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a  b  s  t  r  a  c  t

The  Tiekelik  Belt  in  the  southwestern  part  of the  Tarim  Craton,  NW  China,  consists  of
Archean–Paleoproterozoic  orthogneisses,  and  granitoids,  and  younger  sedimentary  successions.  U–Pb
dating of  Paleoproterozoic  rocks  in  the  Tiekelik  Belt  has  provided  new  information  on  the  southwestern
margin  of the  Tarim  Craton.  Two orthogneisses  from  the Heluositan  Complex  yielded  crystallization  ages
in the  interval  2310–2260  Ma and metamorphic  ages  of  2040–2007  Ma and  1830  Ma,  respectively.  Two
syenogranites  from  the  Buweituwei  pluton  yielded  crystallization  ages  of 1900  and  1795  Ma.  Detrital
zircon  analyses  from  sedimentary  rocks  nonconformably  overlying  the  Buweituwei  and  Akazi  plutons
indicate  maximum  depositional  ages  between  1950  Ma  and  1780  Ma.  Major  detrital  inputs  are  from  the
basement  in the  region  and  form  prominent  peaks  at 1900–1800  Ma  and  2300–2200  Ma.  Our new  data,
combined  with  previous  results,  allow  us  to summarize  the  Archean–Paleoproterozoic  tectonic  evolution
of  the  Tiekelik  Belt as follows:  (1)  Emplacement  of Archean-aged  TTG  magmas  during  the  3.14–2.76  Ga
interval;  (2)  A  series  of  2.41–2.26  Ga  magmatic  events  that  represent  an  important  period  of crustal
reworking  within  the  Tarim  craton;  (3)  2.03–1.80  Ga magmatic  and  metamorphic  events  that  include
the  emplacement  of a 1.9  Ga mafic  dyke  suite  into  the  Heluositan  Complex  along  with  several  episodes
of  intraplate  magmatism.  The  late  magmatic  events  are  coeval  with  metamorphism  and  may  support

an  orogenic  extensional  model  for  the  Tiekelik  Belt  during  the  1.9–1.8  Ga  interval;  (4)  post-1.8  Ga  subsi-
dence  and  formation  of  a Changcheng  sequence  in  the  Tiekelik  Belt.  The  Paleoproterozoic  ages of  major
tectonothermal  events  within  the  Tiekelik,  North  Altyn–Dunhuang  block  and  Alashan  block  are almost
identical  and  it  is argued  that  they  were  connected  at that  time  as North  China  and  Tarim  were  part  of
the  larger  Columbia  supercontinent.

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

There is now broad consensus that the global distribution of con-
inental collisions documented between 2.1 and 1.8 Ga record the
malgamation of supercontinent Columbia (aka Nuna; Rogers and

antosh, 2002; Zhao et al., 2002, 2004; Meert, 2002, 2012). In some
onfigurations of Columbia, the Tarim Craton was not included
Rogers and Santosh, 2002; Meert, 2002; Hou et al., 2008; Zhang

∗ Corresponding author. Tel.: +86 29 87821743; fax: +86 29 88304789.
E-mail addresses: wangc-mail@163.com, xawangchao@gmail.com (C. Wang).

ttp://dx.doi.org/10.1016/j.precamres.2014.08.018
301-9268/© 2014 Elsevier B.V. All rights reserved.
et al., 2012a). Recent data suggest that the Tarim Craton was  part of
Columbia although its exact position within that continent is some-
what variable (Zhang et al., 2007, 2012b,c, 2013a,b; Shu et al., 2011;
Long et al., 2012; Ma  et al., 2013; Ge et al., 2013; He et al., 2013;
Meert, 2014). As an example, in some models the Tarim Craton
(TC) and the North China Craton (NCC) were separated (Zhao et al.,
2002, 2004; Yakubchuk, 2010) whereas in others they remained
connected (Rogers and Santosh, 2009; Ge et al., 2013; Zhang et al.,

2012c, 2013b).

Situated in northwest China, the Tarim Craton is bounded by
the Tianshan, Western Kunlun and Central–Southern Altyn Tagh
mountain belts to the north, south and southeast, respectively

dx.doi.org/10.1016/j.precamres.2014.08.018
http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.precamres.2014.08.018&domain=pdf
mailto:wangc-mail@163.com
mailto:xawangchao@gmail.com
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ig. 1. Map  of the Precambrian basement of the Tarim Craton. The dashed circles
ocation of the Tarim Craton within China.

Fig. 1; Zhao and Cawood, 2012). Due to the extensive younger
over of the Taklamakan desert in the central part of the cra-
on, the basement of the Tarim Craton is only exposed along the

argins of the main basin (Fig. 1). These exposures include two
egions along the southern margin of Tarim (Tiekelik and North
ltyn–Dunhuang) and the Aksu and Kuluketage areas at the north-
rn margin. The Archean–Paleoproterozoic aged basement rocks
f the Tarim Craton are mainly exposed in the Kuruketage, North
ltyn–Dunhuang and Tiekelik areas (Fig. 1; Gao and Zhu, 1984; Hu
nd Rogers, 1992; Lu and Yuan, 2003; Guo et al., 2003, 2013; Zhang
t al., 2007, 2012b,c, 2013b; Lu et al., 2008; Long et al., 2010, 2012;
ang, 2011; Zong et al., 2013). Previously published data indicate

hat two major Paleoproterozoic ‘events’ took place at 2.45–2.25 Ga
magmatism) and 2.0–1.8 Ga (magmatism and metamorphism; Lu
t al., 2008; Wang et al., 2009; Long et al., 2010; Shu et al., 2011;
ang, 2011; Zhang et al., 2012b,c,d, 2013b; Ge et al., 2013; He et al.,

013). Recently, new geochronological data were obtained from a
eep drillhole into the basement of the Tarim craton. These data

ndicate that magmatic activity may  have continued intermittently
ntil c. 1.7 Ga and consisted of major reworking of the older Paleo-
roterozoic and Archean crust (Wu  et al., 2012; Xu et al., 2013; Han
t al., 2014).

The Tiekelik Belt is a narrow, but important, NW–SE-trending
egion along the southwestern margin of the Tarim Craton (Fig. 1).
ocks exposed in the Tiekelik Belt mainly consist of Paleopro-
erozoic and Neoproterozoic greenschist to amphibolite facies
neisses, schists, migmatites, amphibolites, quartzites, volcanic
ocks and conglomerates that are overlain by late Palaeozoic to
enozoic terrigenous sedimentary rocks (e.g. RGXR, 1993). The old-
st rocks in the region are represented by a c. 3.14 Ga granitic gneiss
Guo et al., 2013). Zhang et al. (2007) argued that two  Paleopro-
erozoic phases of high-K intrusions were emplaced at 2.41 and
.34 Ga and were metamorphosed at 1.9 Ga. However, the sparse
eochronological data do not fully constrain the Archean to Pale-
proterozoic development of the Tiekelik Belt. In this paper, we
resent new zircon U–Pb geochronological data and whole rock
eochemistry from different rock units within the region in order

o unravel the architecture and evolution of the Tiekelik Belt during
he Paleoproterozoic. Furthermore, a comparison of tectonother-

al  events from the Tiekelik and North Altyn–Dunhuang block
nd Alashan block are presented to evaluate the relationship
 the distribution of Precambrian rocks inferred from drill hole data. Inset shows

between the Tarim Craton and North China Craton in the Columbia
supercontinent.

2. Geological setting

The Tiekelik Belt is located in the southwestern part of the
Tarim Craton between the Taklamakan desert and the West Kun-
lun Mountains (Fig. 1). The geological evolution of the Tiekelik
Belt began with Archean to Paleoproterozoic thermo-magmatic
episodes (of uncertain age) followed by the emplacement of c.
1.4 Ga anorogenic granitoids (Xu and Zhang, 1996; Zhang et al.,
2007; Wang et al., 2009; Guo et al., 2013; Huang et al., 2012).
The Archean and Paleoproterozoic geologic units within the belt
(Fig. 2) are traditionally divided into (1) the Heluositan Group;
(2) the Buweituwei and Akazi plutons; and (3) the Changcheng
sedimentary sequence (1.8–1.6 Ga). The overlying Mesoproterozoic
and Neoproterozoic sequences include continental rift volcano-
sedimentary deposits (Ma  et al., 1991; Wang et al., 2004, 2009,
2014). A detailed discussion of the Neoproterozoic evolution of
the Tiekelik Belt can be found in Wang et al. (2014 and references
therein).

The Heluositan Group outcrops in the western part of the
Tiekelek Belt and consists of paragneisses, orthogneisses and
migmatites (Figs. 2 and 3a), most of which have been metamor-
phosed under upper amphibolite- to granulite-facies conditions
(RGXR, 1993; Guo et al., 2013). Since it is composed of magmatic
and high-grade metamorphic rocks, it is not a group in the strati-
graphic sense, and we  will refer to it as the Heluositan Complex.
It is intruded by the c. 2.34 Ga Buweiduwei and c. 2.41 Ga Akazi
granitoids (Xu and Zhang, 1996; Zhang et al., 2007) and 1.8 Ga
mafic dykes (unpublished data; Fig. 3b). Recently, a protolith age
of 3.14 Ga was  obtained on a sample of granitic gneiss within the
Heluositan Complex (Guo et al., 2013). Collectively, the available
geochronology suggests that the protoliths of the Heluositan Com-
plex formed in the Archean and early Paleoproterozoic; however,
no metamorphic ages from the Heluositan Complex have yet been
published.
The Buweituwei and Akazi plutons intrude the Heluositan Com-
plex gneissic suite. The Buweituwei pluton (BP) is a polyphase
pluton composed of gneissic granodiorite, monzogranite and
syenogranite along with minor amphibolite (Fig. 4a; HNGS, 2004).
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ig. 2. Simplified regional geological map  showing the Precambrian units in the we
ollected  in this study (modified after HNGS, 2004). Study areas marked ‘Akazi’ and
re  from these two rectangles.

hang et al. (2004) argued that the amphibolites are the remnants
f mafic rocks formed in an intraplate rift setting. The BP potassic
ranite suite from the Xuxugou area yielded a U–Pb crystalliza-
ion age of 2343 ± 8 Ma  (Zhang et al., 2007). This suite was further
ub-divided into two subunits that were classified as A-type and
-type granites (Zhang et al., 2007). Both of the subunits have
omparable Nd isotope compositions (εNd(t) ≈ −2.1 to −0.4) and
arrow Nd model ages ranges (2.91–2.76 Ga; Zhang et al., 2007).
he Akazi pluton (AP) includes syenogranite and monzogranite
odies (HNGS, 2004). The two varieties are pink in color, medium
o coarse grained and exhibit both gneissic and granitic textures.
oth plutons are intruded by diabase dykes (Fig. 5a). Ages from
he AP are constrained by two different studies. Zhang et al. (2007)
btained a 2410 ± 20 Ma  (U–Pb, SHRIMP) crystallization age and

 1916 ± 7 Ma  age that was interpreted as the timing of metamor-

hism. Xu and Zhang (1996) obtained a less precise upper intercept
ge of 2261 ± 95/75 Ma  (TIMS). Zhang et al. (2007) interpreted the
410 Ma  granite as a late to post-orogenic A-type granite. εNd(t)

ig. 3. Selected field photographs presenting the Heluositan Complex: (a) the deforma
rthogneisses of the Heluositan Complex.
art of the Tiekelik Belt in SW Tarim with the locations of geochronological samples
kazi’ outlined by rectangles. Samples that are not marked individually on this map

values for the suite range from −4.7 to −3.2 and the Nd model ages
vary between 3.17 Ga and 3.05 Ga.

Both the AP and the BP intrusions are nonconformably overlain
by younger sedimentary successions, known as the Changcheng
sequences (Figs. 4 and 5). In the Kuleakazi area, the sedimentary
sequences overlying the BP are (from lower to upper) known as
the Klaker, Layileke and Bukatuwei formations (Ma et al., 1991).
The Klaker Formation consists of coarse-grained sandstones, lime-
stones and minor interbedded mudstones (Fig. 4d and e). The
overlying Layilke and Bukatuwei Formations are comprised of
feldspathic sandstones, limestones, dolomite and basalt (Fig. 4e;
Ma  et al., 1991; Wang et al., 2004).

There is considerable controversy regarding the ages of these
overlying sedimentary sequences. Peng and Gao (1988) suggested
that they are part of the Changcheng (1.8–1.6 Ga) sedimentary

sequence based on a paleobotanical analysis. In contrast, the RGXR
(1993) classified these rocks as part of the younger Jixian Sys-
tem (1.6–1.4 Ga) and referred to the sedimentary rocks as the

tion of orthogneisses investigated in this study; (b) Mafic dyke intruded into the
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Fig. 4. Photographs of outcrops that illustrate the main lithologies in the Kuleakazi area: (a) Interpreted geological cross-section across the contact between the Buweituwei
pluton  and the overlying sedimentary sequences, with schematic locations of the dated samples; (b and c) The Buweituwei pluton nonconformity with the overlying
sedimentary sequences; (d) Gray quartz sandstone from the sedimentary sequences; (e) purple feldspathic quartz sandstone from the sedimentary sequences.
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ochatetage Formation. Wang et al. (2004) considered that the
ntire sequence was part of a Neoproterozoic continental rift
uccession exhibiting fluvio-lacustrine, lacustrine and restricted
ittoral settings. No direct geochronological data support a Neo-
roterozoic age for this sequence; however, in the Akazi area, the
equence contains a polymictic boulder bed at the base of the sec-

ion along with an overlying limestone succession (now marble;
ig. 5a and b) from which a 797 ± 12 Ma  youngest detrital zircon
ge was obtained (Wang et al., 2014). The coarse clasts within the
onglomerate appear to be locally derived (Fig. 5c).
3. Sampling and analytical methods

In an effort to provide tighter age constraints and to evalu-
ate the provenance of sedimentary sequences within the Tiekelik
Belt, we  obtained U–Pb zircon ages from seven different sam-
ples. They were collected from the basal Heluositan Complex

(n = 2), from the Buweituwei pluton (n = 2) and from overlying
sedimentary sequences (n = 3; Table 1). In addition, major and
trace elements for nine granite samples from the BP were ana-
lyzed. Table 1 is a list of the samples collected in this study



214 C. Wang et al. / Precambrian Research 254 (2014) 210–225

F a: (a)
p

a
a
K
s
a

T
S

ig. 5. Photographs of outcrops that illustrate the main lithologies in the Akazi are
luton  nonconformably overlain by conglomerate; (c) variegated conglomerate.

long with the rock type, mineralogy, locality information and

ge results. Geochemical samples were analyzed at the State
ey Laboratory of Continental Dynamics in Northwest Univer-
ity, Xi’an. Fresh chips of whole rock samples were powdered to

 200 mesh-size using a tungsten carbide ball mill. Major and

able 1
ummary of sampling in this study.

Pluton/unit Sample Lithology Locality GPS po

Heluositan Complex 07HL-51 Quartz monzonite
gneiss

20 km NW of Akazi
Daban

N 37◦7
E76◦49

11XZ-8 Granitic gneiss North side of Akazi
Daban, 3 km W of
Xinzang road

N37◦5′

E76◦57

Buweituwei pluton 12TK-9 Gneissic
syenogranite

Kuleakazi,
Qipan river

N37◦23
E76◦34

12TK-13 Biotite
syenogranite

Kuleakazi,
Qipan river

Layileke Formation (?) 11XZ-9 Conglomeratic
sandstone

North side of
Akazi Daban,
1  km W of
Xinzang road

N37◦5′

E76◦57

Layileke Formation 12TK-11 Medium- to
coarse-grained
quartz
sandstone

Kuleakazi,
Qipan river

Layileke Formation 12TK-10 Medium- to
coarse-grained
feldspathic
sandstone

Kuleakazi,
Qipan river
 The contact between the Akazi pluton and overlying conglomerate; (b) the Akazi

trace elements were analyzed by XRF (Rikagu RIX 2100) and

ICP-MS (Agilent 7500a), respectively. Analyses of USGS and Chi-
nese national rock standards (BCR-2, GSR-1 and GSR-3) indicate
that relative analytical precision and accuracy for major ele-
ments are generally better than 5%. For trace element analysis,

sition Mineralogy Ages (Ma  ± 1�) Interpretation

′21.4′′
′55.5′′

Quartz+feldspar+K-
feldspar+biotite+amphibole

2329 ± 15 Inheritance
2257 ± 6 Intrusion
1832 ± 14 Metamorphic

45.7′′
′16.5′′

Quartz+feldspar+K-
feldspar+biotite

2306 ± 10 Intrusion

2034 ± 51 Metamorphic
′40.3′′
′31.7′′

Quartz+feldspar+K-
feldspar+biotite

1899 ± 10 Intrusion

Quartz+K-
feldspar+feldspar+biotite

1795 ± 32 Ma  Intrusion

35.1′′
′27.2′′

Felsic, chert and spilite
clast+Quartz+feldspar+K-
feldspar+amphibole

1953 ± 9 Youngest
detrital-zircon
concordant age

Quartz+feldspar+volcanic
clast

1847 ± 7

Quartz+feldspar+calcite+clast 1779 ± 14



C. Wang et al. / Precambrian Rese

Fig. 6. Plot of Buweituwei granitic rocks on: (a) ANOR =100An/(Or + An) vs
Q′ = 100Q/(Q + Or + Ab + An) diagram, after Streckeisen and Le Maitre (1979); (b) SiO2

vs K2O classification diagram with the boundary lines after Le Maitre (1989) and
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A total of 49 U–Pb spot analyses from 28 grains were carried
ickwood (1989); (c) AR vs SiO2 diagram (Wright, 1969) for the granites, where AR
alkalinity ratio) = [Al2O3 + CaO + (Na2O + K2O)]/[Al2O3 + CaO − (Na2O + K2O)] (wt.%).

ample powders were digested using an HF + HNO3 mixture in
igh-pressure Teflon bombs at 190 ◦C for 48 h. Relative analytical
recision is better than 10% for most trace elements. The geochem-

cal data are listed in Table 2 and Figs. 6 and 7.
Zircon grains were separated from the samples by heavy-

iquid and magnetic techniques followed by hand picking under a
inocular microscope. Zircon grains were mounted in epoxy resin
iscs, and then polished and coated with carbon. Cathodolumines-

ence (CL) images of the zircons were taken using a Mono CL3+
icroprobe prior to U–Pb dating at the State Key Laboratory of

ontinental Dynamics at Northwest University, China, using an
arch 254 (2014) 210–225 215

Agilent 7500a ICP-MS. The ICP-MS was  equipped with a unique
shield torch that yields higher sensitivity. The GeoLas 200M laser
ablation system consists of a ComPex102 193 nm ArF-excimer laser
(Lambda Physik) and optical system (MicroLas). During analysis,
the spot diameter was 33 �m.  ICP-MS operating 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 background. 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 pro-
gram, and then corrected using the Harvard zircon 91500 as the
external standard. U–Pb ages were calculated using the ISOPLOT
program (Ludwig, 2003). The detailed instrumental parameters and
analytical procedures can be found in Yuan et al. (2004). The U–Pb
data for the selected analyses are listed in Table 3 (Supplementary
data). Data are illustrated on U–Pb concordia diagrams (Figs. 8–10)
and relative probability plots (with a concordance in the range
90–110%) are provided in Fig. 10. Age probability diagrams were
constructed using AgeDisplay (Sircombe, 2004). Zircon grains that
exhibited 10% or less discordance are used in our analyses for inter-
pretation of detrital zircon age.

4. Results

4.1. Major and trace element geochemistry

The Buweituwei granites from the Kuleakazi area are predom-
inately classified as syenogranites according to Streckeisen and
Le Maitre (1979; Fig. 6). SiO2 concentrations for the syenogran-
ites range from 66 to 77 wt.% (Table 2 and Fig. 6b). In the K2O
vs SiO2 discrimination diagram (Fig. 6b), the syenogranites domi-
nantly plot in the high-K calc–alkaline field. Using the classification
of Wright (1969) the BP rocks plot primarily in the alkaline field
(Fig. 6c). The REE patterns are highly fractionated (Fig. 7a). The
LaN/YbN ratios vary between 23 and 146 and the samples exhibit
neutral to markedly negative Eu anomalies (Fig. 7a). Samples show
relative enrichment in the Large Ion Lithophile Elements (LILE –
especially Rb, Ba and Th), with strong negative Ta, Nb and Sr anoma-
lies (Fig. 7b). The FeOT/MgO vs 10,000 * Ga/Al and (K2O + Na2O)/CaO
vs Zr + Nb + Ce + Y discrimination plots of Whalen et al. (1987) place
the samples within (or near) the A-type granite field (Fig. 7c and d).

4.2. Zircon geochronology

4.2.1. Heluositan Complex
Sample 07HL-51, quartz monzonite gneiss (Table 1): The CL

images for sample 07HL-51 indicate complexly zoned zircon grains,
many of which reveal core, mantle and rim structures (Fig. 8a).
Bright relict cores without oscillatory zoning are labeled ‘rc’ in
Fig. 8a. Magmatic cores showing either weak oscillatory zoning or
patchy patterns are labeled ‘c’ in Fig. 8a. Some of the oscillatory
cores within the zircons are locally transgressed by more lumines-
cent, irregularly shaped patches of faintly banded zircon (Fig. 8a).
The mantle domains of zircons have a dark CL response and no dis-
cernible internal structure (labeled ‘m’  Fig. 8a). Some rims show
gray patchy patterns, and either follow or transect former zircon
zoning patterns (labeled ‘r1’ Fig. 8a). In a few grains, a very small
brightly luminescent rim marks the grain edge (labeled ‘r2’ Fig. 8a).
These bright rims are noted for reference only as they are too nar-
row (<10 �m)  for LA-ICP-MS analysis.
out on different zircon domains (Table 3; Fig. 8b). Nine analyses
of relict cores have U contents of 100–1636 ppm, Th contents of
49–642 ppm and Th/U ratios of 0.34–1.27 (Table 3). They yielded
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Fig. 7. (a and b) Chondrite normalized REE diagram and primordial mantle normalized trace element diagram showing the granitic rocks of the Buweituwei pluton. Normaliz-
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07Pb/206Pb ages ranging from 2364 to 2309 Ma  (Fig. 8b). A total
f 26 analyses were made on cores with a magmatic appearance.
hese show a large variation in their U and Th contents (80–451
nd 39–270 ppm, respectively) and Th/U ratios (0.17–1.29). Ages
rom those samples yielded 207Pb/206Pb ages between 2285 Ma
nd 2132 Ma  (Table 3; Fig. 8c). Six concordant analyses from 6
rains record a weighted mean 207Pb/206Pb age of 2257 ± 6 Ma
MSWD  = 0.28) that is interpreted as the crystallization age of
he granite protolith. The remaining core analyses are discordant,
ither reflecting single or multiple partial Pb loss, and/or new
ircon growth followed by Pb-loss. Three mantle analyses gave
iscordant ages between 2002 Ma  and 1987 Ma.  Eleven analyses
n rims have U and Th contents and Th/U ratios ranging from 54
o 1392 ppm, 10–533 ppm and 0.10–1.02, respectively and gave
07Pb/206Pb ages between 1853 and 1816 Ma  (Table 3). Four concor-
ant analyses from 4 grains yielded a weighted mean 207Pb/206Pb
ge of 1832 ± 14 Ma  (MSWD  = 0.48; Fig. 8d).

Sample 11XZ-8, granitic gneiss (Table 1): CL images of zircons
rom sample 11XZ-8 show gray luminescent, oscillatory zoning or
aint cores surrounded by dark luminescent, unzoned or faintly
anded rims (Fig. 8e). A total of 24 analyses from 20 grains were
onducted on zircons from this sample (Table 3), including 18 anal-
ses from cores and 6 analyses from rims. The U content of the
ores ranges from 175 to 913 ppm, whereas the content in the
ims ranges from 399 to 1080 ppm. Thorium concentrations based
n core analyses ranging from 65 to 313 ppm and rims from 34
o 231 ppm. Th/U ratio for core analyses range from 0.07 to 0.74,
hereas the Th/U ratios in the rims range from 0.03 to 0.29 (Table
). The analyses define two distinct clusters (Fig. 8f). Eleven of the 18
ore analyses plot close to concordia with 207Pb/206Pb ages ranging
rom 2425 to 2257 Ma,  and define a weighted mean 207Pb/206Pb
ge of 2306 ± 10 Ma  (MSWD  = 3.1) that is interpreted as the
 FeOT/MgO vs 10,000 * Ga/Al and (K2O + Na2O)/CaO vs Zr + Nb + Ce + Y discrimination

crystallization age (Fig. 8g). Three of the 6 rim analyses gave con-
cordant ages between 2040 Ma  and 2007 Ma  (Fig. 8h), that reflect
the timing of metamorphic rim growth.

4.2.2. Buweituwei pluton
Sample 12TK-9, gneissic syenogranite (Table 1): The majority of

zircons from this sample are prismatic with blunt pyramidal ter-
minations. In CL images, they have all thick sector zoned cores and
thin euhedral weakly zoned rims that were too narrow for analy-
sis (Fig. 9a). Twenty-two analyses from the cores have U contents
of 159–2919 ppm, Th contents of 67–1359 ppm and Th/U ratios
of 0.22–1.30 (Table 3). They range from concordant to highly dis-
cordant, and lie along a discordia with an upper intercept age of
1896 ± 16 Ma  (MSWD  = 3.1; Fig. 9b). Eight of these points are con-
cordant, and yield a concordia age of 1899 ± 10 Ma (Fig. 9b). We
interpret the c. 1.9 Ga age as the time of intrusion for the syenogran-
ite. The remaining spot analyses are discordant, reflecting partial Pb
loss.

Sample 12TK-13, biotite syenogranite (Table 1): Sample 12TK-
13 contained zircons with gray, well-developed oscillatory zoning
(Fig. 9a). Seventy analyses have U contents of 452–1345 ppm,
Th contents of 150–782 ppm and Th/U ratios of 0.14–1.20. The
207Pb/206Pb ages were dispersed much more than expected from
the analytical uncertainties, indicative major radiogenic Pb loss,
perhaps in several steps. Two zircon spots yield a concordant U–Pb
age of 1795 ± 32 Ma  (MSWD  = 0.51; Fig. 9b) that is the best estimate
for the crystallization age of this sample.
4.2.3. Sedimentary sequences
Sample 11XZ-9, conglomeratic sandstone,  Layileke Formation

(Table 1): Most zircon grains from sandstone sample 11XZ-9 are
prismatic or rounded crystals, 150–300 �m in length. CL images
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eveal gray oscillatory zoning (Fig. 10a) typical of magmatic grains.
ifty zircons were less than 10% discordant. The grains have U val-
es between 84 and 633 ppm, Th values between 150 and 1152 ppm
nd Th/U ratios between 1.05 and 2.96 (Table 3). A wide range of
07Pb/206Pb ages was obtained from this samples spanning from
400 to 1900 Ma,  with the dominant population falling between
400 and 2250 Ma  (Fig. 10b and c). The youngest analyzed zircon
ielded a concordant 207Pb/206Pb age at 1953 ± 9 Ma  (Fig. 10b).

Sample 12TK-11, quartz sandstone,  Layileke Formation (Table 1):
he zircons are commonly 100–200 �m in size, round or prismatic
n shape, and show oscillatory zoning in CL (Fig. 10a). Some grains
how clear core–rim structures in CL images (Fig. 10a). U–Pb age
ata from 79 spots from 79 grains with discordance less than 10%
ere selected for statistical interpretation. U, Th contents and Th/U

atios range from 56 to 775 ppm, 27 to 505 ppm and 0.15 to 1.71,
espectively (Table 3). Most analyses were spread along the concor-
ia from 2300 to 1800 Ma  (Fig. 10b), with distinct peaks at 1870,
120, 2210 and 2270 Ma  (Fig. 10c). The youngest zircon has an age
f 1779 ± 14 Ma  (97% concordance).

Sample 12TK-10, feldspathic sandstone,  Layileke Formation
Table 1): The zircons are small in size (commonly c. 100 �m)
nd round or stubby in shape, and show oscillatory zoning or
omogeneous structures with secondary (metamorphic) rims in
L (Fig. 10a). A total of 32 analyses from 32 different grains yielded
seful data. U and Th contents and Th/U ratios show large variations
rom 12 to 454 ppm, 1 to 1475 ppm and 0.16 to 1.73, respectively
Table 3). Many analyses show lead loss, but two broad age peaks
re clear at c. 1900 Ma  and c. 2300 Ma  (Fig. 10b and c). The youngest,
nd least discordant (c. 2%) zircon yielded an age of 1847 ± 7 Ma
Fig. 10b).

. Discussion

.1. Ages of the metamorphic and magmatic rocks

Zircon from the Heluositan Complex sample 07HL-51 defines
hree age clusters: c. 2365–2310 Ma,  c. 2260 Ma  and c. 1830 Ma
Table 3 and Fig. 8). The 2365–2310 Ma  grouping was obtained from
mall rounded inherited cores. We  conclude that these are most
ikely inherited grains derived from a crustal component in the
ource. 207Pb/206Pb ages of around 2260 Ma  obtained from oscil-
atory or sector zoned zircon cores are interpreted to reflect the
rystallization age of the granitic gneiss protolith. Resetting of the
–Pb system during metamorphism, as indicated by U-enrichment,
issolution features and erosional surfaces, are reflected in the
830 Ma  age obtained from zircon rim analyses (Fig. 8a). The zir-
on mantles from sample 07HL-51 have low Th concentrations
70–86 ppm). In the CL images, the interface between mantle and
ore show an irregular erosion surface (Fig. 8a) suggestive of disso-
ution of existing zircon and precipitation of new zircon (e.g. Grant
t al., 2009). Zircon rims in 07HL-51 show both U enrichment rela-
ive to the cores and have variable Th/U ratios, and are interpreted
s having grown in the presence of fluids during regional metamor-
hism (e.g. Corfu et al., 2003; Möller et al., 2003; Grant et al., 2009).
his interpretation is supported by the apparent fluid interaction
bserved in the zircon (Fig. 8a). Ages from core–rim interfaces may
epresent mixed ages between the core and rim, and an unambigu-
us interpretation is not possible on the basis of the combined CL
nd U–Pb dataset.

Sample 11XZ-8 yields ages of c. 2310 and 2040–2007 Ma  (Table
 and Fig. 11). The older ages are similar to those of the 2.3 Ga

uweiduwei granites (Zhang et al., 2007). As a result, we  consider
he average 207Pb/206Pb age of 2310 Ma  as the crystallization age
or this granitic gneiss protolith. The younger 207Pb/206Pb ages are

ore scattered, but our best estimate is that the c. 2.03–2.00 Ga ages
arch 254 (2014) 210–225 217

reflect the age of metamorphism in this sample. This is slightly older
than the 1.9 Ga metamorphic age from the Akazi pluton reported
by Zhang et al. (2007).

Sample 12TK-9 from the BP pluton gives a well-constrained con-
cordia age of 1899 ± 10 Ma  that is considered to be the intrusion age.
Sample 12TK-13 displays a limited scatter of individual 207Pb/206Pb
ages around 1795 Ma,  which we interpret as the age of emplace-
ment for a distinct younger phase of intrusive activity within the
pluton. All these ages are younger than the U–Pb age of 2340 Ma
previously published by Zhang et al. (2007). The age of the potassic
granite suite reported by Zhang et al. (2007) is similar to our age
for the granitoid gneisses of the Heluositan Complex (2.3–2.2 Ga).
Therefore, we speculate that the potassic granite suite reported
by Zhang et al. (2007) might belong to the Heluositan Complex.
It would also appear that the Buweituwei ‘pluton’ does not rep-
resent a single magmatic body given the range in ages reported
here (1900–1795 Ma). Given this conclusion regarding the BP and
the fact that the age of the AP (2.4 Ga) is older than the granitoid
gneisses of the Heluositan Complex (2.3–2.2 Ga). A major revision
of the Paleoproterozoic basement terminology might be required.
At the very least, additional geochronologic studies in the region
are warranted.

5.2. Source of the Paleoproterozoic Buweituwei magmatism

Geochemical features of the Buweituwei syenogranite are
indicative of A-type magmatism. Mechanisms proposed for the
genesis of A-type granitoids include the differentiation of mantle-
derived magmas (e.g. Loiselle and Wones, 1979; Eby, 1990; Turner
et al., 1992; Frost and Frost, 1997; Bonin, 2007), the partial melting
of felsic granulites (e.g. Collins et al., 1982; Clemens et al., 1986;
Whalen et al., 1987) and partial melting of an intermediate crustal
source (Anderson, 1983; Creaser et al., 1991; Skjerlie and Johnston,
1992; Patiño Douce, 1997).

The BP syenogranites are characterized by high SiO2, Rb, Th and
HREE concentrations but low Mg-number, Sr/Y, and Ti contents
and Rb/Sr ratios, indicating that they were not derived by partial
melting of lower crust. The low abundances of Sr in the rocks and
the presence of negative Eu anomalies reflect the presence of resid-
ual plagioclase and K-feldspar in the source (e.g. Harris and Inger,
1992). In the Al2O3/(FeO + MgO  + TiO2) vs Al2O3 + FeO + MgO  + TiO2
diagram, these rocks plot in the field of greywacke-derived melts
and amphibolite-derived melts (Fig. 11a).

Experimental results suggest that partial melting of tonalitic
to granodioritic compositions can produce some A-type granitoid
magmas (Patiño Douce, 1997; Skjerlie and Johnston, 1993; Bogaerts
et al., 2006). Using the classification of Frost et al. (2001), the BP
syenogranites belong to the ferroan and magnesian series (Fig. 11b).
On the modified alkali–lime index (MALI = Na2O + K2O − CaO by wt)
diagram (Fig. 11c), the BP samples plot in the alkalic and alkalic–calc
field with one exception that fell within the calc–alkalic field. The
data shown in Fig. 11 suggest that, apart from a few examples,
most BP syenogranites likely formed by partial melting of a fer-
roan granodiorite. However, some samples of the BP syenogranites
show ferroan, alkali and peraluminous compositions. The exper-
iments predict that partial melting of tonalitic to granodioritic
crust produces alkali–calcic to calc–alkalic granitoids that are
metaluminous at low pressures and peraluminous at high pressures
(Frost and Frost, 2011). Therefore, we  argue that the BP peralumi-
nous syenogranites might be produced by partial melting of ferroan
granodiorite over 4 kbar (Bogaerts et al., 2006).
5.3. Sedimentary rocks

The three youngest concordant detrital zircons from the
overlying sedimentary sequence yielded ages of 1779 ± 14 Ma,
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ig. 9. (a) Cathodoluminescence images of selected zircons from samples of the Buw
ith  spot number and 207Pb/206Pb age (in Ma). (b) Conventional concordia diagrams
ean.  (For interpretation of the references to color in text, the reader is referred to

847 ± 7 Ma  and 1953 ± 9 Ma.  Since the sedimentary sequence
verlies the 1899–1795 Ma  polyphase BP intrusions and the meta-
orphosed Akazi granite (1916 ± 7 Ma;  Zhang et al., 2007), the

epositional ages must be less than 1779 Ma.  Unfortunately, more
tringent constraints on these rocks cannot be determined and the
ge of deposition can only be constrained to between 1779 and
97 Ma  (Wang et al., 2014).

Detrital zircon age probability diagrams for sample 12TK-10
nd 12TK-11 (Fig. 10c) have major peaks around 1900–1800 Ma
nd 2400–2200 Ma,  while zircon ages from sample 11XZ-9 range
etween 2400 and 2100 Ma,  and zircons in the 1900–1800 Ma
ange are scarce. The detrital zircon data suggest local derivation of
he zircons, with significant sample-to-sample variability. Igneous
ocks dated between 2300 and 1800 Ma  are present in the Tiekelik
elt and include the Heluositan Complex, and the Buweituwei and
kazi granitoid rocks (Xu and Zhang, 1996; Zhang et al., 2007; this
tudy). The closest source region for zircons in the sample 11XZ-9
s from the Akazi granitoids, that are about 50 km to the SE of the
ample site at Kuleakazi.

.4. Archean–Proterozoic tectonic implications for the Tarim

raton (southwestern margin)

Based on our results and previous studies, the Archean–
roterozoic evolution of the Tiekelik Belt along the southwestern

ig. 8. Cathodoluminescence images and schematic drawings of zircons from the sample 0
rom  granodiorite gneiss sample 07HL-51 (b–d) and from granitic gneiss sample 11XZ-8
ith  spot number and approximate 207Pb/206Pb age (in Ma). Marked internal grain stru
reen  ellipses = relict core analyses; red ellipses = core analyses; orange ellipses = mantle
eighted mean. (For interpretation of the references to color in text, the reader is referre
i pluton. The circles represent the position of laser spots used for age determination,
e zircon data obtained. The concordant analyses in red are included in the weighted
eb version of this article.)

margin of the Tarim Craton can be divided into four successive
events, that are highlighted in Fig. 12 and can be summarized as
follows:

(1) 3.14–2.76 Ga: Guo et al. (2013) reported a protolith age of
3140 Ma  for a granitic gneiss from the Heluositan Complex.
Geochemical data from those gneisses show a TTG affinity
(Guo et al., 2013). Nd and Hf isotopic studies (Zhang et al.,
2007; Wang et al., 2009) have shown that Archean crust
formation in the Tiekelik Belt took place between 3.17 and
2.76 Ga. Zhang et al. (2007) documented that the 2.41 Ga
granodiorite–adamellite suite have Nd model ages (T2DM)
between 3.17 Ga and 3.05 Ga, and that the 2.34 Ga suite have
narrow T2DM ranges (2.91–2.76 Ga). Wang et al. (2009) reported
that the 2330 Ma  relict zircon cores from sample 07HL-51
have a εHf(t) range from −0.8 to −3.4 and Hf model age of
2925–2800 Ma.  This stage might be related to the formation
of proto continental crust (TTG) before 3.0 Ga.

(2) 2.41–2.26 Ga: This age range is reflected in the crystallization
ages from samples 07HL-51 and 11XZ-8 along with the age of
inherited zircons from sample 07HL-51. Moreover, detrital zir-

cons from the sedimentary rocks record several age peaks at c.
2400–2200 Ma  (Fig. 10c). Together with previous work by Xu
and Zhang (1996) and Zhang et al. (2007), the evidence points to
a major episode of magmatism at c. 2.41–2.26 Ga in the Tiekelik

7HL-51 (a) and 11XZ-8 (e) and Tera–Wasserburg concordia diagrams of zircon data
 (f–h). The circles represent the position of laser spots used for age determination,
ctures include relict cores (rc), cores (c), mantle (m), rims (r1) and outer rim (r2).

 analyses; blue ellipses = rim analyses, the analyses in gray are not included in the
d to the web  version of this article.)
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Table 2
Major- and trace-element analytical data.

Sample type 12TK-9 (1) 12TK-9(2) 12TK-9(3) 12TK-9(4) 12TK-9(5) 12TK-13(1) 12TK-13(3) 12TK-13(4) 12TK-13(5)

Gneissic syengranite Syengranite

SiO2 70.0 69.7 67.6 68.9 76.6 68.5 66.6 66.3 67.7
Al2O3 15.1 15.2 15.6 15.8 12.9 14.2 14.4 14.7 15.0
Fe2O3T 2.1 2.2 2.7 2.3 1.3 3.0 4.6 4.9 4.1
CaO  1.4 1.7 2.4 1.6 0.8 1.2 1.2 1.4 0.9
MgO  0.6 0.6 0.8 0.6 0.1 0.8 1.1 0.9 0.8
K2O 6.0 5.5 4.4 5.6 5.7 7.1 5.0 4.8 4.6
Na2O 3.1 3.4 3.5 3.5 2.7 2.5 3.4 3.9 4.0
MnO  0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
TiO2 0.4 0.4 0.4 0.4 0.0 0.5 0.6 0.6 0.6
P2O5 0.1 0.2 0.1 0.1 0.0 0.1 0.2 0.2 0.2
LOI  0.8 1.0 2.2 0.9 0.4 2.0 2.6 2.2 1.9
Total  99.9 100.1 99.9 99.9 100.7 99.9 99.9 99.9 99.9
Li  11.3 12.9 20.9 11 5.75 11.6 16.7 13.1 14.1
Be  1 0.97 4.21 0.99 2.5 1.14 1.5 2.28 2.41
Sc  2.41 1.76 4.01 2.44 0.22 1.93 7.4 5.8 5.08
V  22.2 24.1 14.6 24.6 2.23 19.2 35.2 37.3 33.4
Cr  155 159 110 143 201 123 132 115 155
Co  6.02 6.62 4.38 5.73 1.94 5.84 7.94 6.9 7.09
Ni  7.4 8.14 4 7.66 6.84 7.92 7.12 8.72 7.22
Cu  1.12 2.21 3.62 1.59 4.78 4.39 2.84 4.78 4.01
Zn  39.2 50.4 124 32.3 46 87.2 76.6 92.7 98.8
Ga  19.6 20.3 20.5 20.2 16.6 20.2 22.5 24.9 25.6
Ge  1.02 0.98 1.14 0.97 0.82 1.04 1.4 1.21 1.22
Rb  207 205 232 188 392 255 200 191 209
Sr  180 190 336 184 196 143 104 153 160
Y  27.5 15.4 19 28.9 6.98 11.7 16.3 16.5 17.7
Zr  310 359 164 324 109 1120 574 566 584
Nb  7.81 10.3 18.2 7.76 7.58 26 33.2 36 33.2
Cs  0.8 0.78 4.78 0.7 2 0.53 0.78 0.66 0.79
Ba  1760 1780 1060 1610 1440 3280 1500 1640 1870
La  84.2 103 46.6 111 159 188 194 171 197
Ce  152 184 85.4 201 249 274 420 281 462
Pr  16.6 19.9 9.84 21.8 22.2 24.1 33.6 26.6 33.5
Nd  59.1 71 36.9 78 62.7 68.5 83.8 81.8 83.6
Sm  10.4 12.7 6.48 13.6 6.43 7.14 10.2 9.76 10.9
Eu  1.35 1.42 1.27 1.4 1.24 1.9 1.48 1.44 1.53
Gd  7.7 8.63 5.13 9.67 3.58 4.6 6.32 6.27 7
Tb  1.07 0.94 0.77 1.25 0.46 0.52 0.77 0.8 0.85
Dy  5.41 3.95 4.06 6.12 1.95 2.34 3.39 3.72 3.91
Ho  1.02 0.57 0.73 1.12 0.34 0.43 0.59 0.67 0.7
Er  2.75 1.26 1.93 2.77 0.83 1.1 1.5 1.8 1.8
Tm  0.41 0.14 0.28 0.36 0.12 0.16 0.2 0.26 0.25
Yb  2.62 0.75 1.77 2.16 0.78 1.06 1.34 1.51 1.45
Lu  0.33 0.099 0.23 0.26 0.11 0.16 0.18 0.2 0.19
Hf  8.4 9.57 4.93 8.69 3.16 17.9 13 13.4 13.6
Ta  0.42 0.46 1.45 0.42 0.55 0.6 0.76 1.2 0.85
Pb  47.2 46.6 40 47.7 48.3 16.4 10.8 11.3 9.84
Th  41.2 49.3 20.4 56.3 49.6 47 38.6 38.1 46.6
U  3.08 3.22 2.52 3.69 3.14 2.58 1.9 2.03 2.24
A/CNK 1.1 1.0 1.1 1.1 1.1 1.0 1.1 1.0 1.1

1

(

Eu/Eu* 0.15 0.14 0.22 0.12 

(La/Yb)N 23 99 19 37 

Mg#  39.0 40.2 40.6 38.3 

Belt. Negative εHf values (−0.8 to −3.4) in zircons from sample
07HL-51 (Wang et al., 2009), as well as negative εNd(t) values
from the 2.41 Ga Akazi and the 2.34 Ga Buweituwei granitoids
(Zhang et al., 2007) indicate the recycled nature of this crust,
with Archean sources. Geochemical and Nd isotopic data for
2.41–2.34 Ga granitoids suggests that the A and S-type granites
might have been produced by partial melting of the Archean
mafic crust, felsic pelites and/or metagreywackes that were
recycled from Archean crust (TTG?) in a continental rift envi-
ronment (Zhang et al., 2007).

3) 2.03–1.80 Ga: According to our age data and previous studies,
the Proterozoic rocks of the Tiekelik Belt underwent sev-

eral episodes of metamorphism at 2040–2007 Ma, 1920 and
1830 Ma.  A-type granitoids formed by partial melting of an
intermediate source were emplaced at 1900 and 1795 Ma  ago
in the BP and mafic dykes (1.9 Ga, unpublished data) were
0.26 0.33 0.18 0.18 0.18
46 127 104 81 97
12.2 38.9 35.8 28.6 31.3

intruded into the Heluositan Complex. These extensional mag-
matic episodes may  reflect continental lithospheric thinning
between c. 1.9 and 1.8 Ga. Since these magmatic episodes are
coeval with metamorphism, the evidence might support oro-
genic extension in the Tiekelik Belt during this interval (e.g.
Wang et al., 2014). It is difficult to fully understand the exact
nature of metamorphism and magmatic activity without estab-
lishing the P–T conditions and additional geochronological data,
especially since we are apparently dealing either with a very
prolonged period of magmatic and metamorphic activity (c. 250
million years), or several separate episodes.

(4) Post-1.8 Ga: Following the emplacement of intraplate-

generated magmatic products between 1.9 and 1.8 Ga, the
southwestern Tarim Craton entered a period of subsidence,
leading to deposition of the sedimentary sequences in the
Tiekelik Belt. The youngest detrital zircon grains from the
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Fig. 10. (a) Cathodoluminescence images of selected zircons from samples of the Changcheng sedimentary sequences. The circles represent the position of laser spots used
f  diagr
a

5
A

T
a
T

or  age determination, with spot number and 207Pb/206Pb age (in Ma). (b) Concordia
nalyses. n: number of analyses with 90–110% concordance.

sediments are 1.95–1.78 Ga, consistent with derivation from
local basement rocks. The exact age of these sedimentary
rocks and their association with the Changcheng (1.8–1.6 Ga),
Jixian (1.6–1.4 Ga), or younger sequences must await more
detailed geochronological and sedimentological investigations.
However, the Changcheng succession is less metamorphosed
(or unmetamorphosed) compared to the Neoproterozoic
sequences. In addition, the Changcheng sediments contain
locally derived Paleoproterozoic zircons, and no Meso- or
Neoproterozoic aged zircons, suggesting they could well be
Mesoproterozoic, and not at all belong to the Neoproterozoic
sequences discussed in Wang et al. (2014).

.5. Comparison with the North Altyn–Dunhuang block and
lashan block
The North Altyn–Dunhuang block in the southeastern margin of
arim Craton, comprises a suite of Archean–Proterozoic rock units,
nd represents the basement of the southeastern margin of the
arim Craton (RGXR, 1993; Li et al., 2001; Lu and Yuan, 2003; Che
ams for the same samples. (c) Age probability diagrams for all 90–110% concordant

and Sun, 1996; Zhang et al., 2013b). The Precambrian rocks of the
North Altyn–Dunhuang block includes the Aketashitage Complex,
the Dunhuang Complex, the Milan Group, the Dunhuang Group,
the Annanba Group and abundant Palaeoproterozoic mafic and fel-
sic intrusions (BGMG, 1989; Lu et al., 2008; Xin et al., 2011). U–Pb
zircon dating results indicate that the North Altyn–Dunhuang block
comprises an Archean mafic granulite and felsic gneiss (TTG gneiss)
with several stages of magmatic events at c. 2.9 Ga, c. 2.8 Ga, c. 2.7 Ga
and c. 2.6–2.5 Ga (Gehrels et al., 2003; Lu et al., 2008; Xin et al.,
2013; Zhang et al., 2013b; Zhao et al., 2013; Zong et al., 2013). The
post-Archean evolution was  characterized by the emplacement of
granite (c. 2.4 Ga), basic dykes (c. 2.35 Ga) and granodiorite (c. 2.3),
which were later metamorphosed to form granitic gneisses (Lu and
Yuan, 2003; Lu et al., 2008; Zhang et al., 2013b). This was followed
by the emplacement of granitoid plutons with ages of c. 2.1 Ga, c.
2.05 Ga, c. 1.87–1.85 Ga and c. 1.75–1.73 Ga (Gehrels et al., 2003;

Xin et al., 2011; He et al., 2013), mafic rocks dated at c. 2.0 Ga and
c. 1.8 Ga (Wang, 2011; Liu et al., 2012; He et al., 2013) and meta-
morphic and anatectic ages at c. 2.0 Ga and c. 1.9–1.82 Ga (Gehrels
et al., 2003; Lu et al., 2008; Wang, 2011; Yang et al., 2012; Xin
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Fig. 11. (a) the Al2O3/(FeO + MgO  + TiO2) vs Al2O3 + FeO + MgO  + TiO2 after Patiño Douce (1999); (b) FeOT/(FeOT + MgO) vs SiO2, boundary between ferrous and magnesian
rocks  from Frost and Frost (2008); (c) MALI vs SiO2, boundaries between calcic, calc–alkalic, alkali–calcic and alkalic granitoids from Frost et al. (2001); (d) ASI [aluminum
saturation index; Al/(Ca − 1.67P + Na + K)] vs SiO2. Arrows show trends followed by the melt with increasing T (i.e. degree of melting) for Skjerlie and Johnston (1993) and
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o  less than 70% SiO2.

t al., 2011, 2013; Zong et al., 2013; Zhang et al., 2012c, 2013b).
hese data (Fig. 12) suggest that the North Altyn–Dunhuang block
xperienced multistage crustal growth and reworking history dur-
ng the Archean–Paleoproterozoic. The extensive geological and
eochronological data indicating 2.1–1.7 Ga orogenesis may  be
elated to the formation of the Columbia Supercontinent.

The Alashan block was traditionally considered to be part
f the North China Craton (Ren et al., 1980; Wu  et al., 1998;
hai and Bian, 2000; Zhai and Santosh, 2011; Zhao and Zhai,
012; Zhang et al., 2013a). The Precambrian rocks of the Alashan
lock include the Neoarchean–Paleoproterozoic Diebusige Group,
he Bayanwulashan Group, the Boluositanmiao Complex, the
ongshoushan Complex and the Beidashan Complex along with
verlying Mesoproterozoic and Neoproterozoic sequences and
bundant Palaeoproterozoic mafic and felsic intrusions (Geng et al.,
006, 2007; Xiu et al., 2002, 2004; Tung et al., 2007; Dan et al., 2012;
ong et al., 2011, 2012; Zhang et al., 2013a). Available U–Pb zircon
eochronological data suggest a major episode of crustal growth at
. 2.8–2.7 Ga, followed by a c. 2.5 Ga magmatic–metamorphic event
Gong et al., 2012; Zhang et al., 2013a). Post-Archean magmatic
ges from a variety of mafic and felsic igneous rocks are c. 2.3 Ga,
. 2.2 Ga and c. 2.0–1.9 Ga, respectively, followed by a c. 1.9–1.8 Ga
etamorphic event (Xiu et al., 2002, 2004; Dan et al., 2012; Gong

t al., 2011, 2012; Zhang et al., 2013a).
Geochronological data from both the Tiekelik and North
ltyn–Dunhuang and Alashan regions suggest that the major
ectonothermal events temporally overlap (Fig. 12). We  therefore
ropose a Tiekelik–North Altyn–Dunhuang–Alashan connection
uring the Paleoproterozoic (i.e. a Tarim–North China craton
r Patiño Douce (1997). Like the results from Patiño Douce (1997) and Skjerlie and
elts; only with high degrees of melting (>75% melt) do melt compositions decrease

connection), although there are controversies suggesting that
the Alashan block was  connected with the Yinshan block, the
Khondalite Belt and North Hebei Orogenic Belt (Zhao et al., 2005;
Geng et al., 2010; Kusky et al., 2007; Zhang et al., 2013a).

6. Conclusions

U–Pb dating of zircons from metamorphic, magmatic and sedi-
mentary rocks from the Tiekelik Belt (southwestern Tarim craton)
provides new insights into the Paleoproterozoic geological evolu-
tion of this terrane. Results from the present study are summarized
as follow:

(1) Magmatic-looking zircons from orthogneisses within the Helu-
ositan Complex (former Group) display ages of 2310 to 2260 Ma,
that we  interpret as the crystallization age of the granitoid pro-
tolith.

(2) The same two  gneiss samples from the Heluositan Complex
yielded metamorphic ages at 2040–2007 Ma  and 1830 Ma,  that
we interpret to result from crustal reworking in the Tiekelik
Belt.

(3) Geochemical and geochronological studies suggest that high-
K calc–alkaline, A-type syenogranites belonging to the
Buweituwei pluton were emplaced at 1900 and 1795 Ma ago.

The first age is contemporaneous with 1.9 Ga mafic dykes that
intrude the Heluositan Complex. We  interpret that the BP per-
aluminous syenogranites might be produced by partial melting
of ferroan granodiorite over 4 kbar.
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4) The sedimentary sequences in this study (possibly Meso-
proterozoic) overlying the Paleoproterozoic granitoids. The
distribution of detrital zircon grains in the sediments indicates
derivation from local basement rocks. The maximum deposi-
tion ages (youngest detrital zircon grain) vary from 1.95 Ga
to 1.85–1.78 Ga; however, the exact age of this sedimentary
sequence is poorly constrained although we favor association
with the Changcheng interval (1.8–1.6 Ga).

5) A large number of geochronological data from the Tiekelik and
North Altyn–Dunhuang and Alashan suggest that the major
tectonothermal events are similar during the Paleoproterozoic.
We therefore propose a Tarim Craton and North China Craton
within the Columbia supercontinent at that time.
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