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Abundant early Paleozoic granitoid plutons are widely distributed in the North Altun orogenic belt. These rocks
provide clues to the tectonic evolution of the North Altun orogenic belt and adjacent areas. In this paper, we
report an integrated study of petrological features, U-Pb zircon dating, in situ zircon Hf isotope and whole-
rock geochemical compositions for the Abei, 4337 Highland and Kaladawan Plutons from north to south in the
North Altun orogenic belt. The dating yielded magma crystallization ages of 514 Ma for the Abei Pluton,
494 Ma for the 4337 Highland Pluton and 480-460 Ma for the Kaladawan Pluton, suggesting that they are all
products of oceanic slab subduction because of the age constraint. The Abei monzogranites derived from the
recycle of Paleoproterozoic continental crust under low-pressure and high-temperature conditions are products
of subduction initiation. The 4337 Highland granodiorites have some adakitic geochemical signatures and are
sourced from partial melting of thickened mafic lower continental crust. The Kaladawan quartz diorites are
produced by partial melting of mantle wedge according to the positive gy¢(t) values, and the Kaladawan
monzogranite-syenogranite are derived from partial melting of Neoproterozoic continental crust mixing the
juvenile underplated mafic material from the depleted mantle. These results, together with existing data, provide
significant information about the evolution history of oceanic crust subduction during the 520-460 Ma. The ini-
tiation of subduction occurred during 520-500 Ma with formation of Abei Pluton; subsequent transition from
steep-angle to flat-slab subduction at ca.500 Ma due to the arrival of buoyant oceanic plateaus, which induces
the formation of 4337 Highland Pluton. With ongoing subduction, the steep-angle subduction system is
reestablished to cause the formation of 480-460 Ma Kaladawan Pluton. Meanwhile, it is this model that account
for the temporal-spatial distribution of these early Paleozoic magmatic rocks in the North Altun orogenic belt.
© 2016 Published by Elsevier B.V.

1. Introduction

decompression melting of the continental crust to form the subduction-
related peraluminous granitoids (Chen et al., 2014; Collins, 2002; Collins

It is the “subduction factory” that is famous for the abundant magmatic
activity caused by the intense interaction between the crust and mantle
(Tatsumi and Kogiso, 2003), so the granitoids play an important role on
the rebuilding the subduction history (e.g. Barbarin, 1999; Yang et al,
2012; Zhao et al., 2008). Meanwhile, the distribution and characteristics
of magmatic rocks at an active continental margin are influenced by the
subduction angle of the oceanic slab, the convergence rate between two
plates and the presence of aseismic ridges or oceanic plateaus (Condie,
2005a; Wilson, 2007).

In a steep-angle subduction system, trench retreat, oceanic slab
rollback and lithospheric extension of the fore-arc region can trigger
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and Richards, 2008). However, a flat-slab subduction system in which
the descending and overriding plates are more strongly coupled generates
lithospheric contraction with intense compressional deformation, volcanic
gaps and the retro-arc foreland basins (Condie, 2005a; Kay et al., 2005;
Ramos et al., 2002; Ramos and Folguera, 2009). In this situation, the mantle
wedge beneath the continental crust is so thin that crustal assimilation is
significant and external fluids are able to penetrate the mantle to induce
partial melting of the thickened lower continental crust (Chiaradia et al.,
2009; Kay and Abbruzzi, 1996; Zhu et al,, 2013). Studies of the Central-
Southern Andes indicate that the subduction angle varies rather than re-
maining constant, and the transition from steep-angle to flat-slab subduc-
tion is caused by the intermittent subduction of buoyant oceanic plateaus
(Cawood et al., 2009; Collins, 2002; Collins and Richards, 2008; Li and Li,
2007; Lister and Forster, 2009). In addition, Lister and Forster (2009)
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proposed that orogenesis is typified by the repeated transition from lith-
ospheric extension to contraction; the formation of some ore deposits is
linked to this transition, such as the El Indio mineral district in the South-
ern Andes (Kay and Mpodozis, 2001).

The Altun orogenic belt at the northeastern margin of the Tibetan Pla-
teau has recorded the breakup of the Rodinia supercontinent, oceanic ridge
spreading, oceanic crust subduction, continental collision and orogenic col-
lapse from the Neoproterozoic to the Paleozoic (Gehrels et al., 20033,
2003b; Guo et al,, 2005; Han et al.,, 2012; Sobel and Arnaud, 1999; Wang
et al, 2013; Yu et al,, 2013; Zhang et al,, 2005, Zhang et al., 2014). And
the North Altun orogenic belt (NAOB) is one structural unit in it. Numerous
authors have focused on the tectonic evolution of NAOB during the Paleo-
zoic (Fig. 1), particularly the presence of ophiolites, magmatic assemblages
and high-pressure/low-temperature metamorphic rocks (HP/LT) (Han
et al.,, 2012; Hao et al., 2006; Liu et al., 2013; Qi et al., 2005a, 2005b;
Wau et al,, 2002; Wu et al,, 2005, 2007; Wu et al,, 2016; Xiu et al,, 2007;
Yang et al., 2008; Zhang et al., 2005). These studies have shown that
these rock assemblages formed in an active continental margin setting
during the period of early Paleozoic. Although the tectonic evolution of
the region is divided into three stages and it is known that subduction
of oceanic crust occurred during 520-460 Ma (Gehrels et al., 20033,
2003b; Han et al., 2012; Zhang et al., 2015), the subduction history has
not yet been proposed.

In this paper we report petrological, geochemical, zircon U-Pb
chronological and Lu-Hf isotopic data for the early Paleozoic granitoids
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from the NAOB in order to discuss their petrogenesis and tectonic
implication. We also propose a new model in which the subduction
angle changed during the early Paleozoic, thereby accounting for the
temporal-spatial distribution of these magmatic rocks.

2. Tectonic setting
2.1. Regional geology

The Altun orogenic belt is ~800 km long and ~150 km wide and it
has been divided into four secondary tectonic units (Fig. 1a): (1) the
Dunhuang Block (DB), (2) the North Altun orogenic belt (NAOB),
(3) the Central Altun Block (CAB), and (4) the South Altun orogenic
belt (SAOB) (Xu et al., 1999). These four tectonic units are similar
with those in the Qilian Mountain (Fig. 1a), assuming 350-400 km of
left lateral displacement for the Altyn Tagh fault (Ritts and Biffi, 2000;
Xu et al., 1999; Zhang et al,, 2015).

The Precambrian basement exposed in the DB is mainly the
Neoarchean to Paleoproterozoic Aketashitage Group (Fig. 1b) which
comprises various types of mafic granulite, amphibolite and granitic
gneiss (Long et al., 2014; Lu et al., 2008). Lu et al. (2008) reported a
3605 + 43 Ma inherited zircon age from the Aketashitage Group
which is the oldest one found in Northwest China.

The NAOB is bounded by the Northern Altun Fault to the north
within the DB (Fig. 1b). This belt is 300 km long and extends NEE-
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Fig. 1. (a) Geological map showing the tectonic units in the Altun Mountains and adjacent areas (after Xu et al., 1999). (b) Simplified geological map of the Altun Orogenic belt showing the
distribution of Precambrian basement and early Paleozoic ultramafic rocks, volcanic rocks and magmatic rocks. (c) Geological map of the study area. The zircon U-Pb age data in (b) are
from previous studies (Qi et al., 2005a, 2005b; Wu et al., 2005, 2007; Hao et al., 2006; Han et al., 2012). Abbreviation: DB = Dunhuang Block; NAOB = North Altun orogenic belt; CAB =
Central Altun Block; SAOB = South Altun orogenic belt; AB = Alashan Block; NQOB = North Qilian orogenic belt; QLB = Qilian Block; NQDOB = North Qaidam orogenic belt.
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SWW; it is offset by the Altyn Tagh Fault. It consists mainly of early
Paleozoic ophiolites, various volcanic and granitic rocks, high-pressure
eclogites and flysch sediments. Magmatic zircon dating of the
Qiashikasayi ophiolites gives ages of 490-450 Ma. The geochemical
characteristics of these ophiolites suggest that they were formed in a
subduction setting (Liu et al., 2013; Wu et al., 2002; Xiu et al., 2007;
Yang et al., 2008). The blueschists and eclogites occur as lenses sur-
rounding the meta-pelite show a cold subduction zone with a thermal
gradient of 6-8 °C/km ™! (Zhang and Meng, 2006); zircon dating displays
the blueschists and eclogites formed between 510 and 440 Ma (Zhang
et al., 2015). The magmatic rocks can be subdivided into two groups:
520-470 Ma subduction-related I-type (the magmatic rocks derived
from partial melting of the igneous rocks) granitoids (Gehrels et al.,
20034, 2003b; Han et al., 2012; Qi et al., 2005a; Wu et al., 2005, 2007;
Wu et al,, 2016), and 440-400 Ma I- and S-type (the magmatic rocks de-
rived from partial melting of the sedimentary rocks) anorogenic granit-
oids (Han et al., 2012; Meng et al., 2016; Qi et al., 2005b; Wu et al.,
2005, 2007). According to these rock assembles, Zhang et al. (2015) pro-
posed that the NAOB is an accretionary orogenic belt that has both a HP/
LT belt and a high-temperature magmatic arc belt.

The Daban Fault divides the CAB from the NAOB in its northern
side (Fig. 1b); the former consists of Neoproterozoic Altyn Group
amphibolite-facies felsic gneisses, marbles and amphibolites (Wang
et al,, 2013; Yu et al.,, 2013), and Mesproterozoic to Neoproterozoic
Jinyanshan Group meta-sedimentary and meta-volcanic rocks (Zhang
et al,, 2014). Meanwhile, the inherited zircons from Altyn Group reveal
the existence of Paleoproterozoic to Mesproterozoic crystalline base-
ment in the CAB (Wang et al., 2013).

The SAOB is situated to the south of the CAB and is restricted to the
NE-SW striking Altyn Tagh Fault. The presence of ultra-high pressure
(UHP) eclogite (Liu et al., 2007), high pressure granulite (Liu et al.,
2009) and various Ordvician magmatic rocks (Cao et al., 2010) indicate
the SAOB is a typical collision orogenic belt (Zhang et al,, 2015).

2.2. Sample descriptions
For the rebuilding of the evolution history of NAOB, samples were col-

lected from the Abei Pluton, the 4337 Highland Pluton and the Kaladawan
Pluton, which occur from north to south in the NAOB (Fig. 1c).
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The Abei Pluton exposed over an area of >20 km? occurs at the inter-
section of the Northern Altun fault and its subordinate fault. The pluton
comprises monzogranite (514 Ma, seen in the Section 4.1), biotite
monzogranite and porphyritic granite. The biotite monzogranite
and porphyritic granite (410-400 Ma, Meng et al., 2016) intruded the
Cambrian volcanic-sedimentary rocks and in fault contact with the
monzogranite (Fig. 1c). The different crystallization ages between
these rocks imply they formed different settings and the monzogranite
is the main study object in our paper. The monzogranite (Fig. 2a) is
dominated by a fine- to medium-grained assemblage of K-feldspar
(35-45%), plagioclase (25-30%), quartz (20-25%), biotite (<5%) and
accessory minerals. Some quartzs form tiny grains due to dynamic
recrystallization, others are undolose extinction (Fig. 3a).

The 4337 Highland Pluton is a homogeneous granodiorite intrusion
of 50 km? in area, located in the northwest of the Kaladawan area. The
intrusion is ~10 km long and is east-west trending (Fig. 1c); it is over-
lain by Quaternary sediments in the south and intruded Cambrian
volcanic-sedimentary rocks in the north (Fig. 2b). This pluton is
medium-grained and has a ductile-brittle gneissic structure (Fig. 2c)
with a mineral assemblage of quartz (15-20%), K-feldspar (25-30%),
plagioclase (35-45%), amphibole (10-15%) and minor biotite. Titanite,
apatite, epidote and zircon generally occur as accessory minerals. The
amphibole is typically aligned to form gneissic structure with the
K-feldspar fragments and undolose extinction quartzs (Fig. 3b).

The Kaladawan granitic pluton, located on the southern margin of
the NAOB, is ~15 km long and 2-3 km wide and lies along in the
north of the volcanic magmatic arc represented by Ordovician
volcanic-sedimentary rocks (Fig. 1c). It intrudes Cambrian volcanic-
sediments (Fig. 2d) and consists mainly of quartz diorite, monzogranite
and syenogranite (Fig. 2e and f). No sharp contacts between these rocks
were observed in the field. The quartz diorite is medium-grained and
consists of quartz (5-10%), plagioclase (Ansg_40, 50-55%), amphibole
(20-25%), biotite (5-10%, mainly altered to chlorite) and minor
amounts of apatite, zircon and Fe-Ti oxides. The plagioclase is mainly
andesine with zonal texture (Fig. 3c). The medium- to coarse- grained
monzogranite is brown-red in color and comprises quartz (20-30%),
K-feldspar (35-45%), plagioclase (An;s_»s5, 25-30%) and accessory
apatite, zircon, epidote, titanite, and Fe-Ti oxides. The plagioclase is
albite-andesine with multiple twins and the K-fledspar is altered to
clay minerals (Fig. 3d). The fine-grained syenogranite contains quartz

Granodiorite of the
24337 Highland Pluton

Cambrian volcanics/
sediments
A

uz diorite of
the Kaladawan Pluton

5

Fig. 2. Field photographs of early Paleozoic granitoid plutons in the NAOB, showing the compositions and contact relationships. (a) Monzogranite of the Abei Pluton; (b) intrusive contact
between the 4337 Highland Pluton and Cambrian volcanic-sedimentary rocks; (c) intensely foliated granodiorite of the 4337 Highland Pluton; (d) intrusive contact between the
Kaladawan Pluton and Cambrian volcanic-sedimentary rocks; (e) and (f) quartz diorite and syenogranite of the Kaladawan Pluton, respectively.
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Fig. 3. Microphotographs of representative samples from Abei, 4337 Highland and Kaladawan Plutons in the NAOB. (a) Abei monzogranite (07A001-3, cross-polarized light); (b) 4337
Highland granodiorite (10H262-2, plane-polarized light); (c) Kaladawan quartz diorite (14K908-3, cross-polarized light); (d) Kaladawan monzogranite (12K429-3, cross-polarized
light). Mineral abbreviations: Q = quartz, Kfs = K-feldspar, Pl = plagioclase, Bi = biotite, Amp = amphibole.

(25-30%), K-feldspar (50-60%), plagioclase (15-25%), biotite (5-10%),
and accessory zircon, apatite, and epidote.

3. Analytical methods
3.1. Zircon U-Pb geochronology

Four representative fresh samples were chosen for SHRIMP zircon
U-Pb analysis. Zircons were separated using conventional crushing
and sieving, followed by standard magnetic and heavy-liquid separation
techniques. They were then handpicked by a binocular microscope,
mounted in epoxy and polished to expose the cores of the grains for
cathodeluminescence (CL) imaging and isotopic analysis. The zircons
were imaged under CL at the Institute of Geology and Geophysics,
Chinese Academy of Sciences, Beijing, China. Zircon U-Pb analysis was
conducted by SHRIMP II at Curtin University in Perth, Australia and
the data were collected remotely at the Beijing SHRIMP Center, Institute
of Geology, Chinese Academy of Geological Sciences, Beijing using the
SHRIMP Remote Operation System. Details of the analyses and settings
can be found in Song et al. (2002). The primary ion current was 4-6 nA
and the spot diameter was 25-30 pm. The TEM (417 Ma) and SL13
(572 Ma, U = 238 ppm) were used as an external standard for age correc-
tion and U, Th contents, respectively. The analytical data are presented in
Table 1. Errors for individual analyses were given at the 10 level, and de-
viations for pooled analyses were given at the 95% confidence level.
Concordia diagrams and weighted mean ages were produced using the
programs ISOPLOT Version 3.0 (Ludwig, 2003).

3.2. In situ zircon Lu-Hf isotopic analyses

In situ zircon Lu-Hf isotopic analyses were carried out at the State
Key Laboratory of Geological Process and Minerals Resources, China
University of Geosciences, Wuhan, China. A Nu Plasma Il MC-ICP-MS
was used for determination for the Lu-Hf isotopes. The analyses were

conducted using a spot size of 50 um, a 10 Hz repetition rate and a
laser power of 40 m]/pulse. '7°Hf/'”’Hf = 0.7325 (Chu et al., 2002)
and Py, = 0.8725 x Pyr (Xu et al,, 2004) were used for the instrumental
mass bias correction of Hf isotopes and instrumental mass bias coeffi-
cient (B) calculation of Yb isotopes. The '76Yb/'72Yb = 0.5886 and
1761 4/75Lu = 0.02655 were determined to correct the isobaric interfer-
ences of '75Lu and 7®Yb on ®Hf (Chu et al., 2002). The weighted mean
176Hf/177Hf ratio of 0.282301 <+ 0.000017 from the standard zircon
91,500 was similar to the ratio of 0.282307 + 0.000031 reported by
the previous reference (Wu et al., 2006).

The values of ey(t), Tom, Tém, and (176Lu/?7Hf); were calculated by
the equations as following:

CHUR.0

eyr(t) = <((176Hf/177]-]f)S_(176Lu/177Hf>S % (e\t_1)>/<(176Hf/177Hf)

("L THE) % (e"t—]))—1> x 1000

CHUR

Tom = 1/ x <1 + ((176Hf/‘77Hf)s-(176Hf/”7Hf)DM)

/( (”6Lu/”7Hf)S—(”eLu/me) DM))

Tow?-Tom— (Tom—t) (((”GLu/me)Lc/(”GLu/me)CHUR—l)

_ ((176Lu/177Hf)S/(176Lu/177Hf>CHUR_1)>/(((176Lu/177Hf) .
(5070 0 ) () )

<176Lu/177Hf> _ (176Hf/177Hf)s_(176Lu/177Hf>S % (e"‘—l)

i
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Table 1
SHRIMP U-Pb dating data of zirons from Abei Pluton, 4337 Highland Pluton and Kaladawan Pluton in North Altun orogenic belt, respectively.
Sample Content (ppm) Th/U Age (Ma, 10) Ratios
U Th 206pp* 206pp 238( 207ppy* 235 16 206ppy*238( 16
Abei Pluton (monzogranite)
07A001-3.1 400 193 294 0.48 5304 £+ 9.5 0.672 0.028 0.0856 0.017
07A001-3.2 573 348 39.7 0.61 500.7 + 9.1 0.643 0.022 0.0807 0.017
07A001-3.3 594 538 421 0.91 5114 + 9.8 0.639 0.025 0.0823 0.017
07A001-3.4 1083 1184 78.0 1.09 520.0 &+ 10 0.663 0.022 0.0837 0.017
07A001-3.5 662 574 47.7 0.87 520.1 £+ 10 0.666 0.021 0.0839 0.017
07A001-3.6 308 230 222 0.75 517.8 + 9.9 0.687 0.026 0.0838 0.018
07A001-3.7 199 103 14.0 0.52 507.6 + 9.7 0.650 0.043 0.0819 0.018
07A001-3.8 350 182 25.2 0.52 5193 £ 9.5 0.649 0.029 0.0836 0.017
07A001-3.9 417 112 29.5 0.27 5105 + 8.9 0.689 0.024 0.0824 0.017
07A001-3.10 426 250 30.1 0.59 509.8 &+ 9.3 0.666 0.023 0.0830 0.017
07A001-3.11 254 149 183 0.59 5183 £ 9.9 0.650 0.034 0.0825 0.018
07A001-3.12 577 384 41.1 0.67 5143 £ 94 0.670 0.027 0.0827 0.017
Weighted mean of 12 points
4337 Highland Pluton (granodiorite)
10H262-2.1 606 200 42.8 0.33 498.8 + 9.7 0.646 0.044 0.0805 0.020
10H262-2.2 240 123 16.6 0.51 496.8 + 9.3 0.657 0.050 0.0803 0.019
10H262-2.3 407 146 27.8 0.36 490.2 + 8.7 0.635 0.025 0.0791 0.018
10H262-2.4 915 370 63.4 0.40 4989 + 8.6 0.667 0.021 0.0807 0.018
10H262-2.5 336 192 27.4 0.57 4945 4+ 9.8 0.783 0.064 0.0809 0.018
10H262-2.6 323 152 21.7 0.47 481.0 + 89 0.647 0.027 0.0778 0.019
10H262-2.7 306 130 213 0.42 497.0 + 9.1 0.692 0.027 0.0807 0.019
10H262-2.8 1103 507 75.3 0.46 4916 + 84 0.641 0.021 0.0794 0.018
10H262-2.9 1234 552 87.0 0.45 500.6 + 8.8 0.648 0.023 0.0808 0.018
10H262-2.10 307 131 209 0.43 487.8 + 9.1 0.661 0.027 0.0790 0.019
10H262-2.11 275 101 19.5 0.37 505.5 £+ 9.5 0.688 0.054 0.0819 0.019
10H262-2.12 747 155 72.3 0.21 675.0 & 12.0 1.13 0.025 0.112 0.018
Weighted mean of 11 points
Kaladawan Pluton (quartz diorite)
14K908-3.1 736 388 491 0.53 482.6 + 8.6 0.625 0.019 0.0774 0.017
14K908-3.2 393 201 26 0.51 4779 + 8.6 0.640 0.021 0.0768 0.017
14K908-3.3 758 298 50.3 0.39 479.8 + 8.2 0.631 0.019 0.0772 0.017
14K908-3.4 897 598 59.4 0.67 479.6 + 8.6 0.640 0.019 0.0769 0.017
14K908-3.5 974 802 64 0.82 4744 + 8.8 0.606 0.019 0.0763 0.017
14K908-3.6 456 234 30.2 0.51 477.7 + 85 0.619 0.021 0.0770 0.017
14K908-3.7 1201 1234 81.5 1.03 4899 4+ 9.3 0.660 0.023 0.0786 0.017
14K908-3.8 759 469 50.4 0.62 480.8 + 8.6 0.618 0.019 0.0773 0.017
14K908-3.9 920 698 60.6 0.76 476.2 + 8.7 0.608 0.019 0.0766 0.017
14K908-3.10 675 532 46.7 0.79 4973 £ 9.2 0.600 0.020 0.0804 0.017
14K908-3.11 781 415 51.1 0.53 4733 + 83 0.616 0.019 0.0760 0.017
14K908-3.12 721 318 47.4 0.44 475.6 + 8.2 0.630 0.019 0.0763 0.017
14K908-3.13 491 252 31.6 0.51 466.9 + 8.3 0.611 0.020 0.0748 0.017
14K908-3.14 1156 613 70.2 0.53 4383 + 7.7 0.506 0.019 0.0706 0.016
14K908-3.15 491 238 333 0.48 489.0 4 8.7 0.603 0.021 0.0789 0.017
14K908-3.16 937 578 61.2 0.62 4725 + 84 0.601 0.019 0.0759 0.017
14K908-3.17 749 554 479 0.74 464.0 + 8.5 0.607 0.019 0.0743 0.017
Weighted mean of 16 points
Kaladawan Pluton (monzogranite)
12K429-3.1 787 483 53 0.61 466.0 + 8.8 0.641 0.075 0.0750 0.020
12K429-3.2 354 147 22.6 0.42 4625 + 8.9 0.594 0.029 0.0744 0.020
12K429-3.3 210 75 134 0.36 4619 + 9.5 0.591 0.040 0.0743 0.021
12K429-3.4 336 94 219 0.28 4704 + 9.2 0.603 0.039 0.0757 0.020
12K429-3.5 466 258 30 0.55 466.2 + 8.8 0.587 0.028 0.0750 0.020
12K429-3.6 488 246 30.8 0.50 4503 + 8.6 0.589 0.063 0.0723 0.020
12K429-3.7 316 124 20 0.39 455.1 + 89 0.532 0.044 0.0731 0.020
12K429-3.8 449 210 28.7 0.47 458.5 + 8.7 0.564 0.041 0.0737 0.020
12K429-3.9 227 81 16.2 0.36 460 + 12 0.52 0.280 0.0740 0.028
12K429-3.10 185 56 11 0.30 4303 + 9.1 0.533 0.046 0.0690 0.022
12K429-3.11 243 86 15.2 0.35 451.7 £ 9.2 0.544 0.059 0.0726 0.021
12K429-3.12 312 140 19.8 0.45 4478 + 9.3 0.615 0.098 0.0719 0.022

Weighted mean of 8 points

where, (17Hf/!77Hf)s and (*7%Lu/!"’Hf)s are test results of our samples,
("SLu/""Hf)cyug = 0.0336 and ('7®Hf/'7’Hf)cyuro = 0.282785
(Bouvier et al., 2008), (17®Hf/!”"Hf)py = 0.282785 and (1”°Lu/'""Hf)py =
0.0384 (Griffin et al., 2000), (*”®Lu/"”’Hf).c = 0.015 (Griffin et al., 2002).
A decay constant (\) is adopted for '7Lu of 1.865 x 10~ ! year™!
(Scherer et al.,, 2001). Meanwhile, these values were calculated by using
their magma crystallization ages (t) in every spots.

3.3. Whole-rock geochemical analysis

Twenty-one rock samples were selected for whole-rock major and
trace element analyses. Major elements were analyzed on fused-glass
disks by X-ray fluorescence spectrometry (XRF), except the FeO deter-
mined by the way of volumetric titration for which potassium dichromate
(0.002319 mol/L) is used as the reagent. And trace elements, including
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rare earth elements (REEs), were determined by inductively coupled
plasma mass spectrometry (ICP-MS). All the experiments were conducted
at the National Research Center for Geoanalysis in Beijing, China.

07A001-3.5
-9.2

GBWO07111 is used as the standard sample to correct the systematic
error; its test and reference values are given in Table 3.The analytical un-
certainties for major elements are within 1%, except for P,05 (5%), and

520.1+10 Ma

14K908-3.3 479-668-6 Ma 48(}8$8.6 Ma

.// =
(;; - “5‘1
\;0_&'@ (6 7.7

479.8+8.2Ma 14K908-34

/‘@5
£ 0
14KM—3.8
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10H262-2.12
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12K429-3.5

12K429-3.11

451.719.

Fig. 4. Representative CL images of zircon grains showing spots for zircon SHRIMP U-Pb dating (white circles) and in situ zircon Lu-Hf isotopic analyses (red circles). (a) Abei monzogranite
(07A001-3); (b) 4337 Highland granodiorite (10H262-2); (c) Kaladawan quartz diorite (14K908-3); (d) Kaladawan monzogranite (12K429-3). (For interpretation of the references to

coluor in this figure legend, the reader is referred to the online version of this chapter.)



L.-T. Meng et al. / Lithos 268-271 (2017) 399-417 405

are within 10% for most trace elements (including REEs). The detailed
analytical procedures see the description of Zhang et al. (2009).

4. Results
4.1. Zircon U-Pb dating

Four samples were chosen for zircon U-Pb dating: monzogranite
(07A001-3) from the Abei Pluton, granodiorite (10H262-2) from the
4337 Highland Pluton, and quartz diorite (14K908-3) and monzogranite
(12K429-3) from the Kaladawan Pluton. The zircons from these samples
are similar in crystal morphology and are characterized by transparent,
euhedral crystals with lengths up to 150 um. The CL images show oscilla-
tory zoning and rare inherited cores (Fig. 4). The Th/U ratios are all >0.1,
indicating a magmatic origin (Table 1). Twelve analyses from sample
07A001-3 were concordant and yielded a weighted mean age of
514.3 + 5.6 Ma (Fig. 5a). A total of twelve spots from sample 10H262-2
were analyzed for dating, apart from spot 10H262-2.12 which represent
the age of inherited core, yielding a concordant age of 494.4 4+ 5.5 Ma
(Fig. 5b). Of the seventeen analyses of sample 14K908-3, spot 14K908-
3.14 had a younger discordant age because of the loss of Pb and was
rejected; the remaining sixteen analyses yielded a weighted mean age
of 477 4 3.7 Ma (Fig. 5c). Twelve U-Pb isotopic analyses were carried
out on sample 12K429-3. Except for four similar but discordant
206pp 238 age (e.g. 12K429-3.1, 12K429-3.9, 12K429-3.10, 12K429-
3.12), the remaining eight analyses yielded a weighted mean age of
459.5 4 6.4 Ma which is emplacement age of monzogranite of Kaladawan
Pluton (Fig. 5d).
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4.2, Zircon Lu-Hf isotopic compositions

The samples dated were also chosen for the in situ zircon Lu-Hf iso-
topic analyses and all of the spots are located on or close to the site
where the U-Pb dating was done (Fig. 4). The Lu-Hf isotopic data are
listed in the Table 2 and plotted in Fig. 6.

The sixteen spots from sample 07A001-3 (Abei monzogranite) with
the age of 514 Ma are analyzed, yielding initial 1”®Hf/!””Hf values from
0.282140 to 0.282225, &¢(t) values from — 8.3 to — 11.4 and T3y values
from 2.0 to 2.2 Ga. The fifteen spots from sample 10H262-2 (4337 High-
land granodiorite) with the age of 494 Ma display a wide range of initial
178Hf/V77Hf values, from 0.282328 to 0.282479. Meanwhile, the
enr(t) values and T3y values are range from — 5.4 to +0.2 and from
1.4 to 1.7 Ga, respectively. The spot 10H262-2.12, however, exhibits
the lower initial '7SHf/'7”Hf values and eyg(t) because it's an inherited
zircon. The eighteen spots from sample 14K908-3 (Kaladawan quartz
diorite) with the age of 477 Ma are characterized by high initial
176Hf/177Hf values (0.282638 to 0.282728) and positive ey¢(t) values
(+5.4 to +8.5) with the young T3y values (0.8 to 1.0 Ga). Fifteen
spots from the sample 12K429-3 (Kaladawan monzogranite) with the
age of 459 Ma give initial '7®Hf/'””Hf from 0.282528 to 0.282611,
ene(t) values from + 1.1 to +4.1 and T3y, values from 1.1 to 1.3 Ga.

4.3. Major and trace elements

The results of twenty-one samples are listed on the Table 3. The low
LOI (lost on ignition) of these samples show they are less-alteration and
fresh except the 12A439-1 (LOI = 2.78) and 12A480-3 (LOI = 3.66)
which are lower Na,O (Table 3). Fortunately, other elements (e.g. Rb,
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Fig. 5. U-Pb concordia diagrams for (a) Abei monzogranite (07A001-3); (b) 4337 Highland granodiorite (10H262-2); (c) Kaladawan quartz diorite (14K908-3); (d) Kaladawan

monzogranite (12K429-3).
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Table 2

In situ ziron Lu-Hf isotopic data from Abei Pluton, 4337 Highland Pluton and Kaladawan Pluton in North Altun orogenic belt, respectively.
Sample 176Hf/177Hf  Error 176yb/'77Hf  Error 176Lu/"7Hf  Error (“5Lu/V7HE);  Age  eu(t) 20 Tpm 200 Tim 20
Abei Pluton (monzogranite)
07A001-3.1 0.282213 0.000014  0.030543 0.000112 0.001238 0.000004  0.282200 530 -89 0.5 1475 20 2030 32
07A001-3.2 0.282232 0.000014  0.034249 0.000597 0.001332 0.000019 0.282219 501 —8.8 0.5 1451 19 2006 31
07A001-3.3 0.282205 0.000015  0.043772 0.000135  0.001708 0.000005  0.282189 511 —97 05 1504 21 2068 33
07A001-3.4 0.282189 0.000014  0.035901 0.000661 0.001399 0.000024  0.282175 520 —10.0 0.5 1515 19 2093 31
07A001-3.5 0.282216 0.000014  0.049952 0.000479 0.001947 0.000017 0.282197 520 —9.2 0.5 1499 20 2045 31
07A001-3.6 0.282237 0.000015 0.035655 0.000190 0.001439 0.000008 0.282223 518 —83 0.5 1448 21 1987 33
07A001-3.7 0.282235 0.000014  0.025804 0.000198 0.001056 0.000008 0.282225 508 —85 0.5 1437 19 1990 30
07A001-3.8 0.282216 0.000013 0.031525 0.000117 0.001264 0.000005 0.282204 519 —-9.0 0.5 1471 18 2030 29
07A001-3.9 0.282183 0.000012 0.046977 0.000141 0.001826 0.000053 0.282165 511 —10.5 0.4 1540 17 2120 27
07A001-3.10 0.282200 0.000016  0.029690 0.000514  0.001193 0.000019 0.282189 510 —9.7 0.6 1490 22 2069 35
07A001-3.11 0.282160 0.000013 0.035374 0.000640 0.001373 0.000024  0.282146 518 —11.1 0.4 1555 18 2158 28
07A001-3.12 0.282189 0.000014  0.029088 0.000309 0.001167 0.000001 0.282178 514 —10.0 0.5 1505 19 2091 31
07A001-3.13 0.282151 0.000013 0.028195 0.000281 0.001135 0.000011 0.282140 514 —114 05 1557 18 2174 28
07A001-3.14 0.282233 0.000015 0.034125 0.000125 0.001433 0.000006  0.282219 514 —8.6 0.5 1454 21 1999 33
07A001-3.15 0.282220 0.000012 0.020770 0.000019 0.000847 0.000001 0.282212 514 —8.8 0.4 1449 17 2014 28
07A001-3.16 0.282210 0.000012 0.030115 0.000248 0.001208 0.000010  0.282199 514 —93 0.4 1477 17 2044 27
4337 Highland Pluton (granodiorite)
10H262-2.1 0.282389 0.000012 0.011325 0.000066 0.000467 0.000003 0.282385 499 —-3.0 0.4 1202 17 1639 27
10H262-2.2 0.282470 0.000014  0.009174 0.000115 0.000390 0.000005 0.282467 497 —0.2 0.5 1087 19 1456 30
10H262-2.3 0.282374 0.000015  0.009191 0.000111  0.000413 0.000005  0.282370 490 —38 05 1221 20 1677 33
10H262-2.4 0.282479 0.000014  0.014390 0.000187 0.000600 0.000008 0.282473 499 0.1 0.5 1082 19 1441 31
10H262-2.5 0.282402 0.000015 0.019300 0.000260 0.000718 0.000010  0.282395 495 —2.8 0.5 1193 21 1618 34
10H262-2.6 0.282337 0.000014  0.024975 0.000390 0.000978 0.000015 0.282328 481 —54 0.5 1291 19 1777 31
10H262-2.7 0.282379 0.000018 0.011772 0.000081 0.000487 0.000004  0.282374 497 —35 0.6 1217 24 1664 39
10H262-2.8 0.282446 0.000013 0.016492 0.000417 0.000640 0.000014  0.282440 492 —1.2 0.5 1129 18 1520 30
10H262-2.9 0.282451 0.000014  0.018864 0.000154  0.000154 0.000006  0.282449 501 —0.7 0.5 1108 19 1493 31
10H262-2.10  0.282442 0.000014  0.011299 0.000012  0.000468 0.000000  0.282438 488 —14 05 1129 19 1527 30
10H262-2.11 0.282411 0.000014  0.016017 0.000052 0.000668 0.000002 0.282405 506 —22 0.5 1178 19 1589 31
10H262-2.12 0.282099 0.000014  0.022206 0.000141 0.000833 0.000004  0.282088 675 —9.6 0.5 1617 20 2188 32
10H262-2.13  0.282471 0.000015  0.014110 0.000023  0.000586 0.000001  0.282466 494 —03 05 1092 20 1460 33
10H262-2.14 0.282489 0.000016  0.030900 0.000518 0.001109 0.000016  0.282479 494 02 0.6 1082 23 1431 36
10H262-2.15 0.282480 0.000015 0.021209 0.000115 0.000850 0.000004  0.282472 494 —0.1 0.5 1088 21 1447 33
10H262-2.16 0.282466 0.000013 0.016902 0.000100 0.000709 0.000005 0.282460 494 —0.5 0.5 1102 19 1474 30
Kaladawan Pluton (quartz diorite)
14K908-3.1 0.282714 0.000017 0.045942 0.000196 0.001854 0.000007 0.282697 483 7.7 0.6 780 25 946 38
14K908-3.2 0.282710 0.000016  0.058828 0.001430 0.002357 0.000054  0.282688 478 7.2 0.5 797 23 970 35
14K908-3.3 0.282670 0.000014  0.039258 0.000236 0.001596 0.000009 0.282656 480 6.1 0.5 837 21 1042 32
14K908-3.4 0.282724 0.000019 0.065832 0.000229 0.002614 0.000010  0.282701 480 7.7 0.7 781 28 941 43
14K908-3.5 0.282665 0.000020  0.075987 0.000675 0.002995 0.000024  0.282638 474 54 0.7 878 30 1085 45
14K908-3.6 0.282705 0.000017 0.042246 0.000193 0.001706 0.000007 0.282689 478 73 0.6 790 24 968 38
14K908-3.7 0.282736 0.000020  0.104893 0.001630 0.004087 0.000061 0.282698 490 7.9 0.7 797 31 940 45
14K908-3.8 0.282731 0.000016  0.066745 0.000339 0.002643 0.000013 0.282707 481 8.0 0.6 772 24 925 36
14K908-3.9 0.282711 0.000017 0.039121 0.000274  0.001612 0.000011 0.282697 476 7.5 0.6 779 24 952 37
14K908-3.10 0.282735 0.000019 0.057862 0.000475 0.002329 0.000017 0.282713 497 8.5 0.7 760 28 902 43
14K908-3.11 0.282742 0.000018 0.039747 0.000072 0.001616 0.000003 0.282728 473 8.5 0.6 735 26 884 41
14K908-3.12 0.282708 0.000018 0.045193 0.000150 0.001832 0.000006  0.282692 476 73 0.6 787 26 963 41
14K908-3.13 0.282689 0.000022 0.038256 0.000236 0.001569 0.000010  0.282675 467 6.5 0.8 810 32 1006 50
14K908-3.14 0.282692 0.000013 0.025083 0.000168 0.001086 0.000007 0.282683 438 6.2 0.5 795 19 1008 30
14K908-3.15 0.282699 0.000018 0.046361 0.000155 0.001900 0.000005 0.282682 489 73 06 802 25 977 39
14K908-3.16 0.282707 0.000017 0.051849 0.000271 0.002076 0.000010  0.282689 473 7.1 0.6 795 25 972 39
14K908-3.17 0.282741 0.000024  0.058028 0.000854  0.002325 0.000033 0.282721 464 8.1 0.8 751 35 906 53
14K908-3.18 0.282725 0.000018 0.029194 0.000134  0.001176 0.000005 0.282715 477 8.2 0.6 750 25 911 39
Kaladawan Pluton (monzogranite)
12K429-3.1 0.282625 0.000018 0.058590 0.000426 0.002243 0.000016  0.282606 466 4.0 06 918 26 1164 40
12K429-3.2 0.282616 0.000019  0.073377 0.000338 0.002756 0.000011 0.282592 463 3.5 0.7 944 27 1196 42
12K429-3.3 0.282567 0.000018 0.027152 0.000202 0.001082 0.000008 0.282558 462 23 06 971 25 1274 40
12K429-3.4 0.282608 0.000014  0.013005 0.000119 0.000513 0.000005 0.282604 470 4.1 0.5 900 19 1166 32
12K429-3.5 0.282598 0.000017 0.053057 0.000131 0.002024 0.000006  0.282580 466 3.1 06 952 24 1221 38
12K429-3.6 0.282541 0.000018 0.027383 0.000308 0.001090 0.000012 0.282532 450 1.1 0.6 1008 25 1339 41
12K429-3.7 0.282622 0.000015 0.031119 0.000069 0.001198 0.000003 0.282611 455 4.0 0.5 897 21 1158 34
12K429-3.8 0.282597 0.000016  0.022679 0.000133 0.000886 0.000005 0.282590 459 33 06 924 22 1204 36
12K429-3.9 0.282605 0.000017 0.067193 0.000072 0.002523 0.000003 0.282584 460 3.1 06 954 24 1217 38
12K429-3.10 0.282593 0.000016  0.014007 0.000037 0.000558 0.000001 0.282589 430 2.6 06 922 23 1225 37
12K429-3.11 0.282608 0.000016  0.029116 0.000046 0.001121 0.000002 0.282598 452 35 06 915 23 1190 36
12K429-3.12 0.282596 0.000018 0.025520 0.000118 0.000994 0.000004  0.282587 448 3.0 06 929 26 1217 41
12K429-3.13 0.282557 0.000020  0.092795 0.000312 0.003370 0.000009 0.282528 459 1.1 0.7 1049 30 1343 46
12K429-3.14 0.282564 0.000019  0.031279 0.000164  0.001198 0.000006  0.282553 459 2.0 0.7 979 26 1286 42
12K429-3.15 0.282543 0.000017 0.033299 0.000151 0.001279 0.000005 0.282532 459 13 0.6 1011 24 1334 39
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Fig. 6. Diagram of eHf(t) versus U-Pb ages in zircons for each sample analyzed (after Yang
etal, 2015). Abbreviation: CHUR = chondritic uniform reservoir; DM = depleted mantle.

Sr, Ba) are unaffected because they are similar in all of six samples. The
major elements are renormalized to let their sum to 100% after deduc-
tion of LOI (Table 3).

4.3.1. Abei Pluton

Six representative monzogranite samples of the Abei pluton were
analyzed for whole-rock major and trace element compositions
(Table 3). All samples are characterized by high SiO, (69.7-74.3%),
Al,05 (13.0-15.6%), K50 (3.64-5.31%), medium Fe,05 (2.08-3.60%),
and low FeO (0.24-1.42%), MgO (0.41-1.36%), plotted in or near
the granite field on the SiO, versus Na,O + K0 diagram (Fig. 7a). The
A/CNK ([Al;03 / (Ca0 + K;0 + Nay0)]morar) ratios of samples are
1.08-1.61 (Table 3), indicating they are peraluminous (Fig. 7b). They
also display the high-K calc-alkaline in Fig. 7c and the FeO**/MgO ra-
tios plot the samples in the transition region between ferroan and
magensian (Fig. 7d). REE data have moderately fractionated patterns
((La/Yb)y = 4.43-15.6) with an obvious negative Eu anomaly
(Eu/Eu* = 0.46-0.55) in the chondrite-normalized REE diagram
(Fig. 8a). Meanwhile, they exhibit strongly positive Th, U, K anomalies
and negative Sr, Eu, high field-strength elements (HFSEs, e.g. Nb, Ta,
Ti) anomalies in the primitive mantle-normalized trace element
diagram (Fig. 8b).

4.3.2. 4337 Highland Pluton

Five representative samples of the 4337 Highland Pluton were se-
lected for analyses of whole-rock major and trace element compositions
(Table 3). They contain high SiO, (62.7-70.1%), K;0 (2.88-4.68%), Na,0
(2.82-4.36%), medium Fe,03 (1.25-2.41%), FeO (1.68-3.55%), MgO
(1.18-2.56%), and low TiO, (0.33-0.61%), P,05 (0.15-0.36%). They are
plotted in the granodiorite field on the SiO; versus Na,0 + K;0 diagram
(Fig. 7a) and the high-K calc-alkaline field on the SiO, versus K,0
diagram (Fig. 7c), respectively. These samples are metaluminous with
the A/CNK ratios of 0.83-0.98 (Fig. 7b). They have low Fe/Mg ratios and
are magensian (Fig. 7d), indicating they formed high oxygen fugacity
environment (Frost and Frost, 2008). They have strongly fractionated
REE patterns ((La/Yb)y = 19.7-26.4) with a weakly to no negative Eu
anomaly (Eu/Eu* = 0.72-0.97) (Fig. 8c). The characteristic of lower
HREEs, Yb, Y, and higher Sr, (La/Yb)y than other samples in Table 3 are

similar to those of “adakite” (e.g. Wang et al., 2005, Fig. 8c-d). In the
primitive mantle-normalized trace element diagram (Fig. 8d), they
show variable enrichments in Ba, Th, Sr, and K, and depletion in Nb-Ta,
P, and Ti.

4.3.3. Kaladawan Pluton

Four quartz diorite samples and six monzogranite-syenogranite
samples from the Kaladawan Pluton were analyzed for whole-rock
major and trace element compositions (Table 3). On the SiO, versus
K50 + Na,O diagram (Fig. 7a), the samples are plotted in the quartz di-
orite and granite fields, respectively, which are consistent with petro-
graphic observations.

The quartz diorite samples have lower SiO, (58.1-61.2%), K,0
(1.47-1.83%), Na,O (2.18-2.56%) and higher Fe,05 (2.19-2.95%),
FeO (3.63-5.05%), MgO (4.38-5.62%), Co (12.7-36.5 ppm), Ni
(6.11-29.4 ppm) as well as Mg* ([100MgO / (MgO + FeO™")]rmolar,
57-64) than other samples examined in this study. They are plotted in
the moderate-K calc-alkaline, metaluminous and magensian fields in
Fig. 7b-d. In the chondrite-normalized REE (Fig. 8e) and primitive
mantle-normalized trace element diagrams (Fig. 8f), they are character-
ized by weakly fractionated REE patterns ((La/Yb)y = 2.36-6.38) with a
weakly negative Eu anomaly (Eu/Eu* = 0.64-0.90) and depletion of P,
Ti, Nb-Ta and Zr-Hf.

In contrast, the monzogranite-syenogranite samples have higher
SiO, (73.3-77.3%), variable K50 (0.47-5.16%), Na,0 (3.92-7.41%), but
lower MgO (0.16-1.10%), Mg* (14-46), Co (1.61-5.38 ppm), Ni
(1.41-7.56 ppm) than the quartz diorite samples. They are plotted in
the low to high-K calc-alkaline, metaluminous and magensian to
ferroan field in Fig. 7b-d. In the chondrite-normalized REE (Fig. 8g)
and primitive mantle-normalized trace element diagrams (Fig. 8h),
they show moderately fractionated REE patterns ((La/Yb)y = 7.19-
12.1) with a strongly negative Eu anomaly (Eu/Eu* = 0.23-0.40),
strongly positive Th, U anomalies and negative Ba, Sr, Eu, HFSEs (Nb,
Ta, and Ti) anomalies.

5. Discussion
5.1. Magma sources and melting conditions

5.1.1. Abei Pluton

The Abei Pluton (514 Ma) is hornblende-bearing, peraluminous,
high-K calc-alkaline monzogranite (Fig. 7) with high SiO,, Al,03, K;0
and low MgO, Cr, Co, Ni. Strongly positive Th, U and Pb anomalies, neg-
ative Nb, Ta, Ti, Sr, Eu anomalies and zircon ey¢(t) values (eye(t) = — 8.3
to —11.4) (Tables 2, 3; Figs. 6, 8a-b) imply that the pluton is mainly
crustal origin. The Nb/Ta (9.94-13.6) and Nb/U (4.10-7.15) values of
Abei Pluton also fall into the scope of crust (Green, 1995; Rudnick and
Gao, 2003; Sylvester et al., 1997). Based on its old Hf second-stage
model ages (T3y = 2.0 to 2.2 Ga), we decipher the Paleoproterozoic
protolith was reworked again during the early Paleozoic.

The negative Eu anomaly and low Sr/Y indicate that the magma was
sourced from a shallow crustal level (low pressure), leaving a
plagioclase-rich, garnet-free residue (Patifio Douce and Beard, 1995).
Meanwhile, The magma temperature (>800 °C) calculated using the
zircon saturation thermometer (Boehnke et al., 2013) is high enough
for considerable dehydration melting of continental crust, implying
that an influx of external fluid was not necessary to generate the
magma (Miller et al., 2003). Although the Abei Pluton is peraluminous,
the absence of Al-rich minerals (e.g., muscovite, garnet, and cordierite)
and inherited zircons differentiates it from typical S-type granites
(Chappell and Wyborn, 2012; Clemens, 2003). Moreover, Patifio
Douce (1995) reported that dehydration melting of biotite gneiss
and quartz amphibolite can produce peraluminous granitic melts
with residual assembles of plagioclase + pyroxene + garnet
depending on the pressure. Considering the existence of the
Paleoproterozoic to Mesoproterozoic crystalline basement in the CAB,
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Table 3

The geochemical compositions of Abei Pluton, 4337 Highland Pluton and Kaladawan Pluton in North Altun orogenic belt, respectively.
Sample 12A481-1 12A480-1 12A480-2 07A001-3 12A439-1 12A480-3 08H272-1 10H262-2 08H272-2 10H139-1 10H140-2
Pluton Abei 4337 Highland
Rock type MG MG MG MG MG MG GD GD GD GD GD
Major element (Wt.%)
Si0, 69.7 71.6 72.0 721 73.0 743 62.7 65.6 66.2 68.9 70.1
Al;04 15.6 14.5 14.2 144 15.4 13.0 16.0 15.0 15.8 154 15.0
Fe,05 3.30 2.08 3.60 248 227 3.12 241 1.65 1.98 1.66 1.25
FeO 0.47 142 0.29 0.44 0.49 0.24 3.55 3.02 2.27 1.68 1.88
Ca0 342 2.15 3.33 233 2.03 3.34 5.23 433 443 3.18 2.94
MgO 0.63 1.36 0.64 0.41 0.78 0.81 2.56 1.71 1.74 1.18 124
K,0 3.84 3.64 444 4.85 531 451 3.59 4.68 2.88 3.89 2.68
Na,0 242 2.62 0.79 2.33 0.06 0.04 2.82 3.14 3.92 347 4.36
TiO, 0.45 0.51 0.50 0.48 0.53 0.44 0.61 0.47 0.48 0.37 0.33
MnO 0.07 0.04 0.11 0.06 0.04 0.11 0.11 0.11 0.08 0.07 0.08
P,05 0.13 0.07 0.08 0.10 0.08 0.07 0.36 0.27 0.26 0.17 0.15
LOI 1.61 1.55 1.68 0.32 2.78 3.66 0.64 1.23 0.61 1.35 0.78
K,0+N,0 6.26 6.26 5.23 7.19 5.38 4.55 6.41 7.82 6.80 7.35 7.05
A/NK 191 1.75 2.32 1.59 2.63 2.62 1.87 147 1.65 1.56 1.49
A/CNK 1.08 1.19 1.17 1.08 1.61 1.18 0.89 0.83 0.89 0.98 0.97
FeQ™ta! 344 3.29 3.52 2.67 2.53 3.05 572 4.50 4.05 3.16 3.00
Mg 0.25 0.43 0.25 0.22 0.36 0.32 0.45 0.41 0.44 0.40 0.43
Rare earth elements (ppm)
La 26.6 39.8 48.4 39.2 31.1 55.3 68.4 60.3 68.1 54.8 35.9
Ce 56.9 86.2 102 79.9 62.1 115 122 111 107 105 66.6
Pr 6.89 8.75 104 9.23 7.03 119 135 12.7 122 10.1 6.75
Nd 28.6 322 38.5 341 263 43.2 49.4 45.1 41.4 36.4 237
Sm 6.05 5.61 7.03 7.12 4.59 7.28 8.76 8.12 7.09 6.03 3.74
Eu 0.96 0.87 1.14 1.01 0.67 1.00 2.10 1.88 2.02 1.46 0.77
Gd 6.06 4.85 5.80 5.97 4.24 5.46 7.63 6.00 5.73 4.45 2.82
Tb 1.04 0.70 0.97 1.10 0.69 0.82 0.97 0.77 1.04 0.64 0.39
Dy 6.28 3.84 531 6.64 424 4.53 5.40 4.45 4.58 3.06 1.93
Ho 132 0.76 1.05 1.38 0.84 0.84 0.97 0.85 0.76 0.59 0.35
Er 4.25 2.37 3.21 4.49 2.71 2.78 2.76 242 245 1.74 1.12
Tm 0.62 0.30 0.43 0.61 0.39 0.34 0.36 033 0.27 0.22 0.15
Yb 431 2.21 2.83 4.18 2.64 2.55 241 2.20 1.85 1.50 1.12
Y 385 20.2 30.5 42.0 25.0 253 255 234 20.6 17.70 11.7
Lu 0.67 0.33 0.41 0.63 0.41 0.40 0.35 0.32 0.28 0.23 0.19
Eu/Eu* 0.48 0.51 0.55 0.47 0.46 0.48 0.79 0.82 0.97 0.86 0.72
(La/Yb)n 443 129 12.3 6.73 8.45 15.6 204 19.7 264 26.2 23.0
Trace elements (ppm)
Cr 18.1 36.9 20.8 324 22.8 221 15.9 15.0 131 9.31 13.2
Co 6.38 7.37 7.32 4.83 10.2 4.00 15.9 10.1 103 6.63 5.74
Ni 7.07 15.0 121 14.4 18.2 10.3 6.87 5.62 10.8 393 6.36
Cu 3.24 9.86 17.1 10.5 5.26 10.1 18.0 6.09 8.61 25.5 9.54
Zn 31.7 31.0 1939 119 349 535 82.1 65.8 72.2 68.4 81.2
Ga 19.1 16.5 17.3 183 18.7 15.8 17.6 18.0 189 20.0 203
Rb 145 143 180 179 194 177 96.2 207 91.8 195 159
Sr 70.1 56.1 257 495 16.5 27.8 620 528 697 509 353
Zr 156 207 214 216 235 186 224 158 197 176 154
Nb 19.6 12.6 129 17.6 13.6 11.6 16.3 20.6 16.1 16.5 229
Ba 500 277 269 450 211 290 1285 1128 1078 1252 826
Hf 5.01 5.97 5.96 6.41 6.35 4.92 5.87 437 5.12 447 3.83
Ta 1.74 1.06 1.13 1.77 1.00 0.93 0.94 139 1.27 1.52 1.21
Pb 134 21.0 724 407 16.1 1498 213 37.0 36.5 35.7 41.3
Th 131 16.2 18.1 19.9 14.0 189 22.0 332 22.0 20.2 19.2
U 2.74 3.01 2.60 3.66 248 2.83 2.80 6.44 3.46 3.44 332
Sr/Y 1.82 2.78 0.84 1.18 0.66 1.10 243 22.6 338 28.8 30.2
Normative mineral (wt.%)
An 16.15 10.17 15.97 10.92 9.51 16.13 2041 13.09 16.97 14.62 13.41
Ab 20.47 22.19 6.73 19.76 0.53 0.36 23.89 26.60 33.14 29.33 36.93
Or 22.73 21.53 26.27 28.70 3144 26.68 21.22 27.65 17.02 2297 15.87
Zircon saturation temperature (°C)
T 807 863 868 852 937 858 780 737 779 796 781

Notes: The values of major elements A/NK = [Al;05/(Naz0 +K50) |moar; A/CNK = [Al,05/(Cao +Nag0 + K;0)|motar; Fe0™? = all Fe calculated as FeO; Mg* = [100MgO/(MgO -+ Fe0™) ] o1ar-
Abbreviation: LOI = lost on ignition; An = anorthite; Ab = albite; Or = orthoclase; MG = monzogranite; GD = granodiorite; QD = quartz diorite; SG = syenogranite. T (temperature) are
calculated by the zircon saturation thermometer (Boehnke et al., 2013). GBW07111 is the standard sample, @ is its test values and @ is its reference values.

the Abei Pluton was likely interpreted to source from the recycle of old
CAB continental crust (mainly igneous rocks) under low pressure and
high temperature conditions. Although the characteristics of “hot gran-
ite” (e.g. Miller et al., 2003) it possess reveal that the underplating of
mafic magma provides additional heat for dehydration melting of the
continental crust, the homogeneous zircon Hf isotopic compositions

(Table 2) exclude the possibility of mantle-derived material contribu-
tion to the magma source.

5.1.2. 4337 Highland Pluton
Geochemical data indicate that the 4337 Highland Pluton is potassium,
calc-alkaline, metaluminous and has the features of “adakitic rocks” as
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14K908-3

12K429-3

14K908-2 14K908-4 14K908-5 08K265-1 07K070-3 08K283-1 08K266-1 14K908-1 GBWO07111
Kaladawan [©) [©)
QD QD QD QD MG MG MG MG SG SG GD

58.1 59.7 62.5 61.2 733 74.2 74.8 75.5 75.9 77.3 59.8 59.7
17.0 143 155 144 14.0 13.7 133 13.6 13.7 12.6 16.6 16.6
2.20 2.19 244 2.95 0.64 1.05 0.82 0.76 1.02 1.19 2.78 2.64
3.63 4.54 3.68 5.05 1.80 0.88 0.89 1.00 0.87 0.66 2.95 3.08
6.74 8.50 6.20 5.79 1.40 0.87 0.62 0.43 0.62 0.25 4.69 4.72
5.58 5.47 438 5.62 1.10 0.22 0.25 0.41 0.33 0.16 2.79 2.81
1.57 1.63 1.83 1.47 3.04 343 5.16 0.58 0.47 2.84 3.53 3.50
247 2.36 2.56 2.18 4.32 5.39 3.92 741 6.87 4.85 4.03 4.05
222 1.60 0.60 1.13 0.36 0.20 0.18 0.20 0.20 0.12 0.75 0.77
0.21 0.20 0.14 0.12 0.03 0.02 0.03 0.02 0.02 0.01 0.09 0.09
0.33 0.16 0.14 0.15 0.08 0.01 0.01 0.03 0.03 0.01 0.35 0.34
0.61 0.84 0.81 1.05 0.43 0.67 0.28 0.52 0.78 0.79 0.96

4,04 4.00 439 3.65 7.36 8.82 9.08 7.99 734 7.69

2.94 2.52 2.50 2.77 1.34 1.09 1.10 1.06 1.16 1.14

0.94 0.67 0.89 0.91 1.08 0.96 1.01 1.00 1.06 1.09

5.60 6.50 5.87 7.70 2.37 1.83 1.63 1.68 1.79 1.73

0.64 0.60 0.57 0.57 0.46 0.18 0.22 0.31 0.25 0.14

215 18.2 18.6 15.9 409 73.0 51.9 53.2 359 58.5 60.0 60.5
48.3 40.7 431 324 82.0 101 73.2 78.6 41.6 87.1 117 112
6.10 5.51 5.38 4.28 8.51 125 9.32 8.88 6.04 10.2 139 13.2
284 218 224 18.0 29.7 40.0 309 303 20.1 311 50.5 48.1
6.79 4.79 4.63 3.47 5.74 7.04 6.04 5.10 3.63 5.63 8.23 7.74
2.16 1.12 1.20 0.87 0.72 0.83 0.59 0.47 0.32 0.42 1.89 1.91
7.87 6.94 4.10 493 5.69 5.68 5.01 4.83 3.66 5.71 5.08 5.09
132 1.24 0.65 0.95 0.93 1.06 0.96 0.81 0.68 1.18 0.59 0.68
8.35 7.82 3.62 6.15 5.86 6.24 5.78 4.84 458 6.90 3.51 3.20
1.77 1.62 0.73 1.36 117 1.34 1.23 0.97 1.00 1.41 0.66 0.60
5.30 495 2.29 4.56 3.50 4.40 4.06 3.29 3.30 4.58 1.88 1.57
0.73 0.66 0.30 0.70 0.50 0.65 0.59 0.45 0.51 0.64 0.25 0.26
493 4.58 2.09 4.83 3.57 4.57 4.08 3.16 3.58 424 1.65 1.56
48.6 48.2 219 41.0 322 39.9 37.6 29.7 26.8 44.8 16.7 15.5
0.71 0.69 0.33 0.73 0.48 0.69 0.65 0.48 0.51 0.65 0.24 0.24
0.90 0.59 0.84 0.64 0.39 0.40 0.33 0.29 0.27 0.23

3.13 2.85 6.38 2.36 8.22 115 9.12 121 7.19 9.90

29.1 110 67.3 150 18.6 134 3.62 3.19 2.29 189 419 37.6
36.5 22.6 18.6 12.7 5.38 1.75 1.61 2.39 2.05 2.46 16.5 15.6
18.6 294 21.2 6.11 7.56 6.20 1.65 1.98 141 6.04 273 244
17.3 413 35.3 12.2 6.95 4.14 4.28 1.44 13.5 3.40 8.28 8.80
125 90.8 82.1 133 29.0 10.7 103 23.0 9.60 8.94 69.5 85.4
23.1 19.6 17.6 149 21.0 17.8 19.0 19.1 189 17.0 223 20.8
43.7 54.1 106 11.7 86.9 78.1 186 254 111 56.2 75.5 70.1
298 271 307 136 101 54.7 63.3 55.5 45.0 26.8 1220 1198
222 130 164 153 167 314 237 236 229 180 230 224
10.3 11.2 103 9.46 14.0 18.8 173 179 159 246 12.0 10.6
471 161 640 224 999 1030 1058 129 40.7 721 2221 1900
5.40 3.58 425 431 5.54 8.68 6.38 6.12 6.79 6.03 5.79 5.20
0.64 0.97 0.80 0.77 1.98 135 1.22 1.20 1.26 1.93 0.63 0.62
124 134 14.9 5.57 8.77 4,70 5.07 2.26 1.13 343 16.2 19.8
5.25 9.04 8.27 7.13 31.6 45.5 35.7 28.2 22.5 283 11.0 10.9
1.85 2.40 3.13 242 5.48 6.37 4.80 4.16 4.59 4.42 1.46 1.40
6.13 5.62 14.0 3.32 3.14 137 1.68 1.87 1.68 0.60

17.03 29.74 22.49 5.43 6.41 2.99 3.03 1.96 2.87 1.19

36.12 11.55 21.64 31.17 36.55 45.63 33.19 62.70 58.14 41.06

9.26 6.09 16.74 2.76 17.98 20.25 30.49 3.40 2.76 16.79

776 647 746 743 820 876 854 849 858 841

seen in Section 4.3.2. In the Sr/Y-Y and (La/Yb)n—(Yb)n diagrams (Fig. 9)
the data of the granodiorites are closer to the scope of “adakitic rock”
than other plutons, reflecting its formation is under higher pressure. In
general, there are three genetic models for plutons under high pressure:
(1) partial melting of a subducted oceanic slab (Defant and Drummond,
1990; Rapp and Watson, 1995; Rapp et al., 1999; Sen and Dunn, 1994);

(2) partial melting of thickened or delaminated lower continental crust
(Atherton and Petford, 1993; Barnes et al., 1996; Hou et al., 2004; Xu
et al., 2002); and (3) fractional crystallization of basaltic magma
(Castillo et al., 1999).

The model of fractional crystallization of basaltic magma should be
firstly excluded because mafic intrusions related to the 4337 Highland
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Pluton are rare. Secondly, the melts produced from the partial melting
of oceanic slab are Na-rich and have high Mg# (>50), Cr (>50 ppm),
and Ni (>20 ppm) due to interaction with the mantle wedge (Condie,
2005b; Defant and Drummond, 1990); this is inconsistent with
the 4337 Highland Pluton. Meanwhile, the subducted oceanic slab in
NAOB may be too cold to form pluton derived from the melting of
oceanic slab (Zhang and Meng, 2006; Zhang et al., 2015). Thirdly, the
trace elements of 4337 Highland Pluton showed in Fig. 8c and d do
resemble the crustal values (Rudnick and Gao, 2003). So the possible
partial melting origins include thickened lower continental crust
and delaminated lower continental crust. Although the wide range
enr(t) values (from negative to weakly positive) suggest the contamina-
tion of mantle magma, it is different from the high-Mg adakitic rocks
which have highly positive ey¢(t) values (e.g. Yu et al., 2015) sourced
from delaminated lower continental crust. Therefore the 4337 Highland
Pluton was most likely derived from partial melting of thickened lower
continental crust.

A series of partial melting experiments demonstrated that the high-
pressure partial melting of metabasalt or eclogite can produce melts
with garnet-bearing plagioclase-poor residues (Huang and He, 2010;
Laurie and Stevens, 2012; Rapp, 1995; Rapp and Watson, 1995),
which is in harmony with the geochemistry of the 4337 Highland Pluton
(e.g., weakly negative Eu anomaly and higher (La/Yb)y). Moreover, The
Nb/Taratio (10.86-18.93) of the 4337 Highland Pluton suggests that the
Ti-bearing mineral is rutile rather than titanite in the residue (John et al.,
2011). And some researchers have proposed that the residual rutile is
accounted for high-pressure (>15 kbar) melting and that continental
crustal thickness is >50 km (Xiong et al., 2005, Xiong, 2006). It has

been proposed that the plagioclase-out curve has a negative dP/dT
slope for temperatures lower than 900 °C (Qian and Hermann, 2013).
In our case, the magma is saturated due to the existence of 675 Ma
inherited zircon (Fig. 4; Table 1) which means that the temperature
(737-796 °C) calculated by zircon saturation thermometer (Boehnke
et al,, 2013) is maxima estimate (Miller et al., 2003). So the presence
of a minor plagioclase residue exhibited by a weakly negative Eu anom-
aly in 4337 Highland Pluton (Fig. 8c) is reasonable under the condition
of <770 °Cand ~15 kbar. And the negative Ba anomaly and strongly pos-
itive Th anomaly (Fig. 8d) are inherited from the lower continental crust
(e.g. Wang et al., 2005). Meanwhile, the partial melting of thickened
lower continental crust at high pressure also requires a significant
amount of water (Condie, 2005b), which is in harmony with the
fact that 4337 Highland Pluton has more normative anorthite than
orthoclase (Conrad et al., 1988) as shown in the An-Ab-Or diagram
(Fig. 10a).

As mentioned above, the 4337 Highland Pluton was produced by the
high-pressure fluid-present melting of thickened lower continental
crust with a residue dominated by garnet along with minor plagioclase
and rutile.

5.1.3. Kaladawan Pluton

The quartz diorites of the Kaladawan Pluton have lower SiO,, K,0
and higher Mg, Ni, Co relative to the monzogranite-syenogranite of
this pluton (Fig. 7; Table 3), implying a mantle source. Based on the zir-
con epg(t) values (eys(t) = +5.4 to + 8.5, Fig. 6) and the younger
second-stage model age (Table 2), we explain that they were chiefly
from depleted lithospheric mantle. The relatively low Mg* implies
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Fig. 8. Chondrite-normalized REE element patterns and primitive mantle-normalized trace element spider diagrams for the Abei Pluton (a, b), the 4337 Highland Pluton (c, d) and the
Kaladawan Pluton (e-h). Normalization values are from Sun and McDonough (1989). The data for average continental crust and lower continental crust are from Rudnick and Gao
(2003). The shaded areas is the magmatic rocks from other study area (Chen et al., 2014; Ge et al., 2012; Wang et al., 2005; Yang et al., 2012), which have similar trace elements
characteristics with our samples.
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that the magmas were not primary and the Ta/Yb-Th/Yb diagram
(Fig. 10b) reveals that they have experienced the process of fractional
crystallization (e.g. Pearce et al., 1990). Given the abundance of these
elements in the continental crust (Ge et al, 2012; Sivell and
Waterhouse, 1988; Yang et al., 2015), the moderate-K calc-alkaline to-
gether with low Ba, Sr and negative Zr, Hf anomalies of the pluton show
that crustal assimilation was insignificant; this is consistent with the
lack of inherited zircons and limited range of ey(t) values. And the fluid
derived from subducted oceanic slab dehydration enters the overlying
mantle wedge (Fig. 10a) which triggers melting of the mantle wedge
and leads to a slight enrichment of LREEs compared with HREEs, and an
enrichment of LILEs (e.g., Rb, Th, U) compared with HFSEs (e.g., Nb, Ta,
Y) (Fig. 8e-f).

The geochemical characteristics of the monzogranite-syenogranite
of the Kaladawan Pluton are accounted for a crustal origin. It is turned
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Fig. 10. (a) Ab—Or-An tertiary diagram (after Conrad et al., 1988). The arrow indicates the
trend with decreasing water activity. (b) Th/Yb versus Ta/Yb diagram (after Pearce et al.,
1990) for the Kaladawan Pluton. Average N-MORB composition and average continental
crust are from Sun and McDonough (1989) and Rudnick and Gao (2003), respectively.
Arrows show the trends for fractional crystallization (FC), assimilation-fractional
crystallization (AFC), subduction enrichment and mantle metasomatism. Symbols are
same as in Fig. 7.

out that there was minor sediment in the source area because these
rocks have a lower Al,03 content and are metaluminous (Chappell
and White, 1992; Zen, 1986). And the low Sr/Y ratio and strongly
negative Eu anomaly are deciphered an origin by partial melting of
meta-igneous rocks in the shallow continental crust (i.e., at low pressure)
with a plagioclase-rich, garnet-free residue (Patifio Douce and Beard,
1995). The different Hf istopic compositions among the quartz diorite
and monzogranite-syenogranite from the Kaladawan Pluton imply they
could derive from different source. Relative to the highly positive
eye(t) values of quartz diorite, the weakly positive eye(t) values of
monzogranite- syenogranite are interpreted that they were derived
from decompression partial melting of Neoproterozoic continental crust
mixing the juvenile underplated mafic material from the depleted litho-
spheric mantle. Likewise, the positive correlations among the K0, Rb/Sr
and Th/Ta ratios from the quartz diorite to the monzogranite—
syenogranite (Fig. 11) reveal the fact that the greater amount of continen-
tal components present during partial melting (e.g. Brown et al.,, 1984;
Elliott et al., 1997; Poli et al., 1989; Wilson, 2007).

5.2. Tectonic implications

5.2.1. Initiation of subduction

In general, a granitic magma derived under low-pressure and high-
temperature conditions forms during an anorogenic stage with upwell-
ing of asthenosphere (Barbarin, 1999; Bonin, 2007; Sylvester, 1998).
However, the age of the Abei Pluton (ca. 514 Ma) is inconsistent with
such a setting, because the anorogenic stage of the NAOB began at
440 Ma (Meng et al., 2016). The age of 514 Ma is earlier than that of pre-
viously reported subduction-related granitoids (510-460 Ma) in the
NAOB (Gehrels et al., 2003a; Han et al., 2012; Qi et al., 2005a; Wu
et al., 2005, 2007), indicating a subduction model is a more appropriate
explanation for the origin of the Abei Pluton. Because the NAOB is the
westward continuation of the North Qilan Orogenic Belt and has the
same tectonic history as the latter at the period of Paleozoic (Zhang
et al., 2014), the similarity between Abei Pluton and Chaidanuo granite
in the North Qilian (Chen et al., 2014) indicates that the former also
formed during the initial stages of subduction. This view is in harmony
with the Abei Pluton being older than the supra subduction zone (SZZ)
type ophiolites (Liu et al., 2013; Wu et al., 2002; Xiu et al., 2007; Yang
et al., 2008) and eclogites (Zhang et al., 2005, Zhang et al., 2015) in
NAOB, but is contemporaneous with tholeiitic basalt (517 Ma, unpub-
lished data of authors) which is thought to be the product of subduction
initiation (e.g. Todd et al., 2012).
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Fig. 11. (a) K,0 versus Rb/Sr diagram and (b) K,0 versus Th/Ta diagram for the Kaladawan Pluton. Arrows show the trend with increasing maturity of the arc. Symbols are same as in Fig. 7.

During the initial stages of subduction, oceanic crust was subducted
beneath the CAB at a steep angle and subduction hinge “pull-back”
occurred because the velocity of oceanic slab rollback exceeded that of
the overriding plate (Cawood et al., 2009; Lister and Forster, 2009). In
this case, oceanic slab rollback induced lithospheric extension and
upwelling of asthenosphere which caused thinning and partial melting
of the continental crust of the CAB to form the Abei Pluton (e.g. Collins,
2002; Collins and Richards, 2008). Although the source of heat comes
from the underplating of mantle-derived magma, our ey¢(t) values
make clear that the contribution of mantle materials is insignificant.

5.2.2. Flat subduction

Generally speaking, there are two likely tectonic settings that could
account for melts derived from partial melting of thickened lower con-
tinental crust. One is the anorogenic stage during which the previously
thickened lower continental crust delaminated or foundered (Gao et al.,
2004; He et al., 2011; Hou et al., 2004; Xu et al., 2002; Yu et al., 2015);
the other is flat-slab subduction in which partial melting of thickened
lower continental crust is caused by the presence of external fluid (Li
and Li, 2007; Zhu et al., 2013). As seen Section 5.1.2, the adakitic melts
derived from the delaminated lower continental crust typically have a
high Mg* and postive &(t) values(Gao et al., 2004; Xu et al., 2002),
whereas the 4337 Highland Pluton does not. So the flat-slab subduction
is an appropriate explanation in this case given the age constraints. In
addition, flat subduction can result in strike-slip motion and fold-
thrust belts (Cawood et al., 2009; Collins, 2002); our field investigations
revealed the compressional deformation is predominant during 500-
490 Ma in study area, such as the widely developed NWW-striking
plunging-vertical fold. The absence of 500-490 Ma volcanic rocks
(i.e., a volcanic gap) is also a typical trait of flab subduction, which is sim-
ilar to the case in the Central Andes during the late Miocene (Kay and
Abbruzzi, 1996; Kay et al., 2005; Ramos and Folguera, 2009). Comparison
of the Abei Pluton and the 4337 Highland Pluton reveals the latter has
higher Gd/YDb ratios at a given La/Sm value (Fig. 12) and equilibrates
with a plagioclase-free reside containing abundant garnet. These
characteristics also suggest that the continental crust thickened from
ca. 520 Ma to ca. 500 Ma (e.g., Kay and Abbruzzi, 1996).

Another question to consider is how the continental crust thickened
during flat subduction. The flat-slab subduction caused the lithosphere
of CAB to be in overall contraction because the velocity of the over-
riding plate exceeded that of oceanic slab rollback (Cawood et al.,
20009; Lister and Forster, 2009); this contraction also induce the increase
of continental crust thickness. For example, the crustal thickness
beneath the Andean Precordillera during flat-slab subduction locally
exceeds 60 km according to seismic data (Lujan et al,, 2015).

5.2.3. Tectonic model

According to the differences in geochemical characteristics and
magma type between continental magmatic arcs and island magmatic
arcs (Wilson, 2007), previous authors proposed the existence of a
continental arc belt along the northern margin of the CAB during the
Late Cambrian to Early Ordovician (Hao et al., 2006; Zhang et al.,
2015). In our new tectonic model (Fig. 13), we propose that the angle
of subduction changed during 520-460 Ma, and we reconstruct this
evolutional history.

Fig. 13a shows the initiation of the southward subduction of oceanic
crust beneath the CAB at ca. 514 Ma. The buoyancy contrast between the
subducted oceanic slab and the overriding plate results in spontaneous
steep-angle subduction (Stern, 2004; Niu et al., 2003). The negatively
buoyant oceanic crust sinks at a steep angle beneath the continental
crust, as it became older and colder as it migrated away from the oceanic
spreading ridge where it formed (Stern, 2004; Niu et al., 2003; Chen
etal, 2014).

With ongoing subduction, the oceanic slab becomes heavier and the
rollback velocity increases. Consequently, lithospheric extension of
overriding plate accompanying the upwelling of asthenosphere causes
continental crust thinning and partial melting, leading to the formation
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Fig. 12. Gd/Yb versus La/Sm diagram for Abei Pluton and 4337 Highland Pluton. The higher
La/Sm ratios at a given Gd/Yb are best explained by a higher formation pressure, which is
determined by the thickness of continental crust. Symbols are same as in Fig. 7.
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Fig. 13. Schematic model of the tectonic evolution of the NAOB during the 520-460 Ma, which account for the petrogenesis of the Abei, 4337 Highland and Kaladawan Plutons.

of the Abei Pluton. This process also triggers the decompression melting
of lithospheric mantle to form the underplating of basalt (Todd et al.,
2012); e.g., the 517 Ma tholeiitic basalt to the southern part of the
Abei Pluton (unpublished data of authors).

As shown in Fig. 13b, the arrival of an oceanic plateau or aseismic
ridge with positive buoyancy makes the subducted oceanic slab become
light to induce the transition from steep-angle subduction to flat-slab

subduction (Collins, 2002; Collins and Richards, 2008; Li and Li, 2007;
Kay et al., 2005; Lister and Forster, 2009). This process was accompanied
by crustal thickening, subduction erosion, the southward migration of
magmatic activity, intense transpressional deformation (e.g., the
plunging-vertical fold) and a volcanic gap. The Abei Pluton may have
been squeezed into the accretionary prism by the thrust-fault caused
by intense compression. And the partial melting of thickened lower
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continental crust form the 4337 Highland Pluton with the influx of fluid.
With ongoing flat-slab subduction, the eclogitization caused the oceanic
slab to sink, roll back and even break-off (Collins and Richards, 2008;
Li and Li, 2007). Consequently, flat-slab subduction is always short-
lived (ca. 10 m. y.) and evolves to steep-angle subduction again.

As the subduction angle of the oceanic slab increased during
480-460 Ma, the continental volcanic arc was reestablished and migrated
south to the Kaladaban District (Fig. 13c); e.g., the volcanic belt related
to the VMS Pb-Zn deposits (Chen et al., 2015). The transition from
contraction to extension as a result of oceanic slab rollback caused the
upwelling of asthenosphere and partial melting of the mantle wedge
to form the quartz diorite. Subsequently the mantle-derived magma
underplate the basement of CAB, providing heat and material for partial
melting of continental crust to form the monzogranite-syenogranite of
Kaladawan Pluton. Moreover, according to the ey¢(t) values vary from
negative to positive in the NAOB at ca.520-460 Ma, we suggest the
ancient lower continental crust in the CAB was gradually replaced by
mantle-derived juvenile materials.

6. Conclusions

The Abei, 4337 Highland and Kaladawan Plutons successively
expose and become younger from north to south in the North Altun oro-
genic belt. Their magma crystallization ages are 514.3 + 5.6 Ma,
494.4 4 5.5 Ma and 480-460 Ma, respectively. The geochemical and
isotopic traits show they are derived from different sources under
various P-T conditions.

According to above characteristic and previous data, we propose
a new model in which the subduction angle changed during the
520-460 Ma. The initiation of subduction occurred during 520-500 Ma
causes the lithospheric extension, asthenosphere upwelling and dehydra-
tion melting of the continental crust to form the Abei Pluton. Subsequent
transition from steep-angle to flat-slab subduction at ca.500 Ma, due to
the arrival of buoyant oceanic plateaus, induces the lithospheric contrac-
tion and the thickened continental crust. With the influx of fluid, the 4337
Highland Pluton is derived from the partial melting of thickened lower
continental crust. With ongoing subduction, the steep-angle subduction
system is reestablished to cause the decompression partial melting of de-
pleted mantle and continental crust to form the 480-460 Ma Kaladawan
Pluton.
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