted southward.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.05.007.
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