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1. Introduction

ABSTRACT

The Altay Range is an important part of the Central Asian Orogenic Belt (CAOB) that contains A-type gran-
ites that have been attributed to a post-collisional setting during the Late Carboniferous-Permian. How-
ever, our new LA-ICP-MS zircon U-Pb age data demonstrates that there were two episodes of A-type
granite magmatism in the southern Altay Range. A Late Carboniferous to Early Permian (308-291 Ma)
suite does occur in the vicinity of Qiakuerte but a distinct Late Devonian (382-367 Ma) suite is present
in the Kouan area. The early Kouan A-type granites are mainly composed of alkali-feldspar granites,
which are approximately synchronous with adakites, boninites, high-Ti basalts, picrites, ophiolitic rocks,
and high temperature-low pressure metamorphic rocks, whereas the late Qiakuerte A-type granites
mainly consist of arfvedsonite and aegirine-bearing granites, which are approximately coeval with some
mafic-ultramafic rocks in the southern Altay Range. A-type granites are commonly classified as A; and A,
sub-types, which are considered to be generated in anorogenic (rift or plume-related) or post-collisional
settings, respectively. Both suites of the southern Altay Range are geochemically similar to typical A,-
type granites, e.g., high K,0 + Na,0, FeO/MgO, and Ga/Al, and Y/Nb values, and low CaO, Ba, Sr, and Eu
contents. The Kouan A-type granites have relatively low (La/Yb)y (2.7-5.9), high enq(t) (+6.7 to +7.7)
and Nb/La (0.59-1.67), and variable eyft) (+5.0 to +14.1) values, whereas the Qiakuerte A-type granites
have comparatively high (La/Yb)y (4.2-9.2), low eng(t) (+5.3 to +6.0) and Nb/La (0.33-0.74), and variable
ep(t) (+10.0 to +18.7) values. The early Kouan A-type granites may have been generated by partial melt-
ing of a mafic source containing more depleted mantle-derived components than the late Qiakuerte A-
type granites. We suggest that the Late Carboniferous to Early Permian Qiakuerte granites were formed
in a post-collisional extensional setting, as is typical of A,-type granites. However, the Late Devonian
Kouan A-type granites were more plausibly generated in an extensional setting as a result of slab window
caused by a ridge subduction. In this case, the upwelling of asthenosphere through the slab window pro-
vided the source of parental magmas, or the heat for the generation of Devonian magmas. Therefore, our
results suggest that A,-type granites can also form in a ridge subduction-related extensional setting.

© 2010 Elsevier Ltd. All rights reserved.

subdivided A-type granites into two sub-types and suggested that
they may have different origins and tectonic settings. The A;-type

A-type granites were first distinguished by Loiselle and Wones
(1979) and have been extensively studied due to their unusual ori-
gins and tectonic settings (Collins et al., 1982; Whalen et al., 1987;
Creaser et al., 1991; Eby, 1992; Frost and Frost, 1997; King et al.,
1997; Bonin, 2007; Dall’Agnol and de Oliveira, 2007). They
were originally considered to have been generated in an “anoro-
genic” setting (Loiselle and Wones, 1979). However, Eby (1992)
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granites represent differentiates of magmas derived from OIB-like
sources but emplace in continental rifts or during intraplate mag-
matism (Eby, 1992). The A,-type granites are derived from partial
melting of continental crust or underplated mafic crust that has
been through a cycle of continent-continent collision or a subduc-
tion zone and were mainly formed in a post-collision extensional
setting (Eby, 1992). This concept was widely accepted and applied
in the study of A-type granites (Han et al., 1997; Wu et al., 2002; Li
et al., 2007; Zhang et al., 2007a; Zhao et al., 2008; Zhou et al,,
2008).
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The Central Asian Orogenic Belt (CAOB) (also named the Altaid
Collage or the Altaids), one of the world’s largest accretionary oro-
gens, was mainly formed by subduction and accretion of juvenile
material from the Neoproterozoic through to the Paleozoic (Sengor
et al., 1993; Jahn et al., 2000, 2004; Xiao et al., 2009). Large vol-
umes of Paleozoic magmatic rocks occur in the CAOB, including
A-type granites (Liu and Yuan, 1996; Zhao et al., 1996; Han et al.,
1997; Chen and Jahn, 2002, 2004; Liu, 2002; Wu et al., 2002; Liu
et al., 2005; Su et al., 2006, 2008; Konopelko et al., 2007; Guo
et al, 2008; Mao et al., 2008b; Zhou et al., 2008; Tang et al.,
2010a). However, all reported A-type granites were generated in
the Carboniferous to Cretaceous (338-106 Ma). The southern Altay
Range, which is a part of the CAOB, is also characterized by wide-
spread occurrence of Paleozoic magmatic rocks, most of which are
Late Carboniferous-Early Permian A-type granites (Liu and Yuan,
1996; Zhao et al., 1996; Han et al., 1997; Chen and Jahn, 2004;
Mao et al., 2008b; Su et al., 2008). These granites are geochemically
similar to A,-type granites and were considered to have been gen-
erated in a post-collisional setting.

We recently investigated several A-type granite plutons in the
southern margin of the Altay Range, northern Xinjiang (Northwest
China). Our data suggest that there are not only Late Carbonifer-
ous-Early Permian A-type granites, but also Late Devonian A-type
granites in this district and both exhibit A,-type geochemical char-
acteristics. In this study, we report their zircon U-Pb ages, major
and trace element compositions and Nd-Hf isotope characteristics.
We suggest that the Late Carboniferous-Early Permian A,-type
granites were formed in a post-collisional setting, whereas the Late
Devonian A,-type granites were generated in a ridge subduction-
related extensional setting.

2. Geological setting

The Altay Range is geographically located along the border
regions between Russia and Kazakhstan to the west and Western
China and Western Mongolia to the east. Tectonically, it lies in
the central part of the CAOB, along the northern margin of the
Kazakstan-Junggar Plate (Fig. 1a). The southern Altay Range of
the northern Xinjiang Province (Northwest China) is located to
the northeast of the Junggar Basin. From north to south, it is tec-
tonically divided into the Altay arc, Dulate arc, and Yemaquan
arc, which are separated by the Ertix and Zhaheba-Armantai fault
zones (Xiao et al., 2008, 2009) (Fig. 1b).

There are three ophiolite zones in the southern Altay Range
that, from north to south, include the Qiaoxiahala-Qinghe,
Zhaheba-Armantai and Kalamaili ophiolites. These occur along
the Ertix, Zhaheba-Armantai and Kalamaili fault zones, respec-
tively (Fig. 1b). Tholeiites from the Qinghe ophiolite have a zircon
SHRIMP U-Pb age of 352 +4 Ma (Wu et al., 2006a), which is the
youngest among all the ophiolites in the southern Altay. Plagiogra-
nites from the Kuerti ophiolite in the northern part of the Qiaoxia-
hala-Qinghe ophiolites have a zircon SHRIMP U-Pb age of
372 +19 Ma (Zhang et al., 2003a), which is slightly older than or
approximately coeval, within error ranges, with the Qinghe
ophiolites. The Zhaheba-Armantai ophiolite has zircon SHRIMP
U-Pb ages ranging from 406 to 503 Ma (Jian et al., 2003; Xiao
et al., 2009). Gabbros and anorthosite from the Zhaheba ophiolite
have zircon SHRIMP U-Pb ages of 406-489 Ma, which is consistent
with the presence of Devonian-Ordovician radiolarian cherts (Li
et al., 1990; Xiao and Tang, 1991; Xiao et al., 1992; He et al,,
2001). Plagiogranites of the Armantai ophiolite have a zircon
SHRIMP U-Pb age of 503 +7 Ma (Xiao et al.,, 2009). The Late
Cambrian-Ordovician Zhaheba-Armantai ophiolite has been inter-
preted as ancient oceanic crust of the Junggar Ocean (Deng and
Wang, 1995; Jian et al., 2003; Xiao et al., 2009). Plagiogranites of

the Kalamaili ophiolites have a zircon SHRIMP U-Pb age of
373 +10 Ma (Tang et al., 2007a). The ophiolite age data indicate
that formation of oceanic basins in the region occurred in the
Paleozoic. These oceanic basins may have closed in the Carbonifer-
ous, given the presence of continental deposits that abruptly over-
lie early Paleozoic marine facies deposits (Zhou et al.,, 2006;
Charvet et al., 2007; Zhang et al., 2009).

The rocks outcropping in the southern Altay Range consist of
Ordovician-Silurian gneisses and schists, a Devonian to Early
Carboniferous marine volcanic-sedimentary rock sequence, a Late
Carboniferous to Permian continental volcanic-sedimentary rock
sequence, Mesozoic coal-bearing sedimentary rocks and Cenozoic
sediments (Fig. 1b) (Zhou et al., 2006; Zhang et al., 2008a)
(Fig. 1b). Early Paleozoic rocks mainly occur to the north of the
southern Altay Range and Late Paleozoic to the south (Fig. 1b).
Paleozoic rock types of the southern Altay Range are summarised
in Table 1.

Late Paleozoic volcanic rocks in the southern Altay Range have
recently been studied in some detail (Zhang et al., 2003b, 2005,
2008a, 2009; Niu et al., 2006). Boninites were found in the Middle
Devonian Beitashan Formation in the Shaerbulake area, ca. 20 km
southwest of Fuyun City (Zhang et al., 2003b; Niu et al., 2006).
Picrites were also discovered in the lower part of the Beitashan For-
mation (Zhang et al., 2008a). In addition, high-Ti basalts have been
identified in Devonian strata of the Shaerbulake and Kuerti areas
(Niu et al., 2006). All volcanic rocks from the Devonian Formations
in the southern Altay Range are considered to have been generated
in a Devonian island-arc setting (Xiao et al., 2008; Zhang et al.,
2009). Volcanic rocks of the Late Carboniferous Batamayineishan
Formation, occurring to the south of the Dulate arc and locally with
minor interbedded carbonaceous shale, are considered to have
mainly formed in either a post-collisional or arc setting (Long
et al., 2006; Xiao et al., 2008; Wu et al., 2009; Zhang et al., 2009).

In addition to the Late Paleozoic volcanic rocks, the southern
Altay range also contains voluminous Paleozoic granitoids
(Fig. 1b). In the Altay arc (Fig. 1b), the granitoids mainly consist
of biotite granites, two-mica granites, and granodiorites. Most of
the granitoids are metaluminous or weakly peraluminous and
calc-alkaline (Chen and Jahn, 2002; Wang et al., 2006, 2009; Yuan
et al., 2007). Zircon U-Pb age data indicate that these granitoids
were mostly emplaced between 360 Ma and 460 Ma (Wang et al.,
2006, 2009; Yuan et al., 2007; Sun et al., 2008, 2009). However,
in the Dulate and Yemaquan arc, the granitoids, which mainly con-
sist of biotite granites, diorites, granodiorites, alkali granites, and
alkali-feldspar granite, were mostly emplaced at 270-320 Ma
(Liu and Yuan, 1996; Han et al., 1997, 2006a; Tang et al., 2007b;
Mao et al., 2008b; Su et al., 2008) with the exception of several
376-393 Ma adakitic plutons (granodiorite, monzodiorite, and
quartz diorite porphyries) (Yang et al., 2005a; Wan and Zhang,
2006; Zhang et al., 2006; Xiang et al., 2009).

A number of alkali granite, alkali-feldspar granite, monzogranite,
and biotite granite intrusions in the Dulate and Yemaquan arc are geo-
chemically similar to A-type granites (Liu and Yuan, 1996; Zhao et al.,
1996; Han et al., 1997; Windley et al., 2002). In the southern part of
the Altay Range, A-type granite plutons occur along the Kalamaili fault
zone and have zircon U-Pb ages of 306-284 Ma (Tang et al., 2007b;
Mao et al., 2008b; Su et al., 2008). In the central part of the range,
A-type granite plutons occur close to the Zhaheba-Armantai ophiolite
belt (Han et al., 1997; Chen and Jahn, 2004). Previous Rb-Sr whole-
rock or biotite-whole-rock isochron age data suggested that these
A-type granite plutons were emplaced at about 300-270 Ma (Han
et al, 1997; Chen and Jahn, 2004). These A-type granitoids in the
southern Altay Range are temporally associated with Cu-Ni bearing
mafic and ultramafic plutons (Kalatongke) having a SHRIMP zircon
U-Pb age of 287 + 5 Ma (Han et al., 2004) and Re-Os sulfide mineral
isochron age of 283-305 Ma (Han et al., 2006b; Zhang et al., 2008b).
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Fig. 1. (a) Location of the study area in the Central Asian Orogenic Belt (modified after Sengér et al., 1993; Jahn et al., 2000). (b) Geological map of the southern Altay Range
(modified from Windley et al., 2002; Wang et al., 2009). Major faults: E—Ertix thrust; F—Fuyun fault; ZA—Zhaheba-Armantai thrust; K—Kalamaili thrust. Ages shown for rocks
are from Zhang et al. (2006), Xiao et al. (2008) and Xiang et al. (2009) and references therein.

Table 1

The types of the Paleozoic rocks in the southern Altay Range.
Period Formation Rock types
Permian Harjiawu

Late Carboniferous Batamayineishan

Early Carboniferous Nanmingshui

Late Devonian Jiangzierkuduke

Middle Devonian Yundukala

Beitashan

Early Devonian

Tuoranggekuduke
Ordovician-Silurian

Habahe

Basic-acid volcanic rocks, welded tuff, tuffaceous breccia, sedimentary tuff, clastic
sedimentary and coal-bearing sedimentary rocks

Basalts and basaltic andesites, locally with minor interbedded tuff, siltstone and
carbonaceous shale

A succession of volcanic-sedimentary rocks: basalt, andesite, tuff, chert, tuffaceous
slate, sandstone, black shale, sedimentary-volcanic breccia, carbonaceous slate and
limestone

Pyroclastic rocks (dominated by tuff) intercalated with sandstone, basaltic andesite,
andesite and dacite

A suite of shallow marine fine clastic rocks interbedded with basic rocks and
intermediate rocks

Basalt, basaltic tuff, basaltic breccia, picrite, sedimentary tuff, chert, siltstone and
sandstone

Basic-acid volcanic rocks, pyroclastic rocks, siltstone, tuff and tuffaceous sandstone
Sandstone, siltstone, mudstone, and slate

Samples from five representative granite plutons (Saertielieke,
Jierdekala, West-Kouan, East-Kouan and North-Kouan) in the
southern Altay Range were collected for this study (Figs. 1b and
2). The Saertielieke and Jierdekala plutons are located to the

southwest of Qiakuerte town and intruded into the Late Devonian
Jiangzierkuduke Formation (Fig. 2a). The two plutons are massive
and undeformed and exhibit massive structure (Fig. 3a). The
West-Kouan, East-Kouan and North-Kouan plutons are located
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Fig. 2. Geological maps of (a) Qiakuerte and (b) Kouan areas in the southern Altay Range. Zircon U-Pb ages shown for rocks are from Liu and Yuan (1996), Jian et al. (2003),

Tong et al. (2006), and our unpublished data.

around the town of Kouan. They intrude the Middle Devonian
Beitashan Formation and are slightly deformed (Fig. 3c).

3. Petrography

The alkali granite Saertielieke and Jierdekala plutons are pink at
fresh outcrops (Fig. 3a) and have coarse to medium grained texture.
They consist of arfvedsonite (3-5%), aegirine (1-5%), perthite (40—
60%), albite (2-3%), quartz (20-50%) and minor accessory minerals
(e.g., zircon, apatite and magnetite) (Fig. 3b). Arfvedsonite and aegir-
ine occur as anhedral grains coexisting with subhedral feldspar and
anhedral quartz. Some acicular arfvedsonite crystals and irregular
aegirine crystals are enclosed in the feldspar crystals, and arfvedso-
nite granules may be rimmed or occasionally replaced by aegirine.
Some quartz and feldspar exhibit micrographic textures.

The West-Kouan, East-Kouan and North-Kouan plutons mainly
consist of alkali-feldspar granites. They are pink or grey at fresh
outcrops and have coarse to medium grained texture. They are
composed of biotite (1-5%), perthite (30-40%), K-feldspar (10-
20%), quartz (30-50%) and accessory minerals (e.g., zircon, apatite
and magnetite), and lack alkali mafic minerals (e.g., arfvedsonite
and aegirine). Quartz and feldspar also exhibit micrographic tex-
tures (Fig. 3d).

4. Analytical methods
4.1. Zircon U-Pb geochronology

Two samples (08WLG-16 and 08 WLG-07) from the Saertielieke
and Jierdekala plutons in the Qiakuerte area and two samples
(08QH-25 and 08QH-27) from the West-Kouan and East-Kouan
plutons in the Kouan area were analyzed in this study. Zircon
grains were separated using conventional heavy liquid and mag-
netic techniques, followed by handpicking. The representative
grains were mounted in epoxy, polished, and photographed in
transmitted and reflected light, followed by cathodeluminescence
(CL) and backscatter electron (BSE) imaging in order to identify
the structure of the zircon grains. CL and BSE imaging was carried

out using a JXA-8100 Electron Probe Microanalyzer with a Mono
CL3 Cathode luminescence System for high resolution imaging
and spectroscopy at the Key Laboratory of Isotope Geochronology
and Geochemistry (KLIGG), Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (GIGCAS). U-Pb dating was con-
ducted by LA-ICP-MS at the State Key Laboratory of Geological Pro-
cesses and Mineral Resources, China University of Geosciences,
Wuhan. Laser sampling was performed using an excimer laser-
ablation system (GeoLas 2005). An Agilent 7500a ICP-MS instru-
ment was used to acquire ion-signal intensities. Helium was used
as a carrier gas. Argon was used as the make-up gas and mixed
with the carrier gas via a T-connector before entering the ICP.
Because high-purity argon and helium (>99.999%) were used, both
the 2°4Pb and 2°?Hg intensities of the gas blank were always lower
than 50 c.p.s. at a sensitivity of 1 x 106 c.p.s. Spot sizes of 32 um
with a laser repetition rate of 8 Hz at 70 m] were used. Detailed
operating conditions for the laser and the ICP-MS instrument have
been given by Liu et al. (2008). Each analysis incorporated a back-
ground acquisition of ~20-30 s (gas blank) followed by 50 s data
acquisition from the sample. Details of the procedures for zircon
analysis using LA-ICP-MS are described by Liu et al. (2010). Concor-
dia diagrams and weighted mean calculations were made using
Isoplot/Ex_ver3 (Ludwig, 2003).

4.2. Major and trace element analyses

Representative samples were collected from Saertielieke, Jierde-
kala, West-Kouan, East-Kouan and North-Kouan plutons for major
and trace element analysis. Selected relatively fresh rocks were
first split into small chips and ultrasonically cleaned in distilled
water, then powdered after drying and handpicking to remove vis-
ible alteration. Major element compositions were obtained by X-
ray fluorescence spectrometry (XRF) on fused glass beads using a
Rigaku 100e spectrometer at the KLIGG, GIGCAS. Details of the
XRF procedures are described by Li et al. (2005). Trace elements,
including rare earth elements (REE), were determined using a
Perkin-Elmer ELAN 6000 inductively-coupled plasma source mass
spectrometer (ICP-MS) at GIGCAS, following the procedures
described by Li et al. (2002). The powdered samples (50 mg) were
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Fig. 3. Field outcrops of (a) the Jierdekala pluton and (c) West-Kouan pluton. Petrographic characteristics of the (b) Jierdekala alkali granite (Sample 08 WLG-07) and (d) West-
Kouan alkali-feldspar granite (08QH-24). Arf: arfvedsonite. Afs: alkali feldspar. Pl: Plagioclase. Q: quartz. Mag: magnetite. Spn: sphene.

dissolved in screw-top Teflon beakers using an HF + HNO3; mixture
for 7 days at ~100 °C. An internal standard solution containing the
single element Rh was used to monitor drift in mass response dur-
ing counting. USGS standard BCR-1 was used to calibrate the ele-
mental concentrations of the measured samples. Precision for
REE and other incompatible elements is estimated to be better
than 5% from the international USGS reference samples BIR-1
and laboratory standard (ROA-1). In-run analytical precision for
Nd is less than 2.5% RSD (relative standard deviation). The Sm/Nd
ratios measured by ICP-MS are within 2% uncertainty, and the
eng(t) values of the samples using these Sm/Nd ratios result in
uncertainties of less than 0.25¢ unit, which are negligible for petro-
genetic discussion.

4.3. Whole-rock Nd isotope analyses

Neodymium isotopic analyses were carried out using a Micro-
mass Isoprobe multi-collector-inductively-coupled plasma mass
spectrometry (MC-ICPMS) at the KLIGG, GIGCAS, using the analyt-
ical procedure described by Liang et al. (2003) and Li et al. (2006).
Nd fractions were separated by passing through cation columns
followed by HDEHP columns. Analyses of standard BHVO-2 during
the period of analyses gave '*3Nd/'**Nd = 0.512976 = 9 (20). Mea-
sured '*>Nd/"**Nd ratios were normalized to '“®Nd/'**Nd = 0.7219.

4.4. Zircon Hf isotope analysis

In situ zircon Hf isotopic analysis was carried out on a Neptune
multi-collector ICPMS equipped with a Geo-193 laser-ablation

system (LA-MC-ICPMS) at the Institute of Geology and Geophysics,
Chinese Academy of Sciences in Beijing, China. Spot sizes of 60 pum
with a laser repetition rate of 10 Hz at 100 mJ were used. The
detailed analytical technique and data correction procedure are de-
scribed in Wu et al. (2006b). Zircon 91500 was used as the refer-
ence standard with a recommended '"®Hf/!””Hf ratio of 0.282306
(Woodhead et al., 2004). The chondritic values of '7®Hf/'’’Hf
(0.282772) and 75Lu/!77Hf (0.0332) reported by Blichert-Toft and
Albaréde (1997) were used for the calculation of ey values. The
1761y decay constant of 1.865 x 107!'year~! (Scherer et al.,
2001) was used to calculate initial '7%Lu/!””Hf ratios. The depleted
mantle Hf model ages (Tpy) were calculated using the measured
1761 y/Y77Hf ratios of zircon based on the assumption that the de-
pleted mantle reservoir had a linear isotopic growth from
176Hf/77Hf = 0.279718 at 4.55 Ga to 0.283250 at present, with
176 u/77Hf = 0.0384 (Griffin et al., 2000).

5. Results
5.1. Zircon U-Pb geochronology

Zircon grains from the Saertielieke and Jierdekala granites
(Qiakuerte plutons) and the West-Kouan pluton are light-yellow
and transparent to semi-transparent, and occur as euhedral stubby
prismatic crystals with lengths of 100-150 um and length/width
ratios of 1.0-2.0 (Fig. 4). CL and BSE images clearly display oscilla-
tory zoning in most crystals and the presence of old cores in some
zircons. The results of LA-ICP-MS zircon analyses are listed in
Table 2 and illustrated on a concordia plot in Fig. 4.
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Fig. 4. Representative cathodeluminescence (CL) (a and d) or backscatter electron
Saertielieke, Jierdekala, West-Kouan and East-Kouan granites.

Thirty spot analyses of zircons from Saertielieke granite sam-
ple 08WLG-16 yielded two groups of nearly concordant ages: the
first group of ages from zircon cores have 2%°Pb/2*8U ages from
330 to 336 Ma and give a weighted mean of 333 +4 Ma (20);
the second group of ages from zircon rims or well-crystallized
zircon granules have 2°Pb/238U ages from 306 to 310 Ma and
give a weighted mean of 308 +6 Ma (2¢) (Table 2 and Fig. 4a).
Thus, we suggest that 308 + 6 Ma and 333 +4 Ma represent the
ages of crystallization of the Saertielieke granite and the source
material of the zircons, respectively. Eleven spot analyses of
zircons from sample 08WLG-07 of the Jierdekala granite yield a
single 2°5Pb/238U age population of 281-299 Ma, with a weighted
mean of 291+7 Ma (2¢) (Table 2 and Fig. 4b); this is the best
estimate for their crystallization age. In addition, five zircons
from sample 08WLG-07 also give a single 2°°Pb/?38U age popula-
tion of 322-331 Ma, with a weighted mean of 327 + 8 Ma (20),
which is consistent with the inherited zircon age (333 +4 Ma)
of the Saertielieke granites.

Thirty-seven spot analyses of zircons from sample 08QH-25 of
the West-Kouan granites yield a single 2°°Pb/?38U age population
of 385-374 Ma, with a weighted mean of 382 + 3 Ma (2¢) (Table 2
and Fig. 4c¢); this is the best estimate for their crystallization age.
Thirty-seven spot analyses of zircons from sample 08QH-27 of
the East-Kouan granites yield a single 2°°Pb/?3%U age population
of 370-363 Ma, with a weighted mean of 367 +3 Ma (20)
(Table 2 and Fig. 4d); this is the best estimate for their crystalli-
zation age.

5.2. Major and trace element compositions

The samples from the West-Kouan, East-Kouan, and North-
Kouan granites have high SiO, (69.4-76.9 wt%), K,O (4.80-
5.53 wt%) and Na,O +K,0 (8.97-10.3 wt%) contents, but low
Na,O/K,0 ratios (0.79-0.91) (Table 3; Figs. 5a and b). All the
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(BSE) (b and c) images and LA-ICPMS U-Pb concordant diagrams for zircons from the

granite samples plot in the high-K calc-alkaline field in the K,0O
versus SiO, diagram (Fig. 5a). They have Al,O3 contents ranging
from 12.4 and 15.1 wt% and exhibit weakly metaluminous char-
acteristics on a plot of A/NK (molar Al,03/Na,0 + K;0) versus A/
CNK (molar Al,03/Ca0 + Na,O + K,0) (Fig. 5c). They have low
MgO (0.02-0.33 wt%), CaO (0.27-1.0 wt%), and P,0s (<0.07
wt%) and high Fe* (FeO™'/(FeO™!+ MgO)=0.87-0.98) values
(Table 3; Fig. 5d). The Kouan granites have similar chondrite-
normalized REE patterns that are enriched in light rare earth ele-
ments (LREE) ((La/Yb)n = 2.67-5.87), display pronounced negative
Eu anomalies (average Eu/Eu”=0.11) (Fig. 6a), and have nearly
flat heavy rare earth elements (HREE) ((Tb/Yb)y =0.89-1.27). On
primitive-mantle normalized diagrams, they show prominent
negative Ba, Sr, Eu, and Ti anomalies, and slightly negative or
positive Nb anomalies (Fig. 6b).

The Saertielieke and Jierdekala granites in the Qiakuerte area
also have high SiO, (73.9-77.4 wt%) and Na,O + K,0 (8.1-10.0
wt%) contents, but lower K0 (4.10-4.90 wt%) and higher Na,O/
K50 ratios (0.95-1.04) (Table 3; Fig. 5a and b) than those of the
Kouan granites. All the granite samples also plot in the high-K
calc-alkaline field on a K,0 versus SiO, diagram (Fig. 5a). They
mainly display peralkaline characteristics on a plot of A/NK ver-
sus A/CNK (Fig. 5c) and also show high Fe* values (Fig. 5d). The
Qiakuerte granites also have flat HREE patterns, but are more
enriched in LREE ((La/Yb)y=4.23-9.17) than those from the
Kouan area (Fig. 6a). Although their primitive-mantle normalized
diagrams also show pronounced negative Ba, Sr, Eu, Ti, and
slightly negative Nb anomalies (Fig. 6b), they have lower Ba, Sr,
Nb and Ta but higher Zr, Hf and Ti contents than those of the
Kouan granites.

Both the Kouan and Qiakuerte granites plot in the field of with-
in-plate granites (Fig. 7a). They have high Zr, Nb and 10,000 x Ga/
Al values, indicating that they are geochemically similar to A-type
granites (Fig. 7b and c).



Table 2

Zircon LA-ICP-MS U-Pb data of the A-type granites in the southern Altay Range.

Spot Pbyag 238y (ppm) 232Th (ppm) Th/U Isotopic ratios Apparent age (Ma)

207pp, 206p, 1o 207pp, 235 1o 206pp, 238 1o 207pp, 206py, 1o 207ppy 235 10 206pp, 238 1o
08WLG-16 (Saertielieke pluton)
1 47.4 611.3 1234.7 2.02 0.05186 0.00164 0.35086 0.01259 0.04874 0.00056 279 61 305 9 307 3
2 14.5 242.6 231.2 0.95 0.05212 0.00198 0.35133 0.01332 0.04894 0.00059 291 65 306 10 308 4
3 133 2103 182.9 0.87 0.05085 0.00166 0.37442 0.01246 0.05315 0.00049 234 60 323 9 334 3
4 26.5 394.8 388.1 0.98 0.05311 0.00104 0.39068 0.00781 0.05325 0.00042 334 31 335 6 334 3
5 19.0 292.2 311.0 1.06 0.05714 0.00172 0.41545 0.01254 0.05259 0.00042 497 53 353 9 330 3
6 19.2 308.1 2453 0.80 0.05348 0.00191 0.39308 0.01377 0.05334 0.00045 349 64 337 10 335 3
7 523 684.0 1054.2 1.54 0.05492 0.00127 0.40466 0.00911 0.05340 0.00040 409 37 345 7 335 2
8 40.0 556.9 672.5 1.21 0.05198 0.00182 0.38459 0.01392 0.05353 0.00047 285 67 330 10 336 3
9 25.2 356.2 454.2 1.28 0.05069 0.00167 0.37251 0.01238 0.05323 0.00051 227 59 322 9 334 3
10 21.6 346.5 375.6 1.08 0.06114 0.00203 0.41474 0.01491 0.04907 0.00073 644 52 352 11 309 4
11 243 359.2 420.5 117 0.05628 0.00117 0.41315 0.00889 0.05320 0.00039 463 35 351 6 334 2
12 30.1 3731 560.3 1.50 0.05303 0.00516 0.40085 0.03830 0.05330 0.00047 330 202 342 28 335 3
13 16.6 255.6 243.1 0.95 0.05399 0.00234 0.39205 0.01668 0.05266 0.00046 371 100 336 12 331 3
14 18.3 290.1 246.0 0.85 0.05290 0.00127 0.38690 0.00903 0.05308 0.00036 324 41 332 7 333 2
15 23.9 326.0 460.1 141 0.05402 0.00108 0.39750 0.00820 0.05329 0.00047 372 31 340 6 335 3
16 15.2 235.0 2201 0.94 0.05321 0.00128 0.39003 0.00974 0.05302 0.00037 338 44 334 7 333 2
17 29.1 404.7 560.7 1.39 0.05212 0.00333 0.38211 0.02339 0.05319 0.00065 291 118 329 17 334 4
18 35.5 511.7 676.0 1.32 0.05369 0.00449 0.36552 0.02985 0.04924 0.00062 358 163 316 22 310 4
19 213 336.5 271.0 0.81 0.05348 0.0014 0.39125 0.01028 0.05296 0.00039 349 46 335 8 333 2
20 133 207.0 190.2 0.92 0.05092 0.00408 0.34074 0.02504 0.04878 0.00072 237 140 298 19 307 4
21 63.5 579.0 920.9 1.59 0.05217 0.00846 0.35723 0.06062 0.04897 0.00058 293 328 310 45 308 4
22 393 519.2 765.5 1.47 0.06056 0.00144 0.44449 0.01009 0.05318 0.00039 624 36 373 7 334 2
23 26.4 395.6 549.6 1.39 0.05293 0.00202 0.35754 0.01262 0.04903 0.00058 326 59 310 9 309 4
24 19.1 2713 3374 1.24 0.05629 0.00130 0.41418 0.00952 0.05332 0.00037 464 39 352 7 335 2
25 34.6 486.3 566.0 1.16 0.05306 0.00194 0.38706 0.01409 0.05277 0.00035 331 71 332 10 331 2
26 213 3403 296.5 0.87 0.05264 0.00141 0.35237 0.00915 0.04863 0.00032 313 47 307 7 306 2
27 19.2 302.3 230.1 0.76 0.05457 0.00305 0.39478 0.02168 0.05247 0.00057 395 129 338 16 330 3
28 22.0 354.2 335.2 0.95 0.05245 0.00159 0.35303 0.01079 0.04879 0.00043 305 54 307 8 307 3
29 28.0 419.5 438.8 1.05 0.05355 0.00118 0.39324 0.00855 0.05322 0.00031 352 39 337 6 334 2
30 31.5 388.1 776.5 2.00 0.05294 0.00145 0.38626 0.01077 0.05282 0.00035 326 51 332 8 332 2
08WLG-07 (Jierdekala pluton)
1 120.8 911.1 2148.4 2.36 0.05125 0.01114 0.32206 0.06973 0.04495 0.00068 252 380 283 54 283 4
2 275.5 752.6 3057.7 4.06 0.05767 0.01044 0.35531 0.06284 0.04461 0.00081 517 359 309 47 281 5
3 866.7 1622.4 11201.7 6.90 0.05207 0.02512 0.36155 0.18328 0.04470 0.00167 288 863 313 137 282 10
4 235.2 476.5 895.3 1.88 0.04965 0.02090 0.32737 0.13257 0.04657 0.00139 179 650 288 101 293 9
5 79.6 1162.0 421.7 0.36 0.04779 0.00638 0.31345 0.04974 0.04722 0.00124 89 271 277 38 297 8
6 144.0 598.1 11231 1.88 0.04857 0.01694 0.35541 0.10909 0.04740 0.00079 127 490 309 82 299 5
7 107.2 751.6 449.4 0.60 0.06195 0.00792 0.46211 0.06136 0.05123 0.00065 672 273 386 43 322 4
8 79.9 452.9 12183 2.69 0.05125 0.00399 0.37391 0.02898 0.05173 0.00038 252 163 323 21 325 2
9 1099.2 1840.7 2389.1 1.30 0.04929 0.00662 0.34015 0.05022 0.04755 0.00061 162 278 297 38 299 4
10 1100.5 918.4 105.8 0.12 0.04849 0.01863 0.42061 0.12294 0.04733 0.00111 123 459 356 88 298 7
11 2438.6 399.1 88.5 0.22 0.04665 0.03581 0.37181 0.23953 0.04567 0.00208 31 959 321 177 288 13
12 1753.9 1211.6 5736.9 473 0.05080 0.00792 0.38273 0.05861 0.05261 0.00056 232 298 329 43 331 3
13 1664.4 3983 531.0 1.33 0.04810 0.02638 0.39972 0.17780 0.04527 0.00149 104 703 341 129 285 9
14 25739 962.8 2491 0.26 0.06652 0.0195 0.44722 0.13437 0.04618 0.00129 823 575 375 94 291 8
15 540.8 729.1 642.7 0.88 0.05135 0.01041 0.38863 0.07796 0.05214 0.00106 257 349 333 57 328 6
16 355 499.2 68.1 0.14 0.05494 0.00251 0.39993 0.01814 0.05265 0.00042 410 88 342 13 331 3
08QH-25 (West-Kouan pluton)
1 252.6 23124 1787.3 0.77 0.0522 0.00583 0.46201 0.05171 0.06097 0.00052 294 239 386 36 382 3
2 150.5 2352.6 847.6 0.36 0.05137 0.00132 0.43261 0.01168 0.06097 0.00053 257 46 365 8 382 3
3 290.5 4023.0 4691.4 117 0.05390 0.00121 0.45387 0.01008 0.06101 0.00031 367 41 380 7 382 2
4 286.0 4218.8 470.1 0.11 0.05367 0.00175 0.44373 0.01436 0.05990 0.00039 357 62 373 10 375 2
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5 3224 4832.3
6 326.7 5019.2
7 166.5 2519.1
8 336.4 5168.9
9 293.8 4405.3
10 271.6 4148.9
11 381.6 3665.1
12 2321 3608.3
13 163.6 2632.7
14 106.7 1693.5
15 244.3 3703.1
16 132.3 2077.1
17 204.0 2761.6
18 93.9 1409.9
19 368.2 5504.7
20 266.8 4039.4
21 1114 1681.2
22 140.3 2182.2
23 1824 2836.7
24 125.9 19194
25 139.3 2212.0
26 301.8 4546.0
27 182.2 27309
28 239.7 3681.3
29 592.1 8421.7
30 197.9 2963.0
31 306.5 4661.9
32 148.4 2289.5
33 163.7 2557.1
34 330.7 5054.3
35 151.3 2352.7
36 246.9 3971.5
37 186.1 2933.6
08QH-27 (East-Kouan pluton)
1 55.1 831.2
2 61.8 907.6
3 36.4 548.4
4 203 312.0
5 41.0 617.7
6 50.6 736.1
7 17.8 279.9
8 52.8 772.5
9 43.7 680.5
10 42.2 622.1
11 9.2 141.3
12 36.9 566.5
13 30.8 474.6
14 35.0 516.4
15 29.7 436.2
16 25.6 377.0
17 71.5 1026.4
18 23.6 3715
19 41.8 606.4
20 31.6 464.5
21 373 549.7
22 81.7 11523
23 213 293.4
24 27.9 418.7

2366.2
2144.6
1280.3
1881.3
1990.2
1156.6
3416.5
1384.4

863.2

547.0
1669.3

731.1
1882.3

530.3
2463.2
1853.3

708.5

822.0
1119.4

790.5

715.7
1982.1
1353.6
1380.3
5251.0
1606.6
2156.9
1016.2
1029.8
2485.6

909.5
1354.4
1310.5

570.6
691.6
348.8
166.9
403.1
588.6
160.2
563.8
3711
445.4

76.4
325.2
267.9
340.8
287.0
267.8
685.9
1725
443.0
271.9
366.7
972.7
2153
259.8

0.49
0.43
0.51
0.36
0.45
0.28
0.93
0.38
0.33
0.32
0.45
0.35
0.68
0.38
0.45
0.46
0.42
0.38
0.39
0.41
0.32
0.44
0.50
0.37
0.62
0.54
0.46
0.44
0.40
0.49
0.39
0.34
0.45

0.69
0.76
0.64
0.53
0.65
0.80
0.57
0.73
0.55
0.72
0.54
0.57
0.56
0.66
0.66
0.71
0.67
0.46
0.73
0.59
0.67
0.84
0.73
0.62

0.05404
0.05458
0.05275
0.05293
0.05476
0.05349
0.05324
0.05405
0.05337
0.05572
0.05275
0.05534
0.05438
0.05422
0.05405
0.05381
0.05027
0.05373
0.05456
0.05480
0.05345
0.05434
0.05495
0.05571
0.05677
0.05467
0.05348
0.05790
0.05291
0.05289
0.05137
0.05210
0.05445

0.05492
0.05397
0.05741
0.05391
0.05519
0.05317
0.05684
0.05968
0.05368
0.05416
0.05756
0.05530
0.05397
0.05453
0.05505
0.05414
0.06574
0.05402
0.05287
0.06063
0.05435
0.05370
0.06452
0.05383

0.00140
0.00072
0.00068
0.00073
0.00075
0.00102
0.00396
0.00057
0.00068
0.00083
0.00075
0.00085
0.00218
0.00085
0.00073
0.00093
0.00239
0.00069
0.00095
0.00073
0.00092
0.00067
0.00068
0.00071
0.00179
0.00091
0.00079
0.00117
0.00095
0.00053
0.00058
0.00049
0.00120

0.00077
0.00073
0.00105
0.00102
0.00083
0.00081
0.00160
0.00104
0.00075
0.00080
0.00237
0.00094
0.00102
0.00152
0.00104
0.00107
0.00119
0.00160
0.00091
0.00130
0.00086
0.00078
0.00221
0.00141

0.45683
0.45858
0.44333
0.44633
0.46504
0.45339
0.45461
0.45444
0.45197
0.47215
0.44639
0.46820
0.46310
0.46110
0.45546
0.45487
0.41651
0.45626
0.45561
0.46666
0.45088
0.45790
0.46445
0.47029
0.46879
0.46085
0.45302
0.48923
0.44723
0.44580
0.43606
0.43946
0.44986

0.44640
0.43864
0.46665
0.43721
0.44857
0.43176
0.46005
0.48148
0.43216
0.44027
0.46650
0.44786
0.43601
0.44384
0.44529
0.43697
0.53188
0.43328
0.42953
0.49098
0.44103
0.43592
0.52582
0.43111

0.01209
0.00691
0.00610
0.00696
0.01248
0.01073
0.03441
0.00497
0.00696
0.00761
0.00684
0.00742
0.01931
0.00736
0.00632
0.00762
0.01888
0.00582
0.00743
0.00598
0.00725
0.00574
0.00569
0.00674
0.01247
0.00760
0.00654
0.00997
0.00801
0.00434
0.00480
0.00565
0.00961

0.00638
0.00613
0.00905
0.00805
0.00744
0.00671
0.01356
0.00953
0.00615
0.00685
0.02028
0.00788
0.00912
0.01226
0.00886
0.00870
0.01042
0.01235
0.00770
0.01013
0.00713
0.00635
0.01799
0.01182

0.06121
0.06075
0.06085
0.06098
0.06122
0.06120
0.06118
0.06083
0.06127
0.06126
0.06117
0.06117
0.06145
0.06148
0.06090
0.06113
0.05998
0.06137
0.06038
0.06159
0.06097
0.06088
0.06109
0.06098
0.05969
0.06093
0.06124
0.06111
0.06114
0.06099
0.06146
0.06105
0.05992

0.05883
0.05879
0.05876
0.05883
0.05870
0.05874
0.05867
0.05827
0.05824
0.05874
0.05869
0.05855
0.05841
0.05892
0.05855
0.05846
0.05848
0.05817
0.05879
0.05878
0.05876
0.05877
0.05903
0.05793

0.00043
0.00040
0.00038
0.00037
0.00113
0.00051
0.00048
0.00031
0.00063
0.00044
0.00043
0.00038
0.00052
0.00035
0.00030
0.00046
0.00061
0.00030
0.00034
0.00031
0.00044
0.00028
0.00034
0.00054
0.00077
0.00038
0.00039
0.00040
0.00037
0.00036
0.00033
0.00057
0.00031

0.00033
0.00032
0.00034
0.00040
0.00039
0.00035
0.00066
0.00056
0.00033
0.00035
0.00081
0.00038
0.00057
0.00042
0.00050
0.00038
0.00035
0.00046
0.00038
0.00041
0.00032
0.00029
0.00049
0.00047

373
395
318
326
403
350
339
373
345
441
318
426
387
380
373
363
207
360
394
404
348
385
410
441
482
399
349
526
325
324
257
290
390

409
370
507
367
420
336
485
592
357
378
513
424
370
393
414
377
798
372
323
626
386
359
759
364

382
383
373
375
388
380
381
380
379
393
375
390
386
385
381
381
354
382
381
389
378
383
387
391
390
385
379
404
375
374
367
370
377

375
369
389
368
376
364
384
399
365
370
389
376
367
373
374
368
433
366
363
406
371
367
429
364
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Table 2 (continued)

Apparent age (Ma)
207Pb/206Pb

370
563
324

Isotopic ratios
207Pb/206Pb
0.05398

Th/U

25U (ppm)  2*2Th (ppm)

Pbrad

Spot

ZOGPb/238U

369
367
368
365
365
364
369
367
365
367
367
363
370

1o

207Pb/235U

370
396
362
366
369
374
367
386
366
371
384
358
367

1o

1o

207ppy 235 1o 206pp 238y
0.05891

0.43957

1o

26
43

0.00039
0.00034
0.00051

0.00735

0.00087

0.85
0.78
0.64
0.70
0.68
0.96
0.62
0.72
0.66
0.54
0.75
0.58
0.59

879.7

1035.0

74.2

25

8

0.05860

0.01154
0.00857

0.47751

0.00138

0.05888

707.5

903.7

63.4
2

26
27
28
29
30
31

30
241

0.05870

0.42874

0.00103

0.05290

260.3

408.6

7.4

36

386

0.00075

0.43426 0.05082 0.05818
0.00711

0.43790

0.00645

0.05437

326.5

468.5

41.6

5

26
28
35
59
53

386

0.00033

0.05827

0.00089

0.05437

491.0

724.5
633.6

49.2
4

438

0.00030

0.05805

0.00743
0.00897

0.44593

0.00099
0.00115

0.05565

606.6

6.3

351

0.00037

0.05894
0.05857

0.43599

0.05352

494.8

792.0
145.1

54.8

11

501
367

0.00052

0.46196 0.01572
0.01316

0.00200

0.05725

104.6
366.4
269.2

10.1

32

0.00051

0.05829

0.43374
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5.3. Nd-Hf isotope compositions

The Kouan granites have high and positive enq(t) values (+6.7 to
+7.7) and one-stage depleted mantle Nd model ages (Tpy) of 543-
617 Ma (Table 4; Fig. 8a). Compared with contemporary Altay arc
granitoids, they exhibit higher eyq(t) and lower Tpy; (Fig. 8a and
b). Additionally, they have eng(t) and Tpy values similar to those
of contemporary (380-390 Ma) arc-related basaltic rocks (picrites,
high-Ti basalts and boninites) from the southern Altay Range
(Fig. 8a and b) (Niu et al., 2006; Zhang et al., 2009). The Qiakuerte
granites have slightly lower &eng(t) values (+5.3 to +6.0) and older
one-stage depleted mantle Nd model ages (575-665 Ma) (Table 4;
Fig. 8a). They have enqg(t) and Tpy; values similar to the contempo-
rary Kalatongke ultramafic-mafic rocks (Li et al., 1998), which
have been considered to be the products of mantle upwelling in
a post-collisional setting (Chen and Jahn, 2004; Han et al., 2004)
(Fig. 8b).

The West-Kouan granites (sample 08QH-25) have zircon ey((t)
values ranging from +11.0 to +14.1 (average +12.3) and Tpy(Hf)
model ages ranging from 445 Ma to 583 Ma (average 524 Ma) (Ta-
ble 5). The East-Kouan granites (sample 08QH-27) have zircon
epf(t) values ranging from +5.0 to +13.6 (average +11.3) (Table 5)
and Tppm(Hf) model ages ranging from 455 to 845 Ma (average
555 Ma) (Table 5). The 382-367 Ma zircon granules from samples
08QH-25 and 08QH-27 have high eyft) values (+5.0 to +14.0). Zir-
con Hf isotope compositions of the West- and East-Kouan granites
are slightly higher than those of the zircons from the Altay arc
granitoids (Fig. 9a) (Sun et al., 2009).

The Saertielieke granites (sample 08 WLG-16) have zircon ey(t)
values ranging from +11.6 to +18.7 (average +14.6) and Tpy(Hf)
values ranging from 206 to 511 Ma (average 371 Ma) (Table 5).
The Jierdekala granites (sample 08WLG-07) have zircon eyg(t) val-
ues ranging from +10.0 to +18.6 (average +12.5) and Tpy(Hf) ages
ranging from 213 to 608 Ma (average 438 Ma) (Table 5). In sum-
mary, the Saertielieke and Jierdekala granites in the Qiakuerte area
have high ey(t) values close to the depleted mantle evolution line
(Fig. 9a).

6. Discussion
6.1. Classification of the Kouan and Qiakuerte granites

Although the alkali mafic minerals arfvedsonite and aegirine
(Fig. 3) occur in the Qiakuerte granites but are absent from the
Kouan granites, both suites exhibit geochemical characteristics of
A-type granites. These include high Na,O + K,0, FeO/MgO, Ga/Al
and HFSE values, and low CaO, Sr, and Eu values (Figs. 5 and 7),
exhibiting characteristics of A-type granites (Loiselle and Wones,
1979; Collins et al., 1982; Whalen et al., 1987; King et al., 1997;
Bonin, 2007). On the Nb-Y-3 x Ga and Nb-Y-Ce triangular dia-
grams of Eby (1992), the Qiakuerte A-type granite samples plot
in the A, field, and the Kouan A-type granite samples also plot in
A, field, but near the boundary of A; and A, field (Fig. 10a and
b). In the Ce/Nb-Y/Nb diagram (Eby, 1992), the Qiakuerte A-type
granite samples plot near the IAB field, whereas the Kouan A-type
granite samples near the boundary between the OIB and IAB fields
(Fig. 10c).

6.2. Petrogenesis

A-type granites can form through several magmatic processes,
including partial melting of crustal rocks (Model A), fractional crys-
tallization of mantle-derived melts (Model B), AFC (crustal assimi-
lation plus fractional crystallization) processes (Model C) and
magma mixing between basaltic and crustal melts (Model D)
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Table 3

995

Major oxides (wt%) and trace element (ppm) compositions of the A-type granites in the southern Altay Range.

Pluton sample Saertielieke Jierdekala West-Kouan East-Kouan North-Kouan
08WLG-13 08WLG-16 08WLG-17 08WLG-07 08QH-24 08QH-25 08QH-26 08QH-27 08QH-29
Major oxides
Si0, 73.88 73.94 74.44 7743 76.88 75.43 69.40 74.52 73.20
TiO, 0.21 0.27 0.30 0.14 0.08 0.09 0.41 0.17 0.29
Aly05 14.22 13.20 12.80 11.34 12.37 12.76 15.11 13.38 13.70
Fe,03 1.34 1.68 1.87 244 0.86 1.06 2.53 1.29 1.93
MnO 0.14 0.16 0.19 0.06 0.03 0.03 0.06 0.03 0.05
MgO 0.10 0.09 0.10 0.02 0.02 0.02 0.33 0.08 0.18
Ca0o 0.22 0.28 0.22 0.16 043 0.48 1.04 043 0.27
Na,0 4.64 5.09 5.00 4,02 417 4,50 491 4.30 4.42
K0 4.90 4.89 4.79 4.10 4.80 5.12 5.38 5.46 5.53
P,0s 0.04 0.02 0.03 0.01 0.01 0.01 0.07 0.02 0.04
LOI 0.17 0.24 0.32 0.20 0.24 0.34 0.80 0.18 0.25
Total 99.88 99.86 100.07 99.91 99.89 99.85 100.03 99.86 99.85
Trace element
Sc 3.54 3.20 4.48 437 0.96 1.03 6.38 2.98 3.70
Cr 0.27 0.30 0.73 0.74 0.19 0.19 0.16 0.53 0.72
Ni 0.74 0.22 0.94 0.03 0.09 0.11 0.07 0.85 0.39
Co 29.5 31.7 49.3 38.3 38.5 50.6 28.6 413 30.4
Ga 23.0 223 24.1 26.3 23.1 24.6 20.7 18.8 20.4
Ge 243 2.12 2.40 2.48 2.29 2.27 1.97 1.94 1.86
Rb 185 141 163 151 286 288 92.0 71.0 124
Sr 9.21 15.6 6.21 3.14 8.69 8.89 44.2 215 27.8
Y 49.6 303 37.9 80.8 49.3 62.1 43.6 23.8 46.0
Zr 567 360 442 1375 140 123 388 296 352
Nb 221 153 19.8 45.5 432 45.3 314 13.7 35.4
Ba 65.0 87.2 23.1 6.20 17.0 16.6 204 26.3 88.6
Hf 13.9 9.50 12.3 27.2 6.90 5.70 11.2 10.1 11.1
Ta 1.54 1.06 1.46 3.77 431 4.54 2.42 0.78 2.81
Th 21.1 114 14.5 16.1 27.0 24.7 6.80 3.10 9.00
§) 5.68 2.81 3.39 4.17 5.20 4.45 2.22 137 2.34
La 34.9 46.1 59.8 61.2 29.4 27.2 431 23.2 35.1
Ce 83.3 93.7 136 137 65.7 64.8 83.0 50.0 74.9
Pr 10.3 11.6 15.1 17.2 8.63 8.22 9.68 6.29 9.26
Nd 38.7 41.6 54.4 62.3 31.7 30.8 35.2 24.4 335
Sm 8.07 7.36 9.64 12.9 7.78 7.46 6.88 4.75 6.83
Eu 0.62 0.54 0.55 0.18 0.09 0.10 0.61 0.11 0.28
Gd 7.31 5.94 7.45 114 7.25 7.46 6.55 415 5.94
Tb 1.37 0.99 1.26 237 1.52 1.62 1.25 0.79 1.25
Dy 8.56 5.63 7.39 14.8 9.72 104 7.88 4.70 8.01
Ho 1.84 1.16 1.47 3.23 1.99 2.29 1.68 1.00 1.84
Er 5.72 3.46 4.38 9.77 5.89 7.12 5.15 2.82 5.68
Tm 0.89 0.54 0.67 1.53 0.90 1.10 0.81 0.43 0.93
Yb 5.92 3.61 4.68 10.0 6.09 7.31 5.62 2.83 6.39
Lu 091 0.57 0.74 1.53 0.92 1.08 0.91 0.47 1.00
Rb/Sr 20.1 9.0 26.3 48.1 329 324 2.1 33 4.5
Rb/Ba 2.8 1.6 7.1 24.5 16.8 17.3 0.5 2.7 14
Eu/Eu’ 0.25 0.25 0.20 0.04 0.04 0.04 0.28 0.07 0.14

(Collins et al., 1982; Clemens et al., 1986; Whalen et al., 1987,
Creaser et al., 1991; Eby, 1992; Turner et al.,, 1992; King et al.,
1997; Wu et al., 2002; Yang et al., 2006; Dall’Agnol and de Oliveira,
2007; Wang et al., 2010).

6.2.1. Models B-D: fractional crystallization, AFC processes and magma
mixing

Granitic magma can not be generated directly by mantle partial
melting (Taylor and Mclennan, 1985), which can only produce ma-
fic to intermediate magmas (Hofmann, 1988). Experimental stud-
ies also indicate that dry peridotites mostly generate mafic
magma (e.g., Hirose and Kushiro, 1993; Baker et al., 1995), while
hydrous peridotites can generate mafic to high-Mg andesitic mag-
ma (Hirose and Kawamoto, 1995; Hirose, 1997) by partial melting
at varying pressures (0.5-3.0 GPa) and degrees (2-40%) of partial
melting (Fig. 11a). Both the Qiakuerte and Kouan granites exhibit
high SiO, (>69 wt%) but low MgO (<0.33 wt%) contents, suggesting
they were not directly derived from the mantle (Fig. 11a).

Fractional crystallization of mantle-derived melts may be
ruled out in the generation of the Qiakuerte granites based on the

following evidence. The Qiakuerte granites are not directly associ-
ated with either contemporary mafic or intermediate igneous
rocks, as would be expected if extensive fractional crystallization
took place (Sylvester, 1989; Peccerillo et al., 2003; Shellnutt
et al, 2009). Although they are coeval with the Kalatongke
mafic-ultramafic complexes 50 km to the north of Qiakuerte town
(Fig. 1), there is a compositional gap spanning 55 and 72 wt% SiO,
between the mafic-ultramafic rocks and the A-type granites and
the two suites do not display a continuous compositional trend
(Appendix A), which is typical characteristic for fractional crystal-
lization (e.g., Frost and Frost, 1997; Bogaerts et al., 2003; Kim et al.,
2006). The older zircon core ages of ~330 Ma argue against the
possibility that they were generated by fractional crystallization
of mantle-derived melt. In addition, in the southern Altay Range,
coeval and large-scale A-type granites (Late Carboniferous—Early
Permian) are widely distributed, e.g., the Zhaheba-Armantai (Han
et al., 1997) and Kalamaili A-type granites belt (Tang et al.,
2007b; Mao et al., 2008b; Su et al., 2008), and they have character-
istics similar to the Qiakuerte A-type granites with high SiO, (>70
wt%), low MgO (<0.2 wt%) contents and high enq(t) (>+5) and ey(t)
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granites are from Table 3 and Han et al. (1997).

(>+10) values (Han et al., 1997; Tang et al., 2007b, 2008; Mao et al.,
2008b; Su et al., 2008). If such huge volumes of A-type granites
were derived by extensive fractional crystallization of mantle
melts, then the volume of mafic magma intruding into the crust
may be an order of magnitude greater than that of A-type granites
owing to the high degree of fractional crystallization (>90%) re-
quired by this model (Turner et al., 1992; Frost et al., 2002). How-
ever, coeval and spatially associated mafic rocks exposed in the
southern Altay are very rare. Therefore, we suggest that fractional
crystallization of mantle-derived mafic-intermediate magma is not
a viable mechanism for the Qiakuerte A-type granites. However,
their slightly variable SiO, contents (Fig. 8c) and Rb/Sr, Rb/Ba
and Eu/Eu’ ratios (Table 3) suggest that small degrees of fractional
crystallization took place after the high silicate A-type granite
magmas were generated.

Significant upper crust assimilation following generation of the
Qiakuerte granitic magmas can also be discounted, based on their
high and constant positive eyqg(t) values that define a horizontal
trend with increasing SiO, (Fig. 8c). Moreover, the Qiakuerte
A-type granites have higher eng(t) and eyq(t) and lower Tpp(Nd)
values than those of contemporary granitoids in the Altay area,
but partially overlap those of the contemporaneous Kalatongke
mafic-ultramafic rocks (Fig. 8a and b), suggesting that crustal
assimilation or magma mixing most likely did not play an impor-
tant role in their petrogenesis.

Although the Kouan granite compositions extend to slightly
lower silica contents (69 wt.% SiO,) than the Qiakuerte granites,

directly analogous arguments can be made against their petrogen-
esis via direct melting of the mantle (Fig. 11a) or by extensive crys-
tal fractionation of mantle melts (Appendix B) (e.g., Zhang et al,,
2007b). Minor variations in the SiO, contents (Fig. 8c) and Rb/Sr,
Rb/Ba and Eu/Eu’ ratios (Table 3) again suggest that small degrees
of fractional crystallization did take place after the high silicate
A-type granite magmas were generated. As is the case for the
Qiakuerte granites, crustal assimilation or magma mixing were
unlikely to have played an important role in the formation of the
Kouan A-type granites. Their relatively high and uniform enqg(t) and
end(t) and low Tpy(Nd) compared with contemporary calc-alkaline
granitoids in the Altay area (Figs. 8 and 9), and similarity in isotopic
compositions compared to contemporary basaltic volcanic rocks
(Fig. 8a and b) argue against significant crustal input. A lack of inher-
ited zircon (Fig. 4c and d) also suggests minimal addition of crustal
components during the formation of the Kouan A-type granites.
However, very minor assimilation of the middle-upper crust during
magma ascent or partial melting of a mixed crustal source, consist-
ing dominantly of new crustal material generated by underplated
basaltic magmas with minor pre-existing potassium-rich lower
crustal rocks (e.g., Wang et al., 2010), is possible, causing rare exam-
ples of zircons with relatively low eyg(t) values (+5.0 to +8.6) (Fig. 9a)
and high whole-rock K;0/Na,O (1.1-1.3) ratios (Fig. 5b).

6.2.2. Model A: partial melting of juvenile basaltic crust
Partial melting in the stability field of plagioclase, as indicated
by negative Eu, Ba and Sr anomalies of A-type granites, has been
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diagrams (b) for the Kouan and Qiakuerte granites. Normalizing values are from Sun
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considered as an important mechanism for their generation,
although the source rocks in the proposed models vary (e.g., Wang
et al.,, 2010). Possible source rocks include F- and Cl-enriched lower
crustal granulite residue (Collins et al., 1982; Clemens et al., 1986;
Whalen et al., 1987), tonalite and granodiorite at low pressures
(4 kbar) and high temperatures (950 °C) (Patifio Douce, 1997),
and lower crustal basaltic rocks (Frost and Frost, 1997; Frost
et al, 1999, 2001b; Dall’Agnol and de Oliveira, 2007). Creaser
et al. (1991) have shown that a residual granulitic source is unli-
kely to generate A-type granitic melts as it is too refractory. More-
over, the residual model cannot explain some geochemical
characteristics (e.g., high FeO™*/(FeO"™" + Mg0)) of A-type granites
(Creaser et al., 1991; Frost and Frost, 1997; Wang et al., 2010).
Bonin (2007) argues that the tonalite and granodiorite-derived
experimental melts of Patifio Douce (1997) have higher CaO and
K/Na ratios than typical A-type granites and melting temperatures
of 950 °C cannot be expected at such shallow depths (less than
4 kbar). In addition, the A-type granites in the southern Altay range
have higher enq(t) and eyft) values than other granitoids in the
present study area (Figs. 8b and 9a), which seems to be inconsis-
tent with this model.

The high positive eng(t) (+5.3 to +7.7) and eydt) (+5.0 to +18.7)
values of the A-type granites in the Kouan and Qiakuerte areas sug-
gest that their sources contain a depleted mantle component
(Figs. 8 and 9) that may have been similar to juvenile basaltic crust.
This conclusion is further supported by their young Nd model ages
ranging from 543 to 665 Ma (Table 4 and Fig. 8a). In order to model
partial melting of basaltic crust, we selected a Late Paleozoic
amphibolite sample from the Tarlang area of the southern Altay
Range (enqg(t) = 6.6) (Hu et al., 2000; Cai et al., 2007) as the source
of the Kouan and Qiakuerte A-type granites. The chondrite-normal-
ized REE pattern of the A-type granites can largely be reproduced
by 12% batch melting of the Tarlang amphibolite, except for
slightly lower relative HREE contents (Fig. 11b). This may suggest

that the HREE and the HFSE (e.g., Nb, Ta and Zr) were enhanced
by the excess alkalis and the volatile component (e.g., F and Cl, par-
ticularly F) in the late stage fluid (Collins et al., 1982; Whalen et al.,
1987; Turner et al., 1992). In any case, the modeling demonstrates
that A-type granites of the southern Altay Range were most plau-
sibly derived by partial melting of basaltic crust, irrespective of
whether or not the Tarlang area amphibolite precisely matches
the precursor of either the Kouan or Qiakuerte granites.

In fact, differences in the Nd-Hf compositions and major and
trace elements characteristics of the Kouan and Qiakuerte A-type
granites suggest that they were derived from different basaltic
rocks, based on the following evidence:

(1) The Kouan A-type granites exhibit high eyg(t) and young
Tom(Nd) similar to those of approximately contemporary
(390-380 Ma) arc-related mafic-ultramafic rocks (picrites,
high-Ti basalts and boninites) in the southern Altay Range
(Fig. 8a and b). The Qiakuerte A-type granites exhibit high
end(t) and young Tpy(Nd) close to those of contemporaneous
(305-287) Kalatongke mafic-ultramafic rocks, but distinct
from the earlier (390-340 Ma) arc-related mafic-ultramafic
rocks (Fig. 8a and b).

(2) The Kouan A-type granites have higher LILEs (e.g., Rb, Sr) and
Nb/La ratios but lower HFSEs (e.g., Zr, Hf) and LREE contents
than the Qiakuerte A-type granites (Figs. 6 and 8d). In
combination with the higher enq(t) values exhibited by the
Kouan granites compared to the Qiakuerte granites, these
differences suggest that source of the former contained more
depleted mantle-derived components than that of the latter
(Fig. 8).

Therefore, we argue that the early Kouan A-type granites (382-
367 Ma) were generated from arc-related juvenile basaltic crust
derived from depleted mantle sources (e.g., boninites), whereas
the late Qiakuerte A-type granites (308-291 Ma) most plausibly
originated from underplated basaltic crust derived from compara-
tively enriched mantle.

6.2.3. Hf-Nd isotope decoupling in the Qiakuerte granites

As illustrated in Fig. 9b, the zircon eyqt) values of the Qiakuerte
granites deviate positively from the whole-rock &yq(t) values com-
pared to the normal terrestrial arrays for mantle and crust Hf-Nd
isotope evolution (Vervoort et al, 1999), suggesting a Hf-Nd
isotope decoupling (Patchett et al., 1981; Schmitz et al., 2004).
Because zircon is resistant to weathering and may survive multiple
episodes of metamorphism, partial melting, and hydrothermal
alteration (Rubatto and Hermann, 2003; Spandler et al., 2004), it
is capable of preserving its primary magmatic Hf isotopic composi-
tion (Wu et al., 2006c). Thus, the retention of radiogenic Hf in igne-
ous zircons during partial melting of juvenile crustal material may
have caused the decoupling of zircon Hf and whole-rock Nd
isotopes in the Qiakuerte granites (Patchett et al., 1981; Wu
et al., 2006¢). In other words, zircon retains the Hf isotope signa-
ture acquired during crystallization from an earlier magma,
whereas the whole-rock Sm-Nd system was readily equilibrated
with the new melt and hence gave lower enq(t) values (Wu et al.,
2006¢). As a result, the granites have less radiogenic Nd isotope
compositions than normal terrestrial rocks at a given zircon eyt),
and the inherited zircons display high ey(t) ratios above the Hf-Nd
terrestrial array (Fig. 9b). This is also the reason that zircon Hf
model ages of the Qiakuerte granites are significantly younger than
the whole-rock Nd model ages (Tables 4 and 5).

Another implication of the isotopic data is that the protolith of
the Qiakuerte granites must have been derived from a more
depleted mantle source than suggested by the compositions of
the plutons, given that their parental magmas incorporated some
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Table 4

Nd isotope data of the A-type granites in the southern Altay Range.
Sample Sm Nd 1475m/144Nd 143Nd/“4Nd 20 ("3Nd/"“Nd); ena(t) Tom Topm
Qiakuerte area
08WLG-13 8.07 38.72 0.1260 0.512769 8 0.512516 53 665 635
08WLG-16 7.36 41.60 0.1070 0.512749 7 0.512534 5.7 575 606
08WLG-17 9.64 54.37 0.1072 0.512746 7 0.512531 5.6 581 612
08WLG-07 12.90 62.29 0.1252 0.512809 6 0.512570 6.0 590 568
Kouan area
08QH-24 7.782 31.72 0.1483 0.512911 7 0.512540 7.7 561 504
08QH-25 7.464 30.79 0.1466 0.512880 8 0.512513 7.2 617 547
08QH-26 6.879 35.24 0.1180 0.512795 8 0.512500 6.9 568 568
08QH-27 4.747 24.44 0.1174 0.512809 6 0.512527 7.1 543 544
08QH-29 6.831 33.45 0.1235 0.512797 7 0.512488 6.7 599 587

evolved crustal material at ca. 300 Ma. Partial melting caused new-
ly grown zircon to have a lower '7SHf/!77Hf ratio (Wu et al., 2006c),
contrasting with a metamorphic effect that typically results in zir-
con overgrowths having higher '7®Hf/!””Hf ratios than associated
cores (Zheng et al., 2005). Based on Fig. 9b, the dominant compo-
nents of evolved crustal source for the Qiakuerte granites must
have had a enq(t) slightly lower than about +5 to +6 whereas the
source of the inherited zircon cores had an &yq(t) near +8.

6.3. Tectonic setting and processes

Although both of the Kouan and Qiakuerte granites are
geochemically similar to typical A;-type granites, they differ in
some key respects: (1) the Kouan plutons were emplaced in the
Late Devonian (382-367 Ma), approximately synchronous with
adakites, boninites, high-Ti basalts, picrites, ophiolites, and high
temperature-low pressure metamorphic rocks, whereas the
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Qiakuerte plutons were emplaced in the Late Carboniferous—Early
Permian (308-291 Ma), approximately coeval with some mafic-
ultramafic rocks (Figs. 1b and 8a-b); (2) the Kouan plutons are
slightly foliated (Fig. 3c), suggesting they were formed before or
during orogenesis, whereas the Qiakuerte plutons are unde-
formed; (3) the Kouan A-type granites are mainly composed of al-
kali-feldspar granites, whereas the younger Qiakuerte A-type
granites are mainly arfvedsonite and aegirine-bearing granites;
(4) the Qiakuerte A-type granites plot in A, field; the Kouan
A-type granites also plot in A, field, but near the boundary be-
tween the A; and A, fields (Fig. 10); (5) as suggested above, the
Kouan and Qiakuerte A-type granites were probably generated
from different sources. Collectively, these differences suggest that
the Kouan and Qiakuerte A-type granites were generated in
distinct tectonic environments: arc-related and post-collisional
extensional settings, respectively.

6.3.1. Ridge subduction-related extension

As oceanic lithosphere subducts, the subduction zone will even-
tually interact with a spreading ridge (Delong and Fox, 1977;
Sisson et al., 2003). Ridge subduction, therefore, is an integral com-
ponent of the Wilson cycle (DeLong and Fox, 1977). When the
spreading ridge descends into the mantle, spreading can continue
for some time and form a “slab window” along the edges of the
divergent slab (Dickinson and Snyder, 1979; Thorkelson, 1996).

Upwelling of the asthenosphere through the slab window would
produce anomalous thermal, physical and chemical effects in the
surrounding asthenospheric mantle and lead to distinctive mag-
matic activity, metamorphism and sedimentation. Uplift of the
hot asthenosphere will cause rifting of the overriding plate, which
will then trigger formation of a series of fore-arc or back-arc basins
(Bourgois et al., 1996; Sample and Reid, 2003). The thermal input
of upwelling asthenosphere will cause partial melting of the slab
edge, overlying mantle wedge and crustal rocks to produce adak-
ites, Nb-enriched basalts, high-Mg rocks (boninites and picrites),
tholeiites or chemically unusual ophiolites and A-type granites
(Sisson et al., 2003; Martin et al., 2005; Mortimer et al., 2006;
Escuder Viruete et al., 2007; Hung et al., 2007; Cole and Stewart,
2009; Tang et al., 2010b). In addition, the high temperature regime
caused by asthenosphere upwelling may result in high- and/or
low-grade metamorphism on the overriding plate (Brown, 1998;
Iwamori, 2000).

Windley et al. (2007) were the first to suggest a ridge subduction
model to account for the evolution of the Central Asian Orogenic
Belt. They proposed that at least seven ridge subduction events oc-
curred during the evolution of the CAOB. Some recent case studies
have also supported ridge subduction in the CAOB (Jian et al., 2008;
Geng et al., 2009; Tang et al., 2010b). Sun et al. (2009) also
suggested that ridge subduction occured in the Altay Range at
~420 Ma based on Hf isotope evidence.



1000 X. Shen et al. /Journal of Asian Earth Sciences 42 (2011) 986-1007

Table 5
Zircon Lu-Hf isotope data for the A-type granites in the southern Altay Range.

Spot 176D/ 177Hf 176 u/\7HE T76Hf17THE 20 Age endt) 20 Tom
Sample 08WLG-16 (Saertielieke pluton)

08WLG-16 01 0.149134 0.004877 0.282979 0.000032 307 13.1 1.1 431
08WLG-16 02 0.127240 0.004257 0.282999 0.000033 307 139 1.2 393
08WLG-16 03 0.095803 0.003367 0.282914 0.000033 333 11.6 1.2 511
08WLG-16 04 0.088590 0.003086 0.282954 0.000033 333 13.1 1.2 446
08WLG-16 05 0.144866 0.004806 0.283033 0.000038 307 15.0 13 345
08WLG-16 06 0.163442 0.005507 0.283069 0.000039 307 16.1 14 294
08WLG-16 07 0.116494 0.004029 0.283105 0.000038 307 17.7 13 225
08WLG-16 08 0.127104 0.004190 0.283118 0.000038 333 18.7 13 206
Sample 08WLG-07 (Jierdekala pluton)

08WLG-07 01 0.044062 0.001307 0.283102 0.000075 327 18.6 2.7 213
08WLG-07 02 0.032691 0.000821 0.282992 0.000024 327 14.8 0.8 367
08WLG-07 03 0.323621 0.010464 0.282931 0.000033 291 10.0 1.2 608
08WLG-07 04 0.110319 0.002934 0.282874 0.000033 327 10.2 1.2 565
08WLG-07 05 0.019472 0.000501 0.282948 0.000023 291 12.5 0.8 425
08WLG-07 07 0.017351 0.000524 0.282926 0.000020 291 11.8 0.7 456
08WLG-07 08 0.026571 0.000805 0.282972 0.000025 291 133 0.9 395
Sample 08QH-25 (West-Kouan pluton)

08QH-25 01 0.137513 0.004890 0.282946 0.000022 382 133 0.8 485
08QH-25 02 0.073789 0.002634 0.282909 0.000022 382 12.6 0.8 509
08QH-25 03 0.083961 0.003053 0.282886 0.000023 382 11.7 0.8 549
08QH-25 04 0.087756 0.003214 0.282957 0.000032 382 14.1 1.1 445
08QH-25 05 0.150048 0.005199 0.282888 0.000020 382 11.2 0.7 582
08QH-25 06 0.089977 0.003340 0.282909 0.000024 382 12.4 0.9 519
08QH-25 07 0.112956 0.003940 0.282898 0.000036 382 11.9 13 546
08QH-25 08 0.092605 0.003302 0.282899 0.000025 382 12.1 0.9 534
08QH-25 09 0.092934 0.003311 0.282912 0.000026 382 12.5 0.9 515
08QH-25 10 0.096638 0.003738 0.282933 0.000022 382 13.1 0.8 489
08QH-25 11 0.110948 0.003893 0.282872 0.000024 382 11.0 0.9 584
08QH-25 12 0.098998 0.003450 0.282914 0.000025 382 12.6 0.9 512
Sample 08QH-27 (East-Kouan pluton)

08QH-27 01 0.093357 0.003438 0.282864 0.000027 367 10.5 1.0 589
08QH-27 02 0.132852 0.004860 0.282912 0.000028 367 11.8 1.0 538
08QH-27 03 0.095986 0.003531 0.282810 0.000029 367 8.6 1.0 672
08QH-27 04 0.089530 0.003298 0.282895 0.000022 367 11.6 0.8 539
08QH-27 05 0.084090 0.003059 0.282948 0.000025 367 13.6 0.9 456
08QH-27 06 0.124718 0.004500 0.282878 0.000026 367 10.8 0.9 584
08QH-27 07 0.074844 0.002769 0.282854 0.000030 367 10.3 1.0 592
08QH-27 08 0.135658 0.004922 0.282946 0.000026 367 131 0.9 484
08QH-27 09 0.034382 0.001308 0.282879 0.000025 367 11.6 0.9 534
08QH-27 10 0.136261 0.004988 0.282908 0.000027 367 11.7 0.9 545
08QH-27 11 0.142413 0.005197 0.282722 0.000036 367 5.0 13 846
08QH-27 12 0.111117 0.004072 0.282949 0.000027 367 13.4 1.0 468

176 u decay constant is 1.865 x 10~'"; Tpy;, depleted mantle Hf model age.
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are from Table 4 and Han et al. (1997). Symbols are the same as in Fig. 5.

A ridge subduction model can also account for an arc-related
extensional setting for the Late Devonian (382-367 Ma) Kouan A-
type granites in the southern Altay Range based on the following
evidence: (1) Coeval (376-393 Ma) adakitic porphyries in the
Kalaxiangeer porphyry copper belt (Figs. 1b and 12a) (Yang et al.,
2005a; Wan and Zhang, 2006; Zhang et al., 2006; Xiang et al.,
2009) exhibit MORB-like Nd-Sr isotope compositions (&ng(t) = +6.7
to +8.5, (87Sr/%%Sr); = 0.7037-0.7043) (Fig. 12b) and were most
probably generated by the partial melting of slab edges in the
subducting spreading ridge (e.g., Tang et al., 2010b); (2) Middle
Devonian boninites in the Shaerbulake area about 20 km to the
southwest of Fuyun City (Fig. 1b) were derived from depleted
fore-arc mantle fluxed by slab-derived fluid (Zhang et al., 2003b;
Niu et al., 2006) in response to the local injection of sub-slab
asthenosphere; (3) Devonian high-Ti basalts in the Shaerbulake
and Kuerti areas have the chemical characteristics of MORB (Niu
et al., 2006) and may have been produced by the decompressional
melting of upwelling asthenosphere; (4) Middle Devonian picrites
in the Qiaoxiahala-Laoshankou area (Fig. 1b) exhibit arc-related
geochemical features, suggesting that they were derived from man-
tle wedge (garnet-spinel transition zone) that was metasomatized

by fluids released from altered oceanic crust (Zhang et al., 2008a);
(5) Mafic rocks of the 372 +19 Ma Kuerti ophiolites display the
compositional characteristics of both MORB and IAB (Xu et al,,
2003; Zhang et al., 2003a), and basalts of 352 + 4 Ma Qinghe ophi-
olites have the compositional characteristics of both IAB and OIB
(Yang et al., 2005b; Wu et al., 2006a), including some Nb-enriched
examples (Nb > 12.2 ppm) (Wu et al., 2006a). These composition-
ally diverse ophiolitic rocks are similar to basalts generated by ridge
subduction, as documented in the Taitao peninsula (Lagabrielle
et al, 1994) and Alaska (Bradley et al., 2003); (6) High-temperature
and low pressure metamorphism took place at ~390 Ma in the Al-
tay arc (Long et al., 2007; Wei et al., 2007), which is in agreement
with a high temperature and low pressure regime caused by ridge
subduction (Brown, 1998).

Age data suggest that there was an obvious gap (Gap 1) in the
volume of typical calc-alkaline magmatism at ~400-380 Ma in
the southern Altay Range (Fig. 13), which may reflect a decrease
in fluid- induced metasomatism after the formation of the slab
window (Thorkelson, 1996). This ridge subduction model is also
supported by Hf isotope data in the Altay arc (Sun et al., 2009).
Zircon Hf isotope compositions of the granitoids, gneisses, and



1002 X. Shen et al. /Journal of Asian Earth Sciences 42 (2011) 986-1007

20
70
18 R SF00201
r o A OF=0.1-02
o ++ +-gg O KLB-1 QD:. :.AAA ©F=02:03 16
16 A AQ O O KLB-1* ° AF=03-04
+ A 14
14 _‘j-%A A HK-66 % 3
AQqg A X GEL g ° 2
12FaT0% + 4 pinen 2 10
$4Q%§< & MM3 ty o 8
> 10 o?-< o _©
+ o0 ® 6
© 20
8 ap 4
6 %o % 2
oo © 45 50 55 60 o
4 -

A—type granites in the
2+ southern Altay Range
(@)
0 1 1 1 1 1
45 50 55 60 65 70 75 80
Sio,

1000
:] Kouan granites
[ Qiakuerte granites
—O— Melt of amphibolite (F=0.12)
@ 1001
5
c
[e]
<
(@)
>4
[S}
]
o 10t
1 P T S T S S S T S S T S

La Ce Nd Sm Eu Gd Tb Dy Er Yb Lu

Fig. 11. (a) Si0,-MgO diagram of the A-type granites in the southern Altay Range compared with the partial melts of peridotites at varying pressures (0.5-3 GPa). The
peridotite-derived experimental melts (KLB-1) under hydrous condition are after Hirose and Kawamoto (1995) and Hirose (1997), and other experimental melts (KLB-1x, HK-
66, GEL, PHN1611 and MM3) in dry condition are after these references: Hirose and Kushiro (1993), Baker and Stolper (1994), Baker et al. (1995), Kushiro (1996) and Hirose
and Kushiro (1998). F = degree of partial melting. (b) Model chondrite-normalized REE pattern compared with the A-type granites in the southern Altay Range. The REE
pattern of the A-type granites is closely matched by the melt of amphibolite with 12% batch melting. The data for the Tarlang amphibolite in the southern Altay Range are
from Cai et al. (2007). Bulk solid/melt partition coefficients of rhyolitic melts in equilibrium with an amphibolite residuum (35% Cpx, 45% Pl, and 20% Amph). Individual
mineral Ky values are from Rollinson (1993) and references therein, and the Geochemical Earth Reference Model (GERM) (http://www.earthref.org).

80
70 F O Adakitic porphyries
| QO in the Kalaxiangeer
orphyry copper belt
ok porphyry copp:
|| Adakite Field
50 F
. L
= 40
w -
30F
20
10 Island-arc
L andesite-dacite-rhyolite Field (a)
O 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50

Y (ppm)

Altay Ra
. | Altay Range X%

10 F Kueri H A Laoshankou picrites
| Uphiolilcs\‘.ﬁ‘: + A Shaerbulake high-Ti basalts
L @ 5+ V' Shaerbulake boninite
- @ AA @ Keketuohai gabbro
| Devonian A +

X

basaltic rocks _»
5 | in the southern X

Kuerti ophiolites

Devonian granitoids
in the southern Altay Range

= X
wE r X
L v X PS
ol ¥ % CHUR
X KT X xxRx
[ Devonian granitoids / X XX x X
I in the sou[iem Altay Range X X
- | X (b)
5 L I L I L I L I L I L I L
0.700 0.702 0.704 0.706 0.708 0.710 0.712 0.714
('sr1*sr),

Fig. 12. (a) Sr/Y versus Y diagram (Defant and Drummond, 1993) for the Kalaxiangeer adakitic porphyries. (b) Nd and Sr isotope diagram for the Kalaxiangeer adakitic
porphyries and Devonian igneous rocks in the southern Altay Range. The data for the Kalaxiangeer adakitic porphyries are from Yang et al. (2005a), Wan and Zhang (2006),
and Zhang et al. (2006), the data for Keketuohai gabrro are from Wang et al. (2006), and the data for the Kuerti ophiolites, Shaerbulake high-Ti basalts and boninites, and

Laoshankou picrites are from the same references as in Fig. 8.

sedimentary rocks in the Altay Range show an abrupt change at
~420 Ma (Fig. 9a), indicating that prior to that time the magmas
came from both ancient and juvenile sources, whereas younger
magmas were derived mainly from juvenile material (Sun et al.,
2009). According to Sun et al. (2009), this dramatic change was
due to the onset of ridge subduction in the Altay Range. Therefore,
we suggest that ridge subduction was most likely responsible for
the voluminous magmatism during the Devonian in the southern
Altay Range. During ridge subduction, a slab window opened and
the upwelling asthenosphere heated the lower juvenile crust,
which may have been oceanic crust or newly underplated basaltic
magma, resulting in the formation of the Kouan A,-type granites. A
similar process has been proposed for the Cretaceous Chatham Rise
A-type granites, which are considered to have formed over a slab
window during the subduction of the West Wishbone Ridge
beneath eastern Zealandia (Mortimer et al., 2006). Numerous other
occurrences of A-type granites generated in subduction-related

extensional environments have been identified in recent years
(Wu et al., 2002; Mortimer et al., 2006; Zhao et al., 2008; Chen
et al,, 2009; Ling et al., 2009; Wong et al., 2009), and these were
triggered by oblique subduction, slab break-off, slab rollback, and
ridge subduction.

6.3.2. Post-collisional extension

To date, the Late Carboniferous—Early Permian geodynamic set-
ting of the southern Altay Range has remained controversial. Two
distinctly different interpretations, arc (Han et al., 2006b; Long
et al., 2006; Xiao et al., 2006, 2008, 2009) or post-collisional (Li,
2004; Han et al., 2006a; Wang and Xu, 2006; Zhang et al., 2009)
settings, have been proposed. An arc setting, however, is not sup-
ported by several lines of geological evidence. Sedimentological
studies indicated a Late Carboniferous-Permian continental volca-
nic-sedimentary sequence abruptly overlapped the earlier Paleo-
zoic marine facies deposits in the southern Altay Range,
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suggesting a collisional event in the Carboniferous (Zhou et al.,
2006; Zhang et al., 2008a, 2009). In addition, there are no deformed
textures in the granitic plutons emplaced in the Late Carbonifer-
ous-Early Permian in the southern Altay Range (Fig. 3a) (Han
et al.,, 1997; Chen and Jahn, 2004).

Alternatively, we suggest the southern Altay Range was in a
post-collisional setting during the Late Carboniferous-Early Perm-
ian. The timing of oceanic crust subduction, ophiolite emplacement,

(a) Dl'Cl
NE

Yemaquan arc

Junggar ocean

Asthenosphere

and concomitant deformation and metamorphism most plausibly
represent a pre-collisional stage through to the main collision per-
iod, implying that the sedimentary successions that unconformably
overlie the deformed and metamorphosed lithologies correspond to
the onset of a post-collisional setting (Liégeois, 1998; Wang and Xu,
2006). Li (2004) also suggested a post-collision stage in the Late
Carboniferous for the southern Altay Range based on strata distri-
bution, composition and their relationships with the ophiolites.
Large-scale magmatic rocks (e.g., granitoids and Cu and Ni bearing
mafic-ultramafic rocks) emplaced in the Late Carboniferous—Early
Permian were broadly distributed in the southern Altay Range
(Fig. 1). Granitic plutons in the Zhaheba-Armantai alkali granite
belt, including the Saertielieke, Jierdekala, Sawudegeer, and Tas-
igake intrusions have Rb-Sr whole-rock isochron ages of between
309 Ma and 292 Ma (Wang et al., 1994; Han et al., 1997). The Sabei
alkali granite of the Kalamaili alkali granite belt was generated in
the Late Carboniferous (~306 Ma) (Tang et al., 2007b), and the
Dajiashan and Huangyangshan granites in the same belt were gen-
erated between ~284 Ma and 305 Ma, respectively (Mao et al,,
2008b; Su et al., 2008). The Kalatongke Cu-Ni-(PGE) sulfide-bear-
ing ultramafic-mafic intrusions were generated at 283-305 Ma
(Han et al., 2004, 2006b; Zhang et al., 2008b), and are considered
to have been generated in a post-collisional setting (Han et al.,
1999; Mao et al.,, 2008a; Zhang et al., 2008b). Age data (Fig. 13)
for the southern Altay Range granites may further support the
above conclusion: there is an otherwise unexplained gap in pluto-
nism between ~325 and ~355 Ma (Gap 2) that could be accounted
for as a time interval corresponding to the main phase of collision.
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Fig. 14. Schematic diagrams showing a three-stage tectonic evolution of the Southern Altay Range (modified after Xiao et al., 2009; Zhang et al., 2009). (a) Devonian
Subduction stage (D,-C,). (b) Early Carboniferous to Late Carboniferous Transformation stage (C;-C,). (c) Late Carboniferous to Early Permian Post-collision stage (C,-P,).
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In summary, studies on the sedimentology, tectonics and magmatic
rocks of the southern Altay Range collectively suggest that this area
was in a post-collisional setting during the Late Carboniferous—
Early Permian.

In a post-collisional setting, underplating basaltic magmas can
provide heat for partial melting of crustal rocks (Ma et al., 1998;
Mo et al., 2007; Zhao et al., 2009). Post-collisional or Late Carbon-
iferous-Early Permian mafic-ultramafic intrusions in the southern
Altay Range (e.g., the Kalatongke intrusions) indicate the occur-
rence of such underplating in the lower crust (Han et al., 1999).
Therefore, we suggest that continued magma underplating led to
partial melting of underplated juvenile lower crust to produce
the A-type magmas in the Late Carboniferous-Early Permian
(e.g., Wang et al., 2010). The Qiakuerte A-type granites have high
ena(t) values similar to those of coeval mafic-ultramafic intrusions
(Fig. 8b), supporting such a conclusion.

6.3.3. Tectonic processes

Based on the above discussions and taking into consideration
published data from northern Xinjiang (Xiao et al., 2008, 2009;
Zhang et al., 2009), the Late Paleozoic tectonic evolution of the
southern Altay Range can be divided into three stages. (1) Subduc-
tion stage (before 355 Ma, D;-C;): The ancient Junggar Ocean sep-
arated the Junggar Terrane and the Altay Terrane during the
Devonian (He et al., 1994; Windley et al., 2002; Zhang et al.,
2009) (Fig. 14a). Northward subduction eventually transported
the spreading ridge to the subduction zone where ridge-trench
interaction then occurred (DeLong and Fox, 1977). As a slab win-
dow opened, unusually high temperatures provided by the upwell-
ing asthenosphere caused widespread melting of the subducted
oceanic crust, mantle and overlying crust and generated corre-
sponding metamorphism and widespread extension of the crust
(Bourgois et al., 1996; Thorkelson, 1996; Brown, 1998; Sisson
et al., 2003; Martin et al., 2005; Escuder Viruete et al., 2007). This
sequence of events can account for the spectacular diversity of
broadly coeval rocks found in the region, including adakites, boni-
nites, high-Ti basalts, picrites, ophiolites and metamorphosed crus-
tal rocks (Fig. 14a). Furthermore, the ridge subduction and
upwelling asthenosphere also produced the Kouan A-type granites
(Fig. 14a). (2) Transition stage from subduction to post-collision
(355-308 Ma, C;-C5): Collision between the Junggar and the Altay
terranes resulted in their amalgamation into a Cordilleran-type
orogen (Goldfarb et al., 2003) at the end of the Early Carboniferous
to the Late Carboniferous (Zhang et al., 2009) (Fig. 14b); (3) Post-
collision stage (after 308 Ma, C,-P;): Voluminous A-type granites
were generated and mafic-ultramafic intrusions were emplaced
into the southern Altay Range (Fig. 14c). The generation of the
post-collisional magmatism in the southern Altay Range was
mainly triggered by the upwelling of the asthenospheric mantle
in response to post-collisional detachment of the orogenic root
zone (Han et al.,, 1999) or the ascent of a mantle plume (Zhou
et al., 2004; Pirajno et al., 2008).

7. Conclusions

(1) Two episodes of A,-type granite are identified in the south-
ern Altay Range. The Kouan A-type granites were emplaced
in Late Devonian (382-367 Ma) and the Qiakuerte A-type
granites were emplaced in Late Carboniferous-Early
Permian (308-291 Ma).

(2) The Late Devonian Kouan A-type granites are mainly com-
posed of alkali-feldspar granites, and were probably derived
from arc-related basaltic crust containing more depleted
mantle-derived components. A ridge subduction model can
account for the formation of the Kouan A,-type granites.

(3) The late Qiakuerte A-type granites mainly consist of arfveds-
onite and aegirine-bearing granites and most plausibly orig-
inated from re-melting of underplated basaltic lower crust
with more enriched mantle-derived components. They were
formed in a post-collision tectonic setting.

(4) Ap-type granites may not only form in post-collisional
extensional settings, but also in ridge subduction-related
extensional settings.
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