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ABSTRACT

The Precambrian tectonic evolution and growth of continental crust in the southwestern Tarim Craton in
NW China remain enigmatic. In this contribution, we report petrography, zircon U-Pb ages, geochemistry
and Nd-Hf-0 isotope data on the ca. 1.4Ga granitic pluton in southwestern Tarim Terrane. We also
present zircon U-Pb ages and Hf isotope data on the Paleoproterozoic intrusive complex from this area,
and use the combined data to evaluate Precambrian tectonic evolution of the region in relation to the
Columbia supercontinent. The ca. 1.4 Ga Azibailedi pluton is mainly composed of biotite monzogranite
with contents SiO; (72.8-75.1 wt.%). The major element chemistry of the pluton reveals alkali-calcic and
ferroan affinities and metaluminous to peraluminous feature with A/CNK ranging from 0.86 to 1.15. The
granite shows high total REE contents with variable enrichment in LREE ((La/Yb)y =8.5-12.2). Both REE
and other incompatible elements features define A-type affinities. The initial epsilon Nd values vary from
—3.5 to —2.2 and zircon &yg(t) and §'80 values range from —4.1 to +6.1 and 7.1%. to 8.6%.. Integrating
geological, geochemical and Nd-Hf-0 isotope data, we suggest that the Azibailedi A-type granites were
derived from pre-existing early Paleoproterozoic mafic lower crust with involvement of variable amount
of Paleoproterozoic juvenile crust, possibly trigged by basaltic magma upwelling, during the breakup of
the Columbia supercontinent.

U-Pb geochronology and Hf isotopic analyses of zircons from the Paleoproterozoic Heluositan intrusive
complex show crustal growth episodes during 2.2-4.2 Ga with peaks at 2.3-2.5 Ga, 3.3 Ga and 3.6-3.8 Ga,
distinct from the other Precambrian terranes of the Tarim Craton. A comprehensive synthesis of the
records of assembly and breakup of Columbia supercontinent from different Precambrian terranes in
the Tarim Craton show significant differences. The temporal distinction in tectonothermal events and
the marked difference in the continental crust growth processes suggest that the early Precambrian
basement of the Tarim Craton was possibly composed of discrete terranes which were fragmented from

different ancient cratonic nuclei.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

covered by desert (more than 85%) (Xu et al., 2013). The Precam-
brian basement rocks in the craton are exposed only along its

The Tarim, North China and South China Cratons constitute
the three major Precambrian cratons in China (Zhao and Cawood,
2012; Zhang et al., 2013a,b). The Tarim Craton is located within the
Xinjiang Uygur Autonomous Region of NW China, and is largely
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margins, including the Tikelike area in the southwestern margin,
the Akesu and Quruqtagh (also spelled as Kuluketage) area along
the northern margin, and the North Altyn Tagh Mountain and the
Dunhuang area at the eastern margin (Fig. 1a).

Investigations focusing on the Neoproterozoic geology of the
southwestern Tarim terrane have revealed two tectonother-
mal episodes, one during early Neoproterozoic (1.0-0.9 Ga) and
the other during middle Neoproterozoic (~0.8Ga), possibly
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Fig. 1. (a) Tectonic framework of the Tarim Craton and its marginal area showing the Precambrian terranes along its margin. (b) Precambrian geology in the southwestern

section of the Tarim Craton (modified after HNGS, 2004a,b).

corresponding to the assembly and breakup of the superconti-
nent Rodinia (Zhang et al., 2006a,b, 2010). However, despite the
availability of some geochronological and geochemical data have
been reported (Wang et al., 2014; Zhang et al., 2007a), continental
growth processes and tectonic evolution are poorly understood.
In this contribution, we present detailed field observations,
petrography, zircon U-Pb ages and Hf-O isotopes, whole-rock
major and trace element geochemistry, and Sr-Nd isotopes of the
Azibailedi A-type granites (ferroan granites) in the southwestern
margin of Tarim Craton. We also report zircon U-Pb ages and Hf iso-
topes of the early Paleoproterozoic Heluositan intrusive complex,
which findings, in combination with those from previous investiga-
tions provide new insights into: (1) the petrogenesis of the 1.4 Ga
Azibailedi A-type granites, and their implications on the history
of breakup of the Columbia supercontinent; (2) the Precambrian
tectonic evolution and continental crustal growth and (3) the archi-
tecture of the early Precambrian basement of the Tarim Craton.

2. Regional geology

The Tarim Craton is bound by the Tianshan, Western Kunlun and
Central-Southern Altyn-Tagh mountain belts to the north, south
and southeast, respectively (Fig. 1a) (Lu et al., 2008; Zhang et al.,
2013a). The craton shows typical double-layered structure con-
sisting of a Precambrian basement (pre-Neoproterozoic) and late
Neoproterozoic to Cambrian cover series (Xinjiang BGMR, 1993;
Feng et al., 1995). The Precambrian rocks in the Tarim Craton are
mostly exposed along the northern, eastern and southwestern mar-
gins.

The Precambrian basement rocks of the Quruqtagh-Dunhuang
area are composed of orthogneisses (tonalite-trondhjemite-
granodiorite; TTG), amphibolite and metasedimentary rocks.
Previous studies indicated that the TTG rocks were mainly
emplaced at ca. 2.7-2.5 Ga. Metamorphism main at ca. 1.85-1.80 Ga
has been identified in both Archean and the Paleoproterozoic
paragneisses (Ge et al., 2014; Zhang et al., 2013b) and the Paleo-
proterozoic metamorphism has been correlated to the assembly of

the Columbia supercontinent (Ge et al., 2013a; Zhang et al., 2012a,
2013b; Lei et al., 2012). A recent study on 1470 Ma metadiabase
from this region correlates with the breakup of the Columbia super-
continent (Wu et al., 2014). In the Aketage area, Paleoproterozoic
metamorphic events are recorded by the Archean Milan Group,
mostly composed of TTG rocks, hypersthene granulite, and mafic
granulite, metamorphosed at ~2.0Ga (Zhang et al., 2014a), fol-
lowed by 1.85 Ga post-orogenic extension represented by OIB-like
mafic dykes and massive potassic granites (Lu et al., 2008; Zhang
et al., 2014a). Detrital zircon U-Pb dating and field mapping indi-
cate the absence of Archean basement in the Akesu area (Fig. 1a)
(Xinjiang BGMR, 1993; Zhang et al., 2014b). Zircons from the Akesu
Group have U-Pb age populations of ~0.82 Ga, 2.0-1.8 Ga, ~2.3 Ga
and ~2.5Ga (Zhang et al., 2014b; Zhu et al., 2011). The youngest
group of these ages at ~820 Ma constrains the lower limit of the
depositional time of the protoliths of Aksu blueschist (Zhang et al.,
2014b).The age population of 2.0-1.8 Ga is coincident with the tim-
ing of the amalgamation of the Columbia supercontinent (Zhu et al.,
2011).Based on zircon U-Pb ages and 3Ar/40Ar plateau age of glau-
cophane from the blueschist in Aksu terrane (Yong et al., 2013),
Zhang et al. (2014a,b) argued that the Akesu terrane (AT) might
represent an accretionary terrane amalgamated to the Tarim Craton
during 820-780 Ma.

The major Precambrian units of the southwestern Tarim ter-
rane (STT) are mainly composed of the Paleoproterozoic Heluositan
complex, the Mesoproterozoic greenschist-facies metamorphosed
and intensively folded sedimentary sequences and the Neo-
proterozoic volcanic-sedimentary sequences with no significant
metamorphism and deformation (Zhang et al., 2007a,b, 2010)
(Fig. 1b). The Heluositan Complex mainly consists of paragneisses,
orthogneisses and migmatites which underwent ca. 1.9 Ga amphi-
bolite to granulite facies metamorphism and were intruded by the
2.34 Ga Xuxugou and 2.41 Ga Akazi plutons (Zhang et al., 2007a;
Guo et al., 2013). Furthermore, the ca. 1.9 Ga metamorphism event
has also been recorded in the complex (Wang et al., 2014; Zhang
etal.,2007a). The poorly exposed Mesoproterozoic magmatic rocks
occur in the northern part of the Tikelike belt close to Kusilafu area
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Fig. 2. (a) Geological map of the Azibailedi pluton. (b) Geological map of the Akazi pluton and amphibolites from the Heluositan Complex. The number and the star symbol

show the sample number and the sampling locality.

of the Aketao County (Fig. 2a). These rocks were first reported in
the STT by Huang et al. (2012). However, their petrogenesis and
tectonics need further discussion.

3. Petrography
3.1. Azibailedi A-type granites

The Azibailedi pluton is located in the north-western section of
the STT (Fig. 1b) with an outcrop area covering 12 kmZ2. The plu-
ton intruded Mesoproterozoic carbonate rocks of the Changcheng
system. The Changcheng system was unconformably covered by
Ordovician-Carboniferous sandstone and conglomerate (Fig. 2a).
Migmatite developed along the margin of the Azibailedi pluton. The
Changcheng System carbonate rocks were extensively invaded by
high temperature granitic melts, and therefore the zircon growth in
the migmatite and granite occurred coevally. The migmatite shows
banded structure and is mainly comprised quartz and feldspar phe-
nocrysts set within a felsic matrix with minor carbonate minerals
(Fig. 3a and g). The Azibailedi pluton is relatively homogeneous
with the main rock type being biotite monzogranite. The rock
shows grayish color and of gneissic structure (Fig. 3b and c), with
medium to coarse granitic texture. The mineralogy is defined by K-
feldspar (30-45%), plagioclase (25-35%), quartz (25-30%), biotite
(5-7%), hornblende (less than 2%) with accessory minerals such as
zircon, titanite and monazite (Fig. 3h). Recrystallized quartz and
biotite suggest metamorphism and/or deformation after emplace-
ment (Fig. 3i).

3.2. The granitic rocks and amphibolites from Heluositan Complex

The petrography of Akazi pluton has been described in detail by
Zhang et al. (2007a) and Wang et al. (2014). The main rock types
are pinkish granodiorite and quartz monzonite (Fig. 2b) showing
medium to coarse texture and gneissic structure. The presence
of remelting textures indicates that the rocks witnessed post-
emplacement metamorphism, as is also evident from the core-rim
structure of the zircons grains from this pluton (Zhang et al., 2007a).

The gneissic granites are quartz monzonite (Fig. 2b) which
display medium to coarse-grained texture and strong gneis-
sic structure (Fig. 3d-f). The dominant minerals are plagioclase
(30-40%), K-feldspar (25-35%), Quartz (25-30%), biotite (5-7%),
hornblende (2-5%) together with accessory minerals such as
apatite and zircon.

An amphibolite dyke of about 3 km in length and 200-300 m
width intrudes the Heluositan granitic gneiss (Fig. 2b). The rock
is medium to coarse grained, dark in color and shows gneis-
sic structure. It is dominantly composed of hornblende (50-60%),
plagioclase (30-40%), biotite (2-5%) and minor pyroxene (1-2%)
(Fig. 3j-1). Apatite and Ti-Fe oxide occur as accessory minerals. The
mineral assemblage suggests mafic protolith.

4. Analytical methods

Zircon separation was carried out using conventional heavy lig-
uid and magnetic techniques. Zircon grains and zircon standards
were then hand-picked under a binocular microscope and repre-
sentative grains and zircon standards were mounted in an epoxy
resin disk, and then polished to about half their thickness. Zircons
were photographed under transmitted and reflected light and their
cathodoluminescence (CL) images to reveal their internal struc-
tures.

Zircon U-Pb analyses were carried out using LA-ICP-MS tech-
niques at Tianjin Institute of Geology and Mineral Resources. The
detailed analytical procedures were after Geng et al. (2011) and
Hou et al. (2009). Data reduction was performed off-line by ICPMS-
DataCal (Liu et al., 2009, 2010) and ISOPLOT (Ludwig, 1999). The
weighted mean ages are quoted at 95% confidence level. Zircon
U-Pb age data are listed in Supplementary Table 1.

Hf isotopic analyses were carried on the same zircon grains that
were previously analyzed for U-Pb ages, using a Neptune MC-ICP-
MS, equipped with a 193 nm laser, at Tianjin Institute of Geology
and Mineral Resources. Most analyses are carried out with a beam
diameter of 50 um, a 10 Hz repetition rate, and energies of 100 mJ
per pulse. The detailed analytical techniques were similar to those
described in detail by Wu et al. (2006). Zircon Hf isotope data are
presented in Supplementary Table 2.

Zircon oxygen isotopes were measured using the Cameca IMS
1280 SIMS at the Institute of Geology and Geophysics, Chinese
Academy of Sciences in Beijing. The detailed analytical procedures
are the same as those described by Li et al. (2010a). The Cs* pri-
mary ion beam was accelerated at 10 KV, with an intensity of ca.
2nA and rastered over a 10 wm area. The spot is about 20 wm in
diameter. The instrumental mass fractionation factor (IMF) is cor-
rected using Penglai zircon standard with (8'80)ysmow = 5.31%o (Li
et al., 2010b). Measured 80/160 is normalized by using Vienna
Standard Mean Ocean Water compositions (VSMOW). Ten mea-
surements of the Qinghu zircon standard during the course yield
a weighted mean of §180=5.44 + 0.21%. (2SD), which is consistent
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Fig. 3. Representative field photographs and photomicrographs of migmatite and granites from the Azibailedi pluton. (a) The banded migmatite is composed of quartz and
feldspar phenocrysts. (b, c) The biotite monzogranites show gneissic textures. (d-f) The granites show medium to coarse granitic and strong gneissic structures. (g) The
mineral assemblage of the migmatite (parallel nicols). (h-i) The recrystallization of quartz and biotite possibly represent metamorphic effect (crossed nicols). (j) The mineral
assemblage of the amphibolites from the Heluositan Complex (crossed nicols). (k, 1) Relict clinopyroxene in amphibolites (crossed nicols). Abbreviations: Cal, carbonate; Kfs,

K-feldspar; PI, plagioclase; Bi, biotite; Q, quartz; Hb, hornblende; Cpx, clinopyroxene.

within errors with the reported value of 5.4 4+ 0.2%. (Li et al., 2013).
Zircon oxygen isotopic data are listed in Supplementary Table 3.
Major elements were measured by Rigaku ZSX100e X-ray flu-
orescence spectrometer (XRF) at the State Key Laboratory of
Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chi-
nese Academy of Sciences (CAS). Whole rock samples were crushed
and powdered to less than 200 mesh in an agate mill, and then fused
lithium-tetraborate glass pellets. Analytical precision as deter-
mined on the Chinese National standard GSR-1 and GSR-3 were
generally around 1-5%. Trace elements were analyzed using a
Perkin-Elmer ELAN-DRC-e inductively-coupled plasma mass spec-
trometry (ICP-MS) at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, CAS. The powdered sam-
ples (50mg) were digested in high-pressure Teflon bombs using

HF + HNO3 mixture for 48 hours at about 195°C (Qi et al., 2000).
The analytical precision for most elements was better than 3-5%.
The analytical results are presented in Table 1.

Samples for Nd-Sr isotopic measurements were spiked and dis-
solved in Teflon bombs with HF + HNO3 acid, and then separated
by conventional cation-exchange techniques. The isotopic mea-
surements were performed on a Thermo Fisher Triton TI mass
spectrometer (TIMS) at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, CAS. The detail proce-
dure is as described by Li et al. (2004). The measured 87Sr/86Sr
and 43Nd/1#4Nd ratios are corrected to 86Sr/®3Sr=0.1194 and
146Nd/144Nd =0.7219, respectively. The report 87Sr/86Sr average
ratios for NBS987 standard and BCR-2 were 87Sr/36Sr=0.710219 £ 5
(20') and 0.704966 + 3 (20), respectively, and 143Nd/'44Nd average
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Table 1

Geochemical compositions of the Azibailedi granite pluton.
Sample 13TRO2H1 13TRO2H2 13TRO2H3 13TRO2H4 13TRO2H5 13TRO2H6 13TRO2H7 13TRO3H1 13TRO3H2 13TRO3H3 13TRO3H5 13TRO3H6
Major elements (%)
Sio, 74.0 75.1 72.8 73.2 733 73.6 744 73.1 73.7 75.1 73.5 74.2
TiO, 0.34 0.27 0.35 0.30 0.39 0.27 0.32 0.31 0.32 0.30 0.27 0.31
Al 03 15.9 12.0 124 12.0 124 11.1 123 12.0 124 12.2 123 11.8
Fe, 057 241 242 2.97 2.32 2.89 2.90 2.78 2.46 2.67 2.09 2.31 2.73
MnO 0.04 0.04 0.04 0.03 0.03 0.04 0.03 0.04 0.05 0.03 0.04 0.04
MgO 0.39 0.45 0.44 0.68 0.87 0.76 0.55 0.42 0.30 0.52 0.29 0.40
Cao 1.55 0.50 0.82 0.43 0.20 0.53 0.31 0.60 0.87 0.42 0.91 0.82
Na,O 2.11 2.47 2.00 3.74 2.67 2.44 217 4.08 2.72 2.82 3.01 2.14
K,0 5.65 5.45 6.22 5.92 5.92 6.56 6.02 5.68 5.52 5.40 5.67 5.98
P,0s 0.05 0.04 0.05 0.05 0.07 0.04 0.04 0.04 0.04 0.04 0.04 0.04
LOI 1.00 0.96 1.51 1.04 0.80 141 0.79 0.97 1.07 0.68 1.25 1.22
Total 103.4 99.7 99.7 99.7 99.6 99.7 99.7 99.7 99.7 99.7 99.7 99.7
A/CNK 1.28 1.10 1.08 0.90 1.11 0.92 1.15 0.86 1.03 1.09 0.97 1.03
Trace elements (ppm)
Sc 11.8 10.8 13.2 9.81 113 104 12,5 12.7 12.1 11.7 10.7 11.8
\Y 113 8.48 10.1 10.5 12.6 9.37 9.05 9.43 9.07 7.26 8.37 8.75
Cr 491 4.24 4.45 3.88 5.59 3.95 4.98 3.57 4.13 343 3.60 5.46
Co 1.94 1.57 1.68 1.66 1.75 1.34 1.52 1.63 1.64 0.988 1.55 1.34
Ni 3.99 3.17 1.72 1.28 2.37 1.20 1.64 1.38 1.41 1.42 1.31 1.62
Cu 3.20 3.95 10.27 3.99 3.58 2.74 4.89 12.66 6.55 3.53 8.14 3.05
Zn 50.1 52 83.4 40.7 60.1 77.2 70.2 58.6 64.2 63.5 59.5 57.8
Ga 17.4 183 19.5 18.0 18.8 19.8 19.5 18.0 19.6 18.0 19.2 16.7
Rb 210 207 240 219 282 316 288 248 226 228 209 257
Sr 53.1 424 46.1 40.8 314 23 35.7 439 60.3 329 53.6 35.4
Y 46.4 49.1 54.1 53.1 58.7 57.4 61.5 50.8 56.9 57.8 49.1 68.4
Zr 264 258 301 253 287 225 278 311 265 272 230 292
Nb 239 22.7 27.9 20.6 25.6 21.5 29.0 25.1 27.2 26.8 211 26.1
Cs 6.25 2.22 4.48 3.01 8.11 6.24 6.65 8.60 7.36 4.64 2.81 4.26
Ba 836 716 887 697 784 866 743 697 799 743 858 907
La 59.3 66.4 64.4 76.0 77.0 92.0 90.3 57.1 68.4 79.6 78.1 106
Ce 120 133 129 156 154 184 182 115 137 162 160 218
Pr 13.2 14.4 14.3 16.7 16.7 19.5 19.5 12.8 14.9 17.2 17.3 22.8
Nd 49.1 523 53.1 60.2 60.4 69.1 69.7 48.0 54.8 62.4 62.6 83.6
Sm 8.82 9.40 9.77 113 10.9 11.9 125 9.15 9.90 11.2 11.1 14.9
Eu 0.812 0.645 0.991 0.722 0.741 1.02 0.997 0.845 0.949 0.887 0.846 1.38
Gd 8.45 8.85 9.40 10.2 104 10.7 10.9 8.99 9.65 104 9.53 133
Tb 1.37 145 1.54 1.72 1.74 1.72 1.84 143 1.62 1.76 1.64 2.18
Dy 7.93 8.19 8.91 9.76 10.00 9.63 10.40 8.51 9.58 10.20 9.25 12.7
Ho 1.64 1.68 1.91 1.96 2.02 1.92 2.10 1.75 2.00 2.09 1.87 2.59
Er 4.80 497 5.61 5.54 5.85 5.78 6.23 5.20 6.02 6.23 5.67 7.71
Tm 0.702 0.712 0.797 0.743 0.808 0.844 0.894 0.762 0.871 0.893 0.800 1.10
Yb 433 4.62 5.42 4.48 5.09 5.29 5.67 4.72 5.70 5.72 5.08 7.06
Lu 0.639 0.670 0.780 0.627 0.711 0.755 0.840 0.696 0.838 0.826 0.733 1.02
Hf 7.38 7.23 8.25 6.71 7.51 6.28 7.55 8.29 7.17 7.82 7.18 8.88
Ta 1.58 2.01 1.84 1.08 2.01 1.52 1.88 1.74 1.89 1.86 1.57 1.91
Pb 21.7 315 34.9 229 13.8 17.0 224 25.5 279 23.1 29.5 26.3
Th 22.8 26.0 21.6 28.4 27.3 26.0 29.1 20.4 27.3 26.6 25.7 30.7
§) 3.60 3.53 3.80 3.13 3.22 3.53 3.73 4.38 4.09 5.27 6.54 3.48
Tz (°C) 853 837 847 809 846 802 848 822 830 841 810 840

ratios for LRIG and BCR-2 were '43Nd/44Nd =0.512196 + 3 (20')and
0.512634 £ 4 (20), respectively. The analytical results and calcu-
lated parameters are listed in Table 2.

5. Results
5.1. U-Pb zircon geochronology

5.1.1. The Azibailedi pluton (migmatite sample 13TRO1: N
37°54.70', E 76°16.78'; gneissic granite samples 13TR02: N
37°55.31', E 76°16.15' and 13TR03: N 37°55.64', E 76°16.17')
Zircons from the three samples are prismatic and colorless,
with lengths of 100-150 pm and length to width ratios between
1 and 2. In CL images, internal growth zoning is clear in most zir-
con crystals and no core-rim structure has been observed (Fig. 4).
Total 30 analyses from 13TRO1 show large range of U and Th con-
centrations (U=135-1095 ppm, Th=57-361 ppm) with Th/U ratios

ranging from 0.23 to 0.62 (Supplementary Table 1). The measured
206ph 238 ages are in good agreement within analytical errors, and
yield a weighted mean age of 141443 Ma (MSWD=1.7; Fig. 5a).
The data from sample 13TR0O2 yield variable concentrations of
U (189-3629 ppm) and Th (86-1923 ppm), with Th/U ratios of
0.26-0.83 (Supplementary Table 1). The data yield a well-defined
discordia with upper intercept age of 140549 Ma, which is con-
sistent with the weighted mean 207Pb/296Pb age of 1405 +6Ma
(MSWD =0.76; Fig. 5b). The features and U, Th contents of sample
13TRO3 are similar to those of the sample 13TR02. Due to variable
radiogenic Pb loss, most analyses yield discordant 206Pb/238U and
207ph235 ages. However, all the analyses define a discordia with
an upper intercept age of 1412 4+ 12 Ma (MSWD = 3.5; Fig. 5¢). Their
consistent 207 Pb/206pb ages yield a weight mean age of 1401 + 5 Ma
(MSWD =0.77; Fig. 5¢). The ca. 1.4 Ga age obtained from these sam-
plesis regarded as the best estimate of the crystallization age of the
Azibailedi pluton.
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5.1.2. The Heluositan complex (granitic gneiss sample 13TR05: N
37°05.19, E 76°53.37'; gneissic granite sample 13TRO7: N
37°05.45', E 76°56.15'; and amphibolite: 14KL02: N 37°07.52', E
76°52.31")

Zircons from the sample 13TRO5 are largely euhedral and light
pink-colored, with the length ranging from 100 wm to 200 pm
and length to width ratio of 2-3. Euhedral concentric zoning is
common in most crystals and a few crystals display core-rim struc-
tures. The rims are more luminescent than the cores (Fig. 4).
Among the 25 analyses, 21 were carried out on the cores and
the results show variable U and Th contents (U=273-929 ppm,
Th=158-660 ppm, Th/U =0.48-0.75, Supplementary Table 1). Due
to variable radiogenic Pb loss, most analyses yield discordant
206pp238y and 207Pb/235U ages and fall along a discordia with
upper intercept age of 2386 +56 Ma (Fig. 5d). The other 4 analy-
ses on the rims have large range of U and Th contents and Th/U
ratios (U=193-864 ppm, Th=54-1115 ppm, Th/U=0.28-1.29, see
Supplementary Table 1). These four analyses are close to the con-
cordia and yield a weight mean 297Pb/206Pb age of 1896 + 66 Ma
(MSWD =11.4). Although this age shows large error and MSWD, it
is consistent with the previously reported more precise metamor-
phic age of 1917+ 7Ma (MSWD=1.2, n=8) obtained by SHRIMP
method (Zhang et al., 2007a).

Zircons from sample 13TRO7 share most features similar to
those in sample 13TRO5 except for the thinner rims. They are trans-
parent and pinkish in color, euhedral prismatic with concentric
zonings in CL images. The grains show length varying from 150
to 200 wm and length to width ratio of 2-3 (Fig. 4). Twenty-five
analyses were performed on 30 zircon grains. The data show vari-
able abundance of U (47-559 ppm) and Th (36-307 ppm) and Th/U
ratios of 0.22-0.76 (Supplementary Table 1). All analyses yield dis-
cordant 206ph /238y and 207Pb/235U ages due to variable radiogenic
Pb loss. Thus, we regard the upper intercept age of 2365+ 32 Ma

(MSWD =3.4) as the best estimation of the crystallization age of
this sample (Fig. 5e).

Zircons in sample 14KL0O2 are euhedral and colorless, up to
50-100 wm long and have length/width ratios of 1-2. All the zir-
con grains are transparent and pinkish in color, euhedral prismatic
without obvious zoning and show dark color under CL (Fig. 4).
The analytical results listed in Supplementary Table 1 show vari-
able U (188-1406 ppm) and Th (73-1223 ppm) contents with Th/U
ratios between 0.39 and 0.87. Similar with the scenario of zircons
in the samples 13TR0O5 and 13TRO7, all the analyses show variable
radiogenic Pb loss but fall along a well-defined discordia with an
upper intercept age of 2339+ 13Ma (MSWD=1.1) (Fig. 5f). The
207pp206ph ages are consistent within error and yield a weight
mean age of 2346 + 12 Ma (MSWD = 1.9) (Fig. 5f), comparable with
the upper intercept age.

In summary, the zircon U-Pb ages for the gneissic granites and
amphibolite suggest that the Heluositan complex crystallized at
2.3-2.4Ga and underwent metamorphism at ca. 1.9 Ga, which is
consistent with previous geochronological data from the Heluosi-
tan complex, within analytical errors (Wang et al., 2014; Zhang
et al., 2007a).

5.2. Whole-rock geochemistry

The granites from the Azibailedi pluton are siliceous with a
restricted range in SiO, content from 72.8% to 75.1% (Table 1).
The rocks have high total alkalis with Na,O+K,O between
7.40% and 10.63% and K,O (5.40-6.56%) is higher than Na,O
(2.00-4.08%). Based on Streickeisen classification, the rocks cor-
respond to monzogranite (Fig. 6a), which is also consistent with
petrographic observations. They show peralkaline through met-
aluminous to weakly peraluminous nature with A/CNK values
from 0.86 to 1.15 and display a positive correlation between
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Fig. 5. Concordia plots of U-Pb zircon data for zircons from the Azibailedi granites and Heluositan Complex.

A/NK and A/CNK values suggesting fractionation of plagioclase
(Fig. 6b; Maniar and Piccoli, 1989). Most of the samples are
alkali-calcic and ferroan on the MALI vs. SiO;, and Fe* vs. SiO, dia-
grams, respectively (Fig. 6¢, d; Frost et al., 2001; Frost and Frost,
2008).

The Azibailedi granites have high total REE contents ranging
from 275 ppm to 494 ppm (Table 1). On the chondrite-normalized
patterns (chondrite values are from Boynton (1984)), they show
markedly LREE-enriched patterns with (La/Yb)y ranging from 8.5
to 12.2, significant negative Eu anomalies (§Eu=0.21-0.32), and

relatively flat HREE patterns ((Gd/Yb)y = 1.4-1.9) (Fig. 7a). Normal-
ized to primitive mantle (primitive mantle values are from Sun and
McDonough (1989)), all the granitic rocks show prominent nega-

tive Nb, Ta, Sr, P, and Ti anomalies (Fig. 7b).

5.3. Whole-rock Sr—Nd isotopic compositions

Strontium and neodymium isotopic compositions of the rep-
resentative granite samples are listed in Table 2. The samples
from the Azibailedi pluton show constant values of 147Sm/144Nd
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(0.1072-0.1112) and !3Nd/'4Nd (0.511640-0.511717), corre-
sponding to relatively homogeneous initial *3Nd/!44Nd ratios
(0.510663-0.510719) and enq(t) values (—3.5 to —2.2) (Fig. 8) and
with a restricted range of Tpy© from 2.26Ga to 2.38 Ga. Their
Rb-Srisotopic compositions are quite variable with initial 87 Sr/86Sr
ratios ranging from 0.54422 to 0.70303. They show abnormally low
(87Sr/86Sr); ratios due to their high 87Sr/86Sr ratios (up to 11). Thus,
the ratios cannot be considered as true initial Sr isotopic composi-
tions (Jahn, 2004; Wu et al., 2002).

5.4. Zircon Hf-0 isotopes

Almost all the dated zircon grains were also measured for their
Lu-Hf isotope compositions and the results are listed in Supple-
mentary Table 2 (the calculation formula and the relevant constant
used in calculations are presented in the footnote of this table).

Zircons from the Azibailedi granites have a range of initial
176Hf/177Hf ratios (0.281782-0.282187) (Fig. 9a), yielding a large
range of ey¢(t) values from —4.1 to +6.1 (Fig. 9b) with weight mean
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Zircon saturation thermometry provides a minimum estimation of
magma temperature (Jung et al., 2000; Miller et al., 2003; Watson
and Harrison, 1983). The calculated zircon saturation temperatures
(Tz:) of the Azibailedi granites range from 802 °C to 853 °C (Table 1)
with a weighted average of 832 °C. Thus, the relatively high tem-
perature further supports the A-type signature of the Azibailedi
granites (Bonin, 2007; Zhu et al., 2010).

6.2. Petrogenesis of the Azibailedi pluton

A number of magmatic processes have been proposed to inter-
pret the formation of A-type granites since the term was introduced
by Loiselle and Wones (1979), including extensive fractional crys-
tallization of a mantle-derived mafic magma with or without

crustal contamination (Anderson et al., 2003; Eby, 1990; Han et al.,
1997; Zhang and Zou, 2013; Zhong et al., 2007), magma mixing
between basaltic and crustal melts (Dall’Agnol and de Oliveira,
2007; Heilimo et al., 2014; Yang et al., 2006; Zhu et al., 2010) and
partial melting of the crust (Huang et al., 2008; Jung et al., 1998,
2000).

Closed system fractionation crystallization of a mantle-derived
mafic magma is excluded because of the following features: (1)
the absence of either contemporary (1.4 Ga) mafic or intermedi-
ate magmatic rocks in the area, (2) fairly broad range in ey¢(t)
values (—4.1 to +6.1) of the Azibailedi granite samples, (3) high
zircon 8180 values (7.1-8.7%.), obviously higher than that of the
mantle values (Fig. 11b) and (4) absence of a continuous composi-
tional trend from mafic through intermediate to felsic rocks, which
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is a general feature of A-type magmatic suites derived from frac-
tional crystallization (Wang et al., 2010; Zhang and Zou, 2013).
Although the A-type granites have broad range in ey¢(t) values, the
constant §80 ratios and eng(t) values suggest that magma mix-
ing is also unlikely to explain the petrogenesis of the Azibailedi
granites. Furthermore, the absence of any mafic microgranular
enclaves (MMEs) in the Azibailedi pluton also rules out the mix-
ing model (Rudnick and Gao, 2003; Renjith et al., 2014; He et al.,
2015a,b).

Consequently, partial melting of mafic crustal rocks at shal-
low depth and high temperatures, with possible involvement of
mantle-derived magmas and followed by fractional crystallization,
is increasingly accepted as the petrogenetic mechanism for gen-
erating A-type granites (e.g. Barbarin, 1999; Eby, 1992; Li et al.,
2002). The whole-rock two-stage Nd model ages of the Azibailedi
granites range from 2.26 to 2.38 Ga (Table 2), implying that the
early Paleoproterozoic lower crust could be a potential source for
the granites. Previous study on a mafic enclave occurring within
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the ~2.4 Ga granite yielded initial eng(t) value of +2.15 at ~2.4Ga
(Zhang et al., 2007a) (Fig. 8), corresponding to enq(t) value of —3.1
at ~1.4 Ga. The recalculated Nd isotopic composition falls within
the range of enq(t) values (—3.5 to —2.2) of the Azibailedi gran-
ites. Thus, the Nd isotope compositions suggest that the Azibailedi
granitic pluton originated mainly from partial melting of the early
Paleoproterozoic mafic lower crust.

However, the initial ey¢(t) values of the Azibailedi granites vary
between —4.1 and +6.1, suggesting the mixing of felsic magmas
with variable amounts of basaltic magmas derived from depleted
mantle sources. However, the granites have high zircon §80 val-
ues (7.1-8.7%.), which are obviously higher than those of zircons
crystallized from the mantle-derived mafic magma. Thus, the pos-
sibility of incorporation of basaltic magmas could be excluded. The
8180 values (7.1-8.7%.) are beyond the range of §180 values of
6.5-7.5%. recognized for Archean TTG rocks (Valley et al., 2005),
suggesting involvement of supracrustal components. On the other
hand, zircons from the granites show few high positive initial ey¢(t)
values (+4.1 to +6.1), corresponding to relatively juvenile two-stage
Hf model ages (1.93-2.11 Ga), arguing for the contribution of Pale-
oproterozoic juvenile crust.

Collectively, we propose that the magmas parental to the
Azibailedi granites are alkaline felsic melts, which were most
probably generated by partial melting of the pre-existing early
Paleoproterozoic mafic lower crust with involvement of variable
amount of Paleoproterozoic juvenile crust. The primitive mag-
mas might have further experienced extensive differentiation, as
inferred from the observed geochemical features of the Azibailedi
granites.

6.3. Tectonic implications of the Azibailedi pluton

It is generally accepted that A-type granites are geneti-
cally related to extensional or non-compressional regimes and
formed in both post-orogenic and/or anorogenic settings (Barbarin,
1999; Collins et al., 1982; Eby, 1992; Whalen et al, 1987,
1996).

Based on regional geology (see Section 2), there is no evidence
for any Mesoproterozoic subduction-collision events in STT. More-
over, juvenile arc-related materials might have been involved in
the genesis of the A-type granites which are genetically related to
post-orogenic settings (e.g. Goodge and Vervoort, 2006). However,
the high zircon 8§80 and weak positive gy(t) values are in con-
trast with the involvement of juvenile materials. Accordingly, we
conclude that the Azibailedi granites were formed in anorogenic
setting rather than post-orogenic regime.

On the global-scale, ca. 1.4 Ga magmatic activities have been
identified in many continental fragments, such as the 1410 Ma
mafic dykes in both Fennoscandian Shield and Baltica Craton (Ernst
and Buchan, 2001), the ~1.38 Ga mafic sills and their related vol-
canics in western Laurentia (western Canada and north-western
America) (Abbott, 1997; Ernst and Buchan, 2001), the 1382 Ma Zig-
Zag Dal basalts in northern Greenland (Upton et al., 2005), the 1384
mafic dyke swarms in northern Siberia (Ernst and Buchan, 2001),
the ca. 1380 Ma Mashak igneous event in eastern Baltica (Puchkov
etal., 2013), the 1380 Ma doleritic dykes in the West African Craton
(ElBahatetal.,2013), the 1380-1370 Ma mafic-ultramafic complex
and A-type granites in the southern margin of the Congo Craton
(Ernst et al., 2013; Mayer et al., 2004) (Fig. 13).

We suggest that the formation of the Azibailedi A-type gran-
ite formed part of the global ca.1.4 Ga anorogenic igneous activity,
most possibly related to the breakup of the Columbia supercon-
tinent (Evans and Mitchell, 2011; Hou et al., 2008; Rogers and
Santosh, 2002, 2009; Santosh, 2010; Santosh et al., 2006, 2009;
Zhao et al., 2002, 2003, 2004, 2009, 2011; Zhang et al., 2009, 2012b;
Meert, 2014).

6.4. Continental crust growth process of the STT

Granite is the main component of the continental crust on earth.
Thus, the growth of the continental crust depends on the mode
of generation of granitoid rocks (Wu et al., 2003; Castro, 2014).
Conventionally, growth of juvenile continental crust is ascribed to
occur at subduction zones or above mantle plumes. Particularly, the
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Fig. 14. Histograms of zircon Hf-crust model ages of early Precambrian rocks from STT, QDT, AT, AKT, NNC and YB. The data of the STT are from this study and our unpublished
data; the data of the QDT are from Ge et al. (2013b, 2014), He et al. (2013), Long et al. (2010), and Zhang et al. (2013b); the data of the AT are from Long et al. (2014) and
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et al. (2010). STT, Southwestern Tarim terrane; QDT, Quruqtagh-Dunhuang terrane; AT, Aketage terrane; AKT, Akesu terrane; NNC, North China Craton; YB, Yangtze Block.

former is the mostimportant for the upper continental crust growth
and the latter for the lower continental crust (Condie, 1997).

Compared with Sm-Nd isotope system, the Lu-Hf system
is a better proxy to trace the evolution of continental crust
(Hawkesworth and Kemp, 2006; Spencer et al., 2014; Lancaster
et al., 2015). Moreover, zircon is a refractory mineral that forms
a highly robust phase in most geological environments and thus
is ideal for radiometric dating and geochemical tracing (e.g., Zheng
etal.,2007).Thus, the zircon Hf isotope plays a pivotal role in unrav-
eling the record of crustal evolution. In the STT, the distribution of
Hf-crust model ages reveals that the early Precambrian continen-
tal crustal growth occurred mainly during 2.2-4.0 Ga, with major
peaks at 2.3-2.5Ga, 3.3 Ga and 3.6-3.8 Ga (Fig. 14).

In the Quruqtagh-Dunhuang terrane (QDT), crustal growth took
place mainly during 2.5-3.9 Ga with major peaks at ca. 2.6-2.7 Ga
and 3.0-3.2Ga (Ge et al,, 2013b, 2014; He et al., 2013; Long et al.,
2010; Zhang et al., 2013b), which is similar to that of the North
China Craton (NCC) (Geng et al.,, 2012 and references therein)
(Fig. 14). In the Aketage terrane, zircon Hf isotope studies revealed
that the growth of early Precambrian continental crust took place
mainly during 2.7-3.8 Ga with peaks at 2.8 Ga, 3.3 Ga, 3.5-3.7Ga
(Long et al., 2014; Zhang et al., 2014a) which show significant

affinity with that of Yangtze Block (YB) (Zhang et al., 2006a,b; Zhang
and Zheng, 2013; Zhao et al., 2010) (Fig. 14). As for the Akesu ter-
rane, the peaks of Hf-crustal model ages appear at 2.3-2.6 Ga and
3.0-3.2Ga (Zhang et al., 2014b) (Fig. 14). The continental growth
process of the individual terranes at different times from the Tarim
Craton argue that the Precambrian basement of the Tarim was likely
composed by discrete terranes detached from different Precam-
brian nuclei (Zhang et al., 2014a,b).

6.5. Possible affinity of the STT

Recently, Xu et al. (2013) classified the >900 Ma rocks in the
Tarim Precambrian basement into three main tectonic units: the
North Tarim terrane, the South Tarim terrane and the Neoprotero-
zoic central suture zone. Nevertheless, according to the significant
differences in timings of the late Paleoproterozoic collision events
and the late Paleo-Mesoproterozoic breakup events among the dif-
ferent terranes of the Tarim Craton, Zhang et al. (2014a,b) proposed
that the Precambrian basement of the Tarim Craton is composed of
discrete terranes including Quruqtagh-Dunhuang terrane, Aketage
terrane, Akesu terrane, southwest Tarim terrane and even some
unknown terranes in central Tarim. Zhang et al. (2014a,b) argued
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that these terranes might have been derived from various conti-
nental nuclei.

Global-scale 2.1-1.8 Ga collision events have been well docu-
mented in a number of large continental cratons, and are linked
with the assembly of the Columbia supercontinent (Rogers and
Santosh, 2002, 2009; Santosh et al., 2006, 2009; Zhao et al., 2002,
2003, 2009, 2011; Meert, 2014). It is represented by the 2.1-2.0 Ga
Transamazonian and Eburnean orogens in South America and West
Africa; ~2.0Ga Limpopo belt in south Africa and Capricorn Belt
in Western Australia; 1.95-1.85Ga Trans-Hudson Orogen or its
equivalents in Laurentia (North America and Greenland); ~1.9 Ga
Kola-Karelia, Volhyn-Central Russian, and Pachelma orogens in
Baltica; and ~1.85Ga Trans-North China Orogen in North China
(Zhao et al., 2002, 2011; Yang and Santosh, 2015a,b).

The ~1.9 Gametamorphismin the STT was believed to be related
to the assembley of the Columbia supercontinent (Zhang et al.,
2007a). Although no magmatic rocks of ~1.9 Ga have been reported
inthis terrane, the ~1.9 Ga detrital zircons of magmatic origin found
in most of the volcano-sedimentary successions (Wang et al., 2015
and our unpublish data) are also indicative of this event.

In comparison with the timing of the Columbia supercontinent
assembly, the STT is close to Laurentia, Siberia and Baltica (Fig. 13).
Though at present it is difficult to correlate the STT with any of
the three cratons above, it is obvious that the STT does not show
any affinities with the Quruqtagh-Dunhuang or Aketage terrane,
Akesu terranes (see Section 2). Furthermore, Zhang et al. (2014a,b)
pointed out that the Quruqtagh-Dunhuang terrane shows clear
affinity with that of the North China and the southern India Cratons

(Figs. 13 and 15), whereas the Akesu terranes was possibly detached
from the Yangtze-North Australia Craton (Figs. 13 and 15). Notably,
the STT is different from both the North China Craton and Yangtze
Block (Fig. 15).

In summary, the lack of synchronous nature in the late Paleopro-
terozoic orogenic events, as well as the differences in continental
growth processes within the individual terranes of the Tarim Cra-
ton, we further confirm that the Precambrian basement of the Tarim
Craton is composed of discrete terranes drifted from different Pre-
cambrian nuclei (e.g. Zhang et al., 2014a,b). Furthermore, these
terranes had not amalgamated together until early Neoproterozoic
during the assemblage of the Rodinia supercontinent.

7. Conclusions

The following conclusions can be drawn from this study.

(1) Zircon U-Pb dating indicates that the Azibailedi A-type gran-
ites in the STT were emplaced at ca. 1.4 Ga. The granites were
most likely formed by partial melting of the pre-existing early
Paleoproterozoic mafic lower crust with involvement of vari-
able amounts of Paleoproterozoic juvenile crust, possibly from
underplated basaltic magmas.

(2) The Azibailedi pluton was possibly related to the breakup of
Columbia supercontinent. The STT might have been a fragment
of the Paleo- to Mesoproterozoic Columbia supercontinent and
was likely close to Laurentia Craton.
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(3) Significant temporal discrepancy of Paleo- to Mesoproterozoic
orogenic and extensional events and distinct timings in con-
tinental crustal growth processes for the different terranes in
the Tarim Craton suggest that the basement of this craton was
composed of discrete terranes during early Precambrian.
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