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from the Chinese Tianshan and the Tarim craton. These data provide information on possible source terrains and
suggest that Precambrian basement is widespread in the Tianshan and may, at least in part, represent continental
fragments rifted off the Tarim craton during the early history of the Central Asian Orogenic Belt. Distinct differ-
ences in the Precambrian zircon age distribution between the North and Middle Tianshan of Kyrgyzstan support

Handling Editor: M. Santosh - - Rty ) ‘ =
earlier ideas that these two terranes had different crustal histories prior to their amalgamation in the early

Keywords: Palaeozoic. We envisage an archipelago-type scenario for the Palaeo-Asian Ocean south of the Siberian craton
Kyrgyzstan in the late Neoproterozoic to early Palaeozoic in which numerous island arcs and Precambrian crustal fragments
Tianshan derived from Tarim drifted northwards (in present coordinates) and were amalgamated and tectonically stacked

Detrital zircon age
Palaeo-Asian Ocean
Tarim craton

together during several ocean closure and accretion—collision events. This is surprisingly similar to what has been
envisaged for the evolution of Indonesia where Mesozoic rifting of fragments from the Australian margin was
followed by Cretaceous collisions and Cenozoic collision of Australia with the SE Asian margin. In both Central
Asia and Indonesia continental crust has arrived in the region in multiple episodes and has been fragmented
and juxtaposed by subduction-related processes. Continental growth during this process was minimal.

© 2013 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

The Tianshan orogen of Kyrgyzstan, southern Kazakhstan and north-
west China is part of the southern Central Asian Orogenic Belt (CAOB)
and consists of late Neoproterozoic to Palaeozoic volcano-sedimentary
and plutonic arc assemblages that are tectonically interlayered with
metamorphic domains, often named complexes. Many of the latter
were previously considered to be Archaean or Palaeoproterozoic in
age but were shown to be much younger and document high-grade
events associated with terrane accretion and subduction during the

* Corresponding author at: Institut fiir Geowissenschaften, Johannes Gutenberg-
Universitdt, Becherweg 21 D-55099 Mainz, Germany. Tel.. +49 6131 3920476;
fax: +49 6131 3924769.

E-mail address: rojas@uni-mainz.de (Y. Rojas-Agramonte).

Palaeozoic (Hegner et al., 2010; Alexeiev et al., 2011; Kroner et al.,
2012, 2013). Nevertheless, some Precambrian basement terranes re-
main and in the Kyrgyz Tianshan were partly characterized by Kroner
et al. (2012, 2013) and Konopelko et al. (2008, 2012). There is some
speculation on the origin of these Precambrian crustal fragments in
the CAOB, and most authors have assumed a Gondwana derivation
without being more specific (e.g. Buslov et al., 2001; Dobretsov and
Buslov, 2007), whereas Kroner et al. (2012, 2013, in press) from work
in the Kyrgyz Tianshan and Rojas-Agramonte et al. (2011) from work
in Mongolia concluded that the most likely source is the Tarim craton
that now borders the South Tianshan but may originally have been sit-
uated close to the northeastern margin of Gondwana (Li et al., 1996;
Metcalfe, 2011). This conclusion was primarily based on age similarities
of magmatic rocks in the Tianshan, Mongolia and Tarim, notably early
Neoproterozoic to late Mesoproterozoic (Grenvillian) ages, as well as
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detrital and xenocrystic zircon age patterns that closely fit the pattern
for available zircon ages of the Tarim craton.

In order to further test the hypothesis whether tectonic fragmenta-
tion and erosion of the Tarim craton have provided continental material
and detritus to build up the accretionary domain of the Tianshan orogen
we applied the U-Pb and Lu-Hf methods on detrital zircon grains from
sandstones and other metasedimentary rocks in the Kyrgyz Tianshan
that are either associated with early Palaeozoic arc terranes or belong
to Precambrian tectonic slivers interlayered with the Palaeozoic rocks.

2. Geological outline and tectonic setting of the Kyrgyz Tianshan

The Tianshan thrust-and-fold belt extends for about 2000 km from
Uzbekistan to eastern Xinjiang Province of NW China within the south-
ern CAOB (Fig. 1). It represents a complex amalgamation of Palaeozoic is-
land arcs, accretionary complexes and Precambrian micro-continental
terranes (Kroner et al.,, 2012, 2013, in press, and references therein). It
evolved during several tectonic episodes from the Neoproterozoic to
early Mesozoic, and was reactivated due to uplift and deformation in
the late Tertiary and Quaternary (Glorie et al., 2011; De Grave et al.,
2013). Tectonically, rocks in the western part of the belt within
Uzbekistan and Kyrgyzstan have traditionally been grouped into three
major fault-bounded tectonic zones named North Tianshan, Middle
Tianshan and South Tianshan, which have distinctly different geological
histories and structural patterns (Nikolaev, 1933; Popov, 1938; Bakirov
and Maksumova, 2001), which we adopt in this paper.

There is some confusion in the literature on the tectonic nomencla-
ture between the western (former USSR) part of the Tianshan as
outlined above and its continuation in northwest China. The Kyrgyz
and southern Kazakh North Tianshan is partly equivalent to the Chinese
Central Tianshan and partly to what is known as Yili Block in China
(Wang et al., 2008), whereas the Kyrgyz Middle Tianshan wedges out
near the Kyrgyz-Chinese border and is not present in China (Fig. 1).
However, the South Tianshan is equivalent in the west and east al-
though some authors have recently included parts of the previously de-
fined Chinese South Tianshan into the Central Tianshan (e.g., Charvet
et al.,, 2007, 2011). Xiao et al. (2013) also follow the above subdivision
and include the Yili Block in the North Tianshan but, like many other
Chinese authors, they include into the northwestern part of their
North Tianshan rocks that in eastern Kazakhstan are part of the
Aktau-Junggar and Balkhash-Yili terranes (Alexeiev et al., 2011). The
southern part of the Chinese North Tianshan consists predominantly
of volcanic and sedimentary rocks, ranging in age between Early Devo-
nian and early Carboniferous (An et al,, in press).

The North Tianshan of Kyrgyzstan and southern Kazakhstan
represents one of the oldest orogenic domains in the CAOB and con-
tains large volumes of early Palaeozoic granitoids and is generally
characterized by a regional pre-Devonian angular unconformity
(Maksumova et al., 2001). On a large scale, it occupies the southern
part of two major terranes, namely the Kokchetav-North Tianshan
in the center and east, and the Karatau-Talas in the west (see
Figs. 1 and 2).

The Kokchetav-North Tianshan consists of Precambrian micro-
continental fragments, early Palaeozoic arcs and ophiolite-bearing su-
tures, as well as high-grade metamorphic domains including HP to UHP
rocks, all welded together prior to the Middle Ordovician (see Kroner
et al., 2012; Rojas-Agramonte et al., 2013, and references therein). In the
Middle to early Late Ordovician the Kokchetav-North Tianshan was dom-
inated by continental arc volcanism (De Grave et al., 2012; Degtyarev
et al,, 2012), followed by granitoid emplacement in the latest Ordovician
and early Silurian (Mikolaichuk et al., 1997; Maksumova et al., 2001;
Konopelko et al., 2008; Glorie et al,, 2010; Kroner et al.,, 2012; De Grave
etal, 2013).

The Karatau-Talas terrane (Fig. 2) consists of Neoproterozoic to early
Palaeozoic low grade greenschists and phyllites, unmetamorphosed
Neoproterozoic shallow marine and non-marine siliciclastic sediments
with subordinate felsic tuffs, and Cambrian to Middle Ordovician carbon-
ates (Cook et al., 1991; Maksumova et al., 2001; Meert et al., 2011). It may
either represent an independent microcontinent, wedged between the
Kokchetav-North Tianshan and the Middle Tianshan (Maksumova et al.,
2001), or constitutes the marginal part of the Middle Tianshan micro-
continent that was affected by deformation and intruded by granites in
the Late Ordovician during collision with the Kokchetav-North Tianshan
(Kroner et al.,, 2013 and references therein).

The Kyrgyz Middle Tianshan represents the southern part of the larg-
er Ishim-Middle Tianshan microcontinent that extends from the
Tianshan to the western part of northern Kazakhstan (Avdeev and
Kovalev, 1989; see Fig. 6 in Windley et al.,, 2007). It most likely consti-
tutes a single coherent continental block, about 2000 km long. The oldest
rocks are amphibolite-facies metasediments and orthogneisses of the
Kuilyu Complex in the Sarydjaz River basin in the far eastern part of
the Middle Tianshan (Fig. 1), that yielded Palaeoproterozoic zircon ages
of 2.3 to 1.7 Ga (Kiselev et al., 1982, 1993; Glorie et al., 2011; Kroner
et al., 2013). Neoproterozoic granites and felsic volcanic rocks are com-
mon within the entire Ishim-Middle Tianshan microcontinent from
eastern Kyrgyzstan to central Kazakhstan (Kiselev et al., 1993; Kroner
et al,, 2009; Glorie et al,, 2011; Kroner et al.,, 2013). The Precambrian
basement rocks are overlain unconformably by late Neoproterozoic
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Fig. 1. Overview map of the Tianshan mountain range showing major tectonic subdivisions. Abbreviated names: Continental arcs: Y — Yili, E — East Tianshan, H — Hissar, K — Beltau-Kurama,
B — Bogdoshan. Major faults: A — Atbashi — Enylchek, N — South Nalati, Q — Qavabulak. Dashed line is boundary between China and countries of the former Soviet Union.

Modified after Biske et al. (2012).
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Fig. 2. Geological map of the Tianshan within Kyrgyzstan, southern Kazakhstan and northwestern China showing tectonic subdivision and location of samples analyzed in this study and
discussed in the text. Sample numbers with asterisk are from Alexeiev et al. (2011), Glorie et al. (2011), Seltmann et al. (2011), Konopelko et al. (2012), Kroner et al. (2007, 2012,2013, in
press). Other samples — this study. Base map compiled from Chakabaev (1979), Osmonbetov (1980), Shayakubov (1998), and Li and Xu (2007).

rift-related subalkaline basalts and rhyolites, diamictites and shales,
cherts, carbonates and turbidites (Ankinovich, 1961; Osmonbetov et al.,
1982; Maksumova et al., 2001). A general feature of the Middle Tianshan
is a lack of early Palaeozoic granitoids and a weakly developed Late Ordo-
vician angular unconformity (Osmonbetov et al., 1982).

The South Tianshan is a late Palaeozoic accretionary and collisional
thrust-and-fold belt and consists mainly of middle to late Palaeozoic ma-
rine sedimentary rocks, subordinate ophiolites, and metamorphic rocks,
that are imbricated and stacked together along major mainly south-
facing thrusts, thus suggesting N-directed subduction during the accre-
tion—collision process (Biske, 1995, 1996; Biske et al., 2012). Recent
papers indicate an important phase of late Palaeozoic granitoid mag-
matism in the South Tianshan (Konopelko et al., 2007; Glorie et al.,
2011; Seltmann et al., 2011; De Grave et al,, 2012).

Our samples are distributed over a large area within the North and
Middle Tianshan, with few samples from the South Tianshan. Their loca-
tions are shown in Fig. 2 and Table 1 that also provide information on the
lithology and regional stratigraphy. Several samples from the Tianshan of
southern Kazakhstan, namely the Chu-Yili Mountains (Kroner et al.,
2007; Alexeiev et al,, 2011) and the Karatau Range (Levashova et al.,
2011) are also included in our age assessment.

3. Results

We undertook single zircon dating of detrital, magmatic and
xenocrystic grains, and in view of the different laboratories involved
the data are shown in separate tables (S1-S6) listed in a separate file
named “Supplementary material” and available from the Publisher on
request. We used the laser-ablation ICP-MS in laboratories of the Natu-
ral History Museum, London, UK (Table S1), the Dept. of Geosciences,
University of Mainz, Germany (Table S2), and the Department of Earth
Sciences, University of Hong Kong, China (Table S3). In addition, zircon
grains from several samples were dated on SHRIMP Il instruments in the
Beijing SHRIMP Centre, Chinese Academy of Sciences (Table S4), and the
Centre of Isotopic Research, VSEGEI, St. Petersburg, Russia (Table S5).
Selected grains from several samples were also analyzed for Hf-in-
zircon isotopes in the Institute of Geology and Geophysics, Chinese

Academy of Sciences, Beijing (Table S6), and a summary of the data is
shown in Fig. 3. The analytical procedures are summarized in the
Appendix A. The analyses were performed on mounts where the zircon
grains were approximately sectioned in half to expose their interiors,
and analytical spots were selected on the basis of cathodoluminescence
(CL) images. Precise dating of young zircon crystals (<1000 Ma) is best
achieved by using concordant 2°°Pb/238U-ages, whereas older grains are
more precisely dated using 2°’Pb/2%Pb ages. This is because old grains
with larger amounts of radiogenic Pb are more reliably assessed by
207ph,206ph ages. As the age decreases the amount of radiogenic lead
available for measurement also decreases, which results in higher errors
in the 207Pb/2°Pb age. Therefore, for younger grains, the 2°°Pb/2*8U age
is generally more precise but only provides reliable geological informa-
tion if the analysis is concordant (Sircombe, 1999; Black et al., 2003).

Most detrital zircon grains are mechanically rounded due to sedi-
mentary transport, and this may vary from only little abrasion at the py-
ramidal terminations to almost spherical grains (e.g., Fig. S2¢). Most
likely, the subrounded and near-euhedral grains experienced rather
short transport, and their source areas are not far from the depositional
sites. This is well documented in several samples where the ages reveal
only one zircon population. Samples with highly variable detrital zircon
morphologies and colors generally have more variable ages, reflecting
multiple zircon source areas. Extensively rounded grains often, but not
always, reveal the oldest ages. It is very difficult to specify the source
areas of most old grains because many may be derived from second or
third-cycle sediments, and the original source is now impossible to
identify. Therefore, the interpretation of some of the old ages remains
somewhat speculative.

On the basis of their age patterns, our samples can be divided into
two groups. One group consists of zircon populations with a rather uni-
form morphology and unimodal age distributions, whereas the other
group has highly diverse morphologies and ages. In view of the geolog-
ical entities encountered in the North and Middle Tianshan and their
field relationships it is likely that the first group reflects sediments inti-
mately associated with Palaeozoic island arc evolution. This is con-
firmed by some of the host sediments that are interlayered with arc
volcanic rocks. Sediments reflecting more variable zircon ages are
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Table 1
Summary of lithologies, locations and age ranges for magmatic, detrital and xenocrystic zircons in rocks of the Kyrgyz-Kazakh Tianshan.
Sample N. Lat. E. Long. Area, locality Formation Rock type Magmatic age ()  Method, Reference
no. (F.) Complex (stratigraphic or age range (Ma) laboratory
(C) position)
Kyrgyz North Tianshan and southern Kazakhstan
17 42°46.22' 72°04.36' West Kyrgyz Range, NW of Talas Makbal C. Eclogite 577-1375 SHRIMP II, VSEGEI  Konopelko et al. (2012)
18 42°46.20' 72°04.45' West Kyrgyz Range, NW of Talas Makbal C. Eclogite 505-1915 SHRIMP II, VSEGEI  Konopelko etal. (2012)
20 42°49.14' 71°56.4' West Kyrgyz Range, NW of Talas Kandjailyau C. Granitic gneiss 509-1479 SHRIMP I, VSEGEI  Konopelko etal. (2012)
29 42°46.19' 72°04.50'  West Kyrgyz Range, NW of Talas Makbal C. UHP schist 513-1843 SHRIMP I, VSEGEI  Konopelko et al. (2012)
KG18  41°53'31.8” 75°43’ North of Dolon Pass Karadjorgo F.  Sandstone 463-485 ICPMS, Mainz This study, Table S3
45.7"
KG32  41°55'24.6" 74°10' Susamyr Range, Kokomeren R. Unnamed Tuff layer (511) 1727-2445 SHRIMP II, Beijing  This study, Table S4
217
KG33  42°42'49.2" 75°37' East Kyrgyz Range, south of Orlovka Kemin C. Migmatitic paragneiss ~ 503-1263 SHRIMP 11, Beijing ~ Kroner et al. (2012)
01.2”
KG36  42°46'17.1" 75°57 West Trans-Yili Range, Kemin area ~ Kemin C. Migmatite (799) 1180 SHRIMP 11, Beijing ~ Kroner et al. (2012)
52.0"
KG37  42°48'12.1" 76°01’ West Trans-Yili Range, Kemin area  Dolpran C. Granite (472) 783 SHRIMP II, Beijing  Kroner et al. (2012)
32.8”
KG50b 42°15'07.1” 76°09 Tegerek Range SW of Issyk-Kul Karadjorgo F.  Tuff-sandstone (~493) ICPMS, London This study, Table S1
38.5"
KG54  42°16'20.7" 75°51’ East of Kochkorka Senkeltey C.  Quartzite (PR;) 1168-1615 ICPMS, HKU Kroner et al. (2012)
15.5"
KG63b  41°57'53.3" 75°26/ South Karakatty Range, N of Sonkul  Choloi F. Tuff-sandst. (485) 545-560 ICPMS, HKU This study, Table S2
347"
KG70  41°54'30.6” 74°16’ Susamyr Range, Kokomeren R. Turagain C. Granite (1129) 1563- SHRIMP 11, Beijing ~ Kroner et al.
17.9" 2001 (2013, in press)
KG71  41°54'30.6" 74°16' Susamyr Range, Kokomeren R. Turagain C. Biotite paragneiss 1164-1250 SHRIMP I], Beijing ~ Kroner et al.
17.9" (PR3) (2013, in press)
KG73  42°19'42.6" 73°49 Kyrgyz Range, Tyu-Ashuu Pass Unnamed Tuff-sandstone (465) 950-1900 ICPMS, London This study, Table S1
05.9”
KG74  42°33/38.2" 72°22' South Kyrgyz Range, east of Talas Ortotau C. Sandstone (PR;) 1170-2920 ICPMS, London This study, Table S1
10.5”
KG76  42°39'06.9” 72°05' South Kyrgyz Range, NW of Talas Makbal C. Quartzite 1810-3810 ICPMS, London This study, Table S1
52.4"
KG118 42°17'59.3" 78°29’ East Terskey Range, Karak\ol River =~ unnamed Cherty siltstone 1000-2800 ICPMS, London This study, Table S1
08.9”
Ki748  42,92917° 75,85897° Trans-Yili Range, west of Aktyuz Kemin C. Migmatitic paragneiss ~ 787-2460 SHRIMP 11, Beijing  This study, Table S4
Ki2682 41°45'22.8" 77°01’ Central Terskey Range, Burkhan R. unnamed Hbl. gneiss (494)-685 SHRIMP 11, Beijing  This study, Table S4
15.8”
Ki8287 42.1517° 76.26408° West Terskey Range Susamyr C. Monzodiorite (435) 478-1637 SHRIMP 11, Beijing  This study, Table S4
KZ26 - Chu-Yili Mts., Sulusai area Sulusai F. Siltstone (Cm) 2228-2425 Evaporation, Kroner et al. (2007)
Mainz
KZ23 - Chu-Yili Mts., Sulusai, Kopakty Djambul F. Sandstone (0;) (490) 2038-2782  Evaporation, Kroner et al. (2007)
River Mainz
KZ39 - Chu-Yili Mts., SW of Lake Balkhash ~ Kotnak C. Granodiorite (480) 548-2288 Evaporation, Kroner et al. (2007)
Mainz
Kz42 - Chu-Yili Mts., SW of Lake Balkhash ~ Unnamed Metadacite (478) 843 Evaporation, Kroner et al. (2007)
Mainz
P56/1  43°53'40.1" 75°27’ South Chu-Yili Mts., Anrakhai area ~ Unnamed Granodiorite (509) 927-1214  SHRIMP I], Beijing  Alexeiev et al. (2011)
46.6"
P56/7  43°53'36.5" 75°27’ South Chu-Yili Mts., Anrakhai area  Anrakhai C. Garnet-Musc.-schist 694-2557 ICPMS, HKU Alexeiev et al. (2011)
43.2"
Mik22  42°45'39.6" 76°23' North Kungey Range, Tuyuk R. Karakorum F.  Dacitic tuff (489) 833-1123  SHRIMP II, Beijing  This study, Table S4

30.7"

Middle Tianshan and Karatau-Talas terrane

KG19

KG20

KG21

KG87
KG93

KG97

KG104

KG106

KG107

KG109

KG110

41°41'37.9" 75°44'
14.9”

41°27'02.2" 76°17
57.3"

41°26'51.2" 76°17’
16.0”

42°25'00” 71°50'17"
41°40'48.7" 72°59’
59.7"

41°26'10.3" 71°13’
435"

41°27'38.1" 70°56'
17.3”

42°07'47.0" 71°33'
26.5"

42°08'07.8" 71°33'
12.5”

42°17'25.5" 71°34'
37.3"

42°18'38.0" 71°35'
30.5"

South Moldotau Range, Naryn area
Naryn River east of Naryn
Naryn River east of Naryn

Talas Range, Kumyshtag R.
Toktogul area, Karasu R.

South Chatkal Range, Kasansay
River

South Chatkal Range, Ishtamberdy
R.

South Talas Range, Karakysmak R.
South Talas Range, Karakysmak R.

Talas Range, Karabura River

Talas Range, Karabura River

Ichkebash F.
Djetymtau F.
Djetymtau F.

Sarydjon F.
Takhtalyk C.

Semizsai C.
Semizsai C.
Shorashu F.
Shorashu F.
Karabura F.

Kyzylbel F.?

Sandstone (0s)
Dacite clast
Sandstone (PR3)

Sandstone
Paragneiss

Chlorite-Albite-schist
Biotite-Musc.-schist
Granite clast
Sandstone (PR3)
Sandstone

Sandstone

758-2355
(836) 2340
629-2345

873-2600
695-1900

(~460)

(460) 510-3000
1804-1927
1800-2880
860-2770

820-2700

ICPMS, Mainz
SHRIMP I, Beijing
ICPMS, Mainz

ICPMS, HKU
ICPMS, London

ICPMS, London
ICPMS, London
SHRIMP 11, Beijing
ICPMS, London
ICPMS, London

ICPMS, London

This study, Table S3
This study, Table S4
This study, Table S3

This study, Table S2
This study, Table S1

This study, Table S1
This study, Table S1
This study, Table S4
This study, Table S1
This study, Table S1

This study, Table S1
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Sample N. Lat. E. Long. Area, locality Formation Rock type Magmatic age ()  Method, Reference
no. (F.) Complex (stratigraphic or age range (Ma) laboratory
()] position)
Middle Tianshan and Karatau-Talas terrane
K409 42°15'50” 71°42'27"  Talas Range, Kumyshtag River Kyzylbel E.? Sandstone 661-2995 SHRIMP 11, VSEGEI  This study, Table S5
K412 42°25'36"” 71°34’27"  Talas Range, Karabura River Tagyrtau F. Sandstone 757-2544 SHRIMP I, VSEGEI  This study, Table S5
AI29 41°42'53"7 78°09'49”  Akshiyryak Range, Karasai valley Sarydjaz C. Migmatite (806) 1400-2324  ICPMS, Ghent Glorie et al. (2011)
Al31 41°44'12" 78°03'59”  Djetymbel Range, Arabel Pass Great Naryn F.  Felsic tuff (842) ~2060 ICPMS, Ghent Glorie et al. (2011)
AlG2 ~41°01" 75°34’ North Atbashi Range, Kazybek village Kembel C. Schist (PZ;?) 788-2441 ICPMS, Ghent Glorie et al. (2011)
217001 41.4647° 77.4411° East Naryntau Range Ulan pluton  Granite (303) 998 SHRIMP II, VSEGEI ~ Seltmann et al. (2011)
South Tianshan
KG25 - North Atbashi Range, Kembel River  Atbashi C. Paragneiss (PZ;) 830-2527 SHRIMP 11, Beijing  Hegner et al. (2010)
KG25 - North Atbashi Range, Kembel River  Atbashi C. Paragneiss (PZ,) 427-2774 ICPMS, Mainz Hegner et al. (2010)
KG25 North Atbashi Range, Kembel River  Atbashi C. Paragneiss (PZ;) 403-2645 ICPMS Mainz This study, Table S3
KG27 - North Atbashi Range, Kembel River  Atbashi C. Paragneiss (PZ)/12 403-932 ICPMS, Mainz This study, Table S3
KG29  40°52'49.1” 75°16' North Atbashi Range, Tashrabat River ~Atbashi C. Paragneiss (PZ;)/25 329-2620 ICPMS, Mainz This study, Table S3
04.0”
Ki2236 41°44'20,8” 79°08’ East Kokshaal Range, Sarydjaz area  Choloktor C.  Micaschist (PZ,)/60 600-3450 ICPMS, London This study, Table S1
30,6”

most likely derived from Precambrian sources, either from continental
fragments that abound in the Tianshan (e.g., Kroner et al,, 2012, 2013,
in press) or elsewhere in the CAOB (Kozakov et al, 2007; Rojas-
Agramonte et al,, 2011; Rytsk et al,, 2011) or from cratonic domains
such as Tarim (Kroner et al., 2012; Ma et al., 2012a,b; Kroner et al.,
2013) that supplied detritus into the Palaeo-Asian Ocean. However,
some samples providing Palaeozoic as well as Precambrian ages most
likely have a mixed origin and are partly derived from arc terranes
and partly from continental protoliths.

We first present the results for individual samples by region and dis-
cuss the relevance of the detrital and xenocrystic zircon ages for the or-
igin of these rocks. In several cases we also discuss published data for
similar rocks or associations as our samples. Concordia diagrams of
the dated samples, including representative CL-images of dated zircon
grains, are shown in the Supplementary material that is available from
the publisher on request. The diagrams showing LA-ICP-MS data are
allincluded in Fig. S1, whereas the SHRIMP data of the Beijing laboratory
are shown in Fig. S2 and those of the VSEGEI laboratory in Fig. S3. Hf-in-
zircon isotopic data are shown in the Hf evolution diagrams of Fig. S3.
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Fig. 3. Composite Hf evolution diagram for detrital zircons of the Kyrgyz North Tianshan.
For details on individual samples see Table S6. The solid red line is the depleted mantle
evolution line after Griffin et al. (2000). The two dashed lines indicate the evolution of
the '7SLu/'77Hf ratios for the youngest and oldest zircons measured, respectively. The
slopes are based on a mean crustal 7®Lu/!"’Hf ratio of 0.01 (see Kréner et al,, in press)
for explanation. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

We have combined our data, together with published zircon ages, into
general age spectra (probability plots) for the Kyrgyz Tianshan and
compare these with similar plots for data available for the Chinese Cen-
tral Tianshan (including Yili Block) and the Tarim craton. These spectra
are shown in Fig. 4. The data for these plots are based on Excel spread-
sheets that are available as Supplementary files in Tables S7-S9. Finally,
we speculate on the significance of the age patterns for the evolution of
the CAOB.

3.1. Kyrgyz North Tianshan

Our study in the North Tianshan and adjacent southern Kazakhstan
included a variety of rock types that we grouped in the following man-
ner: a) Mesoproterozoic metasediments that represent a sedimentary
cover of the Palaeoproterozoic basement of the North Tianshan
microcontinent, b) Proterozoic and early Palaeozoic meta-sedimentary
rocks within Early Ordovician medium- and high-grade metamorphic
complexes, c) early Palaeozoic arc-related sequences, d) Xenocrystic
zircon grains and old cores in Mesoproterozoic and Palaeozoic rocks of
magmatic origin.

3.1.1. Mesoproterozoic metasediments

Mesoproterozoic metasediments represent the oldest proven rocks
in the North Tianshan and have been interpreted as a sedimentary
cover of the Palaeoproterozoic North Tianshan microcontinent
(Mitrofanov, 1982; Ghes, 2008). They consist of marble, biotite schist
and subordinate metasandstone and are mainly exposed in the Talas
and Kochkorka areas and were included in the Ortotau and Senkeltey
Complexes, respectively. The sequences also include Mesoproterozoic
stromatolites and are cut by ~1.1 Ga old granites (Kroner et al., 2013,
in press and references therein).

Sample KG74 is a mature sandstone collected from the Ortotau Com-
plex in the western North Tianshan, some 10 km east of Talas (Table 1,
Fig. 2). The zircon grains are well rounded, most are oval-shaped to
spherical and display well-preserved oscillatory zoning (Fig. S1k,
inset). The morphology suggests long or repeated sedimentary trans-
port, a typical feature of many Precambrian detrital grains, and this is
confirmed by the isotopic data. Forty-eight grains were analyzed and
provided mostly concordant results (Table S1) with ages ranging from
ca. 1170 to 2920 Ma (Fig. S1k). There are only a few grains with
Mesoproterozoic ages up to ca. 1500 Ma, and most analyses are spread
along the Concordia curve between 1700 and 2100 Ma (Fig. S1k). Ar-
chaean ages constitute a distinct group and range from 2500 to
2920 Ma. The previously assumed Precambrian depositional age is sup-
ported by the above zircon age distribution, suggesting deposition at
less than 1170 Ma.
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Fig. 4. Probability plots of zircon ages >600 Ma for rocks from the Kyrgyz and southern Kazakh North Tianshan, the Kyrgyz Middle Tianshan, the Chinese Centrial & South Tianshan, Yili
Block, and the Tarim craton. (a) Time period 500-1800 Ma; (b) time period 1500-4000 Ma. Inset in Fig. 4b shows detrital zircon ages for sample Ki2236, time period 1500-4000 Ma. For

data and references see Tables S1-S5 and S7-S9.

Ages for samples from the same suite were previously reported by
Kroner et al. (2013, in press) and include a quartzite from the Senkeltey
Complex near Kochkorka (KG54) and a biotite paragneiss xenolith from
a Mesoproterozoic granite on the Kékémeren River (KG71). Both sam-
ples contain numerous detrital zircon grains with most analyses spread
along Concordia from 1168 to 1615 Ma in KG54 and 1164 to 1250 in
KG71 (see Kroner et al., 2013 for details).

3.1.2. Proterozoic and early Palaeozoic metasediments within Ordovician
metamorphic complexes

Proterozoic and early Palaeozoic metasediments within Ordovician
metamorphic complexes are known from the Makbal and Aktyuz
areas of the North Tianshan and the Anrakhai area of southern
Kazakhstan. In the older literature these rocks were assumed to be

Archaean to Palaeoproterozoic in age (Bakirov and Maksumova,
2001). However Neoproterozoic and early Palaeozoic ages have recently
been obtained for most rock types by single zircon dating. The rocks
underwent medium- to high-grade metamorphism in an accretionary
and collisional setting during the early Ordovician at ~490-475 Ma
(Alexeiev et al., 2011; Konopelko et al., 2012; Kroner et al., 2012;
Rojas-Agramonte et al., in press).

Sample KG76 is from the southern part of the Makbal metamorphic
terrane in the western North Tianshan and represents a micaceous
quartzite that occurs as a tectonic boudin in a strongly deformed se-
quence of schists of uncertain age (Fig. 2). The block may be derived
from the Makbal unit that is exposed in the core of an antiform to the
north where similar rocks occur (Bakirov, 1978; Konopelko et al.,
2012 and references therein). The zircon grains are perfectly rounded
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Fig. 4 (continued).

and have oval to spherical shapes and highly variable CL images
(Fig. S1l, inset). Seventy-two grains were analyzed and provided an
array of concordant or near-concordant data corresponding to ages be-
tween ca. 1730 and 3780 Ma (Table 2, Fig. S11). Most ages straddle the
Concordia curve with a strong grouping between 1900 and 2000 Ma
and almost continuously older ages up to 2900 Ma (Fig. S11). Then
there is a short break and another, smaller, group is defined by ages be-
tween 2980 and 3300 Ma. Finally, one single, spherical grain yielded the
oldest age yet reported for any rock from the Tianshan, namely 3770 Ma
(Table 2, Fig. S11). This age distribution suggests that this sample was
deposited in the Precambrian, and the zircon grains reflect a diverse
source area composed of Palaeoproterozoic to early Archaean rocks.
The most likely source is the Tarim craton as we shall discuss below. De-
trital zircon ages ranging from 598 to 1875 Ma were also reported in the
same area from a metasedimentary UHP garnet-talk-chloritoid schist
(Konopelko et al., 2012).

Two samples were collected from the Kemin Complex in the Aktyuz
area, previously considered to be Palaeoproterozoic in age (Kiselev
et al.,, 1993). Sample Ki748 is from a feldspar-rich layer in a migmatitic
paragneiss collected at the western termination of the Trans-Yili Range,
some 23 km west of Aktyuz (Table 1, Fig. 2). The zircon crystals are
mainly oblong to oval-shaped and display variable degrees of rounding.
The CL images reveal simple as well as complex internal textures, in-
cluding metamictization and recrystallization. Some grains have ex-
tremely thin high luminescence (low-U) rims, probably reflecting
metamorphic overgrowth. Nine grains were dated on SHRIMP II, and
the concordant ages range from 787 + 10 to 1380 4+ 9 Ma, whereas
one discordant analysis suggests an early Palaeoproterozoic age of
2460 £ 5 Ma (Table 3, Fig. S2c). The limited data are not sufficient to
assess the likely depositional age of the gneiss protolith, which must
be Neoproterozoic or younger, but a chronologically mixed Precambri-
an source is indicated.
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Sample KG33 is a migmatitic paragneiss of presumed Precambrian
age, collected south of Orlovka at the eastern termination of the Kyrgyz
Range (Table 1, Fig. 2), and the field relationships and zircon geochro-
nology have been described by Kroner et al. (2012). Seven concordant
grains dated on SHRIMP II are certainly not representative of the detrital
population, but the youngest zircon at 503 + 8 Ma shows this rock to
be younger than middle Cambrian and not Proterozoic. The older grains
from 773 4 6 to 1263 £ 10 Ma are in the same range as previous
samples.

Finally, sample P56-7 is a garnet mica-schist collected from a HP
metamorphic unit in the Anrakhai area of the southern Chu-Yili Moun-
tains in Kazakhstan, and the geology and detrital zircon ages were
presented by Alexeiev et al. (2011). The rock contains well-rounded de-
trital grains, and 16 SHRIMP-dated grains yielded concordant ages rang-
ing from 694 + 7 to 2557 4 27 Ma.

3.1.3. Arc-related volcano-sedimentary sequences

Arc-related volcano-sedimentary sequences are extensively devel-
oped in the North Tianshan, and palaeontological and isotopic data indi-
cate that they range in age from Neoproterozoic(?) and Cambrian to
Late Ordovician (Mikolaichuk et al.,, 1997; Kroner et al., 2012), though
many formations remain poorly dated.

The oldest presumably arc-related rock was dated SE of Lake Issyk-
Kul. Sample KG118 is a thinly laminated cherty siltstone from an
unnamed sequence and was collected on the Terskey Range along the
Karakol River (Table 1, Fig. 2). The zircon crystals are mostly equant
and well rounded and display variable textures in CL with some reveal-
ing core-rim structures (Fig. S1t, inset). Thirty-six grains were dated
(Table 2), and the concordant results reflect a chronologically extremely
heterogeneous source with ages ranging from just over 1000 to 2800 Ma
(Fig. S1t). Here again a Neoproterozoic age of deposition is likely, and the
source terrane ranges in age from Mesoproterozoic to Archaean.

Early Cambrian volcanic rocks, exposed on the Kokomeren River in
the Susamyr Range, contain green laminated tuff (sample KG32,
Table 1, Fig. 2) that forms interlayers in light-colored shallow-marine
limestone. The sample contains magmatic zircon grains, dated on
SHRIMP, with a mean 2%°Pb/?*8U age of 511 & 4 Ma as well as much
older xenocrystic or detrital grains with Paleoproterozoic ages of 1727
and 2445 Ma (Table 2, Fig. S2b). The 511 age corresponds well with zir-
con ages for granites in the same region (Glorie et al., 2010).

Two samples of arc-related rocks from the Karadjorgo Formation
were dated, one from the northern slope of Dolon Pass (KG18) and an-
other from the Tegerek Range southwest of Lake Issyk-Kul (KG50b). The
age of this formation is well constrained within late Cambrian to early
Floian (Early Ordovician) in the Dolon area by conodonts occurring in
chert interlayers (Mikolaichuk et al., 1997 and references therein). In
other places the age of the rocks which are conditionally related to the
same formation is unknown due to the lack of fossils, and possible cor-
relation is therefore ambiguous.

Sample KG18 is an arc-derived turbiditic sandstone collected north
of the Dolon Pass (Table 1, Fig. 2). The zircon crystals are variably
long- or short-prismatic, clear, euhedral or very little rounded at their
pyramidal terminations and most grains reveal excellent oscillatory
zoning (Fig. S1a, inset). The similarity on their CL-images clearly show
these grains to belong to a single magmatic population, and this is also
confirmed by the isotopic data (Table S2), defining a well grouped pat-
tern reflecting 24 analyses in the Concordia diagram and a Concordia
age of 475.2 + 1.4 Ma (Fig. S1a). We interpret this age to reflect arc
magmatism in the early Floian (early Ordovician).

Sample KG50b is a green tuff-sandstone interlayered with
metavolcanic rocks on the northern slope of the Tegerek Range SW of
Lake Issyk-Kul (Table 1, Fig. 2). The zircon crystals are clear, perfectly
euhedral and display excellent oscillatory zoning (Fig. S1g, inset), show-
ing them to belong to one genetic population. Thirty-five zircon grains
were analyzed (Table 2) and provided a well-grouped set of isotopic ra-
tios with a mean Concordia age of 492.6 + 1.6 Ma (Fig. S1g). There is

no doubt that these grains are derived from a late Cambrian magmatic
sequence and thus date arc volcanic activity in this region. This is sup-
ported by Cambrian crystallization ages for dolerites from Dolon Pass
(Glorie et al, 2010), suggesting that arc magmatism began in the
Cambrian.

Sample KG63B is a medium-grained tuff-sandstone of the Choloi
Formation (Lomize et al., 1997; Mikolaichuk et al., 1997 and references
therein) and was collected on the southern slope of the Karakatta Range
north of Sonkul (Table 1, Fig. 2). The zircon crystals are mostly euhedral
with few showing slight rounding at their terminations, and the CL im-
ages are distinctly more variable in their internal textures than in the
samples of Section 3.1 (Fig. S1i, inset). Twenty-one grains were ana-
lyzed (Table S3) and provided an array of concordant data with a cluster
at485 Ma and older ages extending to ca. 560 Ma (Fig. S1i). We suggest
that the youngest cluster represents arc-derived zircon grains reflecting
early Ordovician volcanic activity at Karakatta Range, whereas slightly
older grains with overlapping ages may reflect earlier volcanic activity
during the same volcanic event. The two oldest grains at ca. 545 and
560 Ma are probably derived from a slightly older late Neoproterozoic
source such as the eastern part of the Kyrgyz Terskey zone where arc-
related volcanic rocks with such ages have been inferred from
palaeontological evidence (Mikolaichuk et al., 1997). These data are
also comparable with ages of 503-454 Ma from north of Lake Song-
kul by De Grave et al. (2011).

The Karadjorgo and Choloi Formations occur within the same belt
and are lithologically similar. The difference is that the former contains
more lava flows, whereas the latter is more tuffaceous. The Choloi suite
was supposed to be younger than the Karadjorgo sequence (Middle Or-
dovician), based on preliminary fossil evidence, but many researchers
considered them as possible analogs. Our dating of samples KG18,
KG50b and KG63B indicate that the two formations are coeval and
were apparently deposited within the same arc terrane.

A similar Early Ordovician age was obtained for dacitic tuff sample
Mik 22 collected from the Karakorum Formation on the Tuyuk River in
the Kungey Range. SHRIMP II dating of 4 idiomorphic, magmatic grains
from this rock, presumed to be Neoproterozoic in age (Osmonbetov,
1980) yielded a mean 2°°Pb/238U age 0f 488.6 4+ 2.1 Ma, whereas sever-
al slightly rounded, presumably detrital grains have ages of 833 + 4,
860 £ 4 and 1123 £ 5 Ma (Table S4, Fig. S2f).

Essentially the same age was determined for sample Ki-2682 — a
hornblende gneiss from the Burkhan River in the central Terskey
Range that was previously correlated with the Mesoproterozoic
Sarytor Complex (Kiselev et al., 1993). Numerous magmatic grains in-
dicate that the protolith of the gneiss most likely was an igneous rock.
SHRIMP II dating of 4 idiomorphic grains yielded a mean early Ordovi-
cian 2%Pb/238U age of 493.5 + 3.7, and one discordant grain has a
latest Neoproterozoic minimum age of 685 + 29 Ma (Table S4,
Fig. S2d).

Sample KG73 is a fine-grained tuff-sandstone of unknown strati-
graphic position that was collected on the southern slope of the Kyrgyz
Range near Tyu-Ashuu Pass (Fig. 2), close to the entrance of the tunnel.
The zircon grains are highly variable in their morphology and CL images,
ranging from near-euhedral grains to well rounded oval to spherical va-
rieties (Fig. S1j, inset). Forty-eight grains were analyzed and yielded
three distinct age groups. The youngest and most distinct group defines
a concordant cluster at about 465 Ma, and we interpret this to reflect
arc-related magmatic activity in the Middle Ordovician. The second
group of ages ranges from ca. 950 Ma to 1175 Ma and covers the time
range generally known as Grenvillian. Such ages were reported by
Kroner et al. (2013) from several basement terranes in the North
Tianshan. The third age group ranges from ca. 1650-1900 Ma and re-
flects derivation of these grains from a late Palaeoproterozoic source.

Additionally, zircon grains from two sediments were analyzed by
Kroner et al. (2007) from the Sulusai area on the SW slope of the
Chu-Yili Mountains in southern Kazakhstan. These occur in the Djalair
Naiman ophiolite belt that extends to the Trans-Yili Range in the
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northern Tianshan (Avdeev and Kovalev, 1989; Kroner et al., 2007, and
references therein). Sample KZ26 is a siltstone of the Cambrian Sulusai
formation and KZ 23 is a turbidite sandstone of the latest Cambrian to
Tremadocian Djambul Formation which rest on the lower Cambrian
ophiolite. The youngest zircon in KG23 was dated at 489.6 4+ 1 Ma
and indicates derivation from an Early Ordovician arc source. Most
grains in both samples are Palaeoproterozoic to Archaean, ranging in
age from 2037 to 2782 Ma (see Kroner et al., 2007 for details and analyt-
ical data).

3.1.4. Magmatic rocks

Several magmatic rocks in the North Tianshan and adjacent south-
ern Kazakhstan contain zircon xenocryst and old cores that carry a re-
cord of an older geological history. These were reported in Kroner
et al. (2012, 2013, in press) and signify the existence of a Precambrian
basement at depth. Numerous zircon grains with ages of 525, 828,
1637 Ma were found in monzodiorite sample Ki8287 from the western
Terskey Range that yielded a Silurian emplacement age of 434.6 +
4.8 Ma (Table S4, Fig. S2e), and ca. 1563 and 2001 Ma zircon xenocrysts
occur in Mesoproterozoic granite sample KG70 on the Kokomeren River
(Kréner et al,, 2013, in press). In the Aktyuz area zircon xenocrysts were
dated at 1180 Ma in a Neoproterozoic migmatite of the Kemin Complex
(KG36) and at 783 Ma in an Early Ordovician granodiorite of the
Dolpran pluton (KG37) (Kroner et al., 2012). Zircon grains in eclogites
of the Makbal metamorphic complex in the western Kyrgyz Range
have older cores with ages ranging from 665 to 1268 Ma, and one
xenocryst from a Cambrian granodioritic gneiss in the same area yielded
a Palaeoproterozoic age of 1443 Ma (Konopelko et al., 2012). In the
Anrakhai area of southern Kazakhstan two xenocrysts with ages of
927 and 1214 Ma were dated in late Cambrian granodiorite sample
P56/1 (Alexeiev et al, 2011). Finally, several zircon xenocrysts with
ages ranging from 548 to 2288 Ma were found by Kréner et al. (2007)
in an Early Ordovician arc-related granodiorite and a coeval metadacite
from the Chiganak area southwest of Lake Balkhash.

3.2. The Middle Tianshan and Karatau-Talas terrane

The Middle Tianshan and Karatau-Talas terrane contain similar
Neoproterozoic and early Palaeozoic sedimentary sequences with affini-
ties to those in the Tarim basin but distinctly different from the North
Tianshan. These sequences may be related to the Ishim-Middle Tianshan
microcontinent (Windley et al., 2007). The samples from these terranes,
include a) Neoproterozoic diamictites; b) Neoproterozoic and early
Palaeozoic clastic deposits; ¢) Palaeozoic metamorphic rocks; d) Ordovi-
cian arc-related rocks, and e) Neoproterozoic granitoids.

3.2.1. Neoproterozoic diamictites

Neoproterozoic (Vendian in the Russian literature) diamictites were
studied at two localities, namely west of Naryn and in the Chatkal area
on the southern slope of the Talas Range. In both cases two samples
were collected, one from the diamictite matrix and one from a large
clast. Samples KG106 and KG107 are from the Shorashu Formation
(Osmonbetov et al., 1982) and are exposed on the Karakysmak River
draining the southern Talas Range (Table 1, Fig. 2). The section consists
of green sandstone (KG107), siltstone, and shale with locally preserved
grading and cross-bedding. It also includes turbidites with well defined
Bouma sequences and massive interlayers of cobble conglomerate that
contains rounded as well as angular granitoid clasts (sample KG106)
and other lithologies, and these rocks were interpreted as diamictite
(Mitrofanov, 1982; Korolev and Maksumova, 1984). The Shorashu For-
mation rests on the Beshtor granite (dated at 893 + 3 Ma, Kroner et al.,
unpubl. data) with a basal conglomerate and changes up-section into
shale and chert containing Cambrian and Lower Ordovician fossils
(Osmonbetov et al., 1982). These relationships as well as correlation
with the more precisely dated diamictite in the Naryn area (sample

KG21) constrain the depositional age of the rocks as latest
Neoproterozoic.

The zircon grains from granite clast KG106 are either near-spherical
with typical metamorphic textures in CL images or have well rounded,
oval shapes with oscillatory zoning. Only three grains were dated on
SHRIMP I, and two of the apparently metamorphic grains have a
mean 2°/Pb/?°°Pb age of 1804 + 2 Ma, whereas the magmatic grain
yielded an age of 1927 + 20 Ma (Table S4, diagram not shown). All
we can conclude from these data is that the clast was most probably de-
rived from a Palaeoproterozoic source.

The zircon grains of sample KG107 have strongly variable morphol-
ogies, ranging from a few long-prismatic, near idiomorphic grains to
well rounded and spherical-shaped varieties, and the CL images also re-
veal great diversity (Fig. S1q, inset). Thirty-six grains were dated
(Table S1), and the data define two distinct and concordant to near-
concordant groups. The younger group includes analyses continuously
spread along Concordia between ca. 1800 and 1960 Ma and thus
seems to characterize a distinct late Palaeoproterozoic source that is
also reflected by one zircon in sample KG106, whereas the older group
consists of individual analyses with ages from 2120 to 2880 Ma
(Table S1, Fig. S1q) and may thus signify a different source. It would ap-
pear that the glacial material exclusively sampled Palaeoproterozoic to
Archaean crust.

Sample KG21 represents the clastic matrix of a late Neoproterozoic
diamictite of the Djetymtau Formation, exposed on the southern side
of the Naryn River east of Naryn town. The glacial sequence is correlated
with the Baykonur Formation of central Kazakhstan as well as with many
other diamictite occurrences in Kazakhstan and Kyrgyzstan (Korolev and
Maksumova, 1984; Chumakov, 2009). The rock contains variably sized
clasts of mixed composition and up to 50 cm in diameter, and we ana-
lyzed zircon grains from an undeformed dacite clast reported below.
The grains in sample KG21 are poorly to well rounded and highly vari-
able in their CLimages (Fig. S1c, inset), and the ages for 24 grains are con-
cordant or near-concordant and range in age between 629 + 8 and
2345 4+ 20 Ma (Table S2, Fig. S1c). The youngest zircon age suggests
that the diamictite formed during the global Marinoan glaciation
(Shields, 2008), but Xu et al. (2009) determined an age of 615 + 6 Ma
for a volcanic bed interlayered with the Quruqtagh diamictites on the
margin of the Tarim craton in NW China that, because of its similar age,
may be equivalent to the Kyrgyz glacial rocks. Therefore, the glaciation
in the Tianshan may be post-Marinoan (Xiao et al., 2004). Most detrital
zircon ages in sample KG21 are in the range of 1750-2350 Ma and sug-
gest a predominantly Palaeoproterozoic source for the diamictite matrix.

Nine zircons from dacite clast sample KG20, collected close to the
matrix locality, were analyzed on SHRIMP II (Table S4). The zircon crys-
tals are mostly euhedral and exhibit a fine to stripy oscillatory zoning,
typical of felsic igneous rocks (Fig. S2a, inset). Five euhedral grains
yielded a concordant 2°°Pb/238U age of 836 + 4 Ma (Fig. S2a) that we
interpret to reflect the time of felsic volcanism in the diamictite source
area. One grain is concordant at 2340 £+ 9 Ma and is a xenocryst
(Fig. S1a) suggesting that the felsic volcanic rock may be a crustal
melt from a Palaeoproterozoic source, similar to that reflected by the
old detrital grains in the diamictite matrix. Surprisingly, three euhedral
grains, morphologically indistinguishable from those of the 836 Ma
generation, have a concordant mean age of 322 4+ 3 Ma (Table S4,
Fig. S2a) that is difficult to explain in view of the fact that the clast is
undeformed, and the matrix only has a weak schistosity and reflects
lower greenschist-facies metamorphism. There is no evidence for Car-
boniferous magmatism in the immediate area, but the age agrees with
high-grade metamorphism in the suture zone separating the Middle
and South Tianshan in Kyrgyzstan (Hegner et al., 2010). Also, Glorie
et al. (2011) recorded early Permian magmatism in the same area and
at other locations along the suture zone (Inylchek region), late Carbon-
iferous ages were obtained by Glorie et al. (2011) and Konopelko et al.
(2007, 2009). Therefore, we do not exclude the possibility that our
322 Ma zircon grains are of magmatic origin and have grown during
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thermal overprinting. Our zircon separating technique involving pan-
ning makes it unlikely that the young grains are due to sample
contamination.

3.2.2. Neoproterozoic and Palaeozoic clastic deposits

Neoproterozoic and Palaeozoic clastic deposits were studied in the
Talas Range and in the Naryn area. Several samples were collected
from thick sequences of slope turbidites of uncertain stratigraphic posi-
tion (so-called Talas flysch), addressing the question about the prove-
nance and stratigraphic age of this distinct unit.

Sample KG87 was collected from the northern slope of the Talas
Range at the Kumyshtag River. These rocks were named, by different
authors, either as Sarydjon Formation, presumably Neoproterozoic in
age (Osmonbetov, 1980) or Tagyrtau Formation, provisionally assigned
to the Cambrian and lower Ordovician (Tursungaziev and Petrov, 2008).
Only 10 grains could be dated from this sample because of poor zircon
yield, and the grains vary in shape between near-idiomorphic to well
rounded and show good oscillatory zoning (Fig. S1m, inset). The concor-
dant ages vary between 821 Ma for an almost euhedral grain and
2509 Ma for a well-rounded zircon (Table S1).

Two samples were collected on the Karabura River, on the north-
ern side of Karabura Pass. Sample KG109 is a greenish sandstone,
taken from a monotonous sequence of sandstone-siltstone-shale
known as Uzunakhmat Formation, presumably late Proterozoic in
age (Osmonbetov, 1980) (Table 1, Fig. 2). The zircon grains are ex-
tremely variable in their shapes and CL images, and near-idiomorphic
as well as well rounded varieties occur, with most grains preserving
good oscillatory zoning (Fig. S1r, inset). Forty-seven grains were ana-
lyzed (Table S1), and the concordant ages again exhibit two distinct
groups. The younger group defines a near-unimodal distribution with
an early Neoproterozoic age of ca. 860 Ma, whereas the older group
consists of 7 grains with ages between ca. 1970 and 2770 Ma
(Fig. S1r). These data seem to confirm a Neoproterozoic age of deposi-
tion <820 Ma and a predominantly early Neoproterozoic source with
some input from an older terrane.

Sample KG110 is a brown, medium-grained sandstone of uncertain
age that is assigned, by different authors, to either the Neoproterozoic
Kyzylbel Formation (Osmonbetov, 1980) or the Late Ordovician
Chukurchak Formation (Tursungaziev and Petrov, 2008); however,
both ages are not proven. The grains are very similar to those in sample
KG109, namely highly variable in morphology and CL images (Fig. S1s,
inset). 48 grains were analyzed (Table S1), and the concordant data are
remarkably similar to the age distribution in KG109. The dominant and
unimodal group is represented by an age of ca. 820 Ma with three grains
somewhat older at 950, 1120 and 1200 Ma, whereas the older group
covers a large range between ca. 1800 and 2700 Ma (Fig. S1s). Judging
from these ages, deposition in the Neoproterozoic seems indicated, but
a younger age is not excluded, with a dominant source similar to that
of KG109, and the older grains are derived from a Palaeoproterozoic to
Archaean terrane.

Sample K 409 is a coarse-grained lithic sandstone with stratigraphic
setting likely close to that of sample KG 110. According to different au-
thors it relates to the Neoproterozoic Kyzylbel Formation (Osmonbetov,
1980), Late Ordovician Chukurchak Formation (Tursungaziev and
Petrov, 2008), or early Paleozoic Postunbulak Formation (Voitenko
and Khudoley, 2012). The thick sandstone unit, sampled for detrital
zircon study, contains coarse-grained sandstone and small-pebble con-
glomerate interbeds pointing to a local provenance. The zircon crystals
vary in shape between near-idiomorphic, long-prismatic grains and
rounded, oval-shaped varieties. Most show well-preserved oscillatory
zoning, but metamorphic grains and zircon grains with metamict inte-
riors are also present. 24 grains were analyzed on SHRIMP Il and provid-
ed concordant or near-concordant data with ages ranging from 559 +
18 to 2995 + 10 Ma (Table S5, Fig. S1u). Two zircon populations with
ages of ca. 800-850 Ma and 1950-2500 Ma were identified. The

younger population is represented by grains with well-preserved crys-
tal shapes whereas older grains are typically well-rounded.

Sample K-412 is a lithic sandstone from the lowermost unit of the suc-
cession that is attributed to the Tagyrtau Formation and was provisionally
considered to be Neoproterozoic (Osmonbetov, 1980; Voitenko and
Khudoley, 2012), or Late Cambrian-Early Ordovician (Tursungaziev and
Petrov, 2008) in age. The zircon morphology and age distribution are
very similar to those in sample K-409. The zircon crystals vary in shape
between near-idiomorphic, long-prismatic grains and rounded, oval-
shaped varieties. Most show well-preserved oscillatory zoning, but meta-
morphic grains and zircons with metamict interiors are also present. 32
grains were analyzed on SHRIMP II, and the data define two clusters
(ca. 750-1000 Ma and ca. 1950-2650 Ma) with the youngest age at
757 4 23 and the oldest at 2644 + 27 Ma (Table S5, Fig. S1v).

Khudoley and Semiletkin (2008) suggested on the basis of whole-
rock Nd isotopic data for the above samples as well as their trace ele-
ment patterns that the above zircon grains are derived from a large
block including old continental upper crust. The most likely source, in
our view, is the Ishim-Middle Tianshan microcontinent that extends
from the Tianshan to the western part of northern Kazakhstan
(Avdeev and Kovalev, 1989; Windley et al., 2007; Kroner et al., 2013)
and whose southern part is shown in Fig. 1.

Meert et al. (2011) dated igneous and detrital grains from
Neoproterozoic tuff and tuff-sandstone of the Kurgan Formation in
the northern part of the Karatau-Talas terrane, within the Lesser
Karatau Range of southern Kazakhstan. They obtained Concordia ages
of 766 £ 7 and 831 £ 15 Ma for idiomorphic zircon grains from two
tuff horizons, whereas tuff-sandstone yielded detrital grains ranging
in age from 2032 to 2816 Ma which these authors interpreted to be de-
rived from Lesser Karatau basement rocks. However, the oldest exposed
basement in this area is Meso-(?) and Neoproterozoic in age (Abdulin
et al., 1986), and other source areas should therefore be considered.

Sample KG19 is a sandstone of the Ichkebash Formation, collected in
the Naryn area from the southern slope of the Moldotau Range (Table 1,
Fig. 2). These rocks contain Upper Ordovician trilobites and graptolites
(mainly Sandbian and Katian stages, Neievin et al., 2011). The zircon
population is highly variable in morphology with most grains distinctly
rounded and some even spherical in shape. Likewise, the CL images are
highly variable, and some grains display good oscillatory zoning where-
as others show complicated patterns including partial recrystallization
and partial metamictization (Fig. S1b, inset). Twenty-four zircon grains
were analyzed and provided concordant ages ranging between 758 and
2355 Ma (Table 2, Fig. S1b). This age range is also reflected by gneissic
rocks in the Kyrgyz Tianshan (Kiselev and Korolev, 1972; Kiselev et al.,
1993; Kiselev, 1999; Kroner et al, 2012, 2013), and it is therefore
most likely that the sandstone was derived from a Precambrian source
of the Ishim-Middle Tianshan microcontinent.

3.2.3. Palaeozoic metamorphic complexes

Palaeozoic metamorphic complexes in the Middle Tianshan occur
west of Naryn, south of Toktogul, in the South Chatkal Range, and also
within a narrow block at the base of the northern slope of the Atbashi
Range, north of the Atbashi-Inylchek fault (Bakirov, 1978; Fig. 2).

Only 12 detrital grains could be analyzed from sample KG93, a
sillimanite-bearing paragneiss collected from a sequence of isoclinally
folded and high-grade metasediments of the Takhtalyk Complex
(Bakirov, 1978) on the eastern bank of the Karasu River and the north-
ern side of the Talas-Ferghana Fault south of the Toktogul Reservoir
(Table 1, Fig. 2). These rocks were previously considered to be early Pre-
cambrian in age (Bakirov et al,, 2003). The zircon crystals are mainly
well rounded with many oval to spherical shapes, but long-prismatic
grains with some rounding at their terminations also occur. The CL im-
ages are highly variable, and some reveal core-rim relationships
(Fig. S1n, inset). All this suggests a fairly heterogeneous source. Al-
though 12 grains are not representative of the entire sample, the rela-
tively narrow spread in ages between ca. 695 and 750 Ma (Table S2,
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Fig. S1n) for the youngest group suggests this rock not to be older than
late Neoproterozoic. An older group provided partly discordant
Palaeoproterozoic ages between ca. 1860 and 1900 Ma.

A sample of a medium-grade metasediment was described by
Glorie et al. (2011) from the northern slope of the Atbashi Range,
north of the Atbashe-Inylchek fault i.e. from the Kembel metamor-
phic complex of the Middle Tianshan according to the regional geo-
logical map (Tursungaziev and Petrov, 2008). Several detrital
grains were dated at ca. 788, 1004, and 1174, and several older grains
are discordant and may be as old as 2441 Ma (Glorie et al., 2011).

3.2.4. Ordovician arc-related sequences

Ordovician arc-related sequences are uncommon in the Middle
Tianshan and only locally occur in the South Chatkal Range within the
Semizsai Complex that was previously thought to be Palaeoproterozoic
in age (Bakirov et al,, 2003 and references therein). Sample KG97 is a
volcanic-derived chlorite-albite schist, exposed in a sequence of strongly
folded and lineated felsic to intermediate tuffaceous rocks of the Semizsay
metamorphic Complex, and was collected on the Kasansay River on the
South Chatkal Range (Table 1, Fig. 2). The zircon crystals are mostly
long-prismatic, euhedral and occasionally with slightly rounded termina-
tions, and the CL images reveal well-preserved and simple magmatic
growth textures (Fig. S1o, inset). Thirty-six zircon grains were analyzed
(Table S1) and, as in the previous cases, these provided well-grouped
data that yielded a mean Concordia age of 460.6 + 1.4 Ma (Fig. S10)
and most likely reflects arc volcanic activity in the southwestern Middle
Tianshan at the end of the Middle Ordovician. De Grave et al. (2012)
also reported evidence for late Cambrian to Late Ordovician magmatic ac-
tivity north of the Nikolaev Line around Lake Song-Kul.

Sample KG104 is a strongly foliated biotite-muscovite-feldspar
schist of the Semizsay metamorphic complex of the Middle Tianshan.
It was collected on the Ishtamberdy River in the South Chatkal Range
area (Table 1, Fig. 2) and shows a similar age pattern as sample KG97.
The zircon crystals are variable in their morphology, and many are
long-prismatic with some distinct rounding at their terminations,
whereas others are oval-shaped. The CL images are also highly variable,
indicating great diversity in the zircon population (Fig. S1p, inset). 48
grains were analyzed (Table S1), are mostly concordant, and define
four age groups. The youngest group represents an age cluster at
about 460 Ma, most likely reflecting latest Middle Ordovician arc
magmatism, with one grain at ca. 510 Ma possibly sampling an earlier
volcanic event (Table S1). The second group is only defined by four
grains with Grenville-type ages of ca. 1000-1200 Ma, whereas the
third group ranges from ca. 1430 to 1850 Ma. The oldest group consists
of 3 grains with ages of ca. 2590, 2800 and 3000 Ma (Fig. S1p). It is ob-
vious that the Precambrian detrital grains reflect a very heterogeneous
Mesoproterozoic to Archaean source region for this metasediment,
and combination of the well-grouped near-idiomorphic Palaeozoic zir-
con grains with the well-rounded Precambrian grains suggests a conti-
nental margin arc setting as the most likely scenario for this rock.

3.2.5. Granitoid rocks

Granitoid rocks with zircon xenocrysts and inherited cores were
documented from the Middle Tianshan at several sites by Glorie et al.
(2011) and Seltmann et al. (2011). Two samples of Neoproterozoic
granite and felsic volcanic rocks from the Akshiyryak and Djytymbel
Ranges contain late Neoproterozoic to Palaeoproterozoic grains dated
by ICPMS between 831 and 2324 Ma (Glorie et al., 2011). One inherited
zircon core dated at 998 Ma was also reported in a sample from the
303 Ma Ulan granite from the southern part of the Middle Tianshan
(Seltmann et al., 2011).

3.3. South Tianshan

Samples KG27 and 29 are paragneisses from the Atbashi Metamorphic
Complex, a subduction-accretion terrane that occurs on the northern

margin of the South Tianshan (Biske, 1996) and contains lenses of eclogite
dated at 319 4 4 Ma (Hegner et al., 2010). The tectonically dismembered
sedimentary assemblage consists of garnet-muscovite schist, garnet-al-
bite-muscovite-chlorite-(amphibole) schist, mica schist, phyllite, and
minor lenses of marble and metavolcanic rocks, and the grade of meta-
morphism in these strongly deformed rocks varies from greenschist- to
blueschist-facies (Bakirov, 1978; Bakirov and Kotov, 1988). The deposi-
tional age of low-grade schists is Silurian to Early Devonian, based on
Tabulata corals in carbonate lenses (Biske et al, 1985), whereas the
higher-grade metasediments are either inferred to be Proterozoic
(Bakirov et al, 1974; Tursungaziev and Petrov, 2008) or middle
Palaeozoic (Osmonbetov, 1980). Hegner et al. (2010) dated 24 detrital
grains from a metagreywacke associated with eclogite in the northern
Atbashi Range (KG25) and obtained ages ranging from 427 to ca.
2500 Ma, which they suggested were mainly derived from the Tarim cra-
ton. We have analyzed 24 additional detrital grains from the same sample,
and these are mostly well rounded with oscillatory-zoned CL images. The
ages vary between 442 + 14 and 2645 + 29 Ma (Table S2, Fig. S1d),
with only a few early Palaeoproterozoic to Archaean grains, and are in
the same range as found by Hegner et al. (2010).

Sample KG27 is a compositionally layered paragneiss of clastic deri-
vation from the Aktala area, close to where the sample of Hegner et al.
(2010) was collected (Fig. 2). Only 12 zircon grains were dated by
ICPMS in Mainz from this sample which are variably rounded and
oscillatory-zoned (Fig. S1e inset), and the ages range from 410 + 5 to
932 + 11 Ma (Table S2, Fig. Sle). The youngest age confirms the
Early Devonian assessment of Khristov and Mikolaichuk (1983), where-
as the older ages are similar to those obtained by Hegner et al. (2010).
Sample KG29 is a fine-grained quartzo-feldspathic paragneiss collected
at Tashrabat (Table 1, Fig. 2) where the metamorphic grade is generally
lower than at Atbashi. The zircon crystals are again variably rounded,
and most exhibit oscillatory zoning with some grains showing core-
rim relationships and metamictization (Fig. S1f, inset). Twenty-five
grains were analyzed, and the range of ages is significantly greater
than that of KG2, possibly due to the larger number of analyses. Six
round grains with typical CL-features of metamorphic grains such as
light gray images (low-U) and broad or no zonation have 2°°pb/238U
ages of 329 £ 5 to 336 4+ 6 Ma and may reflect Carboniferous meta-
morphism. However, they also match early Carboniferous magmatic
zircon ages from intrusive rocks associated with the South Tianshan su-
ture (Glorie et al., 2011). The two youngest detrital grains with ages of
418 + 6and 424 + 6 Ma are in line with the depositional age estimate
of Biske et al. (1985), whereas the oldest grain at 2620 4 27 Ma is in
the same range as the metagreywacke dated by Hegner et al. (2010).

The occurrence of numerous grains with ages around 440-450 Ma
in samples KG25, 27 and 29 as well as the greywacke sample dated by
Hegner et al. (2010) indicates a provenance in the North Tianshan
where granite batholiths with such ages are widespread. The North
Tianshan, similar to the Chinese Central Tianshan, may represent a frag-
ment of Tarim derived by spreading in the late Precambrian (e.g., Jian
et al,, 2013; Lei et al.,, 2013), and this explains why Precambrian ages
are similar in the two terranes. This aspect is further discussed below.

Finally, we dated detrital grains from a sample of garnet micaschist
(Ki2236) of the Choloktor Complex (Mikolaichuk and Buchroithner,
2008), exposed on the main watershed of the South Tianshan in the
Kokshaal Range south of the Sarydjaz River (Table 1, Fig. 2). This loca-
tion is close to the Kyrgyz-Chinese border, and there is little doubt
that this sample belongs to the Tarim basement, tectonically wedged
between Palaeozoic rocks. The zircon morphology is strongly variable
between rare near-idiomorphic and abundant well rounded to near-
spherical grains with equally variable CL images including oscillatory-
zoned as well as obvious metamorphic grains (Fig. S1w, inset). 60 grains
were analyzed, and although there are several concordant results, many
grains yielded slightly to significantly discordant data (Table S1). As in
several previous samples, the age range is exceptionally large between
ca. 600 and 3450 Ma (Fig. S1w). There are a few Neoproterozoic ages
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at about 600, 800 and just over 900 Ma and many Mesoproterozoic
grains with ages between 1000 and ca.1340 Ma, and the most domi-
nant population is at ca. 2500 Ma with many of these grains displaying
variable discordance. A few grains have ages between 2600 and
3420 Ma (Inset in Fig. 4b, Table 2, Fig. STw). The similarity of this age
pattern with known age distributions in the Tarim craton (see below
and Rojas-Agramonte et al., 2011) is obvious, but the more important
implication is that this pattern is similar to those for detrital grains
from several metasediments in the North and Middle Tianshan, making
their derivation from a Tarim source very likely. This aspect is further
discussed below.

4. Hf-in-zircon isotopes for selected samples from the
Kyrgyz Tianshan

We have analyzed a few grains of the Kyrgyz Tianshan detrital zircon
populations for Hf isotopes in order to assess their crustal history. Previ-
ous studies have shown that many igneous rocks in the Kyrgyz North
and Middle Tianshan represent crustal melts, based on their Nd
whole-rock and Hf-in-zircon isotopes (Kroner et al., 2012, 2013, in
press), and this supports the conclusion that there is more Precambrian
basement at depth than is obvious from surface outcrops and that there
was relatively little crustal growth during the accretionary history of the
belt (Kroner et al., in press). Many of the early Palaeozoic granitoid in-
trusions exposed in the Kyrgyz North Tianshan are most likely derived
from melting of ca. 1.1 Ga protoliths (Kroner et al.,, 2013), suggesting
that this Mesoproterozoic basement is extensive.

The following data are from a reconnaissance study, and the analyt-
ical procedure is described in the Appendix A. The data are shown in
Table S6, and the individual data are plotted in Hf evolution diagrams
shown in Fig. S3. A summary diagram is presented in Fig. 3 below. Sam-
ple KG50b is an arc-derived tuff-sandstone with the zircon grains
forming a coherent group defining an age of 493 Ma that we interpreted
as the time of arc magmatism. The Hf isotopic data for 5 grains from this
sample all have positive ef)-values (Table S6, Fig. S3a), suggesting that
the host rock formed from a juvenile source. This is one of the rare cases
in the Tianshan where the host rock of the zircon grains probably repre-
sents an intra-oceanic arc complex. A similar case is provided by sample
KG118, a cherty siltstone from the East Terskey Range with zircon ages
between ca. 1000 and 2800 Ma (Table S1, Fig. S1t). Three grains with
ages around 1500 Ma were analyzed for their Hf isotopic ratios and
yielded positive eyg)-values (Table S6, Fig. S3g), suggesting that these
grains were derived from a short-lived late Palaeoproterozoic crustal
source.

Zircon grains from all other samples analyzed for Hf isotopes either
provided predominantly negative eyq)-values or mixed results with
data varying between negative and slightly positive eyg)-values
(Table S6, Fig. S3). These show that many sedimentary rocks in the
North Tianshan have diverse sources, including rocks with a long crustal
history and minor volumes with short crustal residence times, i.e. rocks
either derived from magmatic underplating or subduction-related arc
magmatism. A particular interesting sample is KG76, a quartzite from
the South Kyrgyz Range, NW of Talas, where the detrital zircon ages
range from 1730 to 3780 Ma (Table S1, Fig. S11). The &ygq)-values are
predominantly negative with some values in the slightly positive field
(Table S6, Fig. S3c), but there is no clear evidence of a primitive source
for these grains. The oldest zircon of 3780 Ma has a Hf crustal model
age of just over 4 Ga, and although this is not a reliable age constraint
in view of the uncertain '”®Lu/"”’Hf crustal ratio at this time, it under-
lines the antiquity of the source area of this quartzite.

The composite Hf evolution diagram of Fig. 3 displays the great di-
versity and heterogeneity of detrital zircon sources shown by the
Tianshan metasediments and confirms previous suggestions that
much of the Kyrgyz North Tianshan consists of reworked crustal mate-
rial, some of it with a long history possibly dating back to the Hadean,

whereas juvenile crustal sources are less prominent but seem to have
contributed to crustal growth since the Archaean.

5. Comparative Precambrian zircon age pattern for the Tianshan
and Tarim craton

In the following sections and accompanying diagrams we first com-
pare and contrast the age patterns derived from the Kyrgyz/Kazakh de-
trital and xenocrystic Precambrian zircon ages for the North, Middle and
South Tianshan. We then compare these patterns with data from the
Chinese Central Tianshan (including Yili Block) and the Tarim craton.
In this comparison we exclude arc-related early Palaeozoic zircon ages
because these are clearly reflecting the accretionary history of the
Tianshan and are thus of relatively local provenance. Most authors
agree that the Kyrgyz North and Chinese Central Tianshan constituted
an arc terrane in the Ordovician-Silurian (Mikolaichuk et al,, 1997;
Charvet et al,, 2007; Degtyarev et al., 2012; Kroner et al., 2012; De
Grave et al., 2013).

The available data were compiled in Excel spreadsheets (Tables S7-
S9) from which probability distribution diagrams were constructed.
These provide an informative presentation of multiple age populations
as well as information about the precision of measurement that is lost
in histograms. Zircon ages were compiled using 2°°Pb/?*8U data for
ages <1000 Ma and 2%’Pb/2%®Pb data for ages >1000 Ma as explained
in Section 3. Data from the literature with more than 30% discordance
or uncertainties >60 Ma were not considered in our compilations. The
diagrams are subdivided into two parts, one showing the age patterns
between 500 and 1800 Ma (Fig. 4a), the other showing the patterns be-
tween 1500 and 4000 Ma (Fig. 4b). Of necessity, this compilation is
somewhat unbalanced because igneous emplacement ages are reported
as one figure although several zircon grains were analyzed, whereas for
detrital populations each grain-age is listed separately. Therefore, the
detrital ages receive more weight than the magmatic emplacement or
mean metamorphic ages.

5.1. Comparative age pattern for the Kyrgyz North, Middle and South
Tianshan

Our compilation includes 325 ages for the North Tianshan, 640 ages
for the Middle Tianshan, and 128 ages for the South Tianshan (Fig. 4,
Table S7). The North Tianshan age frequency distribution shows several
small peaks between ca. 700 and 1100 Ma (Fig. 4a), reflecting both detri-
tal zircon ages from metasediments presented in this paper and granit-
oid gneisses dated in Kroner et al. (2012, 2013, in press). Similarly, the
Middle Tianshan shows small peaks between 700 and 950 Ma and a
major peak at ca. 820 Ma that reflects two sedimentary samples from
the Lesser Karatau Range in southern Kazakhstan. Zircon ages around
800 Ma may reflect a magmatic event preserved in tuffs and may there-
fore reflect a local provenance. For example, a mean age of 818 + 10 Ma
was obtained for magmatic zircon grains in a tuff sample from the Kur-
gan Formation in the Karatau-Talas zone (Kroner, Rojas-Agramonte,
Alexeiev, unpubl. data). Idiomorphic grains with ages around 800 Ma
in our samples K-409 and K-412 may also indicate a local volcanic prov-
enance. There are also many magmatic rocks with the ages of ca 800 Ma
in southern Kazakhstan as well as the North and Middle Tianshan, in-
cluding tuffs (Meert et al., 2011) and rhyolites (Kroner et al., 2007).
Granitoid gneisses of this age are exposed in the Aktyuz area of the
Kyrgyz North Tianshan (Kroner et al,, 2012). All these rocks are likely
sources for detrital grains because they occur in the same area. However,
we cannot exclude the possibility that these Neoproterozoic to late
Mesoproterozoic zircon grains are derived from sources outside the
Tianshan such as the Tarim craton that shows a similar age pattern.

A major peak at about 1170 Ma in Fig. 4a reflects Grenville-age ter-
ranes and associated metasediments in the North Tianshan that were
discussed in Kroner et al. (2013, in press). There is no comparable
peak in either the Middle Tianshan or in any of the other possible source
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terrains considered here, including the Tarim craton. This aspect is fur-
ther discussed in Section 5.3. Minor peaks at ca. 1380, 1480 and be-
tween 1530 and 1610 Ma in both the North Tianshan and Middle
Tianshan are difficult to explain since they reflect a period of generally
little magmatic activity worldwide (Condie and Aster, 2010). A major
feature of the North Tianshan age pattern is a distinct and sharp peak
at ca. 1890 Ma (Fig. 4b), reflecting zircon grains from samples KG76
and KG118. This broad peak is also evident in the Middle Tianshan age
pattern (Fig. 4b). A further sharp peak at ca. 2500 Ma in the South
Tianshan corresponds to two late Palaeoproterozoic to late Neoarchaean
peaks in the North Tianshan and also matches a peak in the Tarim craton.
In contrast, supracrustal rocks with a Neoarchaean source are not evident
in the Middle Tianshan. The extremely old ages of 3810 + 28 and
3475 + 12 Ma found in samples KG76 (western North Tianshan) and
Ki-2236 (South Tianshan) are exotic and are not matched by any data
from the other terranes (Fig. 4b). However, a zircon xenocryst age of
3888 + 1.5 Ma, reported by Kroner et al. (2008) from a Silurian pluton
in northern Kazakhstan, east of Kokchetav, may support a possible link
between the Tianshan and the Kokchetav block, in addition to similari-
ties in 1050-1150 Ma ages (Kroner et al., 2013, in press).

5.2. Comparative age patterns for the Kyrgyz and Chinese Tianshan

From the evidence of magmatic zircon ages for some granitoid
gneisses as well as xenocrystic grains and whole-rock Nd isotope data
most authors agree that the Chinese Central Tianshan and Yili Block con-
sist of a Precambrian basement (e.g., Ma et al., 2012b; Jian et al., 2013; Lei
etal, 2013; Ma et al,, in press). Recent comparative data for the Tianshan
and Tarim craton suggest that the two were part of one continental
block, at least until the end of the Precambrian (Luo, 1989; Lei et al.,
2011; Ma et al, 2012ab). There are also similarities in some
lithostratigraphic sequences supporting such connection (Shu et al.,
2011; Zhu et al,, 2011a,b; Lei et al.,, 2012). However, these similarities
do not necessarily mean that the Central Tianshan was rifted off the
Tarim craton as a coherent block, as is shown in many published cartoons
(e.g., Gao et al,, 2009; Charvet et al.,, 2011). Our previous work in the
Kyrgyz Tianshan suggests that Precambrian terranes are tectonically
wedged between Palaeozoic arc-derived assemblages, and this may not
imply a continuous Precambrian basement but several distinct micro-
continental fragments (Kroner et al., 2012, 2013, in press), similar to
the situation in Mongolia (e.g., Kozakov et al., 2007; Demoux et al,
2009). Furthermore, geological maps of the Chinese Central Tianshan
(Li and Xu, 2007) show numerous blocks of little studied ultramafic
rocks, and at least some of these may have an ophiolitic origin and may
represent possible continuations of the early Palaeozoic Kyrgyz-Terskey,
Djalair-Naiman or Erementau-Yili suture zones (Windley et al., 2007
and references therein). The latter are well documented in southern
Kazakhstan and Kyrgyzstan but were not identified so far in the Chinese
Tianshan. Therefore, the Chinese Central Tianshan may also consist of
several distinct Precambrian continental blocks, tectonically wedged be-
tween Palaeozoic terranes. At present, the Central Tianshan is a relatively
narrow domain bounded by sutures in the north and south and
consisting predominantly of Precambrian crystalline rocks infolded
with minor early Palaeozoic volcano-sedimentary successions and gran-
itoid intrusions (Liu et al., 2004; Shu et al., 2004).

Ma et al. (2012b, in press) summarized the available emplacement
and xenocryst ages for Central Tianshan granitoid rocks that range be-
tween 340 and 1750 Ma, and Ma et al. (2013) reported detrital igneous
zircon ages from Precambrian metasediments going back to 2544 Ma.
Hf-in-zircon isotopic data on Palaeozoic granitoids of the Central
Tianshan show most of these rocks to be derived from Meso-to
Palaeoproterozoic crust, but some granitoids also show input from
mantle-derived sources (Ma et al., in press). The published zircon ages
for the Central Tianshan are not, however, representative of the entire
belt and mostly concentrate on rocks exposed in the relatively small
Balunai area SW of Urumgqi (Ma et al.,, 2012a,b, 2013).

Fig. 4 (second from top) shows published Precambrian igneous and
detrital zircon ages for the Chinese Central Tianshan, compiled from
data reported in Ma et al. (2012a,b) and other sources (see Table S2).
The age pattern for the Neoproterozoic is very similar to that of the Kyr-
gyz Tianshan (Fig. 4, bottom) in showing several peaks between ca. 700
and 850 Ma, and a major peak at ca. 960 Ma corresponds to smaller
peaks in the Kyrgyz North and Middle Tianshan whereas in the Kyrgyz
South Tianshan this peak is broad between ca. 920 and 1050 Ma.
Small peaks between 1110 and 1280 Ma correspond to similar data in
the Kyrgyz Tianshan but are not as prominent as in the Kyrgyz North
Tianshan.

The Palaeoproterozoic to Archaean age pattern (Fig. 4b) shows a
major peak at ca. 1800 Ma in the Chinese Central Tianshan, matched
by similar peaks, although at slightly different times, in the Kyrgyz
Tianshan. Another significant peak at 2160 Ma is only matched by
much smaller peaks in the Kyrgyz Middle Tianshan and South Tianshan.
No major peak at about 2500 Ma is apparent in the Chinese Tianshan.
Thus, although the age patterns between the Chinese and Kyrgyz
Tianshan correspond broadly there are also significant differences.
This may partly be due to the fact that the data distribution in the Chi-
nese Tianshan does not cover the entire terrane.

5.3. Composite Precambrian zircon age patterns for the Tianshan and Tarim
craton

The Precambrian evolution of the Tarim craton has recently been
reviewed by Zhang et al. (2013) who also presented a compilation of
isotopic ages based on references up to 2011. Further data on
Palaeoproterozoic rocks from the northeastern margin of the craton
were presented by He et al. (in press) and Wang et al. (in press), where-
as Xu et al. (2013) reported detrital zircon ages from sediments recov-
ered from deep drilling in the Tarim basin. These zircon ages have
been combined with the compilation presented in Rojas-Agramonte
et al. (2011) and are presented in the relative probability plot of Fig. 4
(top) that includes 2073 zircon ages from Tarim. These may, however,
not be truly representative of the craton whose Precambrian rocks are
only exposed along the northeastern, southwestern and southeastern
craton margin whereas its center is covered by Palaeozoic to Cenozoic
sediments (e.g., He et al., in press). The oldest published zircon ages
for the Tarim basement are 3674 4 56 and 3665 + 15 Ma for inherited
zircon cores (Li et al., 2001; Lu et al., 2008), and these data suggest the
presence of early Archaean crust in the Altyn Tagh Uplift of the south-
eastern Tarim craton (Ge et al,, 2013). More evidence for an early Ar-
chaean crustal component was presented by Ge et al. (2013) from a
Hf-in-zircon isotope study of migmatites exposed near the city of
Korla on the northern margin of the craton. These authors reported Hf
crustal model ages between 3.3 and 3.8 Ga from ca. 2.3 Ga old zircon
in a ca. 1.85 Ga stromatic migmatite, and these are remarkably close
to the Hf model ages calculated for our samples KG76 and Ki-2236
(see Table S6, Fig. 3).

A small but broad peak at 2300-2500 in Tarim is also apparent in the
Chinese Tianshan, whereas a peak at 2150 Ma in the Chinese Tianshan
does not have a counterpart in Tarim. This is most likely due to insuffi-
cient sampling in the Chinese Tianshan and limited exposures of Pre-
cambrian rocks in Tarim.

A major magmatic and metamorphic event occurred between 2.0
and 1.8 Ga and is interpreted by most authors to have led to crustal sta-
bilization and formation of a Tarim cratonic nucleus (Zhang et al., 2013),
and speculations abound that this may have been related to Columbia
supercontinent aggregation in the late Palaeoproterozoic (Zhang et al.,
2013). This event is reflected by a major peak in Fig. 4 that is also appar-
ent in all the Tianshan terranes.

Zircon ages between ca. 1600 and 1400 Ma were found in all
Tianshan terranes and are also present in the Tarim age pattern
(Fig.4). These ages are difficult to interpret because no igneous or meta-
morphic event is known for this time period in any of the other cratons
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bordering the CAOB or from basement terranes within the belt. The pe-
riod also has rather few zircon ages worldwide in a global compilation of
ca. 200,000 detrital zircon ages (Voice et al., 2012). Therefore, the origin
of these grains in the Tianshan and Tarim remains unexplained.

A further event at about 1050-900 Ma, locally known as Tarimian
orogeny and including calc-alkaline arc-type volcanism, is well docu-
mented by zircon ages, but its tectonic significance is uncertain (Lu
et al., 2008). Zhang et al. (2013) and several other Chinese authors spec-
ulated that this phase of igneous-metamorphic activity was related to the
assembly of the Rodinia supercontinent, but there are no palaeomagnetic
data to substantiate this assumption.

Ca. 780-735 Ma bimodal volcanic rocks and minor 650-635 Ma
mafic dykes along the northern margin of the Tarim craton are generally
interpreted to signify a rifting event possibly related to break-up of
Rodinia (Zhu et al., 2008, 2011a,b; Zhang et al., 2013) and perhaps trig-
gered by a plume (Long et al., 2011). OIB gabbro and basalts of the
Dalubayi ophiolite massif in the western Nalati Range of the Chinese
Central Tianshan yielded late Neoproterozoic zircon ages of 600 + 15
and 590 + 11 Ma (Yang et al.,, 2005), which imply that some oceanic
crust may already have existed between Tarim and the Central Tianshan
since latest Precambrian time. Whatever the cause, fragments of the
Tarim craton have been interpreted to occur within the Palaeozoic ter-
ranes of the Central Asian Orogenic Belt in Mongolia and Kyrgyzstan,
mainly on account of the presence of ca. 1100-900 Ma rocks (e.g.,
Demoux et al., 2009; Rojas-Agramonte et al., 2011; Kroner et al., 2013).

The Tarim break-up process may have continued into the early
Palaeozoic, and Charvet et al. (2007) suggested that the Chinese Central
Tianshan began to separate from the Tarim craton in the Ordovician-
Silurian due to formation of a rift, developing into a back-arc basin, as
a result of southward subduction of the Central Tianshan Ocean. Jian
et al. (2013) argued that this rifting process continued into the early
Carboniferous.

Much of the above Tarim evolution is reflected in the zircon record
as shown in Fig. 4 (top), and there is remarkable agreement between
the age pattern for the Tarim craton and Precambrian detrital as well
as igneous grains from the Kyrgyz and Chinese Tianshan. The Tarim
peak at about 920 Ma has a long “tail” up to about 1100 Ma so that
many of the Grenvillian ages do not stand out because of the large num-
ber of analyses incorporated in this frequency probability plot. Howev-
er, the range of Tarim ages between ca. 900 and 1100 Ma is also
reflected in the Chinese Central Tianshan as well as the Kyrgyz North
and South Tianshan. This is less evident in the Middle Tianshan where
a strong peak at about 830 Ma certainly reflects a Neoproterozoic
source area that is also seen in all the other terranes discussed here.
This may reiterate the concept of the Middle Tianshan representing a
distinct tectonic domain receiving detritus from a different source as
the North Tianshan. The Tarimian orogeny, as defined by Lu et al
(2008) is based on relatively few ages from a restricted domain within
Tarim, and the age range 900-1050 Ma may therefore not be represen-
tative of this event, considering that the entire Grenvillian orogeny on
North America consisted of four distinct phases covering an age range
of 250 Ma from about 1450 to 900 Ma (Hynes and Rivers, 2010).

In summary, we reiterate our previous conclusions that much of the
detrital zircon populations in metasediments of the Tianshan were ei-
ther derived from the craton itself or from cratonic fragments already
rifted off in the Neoproterozoic and then becoming incorporated into
the Central Asian accretionary collage.

6. Significance of detrital zircon ages for CAOB palaeogeography
and tectonics

Mossakovsky et al. (1993) and Dobretsov and Buslov (2007) argued
that most Precambrian continental fragments within the CAOB are de-
rived from the North Gondwana margin without being specific on loca-
tion. Rojas-Agramonte et al. (2011) discussed this issue in their
compilation of detrital and xenocrystic zircon ages from Mongolia and

argued for a Tarim origin because there are no major Grenville-age ter-
ranes on the northern Gondwana margin except for Venezuela and
Colombia. The question, therefore, is whether Tarim was part of north-
ern Gondwana or constituted a separate, independent continent. Li et al.
(1996) suggested a Tarim-northwest Australia connection in the late
Neoproterozoic on the basis of scanty palaeomagnetic and geological
data, and Zhan et al. (2007) reiterated this on the basis of a palaeopole
for ca. 595 Ma mixtite-bearing metasediments and metavolcanic rocks
from the Aksu area and placed Tarim north of Australia near the Kimber-
ley region. The main arguments for the Kimberley-Tarim connection
are that the ages of mafic dykes of 798-811 Ma in the Kimberley are
not statistically different from those of the Aksu area at 785 + 31 Ma
(Zhan et al., 2007). In addition, the Neoproterozoic Sturtian tillites and
overlying sedimentary succession in the Kimberley are comparable to
those of the Tarim basin (Brookfield, 1994, and references therein).
The main problem with this model is that there is no evidence for a
Grenvillian-age event in northern Australia, whereas such rocks are
abundant in Tarim as shown above and in Rojas-Agramonte et al. (2011).

Huang et al. (2005) proposed a different scenario in which the Tarim
Block rifted off Western Australia during the break-up of the Rodinia su-
percontinent at about 820-750 Ma. This model is also adopted on the
Rodinia map (Li et al., 2008), but Li et al. (2013) have now revised the
relative position slightly by having the southern margin of Tarim
connected to Australia rather than the originally proposed northern
margin. Some possible geological support for this comes from the occur-
rence of ca. 1100 Ma old rocks of the Northampton Complex, an elon-
gate Grenville-age block situated north of Geraldton and belonging to
the Mesoproterozoic Pinjarra Orogen (Ksienszyk et al., 2012, and refer-
ences therein).

7. Conclusions

Our Precambrian zircon ages for the Kyrgyz Tianshan and a compar-
ison with published data from the Chinese Tianshan and the Tarim cra-
ton support the concept that the source terrane for many Tianshan
sediments is the Tarim craton or Precambrian crustal blocks that were
rifted off Tarim in the late Neoproterozoic and now constitute basement
terranes within the Tianshan orogen. A similar conclusion has previously
been reached by Rojas-Agramonte et al. (2011) from zircon age patterns
in Mongolia and is mainly based on the widespread occurrence of
Grenville-age zircon grains. Although reliable Neoproterozoic to early
Palaeozoic palaeomagnetic data for Tarim are not available, its most like-
ly palaeogeographic position was somewhere near the northwestern
margin of Australia (Li et al.,, 2013). A scenario involving fragmentation
of Tarim and perhaps other Precambrian fragments originating from
northeastern Gondwana during the early evolution of the CAOB is there-
fore likely, considering the similarity in basement geology between these
blocks and Tarim. Thus, we envisage an archipelago-type scenario for the
Palaeo-Asian Ocean south of the Siberian craton in the Ilate
Neoproterozoic to early Palaeozoic in which numerous island arcs and
Precambrian crustal fragments drifted northwards (in present coordi-
nates) and were amalgamated and tectonically stacked together during
several ocean closure and accretion-collision events. Such a scenario is
surprisingly similar to what has been envisaged for the evolution of
Indonesia in the Mesozoic and Cenozoic where Hall and Sevastjanova
(2012) have shown that Mesozoic rifting of fragments from the
Australian margin, followed by Cretaceous collisions and Cenozoic colli-
sion of Australia with the SE Asian margin, thus creating arc terranes,
often floored by Australia-derived older crust. We follow Hall and
Sevastjanova (2012) in emphasizing that in both Central Asia and
Indonesia continental crust has arrived in the region in multiple episodes
and has been fragmented and juxtaposed by subduction-related process-
es. Continental growth during this process was minimal (Kroner et al., in
press).

Our zircon data also support the conclusion of several Chinese au-
thors that the Central Tianshan and, by implication, much of the Kyrgyz
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North and Middle Tianshan are underlain by Precambrian basement
that may originally have been part of the Tarim craton (Ma et al.,
2012a,b, 2013, in press; Jian et al., 2013).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2013.09.005.
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Appendix A. Analytical procedures
A.1. SHRIMP-II zircon dating procedures in Beijing and St. Petersburg

Zircon grains were hand-selected and mounted in epoxy resin to-
gether with chips of the M257 (Beijing) or Temora and 91500 (St. Pe-
tersburg) reference grains. The grains were sectioned approximately
in half and polished. Reflected and transmitted light photomicrographs
and cathodoluminescence (CL) SEM images (Hitachi S-3000N scanning
electron microscope in the Beijing SHRIMP Centre; CamScan MX 25008
electron microscope with CL detector CLI/QUA 2 at VSEGE]I, St. Peters-
burg) were prepared for all zircon grains. The CL images were used to
decipher the internal structures of the sectioned grains and to target
specific areas within the zircon crystals.

U-Pb analyses were made using identical SHRIMP-II instruments at
the Beijing SHRIMP Centre, Chinese Academy of Geological Sciences,
and the Centre of Isotopic Research, VSEGEI, St. Petersburg, Russia
whose instrumental characteristics were described by De Laeter and
Kennedy (1998). Each analysis consisted of 5 scans through the mass
range. The spot diameter was about 25 pm in Beijing and 18 pm in St.
Petersburg, and primary beam intensity was about 5-6 nA in Beijing
and 4 nA in St. Petersburg. Analyses of samples and standards were al-
ternated to allow assessment of Pb*/U™" discrimination. Raw data re-
duction and error assessment of the Beijing analyses followed the
method described by Nelson (1997), using the Macintosh software
programs Prawn 6.4, WALLEAD 2.7 and Plonk 4.3. The St. Petersburg
data were reduced similar to the method described by Williams
(1998, and references therein), using the SQUID Excel Macro of
Ludwig (2000). The Pb/U ratios were normalized to the respective
standards used in the two laboratories. Common-Pb corrections were
applied using the 2°*Pb-correction method, and because of very low
counts on 2%*Pb in most samples it was assumed that common lead
was surface-related (Kinny, 1986). Uncertainties given for individual
analyses (ratios and ages) are based on counting statistics and are
given at the 1-0 level; uncertainties in pooled ages are reported at
the 2-o level.

A.2. LA-ICP-MS dating in London

Zircon mounts and CL images were prepared in the same manner as
for SHRIMP analyses, and the grains were analyzed in the Department

of Mineralogy, Natural History Museum, London, using an ESI New
Wave UP193FX laser ablation system coupled to an Agilent 7500cs
quadrupole-based ICP-MS. Samples and standard, mounted together,
were ablated in an air-tight sample chamber flushed with either Ar or
He for sample transport. The samples were rastered up and down
lines, using a constant raster speed for each analysis. Data were collect-
ed in discrete runs of 20 analyses, comprising 12 unknowns bracketed
before and after by 4 analyses of the standard zircon 91500
(Wiedenbeck et al., 1995). Data were collected for up to 180 s per anal-
ysis with a gas background taken during the initial ca. 60 s. Background
and mass bias corrected signal intensities and counting statistics were
calculated for each isotope. Concordia age calculations, weighted aver-
ages, intercept ages and plotting of concordia diagrams were performed
using Isoplot/Ex rev. 2.49 (Ludwig, 2001). For each analysis, time-
resolved signals were collected and then carefully studied to ensure
that only flat stable signal intervals were included in the age calcula-
tions. The detailed analytical procedure is outlined in Jeffries et al.
(2003).

A.3. LA-ICP-MS dating in Mainz

Zircon mounts and CL images were prepared in the same manner as
for SHRIMP analyses, and the grains were analyzed in the Department of
Geosciences, University of Mainz, using an Argilent 7500ce, coupled
with a 213 nm New Wave UP213 Nd:YAG laser ablation system. Analy-
ses were carried out with a beam diameter of 30 pm and a 10 Hz repe-
tition rate. Ablation time was 30 s, resulting in pits ca. 30 um deep. The
standard zircon GJ-1 (Jackson et al., 2004) was used as a primary
standard for correction of 2°’Pb/?3>U, 2%6Pb,/238U and 2°8Pb/?*?Th ra-
tios as well as for calculation of U and Th concentrations. Common
Pb correction using 2°“Pb could not be precisely determined with
the quadrupole ICP-MS setups due to low count rates on 2°4Pb in zir-
con and high background on 2°*Hg. However, monitoring of 2°Hg
and 2%4(Hg + Pb) allowed calculation of minimum 2°6Pb/2%*Pb ra-
tios. These ratios were not used for common Pb correction, but rath-
er serve as a quality control, with ratios above 1000 considered to be
insignificant compared to overall uncertainties. Off-line data reduc-
tion was performed by an in-house excel spreadsheet. Pooled ages
were plotted and calculated using ISOPLOT/Excel version 3.6
(Ludwig, 2008). Accuracy of 2°7Pb/?3°U, 2°6Pb/?38U and 2°®Pb/?*2Th
ages was approx. 1.5%, based on long-term monitoring of several
zircon standards (see Topuz et al., 2010). The results are presented
in Table 5 where the isotopic ratios and ages are given with 1 —o
error. Instrument parameters and further analytical details on
U/Pb dating in Mainz are described in Zack et al. (2011).

A4. LA-ICP-MS dating in Hong Kong

Zircon mounts and CL images were prepared in the same manner as
for SHRIMP analyses, and the zircon grains were analyzed in the Depart-
ment of Earth Sciences, University of Hong Kong, using a Nu Plasma HR
MC-ICP-MS (Nu Instruments, UK), coupled with a 193 nm excimer laser
ablation system (RESOlution M-50, Resonetics LLC, USA). Analyses were
carried out with beam diameter of 40 um and 5 Hz repetition rate. In-
strument parameters and analytical details are described in Xia et al.
(2011). Ablation time was 40 s, resulting in pits 30-40 um deep. The
standard zircons PL (Plesovice, Slama et al., 2008) and GJ-1 (Jackson
et al., 2004) were used for calibration. The instrument configuration
does not allow to measure an internal element, so no U and Pb concen-
trations are given, but the Th/U ratio. Off-line data reduction was
performed by the software ICPMSDataCal. Version 7.2 (Liu et al,
2010). Ages were calculated using ISOPLOT/Excel version 3.6 (Ludwig,
2008). The results are presented in Table x where the isotopic ratios
and ages are given with 1-sigma errors.
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A.5. LA-ICP-MS Hf-in-zircon isotopes in Beijing

Lu-Hf isotopic systematics was analyzed in the Institute of Geology
and Geophysics, Chinese Academy of Sciences, Beijing, using a
Thermo-Finnigan Neptune Plus Multi-Collector ICP-MS equipped with
a Geolas-193 laser-ablation system. A laser repetition rate of 8 Hz at
20 J/cm? was used, and the spot size was 60 pm. Raw count rates for
172Yb, 173Ybv 175LU, 176(Hf + Yb + LU), 177Hf, 178Hf, 179Hf, 180Hf arld
182 were collected, and isobaric interference corrections for '7Lu
and '7°Yb on '7®Hf were determined. The 7°Yb/!”2Yb value of 0.5887
and mean Pyp value obtained during Hf analysis on the same spot
were applied for the interference correction of '’®Yb on '7®Hf (lizuka
and Hirata, 2005). A '7Lu/!'"®Lu value of 0.02655 and mean Py, value
were used to calibrate the 17®Lu value and calculate the interference cor-
rection of 7°Lu on '7Hf. The detailed analytical technique is described
in Wu et al. (2006). During analyses, the '7SHf/'”7Hf ratios of the stan-
dards 91500 and GJ-1 were 0.282290 + 30 (2 s.d, n = 26) and
0.282017 + 34 (2 s.d., n = 25), respectively, similar to 0.282305 + 8
(2sd, n=111) and 0.281999 + 8 (2 s.d,, n = 10) measured using
the solution method (Goolaerts et al., 2004; Woodhead et al., 2004;
Wau et al,, 2006).
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