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Voluminous and discrete early Paleozoic bimodal magmatic suites are thought to be the result of post-collisional
extension following the amalgamation of East Kunlun and Altyn Tagh. In this paper, four representativemagmat-
ic units were studied for their geochemical fingerprint in conjunction with geochronological studies. The
467–445MaMangyamafic suite shows E-MORB type rare earth element (REE) patterns that are the result of as-
thenospheric interaction with a metasomatized subcontinental lithosphere. High-K calc-alkaline granodiorites,
intruded at ca. 450Ma, are characterized by highMg#, the least fractionated REE patternwithout an Eu anomaly,
aswell as high Sr and lowRb/Sr ratio.We interpret these geochemical signals to result from lower crustalmelting
of garnet amphibolite at pressures between 16 and 22 kbar. A 430–420MaA-type granite is interpreted to result
from the melting of metaigneous rocks at middle to lower crustal depths. Lastly, a late magmatic pulse occurs
between 400 and 380 Ma and is represented by the Alk granite. The Alk granite is interpreted to be a product
of metapelite melts and is associated with a smaller volume of mafic melts. U–Pb zircon geochronology of Paleo-
zoic igneous rocks of the Qimantagh–South Altyn reveals that most of the magmatic episodes are either coeval
with, or post, extensional deformation. This phase of extension is supported by the exhumation of HP/UHPmeta-
morphic rocks and crustal anatexis. Collectively, the evolutionary stages documented in this study correspond to
a succession of post-collisional, postorogenic and, ultimately, within plate magmatic episodes. The overall fea-
tures support orogenic collapse via removal of a thickened lithospheric root beneath the East Kunlun–Altyn
Tagh collisional orogen during early Paleozoic.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Large orogenic belts formed at convergent plate boundaries com-
prise a period of continent–continent or arc–continent collision accom-
modated by crustal thickening (Dewey and Bird, 1970). The crustal
thickening is followed by syn- to post-convergence extension and thin-
ning of that previously thickened crust (e.g. Coney and Harms, 1984;
Dewey, 1988; England, 1993; Platt and Vissers, 1989; Vanderhaeghe
and Teyssier, 2001). Extension and crustal thinning of previously
thickened crust following collision are sometimes referred to as ‘relaxa-
tion phases’ (Liégeois, 1998). These post-collisional (either late or
postorogenic) settings are normally accompanied by voluminous,
mostly granitoid magmatism, contain varying quantities of mafic
microgranular enclaves or coeval mafic magmatism (bi-modal suites;
e.g. Bonin, 2004; Liégeois et al., 1998; Turner, 1992; Turner et al.,
86 29 88304789.
1999). Magmatism often displays an evolutionary progression from
high-K calc-alkaline (I-type) to alkaline (A-type) compositions,
representing the magmatism in post-collisional and postorogenic set-
tings and the transition from crustal thickening to the onset of crustal
thinning associated with orogenic collapse (e.g. Bonin, 2004; Clemens
et al., 2009; Liégeois et al., 1998; Oyhantçabal et al., 2007; Wang et al.,
2007).

Northeastern Tibet is an early Paleozoic orogenic collage exposed in
the Altyn Tagh, East Kunlun, North Qadidam, and Qilian Shan regions
(Fig. 1a; Che et al., 1995; Jiang et al., 1992; Sobel and Arnaud, 1999;
Xu et al., 2007; Yin and Harrison, 2000). Within each of these regions
there are abundant early Paleozoic HP/UHP metamorphic rocks along
with mafic–ultramafic and granitic magmatism. The Altyn Tagh and
East Kunlun are the two major orogenic belts in this collage (Fig. 1b).
The Altyn Tagh fault separates the Altyn Tagh region in the north from
the East Kunlun region in the south (Fig. 1b). Although both regions
are the foci of numerous studies, the details of the Paleozoic evolution-
ary relationships between these two regions are scarce. In the southern
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Fig. 1. (a) Location of Altyn Tagh and adjoining regions. (b) Schematic distribution of main geotectonic units in the Altyn Tagh and East Kunlun: North Altyn Tagh Archean terrain (North
Altyn) andNorth Altyn Tagh subduction–collision belt (NASB) in the north, the Central Altynmassif (CAM) in themiddle, and the South Altyn Tagh subduction–collision belt (South Altyn)
in the southwest. (c) Sketch geological map of Altyn Tagh (afterWang et al., 2013). Black rectangle indicates location of the study area. U–Pb ages for early Paleozoic magmatic rocks are
indicated in themap. Data sources are superscripted as follows: (a) Cowgill et al. (2003); (b)Wu et al. (2007); (c) Yang et al. (2012); (d) Cao et al. (2010); (e) Li et al. (2009); (f) Ma et al.
(2011); (g) Sun et al. (2012); (h) Dong et al. (2011); (i) this study; (j) Li et al. (2013); (k) Gao and Li (2011); (l) Guo et al. (2011); (m) Li et al. (2012); (n)Wang et al. (2010); (o) Cui et al.
(2011). HKCA—high-K calc-alkaline.
The South Altyn faults are after Cui (2011); the Baiganhu faults are after Feng et al. (2013); the diabase dyke swarms are after Qi et al. (2013).
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Altyn belt high-pressure and ultra-high pressure (HP/UHP) metamor-
phic rocks are juxtaposed and represent an episode of continent–
continent collision around 500 Ma (Liu et al., 2012 and references
therein). Recently, abundant Paleozoic magmatic assemblages, located
along the southern margin of the Altyn Tagh (South Altyn) and the
northwest part of East Kunlun (Qimantagh), were reported (e.g. Gao
and Li, 2011; Guo et al., 2011; Li et al., 2013; Ma et al., 2011; Wang
et al., 2008). Liu et al. (2013) suggested that the 466–385 Ma granitoid
intrusions occur in conjunction with the exhumation of the southern
AltynHP/UHP rocks and associated slab breakoff of subducted continen-
tal and oceanic crust. As a part of our systematic investigation of granit-
oids in these areas, we found that the magmatism in the Qimantagh
region is coeval with magmatism in the South Altyn area. The majority
of these intrusions are high-K calc-alkaline or alkaline granitoids with
associated mafic–ultramafic rocks. We make the argument that the
magmatic activity in these two regions reflects the transition from
crustal thickening associated with final collision and the onset of exten-
sional collapse of the orogen. Thus, a better understanding of the genetic
relationships between the various magmatic bodies can be used to pro-
vide a framework for the geological evolution of the East Kunlun and
Altyn Tagh regions.
In this paper, the main objectives are (1) to report geochemical and
U–Pb geochronological data from Ordovician–Devonian mafic and gra-
nitic rocks from northern margin of the Qimantagh that display the dis-
tinctive chemical features in magma source regions; (2) to describe and
interpret the spatial–temporal links between post-collisional and post-
orogenic magmatism within the Qimantagh and South Altyn areas;
and (3) to integrate these studies with the structural and metamorphic
history of the Qimantagh and South Altyn in order to constrain
geodynamic models of late orogenesis and extensional collapse.

2. Geological setting

The East Kunlun encompasses both the North Kunlun terrane and
the South Kunlun terrane (Fig. 1b; Bian et al., 2004; Li et al., 2006; Wu
et al., 1989; Xu et al., 2006). The East Kunlun consists of Paleo- and
Mesoproterozoic and early Paleozoic strata covered by late Devonian-
aged red molasse deposits. The Central Kunlun fault zone marks a
major suture zone representing the boundary between the North
Kunlun and South Kunlun terranes (Pan et al., 1996; Wu et al., 1989;
Xu et al., 2006). The western part of North Kunlun terrane that borders
the South Altyn region is known as the Qimantagh area. The basement



Fig. 2. Geological map of the study area in southern sector of the South Altyn (modified after XACGS, 2003). Locations of analyzed samples used in this study are shown.
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of the Qimantagh area includes the Neoarchean to Mesoproterozoic
Jinshuikou Group and the Neoproterozoic Binggou Group. The Ordovi-
cian–Silurian Qimantagh Group or TanjianshanGroup iswidely distributed
in the region and includes shallowanddeep-water clastics, carbonates, vol-
canic rocks and volcaniclastic rocks, formed in an extensional setting (Jiang
et al., 1992;Wang et al., 2010, 2012). Late Paleozoic strata overlay these se-
quences. Late Devonian strata contain both clastic and terrestrial volcanic
rocks that representmolasse depositionmarking the end of an early Paleo-
zoic orogeny (Cui et al., 2011; Jiang et al., 1992; Lu et al., 2010).

The Altyn Tagh is subdivided into four units. From north to south
these are referred to as the North Altyn Tagh Archean terrain (North
Altyn), the North Altyn Tagh early Paleozoic subduction–collision belt
(NASB), the Central Altyn massif (CAM), and the South Altyn Tagh sub-
duction–collision belt (South Altyn) based on their stratigraphy, meta-
morphic grade, structure and ages (Fig. 1b; Liu et al., 2009). The South
Altyn consists mainly of early Paleozoic HP/UHP metamorphic rocks,
mafic–ultramafic rocks, granites and minor clastics. The vast high-
Fig. 3. (a) Fine-grained, amygdaloidal mafic lava from the South Altyn. (b) Monzogranite
mantled K-feldspar phenocrysts. (c) Some elongated enclaves define a distinct magmati
texture from the aplitic dykes of YP.
grade metamorphic rocks from the South Altyn were named the
“Altyn Complex” (Wang et al., 2013). New data suggest that the
protolith of the Altyn Complex was part of the Neoproterozoic south-
eastern margin of the Tarim craton (Wang et al., 2013). The HP/UHP
metamorphic rocks in the South Altyn include garnet-bearing pelitic
gneisses, eclogite, kyanite + garnet gneisses, magnesite-bearing
garnet peridotite, granitic gneiss, and K-feldspar bearing garnet
clinopyroxenite (e.g. Cao et al., 2009; Liu et al., 1996, 2002, 2004,
2005, 2007, 2012; Wang et al., 2011; Zhang et al., 2001, 2002, 2005).
These HP/UHP metamorphic rocks have metamorphic ages between
510 and 450 Ma (Cao et al., 2009, 2013; Liu et al., 2009, 2012; Wang
et al., 2011, 2013; Zhang et al., 1999, 2004, 2005). Geochronological
data demonstrate that peak eclogite-facies metamorphic conditions
existed in the South Altyn at ca. 510–500 Ma (Liu et al., 2009, 2012;
Wang et al., 2011; Zhang et al., 2005). Retrograde HP granulite-facies
rocks developed around 454 Ma (Liu et al., 2012). The foliation-
parallel leucosome in the South Altyn is from amigmatitic environment
from YP displays rapakivi textures, characterized by the occurrence of plagioclase-
c foliation in the monzogranite from YP. (d) Feldspar phenocrysts showing rapakivi

image of Fig.�2
image of Fig.�3


Table 1
Major- and trace-element analytical data.

Area Mangya mafic rocks Yusupuleke pluton

Rock-type Diabase Basalt Granodiorite Monzogranite

Sample 10A-06/7 10A-06/9 10A-06/10 10A-06/8 10A-06/11 10A-06/1 10A-06/12 10A-06/13 10A-06/15 10A-06/16 06A-60 06A-61 06A-63 06A-64

SiO2 48.3 48.7 49.4 49.1 50.4 47.0 68.4 66.3 61.7 71.3 67.8 67.8 68.9 63.5
TiO2 1.25 1.33 1.33 2.66 1.89 2.06 0.43 0.51 0.71 0.31 0.63 0.65 0.57 0.89
Al2O3 14.9 13.6 15.4 13.1 13.3 12.9 15.0 15.4 16.0 14.5 14.7 14.5 14.6 15.5
TFe2O3 10.65 9.84 10.27 14.84 13.05 14.11 3.23 3.83 6.14 2.49 3.93 3.82 3.38 5.34
MnO 0.16 0.16 0.19 0.20 0.20 0.19 0.05 0.06 0.09 0.03 0.06 0.05 0.05 0.07
MgO 8.49 7.12 7.43 5.31 6.07 7.38 1.34 1.47 2.03 0.97 1.45 1.39 1.28 2.02
CaO 7.81 10.38 9.05 8.60 9.13 10.08 3.41 3.10 5.48 2.68 2.78 2.79 2.30 3.73
Na2O 3.75 3.84 3.23 3.12 3.52 1.12 3.31 3.53 3.78 3.06 3.01 3.60 3.01 3.18
K2O 0.66 0.44 1.18 0.49 0.56 1.00 3.40 3.81 2.41 3.95 4.74 4.39 5.01 4.08
P2O5 0.15 0.15 0.14 0.28 0.21 0.26 0.16 0.15 0.32 0.11 0.15 0.15 0.13 0.22
LOI 3.50 4.46 2.65 2.21 2.04 3.44 0.87 1.40 0.93 0.73 1.00 0.91 0.73 1.15
TOTAL 99.7 100.0 100.3 99.9 100.4 99.5 99.6 99.6 99.6 100.1 100.3 100.0 100.0 99.6
Li 28.8 18.1 18.9 14.3 14.2 27.0 17.8 9.4 11.4 13.9 - - - -
Be 0.5 0.5 0.5 0.9 0.7 0.9 2.6 2.5 3.0 1.8 3.2 3.3 3.3 3.4
Sc 27.7 40.4 37.1 41.0 40.9 35.6 6.5 8.1 18.2 4.7 8.4 8.4 7.9 11.9
V 216.4 259.1 263.9 419.4 334.9 325.7 46.6 53.7 106.5 34.7 48.8 48.7 42.3 73.7
Cr 164.9 155.3 393.4 11.0 23.6 245.9 20.2 23.1 29.6 16.5 23.1 18.0 15.8 26.6
Co 49.3 42.2 43.9 54.7 51.7 49.2 134.3 104.2 76.7 134.6 90.7 103.8 91.0 85.5
Ni 172.7 71.6 96.0 27.8 39.5 154.8 14.6 9.8 17.4 9.7 12.2 11.5 10.0 16.4
Cu 48.9 30.8 55.4 60.6 52.4 55.1 3.8 9.2 31.4 10.1 5.3 6.3 5.6 10.6
Zn 75.6 66.8 75.2 104.2 86.4 122.2 46.4 61.2 69.4 38.8 48.5 47.5 43.6 62.5
Ga 16.3 14.8 16.4 20.0 17.9 19.2 17.7 17.8 20.8 16.0 20.9 21.4 20.2 24.1
Ge 1.3 1.4 1.3 1.5 1.5 1.4 1.1 1.1 1.3 0.8 - - - -
Rb 11.3 7.4 21.1 7.5 10.7 24.4 118.6 123.4 65.2 118.2 193.7 185.1 203.8 175.3
Sr 171.1 239.4 210.0 196.8 242.1 43.7 415.3 538.5 565.1 403.1 182.8 178.1 176.5 236.2
Y 26.7 30.4 28.2 49.1 38.2 46.5 16.5 14.3 29.0 7.5 43.1 44.5 51.2 40.3
Zr 90.7 91.2 91.4 173.2 130.5 163.7 178.6 174.4 206.7 136.1 212.0 288.3 272.2 355.9
Nb 6.0 5.8 5.9 11.9 8.6 10.8 13.3 13.0 21.1 6.1 19.5 20.1 20.1 22.3
Cs 0.7 0.6 1.3 1.1 1.0 1.6 2.2 1.2 1.4 2.0 6.3 6.6 6.7 5.2
Ba 179.9 112.9 374.2 139.7 167.7 60.9 792.8 737.9 843.8 1016.2 682.2 521.0 568.3 696.3
La 6.3 7.1 6.0 11.6 8.5 9.5 31.8 27.8 26.4 23.0 58.2 69.5 53.7 74.2
Ce 15.7 16.7 15.3 29.0 21.3 25.5 61.5 53.0 64.0 43.2 117.5 137.7 113.2 144.3
Pr 2.1 2.2 2.1 4.0 2.9 3.6 6.5 5.5 7.9 4.3 12.4 14.2 12.3 14.7
Nd 10.5 11.0 10.5 19.6 14.5 17.9 23.6 20.2 31.8 14.9 47.0 52.9 48.1 54.7
Sm 3.2 3.4 3.3 6.0 4.4 5.5 4.4 3.9 7.0 2.5 8.9 9.6 9.8 9.6
Eu 1.2 1.2 1.2 1.9 1.5 1.7 1.1 1.3 1.7 0.8 1.4 1.3 1.3 1.6
Gd 3.8 4.1 3.9 6.9 5.3 6.5 3.7 3.3 6.2 2.2 8.4 8.9 9.3 9.0
Tb 0.7 0.7 0.7 1.2 0.9 1.2 0.5 0.4 0.9 0.3 1.3 1.3 1.5 1.3
Dy 4.5 5.0 4.7 8.2 6.3 7.7 2.8 2.5 5.2 1.4 7.5 7.8 8.8 7.4
Ho 1.0 1.1 1.0 1.8 1.4 1.7 0.5 0.5 1.0 0.2 1.5 1.5 1.7 1.4
Er 2.7 3.2 2.9 5.1 3.9 4.8 1.5 1.3 2.7 0.7 4.2 4.3 4.9 3.9
Tm 0.4 0.5 0.4 0.8 0.6 0.7 0.2 0.2 0.4 0.1 0.6 0.7 0.8 0.6
Yb 2.6 3.0 2.7 4.8 3.7 4.5 1.4 1.3 2.5 0.6 3.7 3.9 4.4 3.6
Lu 0.4 0.5 0.4 0.7 0.5 0.7 0.2 0.2 0.4 0.1 0.6 0.6 0.6 0.5
Hf 2.3 2.4 2.4 4.4 3.3 4.2 4.3 4.1 5.0 3.5 5.4 7.1 6.7 8.7
Ta 0.4 0.4 0.4 0.8 0.5 0.7 1.2 0.9 1.4 0.5 2.2 2.2 2.7 1.9
Pb 1.3 1.0 8.7 0.8 0.9 1.9 20.0 19.3 17.6 19.3 22.3 21.9 23.0 19.2
Th 0.6 0.6 0.6 1.2 0.9 1.2 11.2 6.3 9.2 8.3 25.9 32.8 36.3 24.8
U 0.1 0.2 0.1 0.3 0.3 0.3 2.1 0.7 2.2 1.3 3.1 3.7 3.3 3.7
Mg# 65.0 62.8 62.8 45.5 52.0 54.9 49.2 47.2 43.5 47.6 46.2 45.9 46.9 46.9
Eu/Eu* 0.34 0.32 0.34 0.30 0.31 0.29 0.27 0.35 0.26 0.36 0.16 0.14 0.14 0.17
LaN/YbN 1.7 1.7 1.6 1.7 1.6 1.5 16.0 16.0 7.6 26.7 11.2 12.7 8.7 14.8
Nb/Ta 15.4 15.6 15.5 15.9 15.9 15.8 11.6 14.4 15.3 11.2 9.0 9.2 7.4 11.9
Sr/Y 6.4 7.9 7.4 4.0 6.3 0.9 25.2 37.5 19.5 54.0 4.2 4.0 3.4 5.9
Rb/Sr 0.1 0.0 0.1 0.0 0.0 0.6 0.3 0.2 0.1 0.3 1.1 1.0 1.2 0.7
CaO/Na2O 2.1 2.7 2.8 2.8 2.6 9.0 1.0 0.9 1.4 0.9 0.9 0.8 0.8 1.2
TZr 782.5 778.9 764.1 768.2 795.7 815.8 824.2 831.2

Major-oxide concentrations in wt.%, original XRF totals given.
TFe2O3 = total Fe as Fe2O3.
Mg# = 100 Mg/(Mg + Fe).
Trace-element concentrations in ppm by weight.
TZr, zircon saturation thermometer (Watson and Harrison, 1983).
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with partial melting, and yielded a concordant U–Pb age 417 ± 2 Ma
(zircon rims, Wang et al., 2013).

3. Previous studies of early Paleozoic magmatism

Extensive Silurian–Devonian granitoid intrusive and minor mafic
rocks are distributed in the Qimantagh region. The mafic–ultramafic
rocks exhibit characteristics of formation within an extensional setting.
These mafic/ultramafic rocks have U–Pb zircon ages of 405 ± 1 Ma
(Wang et al., 2010) and 403 ± 7 Ma (Chen et al., 2006). Qi et al.
(2013) and Bao et al. (2013) also documented a suite of 380 ± 2 Ma
(U–Pb zircon) basic dyke swarms in the Qimantagh. New geochemical
and geochronological studies suggest that the granitoid rocks show the
characteristics of I-type granites at 485–462 Ma (Cui, 2011; Li et al.,



Table 1
Major- and trace-element analytical data.

Yusupuleke pluton Bagetuokayi pluton

Aplitic dyke Enclave Monzogranite

06A-67-1 06A-67-2 06A-67-3 06A-69 06A-70 06A-66 10A-07/1 10A-07/2 10A-07/3 10A-07/4 10A-07/5

70.2 70.3 70.7 50.5 57.3 53.4 75.6 74.6 74.8 76.0 75.4
0.24 0.26 0.26 1.18 0.81 1.26 0.04 0.04 0.04 0.04 0.03

15.4 15.7 15.2 16.7 14.8 17.4 14.1 14.4 14.5 14.1 14.3
2.59 2.53 2.61 12.38 9.15 9.37 0.75 0.82 0.83 0.78 0.77
0.04 0.04 0.04 0.21 0.17 0.15 0.05 0.04 0.04 0.04 0.03
0.91 0.90 0.89 4.03 3.23 3.97 0.09 0.08 0.09 0.09 0.08
3.01 3.02 2.96 5.30 3.04 5.43 0.54 0.46 0.60 0.48 0.43
3.61 3.84 3.89 4.17 2.00 3.61 3.87 3.89 3.77 3.85 3.86
2.58 2.65 2.64 2.57 7.79 3.89 4.25 4.35 4.39 3.96 4.37
0.11 0.11 0.11 0.35 0.20 0.30 0.13 0.12 0.13 0.13 0.13
0.90 0.82 0.67 2.85 1.01 1.47 0.83 0.77 1.06 0.98 0.86

99.5 99.5 98.9 100.3 99.5 100.2 100.3 99.5 100.3 100.4 100.3
- - - - - - 152 124 184 145 164
1.5 2.7 2.9 2.5 6.3 6.1 11.0 9.5 12.6 7.6 7.5
3.7 5.5 5.5 5.2 22.2 21.1 2.7 2.6 2.7 2.8 2.6

14.2 27.9 28.0 31.3 91.7 138.4 1.2 0.8 0.6 0.6 0.4
7.0 6.0 5.7 8.0 60.5 28.2 1.4 0.6 0.7 5.9 0.6

126.8 3.3 3.6 139.1 60.5 42.9 176.4 153.5 153.2 179.9 187.1
3.8 1.6 1.6 4.7 53.5 26.3 2.3 0.5 0.6 4.7 0.4
4.1 35.9 37.6 2.4 20.2 13.4 0.7 0.7 0.8 1.4 0.9

36.5 18.4 18.6 38.6 11.6 110.5 20.3 20.8 18.7 18.1 17.6
20.3 1.5 1.5 18.5 125.4 25.8 20.0 19.5 20.6 20.1 19.8
- - - - 24.5 - 2.1 1.9 1.9 2.0 2.0

311.2 157.7 173.5 157.6 427.9 253.0 318.7 289.6 330.8 298.9 315.6
71.4 315.2 305.3 314.0 82.1 181.4 5.9 6.2 7.6 6.6 5.6
42.4 17.5 18.9 17.3 88.6 35.3 14.8 13.8 13.9 13.0 11.5

115.6 155.1 143.6 148.9 280.9 304.1 27.8 28.0 30.5 28.5 28.1
7.3 15.1 15.5 15.1 35.7 26.0 6.5 7.0 8.3 9.2 9.3
4.9 12.0 14.2 11.8 20.1 13.9 37.3 27.4 37.9 33.7 35.2

601.3 451.8 426.7 448.1 506.3 335.2 8.7 7.2 10.3 9.2 5.7
34.9 31.4 23.5 31.2 14.9 28.6 4.0 3.0 3.4 3.5 3.1
73.6 58.2 42.3 57.5 49.8 58.9 10.2 7.2 8.1 8.8 6.9
8.0 5.9 4.3 5.9 8.3 6.9 1.2 0.8 0.9 1.0 0.8

30.8 21.2 15.7 21.0 42.6 27.5 4.4 2.9 3.3 3.5 2.9
6.8 3.8 3.0 3.7 12.9 5.9 1.5 1.1 1.1 1.3 1.0
1.0 0.8 0.7 0.7 0.9 0.9 0.0 0.0 0.0 0.0 0.0
6.7 3.4 2.8 3.5 13.1 5.9 1.6 1.2 1.3 1.3 1.1
1.1 0.5 0.5 0.5 2.3 0.9 0.4 0.3 0.3 0.3 0.3
7.1 2.9 2.8 2.9 14.6 5.6 2.4 2.1 2.1 2.0 1.8
1.5 0.6 0.6 0.6 3.0 1.1 0.4 0.4 0.4 0.4 0.3
4.3 1.6 1.7 1.6 8.7 3.4 1.4 1.3 1.3 1.2 1.1
0.7 0.3 0.3 0.2 1.4 0.6 0.3 0.2 0.2 0.2 0.2
4.0 1.7 1.9 1.6 8.7 3.6 1.9 1.7 1.8 1.7 1.5
0.6 0.2 0.3 0.2 1.4 0.6 0.3 0.2 0.3 0.2 0.2
3.3 3.9 3.7 3.8 7.6 7.1 1.3 1.2 1.4 1.3 1.3
1.0 1.5 1.7 1.9 2.0 1.4 2.3 1.7 2.4 2.4 2.2

37.9 16.9 16.1 15.9 35.3 24.3 18.8 17.9 17.0 15.8 14.8
23.7 14.2 13.5 12.5 7.6 10.0 5.1 3.6 4.3 4.5 4.0
2.3 3.0 3.2 2.7 2.1 3.4 4.1 4.9 5.4 4.1 4.3

45.0 45.3 44.3 43.1 45.1 49.7 21.9 18.5 20.2 21.2 19.5
0.15 0.22 0.25 0.21 0.07 0.15 0.02 0.02 0.02 0.02 0.02
6.3 13.6 8.9 14.1 1.2 5.7 1.5 1.2 1.4 1.5 1.5
7.7 10.0 9.0 8.1 17.9 18.6 2.8 4.2 3.5 3.8 4.2
1.7 18.1 16.1 18.1 0.9 5.1 0.4 0.4 0.5 0.5 0.5
4.4 0.5 0.6 0.5 5.2 1.4 54.3 46.9 43.4 45.2 56.6
0.8 0.8 0.8 1.3 1.5 1.5 0.1 0.1 0.2 0.1 0.1

759.3 782.3 773.2 713.7 781.8 776.9 664.9 665.8 671.9 669.6 666.6
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2013) and A-type granites at 441–380Ma (e.g., Chen et al., 2006; Gao
and Li, 2011; Guo et al., 2011; Li et al., 2013; Wang et al., 2012; Wu
et al., 2007). Many researchers suggested that granitoids with ages
of 485–462 Ma were formed in an island arc setting (Cui, 2011; Li
et al., 2013). Some intrusions are exposed along the Baiganhu shear
faults trending NE that formed at ca. 413–412 Ma (Ar–Ar age
dating; Feng et al., 2013) and recent mapping in the Qimantagh
identified a belt of 445–440 Ma basaltic and rhyolitic rocks (Wang
et al., 2012).

Voluminous granitic andmafic magmas were intruded in the south-
ern segment of the Altyn Tagh along themajor shear zones during early
Paleozoic orogenesis (Fig. 1c). Mafic–ultramafic rocks are widely dis-
tributed along the southernmargin of the South Altyn. Themafic–ultra-
mafic rocks consist of serpentinized dunite, harzburgite, mafic volcanic
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rock, and gabbro. Somemafic volcanic rocks show geochemical char-
acteristics similar to E-MORBs (Wang et al., 1999) and N-MORBs (Li
et al., 2009), with whole-rock Sm–Nd isochron ages of 493–481 Ma
(Liu et al., 1998) and a U–Pb zircon age of 501 ± 2 Ma obtained on
gabbro (Li et al., 2009). These rocks were interpreted as a mélange
of ophiolitic rocks (Li et al., 2009; Liu et al., 1998); however, new
geochemical and geochronological studies suggest that at least
some of them are parts of layered igneous intrusions formed in an
extensional setting. The mafic and ultramafic rocks have U–Pb zircon
ages of 467 ± 1 Ma (Ma et al., 2011) and 445 ± 1 Ma (Dong et al.,
2011). In the Qingshuiquan area, the mafic–ultramafic rocks intrude
marbles that are also observed as xenoliths in the intruding units
(Ma et al., 2011). South Altyn consists of numerous granitoid batho-
liths and plutons of varying size (Fig. 1c). Based on the most precise
U–Pb zircon ages (Fig. 1c), the South Altyn early Paleozoic granitic
rocks were emplaced over a time span of 500 to 385 Ma (Liu et al.,
2013). They can be broadly sub-divided into three distinct granitic
suites (Fig. 1c): (1) granite with U–Pb zircon age of 497 ± 2 Ma,
that was derived from melting of thickened lower continental crust
(Sun et al., 2012); (2) High-potassium calc-alkaline granitic plutons,
related to transpressional tectonics, dated between 480 and 440 Ma
(Cao et al., 2010; Cowgill et al., 2003; Yang et al., 2012); and (3) A-
type granitic series suite emplaced between 426 and 385 Ma (Liu
et al., 2013). Yang et al. (2012) and Liu et al. (2013) suggest that
these early Paleozoic granites of the South Altyn are related to exhu-
mation of deeply subducted HP/UHP metamorphic rocks. Cui (2011)
noted that the entire South Altyn was affected by E–W trending and
S-dipping high-angle faults that formed at ~468–412 Ma (Ar–Ar age
dating) and suggested that the faulting was related to early Paleozoic
orogenesis. Volumes of calc-alkaline granitic rocks and HP/UHP
metamorphic rocks appear to be genetically related to the main
sites of deformation within the shear regime (Fig. 1c).

Geochronological data of the Qimantagh and South Altyn indicate
that the mafic rocks are also contemporaneous with a suite of felsic ig-
neous rocks. These bimodal suites are thought to have developed during
lithospheric extension following continent–continent collision; howev-
er, the geodynamic significance of these post-collisional granitic associ-
ations and mafic melts has not been fully established. In the present
study, the Mangya mafic rocks, Yusupuleke (YP) and Bagetuokayi plu-
tons (BP) are investigated in order to better understand the timing
and nature of post-collisional magmatism.

4. Sample location and petrography

In the study area (Fig. 2), there are serpentinized peridotites, dia-
bases, metabasalts and tuff represented in the mafic–ultramafic belt
along the Altyn Tagh fault. These mafic–ultramafic rocks are associated
with coeval granitic rocks. The Yusupuleke pluton outcrops at the north
side of themafic–ultramafic belt and is aligned in an E–Wdirection. The
Bagetuokayi pluton outcrops in the southern region (Fig. 2).

The basalts occur as pillow lavas and massive flows. The basalts are
interlayered with tuffs and cross-cut by veinlets filled with chlorite
and calcite. The studied basalt (sample 10A-06/1) is represented by
amygdaloidal ophitic basalt, mostly transformed into metabasalt
(Fig. 3a). Mineral assemblages are characterized by feldspar and pyrox-
ene (augite). The basalts are, to varying degrees, altered to chlorite and/
or epidote. The studied diabase samples (10A-06/7, 10A-06/8 and 10A-
06/9, 10A-06/10 and 10A-06/11) showmainly ophitic to subophitic tex-
tureswithmedium-grained size.Mineral assemblages in the diabase in-
clude plagioclase, clinopyroxene, amphibole, and accessory ilmenite,
zircon and apatite. The diabase samples are slightly to moderately af-
fected by hydrothermal metamorphism, as exhibited by albitization
and prehnitization of plagioclase.

The Yusupuleke pluton (YP) is a porphyritic granodiorite and
monzogranite with an association of microgranular enclaves. Some
aplitic dykes intruded in the coarse grained monzogranites. Pink
gray-colored granite contains fine-grained enclaves displaying igne-
ous textures (Wang et al., 2008). The granodiorite consists of plagio-
clase (55–60%), quartz (20–25%), K-feldspar (15–18%), amphibole
(1–5%) and biotite (1–2%) and subordinate amounts of apatite, zir-
con, titanite and magnetite with a medium-grained granitic texture.
The monzogranites are coarse grained, porphyritic-like, poikilitic
texture with mineral assemblages that include microcline with rapikivi
textures (35–45%, phenocrysts up to 10 mm in length; Fig. 3b), plagio-
clase (25–30%), quartz (20–22%), biotite (2–5%) and hornblende
(1–5%). Accessory minerals include apatite, zircon and titanite crystals
up to 2 mm in length. Hornblende, quartz and plagioclase occurred as
xenocrysts in the cores of megacrystic alkali feldspar. These textures
are commonly associated with magma mixing (Wang et al., 2008).
The enclaves are darker and richer inmaficminerals than the host gran-
ite. The enclaves show rounded, elongate or irregular shapes in the host
granitewith sharp contactwith the host granite. They range in size from
a few centimeters to decimeters. Some elongated enclaves define a
distinct magmatic foliation (Fig. 3c). Enclaves are quartz monzonites
and quartz syenites. Theyhavefine-grained, poikilitic-equigranular tex-
tures. Enclaves consist of variable proportions of plagioclase (30–50%),
quartz (5–10%), hornblende (15–25%), perthite (10–15%), biotite
(10–25%) and accessory minerals of titanite, apatite and zircons. Some
biotite crystals are altered to chlorite in enclaves. Prismatic apatite is
also present and suggests that cooling was rapid (Wang et al., 2008).
Some enclaves have a few larger feldspar phenocrysts, indicating min-
gling of dioritic and granite magmas (e.g. Hibbard, 1991). The size of
quartz and feldspar crystals is up to 2 mm in length. Narrow aplitic
dykes intrude the monzogranites. The dykes emplaced into semi-
consolidated granitic material of the porphyritic YP monzogranite sug-
gest that they are feeder dykes to that pluton. Aplitic dykes are fine-
grained, porphyritic-like texture tonalites. They consist of plagioclase,
biotite and quartz. Accessory minerals include titanite, apatite, zircon
and opaque phases. Zoned plagioclase is albite-rich with An30–50. Some
feldspar phenocrysts show rapakivi texture and are up to 10 mm
(Fig. 3d). Textural and mineralogical assemblages found in the YP such as
rapakivi textures, zoned plagioclase, acicular apatite and K-feldspar
megacrysts indicate a magmamixing processes (Wang et al., 2008).

The Bagetuokayi pluton crops out in a 1000 m long and 200 mwide
lens in the south, and is composed ofmonzogranite. The rock consists of
plagioclase (50–55%), K-feldspar (17–20%), quartz (24–28%),muscovite
(3–5%) and biotite (1–2%), with a medium-grained granitic texture.
Muscovites are commonly anhedral and interstitial to both feldspar
and quartz.

5. Analytical methods

5.1. Major and trace elemental analyses

Samples were analyzed at the State Key Laboratory of Continental
Dynamics of Northwest University in Xi'an, China. Fresh chips of
whole rock samples were powdered to a 200 mesh-size using a tung-
sten carbide ball mill. Major and trace elements were analyzed by XRF
(Rikagu RIX 2100) and ICP-MS (Agilent 7500a), respectively. Analyses
of USGS and Chinese national rock standards (BCR-2, GSR-1 and GSR-
3) indicate that analytical precision and accuracy for major elements
are generally better than 5%. For trace element analysis, sample pow-
ders were digested using an HF + HNO3 mixture in high-pressure Tef-
lon bombs at 190 °C for 48 h. Analytical precision is better than 10%
for most trace elements. The geochemical data are shown in Table 1.

5.2. Zircon U–Pb isotope analysis

Zircon grains were separated from the representative samples by
heavy-liquid and magnetic techniques followed by hand picking
under a binocular microscope. Zircon grains were handpicked and
mounted in epoxy resin disks, and then polished and coated with



Fig. 4. Representative CL images of zircons from dated mafic and granitic rocks. Ic: inherited core; c: core; r: rim. See the details in the text.
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carbon. Cathodoluminescence (CL) images of the zircons were taken
using a Mono CL3+ microprobe prior to U–Pb dating at the State Key
Laboratory of Continental Dynamics at Northwest University, China.
U–Pb data were obtained using an Agilent 7500a ICP-MS. The ICP-MS
equipped with unique Shield Torch brought about higher sensitivity.
The used GeoLas 200 M laser ablation system consists of ComPex102
(193 nm ArF-excimer laser, Lambda Physik) and optical system
(MicroLas). During analysis, the spot diameterwas 33 μm. ICP-MS oper-
ating conditions were generally optimized using continuous ablation of
reference glass NIST SRM 610, to provide maximum sensitivity for the
high masses while maintaining low oxide formation and low back-
ground. U, Th and Pb concentrations were calibrated by using 29Si as
the internal standard and NIST SRM 610 as the external standard.
207Pb/206Pb and 206Pb/238U ratios were calculated using the GLITTER
4.0 program, and then corrected using the Harvard zircon 91500 as
the external standard. U–Pb ages were calculated by the ISOPLOT pro-
gram(Ludwig, 2003). The detailed instrumental parameters and analyt-
ical procedures can be referred to Yuan et al. (2008).

6. Results

6.1. LA-ICP-MS U–Pb zircon geochronology

We analyzed six samples in this study. These samples contain com-
plexmagmatic zircons (Fig. 4). The results are listed in Table 2 and plot-
ted in Fig. 5.

Sample 11SA-3 was collected from the diabases. CL images show
that all zircon crystals have banded structure (Fig. 4), as is common in
zircon from mafic igneous rocks (Hoskin, 2000). Three zircons give
older 206Pb/238U ages between 460± 2 and 463± 3Ma and one zircon
yields the youngest age (439 ± 4 Ma). A main group of nearly concor-
dant analyses (5 analyses) gives 206Pb/238U ages between 449 ± 3 and
455 ± 3 Ma and yields a weighted mean 206Pb/238U age of 453 ±
5 Ma (Fig. 5a; MSWD = 1.7). The weighted mean age is regarded as
the best estimate for the crystallization age of the diabases.

Sample 10A-6-12 was collected from the YP granodiorite and
contained zircons with well-developed concentric oscillatory zoned or
molten core and thin light luminescent rim (Fig. 4). The rims were
quite thin and all analyses were carried out on the core regions of
the zircons. The 206Pb/238U ages were dispersed much more than ex-
pected from the analytical uncertainties, indicative in some cases of
major radiogenic Pb loss. Eleven concordant core analyses yield a
weighted mean 206Pb/238U age of 446 ± 3 Ma (Fig. 5b; MSWD = 2.2),
that is interpreted as the best estimate for the crystallization age of
the sample.

Sample 06A-68 is from the monzogranite phase of the YP. Zircons
generally consist of bright or gray cores surrounded by dark rims
(Fig. 4). Some cores are subhedral, simple banding and deeply embayed,
apparently by partial dissolution (Fig. 4). Rims show fine, concentric os-
cillatory zoning (Fig. 4). Three concordant core analyses yield a weight-
ed mean 206Pb/238U age of 431 ± 9 Ma (Fig. 5c; MSWD = 1.7) Four
concordant rim analyses yield a statistically identical weighted mean
206Pb/238U age of 432 ± 4 Ma (Fig. 5d; MSWD = 0.11). The similar
age populations suggest that both domains formed at the same time.
There is no systematic relationship in the core and rim sample between
the age populations and Th/U ratios. Both domains contain euhedral
zoning that is consistent with zircon growth in a magmatic fluid,
while the dark rims could be attributed to the change of element con-
centration. Therefore, it is our estimate that these represent the crystal-
lization age of the YP monzogranite.

image of Fig.�4


Table 2
LA-ICPMS U–Th–Pb isotope data of zircon.

Analysis Pb (ppm) Th (ppm) U (ppm) Th/U 207Pb/206Pb 1 σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ
(Ma)

207P 235U 1σ
(Ma)

206Pb/238U 1 σ Concordancea Typeb

(Ma)

Sample 11SA-3
11SA-3-1 67 489 719 0.68 0.060410 0.000710 0.615890 0.004920 0.073940 0.000410 618 9 487 3 460 2 94
11SA-3-2 81 556 845 0.66 0.057210 0.000960 0.575040 0.009070 0.072900 0.000430 500 38 461 6 454 3 98
11SA-3-3 19 145 201 0.72 0.059890 0.001400 0.595060 0.012740 0.072070 0.000540 600 33 474 8 449 3 95
11SA-3-4 78 918 733 1.25 0.059350 0.000740 0.601870 0.005370 0.073550 0.000420 580 10 478 3 458 3 96
11SA-3-5 30 198 292 0.68 0.056090 0.002570 0.544860 0.024440 0.070460 0.000670 456 104 442 16 439 4 99
11SA-3-6 55 415 606 0.69 0.058360 0.000770 0.596300 0.005900 0.074110 0.000430 543 12 475 4 461 3 97
11SA-3-7 57 318 636 0.50 0.058390 0.000750 0.598870 0.005630 0.074400 0.000430 544 11 477 4 463 3 97
11SA-3-8 37 450 356 1.27 0.056720 0.000880 0.572330 0.007290 0.073200 0.000450 481 17 460 5 455 3 99
11SA-3-9 11 87 124 0.70 0.057320 0.001850 0.570390 0.017910 0.072170 0.000550 504 73 458 12 449 3 98

Sample 10a-6-12
10A-6-12-1 64 372 742 0.50 0.058490 0.000780 0.570160 0.005830 0.070700 0.000410 548 13 458 4 440 2 104
10A-6-12-2 125 801 1372 0.58 0.056920 0.000710 0.566160 0.005260 0.072150 0.000410 488 11 456 3 449 2 102
10A-6-12-3 102 788 1097 0.72 0.057650 0.000710 0.566750 0.005080 0.071310 0.000400 516 10 456 3 444 2 103
10A-6-12-4 110 765 1219 0.63 0.057550 0.000680 0.564980 0.004750 0.071220 0.000390 513 9 455 3 444 2 102
10A-6-12-5 35 180 398 0.45 0.057280 0.000920 0.569570 0.007650 0.072120 0.000450 502 19 458 5 449 3 102
10A-6-12-6 69 377 772 0.49 0.057170 0.000750 0.568190 0.005680 0.072100 0.000410 498 12 457 4 449 2 102
10A-6-12-7 78 398 838 0.48 0.061720 0.001090 0.609340 0.010110 0.071600 0.000430 664 39 483 6 446 3 108
10A-6-12-8 149 809 1596 0.51 0.062030 0.001000 0.610000 0.009210 0.071330 0.000410 675 35 484 6 444 2 109
10A-6-12-9 52 184 524 0.35 0.056330 0.001040 0.560790 0.009070 0.072220 0.000480 465 24 452 6 450 3 100
10A-6-12-10 102 754 1069 0.70 0.058890 0.001080 0.579360 0.009980 0.071360 0.000430 563 41 464 6 444 3 105
10A-6-12-11 123 1383 1226 1.13 0.061150 0.000720 0.599380 0.004880 0.071100 0.000390 645 9 477 3 443 2 108
10A-6-12-12 99 524 1138 0.46 0.060260 0.000840 0.583970 0.007470 0.070290 0.000400 613 31 467 5 438 2 107
10A-6-12-13 55 405 578 0.70 0.059490 0.001280 0.584200 0.012010 0.071220 0.000460 585 48 467 8 443 3 105
10A-6-12-14 92 771 780 0.99 0.060620 0.001950 0.596920 0.018780 0.071410 0.000470 626 71 475 12 445 3 107
10A-6-12-15 95 579 800 0.72 0.059230 0.002210 0.594250 0.021790 0.072770 0.000490 576 83 474 14 453 3 105
10A-6-12-16 125 1244 1314 0.95 0.062540 0.000720 0.602620 0.004760 0.069890 0.000390 693 8 479 3 435 2 110
10A-6-12-17 51 220 556 0.39 0.056710 0.001090 0.552210 0.010050 0.070630 0.000430 480 43 446 7 440 3 101
10A-6-12-18 151 1030 1661 0.62 0.068650 0.000970 0.665390 0.008560 0.070300 0.000410 888 30 518 5 438 2 118
10A-6-12-19 71 373 611 0.61 0.106650 0.001250 1.174370 0.009520 0.079860 0.000460 1743 7 789 4 495 3 159
10A-6-12-20 92 1168 842 1.39 0.061190 0.001640 0.593810 0.015360 0.070380 0.000480 646 59 473 10 438 3 108
10A-6-12-21 205 2245 1931 1.16 0.065900 0.000800 0.642000 0.005590 0.070650 0.000400 803 9 504 3 440 2 115
10A-6-12-22 92 558 686 0.81 0.157390 0.001810 1.725190 0.013210 0.079500 0.000460 2428 6 1018 5 493 3 206
10A-6-12-23 58 345 617 0.56 0.057340 0.001290 0.571550 0.012300 0.072300 0.000480 505 51 459 8 450 3 102
10A-6-12-24 96 557 1010 0.55 0.076250 0.000930 0.754820 0.006540 0.071790 0.000410 1102 9 571 4 447 2 128
10A-6-12-25 31 210 331 0.63 0.055610 0.001600 0.543720 0.015140 0.070910 0.000520 437 66 441 10 442 3 100
10A-6-12-26 181 2355 1731 1.36 0.068700 0.000770 0.673220 0.005010 0.071070 0.000390 890 7 523 3 443 2 118
10A-6-12-27 111 641 1214 0.53 0.055710 0.001030 0.549110 0.009580 0.071490 0.000430 441 42 444 6 445 3 100
10A-6-12-28 309 4566 2731 1.67 0.057200 0.001460 0.556270 0.013700 0.070540 0.000460 499 57 449 9 439 3 102

Sample 06a-68
06A-68-1 148 530 1951 0.27 0.057490 0.001267 0.530104 0.012088 0.066838 0.001061 509 53 432 8 417 6 96 c
06A-68-2 89 1087 903 1.20 0.062446 0.001047 0.585985 0.011266 0.068405 0.001266 700 35 468 7 427 8 90 r
06A-68-3 92 438 1136 0.39 0.057481 0.000908 0.550396 0.009878 0.069493 0.000857 509 33 445 6 433 5 97 r
06A-68-4 110 636 1363 0.47 0.066782 0.000912 0.617553 0.009015 0.066838 0.000401 831 488 6 417 2 84 r
06A-68-5 39 141 489 0.29 0.061551 0.001320 0.585707 0.012391 0.068890 0.000452 657 46 468 8 429 3 91 r
06A-68-6 57 472 621 0.76 0.056895 0.001539 0.548368 0.015373 0.069661 0.000539 487 59 444 10 434 3 97 c
06A-68-7 95 516 1177 0.44 0.062282 0.001006 0.572684 0.010534 0.066453 0.000478 683 33 460 7 415 3 89 r
06A-68-8 76 287 956 0.30 0.055523 0.000738 0.530948 0.007497 0.069242 0.000386 432 432 5 432 2 99 c
06A-68-9 95 676 1100 0.61 0.063137 0.000980 0.594552 0.012976 0.068168 0.001074 722 33 474 8 425 6 89 c
06A-68-10 48 313 548 0.57 0.055290 0.001383 0.522109 0.013467 0.068455 0.000426 433 56 427 9 427 3 99 c
06A-68-11 168 832 2030 0.41 0.076989 0.000634 0.704017 0.008099 0.066247 0.000541 1120 17 541 5 414 3 73 r
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Analysis

Pb (ppm) Th (ppm) U (ppm) Th/U 207Pb/206Pb 1 σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ
(Ma)

207Pb/235U 1σ
(Ma)

206Pb/238U 1 σ Concordancea Typeb

(Ma)

06A-68-12 66 476 759 0.63 0.070874 0.002160 0.647718 0.022374 0.065981 0.000696 954 58 507 14 412 4 79 c
06A-68-13 100 540 1264 0.43 0.057436 0.000619 0.554296 0.008937 0.069542 0.000688 509 24 448 6 433 4 96 r
06A-68-14 97 476 1288 0.37 0.056384 0.000739 0.540773 0.008172 0.069144 0.000498 478 28 439 5 431 3 98 r
06A-68-15 78 934 880 1.06 0.057675 0.000922 0.552762 0.014221 0.069015 0.001170 517 35 447 9 430 7 96 r

Sample 06a-67
06A-67-1 337 653 4833 0.14 0.055479 0.000377 0.521047 0.004778 0.067763 0.000435 432 19 426 3 423 3 99 r
06A-67-2 141 578 1944 0.30 0.055716 0.000893 0.523682 0.013512 0.067659 0.001202 443 35 428 9 422 7 98 r
06A-67-3 249 569 3503 0.16 0.054694 0.000408 0.517590 0.005525 0.068221 0.000564 398 17 424 4 425 3 99 r
06A-67-4 66 376 921 0.41 0.059811 0.001114 0.521598 0.011938 0.062815 0.000827 598 34 426 8 393 5 91 Ic
06A-67-5 55 313 717 0.44 0.056943 0.001017 0.525737 0.009000 0.066653 0.000450 500 39 429 6 416 3 96 r
06A-67-6 341 694 4766 0.15 0.088448 0.002857 0.783769 0.030713 0.062776 0.000798 1392 63 588 17 392 5 60 r
06A-67-7 187 807 2412 0.33 0.055329 0.000531 0.560969 0.010613 0.072994 0.001180 433 −6 452 7 454 7 99 Ic
06A-67-8 198 792 2652 0.30 0.054489 0.000507 0.515555 0.009137 0.068176 0.001026 391 22 422 6 425 6 99 r
06A-67-9 475 1429 7021 0.20 0.062161 0.000400 0.533945 0.007047 0.061821 0.000591 680 15 434 5 387 4 88 r
06A-67-10 6 41 72 0.57 0.056237 0.002438 0.518329 0.021166 0.067565 0.000834 461 96 424 14 421 5 99 c
06A-67-11 76 423 929 0.46 0.055753 0.000559 0.561092 0.006155 0.072627 0.000362 443 22 452 4 452 2 99 Ic
06A-67-12 383 1320 5786 0.23 0.058148 0.000511 0.501570 0.006467 0.062214 0.000508 600 19 413 4 389 3 94 Ic
06A-67-13 340 562 4971 0.11 0.055928 0.000450 0.523838 0.008319 0.067497 0.000786 450 23 428 6 421 5 98 r
06A-67-14 36 238 423 0.56 0.055301 0.002381 0.560069 0.025317 0.073051 0.000772 433 96 452 16 455 5 99 ic
06A-67-15 455 764 6891 0.11 0.060054 0.000444 0.515336 0.005148 0.061922 0.000436 606 15 422 3 387 3 91 r
06A-67-16 156 550 2185 0.25 0.055745 0.000931 0.521549 0.014392 0.067615 0.001723 443 37 426 10 422 10 98 c
06A-67-17 34 219 446 0.49 0.055196 0.000904 0.516460 0.008869 0.067582 0.000459 420 37 423 6 422 3 99 c
06A-67-18 574 999 9821 0.10 0.059819 0.000379 0.516515 0.012995 0.062029 0.001261 598 13 423 9 388 8 91 r
06A-67-19 16 138 183 0.75 0.082458 0.002281 0.764627 0.018834 0.067793 0.000811 1257 21 577 11 423 5 69 c
06A-67-20 309 647 4831 0.13 0.060441 0.000365 0.519593 0.004378 0.062060 0.000417 620 13 425 3 388 3 90 r
06A-67-21 178 649 2322 0.28 0.056955 0.000884 0.568378 0.010273 0.071989 0.000726 500 35 457 7 448 4 98 Ic
06A-67-22 270 739 4197 0.18 0.064064 0.000557 0.551426 0.007665 0.062036 0.000652 743 19 446 5 388 4 86 r
06A-67-23 166 676 2468 0.27 0.065678 0.000807 0.559318 0.011731 0.061264 0.000884 796 26 451 8 383 5 83 r

Sample 10a-8-1
10A-8-1-1 102 428 730 0.59 0.056560 0.000885 0.574300 0.007762 0.073821 0.000565 476 35 461 5 459 3 99
10A-8-1-2 120 598 859 0.70 0.055799 0.001172 0.559192 0.012029 0.072341 0.000374 443 51 451 8 450 2 99
10A-8-1-3 144 903 1172 0.77 0.055966 0.000727 0.550273 0.006872 0.071130 0.000298 450 30 445 5 443 2 99
10A-8-1-4 112 381 820 0.47 0.055960 0.000895 0.549030 0.009187 0.070995 0.000383 450 35 444 6 442 2 99
10A-8-1-5 74 365 425 0.86 0.065756 0.001673 0.614159 0.015675 0.067716 0.000621 798 53 486 10 422 4 85
10A-8-1-6 161 1062 1239 0.86 0.061220 0.000833 0.569445 0.007676 0.067401 0.000223 656 30 458 5 420 1 91
10A-8-1-7 119 1357 675 2.01 0.064462 0.001210 0.584901 0.011577 0.065743 0.000373 767 40 468 7 410 2 86
10A-8-1-8 105 325 922 0.35 0.059588 0.001097 0.552555 0.009042 0.067648 0.000304 587 39 447 6 422 2 94
10A-8-1-9 90 508 690 0.74 0.057434 0.001111 0.572317 0.010803 0.072352 0.000548 509 43 460 7 450 3 97
10A-8-1-10 78 715 622 1.15 0.062719 0.002507 0.596297 0.022163 0.069086 0.000789 698 85 475 14 431 5 90
10A-8-1-11 132 858 1126 0.76 0.060395 0.001259 0.557856 0.011064 0.067045 0.000428 617 44 450 7 418 3 92
10A-8-1-12 107 2064 972 2.12 0.061107 0.001126 0.534757 0.009904 0.063383 0.000377 643 36 435 7 396 2 90
10A-8-1-13 127 438 1184 0.37 0.058898 0.000791 0.537526 0.006759 0.066185 0.000236 565 −5 437 4 413 1 94

Sample 10a-7-1
10A-7-1-1 55 87 442 0.20 0.085990 0.002584 0.787770 0.035787 0.066027 0.000605 1339 58 590 20 412 4 64
10A-7-1-2 140 322 1804 0.18 0.059157 0.001340 0.493541 0.018817 0.060039 0.000382 572 48 407 13 376 2 91
10A-7-1-3 221 486 3057 0.16 0.060748 0.001788 0.511699 0.019868 0.060600 0.000436 632 64 420 13 379 3 89
10A-7-1-4 528 759 7130 0.11 0.084306 0.000373 0.626058 0.015348 0.053461 0.000219 1300 5 494 10 336 1 61
10A-7-1-5 110 245 1154 0.21 0.066092 0.001596 0.672303 0.024971 0.073146 0.000558 809 46 522 15 455 3 86
10A-7-1-6 119 959 1091 0.88 0.062790 0.001524 0.582616 0.020883 0.066797 0.000453 702 52 466 13 417 3 88
10A-7-1-7 144 972 1257 0.77 0.067776 0.000969 0.587818 0.017253 0.062344 0.000338 861 34 469 11 390 2 81
10A-7-1-8 342 743 3762 0.20 0.084564 0.000824 0.709377 0.021832 0.060332 0.000989 1306 19 544 13 378 6 63
10A-7-1-9 394 732 9001 0.08 0.078334 0.002511 0.364789 0.009593 0.034127 0.000741 1155 59 316 7 216 5 62
10A-7-1-10 87 327 901 0.36 0.069378 0.001001 0.583922 0.016543 0.060781 0.000375 909 30 467 11 380 2 79
10A-7-1-11 156 558 1375 0.41 0.075766 0.001291 0.636302 0.019995 0.060521 0.000373 1100 35 500 12 379 2 72
10A-7-1-12 137 377 1702 0.22 0.061759 0.001041 0.503585 0.022066 0.058734 0.000685 665 37 414 15 368 4 88

a Degree of concordance = (238U/206Pb age × 100/207Pb/206Pb age).
b Ic = inherited cores; c = magmatic core; r = rim, domains distinguished on CL images. 9
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Fig. 5. Tera–Wasserburg concordia plots of U–Pb analyses of zircon from the South Altynmafic and granitoids. Analytical uncertainties shown as 1σ. Gray-colored error ellipses show the
calculated analyses for the mean 206Pb/238U ages.
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Sample 10A-8-1 was collected from an enclave within the
monzogranite of the YP. CL imaging shows that most of the crystals
have a weak broad banded zoning (Fig. 4). Five concordant analyses
yield a weighted mean 206Pb/238U age of 447 ± 8 Ma (Fig. 5e;
MSWD = 6.3) that is interpreted as the crystallization age of the
enclave.

Sample 06A-67 was collected from an aplitic dyke within the
monzogranite of the YP. Zircons from this sample are characterized by
gray CL inherited core surroundedby dark-grayfine-scale oscillatory zon-
ing core and dark rim (Fig. 4).Most of the rims have veryweak CLwith no
visible zoning (Fig. 4). In some cases, the boundary between core and rim
can be difficult to distinguish. Four concordant core analyses yield a
weighted mean 206Pb/238U age of 452 ± 3 Ma (Fig. 5f; MSWD= 0.39)
that we interpret as inherited zircons in the aplitic dyke. Three concor-
dant core analyses yield a weighted mean 206Pb/238U age of 422 ±
5 Ma (Fig. 5g; MSWD = 0.00037). Six concordant analyses from
rims yield a weighted mean 206Pb/238U age of 421 ± 3 Ma (Fig. 5h;
MSWD= 1.2). As both mantles and rims have similar ages, we interpret
the crystallization age of the aplite as around 422–421 Ma.

Sample 10A-07-01 was collected from muscovite monzogranite of
the BP. The analyzed zircons from this sample are discordant (Fig. 5i).
However, based on field and chemical relationships, we believe this
granite to be of Silurian–Devonian age.

6.2. Major and trace elements

6.2.1. The mafic rocks
The main features of the studied mafic rocks are basalts and dia-

bases (SiO2 = 46.99–50.36 wt.%) (Fig. 6, Table 1). All samples are
tholeiitic basalts. The REE chondrite-normalized plots and primitive
mantle-normalized multi-element diagrams for basalts and diabases
(Fig. 7a and b) are similar to that of enriched E-MORB. Moderate
LREE/HREE fractionation (LaN/YbN from 1.52 to 1.75) and elevated
HREE abundance suggest that garnet was not an important residual
source mineral. The primitive mantle-normalized compositions of
the basalts and diabases show broadly parallel patterns, except for
the Sr and Eu (Fig. 7b). The positive Sr and Eu anomalies in the dia-
bases indicate plagioclase fractionation occurred in several samples.
The trends of basalts and diabases (Fig. 7b) are broadly parallel to
that of E-MORB for most elements, except for the Cs, Rb, Ba, K, and
Sr where they are more enriched than E-MORB. The similarities to
E-MORB element distributions, low to moderate LILE/HFSE ratios,
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Fig. 6. SiO2 v. major element plots for the South Altyn mafic and granitic rocks.
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and absence of negative Nb and Ta anomalies imply that these mafic
rocks did not form in a subduction setting (Fig. 7a and b). Further-
more, the spidergrams of basalts and diabases show the similarities
to CFB element distributions (Fig. 7b). A more likely interpretation
based on trace element patterns is that they originated in an exten-
sional setting.
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Fig. 7.REE chondrite normalized diagrams and primordialmantle normalized diagrams showing themafic and granitic rocks of South Altyn. Normalizing chondrite and primordial mantle
values are after Sun and McDonough (1989). E-MORB and OIB data are from Sun and McDonough (1989). Continental flood basalts (CFB) are fromWilson (1989). To aid in comparison
between groupings, abundant samples from the mafic rocks are shown as a shaded field.

Fig. 8. Plot of South Altyn granitic rocks on: (a) SiO2 vs. K2O classification diagramwith the boundary lines after Le Maitre (1989) and Rickwood (1989). (b) SiO2 versus A/CNK [ACNK=
molar Al2O3 / (CaO+ Na2O + K2O), Maniar and Piccoli (1989)]. (c) (Al2O3 + CaO) / (FeOt + Na2O + K2O) vs 100*((MgO+ FeOt + TiO2) / SiO2) diagram (Liégeois et al., 1998) for the
granites. Symbols as in Fig. 6.
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6.2.2. The Yusupuleke pluton
Representative chemical compositions from the YP are given in

Table 1. The samples from YP span a wide range of SiO2 from about
50.5 to 71.3 wt.% (Table 1, Fig. 6) that includes granodiorites,
monzogranites, monzodioritic enclaves and aplitic granite dykes. In
the K2O versus SiO2 diagram (Fig. 8a), granodiorites andmonzogranites
Fig. 9. SiO2 v. trace element and element ratios plots for the S
plot in the high K calc-alkaline field, monzodiorite enclaves plot in the
shoshonitic field, and aplitic granite dykes plot as medium K calc-
alkaline rocks. The YP granodiorites, monzogranites and its enclaves
are metaluminous with A/CNK values clustering mostly around
0.9–1.0, whereas aplitic granites are all peraluminous with A/CNK
values ranging from 1.0 to 1.1 (Fig. 8b). None of the samples yielded a
outh Altyn mafic and granitic rocks. Symbols as in Fig. 6.
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NK/A N 1. Using the classification of Liégeois et al. (1998) these rocks
from YP plot in the calc-alkaline field (Fig. 8c).

Rocks from the YP have moderate to high rare earth element con-
tents (ΣREE= 94–327). The REE patterns are moderately fractionat-
ed. The LaN/YbN ratios vary between 8 and 27 for granodiorites,
between 9 and 15 for monzogranites and between 6 and 14 for aplit-
ic granite and between 1 and 14 for the enclaves. The size of the neg-
ative Eu anomalies varies between 0.21 and 1.11 for YP rocks. There
are no, or insignificant, negative Eu anomalies for the granodiorites
(Fig. 7c). All are relatively enriched in the Large Ion Lithophile Ele-
ments (LILE—especially Cs, Rb, Th and K) and the LREE, with negative
Ta, Nb and Ti anomalies. Trace elements show strong variations be-
tween the different rock types. Granodiorites show very small (to in-
significant) negative Ba and Sr anomalies (Fig. 7d), whereas other
magmatic products are generally more HREE-enriched with pro-
nounced negative Ba, Sr, P, Eu and Ti anomalies compared to the
granodiorites. The REE patterns of aplitic dykes and enclaves are sub-
parallel and are quite similar to those observed in the granodiorites.
The enclaves also exhibit significant variations in several trace ele-
ment contents (Fig. 7e), that may be controlled by the presence of
various accessory minerals incorporated during the process of
magma mixing (Wang et al., 2008).
6.2.3. The Bagetuokayi pluton
The BP monzogranites have SiO2 contents of 74.6–76.0 wt.%. The

rocks plot as high-K calc-alkaline series (Fig. 8a) with correspondingly
high K2O content. They are strongly peraluminous with A/CNK values
around 1.2 (Table 1; Fig. 8b). These granitic rocks are all alkali-rich,
with all samples plotting in the alkaline and highly fractionated calc-
alkaline fields (Fig. 8c). In comparison to the rocks of the YP, the BG
tend to have lower contents of Al2O3, MgO, TiO2, CaO, Ba, Sr, Y and Zr
(Figs. 6 and 9). The low contents of Sr and Ba result in high Rb/Sr and
low Sr/Y ratios (Fig. 9).

The REE patterns of BP monzogranites differ significantly
from the REE patterns of the YP rocks. They show rather flat
patterns (LaN/YbN = 1.25–1.53) and low rare earth element con-
tents (ΣREE = 21–30) with pronouncedly negative Eu anomalies
(Eu/Eu* = 0.02; Fig. 7g). Primitive mantle normalized trace ele-
ment patterns for the BP monzogranites are characteristics of
WPG (Whalen et al., 2006), with more pronounced negative Ba,
Sr, P, Eu and Ti anomalies than YP samples (Fig. 7h). The BP granites
have high Ga/Al ratios falling within the A-type granite field
of Whalen et al. (1987).
Fig. 10. (a) Th/Yb vs. Nb/Yb diagram from Pearce et al. (1995). (b). Nb/Y vs. Zr/Y diagram for th
(after Condie, 2005). The studied samples plot close to values of E-MORB. SZE: subduction zone
crystallization.
7. Discussion

7.1. Possible source for various magmas

7.1.1. Mafic magmas
The mafic rocks have lower Mg# (45.5–65.0) and Ni (27.8–172.7

ppm) and Cr (11.0–393.4) contents than those of primary melt (e.g.
Frey et al., 1978), reflecting removal of Mg, Ni and Cr via olivine and py-
roxene fractionation (e.g. Dixon and Batiza, 1979). Mafic magmas that
undergo crustal contamination are expected to display Nb, Ti, P deple-
tion combined with enrichment in Th (Taylor and McLennan, 1995).
Samples in this study lack negative Ta, Nb, Ti and P anomalies and
show low Th on primitive mantle normalized plots (Fig. 7b) indicating
an ascent of melt with no significant crustal contamination. A Th/Yb
vs. Nb/Yb plot (Fig. 10a) also indicates that the mafic magmas were
not affected by any significant contamination due to the lack of a
marked shift towards higher Th/Yb ratios and displacement from the
mantle array (e.g. Aldanmaz et al., 2006). In the Zr/Y vs. Nb/Y diagram
(Fig. 10b), magmas for these rocks resemble those of PM transitional
to OIBs and the data plot above the enrichment-depletion tie-line
(ΔNb= 0 line). These observations suggest that the rocks were gener-
ated from variably enriched mantle regions (e.g. Condie, 2005). The en-
richment of the non-arc type mafic rocks in LILE (Rb, Cs), as well as in
REE and other HFSE (Fig. 7b) can be related to an asthenospheric effect
combined with melting of the subduction metasomatized subcontinen-
tal lithospheric mantle (SCLM; Whalen et al., 2006). Partial melting of
SCLM to produce LILE enriched magmas depends on both timing of
metasomatism plus metasomatizing fluid composition (Whalen et al.,
2006).
7.1.2. Yusupuleke pluton

7.1.2.1. Granodiorites. There are two possible processes thought to be re-
sponsible for the origin of granodiorites. These are through partial melt-
ing of the continental crust or via fractionation of coeval mafic magma.
In our case, the granodiorites are characterized by high Mg#, the least
fractionated REE pattern lacking Eu anomaly, aswell as high Sr contents
and low Rb/Sr ratios (Fig. 9). This makes a fractional crystallization ori-
gin a less likely explanation. In addition, the fractionation is less proba-
ble due to the lack of intermediate composition rocks in the YP. Thus, it
seemsmore likely that the granodioriteswere formedbypartialmelting
of crustal source rocks. The composition of this crustal source region can
also be gleaned from the chemical composition of the granodiorites. The
e BOM. The ΔNb= 0 line separates enriched (ΔNb N 0) from depleted (ΔNb b 0) sources
enrichment, CC: continental contamination,WPE: within-plate enrichment, FC: fractional
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lack of Eu and Sr anomalies argue against fractionation of plagioclase.
On the other hand, the high Sr (403–565 ppm), moderate to high Sr/Y
(19.5–54.0) and fractionated REE patterns (high La/Yb ratios) together
with the overall low abundances of Y (7.5–29.0 ppm) and HREE require
the presence of garnet or amphibole as a fractionating or residual phase.
Thus, an amphibole-bearing residue for the granodiorites is consistent
with the high Al2O3 concentration and low Rb/Sr and K/Rb ratios (e.g.
Petford and Atherton, 1996). Experimental evidence also suggests that
the melts have a residual mineral assemblage of clinopyroxene, amphi-
bole, plagioclase and garnet at N16 kbar and a plagioclase-absent,
garnet-bearing amphibolite, granulite or eclogite at 22–30 kbar (Rapp
and Watson, 1995). The observed small variation in the Sr/Y (19–54)
and Dy/Yb ratios (2.0–2.2) for the YP granodiorites indicate that the
meltswere generated froma similar source by variable degrees of crust-
al partial melting where the source has varying proportions of residual
garnet and amphibole. These features indicate that the source rock of
the granodiorites melts could have formed from garnet amphibolite
sources at pressures between 16 and 22 kbar in the lower crust. The
meltsmight be in equilibriumwith garnet-bearing amphibolite or gran-
ulite source in the lower crust (e.g. Rapp and Watson, 1995). Applica-
tion of the saturation equations for Zr of Watson and Harrison (1983)
yielded temperature ranges of 764–782 °C for the I-type granodiorites.

7.1.2.2. Monzogranites. The monzogranites have an overall composition
similar to that of granodiorite (Fig. 7). However, the monzogranites
were formed ~30 Ma after intrusion of the granodiorites. Given the
age relationships, the monzogranites cannot represent fractionation
products of the granodiorite melt. The monzogranites have low Rb/Sr
ratios and moderate Sr, Sr/Y, CaO/Na2O (0.8–1.2) and negative Eu
anomalies. Those features indicate that they have undergoneweak frac-
tional crystallization from a source that lacked garnet but contained
both amphibole and plagioclase in the residue (e.g. Petford and
Atherton, 1996). This is distinct from the source of the granodiorites.
The negative anomalies of Ba, Sr, P and Ti in the spidergrams (Fig. 7) dis-
play the same features. Such magmas may be generated by melting of
intermediate metaigneous rock within the middle or the lower crust
(Jung and Pfänder, 2007). The calculated zircon saturation temperatures
(TZr) of the YP monzogranites yield saturation temperatures of
796–831 °C (Table 1).

7.1.2.3. Magmatic enclaves. Enclaves have low SiO2 (50.5–57.3 wt.%) and
weak negative Eu anomalies, indicating a mafic source. Enclaves show
chemical affinities with shoshonitic magmas (e.g., high K2O, P, Rb, Sr,
Ba, LREE, high but variable Al2O3 (14.8–17.4 wt.%; Morrison, 1980)).
Previous studies suggested that shoshonitic magmas originated either
by partial melting of the subcontinental lithospheric mantle or astheno-
spheric mantle (e.g. Guo et al., 2006; Miller et al., 1999; Williams et al.,
2004). Shoshonitic magmas share a LILE-enrichedmetasomatizedman-
tle origin (e.g. Conceição and Green, 2004; Murphy, 2013), in which
pargasite is the dominant phase in controlling melt compositions and
fertility (e.g. Conceição and Green, 2004). Enclaves have higher Nb/Ta
ratios (17.9–18.6) except sample 06A-69. Sample 06A-69 appears to
be a primitive mantle rock (Nb/Ta = 17.5 ± 2.0, Rudnick and Gao,
2003). Theweak negative Ba, Sr and Ti contents in enclaves can be relat-
ed to limited fractionation of the plagioclase and/or K-feldspar and Ti-
bearing minerals in the course of enclave development. Thus, the en-
richments P andHFSE (Nb, Zr, Hf) observed in the enclaveswould seem-
ingly indicate that the more mafic phases were produced by partial
melting of highly enriched mantle. In contrast to the highly enriched
mantle source model, our enclaves contain enriched LILE (notably K,
Rb, Cs and Sr) and LREE, and show variable major element contents
and REE patterns (Fig. 6). These characteristics correspond to a chemi-
cal/metasomatic exchange between the mafic magma and granitic
magma during cooling (Waight et al., 2001), two-component mixing
in different proportions (Barbarin, 2005) or fractional crystallization of
a hybrid parental magma (Collins et al., 2006). We argue that the
most parsimonious explanation for the origin of the mafic enclaves is
that they represent hybrid magmas of bulk intermediate composition.
This is supported by a linear trend between basalts at 50 wt.% SiO2

and the most primitive enclave-free granitoids at 63 wt.% SiO2 (Fig. 7).
The hybrid nature of microgranular enclaves is also confirmed by the
presence of disequilibrium features such as large/oriented crystals of
alkali feldspar xenocrysts, feldspar-sphene ocelli and long prismatic
apatite within the enclaves (Wang et al., 2008).

7.1.2.4. Aplitic dykes. Aplitic dykes have similar features as REE, trace el-
ement patterns (Fig. 7e) to those of granodiorites with the exception
that the aplites have more negative Sr anomalies and higher SiO2 con-
tents. The aplites have low Rb/Sr and moderate Sr, Sr/Y (Fig. 9) and
small negative Eu anomalies. The chemistry is inconsistent with frac-
tional crystallization models, but fits with a partial melting origin with
magmas generated from the granodiorites in the region. A partial melt-
ing origin is supported by the relatively high Mg-number (43.1–45.3).
The negative Nb, P and Ti anomalies may reflect the characteristics of
amagma source. LowNb/Ta ratios (7.66:10.04) in the aplites are similar
to those of lower crust (8.3, Rudnick and Gao, 2003) and a magma
source with amphibole and rutile (~9.00, Dostal and Chatterjee, 2000).
Zircons from the aplite show inherited ages (ca. 451Ma) that are nearly
identical to those of the granodiorites (ca. 446Ma) supporting a genetic
connection between the two bodies. The calculated zircon saturation
temperatures (TZr) of the YP aplitic granites range between 759 and
782 °C (Table 1). Because the aplitic dykes contain abundant inherited
zircons, the temperature estimates presented here are considered
maxima.

7.1.3. Bagetuokayi pluton
BP monzogranites are strongly peraluminous granites with A/CNK

values around 1.2. CaO/Na2O ratios of granites are controlled by the pla-
gioclase/clay ratio of the source: strongly peraluminous granite melts
produced from plagioclase-poor, clay-rich sources will tend to have
lower CaO/Na2O ratios than melts derived from sources which are
plagioclase-rich and clay-poor (Sylvester, 1998). BP monzogranites are
characterized by low CaO/Na2O ratios (0.11–0.16 b 0.3), indicating a
metapelitic source (e.g., Sylvester, 1998). This conclusion is also sup-
ported by the relationships between Rb/Sr vs. Rb/Ba (Fig. 11;
Sylvester, 1998). The Rb, Sr and Ba in granitic systems are contained in
mica and feldspar (e.g., Harris and Inger, 1992). The presence of pro-
nounced negative Eu anomalies and high Rb/Sr and Rb/Ba is compatible
with anatexis of a feldspar-rich source. The observed increase of Rb/Sr
and Rb/Ba in the melt relative to the metapelite is simply a function of
the amount of residual plagioclase and K-feldspar (e.g., Sylvester,
1998). BP monzogranites yield Zr saturation temperatures ranging be-
tween 665 and 672 °C.

7.2. Tectonic implications

7.2.1. Timing framework of a post-collisional setting
The new U–Pb zircon geochronological data acquired on a selection

of samples providemore detailed constraints on the timing and tectonic
setting for these magmatic suites. The main magmatic pulse took place
at 485–445 Ma, leading to formation of the high-K calc-alkaline granit-
oids both in the Qimantagh and South Altyn along with the emplace-
ment of ~465–445 Ma mafic–ultramafic intrusions along the Altyn
Tagh fault, and eruption of bimodal volcanic rocks in the Qimantagh.
The geochronological data also indicate that emplacement of the post-
collisional suites overlap with the retrograde HP granulite-facies meta-
morphism at ~455Ma and ductile shearing within the South Altyn fault
(Fig. 12).

A secondmagmatic pulse at 440–380Ma emplacedmafic dykes and
A-type granites along the southern side of the Altyn Tagh fault (Fig. 1c).
The A-type granite contains two facies that were emplaced between ca.
440 and 420 Ma and ca. 420–380 Ma. In this study, the first sub-phase



Fig. 11. Rb/Sr vs. Rb/Ba diagram (Sylvester, 1998). Symbols as in Fig. 6.
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(440–420 Ma) is related to calc-alkaline monzogranites and aplitic
dykes of the YP, and the second sub-phase (420–380Ma) is represented
by the alkaline series of BP and the Tula granitic pluton. The second sub-
phase is coeval with: i) mafic dyke swarms from the Qimantagh; ii) a
foliation-parallel leucosome from migmatite of South Altyn formed at
417 Ma; and iii) a ductile deformation phase of South Altyn and
Baiganhu faults (Fig. 12). Themetamorphic peak in the South Altyn pre-
dates the main phases of ductile deformation (Fig. 12). Post-collisional
igneous rocks are exposed along several faults trending NE–SW and
NW–SE in the Qimantagh and also NE–SW and E–W in the South
Altyn. Therefore, emplacement of the post-collisional igneous suites
may be controlled by these structural lineaments. U–Pb zircon geochro-
nology of Paleozoic granitoids and mafic igneous rocks of the
Fig. 12.Diagram showing the age variation and time relations of deformation andmetamorphic
See the details described in the main text.
Qimantagh–South Altyn reveals that most of the magmatism is either
coeval with, or post-dates, ductile deformation in the region (Fig. 12).

7.2.2. Implications for the East Kunlun–Altyn Tagh continental collision
Numerous studies in the Altyn Tagh and East Kunlun regions have

failed to discern the Paleozoic evolution of these two regions. In many
cases, this is due to older interpretations wherein the two regions
were thought to represent distinct domains that were juxtaposed by si-
nistral slip along the Altyn Tagh fault during the Mesozoic–Cenozoic
Indo-Asian collision (e.g. Cowgill et al., 2003; Molnar and Tapponier,
1975; Peltzer and Tapponnier, 1988; Ritts and Biffi, 2000; Xu et al.,
1999; Yang et al., 2003; Yin et al., 2002). Previous estimates of total
offset along the Altyn Tagh fault range from 280 to 500 km. New re-
search suggests that both the peak and retrograde metamorphic ages
for the South Altyn eclogite are distinct from the North Qaidam HP/
UHP eclogites. Thus, the South Altyn and North Qaidam eclogites do
not belong to the same HP/UHP metamorphic terrain (Liu et al., 2012).
The Altyn Tagh fault was likely diachronous. It contains 623 Ma
Dimulalike basic volcanic breccias (Yang et al., 2012), ca. 500 Ma
ophiolite mélange (Li et al., 2009; Liu et al., 1998) and ca. 445–467 Ma
mafic–ultramafic layered intrusions (Ma et al., 2011; this study). Thus,
it is likely that the Altyn Tagh fault was once a suture zone. As men-
tioned above (see Section 2), vast high-grade metamorphic rocks of
Altyn Complex indicate an early Paleozoic age for the subduction–colli-
sion belt in South Altyn. Liu et al. (2013) suggested that northward sub-
duction led to the continent–continent collision. The main collision,
corresponding to crustal thickening and to the peak eclogite-facies
metamorphism, occurred ca. 500 Ma. Cao et al. (2010) and Yang et al.
(2012) consider that part of the 462–451 Ma plutons intrusive in the
South Altyn formed in a post-collisional setting. Geochronological and
geochemical data from this study suggest that the numerous granitoids
and mafic rocks from the Qimantagh–South Altyn intruded between
485 and 380 Ma in either a post-collisional or within-plate regime
(Fig. 12). The space–time relation in the generation of the metamor-
phism–magmatism on both sides of the Altyn Tagh fault suggests that
these rocks record the transition from continental collision to post-
collisional and post-orogenic settings between the East Kunlun and
Altyn Tagh.
processes andmagma generation and intrusion in the South Altyn (a) andQimantagh (b).

image of Fig.�12
image of Fig.�11
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7.2.3. Petrogenetic model
The results of this study are crucial in delineating geochemical vari-

ations and magmatic processes in the region. According to U–Pb geo-
chronological data, the Qimantagh–South Altyn post-collisional to
postorogenic magmatism occurred over a 100 million year time span
(Fig. 12). This time interval ismuch longer than themaximumresidence
times of shallow silicic magma chambers (e.g., Halliday et al., 1989).
Variations in the geochemistry of the igneous rocks outlined in this
paper support differing source regions andmechanisms for melt gener-
ation at discrete time intervals.

We propose that the ~500 Ma collisional orogenesis led to signifi-
cant crustal thickening and shortening leading to the development of
the HP/UHP and HP/UHT metamorphic rocks in South Altyn. Pressure–
temperature estimates for this metamorphism is up to 2.8 GPa at
720–870 °C for the UHP eclogite-facies metamorphism. This would in-
dicate crustal subduction to at least 80 km at 500 Ma (Liu et al., 2012).
The ca. 500 Ma zircons in felsic granulite give temperatures of 870–
1050 °C (Zhang et al., 2005). These data indicate accretion and subse-
quent collision in this region (e.g., Zhang et al., 2010). High Sr/Y adakites
dated to ~500 Ma are products of partial melting of a thickened mafic
lower crust in the South Altyn during mantle unrooting (e.g., Marotta
et al., 1998) or the initial phases of orogenic collapse (e.g., Dewey,
1988). Thermo-mechanical numerical models demonstrate that as
crust thickens during shortening, the lowermost crust may undergo
metamorphic eclogitization and a concomitant increase in density
(Krystopowicz and Currie, 2013). The eclogitic crustal root is then
prone to gravitational removal through delamination (Kay and Kay,
1993). Granulite facies HP metamorphism took place at temperatures
between 625 and 790 °C at pressures between 1.42 and 1.52 GPa at
455 ± 2 Ma. Amphibolite facies metamorphism occurred at tempera-
tures between 600 and 730 °C and 0.99–1.17 GPa and thus preserves
a history of exhumation through various crustal depths in the South
Altyn (Liu et al., 2012). The exhumation stages are also supported by
the retrogrademetamorphic transition fromGrt peridotite to Amp–Grt pe-
ridotite to Spl peridotite of the Yinggelesayi UHPM peridotite from South
Altyn (Wanget al., 2011). Themultistageexhumationmaybe related toup-
lift that was a result of the removal of a thickened crust in this region.

Convective removal of a conductive thermal boundary layer can re-
sult in the transition from crustal thickening to crustal thinning as the
lowermost lithosphere is detached from the crust and founders in the
less dense asthenospheric mantle (Bird, 1979; Davies and von
Blankenburg, 1995; Houseman et al., 1981). These models all indicate
the thickened lithospheric root is replaced by asthenospheric mantle.

Post-collisional magmatism described in this study and others (e.g.,
Bonin, 2004; Liégeois, 1998; Oyhantçabal et al., 2007; Turner et al.,
1999) suggests that an asthenosphere-derived signature can indicate
extensional collapse and thinning of the mantle lithosphere. Available
geochemical data for mafic magmatism in the South Altyn region indi-
cate an enriched subcontinental lithosphericmantle (SCLM) that result-
ed in the emplacement of tholeiitic and shoshonitic magmas from
enriched mantle sources at 457–467 Ma, along with the cumulate
rocks of the Yuemakeqi layered series. Additionally, the emplacement
of long-lasting (10 Ma) mantle-derived magmas caused partial melting
of the lower crust and produced the YP high-K calc-alkaline granodio-
rites at 446 Ma. Felsic rocks incorporate a mafic lower crustal compo-
nent. It is likely that emplacement of mafic and granitic magmas were
controlled by E–W trending shear zones resulting from the thermal
weakening of the crust. We interpret these observations to reflect litho-
spheric thinning that facilitated asthenospheric mantle upwelling and
concomitant melting of the lower crust. These processes gave rise to
the mafic rocks and high Sr/Y granitoids of the South Altyn. Extension
and thinning of the continental crust led to disappearance of the
adakitic signature. At this stage, Ordovician–Silurian rift basins devel-
oped in the Qimantagh. These basins contain shallow and deep-water
clastics, carbonates and bimodal volcanics with back-arc affinities
(Jiang et al., 1992; Wang et al., 2010, 2012).
At the end of the post-collisional stage, rapid unroofing by isostasy is
accompanied by hot asthenospheric upwelling and magmatic under-
plating. As a result of upwelling and underplating, the continental lith-
osphere is thinned (Bonin, 2004; Oyhantçabal et al., 2007). At this
stage, A-type granites formed by melting of intermediate metaigneous
rock within the middle or the lower crust with amphibole and plagio-
clase in the residue. This interpretation is supported by the melting ex-
periments of hornblende and biotite bearing granitoids (Patiño Douce,
1997). Partial melting of pre-existing crust is produced by the succes-
sive emplacement of hot, mantle-derived magma in “deep crustal hot
zones” (Annen et al., 2006). In this model, mafic sills are emplaced in
the lower crust at the mantle-crust interface or at higher levels in the
crust. After an incubation period, melts are generated by incomplete
crystallization of the mafic magma and by partial melting of the pre-
existing crust. The magmas may move directly to their final emplace-
ment level as plutonic bodies, form shallow magma chambers, or stall
and differentiate in one or more intermediate magma chambers
(Solano et al., 2012). In Qimantagh–South Altyn, the next magmatic
pulse at 440–380 Ma corresponds to A-type granite, when thickness of
both lithospheric mantle and crust decreased. At ca. 421 Ma, melting
of the older (ca. 446Ma) granodiorites resulted in the intrusion of aplitic
dykes into themonzogranite. The aplitic dyke episode is broadly associ-
ated with the development of a foliation-parallel leucosome migmatite
at 417 Ma (Fig. 12) and related to the activation of major shear zones
and crustal anatexis (Fig. 12). The Yusuputage batholith was emplaced
over a 40 million year long period and thus resulted from a discontinu-
ous magma flux into the reservoir.

Asthenospheric upwelling resulted in thermal erosion of the litho-
spheric mantle and, ultimately, to its delamination between neighbor-
ing shear zones (Liegeois et al., 1998). Dehydration of the thinning
lithosphere results in an evolutionary shift from high-K calc-alkaline
to alkaline magmatic suites in a short period of time (Bonin, 2004). In
the Qimantagh–South Altyn regions, delamination caused an increase
in extensional alkaline A-type granites and mafic dyke swarms (380 to
~400 Ma). This magmatic activity was contemporaneous with the de-
velopment of late Devonian red molasse deposits derived from the vol-
canic products in the eastern part of East Kunlun.

Extensional collapse in the East Kunlun–Altyn Tagh encompasses
the post-collisional to postorogenic magmatic suites. This phase in-
cludes the exhumation of HP/UHP metamorphic rocks from the base
of the crust alongwith the development of extensional basins, thrusting
and strike-slip faulting that accompany crustal thinning (e.g., Andersen
and Jamtvet, 1990; Dewey, 1988; Frisch and Kuhlemann, 2000; Platt
and Vissers, 1989; Turner, 1992; Turner et al., 1999). We suggest that
orogenic collapse occurred by the removal of the thickened lithospheric
root beneath the East Kunlun–Altyn Tagh collisional ridge during early
Paleozoic.

8. Conclusions

Early Paleozoic magmatism in the Qimantagh–South Altyn occurred
in post-collisional and postorogenic settings coinciding with the transi-
tion from crustal thickening to crustal thinning during the extensional
collapse of an orogenic belt. The main period of felsic and mafic
magma took place between 485 Ma and 380 Ma in the Qimantagh–
South Altyn, accompanied with extensional deformation, exhumation
of HP/UHP metamorphic rocks and crustal anatexis. Magmatic activity
startedwith the emplacement of 485–445Mahigh-K calc-alkaline gran-
itoids, metasomatization of subcontinental lithospheric mantle leading
to the development of 467–445Mamafic-ultramafic magmas, followed
by 440–420 Ma A-type granite emplacement and finally, the develop-
ment of 400–380 Ma alkaline granite and mafic dykes. The HP/UHP
metamorphic rocks, the post-collisional to postorogenic magmatic
suites and extensional basins distributed within the Qimantagh–South
Altyn correspond to collisional orogenesis and extensional collapse
along the East Kunlun–Altyn Tagh during early Paleozoic.
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