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ig. 1. (a) Tectonic framework of the Tarim Craton and its marginal area showing t
ection of the Tarim Craton (modified after HNGS, 2004a,b).

orresponding to the assembly and breakup of the superconti-
ent Rodinia (Zhang et al., 2006a,b, 2010). However, despite the
vailability of some geochronological and geochemical data have
een reported (Wang et al., 2014; Zhang et al., 2007a), continental
rowth processes and tectonic evolution are poorly understood.

In this contribution, we present detailed field observations,
etrography, zircon U–Pb ages and Hf–O isotopes, whole-rock
ajor and trace element geochemistry, and Sr–Nd isotopes of the
zibailedi A-type granites (ferroan granites) in the southwestern
argin of Tarim Craton. We  also report zircon U–Pb ages and Hf iso-

opes of the early Paleoproterozoic Heluositan intrusive complex,
hich findings, in combination with those from previous investiga-

ions provide new insights into: (1) the petrogenesis of the 1.4 Ga
zibailedi A-type granites, and their implications on the history
f breakup of the Columbia supercontinent; (2) the Precambrian
ectonic evolution and continental crustal growth and (3) the archi-
ecture of the early Precambrian basement of the Tarim Craton.

. Regional geology

The Tarim Craton is bound by the Tianshan, Western Kunlun and
entral-Southern Altyn-Tagh mountain belts to the north, south
nd southeast, respectively (Fig. 1a) (Lu et al., 2008; Zhang et al.,
013a). The craton shows typical double-layered structure con-
isting of a Precambrian basement (pre-Neoproterozoic) and late
eoproterozoic to Cambrian cover series (Xinjiang BGMR, 1993;
eng et al., 1995). The Precambrian rocks in the Tarim Craton are
ostly exposed along the northern, eastern and southwestern mar-

ins.
The Precambrian basement rocks of the Quruqtagh-Dunhuang

rea are composed of orthogneisses (tonalite-trondhjemite-
ranodiorite; TTG), amphibolite and metasedimentary rocks.
revious studies indicated that the TTG rocks were mainly

s

ofof
mplaced at ca. 2.7–2.5 Ga. Metamorphism main at ca. 1.85–1.80 Ga
as been identified in both Archean and the Paleoproterozoic
aragneisses (Ge et al., 2014; Zhang et al., 2013b) and the Paleo-
roterozoic metamorphism has been correlated to the assembly of

 

 

 

cambrian terranes along its margin. (b) Precambrian geology in the southwestern

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 ∼2.0 Ga (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 etthe ). from
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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, l) Relict clinopyroxene in amphibolites (crossed nicols). Abbreviations: Cal, carbonate; Kfs,
K e.
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Table 1
Geochemical compositions of the Azibailedi granite pluton.

Sample 13TR02H1 13TR02H2 13TR02H3 13TR02H4 13TR02H5 13TR02H6 13TR02H7 13TR03H1 13TR03H2 13TR03H3 13TR03H5 13TR03H6

Major elements (%)
SiO2 74.0 75.1 72.8 73.2 73.3 73.6 74.4 73.1 73.7 75.1 73.5 74.2
TiO2 0.34 0.27 0.35 0.30 0.39 0.27 0.32 0.31 0.32 0.30 0.27 0.31
Al2O3 15.9 12.0 12.4 12.0 12.4 11.1 12.3 12.0 12.4 12.2 12.3 11.8
Fe2O3

T 2.41 2.42 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
Na2O 2.11 2.47 2.00 3.74 2.67 2.44 2.17 4.08 2.72 2.82 3.01 2.14
K2O 5.65 5.45 6.22 5.92 5.92 6.56 6.02 5.68 5.52 5.40 5.67 5.98
P2O5 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 1.41 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 11.3 10.4 12.5 12.7 12.1 11.7 10.7 11.8
V  11.3 8.48 10.1 10.5 12.6 9.37 9.05 9.43 9.07 7.26 8.37 8.75
Cr  4.91 4.24 4.45 3.88 5.59 3.95 4.98 3.57 4.13 3.43 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 18.3 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 42.4 46.1 40.8 31.4 23 35.7 43.9 60.3 32.9 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  23.9 22.7 27.9 20.6 25.6 21.5 29.0 25.1 27.2 26.8 21.1 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 52.3 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 11.3 10.9 11.9 12.5 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 10.4 10.7 10.9 8.99 9.65 10.4 9.53 13.3
Tb  1.37 1.45 1.54 1.72 1.74 1.72 1.84 1.43 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 4.97 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  4.33 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 31.5 34.9 22.9 13.8 17.0 22.4 25.5 27.9 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
U  3.60 3.53 3.80 3.13 3.22 3.53 3.73 4.38 4.09 5.27 6.54 3.48
TZr (◦C) 853 837 847 809 846 802 848 822 830 841 810 840

r
0
l

5

5

5
3
3

w
1
c
T
c

atios for LRIG and BCR-2 were 143Nd/144Nd = 0.512196 ± 3 (2�) and
.512634 ± 4 (2�), respectively. The analytical results and calcu-

ated parameters are listed in Table 2.

. Results

.1. U–Pb zircon geochronology

.1.1. The Azibailedi pluton (migmatite sample 13TR01: N
7◦54.70′, E 76◦16.78′; gneissic granite samples 13TR02: N
7◦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,
ith lengths of 100–150 �m and length to width ratios between
 and 2. In CL images, internal growth zoning is clear in most zir-
on crystals and no core-rim structure has been observed (Fig. 4).
otal 30 analyses from 13TR01 show large range of U and Th con-
entrations (U = 135–1095 ppm, Th = 57–361 ppm) with Th/U ratios
ranging from 0.23 to 0.62 (Supplementary Table 1). The measured
206Pb/238U ages are in good agreement within analytical errors, and
yield a weighted mean age of 1414 ± 3 Ma  (MSWD  = 1.7; Fig. 5a).
The data from sample 13TR02 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 1405 ± 9 Ma,  which is con-
sistent with the weighted mean 207Pb/206Pb age of 1405 ± 6 Ma
(MSWD  = 0.76; Fig. 5b). The features and U, Th contents of sample
13TR03 are similar to those of the sample 13TR02. Due to variable
radiogenic Pb loss, most analyses yield discordant 206Pb/238U and
207Pb/235U ages. However, all the analyses define a discordia with
an upper intercept age of 1412 ± 12 Ma  (MSWD  = 3.5; Fig. 5c). Their

consistent 207Pb/206Pb ages yield a weight mean age of 1401 ± 5 Ma
(MSWD  = 0.77; Fig. 5c). The ca. 1.4 Ga age obtained from these sam-
ples is regarded as the best estimate of the crystallization age of the
Azibailedi pluton.
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Fig. 4. Representative CL images of 
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Fig. 6. (a) Normalized Q-A-P classification diagram showing the granites from the Azibaledier pluton is monzogranite. (b) A/NK vs. A/CNK plot (Maniar and Piccoli, 1989). (c)
MALI  vs. SiO2 (%) and (d) Fe* vs. SiO2 (%) plot (Frost et al., 2001; Frost and Frost, 2008). A = Al2O3, N = Na2O, K = K2O, C = CaO (all in molar proportion); MALI = Na2O + K2O − CaO
(%);  Fe* = FeOt/(MgO + FeOt) (%).
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Fig. 7. (a) Chondrite-normalized rare earth element (REE) patterns and (b) prim

0.1072–0.1112) and 143Nd/144Nd (0.511640–0.511717), corre-
ponding to relatively homogeneous initial 143Nd/144Nd ratios
0.510663–0.510719) and εNd(t) values (−3.5 to −2.2) (Fig. 8) and
ith a restricted range of TDM

C from 2.26 Ga to 2.38 Ga. Their
b–Sr isotopic compositions are quite variable with initial 87Sr/86Sr

atios ranging from 0.54422 to 0.70303. They show abnormally low
87Sr/86Sr)i ratios due to their high 87Sr/86Sr ratios (up to 11). Thus,
he ratios cannot be considered as true initial Sr isotopic composi-
ions (Jahn, 2004; Wu  et al., 2002).
antle-normalized trace element spider diagram for Azibailedi A-type granites.

5.4. Zircon Hf–O 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 εHf(t) values from −4.1 to +6.1 (Fig. 9b) with weight mean
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Fig. 8. Whole rock εNd(t) vs. crystallization age of the igneous rocks from the south-
western margin of the Tarim Craton.

Data are from Hu et al. (2000), Zhang et al. (2003, 2004, 2006a,b, 2007a,b, 2010).

εHf(t) of 1.26 (Fig. 10a). The two-stage Hf model ages (TDM
C) range

from 1.93 Ga to 2.82 Ga (mostly 2.16 Ga to 2.66 Ga) with weighted
mean value of 2.37 Ga (Fig. 10b) which is identical with two-stage
Nd model ages.

The measured 176Hf/177Hf ratios of granite samples from the
Heluositan complex range from 0.281016 to 0.281302, correspond-
ing to initial 176Hf/177Hf ratios of 0.280987 to 0.281273 (Fig. 9a)
and εHf(t) values of −11.0 to −3.1 (Fig. 9b). The weighted mean
εHf(t) value is −7.8 and two-stage Hf model ages (TDM

C) range from
3.29 Ga to 3.98 Ga (Fig. 10c, d).

The O isotope values of the fifty-one zircons of the Azibailedi
granites are fairly homogeneous. The measured zircon ı18O values
range from 7.1‰ to 8.7‰ (with the exception of one analysis which
is up to 10.1‰ due to unknown reason). The data define a Gaussian
distribution (Fig. 11a) with a peak at 7.9 ± 0.1‰ (2SD) (Fig. 11a),
which is higher than the normal mantle zircon values of 5.3 ± 0.6‰
(2SD) (Valley et al., 1998, 2005) (Fig. 11b).

6. Discussion

6.1. Classification of the Azibailedi pluton

Granitoids are generally divided into I-, S-, A- and M-types
according to the nature of protolith and pressure-temperature con-
ditions of melting (Bonin, 2007). Several attempts have been made
to distinguish A-type granites from other types (Eby, 1990; Loiselle
and Wones, 1979; Whalen et al., 1987). Among these, the charac-
teristics of high Na2O + K2O, Fe/Mg (in molar) and Ga/Al ratios, low
CaO content, enrichment in HFSEs and depletion in Sr, Eu have been
considered a significant role to discriminate A-type granites (Bonin,
2007; Collins et al., 1982; King et al.,

al., 

al., al.,
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Fig. 9. (a) Zircon initial 176Hf/177Hf(i) and (b) εHf(t) vs. crystallization age of the Azibailedi and Akazi pluton.

e Azi

Z
m
a
(

Fig. 10. Histograms of zircon εHf(t) and TDM
C for the rocks of th

ircon saturation thermometry provides a minimum estimation of
agma  temperature (Jung et al., 2000; Miller et al., 2003; Watson

nd Harrison, 1983). The calculated zircon saturation temperatures
TZr)
bailedi pluton and granitic gneisses from Heluositan Complex.
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Fig. 11. (a) Histogram of single zircon ı18O values for the Azibailedi granites. (b) single zircon ı18O data vs. 207Pb/206Pb ages for the Azibailedi granites. Field of mantle zircon
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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
d t al. (2
Z 5); th
e ; AT, A

f
a

i
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e
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e
e
H
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a
2
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(
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m
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ata;  the data of the QDT are from Ge et al. (2013b, 2014), He et al. (2013), Long e
hang et al. (2014a); the data of NNC are from Geng et al. (2012) and Wan  et al. (201
t  al. (2010). STT, Southwestern Tarim terrane; QDT, Quruqtagh-Dunhuang terrane

ormer is the most important for the upper continental crust growth
nd the latter for the lower continental crust (Condie, 1997).

Compared with Sm–Nd isotope system, the Lu–Hf system
s a better proxy to trace the evolution of continental crust
Hawkesworth and Kemp, 2006; Spencer et al., 2014; Lancaster
t al., 2015). Moreover, zircon is a refractory mineral that forms

 highly robust phase in most geological environments and thus
s ideal for radiometric dating and geochemical tracing (e.g., Zheng
t al., 2007). Thus, the zircon Hf isotope plays a pivotal role in unrav-
ling the record of crustal evolution. In the STT, the distribution of
f-crust model ages reveals that the early Precambrian continen-

al crustal growth occurred mainly during 2.2–4.0 Ga, with major
eaks at 2.3–2.5 Ga, 3.3 Ga and 3.6–3.8 Ga (Fig. 14).

In the Quruqtagh-Dunhuang terrane (QDT), crustal growth took
lace mainly during 2.5–3.9 Ga with major peaks at ca. 2.6–2.7 Ga
nd 3.0–3.2 Ga (Ge et al., 2013b, 2014; He et al., 2013; Long et al.,
010; Zhang et al., 2013b), which is similar to that of the North
hina Craton (NCC) (Geng et al., 2012 and references therein)

Fig. 14). In the Aketage terrane, zircon Hf isotope studies revealed
hat the growth of early Precambrian continental crust took place

ainly during 2.7–3.8 Ga with peaks at 2.8 Ga, 3.3 Ga, 3.5–3.7 Ga
Long et al., 2014; Zhang et al., 2014a) which show significant
010), and Zhang et al. (2013b); the data of the AT are from Long et al. (2014) and
e data of the YB are from Zhang et al. (2006a, b), Zhang and Zheng (2013), and Zhao
ketage terrane; AKT, Akesu terrane; NNC, North China Craton; YB, Yangtze Block.

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
3.0–3.2 Ga (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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Fig. 15. Archean to Mesoproterozoic tectonothermal events of the STT, QDT, AT, YB and NNC. The data of the QDT are from Ge et al. (2013b), Lei et al. (2012), Wu et al. (2014),
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hat these terranes might have been derived from various conti-
ental nuclei.

Global-scale 2.1–1.8 Ga collision events have been well docu-
ented in a number of large continental cratons, and are linked
ith the assembly of the Columbia supercontinent (Rogers and

antosh, 2002, 2009; Santosh et al., 2006, 2009; Zhao et al., 2002,
003, 2009, 2011; Meert, 2014). It is represented by the 2.1–2.0 Ga
ransamazonian and Eburnean orogens in South America and West
frica; ∼2.0 Ga Limpopo belt in south Africa and Capricorn Belt

n Western Australia; 1.95–1.85 Ga Trans-Hudson Orogen or its
quivalents in Laurentia (North America and Greenland); ∼1.9 Ga
ola-Karelia, Volhyn-Central Russian, and Pachelma orogens in
altica; and ∼1.85 Ga Trans-North China Orogen in North China
Zhao et al., 2002, 2011; Yang and Santosh, 2015a,b).
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