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Early Triassic syn-collisional granitoids with mafic magmatic enclaves (MMEs) crop out along the entire East
Kunlun Orogenic belt (EKOB) at the northern margin of the Tibetan Plateau. They are andesitic in composition
and enriched in light rare earth elements (LREEs) with a flat heavy REE (HREE) pattern. Their average composi-
tion resembles that of the bulk continental crust. The enclosed MMEs have the same mineralogy as their host
granitoids, but contain a greater mode of mafic minerals (amphibole and biotite), and thus have higher HREE
abundances. Zircon U-Pb dating shows that both the granitoid hosts and MMEs have the same crystallization
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age of ~250 Ma and indistinguishable bulk rock Sr-Nd-Pb-Hf isotope compositions (Is, of 0.7080-0.7116,

Keywords: varying 2°°Pb/2**Pb; of 18.53-19.32, essentially constant enq) of —5.3 to — 2.1 and a small range of positive
East Kunlun €nif(r), mostly 1.7-5.2). The complete isotopic overlapping between the granitoid hosts and the MMEs is under-
Enclaves stood to reflect that the MMEs are disintegrated cumulates formed at an early stage of the granitoid magma evo-
Cumulate lution within the same magmatic system. The isotopic data set reveals that the granitoids are variably evolved
iﬁl;lerlj)s‘i‘,’tr}‘lal granitoids melts produced by partial melting of the subducted Paleo-Tethyan oceanic crust with terrigenous sediments

Paleo-Tethyan

under amphibolite-facies conditions in response to the continental collision.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The origin and evolution of continental crust has been of great inter-
est to geoscientists. Its andesitic bulk composition, arc-like geochemical
signature characterized by enrichment in large ion lithophile elements
(e.g.,Rb, Cs, K, and especially Pb) and depletion in high field strength el-
ements (e.g., Nb, Ta, and Ti) have led to the standard “island arc model”
in which continental crust is produced through subduction-zone
magmatism (Taylor, 1967, 1977; Taylor and McLennan, 1985; Rudnick
and Gao, 2003). In spite of its popularity, this model fails to explain sev-
eral basic observations (see Niu and O'Hara, 2009; Niu et al.,, 2013). For
example, bulk island arc rocks are basaltic (Arculus, 1981; Gill, 1981;
Pearcy et al, 1990) while the bulk continental crust is andesitic
(Taylor and McLennan, 1985; Hans Wedepohl, 1995; Rudnick and
Gao, 2003; also see Mo et al., 2008); and arc rocks are highly enriched
in Sr while bulk continental crust is relatively depleted in Sr (Niu and
O'Hara, 2009). Besides, arc crust production and continental destruction
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(sediment recycling and subduction-zone erosion) have been demon-
strated repeatedly to be mass balanced (von Huene and Scholl, 1991;
Clift and Vannucchi, 2004; Clift et al., 2009; Niu and O'Hara, 2009;
Scholl and von Huene, 2009), implying that there is no net crustal
growth associated with active seafloor subduction and arc magmatism.
It has been accepted that the bulk continental crust has grown progres-
sively through episodic magmatism over Earth history (Reymer
and Schubert, 1984; Condie, 2000). This notion requires a tectonic set-
ting where juvenile crust is produced and also preserved in order to
maintain the net crustal growth (see Niu and O'Hara, 2009; Niu et al.,
2013).

A hypothesis that continental collision zones are primary sites of net
continental crustal growth was recently proposed by Niu et al. (2007),
Mo et al. (2008) and Niu and O'Hara (2009) based on studies of the
India-Asia syncollisional (~55 Ma) andesitic rocks from southern Tibet
(Mo et al., 20073, 2008) in order to resolve the major problems that
the standard ‘island arc’ model faces (see the above, and reviewed by
Niu et al., 2013). These rocks, in particular the syn-collisional andesites,
show remarkable compositional similarity to the bulk continental crust
(Rudnick and Gao, 2003), yet have strong mantle isotopic signatures
(Mo et al,, 20073, 2008). Their petrogenesis is interpreted to represent
net mantle-derived materials added to the continents via partial
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melting of last fragments of underthrusting Tethyan ocean crust under
amphibolite-facies conditions in a syn-collisional setting (Niu and
O'Hara, 2009). Nevertheless, whether this hypothesis is valid for older
syncollisional granitoids on a global scale still needs testing (Niu et al.,
2013).

The Greater Tibetan Plateau is an ideal test ground as it records
several continental collision events since the Early Paleozoic
(Dewey et al., 1988; Harris et al., 1988a; Yin and Zhang, 1997), as in-
dicated by a number of suture zones with associated syn-collisional
granitoid batholiths increasingly younger from the northeast to
southwest (Fig. 1A, Harris et al., 1988a). The East Kunlun Orogenic
belt (EKOB) in the northern part of the Plateau, which includes abun-
dant syn-collisional granitoids, is one of the largest continental colli-
sion zones. It is much older than the India-Asia collision (~250 Ma vs.
~55 Ma). The A'nyemagen suture zone in the southern EKOB records
the closure of the Paleo-Tethyan Ocean and a continental collision
event (Yang et al., 1996, 2009). The abundant late Permian to early
Triassic granitoids along the EKOB have not been properly studied
but only mentioned in regard to subduction/collision related
(Harris et al., 1988a; Jiang et al., 1992; Yin and Harrison, 2000) hy-
brids between mantle-derived melts and crustal materials (Luo
et al., 2002; Deng et al., 2004; Chen et al., 2005; Mo et al., 2007b).
This interpretation is based on the observations that most EKOB in-
trusions are I-type granitoids containing mafic magmatic enclaves
(MMEs, see definition by Barbarin, 2005) with the latter being con-
sidered as representing mantle-derived melts. The same age and
overlapping radiogenic isotope compositions between the host gran-
itoids and MMEs are considered as evidence for mixing and “homog-
enizing” processes (Liu et al., 2004a; Mo et al., 2007b) although it is
physically not straightforward how the invoked mixing and “homog-
enizing” processes only ‘homogenized’ isotopes without affecting
major element compositions.

Here we report major elements, trace elements and bulk-rock Sr-
Nd-Pb-Hf isotopes and zircon U-Pb age data on granitoids and MMEs
from the EKOB to constrain the petrogenesis of these rocks in the con-
text of understanding the evolution of the EKOB, which also helps un-
derstand the evolution of the Paleo-Tethyan system and mechanisms
of crust growth in response to continental collision.

2. Geological setting
2.1. Regional and local geology

The EKOB records a complex history of seafloor spreading, subduc-
tion and continental collision since the early Paleozoic (Jiang et al.,
1992; Yang et al., 1996; Yin and Harrison, 2000). It lies on the northern
Tibetan Plateau with the Songpan-Ganzi Basin to the south and Qaidam
Basin to the north (Fig. 1A), extending east-west for up to 1500 km with
a north-south width of 50-200 km, and can be subdivided into three
tectonic zones according to the major faults (northern, middle and
southern zones, see Fig. 1B, Jiang et al., 1992; Yang et al., 1996).

2.1.1. Stratigraphy and metamorphic rocks in EKOB

The basement is dominated by Precambrian granitic gneisses with
minor Proterozoic granitoids and migmatites. It crops out in all the
three zones overlain by early Paleozoic sedimentary rocks (Harris
et al., 1988a; Jiang et al.,, 1992; Yang et al., 1996) and is considered to
have been emplaced between 1.8 Ga and 0.9 Ga (Mo et al., 2007band
references therein). The granitic gneiss represented by the Shaliuhe gra-
nitic gneiss in the north EKOB has a peak magmatic age of ~920 Ma
(Chen et al., 2007¢) and a metamorphic age of ~400-500 Ma (Zhang
et al., 2003b; Chen et al., 2007c). Whole rock Sr—-Nd-Pb and zircon in
situ Hf isotope data indicate that its protolith is upper crustal sedimen-
tary rocks of middle Proterozoic age (Harris et al., 1988a; Chen et al.,
2007b,c). The late Permian molasses and the angular unconformity
between the upper-Permian to lower-Triassic marine strata and lower-

Permian terrestrial strata have been recognized in the Paleozoic-
Mesozoic sedimentary cover (Jiang et al., 1992; Zhang et al., 2004; Li
et al., 2008), indicating a continental uplift event during that time.

Some ophiolites (Yang et al,, 1995, 1996) are exposed along the cen-
tral Kunlun fault (CKLF) and Kunlun Fault (Fig. 1C), especially in the
southern zone, named the A'nyemagen ophiolite belt. The most precise
zircon U-Pb age on these ophiolites within the southern zone is report-
ed for the Dur'ngoi ophiolitic basalt, which is ~ 308 Ma (Yang et al.,
2009).

2.1.2. East Kunlun Batholiths (EK batholiths)

The EKOB contains one of the two largest granitic batholiths on
the Greater Tibetan-Plateau (the other being the Gangdese belt in
Southern Tibet). The ‘Kunlun Batholiths’ (Jiang et al., 1992; Mo
et al., 2007b) cover 48,400 km?, cropping out mostly in the EKOB
middle zone (Fig. 1C). The batholiths are mainly monzonite and
granodiorite in composition with ages ranging from the Proterozoic
to the late Mesozoic (Jiang et al., 1992). The Proterozoic granitoids
are part of the Precambrian basement. Early Paleozoic granitoids
(400-500 Ma) have been interpreted as resulting from subduction-
collision events comparable to that which produced magmatism in
the Qilian orogenic belt to the north (Mo et al., 2007b). The granitoids
of Late Permian-Early Triassic (P-T) age are dominant in the EKOB
with an area of 23,000 km? (Liu et al., 2004a), almost half of the entire
batholiths (Mo et al., 2007b). Previous studies indicate that the P-T
granitoids are calc-alkaline and formed during the major subduction-
related orogenic period (240-260 Ma) (Harris et al., 1988b; Yin and
Harrison, 2000; Mo et al., 2007b). Minor mid-late Mesozoic granitoids
are also present which might be related to the post-collisional
magmatism (Jiang et al., 1992; Mo et al., 2007b). The crystallization
ages of P-T granitoids have been determined reliably, yet the origin
and petrogenesis of the giant batholiths remains poorly understood.
For example, what tectonic setting were they emplaced in during a rel-
atively short time period?

We collected 30 representative samples from 14 locations (GPS data
are given in Table 1) around south Dulan and southwest Qinghai Lake
(Fig. 1C). The granitoids contain abundant MMEs (Fig. 2A), and thus
are ideal to test our hypothesis on the origin of these MMEs in the con-
text of the granitoid petrogenesis. Duplicate samples from some host
rocks and MMEs were collected on a meter/centimeter scale in order
to look into the potential heterogeneity.

2.2. Petrography

The granitoids are mainly granodioritic in nature with minor granitic
and dioritic compositions. They are medium to coarse-grained with
equigranular textures. The mineralogy is relatively simple, and is
dominated by quartz (Qz, 45-35%), plagioclase (Pl, 35-45%), K-
feldspar (Kfs, 5-10%), biotite (Bt, 5%) and minor amphibole (Amp,
2-5%) (Fig. 2C). Accessory minerals include apatite, zircon, and Fe-Ti
oxides. The fine grained MMEs are mafic diorite to diorite in composi-
tion (Figs. 2D and 3) with oval shapes and varying sizes (Fig. 2A, B).
An important observation is that the MMEs have the same mineralogy
as the granitoid hosts with higher modes of the mafic minerals such
as Amp (30-45%) and Bt (5-10%) (Fig. 2D). No crystal resorption tex-
tures and reactive overgrowths have been observed (Fig. 2D).

3. Analytical methods

All the 30 samples (17 granitoid hosts and 13 MMEs including 10
host-MME pairs; Table 1) have been studied. All the analyzed samples
were fresh rock chips with weathered surfaces and saw/pen marks re-
moved. They were leached in 5% HCI solution, washed ultrasonically
in milli-Q water and dried in a clean environment before being crushed
into rock powders (particle size < 50 pm) using agate mills. Major and
trace element compositions were analyzed for all the 30 samples
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Table 1
Sample location and brief geochemical compositions of EKOB samples.

Sample GPS position Type Si0.% ena(t) enr(t)
DL09-07 N35°45.201" E98°07.565’ MME 579 —22 4
DL09-08 N35°45.201" E98°07.565' HR 66.8 —37 33
DL09-09 N35°45.201" E98°07.565' HR 68.0 -39 —-13
DL09-10 N35°45.224' E98°07.563' HR 67.9

DL09-11 N35°45.224' E98°07.564' MME 57.0

DL09-12 N35°45.224 E98°07.564' HR 712

DL09-13 N35°45.321" E98°07.669' HR 65.6 —2.1 25
DL09-14 N35°45.321" E98°07.669’ MME 522 —45 41
DL09-15 N35°47.008’ E98°08.550" HR 64.9 -31 35
DL09-16 N35°47.008 E98°08.550’ MME 50.6 —4.1 52
DL09-17 N35°47.008’ E98°08.550’ MME 59.2 —22 44
DL09-18 N35°47.804 E98°09.011’ HR 68.9 —28 34
DL09-19 N35°47.804 E98°09.011 MME 54.7

DL09-20 N35°47.804 E98°09.011 MME 58.5

DL09-21 N35°47.840 E98°08.991 HR 66.5 —26 2.8
DL09-22 N35°47.840 E98°08.991 MME 57.5 —29 45
DL09-23 N35°48.900 E98°08.975 HR 742

DL09-24 N35°48.900 E98°08.975 MME 519 —4.0 18
DL09-25 N35°49.005 E98°09.004' HR 64.8

DL09-26 N35°49.005' E98°09.004' MME 48.6 —38 4
DL09-27 N35°49.092' E98°09.401 HR 674 —29 23
DL09-28 N35°54.088’ E98°01.968' HR 66.9

DL09-29 N35°54.107 E98°01.848' HR 67.0

DL09-30 N36°42.712' E99°33.913' HR 59.9 —49 23
DL09-31 N36°42.712' E99°33.913" MME 57.7 —52 —-29
DL09-32 N36°42.712 E99°33.913' HR 593 —53 1.7
DL09-33 N36°42.938' E99°47.356' HR 65.6

DL09-34 N36°42.938' E99°47.356' MME 57.6

DL09-35 N36°42.543' E99°48.067' HR 66.0

DL09-36 N36°42.543' E99°48.067' MME 57.5

MME: micro magmatic enclave; HR: Host rock.

(Table 2). Zircons were extracted from 13 samples (including 6 MMEs).
Seventeen samples (including 7 MMEs) were analyzed for whole rock
Sr—-Nd-Pb-Hf isotopic compositions.

3.1. Major and trace elements

Major element analysis was done using XRF (PANalytical Axios
Advanced PW4400) on fused glass disks in Tianjin Institute of Geol-
ogy and Mineral Resources, China following the method of Li et al.
(2011). The precision on standards (GSR-1, GSR-3, GSR-8, GSR-9)
was better than 3% and mostly better than 0.5%. Trace element anal-
ysis was done using ICP-MS (Thermo Scientific X series'!) after acid
digestion/dissolution in Teflon bombs in Tianjin Institute of Geology
and Mineral Resources, China. Sample preparation information is
provided in Appendix A. Standard data are given in Appendix B.

3.2. Bulk-rock Sr, Nd, Pb and Hf isotopes

Bulk-rock Sr, Nd, Pb and Hf isotope analyses were conducted on a
Thermo Finnigan Neptune Plasma Ionization Multi-collector Mass
Spectrometer (PIMMS) instrument in the Northern Centre for Isoto-
pic and Elemental Tracing (NCIET) at Durham University. The pow-
ders were dissolved with HF-HNO3; mixtures. Sr, Pb and Nd-Hf
fractions were separated by small Sr Spec resin columns to obtain
Sr and Pb fractions and Nd-Hf bearing fractions. The Nd-Hf fraction
was then separated using Hf-Nd AG50W-X8 cation exchange resin
columns to obtain purified Nd and Hf fractions. The Hf fraction was
further purified through Hf-Ti AG1-X8 anion exchange resin col-
umns to remove any remaining Ti. After the chromatography, the
Sr, Nd, Pb and Hf fractions were dried and taken up in 3% HNOs for
analysis. The mass corrections follow the procedure of Nowell and
Parrish (2001) and are summarized in Appendix A. Sr—-Nd-Pb-Hf
isotopic analyses were carried out during different analytical ses-
sions for each isotope. The international standards NBS987, J&M,

NBS981 and JMC475 were used for Sr, Nd, Pb and Hf isotopes, respec-
tively. The long term performance of the Neptune PIMMS at Durham
University for Sr, Nd and Hf isotopes was reported by Nowell et al.
(2003). Details relating to standard normalization, precisions and
total chemistry blanks are given in Tables 3-6. Details of preparation
methods, chemical separation techniques and instrument running
conditions are given in Appendix A.

3.3. Zircon U-Pb dating

About 100-150 zircon grains for each of the studied samples were
mounted in an epoxy resin disk and then grinded/polished to expose
the zircon interiors for imaging and analysis. All the polished zircon
grains were photographed under transmitted- and reflected-light,
and further examined using cathodoluminescence (CL) images
prior to the U-Pb analyses. Laser ablation ICP-MS zircon U-Pb analy-
sis was carried on an Agilent 7500 ICP-MS instrument equipped with
a GeoLas 2005 at China University of Geosciences, Wuhan. Detailed
operating conditions for the laser ablation system and ICP-MS instru-
ment and data reduction are the same as described by Liu et al.
(2008). Zircon 91500 was used as the external standard and ran
twice every 5 samples. Standard silicate glass NIST610 was used to
optimize the instrument. Beam diameter was 30 pm. Common Pb
was corrected by ComPbCorr#3_17 (Andersen, 2002). Age calcula-
tions and Concordia plots were made using isoplot (Ludwig, 2003).

4. Analytical results
4.1. Major and trace elements

Host granitoids are more silicious than the contained MMEs (Fig. 3).
All of them are calc-alkaline (Fig. 3) and metaluminous (A/CNK < 1.1,

Table 2). Three MME samples chemically fall into the gabbro field
(Fig. 3), but they are Amp-rich mafic-diorites with no pyroxene present.
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Fig. 2. Field photos in the Dulan area (A-B) and photomicrographs under plane polarized light of the representative granitoid host (C) and enclave (MME) (D).

Host rocks and MMEs define good linear trends for most elements
on Harker diagrams (Fig. 4). TiO,, Al,03, FeO, MnO, MgO, Ca0, Eu and
Yb exhibit well defined negative trends, which likely reflect the frac-
tionation of Amp, Bt and PL

Both MMEs and granitoid hosts have an enriched LREE and flat HREE
profile lacking a garnet signature (no depletion of HREEs) (Fig. 5A, B).
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Fig. 3. Total alkalis (Na;O + K;0) versus SiO, (TAS) diagram showing the compositional
variation of EKOB samples. The MMEs are generally less felsic than the hosts. Three sam-
ples in the gabbro field are actually mafic-diorite without pyroxene. All the samples are
calc-alkaline. The dashed line represents the division between Alkaline and Cal-alkaline
fields (Irvine and Baragar, 1971).

The average compositions of the granitoid hosts display apparent simi-
larity to the bulk continental crust (BCC) composition in terms of all the
analyzed elements and key elemental ratios (Fig. 5C, D) except for the
lower Cr, Co, Ni, Sc and Mg in granitoids from the EKOB (Fig. 5C). The
lower concentrations of Ni, Cr and Mg relative to the calculated modal
BCC composition are typical for normal andesites (vs. high Mg andes-
ites) and fully discussed by Niu and co-authors (Mo et al., 2008; Niu
and O'Hara, 2009; Niu et al., 2013). The slightly higher Th/U in the
hosts compared to BCC (Fig. 5D) may be inherited from the Paleo-
Tethyan MORB (see below) as it has a distinctly higher 2°8Pb/2%4Pb at
a given 2%°Pb/2%4Pb compared to other MORB (Xu et al., 2002). MMEs
display higher abundances of HREEs (Fig. 5A), reflecting their greater
proportions of mafic minerals (e.g., Amp and Bt). The Nb/Ta ratios are
all sub-chondritic (chondritic value of 17.5, Sun and McDonough,
1989), 11.84 for host rocks and 13.07 for enclaves. The slightly higher
Nb/Ta ratios for enclaves are consistent with higher modal Amp which
has super-chondritic Nb/Ta ratios (Foley et al., 2000) as elaborated by
Niu and O'Hara (2009). The Sr/Sr* (Sr/Sr* = 2 x Sry / [Pry + Ndn])
and Eu/Eu* (Eu/Eu* = 2 x Eupy / [Smpy + Gdpy]) for host rocks are
0.78 and 0.84, respectively. The MMEs have slightly lower Sr/Sr*
(0.48) and Eu/Eu* (0.67) due to a lesser amount of plagioclase. It is im-
portant to note that the sub-chondritic Nb/Ta ratios, Nb-Ta-Ti depletion
and slight Sr-Eu depletions of these samples are identical to those of the
BCC (Fig. 5D) (also see Niu and O'Hara, 2009).

4.2. Zircon U-Pb Geochronology

Zircons from host rocks are on average ~100-200 um long, color-
less and euhedral with good prisms and pyramid faces, and have



6 H. Huang et al. / Chemical Geology 370 (2014) 1-18

small elongation ratio of 1:1 to 3:1. They are either uniform or have
oscillatory zoning (Fig. 6). Some of them have inherited cores with
magmatic overgrowth rims. The Th/U ratios are mostly within the
range of 0.4-0.6. A few old inherited zircons with Th/U <0.1 (Appen-
dix C) have discordant ages (Fig. 7). Zircons from MMEs are brown in
color, show cracks under transmitted and reflected light, and are char-
acterized by high length/width ratios and straight rhythmic stripes
(Fig. 6). Most zircons yield concordant or slightly discordant U-Pb
ages. Zircon U-Pb ages of 7 granitoid hosts indicate that the intrusions
were emplaced principally in the late Permian and early Triassic
~ 250 Ma (Fig. 7). All the 6 MMEs have an identical age to host rocks
within error, i.e. ~250 Ma (Fig. 7). Inherited zircon cores which occur
in both MMEs and host rocks, plot along or close to the Concordia, yield-
ing age populations around 400-500 Ma and 800-1000 Ma (Figs. 6, 7).
These are identical respectively to the metamorphic and magmatic ages
recorded in the Shaliuhe gneiss in the region (Zhang et al., 2003a; Meng
et al,, 2005b; Chen et al., 2007c).

4.3. Whole rock Sr-Nd-Pb-Hf isotopes

Whole rock Sr-Nd-Pb-Hf isotope data for 17 samples (including 7
MMIEs) are given in Tables 3-6 and plotted in Figs. 8-11. Contributions
from mature continental crust are apparent as Is-and Pb;, are radiogen-
ic and all the enq(t) values are slightly enriched (—5.3 to — 2.1 for host
rocks and —5.2 to — 2.2 for MMEs). Is;, Pb(;, €na(t) and ey(t) refer to
the age corrected values and eng and ey¢ refer to the present-day values.

Theoretically, Hf and Nd isotopes are expected to correlate with each
other (thus explaining the mantle array, Chauvel et al., 2008) because of
the similar behavior of Lu-Hf and Sm-Nd systems during magmatism.
However, it has been found that ‘Nd’ and ‘Hf can isotopically decouple
in some circumstances (Bizimis et al., 2004; Schmitz et al., 2004;
Hoffmann et al,, 2011). In our study, the majority of eys)values are pos-
itive (Table 5) indicating a significant mantle input, which is apparently
inconsistent with the suggestion of negative engq(). Note that there are
broad Lu/Hf vs. 7®Hf/'77Hf and Rb/Sr vs. 87Sr/%5Sr correlations, but no

Table 2
Major and trace element data for granitoid hosts and MMEs.
Sample DL09-07 DL09-08 DL09-09 DL09-10 DL09-11 DL09-12 DL09-13 DL09-14 DL09-15 DL09-016 DL09-017 DL09-018 DL09-019 DL09-
020

Pairs 1 1 1 2 2 3 3 4 4 4

MME HR HR HR MME HR HR MME HR MME MME HR MME MME
SiO, 579 66.8 68.0 67.9 57.0 712 65.6 522 64.9 50.6 59.2 68.9 54.7 585
TiO, 0.66 0.54 0.36 0.46 1.08 0.22 0.54 0.81 0.58 0.78 097 0.47 0.90 0.88
ALO; 16.5 153 15.9 15.3 16.6 14.8 15.7 17.3 15.8 173 14.1 14.7 16.8 16.6
Fe,05 1.74 138 1.04 1.78 2.77 0.88 1.90 3.60 1.65 336 330 133 268 2.68
FeO 4.70 3.02 3.07 2.18 6.10 1.92 262 6.55 3.28 7.20 5.75 2.57 7.10 5.00
MnO 0.14 0.09 0.12 0.10 0.17 0.08 0.09 0.25 0.09 0.27 0.18 0.08 0.25 0.18
MgO 446 1.72 0.78 142 312 0438 1.69 4.18 2.00 4.75 3.87 1.39 3.89 3.01
Ca0 751 418 4.09 3.95 5.57 2.78 431 7.85 4.56 8.81 5.46 3.55 6.07 5.50
Na,O 327 3.28 341 3.58 336 327 328 3.52 324 335 2.62 3.30 349 3.75
K,0 127 249 2.10 1.82 227 3.26 2.65 153 2.46 142 2.33 2.55 2.16 1.55
P,05 0.09 0.10 0.14 0.09 0.20 0.08 0.11 0.11 0.11 0.09 0.20 0.10 0.09 0.13
LOI 1.00 0.61 0.59 1.03 0.88 0.78 1.00 1.09 0.68 1.13 121 0.68 091 1.50
Total 99.51 99.24 99.60 99.56 99.12 99.76 99.49 98.99 99.35 99.06 99.19 99.62 99.04 99.28
A/CNK 0.81 097 1.04 1.02 092 1.06 097 0.80 0.97 0.75 0.84 1.00 0.88 0.93
Li 193 253 26.1 20.1 317 24.1 245 252 225 17.1 29.1 289 45.9 38.1
Sc 19.8 9.24 340 7.47 226 285 9.64 23.1 12.3 253 326 7.95 283 227
Cr 399 731 1.56 6.26 937 2.27 7.39 46.5 8.25 9.61 152 5.59 15.1 119
Co 19.6 891 359 7.44 18.7 2.15 8.99 19.7 10.7 216 19.6 7.40 19.2 15.1
Ni 5.38 2.70 0.98 2.39 4.78 0.84 2.70 835 2.96 6.31 5.34 2.34 6.61 2.59
Ga 15.1 16.1 195 163 194 174 16.3 194 16.8 19.2 182 158 20.5 184
Rb 50.6 81.7 81.3 63.9 83.0 106 77.0 737 774 64.1 101 742 123 49.5
Sr 232 172 367 192 177 322 186 197 204 212 169 177 159 177
Y 16.5 17.6 16.8 222 333 15.6 17.2 50.9 20.1 469 45.5 183 57.7 331
Zr 102 145 215 111 164 171 147 90 155 101 276 157 103 106
Nb 524 892 12.0 829 13.1 111 8.2 121 8.24 10.0 13.6 8.47 14.6 105
Ba 293 459 691 427 567 1030 587 313 523 215 555 554 395 301
La 17.7 129 35.5 9.81 32.6 331 293 152 239 13.6 27.6 31.8 10.6 9.0
Ce 336 23.0 66.4 16.1 64.6 61.5 45.6 45.1 40.1 438 62.2 532 319 236
Pr 3.63 317 7.37 244 8.17 6.80 527 7.60 4.89 7.18 849 6.18 598 4.24
Nd 13.1 12.7 25.7 9.93 316 24.0 18.1 346 18.0 324 352 21.1 294 19.6
Sm 276 2.88 4.16 2.58 6.30 4.07 3.25 8.25 3.60 7.57 794 3.64 8.22 487
Eu 1.03 0.84 125 0.77 133 1.16 094 161 0.97 1.77 132 0.86 120 1.04
Gd 2.76 2.75 3.52 2.69 5.80 334 3.14 7.38 341 6.73 7.48 3.36 7.55 4.58
Tb 047 047 0.52 0.52 1.00 0.50 0.50 138 0.57 126 133 0.53 152 0.87
Dy 299 3.06 294 354 6.09 2.89 3.03 8.96 3.58 8.08 839 3.18 9.83 5.61
Ho 0.65 0.66 0.62 0.78 131 0.59 0.65 1.92 0.75 173 1.76 0.68 213 122
Er 1.81 194 1.80 2.32 3.63 1.70 1.87 5.63 2.20 512 4.90 1.98 6.26 3.62
Tm 0.28 031 0.28 0.40 0.55 0.26 0.29 0.89 0.34 0.82 0.74 0.31 0.99 0.57
Yb 1.89 2.16 1.95 2.68 367 1.80 1.99 6.04 224 561 491 2.07 6.72 3.86
Lu 0.29 0.34 0.32 0.42 0.59 0.29 0.32 0.95 0.36 0.90 0.78 0.33 1.04 0.62
Hf 2.89 427 5.39 3.37 456 482 4.12 3.09 436 325 7.54 4.40 334 3.11
Ta 048 1.02 0.74 0.84 0.88 0.79 0.78 094 0.75 0.64 1.04 0.70 1.11 0.76
Pb 115 16.1 143 13.0 13.0 241 18.7 15.5 15.6 127 12.3 17.2 147 13.1
Th 4.07 102 11.7 3.6 111 119 11.6 1.73 9.11 211 10.6 138 333 247
U 0.74 138 1.10 0.85 0.73 140 126 0.62 1.01 0.60 134 1.07 0.89 0.80
Nb/Ta 11.0 87 16.2 9.87 149 141 104 129 111 15.6 13.0 12.1 132 13.8
Eu/Eu* 1.13 0.90 097 0.89 0.66 0.93 0.88 0.62 0.84 0.74 0.52 0.74 0.46 0.67
Sr/Sr* 0.96 0.78 0.76 1.12 0.32 0.72 0.54 0.35 0.62 0.40 0.28 0.44 0.35 0.56
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Sm/Nd vs. '*3*Nd/*Nd correlation. This observation, combined with the
decoupling between eng and ey¢ could put Nd isotopic data quality into
question. For this reason, we have randomly reanalyzed 5 samples for
Nd isotopes and the reproducibility is good (<66 ppm; Appendix D).
The apparent non-correlation between Sm/Nd and '**Nd/'**Nd can be
explained by the small range in '4’Sm/"#Nd ratios among our samples
and the long half-life of ¥7Sm, which taken together prevent a statisti-
cally significant isochron developing in 250 Ma (Fig. 8C). On the con-
trary, the large Lu/Hf variation of up to 500% and the short half-life of
176y explain the significant Lu/Hf psedochron.

Nevertheless, it is necessary to consider the potential effect of
incomplete digestion of zircons in these samples. For example,
our Teflon beaker digestion method for isotope analysis cannot di-
gest zircons completely for the zircon-rich granitoid rocks we
study. This can cause problems as >95% Zr (see partition coeffi-
cients of Zr; Fujimaki, 1986) resides in zircons in zircon rich gran-
itoids. If no zircons were dissolved during digestion and assuming

all the Hf resides in zircons, the analyzed Hf must then be Lu
decaying product in the non-zircon phases only (Fig. 8). However,
this is unlikely to be the case for two reasons: firstly, the digestion
using Teflon beakers is able to dissolve zircons to some extent, and
thus the Hf hosted in the dissolved portions of zircons will enter
the solution accordingly; secondly and importantly, the average
size of zircons in the studied samples is 100-200 um (Fig. 6), yet
the rock powder particle size is <50 um (mostly <5 um), i.e., the
zircon fragments of <50 pm size in the solution must be well-
exposed with enhanced surface areas, facilitating acid dissolution and
digestion. This means that even if zircons may not be completely
digested using our Hf-isotope procedure, significant portion of zircons
must be digested and analyzed, with the obtained '7SHf/!””Hf ratios
likely approaching the bulk-rock ratios. This is demonstrated by the
Lu/Hf pseudochron (Fig. 8B), where the '7°Lu/!””Hf ratio was obtained
through ICP-MS trace element analysis of complete sample digestion
(see above).

DL09- DL09- DL09- DL09- DLO9- DL09- DLO9- DL09- DL09- DL09- DL09- DL09- DL09- DL09- DL09- DL09-
021 022 023 024 025 026 027 028 029 030 031 032 033 034 035 036
5 5 6 6 7 7 8 8 8 9 9 10 10
HR MME HR MME HR MME HR HR HR HR MME HR HR MME HR MME
66.5 57.5 74.2 519 64.8 48.6 67.4 66.9 67.0 59.90 57.70 59.30 65.55 57.60 66.00 57.50
0.48 0.89 0.20 0.96 0.58 139 0.38 0.57 0.53 0.51 0.67 0.58 0.52 0.63 0.48 0.76
15.7 16.7 144 18.5 159 184 16.6 159 15.9 17.60 17.30 17.50 15.65 16.40 15.70 15.50
1.55 2.84 0.50 248 1.63 333 136 134 150 1.72 1.89 139 117 1.64 132 1.42
2.60 492 1.06 6.05 3.30 6.65 2.02 2.27 170 333 433 4.03 3.06 5.15 2.57 5.40
0.09 0.18 0.02 0.17 0.09 0.17 0.10 0.06 0.05 0.09 0.12 0.11 0.08 0.15 0.07 0.15
1.46 340 0.60 4.57 1.97 548 0.98 1.58 1.30 3.50 3.59 3.99 2.02 3.80 1.82 4.29
3.79 6.70 3.36 945 472 9.10 3.74 3.64 3.70 6.15 7.06 6.78 447 6.74 453 6.95
3.60 3.46 431 2.35 3.21 2.34 4.04 395 3.95 275 234 2.66 3.00 3.09 3.07 2.81
273 1.54 0.65 1.13 234 147 246 2.07 2.50 138 1.65 1.08 3.40 3.04 3.20 3.64
0.10 0.12 0.05 0.12 0.11 0.12 0.11 0.16 0.14 0.09 0.10 0.10 0.10 0.10 0.09 0.15
0.96 1.14 0.45 144 0.78 2.00 0.50 117 127 240 2.53 192 0.44 0.78 0.60 0.63
99.56 99.29 99.75 99.12 99.43 99.05 99.59 99.61 99.54 99.42 99.28 99.44 99.46 99.12 99.45 99.20
0.99 0.85 1.03 0.83 0.97 0.84 1.03 1.03 1.00 1.02 0.94 0.98 0.93 0.79 0.94 0.73
29.2 30.4 0.56 19.7 235 17.0 22.5 294 26.6 22.7 22.2 220 51.8 4438 38.8 448
104 26.4 1.96 326 11.2 326 542 5.28 4.55 139 213 164 11.2 24.6 9.65 18.6
5.63 24.9 1.73 234 8.90 499 324 841 7.93 472 194 554 252 14.1 21.1 95.6
7.54 176 3.02 213 108 28.5 5.09 6.90 6.60 119 13.2 13.1 109 188 10.1 194
2.30 4.14 1.58 2.99 3.44 1217 191 4.64 439 118 3.13 1142 7.09 7.76 6.31 23.7
17.0 17.9 12.0 18.7 16.2 18.6 16.4 20.0 19.6 17.5 17.8 176 16.6 18.1 16.2 17.0
88.0 583 382 50.0 65.5 60.6 54.4 44.5 47.9 433 382 394 154 160 114 179
186 208 154 246 197 279 213 466 502 348 270 347 223 192 213 195
238 29.9 14.5 26.1 17.0 304 124 10.7 9.13 15.5 205 18.2 21.0 342 189 17.5
154 771 123 99.4 134 84.8 153 181 166 111 129 116 184 74.3 177 126
9.02 8.25 6.91 6.29 7.61 6.74 9.19 9.84 9.15 7.28 7.75 7.75 10.8 14.1 9.64 118
607 392 168 224 564 310 698 688 867 288 314 238 424 408 427 508
296 17.9 10.0 133 20.2 16.8 189 28.6 314 173 21.2 20.2 276 24.6 22.6 283
51.5 46.8 216 345 324 349 324 523 56.2 344 425 42.2 52.0 58.5 42.6 50.9
6.06 6.29 224 4.88 4.17 447 3.76 6.38 6.43 423 5.13 491 6.15 7.85 524 5.61
21.7 249 8.4 20.0 15.6 18.7 134 235 225 16.0 19.5 18.7 22.0 30.2 19.5 19.9
4.22 4.87 1.79 442 3.10 4.60 251 3.96 3.66 3.14 391 373 4.09 6.34 373 3.76
0.95 1.16 0.61 1.26 0.90 138 0.97 1.01 0.96 0.76 0.97 0.84 0.84 0.83 0.86 0.80
3.85 4.50 1.78 420 295 4.76 237 3.15 292 2.82 3.56 328 3.61 5.61 331 3.40
0.66 0.78 0.33 0.74 0.48 0.88 0.36 043 037 047 0.62 0.55 0.60 0.98 0.54 0.54
4.15 5.09 2.20 478 3.01 5.63 2.18 219 1.86 2.81 3.80 335 3.69 6.08 330 3.29
0.90 1.10 0.50 1.03 0.64 121 045 0.39 0.34 0.60 0.78 0.70 0.77 1.26 0.71 0.68
2.59 3.26 1.53 2.86 1.79 3.36 133 1.04 091 1.68 222 1.94 224 3.65 2.07 1.92
0.41 0.52 0.25 043 0.28 0.51 0.20 0.15 0.12 0.26 033 030 035 0.57 031 0.29
2.76 3.62 1.82 2.79 1.90 317 138 0.99 0.80 1.68 222 195 2.36 3.86 212 2.03
0.45 0.57 0.30 0.44 0.30 0.49 023 0.14 0.12 0.27 035 031 037 0.61 033 0.34
4.45 2.28 3.7 2.96 3.73 2.57 4.09 478 441 3.20 3.53 3.36 5.14 2.72 4.87 3.46
0.88 0.53 0.67 0.52 0.63 049 0.60 0.73 0.68 0.63 0.58 0.63 117 1.52 0.93 1.03
194 10.8 13.8 7.0 13.8 6.47 13.77 8.17 9.07 9.79 7.52 104 17.2 16.7 15.8 15.6
14.1 339 7.40 5.29 7.72 3.84 7.10 10.8 8.96 6.94 7.39 7.25 17.5 11.6 134 129
1.95 0.67 1.76 123 1.21 125 0.77 1.80 1.65 0.83 130 0.98 0.93 0.87 0.67 1.20
10.2 155 103 12.1 12.0 137 154 135 134 116 134 123 9.22 9.29 10.4 114
0.71 0.74 1.04 0.88 0.90 0.90 1.19 0.84 0.87 0.76 0.78 0.72 0.66 0.42 0.73 0.67
0.46 0.48 1.01 0.71 0.70 0.88 0.86 1.09 1.19 121 0.77 1.04 0.55 0.36 0.60 0.53
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Whole rock Sr isotopic data. The last column refers to the analytical session during which the sample was analyzed for Sr isotope composition. The blank, the average #’Sr/*®Sr and
reproducibility of multiple measurements of the NBS987 Sr isotope standard during the appropriate session are given below:

1: 0.710267 £ 01 (2SD, n = 13), blank = 8 pg
2: 0.710283 4 02(2SD, n = 8), blank = 23 pg
3: 0.710284 4 05(2SD, n = 9), blank = 24 pg.

87Sr/%5Sr are reported relative to an accepted 87Sr/%%Sr ratio for NBS987 of 0.71024 (Thirlwall, 1991).

Sample Type Rb (ppm) Sr (ppm) 87Rb/55Sr 87Sr/85sr (2SD) Ise Analytical sessions
DL09-07 MME 50.6 232 0.62 0.711636 (12) 0.70944 1
DL09-08 HR 81.7 172 1.35 0.714290 (10) 0.70950 1
DL09-09 HR 813 367 0.63 0.713877 (13) 0.71164 1
DL09-13 HR 77.0 186 1.17 0.713729 (20) 0.70956 1
DL09-14 MME 74.0 197 1.06 0.713029 (12) 0.70925 2
DL09-15 HR 774 204 1.07 0.713498 (11) 0.70968 1
DL09-16 MME 64.0 212 0.86 0.712413 (11) 0.70937 2
DL09-17 MME 101 169 1.69 0.715355 (13) 0.70933 1
DL09-18 HR 74.2 177 1.18 0.714678 (13) 0.71046 1
DL09-21 HR 88.0 186 1.34 0.714763 (09) 0.70999 1
DL09-22 MME 583 208 0.79 0.712593 (12) 0.70977 1
DL09-24 HR 50.0 246 0.58 0.712486 (07) 0.71044 3
DL09-26 MME 60.6 279 0.62 0.711845 (11) 0.70966 2
DL09-27 HR 54.4 213 0.72 0.712073 (12) 0.70950 1
DL09-30 HR 433 348 0.35 0.709680 (09) 0.70843 1
DL09-31 MME 382 270 0.40 0.709370 (12) 0.70795 1
DL09-32 HR 394 347 0.32 0.709288 (11) 0.70814 1
Isy = (87sr/865r)5a111ple - (87Rb/865r)sample * (e M1 )v )\(87Rb) =142x10"" yr"

Therefore, the apparent decoupling of Nd isotope with Hf (and Sr)
isotopes is significant, and the age-corrected initial HF-Nd-Sr isotopic
ratios can be reliably used to trace magma sources and processes.

5. Discussion
5.1. Isotope constraints on the formation of MMEs

[-type granitoids usually contain various amounts of MMEs (Holden
etal., 1987; Winter, 2010). The origin of the MMEs can hold clues to the
petrogenesis of the entire granitoid-MME systems, yet the origin re-

mains debated. For example, MMEs have been interpreted as restites
(Chappell et al., 1987, 1999); as representing mantle derived melts

Table 4

(Barbarin, 2005; Mo et al., 2007b; Yang et al., 2007; Clemens and
Stevens, 2011); or as mafic cumulate (Wall et al., 1987; Dahlquist,
2002; Niu et al., 2013). In the case of the EKOB, MMEs were interpreted
to represent mantle melts involved in magma mixing because of their
mafic composition. Nevertheless, their negative eng() and relatively ra-
diogenic Sr and Pb isotopes (Liu et al., 2004b; Chen et al., 2011; Xiong
et al,, 2011) are indistinguishable from those of the host rocks, arguing
that if they are indeed mantle melts, they must be derived from an un-
usually enriched mantle source (Liu et al., 2004b; Xiong et al., 2011).

It is not always straight forward to distinguish a cumulate process
from a mixing process in terms of major and trace element data be-
cause both techniques can produce linear trends on Harker plots
(Clemens and Stevens, 2011). In this case, isotopes are robust tools

Whole rock Nd isotopic data. The last column refers to the analytical session during which the sample was analyzed for Nd isotope composition. The blank and average '**Nd/'**Nd and
reproducibility of multiple measurements of the J&M isotope standard during the appropriate session are given below:

1: 0511116 £ 11 (2SD, n = 19), blank = 2 pg
2: 0511101 4 09 (2SD, n = 19), blank = 3 pg.

13Nd/'Nd are reported relative to an accepted ratio for J&M of 0.511110 (Thirlwall, 1991).

Sample Type Nd (ppm) Sm (ppm) 1475 m/144Nd 3Nd/"Nd ena (1) Fu % Analytical sessions
DL09-07 MME 13.1 2.76 0.1282 0.512414 (09) —22 68 1
DL09-08 HR 12.7 2.88 0.1431 0.512362 (10) —3.7 67 1
DL09-09 HR 25.7 4.16 0.0980 0.512278 (09) -39 74 1
DL09-13 HR 18.1 3.25 0.1089 0.512385 (08) —2.1 70 1
DL09-14 MME 34.6 8.25 0.1448 0.512324 (11) —45 71 2
DL09-15 HR 18.0 3.60 0.1215 0.512354 (10) —3.1 73 1
DL09-16 MME 324 7.57 0.1418 0.512337 (09) —41 75 2
DL09-17 MME 35.2 794 0.1370 0.512340 (09) —39 74 1
DL09-18 HR 21.1 3.64 0.1046 0.512342 (08) —28 63 1
DL09-21 HR 21.7 422 0.1179 0.512377 (08) —26 65 1
DL09-22 MME 249 487 0.1188 0.512360 (08) —29 66 1
DL09-24 HR 20.0 442 0.1342 0.512330 (14) —40 71 2
DL09-26 MME 18.7 4,60 0.1491 0.512395 (12) —38 66 2
DL09-27 HR 134 2.50 0.1132 0.512366 (06) —29 67 1
DL09-30 HR 16.0 3.14 0.0282 0.512278 (09) —49 63 1
DL09-31 MME 195 391 0.0287 0.512257 (09) —52 60 1
DL09-32 HR 18.7 3.73 0.0286 0.512253 (07) —53 60 1

ena (1) = [(143Nd/lMNd)sample( )/ (143Nd/144Nd)CHUR

— 1]+ 10,000, where ('*Nd/***Nd)cuur(present) —

("7Sm/"Nd) cur present) * (€ ™ — 1), N(*¥’Sm) = 6.54 x 10~ 2 yr~ . The

147Sm/144Nd and '**Nd/'#*Nd ratios at the present day are 0.1967 and 0.512638 for chondrite, respectively. t = crystallization age of zircon, 250 Ma., Fy: mantle contribution. Fy;

calculation: Ndsample = Ndmantie * Fm + Ndecruse * (1 — ), "*Nd/"**Ndsampte =

BNd/***Ndande * Fv * Ndmante/Ndsample +

143'Nd/]44Ndcrust # (1 — Fym) * Nderust/Ndmante-
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Table 5

Whole rock Hf isotopic data. The last column refers to the analytical session during which the sample was analyzed for Hf isotope composition. The blank and average '7®Hf/"”’Hf and
reproducibility of multiple measurements of the JMC475 isotope standard during the appropriate session are given below:

1: 0.282148 + 08 (2SD, n = 7), blank = 8 pg
2: 0.282143 + 08 (2SD, n = 10), blank = 4 pg
3: 0.282146 + 09 (2SD, n = 8), blank = 1 pg.

76Hf/'77HF are reported relative to an accepted ratio for JMC475 of 0.282160 (Nowell et al., 1998).

Sample Type Lu (ppm) Hf (ppm) 17610/ TTHE 176Hf/177HF(2SD) & (£) Fu% Analytical sessions
DL09-07 MME 0.29 2.89 0.014 0.282792 (14) 4.0 75 1
DL09-08 HR 0.34 4.27 0.011 0.282758 (08) 33 73 2
DL09-09 HR 032 5.39 0.008 0.282615 (11) —-13 62 1
DL09-13 HR 0.32 4.12 0.011 0.282735 (12) 25 71 1
DL09-14 MME 0.95 3.09 0.043 0.282934 (11) 4.1 75 3
DL09-15 HR 0.36 436 0.012 0.282766 (12) 35 74 1
DL09-16 MME 0.90 3.25 0.038 0.282943 (11) 52 77 3
DL09-17 MME 0.78 7.54 0.014 0.282805 (08) 44 75 1
DL09-18 HR 033 440 0.010 0.282758 (11) 34 73 1
DL09-21 HR 0.45 445 0.014 0.282759 (11) 28 72 1
DL09-22 MME 0.57 2.28 0.035 0.282906 (11) 4.5 76 1
DL09-24 HR 0.44 2.96 0.021 0.282764 (09) 1.8 70 1
DL09-26 MME 0.49 2.57 0.027 0.282854 (09) 40 75 3
DL09-27 HR 0.21 4.38 0.007 0.282709 (07) 23 71 2
DL09-30 HR 0.27 3.20 0.012 0.282732 (11) 23 71 1
DL09-31 MME 035 3.53 0.014 0.282595 (08) —-29 58 1
DL09-32 HR 0.31 3.36 0.013 0.282721 (08) 1.7 70 1

EHF (t) = [(1761'”/1 77Hf)sample(t) / (176Hf/1 77Hf)samp]e(t) - 1] * 10,000' where (176Hf/177Hf)CHUR(presem) -

("78Lu/""H) crur (present) * (€ M — 1). The '7°Lu/""’Hf and '®Hf/'7’Hf ratios at the

present day are 0.0332 and 0.282772 for chondrite, respectively. t = 250 Ma. N(*7®Lu) = 1.93 x 10~ "' yr™ !, Fy;: mantle contribution. Fy calculation: Hfsampie = Hfrmantle * Fv +Hferust * (1 — Fua),

YHE/ 7 Hfampte = '"°HE/ " Hfvtante * Fwt * Hfmane/Hfsample + 7°HE/"7 Hfcruse + (1 —

for distinguishing mantle derived magmas (MMEs) (which should
be dominated by a mantle isotopic signature) from crustal melts
(granitoid hosts) (which should be dominated by a crustal isotopic
signature). For example, enclaves from Criffell and Strontian plutons
in northern Britain consistently have higher enq(r) than the adjacent
hosts, representing the mixing process (Holden et al., 1987). Fig. 9
shows, however, that this is not the case in our study. MMEs do not
have consistently higher enq(r) Or €nf(r) than their hosts (Fig. 10)
but overlapping isotopic compositions and they do not show covari-
ations with SiO, or MgO. Furthermore, even samples from the same
host or the same enclave can have different initial isotopes, see @,
@, ® etc. in (Fig. 10). The completely overlapping initial isotopes be-
tween the host rocks and MMEs are indicative of their same origin.
The initial isotopic ratio variations within individual outcrops or

Table 6

FM) * Hfcrust/Hfmantle-

enclaves largely reflect small scale isotopic heterogeneity due to in-
complete homogenization of melts affected by crustal assimilation
or modal variation or both. This is because granitoid magmas under
sub-liquidus conditions are “crystal mashes” and complete homoge-
nization is restricted by the efficient diffusion (Ramos and Reid,
2005; McLeod et al., 2012).

Some authors have invoked that homogenous mixing may have re-
sulted in the overlapping Sr and Nd isotopes between MMEs and host
rocks, by arguing that isotopes and trace elements diffuse faster than
major elements (Mo et al., 2007b), however, this is unlikely. Indeed, el-
ements diffuse on microscopic scales (Lesher, 1990; Allen, 1991; Holden
et al,, 1991), but cannot explain macroscopic process on whole magma
chamber scales with the large isotopic variations within individual host
rocks and MMEs. In contrast, the large variability within the individual

Whole rock Pb isotopic data. The last column refers to the analytical session during which the sample was analyzed for Pb isotope composition. The blank and averages and reproducibility
for multiple measurements of the NBS981 Pb isotope standard during the appropriate session are given below:

1: 2%ph/2%ph: 16.94052 + 092; 2°7Pb/2%/Pb: 15.49770 + 119; 2°%Pb/2%*Pb: 36.71710 £ 382 (2SD, n = 8), blank = 10 pg
2: 206pp204ph: 16.94102 =+ 184; 2°7Pb/?%Pb: 15.49811 + 142; 2°5Pb/2%Ph: 36.71791 = 512 (2SD, n = 11), blank = 80 pg
3: 205ph204ph;: 16.94083 =+ 274; 2°7Pb/?%Pb: 15.49706 + 115; 28Pb/2%Ph: 36.71478 =+ 399 (2SD, n = 17), blank = 79 pg.

Sample Type Pb(ppm) Th(ppm) U (ppm) 2°5Pb/2%pb (2SD) 207Pb/2%4Pb (2SD) 203Pb/2%4Pb (2SD)  20%Pb/2%4Pb; 207Pb/?%4Pb;  20%Pb/?%4Ph;  Analytical sessions
DL09-07 MME 115 41 0.7 18.634 (1) 15.642 (1) 38.752 (4) 38475 15.634 18.480 1
DL09-08 HR  16.1 10.2 14 19.184 (1) 15671 (1) 39.009 (5) 38513 15.661 18978 2
DL09-09 HR 143 11.7 1.1 18.675 (1) 15.654 (1) 39.241 (3) 38.601 15.644 18.489 1
DL09-13 HR 187 11.6 13 18.775 (1) 15,649 (1) 38977 (3) 38.491 15.640 18.612 1
DL09-14 MME 155 1.7 0.6 18.658 (1) 15642 (1) 38574 (3) 38.487 15.637 18.561 1
DL09-15 HR 156 9.1 1.0 18.860 (1) 15652 (1) 38988 (3) 38532 15.644 18.704 1
DL09-16 MME 12.7 2.1 06 18527 (1) 15.635 (1) 38.568 (3) 38439 15.629 18.414 2
DL09-17 MME 123 10.6 13 18972 (1) 15661 (1) 39.198 (4) 38525 15.648 18.709 2
DL09-18 HR  17.2 13.8 1.1 18.645 (1) 15.645 (1) 39.130 (4) 38.502 15.638 18.496 1
DL09-21 HR 194 14.1 20 18.780 (1) 15.651 (1) 39.049 (3) 38479 15.639 18538 1
DL09-22 MME 108 34 0.7 18.580 (1) 15.641 (1) 38.680 (3) 38435 15.633 18.431 1
DL09-24 HR 7.0 5.3 12 19.074 (1) 15.669 (1) 39.172 (4) 38579 15.647 18.650 3
DL09-26 MME 6.5 3.8 13 18.968 (1) 15.665 (1) 38.996 (3) 38.533 15.641 18.503 2
DL09-27 HR 127 7.2 038 18.674 (2) 15.646 (1) 38943 (4) 38.498 15.638 18,517 1
DL09-30 HR 9.79 6.94 0.83 18.660 (1) 15641 (1) 38971 (3) 36.021 15.548 16.876 2
DL09-31 MME 752 7.39 130 18.652 (1) 15.640 (1) 39.151 (5) 36.175 15.545 16.818 2
DL09-32 HR 104 7.25 098 18.610 (1) 15.638 (1) 38.963 (4) 35.990 15.543 16.786 2

206pp 204pp, — (2°5Pb/2°4l’b)samp1e
N(®2Th) = 495 x 10~ yr

(238U/204Pb)sample * (e

N — 1) t = 250 Ma. 2%8Pb/2%4Pb,; and 2°7Pb/?%4Pb; are similar. N(?*U) = 1.55 x 10~ '%yr

—1N%PU) =9.85x 107 0yr!
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Fig. 4. SiO, variation diagrams of representative elements of the EKOB samples, showing fractional crystallization dominated trends.

host and MME indicates that the diffusion was rather limited. Several
observations are indicative of cumulate origin for MMEs: (1) Mineralog-
ically, the MMEs are the same as their hosts but differ in modal abun-
dances (see Fig. 2); (2) the oval shapes and shared mineralogy imply
that the MMEs were plastic and in thermal equilibrium with their
hosts at the time of emplacement; (3) the coherent compositional
trend on the Harker diagrams is more like liquid lines of descent
(Fig. 4); (4) MMEs have higher abundances of HREEs than their respec-
tive host (Fig. S1); (5) importantly, the MMEs and host rocks have
overlapping and indistinguishable isotopes (Figs. 9, 10). These all dem-
onstrate that MMEs are disintegrated early liquidus mineral cumulate
and then may have been disturbed by subsequent replenishment and
induced magma convection in the magma chamber.

In this context, it is worth mentioning that some Sr-Nd-Pb isotope
data reported for ‘mafic veins’ in granitoids from Yuegelu units in the
EKOB have been considered as the mafic end-member during magma
mixing (Liu et al., 2004b). However, these mafic veins also have the
same mineralogy and same isotopes as both enclaves and hosts

granitoids (Fig. 11). We consider these “mafic veins” to be large bodies
of cumulate origin.

Magma mixing is a common process, and we do not intend to inval-
idate its role in the petrogenesis of the EK granitoids. However, our ob-
servations suggest that caution is necessary when invoking ‘magma
mixing’ without a thorough consideration of the data.

5.2. Geochemical constraints on the source

Our Sr, Pb and Nd isotope data set is in agreement with previous
results (Liu et al., 2004b) showing radiogenic Sr and Pb and slightly
radiogenic Nd isotopes, which indicate possible contributions of con-
tinental crustal materials, whereas the notably positive ey(t) values
are indicative of juvenile crustal materials and argue for significant
mantle input. As the crustal contamination during melt emplace-
ment is inevitable, the ey¢(t) values in the parental melt would
thus have been underestimated and thus should be more positive
pointing to even stronger mantle signatures. To produce large
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in hosts and enclaves indicate the presence and involvement of old crustal material.

volumes of andesitic batholiths with mantle isotope signature, a ba-
saltic source is required (Mo et al., 2008). In this case, oceanic crust is
the most probable candidate because it can impart its inherited man-
tle isotopic signatures to the derivative melt (Niu, 2005; Tatsumi,
2006; Mo et al., 2008; Niu and O'Hara, 2009). The subducted oceanic
crust may be from the A'nyemaqgen Ocean, which is a branch of the
Paleo-Tethyan that started opening around 308 Ma (Yang et al.,
2009). The subducting/subducted materials comprise at least two
chemically different components: altered basaltic oceanic crust and
more silicic sediments (Tatsumi, 2006). The incompatible elements
are depleted in the oceanic crust produced at ocean ridges but can
be significantly enhanced through hydrothermal alteration and sea
floor weathering especially with the involvement of terrigenous sed-
iments of upper continental crust origin (Niu, 2005; Niu and O'Hara,
2009).

In Fig. 11, the EKOB granitoid isotope data plot along an apparent
“mixing” trend between the Paleo-Tethyan oceanic crust (represented
by the 350 Ma ophiolitic MORB in Qinling, central China; Xu et al.,
2002) and continental crustal compositions (terrigenous sediments
represented by the Shaliuhe gneiss; Meng et al., 2005a). The high
€qf(r) can be reasonably well modeled by melting of the Paleo-Tethyan
MORB along with the subducting/subducted terrigenous sediments of
Shaliuhe gneiss composition. The apparent decoupling between Nd
and Hf isotopes is caused by the large difference in Nd/Hf ratios between
the sediment and the oceanic crust which makes the mixing line highly
curved and shift away from the terrestrial array (Fig. 11). In terms of Hf-
isotopes, mass balance requires ~58-77% mantle contribution (i.e., the
Paleo-Tethyan MORB), i.e., ~23-42% (Table 5) terrigenous sediments
(i.e., the Shaliuhe gneiss); and requires ~60-74% mantle contribution
in terms of Nd isotopes (Table 4). The Shaliuhe gneiss in the EKOB is
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dated at 920 Ma and has a metamorphic age of 400-500 Ma (Zhang
et al., 2003b; Meng et al., 2005b; Chen et al., 2007a). The ~400-
500 Ma granitoids are also present in the EKOB. These two time periods
are consistent with the ages of inherited zircons, implying that they
were both involved in the 250 Ma magmatism. Terrigenous sediments
melted alongside oceanic crust also result in the isotope heterogeneity
(see above) and radiogenic Sr and Pb isotopes. Despite the substantial
proportion of mantle materials indicated by the isotopic compositions,
the EKOB parental magmas were likely derived from partial melting of
subducting oceanic crust rather than ascending asthenospheric mantle
as proposed by Luo et al. (2002). The latter would produce basaltic rath-
er than granitoids melts.

5.3. Mechanism and conditions of Paleo-Tethyan oceanic crust melting

In the pioneering studies, the trace elements for 260-240 Ma intru-
sions in the EKOB indicate either a post-collisional setting or an active

arc (Harris et al., 1988b). But Harris et al. (1988b) emphasized that
the large long-lived magmatism required to produce such huge batho-
liths is more likely to occur in an active arc setting rather than a syn/
post-collision setting (Harris et al., 1988b). It has been accepted since
then that the period of 260-240 Ma is subduction-related. However,
this interpretation did not carefully consider the stratigraphic records.
The late Permian molasse (Jiang et al., 1992; Zhang et al., 2004; Li
et al., 2008) indicates that the onset of collision had happened at the
late Permian. Also the angular unconformity between the upper-
Permian to lower-Triassic marine strata and lower-Permian terrestrial
strata in the EKOB (Jiang et al., 1992; Li et al., 2008) represents a conti-
nental uplift event. Considering the strata records, the 260-240 Ma
batholiths can be interpreted more precisely as syn-collisional intru-
sions. Furthermore, Mo et al. (2008) already demonstrated that syn-
collisional magmatism is capable of producing volumetrically signifi-
cant granitoid batholiths. Therefore, we argue that these granitoids
were produced in a syn-collisional setting.

More and more geochemical and petrological observations have
suggested that partial melting of subducted sediment/basalt is neces-
sary (Kelemen et al., 2003 and references therein). Partial melting of
subducted young, hot slab will produce high MgO andesites (Tatsumi,
2006) or ‘adakites’ (Castillo, 2006) rather than the andesitic granitoids
with low MgO. Mo et al. (2008) offer a reasonable mechanism to ad-
dress this issue. In their model, when the collision begins, the subducted
slab evolves along a higher T/P geotherm (solid line with arrow in
Fig. 12) due to the retarded underthrusting rate. This allows the slab
to have longer time to approach thermal equilibrium with the prior
hot active continental margin (Fig. 13B, see below) and finally melt
when the highly altered oceanic crust and sediments intersect the soli-
dus of hydrous basaltic/granitic solidi under amphibolite facies condi-
tions (Fig. 13C). The A'nyemaqgen ocean started opening in the
Carboniferous (Fig. 13A, Yang et al., 2009) and closed during the late
Permian (Zhang et al., 2004) before the collision between Songpai-
Ganzi (SG) and Qaidam (Fig. 13B). Abundant magmatism happened
during the subduction-collision time (Harris et al,, 1988a) establishing
a warm active continental margin environment with a geotherm of
probably > 20 °C/km (>900 °C at depths of 45 km beneath an arc;
Kelemen et al., 2003) before collision (Fig. 13B). Following the simple
calculation by Mo et al. (2008), we can expect at least 40,000-
55,000 km? andesitic rocks produced along the 1,000 km EKOB per
Myr under the amphibolite-facies conditions (Fig. 12). It is important
to note that partial melting must have taken place under the
amphibolite-facies conditions because the granitoids have flat
HREE patterns (Figs. 5, S1) without a ‘garnet signature’ (Mo et al.,
2008; Wang et al., 2013). More evidence comes from zircon satura-
tion temperature calculated from bulk rock compositions (Watson
and Harrison, 1983) giving ~734 °C, similar to the Amp-Pl mineral
thermometer ~737 °C (Xiong et al., 2011). This temperature is well
above the wet solidus of basaltic rocks (the wet solidus is relevant
because the subducting/subducted oceanic crust must have been hy-
drothermally altered and weathered on the seafloor) (Mo et al.,
2008).

5.4. Continental crust growth in the collision zone

Studies of the Linzizong volcanic succession (LVS) in southern Tibet
have demonstrated that juvenile continental crust is produced via par-
tial melting of the ‘trapped’ oceanic crust under the amphibolite facies
conditions and preserved as ‘net crust growth’ in the collision zones
(Niu et al., 2007; Mo et al.,, 2008; Niu and O'Hara, 2009; Niu et al.,
2013). The syn-collisional Kunlun batholiths provide more geochemical
and isotopic data to support this hypothesis. First of all, the bulk compo-
sitions of granitoids are similar to the bulk continental crust with almost
identical sub-chondritic Nb/Ta, and Sr and Eu depletion (Fig. 5). Second-
ly, the whole rock Sr-Nd-Pb-Hf isotopes can be explained by partial
melting of subducted Paleo-Tethyan MORB with 20%-40% terrigenous
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Fig. 9. Isotopes versus MgO and SiO-, plots showing overlapping isotopes between MMEs with higher MgO/lower SiO, and the granitoid hosts with lower MgO/higher SiO,. The negative
ena(t) values are suggestive of the crustal contribution while the dominant positive gy¢(t) values are suggestive of mantle input.

sediments of Shaliuhe gneiss composition in the melting region under
the amphibolite-facies conditions (Fig. 11). Though the granitoids in
the EKOB have relatively unradiogenic Nd isotope (eng(r) <0) compared
to the LVS, they have very positive eug(r) values (up to 5.2), which is
more convincing evidence that they are juvenile crust newly formed
from oceanic crust partial melting with inherited mantle isotopic signa-
tures and crustal/sediment contribution.

6. Conclusions

1. The Permian-Triassic batholiths (240-260 Ma) along the East Kun-
lun Orogenic Belt (EKOB) cover an area of ~20,000 km?, representing
about half of all of the intrusions. They are products of syn-collisional
magmatism shortly after the Late-Permian closure of the Paleo-
Tethyan Ocean (A'nyemagen branch).

2. The MMEs and granitoid hosts have the same crystallization age,
share the same mineralogy and contain indistinguishable isotope
compositions. Therefore, the MMEs are consistent with being cumu-
late lithologies of more mafic compositions produced at earlier
stages of the same magmatic systems derived from partial melting

of the subducting/subducted oceanic crust. The isotope variations
of similar range for both granitoid hosts and the MMEs are not the
evidence of magma mixing but reflect the magma heterogeneity
due to the source heterogeneity and crustal contamination on vary-
ing local scales.

. The large volumes of these granitoids require partial melting of a ba-

saltic source with mantle isotopic signatures. The radiogenic Sr and
Pb isotopes and slightly unradiogenic Nd isotopes indicate the
input of crustal materials, while the positive eys)values emphasizes
the significant mantle contribution. Although ey is elevated at a
given enq(r), it can be readily explained by partial melting of the
subducted Paleo-Tethyan MORB alongside the terrestrial sediments
represented by Shaliuhe gneiss under the amphibolite-facies condi-
tion. Both Nd and Hf isotopic modellings indicate ~60-80% mantle
input.

4. The granitoids have broad compositional similarities to the bulk con-

tinental crust and have a large mantle component, thus representing
newly formed juvenile crustal contributions in the EKOB. Although
the closure time of the Paleo-Tethyan ocean is not well constrained,
the stratigraphic records (the Ilate-Permian molasses, the
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unconformity between upper-Permian to lower-Triassic and lower
Permian sequences) indicate that the onset of collision was during
the late Permian. Therefore, these granitoids were formed in a
syn-collisional setting, and offer new evidence in support of the
hypothesis that collision zones are primary sites where net conti-
nental crust is produced and preserved.
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Fig. 11. Showing that the mafic enclaves (MME), host rocks in this study and mafic-diorite
veins in the literature (Liu et al., 2004b; Xiong et al., 2011) all have indistinguishable iso-
tope compositions and they plot along an apparent ‘mixing’ trend between Paleo-Tethyan
MORB and terrestrial sediments (the Shaliuhe gneiss). Terrestrial array is from Chauvel
et al. (2008). Sr, Nd and Pb isotopes and elemental concentrations for Paleo-Tethyan
MORB are from the east part of the northernmost branch of the Paleo-Tethyan realm
(87Sr/38Sr: 0.7055, "3Nd/'44Nd: 0.51313, 2°6Pb/2%4Pb: 17.257, 2°7Pb/2%4Pb: 15.532, Sr:
69.07 ppm, Nd: 6.5 ppm, Hf: 1.87 ppm, Pb: 1.91 ppm) (Xu et al., 2002). Hf isotope for
MORB is inferred from Nd isotope following the equation (g = 1.59€ng + 1.28) given
by Chauvel et al. (2008) because of the statistically significant Hf~Nd isotope ratio correla-
tion (Zindler and Hart, 1986). Sr isotope (37Sr/%6Sr: 0.7180, Sr: 300 ppm) for the
Shaliuhe Gneiss is from Harris et al. (1988a). Nd and Pb isotope data ('4>Nd/'#4Nd:
0.5121, 2°6Pb/294Pb: 20.000, 2°7Pb/2%Pb: 15.750, Nd: 33 ppm, Pb: 19.50 ppm) for
the Shaliuhe Gneiss are from Chen et al. (2007b) and Meng et al. (2005a). Hf isotope
data ("7®Hf/'77Hf: 0.28218, Hf: 4 ppm) for the Shaliuhe Gneiss are from Chen et al.
(2007c). Gray square: Host rocks and enclaves from (Xiong et al., 2011). Triangle:
host rocks, enclaves and mafic veins from Liu et al. (2004b).
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