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Abstract The widespread Late Devonian-Middle Car-
boniferous volcanic rocks in the Chinese Western Tianshan
provide important constraints on the subduction history of
the South Tianshan oceanic lithosphere. Here, we investi-
gate the basalt, basaltic andesite, andesite, trachyandesite,
and rhyolite from the Dahalajunshan Formation from West-
ern Tianshan. Laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) U-Pb zircon geochro-
nology constrains their age of formation to between 376
and 333 Ma (i.e., Late Devonian—-Middle Carboniferous)
with distinct variation in space (from west to east) and time
(from early to late). Based on geochemical, zircon geochro-
nological, and Sr—Nd isotopic data, we demonstrate that the
Dahalajunshan volcanic was generated in a continental arc
setting associated with the subduction of the south Tian-
shan Ocean during Late Devonian to Middle Carbonifer-
ous. The volcanic rocks belonging to Dahalajunshan For-
mation in the northwestern part of the Yili Block suggest
that the northward subduction of the south Tianshan Ocean
was initiated in the Early Devonian; those in the southern
and eastern part of the Yili Block were probably produced
by a northward subduction of South Tianshan Ocean during
Late Devonian to Middle Carboniferous.
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Introduction

Late Paleozoic volcanic rocks are widespread in the Chi-
nese Western Tianshan and are considered to have formed
during the subduction of Southern Tianshan Oceanic Basin
(Jiang et al. 1993; Wu et al. 1995; Gao et al. 1997; Ma et al.
2007; Li et al. 2009a, b; Zhu et al. 2006a, b, 2010, 2011,
2012). Although previous studies provided evidence sup-
porting this hypothesis, controversies still remain. These
disputes focus on the temporal and spatial regularity of vol-
canic activity and on the tectonic setting of Late Paleozoic
volcanic rocks in Yining, Tekes, and Nalati areas within
and/or surrounding the Yili Block. In particular, the dispute
focuses on the age of formation and tectonic environment
of the Dahalajunshan volcanic rocks, which constitute an
important ore-bearing strata in West Tianshan (Xiao et al.
2005; Zhu et al. 2006a; Luo et al. 2009; Yang et al. 2009;
Zhai et al. 2009; Li et al. 2012b; Ru et al. 2012).

The geochronological data reported in earlier stud-
ies have led to controversy regarding tectono-magmatic
events in the West Tianshan arc complex. Previous work-
ers believed that the age range of formation of the Dahala-
junshan Formation from west to east of the Yili Block is
358-310 Ma (Zhu et al. 2005b; Zhang et al. 2009; Ru et al.
2012) during Carboniferous period. Several recent inves-
tigations have presented new age data from this region.
Li et al. (2012a) conducted LA-ICP-MS of U-Pb zircon
analyses on two rhyolites along the northern boundary of
the Yili block and obtained ages between 369.7 + 4.9 and
363.4 £ 2.5 Ma. Zhai et al. (2006) performed sensitive
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high-resolution ion microprobe (SHRIMP) of U-Pb zircon
and reported an age of 363 Ma from the quartz andesite
occurring as host rock in the Axi gold deposit. Zhu et al.
(2006a) reported SHRIMP zircon age of basaltic andesite
as 363.1 Ma. Zhu et al. (2009) further showed that the
SHRIMP zircon age of andesite from Tekes area is 361 Ma.
Thus, volcanic rocks of Dahalajunshan Formation in West-
ern Tianshan area can be divided into three age groups
around the Yili Block, namely Late Devonian in the west,
Early Carboniferous in the central, and Late Carbonifer-
ous in the east. Some intermediate ages have also been
reported. However, the volcanic rocks that belong to dif-
ferent stages were considered as discrete units and could
not be grouped commonly under the Dahalajunshan For-
mation (Zhai et al. 2006; Zhu et al. 2006a, 2009; Li et al.
2012a; An et al. 2013). On the basis of the Late Devonian
zircon ages of 369.7 & 4.9 and 363.4 £ 2.5 Ma from rhyo-
lites, Li et al. (2012a) considered that these volcanic rocks
belonging to Late Devonian should be distinguished from
the previously defined Dahalajunshan Formation of Early
Carboniferous and suggested a new classification as Upper
Devonian “Yuzan Formation.”

Among the various proposals for the tectonic setting of
the volcanic rocks in the Dahalajunshan Formation, three
models remain controversial. The first one proposes that
the volcanic rocks might have been formed in a conti-
nental rift setting in post-orogenic extensional stage (Che
et al. 1996; Xia et al. 2006, 2008, 2012; Li et al. 2012b).
The second model considers that these rocks might have
formed in an island arc or continental marginal arc, asso-
ciated with the subduction of Southern Tianshan Oceanic
Basin under the Yili-Middle Tianshan Plate (Zhu et al.
2005a; Zhang and Li 2006; Ma et al. 2007; Long et al.
2008; Xia et al. 2011). The third model proposes that these
volcanic rocks formed during extension in a typical vol-
canic arc setting, and is different from a continental rift
environment (Qian et al. 2006). The debates surrounding
the origin of these rocks are mainly due to the lack of pre-
cise information on the composition, structure, and timing
of the episodic eruptions of the Dahalajunshan Formation
volcanic rocks.

Because the volcanic rocks of Dahalajunshan Formation
recorded the important information of the subduction of the
South Tianshan Ocean in Late Paleozoic in Western Tian-
shan, in this study, we applied LA-ICP-MS zircon U-Pb
geochronology and Sr—Nd isotopic analyses to understand
the spatial-temporal distributions of the Dahalajunshan
volcanic rocks and their originated sources. Combined with
the results from previous studies, we evaluate the tectonic
significance and its implications on the development of
Tianshan Orogen and associated ocean-continent transition
process. It is expected that our comprehensive study on the
Dahalajunshan volcanic rocks should help placing more
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constraints on the kinematics and age of orogenic process
of the Central Asian Orogenic Belt.

Lithological characteristics

The available geological data indicate that Devonian and
Carboniferous volcanic rocks are widely distributed in Chi-
nese West Tianshan where they range in thickness of over
3000 m in most cases and sometimes >10,000 m (Bureau
of Geology and Mineral Resources of Xinjiang Uygur
Autonomous Region, 1993, 1999). Among these thick vol-
canic rocks, the Dahalajunshan Formation contains a set of
amaranth-grayish-green intermediate-acid lava, volcano-
clastic rocks, sandstones, and conglomerates with a few
limestones (Bureau of Geology and Mineral Resources of
Xinjiang Uygur Autonomous Region, 1993, 1999). The
thickest layer appears in the Yili basin (Yining area) with
a thickness of 4543.5 m (Bureau of Geology and Mineral
Resources of Xinjiang Uygur Autonomous Region, 1993).
The term “Dahalajunshan Formation” was extensively
used to refer to a combination of volcanic—sedimentary
rocks composed of a lower layer of basalt, trachyte, tra-
chyandesite tuff, and volcanic breccia, as well as an upper
layer of rhyolite, trachyte, tuff (with sandstone), and lime-
stone lens (Shao et al. 2006; Liu 2007; Li et al. 2008).
These rocks are widely distributed around the Yili Block
(Fig. 1). The easternmost portion of the formation appears
in the east of Nalati, whereas the westernmost portion, as
a previously delineated through 1:200,000-scale geologi-
cal mapping, lies along the boundary between China and
Kazakhstan. This location is in the upper reaches of Luca-
ogou River (west of Sayram Lake, significantly higher than
the Mazigou Village), Yining City. Our observation indi-
cates that the bottom of volcanic gravel layer unconform-
ably overlies the Ordovician limestone of Hudukedaban
Formation (Fig. 2).

According to the profiles examined along the observa-
tion route (Fig. 1), marked variations are observed in the
lithology of the Dahalajunshan Formation from west to east
of the Chinese West Tianshan. This observation is similar to
those described in previous segmental studies. In the west-
ernmost spot TS35-2 (Fig. 2c) and the northeast of western
Yining TS31-2 (Fig. 3a), brecciated andesitic basalts com-
posed of giant exposures of breccia with purple andesitic
cement are found. The gravel is primarily andesite with
minor amounts of siliceous rocks and locally sandstone
gravel. The gravel is also large and round but poorly sorted
(Fig. 3b). Particles are thinner with a weaker alignment
dipping toward 180° with a dip angle of 40°. The surround-
ing rock of the Axi gold deposit (TS26-1) consists of conti-
nental volcanic rocks. Typical volcanic mud ball structures
caused by pyroclastic flows on continental facies can also
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Fig. 1 Distribution diagram of the Dahalajunshan Formation (revised after Gao et al. 2009)

be observed in ignimbrite and rhyolitic lava tuff breccia of
Zhaosu area. Approximately demarcated by 82° west lon-
gitude, a series of shallow marine to continental facies of
volcanic rocks, such as effusive, explosive, minor eruption-
sedimentary, subvolcanic, and volcanic channel facies, can
also be identified. To the east, marine features of the inter-
layer of marine limestone, fluid (Fig. 3c), and bulb struc-
tures were observed. Zhang (2012) discovered evidence
of abundant fossils at the bottom of the Nileke profile and
noted two layers of volcanic molten balls in volcanic rocks
below a marine limestone layer; this evidence indicates
that the formation gradually transitioned from a continen-
tal eruption into a marine facies. The majority of Dahala-
junshan Formation in Xinyuan and Tekes areas is a group
of intermediate-basic volcanic rocks (porphyry; Fig. 3d)
which show transition to intermediate-felsic marine vol-
canic rocks.

Broadly two belts of Dahalajunshan volcanic rocks
are distributed in west Chinese Tianshan. The northern

one appears in the north-northwest within Yili Block and
mainly includes andesites, brecciated andesitic basalts, etc.,
whereas the other one occurs in the southern margin, east
of Yili Block, and contains basalt, andesite, rhyolite, and
tuff.

Analytical methods

In this study, we investigated all the rock types in the
Dahalajunshan Formation around Yili Block, such as
southern Xinyuan County, Nalati area, Turks area,
Zhaosu area, and Axi gold deposit. Representative sam-
ples were collected along the sections (Fig. 1) for geo-
chemical analyses (26 samples) and LA-ICP-MS zircon
U-Pb dating (11 samples), as well as Sm, Nd, Rb, and
Sr measurements (23 samples), with a view to under-
stand the formation mechanism, timing, and tectonic
significance.
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Fig. 2 Characteristics of the
Dahalajunshan Formation

rocks in the upper reaches of
Lucaogou river (west of Sayram
Lake, much higher than the
Mazigou village), Yining City

Dahalajunshan Hudukdaban
C.d ! O .
Formation Formatin
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Fig. 3 Characteristics of Dahalajunshan Formation rock outcrops: rounded but poorly sorted gravel in the upper reaches of the river in
a andesitic basal conglomerate in the upper reaches of the river northern Yining County, ¢ rhyolite in northern Tekes, and d andesitic
in northern Yining County, b andesitic, sandstone, and large well- porphyry in southern Xinyuan
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Bulk-rock geochemical analyses

Bulk-rock samples were collected from each section
(Fig. 1) for geochemical analysis. The sample details and
rock types are listed in Table 1.

Bulk-rock geochemical analyses were conducted by
ALS Chemex of Guangzhou. Rock samples with fresh and
non-weathered faces were selected. The bulk-rock sam-
ples were crushed into <1 cm fragments and soaked in HC1
solution for 2-3 h. The fragments were then washed with
distilled water. The fragments were completely dried and
then crushed to <200 mesh by using a pollution-free agate
ball mill before elemental contents were determined.

These powdered samples were calcined, and Li,B,0,—
LiBO, was added and thoroughly mixed; afterward, the
samples were placed in an automatic melting apparatus at
>1000 °C. A melted sample was poured to form a flat sheet
of glass, and an X-ray fluorescence spectrometer was used
for analysis to determine the major elements. For rare earth
element (REE) content, nitric acid was used to prepare the
solution, which was then analyzed by plasma mass spec-
trometry (ICP-MS). We performed plasma emission spec-
troscopy instrumentation (ICP-AES) and ICP-MS to deter-
mine trace elements. The samples digested with perchloric
acid, nitric acid, and hydrofluoric acid were dissolved with
dilute hydrochloric acid to a constant volume for analysis
by ICP-AES.

LA-ICP-MS zircon U-Pb dating

Zircons were extracted from whole-rock samples at
the Hebei Institute of Regional Geology and Mineral
Resources Survey, China. Zircons were mounted on an
epoxy disk, carefully polished until the cores were exposed,
and photographed by transmitted light, reflected light, and
cathodoluminescence (CL). LA-ICP-MS U-Pb zircon
geochronological analysis was performed at the Geologi-
cal Laboratory Center, China University of Geosciences
(Beijing). LA-ICP-MS was performed with a laser abla-
tion sampling system (UP193SS, New Wave Research Inc.,
USA) and an Agilent 7500a quadrupole mass analyzer
plasma mass spectrometer (Agilent Technologies, USA).
Helium was used as carrier gas with a 36 pm spot size and
a laser repetition rate of 10 Hz. Data acquisition time was
45 s. Zircon 91500 was used as standard to determine zir-
con U-Pb isotopic ratio and calibrate age. NIST612 and Si
were used as external and internal standards in trace ele-
ment analysis; NIST612 and NIST614 were used as moni-
tor—blind samples. In the current study, 2°’Pb/*%Pb ages
(Paleoproterozoic) were utilized and calibrated using 2**Pb.
The error of a single data point was lo, and the average
weighted error was 2o.

Rb-Sr and Sm-Nd isotopic analyses

Sr—Nd isotopic compositions were determined by ID-TIMS
with a multi-collector Finnigan MAT-261 mass spectrome-
ter at the Isotope Laboratory of the State Key Laboratory of
Geological Processes and Mineral Resources, China Uni-
versity of Geosciences, Wuhan. Dissolution was performed
using HNO;+ HF mixture and an acid digestion bomb
(190 °C, 48 h). Rb, Sr, and REEs in the dissolved sample
were separated using an AG50 x 8 cation exchange resin.
Nd was separated and purified using a special LN resin pro-
duced by Eichrom. We conducted the Sr/Nd isotope ratio
measurements on the prepared sample by thermal ioniza-
tion isotope mass spectrometry (TIMS, Triton TI). The
accuracy of the instrument was monitored using NBS987
and La Jolla international standards. The mass fractionation
of the Sr isotope was corrected with 38Sr/*%°Sr = 8.375209.
The %’Sr/%Sr ratio of the international standard NBS987
was 0.710240 % 6 (20 m, the same as parameter described
in the following section). The mass fractionation of the Nd
isotope was corrected with "“*Nd/'**Nd = 0.721900. The
143N d/'*Nd ratio of the international standard La Jolla was
0.511844 £ 1 (20).

Results and discussions
Geochemical characteristics and tectonic backgrounds

Results of geochemical analyses are listed in Table 1.

The Dahalajunshan Formation volcanic rocks consist of
basalt, basaltic andesite, andesite, basaltic trachyandesite,
dacite, and rhyolite based on the whole-rock silica versus
alkali classification (Fig. 4). The majority of the andesite
contains pyroxene, as observed in the Axi gold mine where
surrounding rocks (TSTO71-1) are pyroxene andesite.
These rocks display porphyritic texture and massive struc-
ture. The porphyritic minerals are mainly represented by
euhedral and hypidiomorphic tabular plagioclase, and a
small amount of clinopyroxene which shows replacement
by chlorite. The groundmass is fine andesitic lava.

The chondrite-normalized rare earth element patterns
of the rocks are characterized by light rare earth element
(LREE) enrichment and heavy rare earth element (HREE)
depletion with a (La/Yb)y varying from 1.74 to 23.03.
dEu = Euy/(Smy x GdN)l/2 varies from 0.04 to 0.94 (Fig. 5;
Table 1). Some samples exhibit a negative Eu anomaly. For
mafic rocks, the older basalt (TST090-2, 359 Ma, Zhou
et al. 2015) shows a moderate LREE enrichment and flat
HREE pattern in the chondrite-normalized diagram with a
slightly negative (rarely detected) Eu anomaly (8Eu = 0.90;
Fig. 5a). However, the younger basalt (TS2101, 333 Ma)
shows wing-shaped REE pattern with a marked negative Eu
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Table 1 Major (%), rare earth and trace element (ppm) data of the Dahalajunshan Formation in West Tianshan, Xinjiang Uygur Autonomous

Region

Sample Petrography Si0, TiO, ALO; Fe,0; FeO MnO MgO CaO Na,0O K,0 P,0; LOI SUM
TST090-2 Altered basalt 50.08 122 16.03 326 6.67 045 844 6.17 2.83 142 0.19 3.12 99.89
TSTO71-1 Basaltic andesite 5471 129 1695 426 4.09 0.17 3.62 455 346 223 031 4.08 99.71
TSTO086-0 Dacite 74.15 034 13.83 229 024 005 027 030 444 284 0.08 087 99.71
TSTO087-3 Dacite 77.80 021 1235 146 0.19 0.04 049 039 334 270 0.04 085 99.85
TST098-1 Andesitic porphyrite 6990 050 15.64 3.14 0.11 0.03 042 094 270 420 0.16 197 99.71
TST091-1 Dosemic rhyolite 72.10 035 1588 1.69 025 0.01 036 0.15 423 315 0.02 155 99.74
TSTO071-2 Andesitic clastic rock 7737 052 11.84 267 028 0.04 041 039 0.10 344 0.12 2.60 99.78
TST086-1 Dacite 7046 0.61 1489 294 023 0.11 081 064 395 370 0.14 131 99.79
TSTO087-1 Andesite tuff 65.54 0.55 1579 295 127 0.12 192 264 263 3.62 011 258 99.74
TSTO087-2 Dacite 70.07 049 1426 267 100 0.11 141 231 261 283 0.08 216 99.99
TS17-2 Andesitic porphyrite 6220 0.50 14.80 3.94 008 154 471 189 3.07 0.14 6.17 99.17
TS31-2 Andesitic breccia 61.30 091 13.55 547 009 320 466 182 286 024 565 999
TS35-3 Rhyolite 68.10 0.76 12.70 4.63 008 1.62 480 266 143 0.16 249 99.57
TS35-4 Andesite tuff 61.00 1.0 13.60 5.61 0.10 299 441 201 271 024 554 99.25
TS35-5 Andesite tuff 61.50 0.58 18.75 3.39 0.08 481 058 1.80 3.11 0.10 5.27 100.1
TS35-6 Andesite tuff 61.50 0.56 18.05 3.2 0.09 479 048 209 3.17 0.08 520 99.34
TS35-7 Basaltic trachyandesite 53.50 0.78 1525 6.52 0.10 4.09 571 374 136 0.17 7.05 101.15
TS21-1 Basalt 51.70 1.22 16.05 10.29 0.15 556 482 335 272 025 340 99.74
TS23-1 Rhyolite 77.80 0.06 11.65 091 001 0.03 021 3.14 521 0.01 029 9934
TS23-3 Rhyolite 79.60 0.05 11.00 0.79 0.01 0.02 020 344 417 001 044 99.74
TS23-4 Rhyolite 7830 0.06 11.35 0.66 0.01 0.03 0.16 287 540 0.01 046 99.34
TS23-5 Rhyolite 81.60 0.05 9.70 0.69 0.01 0.02 0.13 229 492 0.01 040 99.83
TS23-7 Rhyolite 7740 0.06 1235 0.52 001 0.03 019 371 488 0.01 036 99.57
TS32-1 Massive lava 74.10 0.22 1225 152 0.05 031 132 328 392 0.06 1.89 99.04
TS32-5 Massive lava 7420 0.24 1320 1.58 0.03 030 083 339 423 0.07 158 99.76
Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y La/Yb
TST090-2 546 18.16 296 1429 398 123 439 081 543 107 305 049 3.14 045 28.15 1.74
TSTO71-1  30.18 6478 8.02 3193 6.65 166 623 103 626 125 351 056 359 053 33.69 8.41
TST086-0 2269 50.59 6.67 2653 582 1.04 552 107 684 142 435 075 503 077 4244 451
TST087-3 21.89 4420 517 1888 3.79 070 368 0.69 451 095 285 048 331 050 27.67 6.61
TST098-1 3650 7195 812 2829 486 125 415 066 3.69 071 215 036 241 036 2078 1515
TST091-1 1.58 286 042 175 043 0.11 047 010 087 021 072 0.15 118 0.21 5.94 1.34
TSTO071-2 33.16 77.06 9.50 3545 6.01 132 518 084 493 097 282 047 3.03 046 2694 1094
TSTO086-1 30.11 6333 7.79 3030 628 140 585 100 626 128 374 0.63 416 0.62 36.82 6.96
TSTO087-1 19.71 4620 5.85 22.64 456 126 410 071 431 085 250 041 283 039 2341 7.31
TSTO87-2 1849 3953 482 1809 3.68 09 337 058 370 075 221 037 253 037 2032 1154
TS17-2 15.0 33.8 3.60 13.6 260 038 2.6 0.4 22 042 130 019 130 020 122 8.01
TS31-2 20.1 4930 530 209 460 13 483 08 442 088 260 040 251 038 260 11.31
TS35-3 31.1 68.10 7.64 295 593 134 58 085 497 1.0 293 042 275 040 304 9.09
TS35-4 21.9 5040 546 21.6 455 1.2 472 071 42 084 250 036 241 036 247 5.58
TS35-5 19.1 5040 6.00 243 518 125 542 083 5.1 1.05 330 050 342 053 269 4.10
TS35-6 15.4 39.80 451 189 4.63 12 55 092 572 12 376 056 376 0.60 324 8.71
TS35-7 18.3 4140 4.63 184 399 1.1 412 061 3.64 073 221 031 210 032 218 9.35
TS21-1 12.0 324 415 183 491 121 580 095 597 123 382 057 393 060 379 9.90
TS23-1 19.5 48.8 471 171 366 006 319 051 297 059 18 029 197 030 179 10.09
TS23-3 222 51.4 5.68 203 416 005 372 060 351 069 211 033 220 032 202 10.48
TS23-4 24.0 55.4 6.10 22.1 473 006 415 062 357 071 220 034 229 035 200 9.01
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Table 1 continued

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm  Yb Lu Y La/Yb
TS23-5 21.0 43.1 545 19.6 422 005 390 062 375 074 229 035 233 035 228 8.20
TS23-7 21.9 51.3 5.57 200 430 0.06 4.00 064 39 077 248 039 267 041 222 23.03
TS32-1 47.9 90.3 8.03 262 428 0.78 3.60 054 3.07 060 188 029 208 033 199 21.14
TS32-5 42.5 81.4 729 235 376 063 321 047 279 057 1.83 028 201 032 188 1.74
Sample Cr Cs Rb Ba Th U Nb Ta Pb Sr P Zr Hf Ti Ga 3Eu®
TST090- 173.7 0.69 45.80 872.60 2.62 044 391 031 221 1995 829.19 1289 340 73119 1496 0.90
2

TSTO71- 28.00 4.07 57.60 577.00 10.49 286 25.18 1.69 1191 4220 13529 2459 537 77315 2214 0.79
1

TSTO086- 3.30 1.11 4930 754.60 1342 254 1451 1.08 9.00 83.40 349.13 3119 7.53 2037.7 12.65 0.56
0

TSTO87- 7.50 147 59.70  611.10 10.34 340 1342 1.09 13.66 83.0 17456 201.8 595 1258.6 11.23 0.57
3

TST098- 7.20 425 169.70 53630 19.31 551 1695 149 9.05 1902 69827 308.8 7.09 2996.7 18.90 0.85
1

TST091- 6.95 094 93.00 51690 2.86 1.16 573 060 635 76.1 87.28 1424 371 2097.7 13.30 0.75
1

TSTO71- 3.30 7.75 94770 1362.70 10.05 2.66 2352 1.66 561 741 52370 3249 6.47 31165 13.88 0.72
2

TSTO086- 5.90 1.55 101.50 888.60 14.17 2.83 14.11 1.01 11.08 177.1 61098 323.7 7.35 36559 1499 0.89
1

TST087- 15.40 20.90 13580 614.00 12.05 2.76 11.14 0.84 13.04 284.1 480.06 173.6 4.65 32963 16.02 0.83
1

TSTO087- 10.40 15.08 109.60 566.60 10.85 2.61 9.18 0.75 14.62 2883 349.13 166.7 431 2936.7 1476 0.94
2

TS17-2  16.0 9.96 85.4 2000 64  1.60 5.60 047 730 1285 6109 89.0 2.80 2996.7 17.70 0.84

TS31-2 10.0 225 1185 470 820 2.80 11.7 093 17.1 1145 1047 162.5 4.6 54540 16.6 0.70

TS35-3  33.0 2.7 70.0 270.0 124 350 162 1.16 19.1 241 698.2 191.5 5.5 4555.0 18.15 0.79

TS35-4 11.0 23.0 113.0 340 80 330 120 1.0 174 1055 1047 160.5 4.5 59934 15.85 0.72

TS35-5 3.00 268 615 440 96 120 163 142 223 382 4364 293 9.0 3476.1 239 0.73

TS35-6 3.00 323 627 460 870 130 167 136 258 357 349.1 296 8.8 33563 21.8 0.83

TS35-7  62.0 352 577 70 55 1.40 6.7 051 11.1 230 7419 1505 4.1 46748 19.1  0.56

TS21-1  16.0 8.06 266 750 45 13 106 0.72 21.8 374 1050 157.0 49 73119 206 0.05

TS23-1 1.0 2.69 1905 50 215 34 28.1 2.13 35.6 31.3 30 115.0 49 359.6 17.10 0.04

TS23-3 1.0 1.88 173.0 40 21.1 39 269 2.17 40.0 244 20 1135 5.1 299.6 15.10 0.04

TS23-4 2.0 1.78 197.5 100 22.8 32 255 219 275 323 40 1140 5.3 359.6 1625 0.04

TS23-5 1.0 2.06 1985 50 19.0 3.1 21.1  1.80 24.7 16.8 30 106.0 4.7 299.6 14.55 0.04
TS23-7 1.0 1.54 196.0 70 23.1 4.0 300 221 21.7 33.6 30 1405 6.2 359.6 15.60 0.61
TS32-1 1.0 6.34 140.0 700 224 38 29.1 257 148 1025 290 823 29 13185 1430 0.55
TS32-5 1.0 6.52 143.0 710 215 37 29.0 257 137 92.0 280 823 3.0 14384 1420 0.90

2 3Eu (=EuN/(SmN x GdN)%2)

anomaly (8Eu = 0.05; Fig. 5a). From the felsic rocks, two
rhyolite samples (TS23-5 and TS23-7) exhibit marked neg-
ative Eu anomaly (Fig. 5e), which is in contrast to the other
rhyolites around the sampling point TS23. The primitive
mantle-normalized spider diagrams are characterized by
large ion lithophile element (LILE) enrichment and distinct
negative Nb, Ta, Eu, Sr, P, and Ti anomalies (Figs. 5b, d, )
with a varied increasing trend from mafic to felsic rocks.

The models proposed for the genesis of the Dahala-
junshan volcanic rocks include intraplate rift, rift trough,
active continental margin, and/or arc basin system, among
others. Based on lithologic characteristics, the Dahalajun-
shan volcanic rocks constitute a mixture of basalt, andesite,
and rhyolite. These are primarily intermediate rocks with
secondary intermediate-felsic rocks, which locally include
a few mafic and felsic rocks. However, bimodal volcanic
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rocks are rarely observed. These features do not match an
extensional setting model. According to the trace element
tectonic discrimination (Fig. 6a—d), in addition to the two
basalts, the majority of intermediate-felsic rock samples
in Dahalajunshan Formation also show features of vol-
canic arc. These results are consistent with the continen-
tal-marine sedimentary environment as inferred from the
field relations. Therefore, the Dahalajunshan Formation is
inferred to have formed in a continental margin arc setting
(Shao et al. 2006; Shu et al. 2007; Xia et al. 2007; Dong
et al. 2010; Han et al. 2010; Li et al. 2010b; Liu et al.
2013).

LA-ICP-MS zircon U-Pb geochronology

The sampling locations for geochronology are shown in
Fig. 1. The dated samples include TS35-2 purple andesitic
tuff, TS31-2 groundmass of andesitic volcanic breccia,
TS32-2 gray-purple amaranthine massive lava, TS23-6
rhyolite, TS21-2 andesitic porphyry, TS26-1 weak-silici-
fied volcanic rock (not chosen for geochemical analysis),
TS13-2 monzogranite (not included in Table 1), and TS17
andesitic porphyrite. In combination with the results of pre-
vious studies, the dated samples cover the entire Dahala-
junshan Formation in West Tianshan. Compared with pre-
vious results, the data presented in this study are based on
precise analytical techniques and provide more comprehen-
sive information. The results from zircon geochronology
are listed in Table 2 and shown in Fig. 7. In addition, many
published high-precision age data on Dahalajunshan For-
mation volcanic rocks are given in Table 3.

Previous studies reported whole-rock Rb-Sr ages
351 £ 2 Ma (Li et al. 2008) in volcanic rock samples from
the top boundary of Dahalajunshan Formation at Tekes
area (81°52’E) and near the unconformity surface of the
upper Akeshake Formation. The zircon U-Pb ages 354 and

@ Springer

Si0,(wt. %)

340 Ma of granite and granite porphyry veins, respectively,
that invade Dahalajunshan Formation along the southern
slope in Southeastern Zhaosu (81°16’ E) (Li et al. 2010a),
are considered as the upper age limit of Dahalajunshan For-
mation in the western segment. Niu et al. (2010) and Yang
et al. (2012) reported SHRIMP U-Pb zircon age 310 Ma
of the quartz diorite porphyry invading Dahalajunshan For-
mation in the Awulale Mountain (near 87°30'E), which is
likely the upper limit of the age of the Dahalajunshan For-
mation in the eastern portion of the West Tianshan deposi-
tion. However, the lower age limit of Dahalajunshan For-
mation is debated. Some workers reported Late Devonian
U-Pb zircon ages from the western segment of West Tian-
shan (Zhu et al. 2005a, 2006b; Zhai et al. 2006; Jin 2010;
Li et al. 2010a). The present study also obtained U-Pb zir-
con ages 367 Ma (TS31-2) to 376 Ma (TS 32-2) from the
Dahalajunshan Formation rocks surrounding the Axi gold
deposit occurring within continental volcanic setting. From
west to east of the Yili Block, the ages of Dahalajunshan
Formation volcanic rocks show a gradual transition from
Late Devonian to the Early Carboniferous. The age of the
monzonitic granite (TS13-2) that invades the Dahalajun-
shan Formation in east Xinyuan County is 322.2 £ 2.9 Ma,
which is between Middle and Late Carboniferous. This
finding indicates that the volcanic eruption of Dahalajun-
shan Formation in the middle—east segment of West Tian-
shan culminated before Late Carboniferous.

This is the first study that reports U-Pb zircon age
407 Ma from andesitic conglomerate (Table 2; Fig. 7) from
the extreme northwestern domain (sample TS35-2 from the
upper reaches of Lucaogou River, west of Sayram Lake,
Yining City). This Early Devonian age is different from the
other ages (such as those obtained from northeast of Yin-
ing area) of Dahalajunshan Formation. Although a time
gap is observed between this age and the continuous active
duration of the Dahalajunshan Formation, this result is
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Fig. 5 Primitive mantle-normalized trace element spider diagrams and chondrite-normalized REE patterns

consistent with the ages 417-356 Ma reported by An et al.
(2013) from Dahalajunshan Formation volcanic rocks in
the west of Yining region. Thus, the andesitic conglomer-
ate from locality TS35-2 may belong to Dahalajunshan
Formation. Considering the single age of 407 Ma and
the time gap, we infer that the volcanic activity began at

407 Ma and continued from the Late Devonian to the Mid-
dle Carboniferous.

Thus, according to the isotopic age data presented in
Fig. 7 and Tables 2 and 3, the age of formation of Dahala-
junshan Formation shows a roughly continuous decreasing
trend from the west (376-367 Ma) to the east (310 Ma).
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Fig. 6 Diagrams to discriminate the tectonic environment of the Dahalajunshan Formation volcanic rocks

Moreover, the rocks located in the northern part of Yili
Block (376-367 Ma) are slightly earlier than those rocks in
southern margin (364-333 Ma).

The younging from west to east can be attributed to
subduction and collision processes of the South Tianshan
Ocean, which gradually occurred from west to east in the
Central Asian Orogenic Belt. The Dahalajunshan vol-
canic rocks in the northwest part of Yili Block may imply
that the northward subduction must have been initiated in
the Early Devonian and that the rocks in south part and
east of Yili Block must have been produced by northward
subduction of the South Tianshan Ocean during Late
Devonian to Middle Carboniferous. Based on the age
data, our conclusion is that the Dahalajunshan Forma-
tion volcanic rocks need not be subdivided into several
formations.

@ Springer

Rb-Sr and Sm-Nd isotopic characteristics

As shown in Fig. 8, we collected 23 samples from five pro-
files for Rb—Sr and Sm-Nd isotopic analyses but although
only 16 samples yielded good results as given in Table 4. We
also synthesized the data from 15 samples from three profiles
in the Awulale area (Li 2012), 10 samples from Laerdunda-
ban (Qiaoerma) (Ai 2009), and 13 samples from two profiles
in Southern Xinyuan County and the Laerdundaban region
(Zhu et al. 2006b). Ai (2009) and Li et al. (2006) did not carry
out Rb—Sr and Sm—Nd isotopic analysis. Zhu et al. (2006b)
provided supplementary samples for regional analysis.

The Dahalajunshan Formation volcanic rocks are char-
acterized by a typical continental arc geochemistry. A
continental arc environment is favorable for interaction
between oceanic crust and mantle materials (Chen et al.
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Table 2 LA-ICP-MS zircon U-Pb analyses for the Dahalajunshan Formation in West Tianshan, Xinjiang Uygur Autonomous Region

Samples Element contents Isotopic ratios Isotopic ages (Ma)

Th (ppm) U (ppm) Th/U 27Pb/%pPh 207pp,235 206py,2381) 207pp206py,  207pp 235y 206pp/238Q

Val. lo Val. lo Val. lo Val. lo Val. lo Val. lo

TS35-2, conglomeratic andesite, Lucaogou, west to Yining
TS35-2-2 432 816 0.53 0.0532 0.0033 04737 0.0281 0.0648 0.0014 345 143 394 194 405 833
TS35-2-3 511 1207 042 0.0636 0.0037 0.5792 0.0328 0.0652 0.0010 731 122 464 21.1 407 598
TS35-2-4 273 473 0.58 0.0586 0.0054 0.5518 0.0594 0.0658 0.0022 550 199 446 389 411 13.24
TS35-2-5 208 573 0.36  0.0556 0.0043 0.5090 0.0375 0.0664 0.0015 435 172 418 253 414 8.94
TS35-2-6 298 805 0.37 0.0541 0.0035 04863 0.0309 0.0654 0.0014 376 144 402 21.1 409 845
TS35-2-7 887 1485 0.60 0.0516 0.0023 04607 0.0205 0.0640 0.0010 333 102 385 143 400 6.11
TS35-2-8 425 1252 0.34 0.0533 0.0023 04975 0.0204 0.0669 0.0011 343 96.3 410 139 417 6.55
TS35-2-9 637 923 0.69 0.0560 0.0030 0.5171 0.0276 0.0657 0.0010 454 119 423 185 410 6.16
TS35-2-11 272 577 047 0.0538 0.0034 04927 0.0290 0.0651 0.0012 365 143 407 19.8 407 7.38
TS35-2-12 255 541 0.47 0.0547 0.0039 0.5006 0.0346 0.0655 0.0012 398 159 412 234 409 7.26
TS35-2-13 274 717 0.38 0.0555 0.0039 0.4985 0.0326 0.0655 0.0012 432 128 411 22.1 409 17.52
TS35-2-15 463 641 0.72  0.0553 0.0057 0.4885 0.0507 0.0647 0.0021 433 233 404 34.6 404 12.66
TS35-2-16 576 1403 041 0.0544 0.0029 0.4820 0.0233 0.0643 0.0011 387 119 399 16.0 402 6.44
TS35-2-17 1157 2046 0.57 0.0548 0.0025 04975 0.0222 0.0653 0.0010 406 100.0 410 15.1 408 6.33
TS35-2-18 258 556 047 0.0550 0.0036 0.4882 0.0304 0.0643 0.0013 413 148 404 20.8 402 7.92
TS35-2-21 308 563 0.55 0.0579 0.0039 0.5207 0.0339 0.0659 0.0014 524 182 426 22.6 411 8.22
TS35-2-22 782 1674 0.47 0.0563 0.0024 0.5261 0.0241 0.0671 0.0012 465 101 429 16.0 419 7.04
TS35-2-23 885 1941 046 0.0546 0.0026 0.4851 0.0213 0.0646 0.0010 394 106 402 14.6 404 6.24
TS35-2-24 672 1068 0.63 0.0538 0.0025 04793 0.0213 0.0641 0.0010 365 104 398 14.6 400 6.31
TS35-2-25 172 384 045 0.0562 0.0048 0.4889 0.0374 0.0650 0.0014 461 191 404 25.5 406 8.74
TS31-2, volcanic breccia, Yining NNE
TS31-2-2 1155 976 1.18 0.0544 0.0039 0.4600 0.0299 0.0610 0.0012 387 163 384 20.8 382 7.47
TS31-2-3 298 344 0.87 0.0545 0.0060 04322 0.0405 0.0581 0.0016 391 248 365 28.7 364 9.45
TS31-2-4 1374 1231 1.12 0.0545 0.0031 0.4339 0.0246 0.0573 0.0013 391 132 366 174 359 8.14
TS31-2-5 546 634 0.86 0.0595 0.0047 0.4659 0.0344 0.0569 0.0016 587 142 388 239 357 9.67
TS31-2-6 242 459 0.53 0.0574 0.0049 04720 0.0375 0.0599 0.0016 506 189 393 259 375 9.83
TS31-2-7 554 848 0.65 0.0575 0.0040 0.4533 0.0310 0.0571 0.0013 522 154 380 21.7 358 7.83
TS31-2-8 566 578 0.98 0.0539 0.0049 0.4423 0.0376 0.0599 0.0014 369 206 372 264 375 8.67
TS31-2-9 459 562 0.82 0.0507 0.0041 0.4064 0.0324 0.0571 0.0014 228 187 346 234 358 8.42
TS31-2-10 762 1212 0.63 0.0461 0.0030 0.3693 0.0235 0.0578 0.0013 400 -249 319 174 362 7.89
TS31-2-11 1313 971 1.35 0.0494 0.0039 0.4125 0.0301 0.0599 0.0014 169 174 351 21.6 375 8.44
TS31-2-13 510 827 0.62 0.0526 0.0038 04294 0.0275 0.0581 0.0013 309 163 363 19.5 364 8.17
TS31-2-18 503 510 0.99 0.0638 0.0055 0.5214 0.0399 0.0591 0.0014 744 185 426 26.6 370 8.36
TS31-2-19 537 652 0.82 0.0570 0.0052 04706 0.0402 0.0597 0.0014 500 200 392 27.8 374 833
TS31-2-20 740 854 0.87 0.0573 0.0036 0.4757 0.0285 0.0595 0.0013 502 134 395 19.6 372 7.66
TS32-2, andesitic lava, Yining NNE
TS32-2-1 1348 1345 1.00 0.0616 0.0033 0.5244 0.0283 0.0603 0.0015 661 116 428 189 377 9.39
TS32-2-2 1391 1383 1.01 0.0535 0.0031 04522 0.0245 0.0611 0.0010 350 130 379 17.1 382 6.14
TS32-2-3 1037 897 1.16  0.0557 0.0037 04630 0.0279 0.0607 0.0012 443 150 386 194 380 7.21
TS32-2-4 1307 1671 0.78 0.0534 0.0030 0.4513 0.0242 0.0605 0.0010 346 132 378 169 378 5.97
TS32-2-5 1251 1947 0.64 0.0535 0.0027 0.4533 0.0233 0.0601 0.0011 350 115 380 162 376 6.72
TS32-2-6 981 1234 0.79 0.0551 0.0033 0.4483 0.0259 0.0585 0.0011 417 135 376 18.2 366 6.53
TS32-2-7 1509 1787 0.84 0.0573 0.0028 04761 0.0223 0.0595 0.0010 506 106 395 154 373 6.28
TS32-2-8 561 826 0.68 0.0509 0.0032 0.4432 0.0278 0.0612 0.0012 239 153 372 19.6 383 7.28
TS32-2-9 1097 1309 0.84 0.0549 0.0030 0.4630 0.0247 0.0603 0.0009 409 122 386 17.2 377 557
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Table 2 continued

Samples Element contents Isotopic ratios Isotopic ages (Ma)

Th (ppm) U (ppm) Th/U 27Pb/2%Ph 207pp, 2357 206pp, 2381y 207pp206pp,  207pp235(y  206pyp,238(y

Val. lo Val. lo Val. lo Val. lo Val. lo Val. lo

TS32-2-10 1100 1691 0.65 0.0521 0.0028 0.4391 0.0223 0.0607 0.0011 300 124 370 15.8 380 6.64
TS32-2-11 877 871 1.01 0.0562 0.0038 0.4791 0.0306 0.0614 0.0012 461 150 397 21.0 384 7.25
TS32-2-12 1199 1279 094 0.0526 0.0031 04245 0.0244 0.0582 0.0009 309 135 359 174 365 5.39
TS32-2-14 1008 1120 0.90 0.0532 0.0033 04411 0.0251 0.0604 0.0012 345 144 371 17.7 378 17.14
TS32-2-15 1159 1841 0.63 0.0569 0.0028 0.4809 0.0237 0.0607 0.0010 487 109 399 162 380 6.01
TS32-2-17 468 629 0.74 0.0615 0.0047 0.5311 0.0362 0.0620 0.0015 655 165 433 24.0 388 9.03
TS32-2-18 704 701 1.00  0.0570 0.0040 0.4576 0.0291 0.0587 0.0011 494 154 383 203 368 6.79
TS32-2-19 416 487 0.85 0.0559 0.0046 0.4641 0.0352 0.0606 0.0014 456 190 387 244 379 8.65
TS32-2-20 1370 2082 0.66 0.0513 0.0024 0.4230 0.0205 0.0588 0.0010 254 114 358 14.6 368 6.34
TS23-6, rhyolite, Tekes-Gongliu
TS23-6-5 1352 2193 0.62 0.05417 0.00135 0.43004 0.01146 0.05757 0.00099 378 31 363 8.0 361 6.00
TS23-6-8 2374 3410 0.70  0.05391 0.00134 0.4417 0.01172 0.0594 0.00103 367 31 371 8.0 372 6.00
TS23-6-9 1407 2369 0.59 0.05394 0.00138 0.44232 0.01202 0.05946 0.00103 369 32 372 8.0 372 6.00
TS23-6-10 441 817 0.54 0.05367 0.00155 0.44472 0.01335 0.06009 0.00107 357 37 374 9.0 376 7.00
TS23-6-12 1457 2352 0.62 0.05381 0.00138 0.43041 0.01176 0.058 0.00101 363 32 363 8.0 363 6.00
TS23-6-13 552 1403 0.39 0.05393 0.00148 0.42762 0.01234 0.0575 0.00102 368 35 361 9.0 360 6.00
TS23-6-15 1600 2543 0.63 0.05385 0.00141 0.43376 0.01207 0.0584 0.00102 365 33 366 9.0 366 6.00
TS23-6-16 1852 2655 0.70  0.05375 0.00146 0.42356 0.01213 0.05714 0.00101 361 34 359 9.0 358 6.00
TS23-6-18 60 120 0.50 0.05407 0.00334 0.4276 0.02613 0.05734 0.00129 374 97 361 19.0 359 8.00
TS23-6-19 1225 1889 0.65 0.0569 0.00157 0.45548 0.01324 0.05805 0.00104 488 34 381 9.0 364 6.00
TS23-6-20 744 1583 0.47 0.05395 0.00151 0.41707 0.01229 0.05606 0.001 369 36 354 9.0 352 6.00
TS23-6-22 867 1464 0.59 0.05364 0.00148 0.43081 0.01249 0.05824 0.00104 356 35 364 9.0 365 6.00
TS23-6-24 1240 2178 0.57 0.05374 0.00148 0.43149 0.01254 0.05822 0.00104 360 35 364 9.0 365 6.00
TS21-2, andesite, Tekes-Gongliu
TS21-2-2 601 803 0.75 0.0654 0.0063 04674 0.0486 0.0542 0.0023 787 204 389 33.6 340 14.32
TS21-2-3 600 872 0.69 0.0561 0.0040 0.4288 0.0297 0.0550 0.0013 457 155 362 21.1 345 1793
TS21-2-4 497 776 0.64 0.0499 0.0039 03944 0.0288 0.0571 0.0012 191 170 338 21.0 358 7.42
TS21-2-5 398 601 0.66 0.0561 0.0050 0.3843 0.0314 0.0493 0.0014 457 193 330 23.0 310 8.30
TS21-2-6 594 737 0.81 0.0551 0.0046 0.4059 0.0310 0.0547 0.0016 417 187 346 224 344 987
TS21-2-7 349 508 0.69 0.0518 0.0042 03726 0.0291 0.0524 0.0013 276 189 322 215 329 7.84
TS21-2-8 599 969 0.62 0.0576 0.0042 0.4394 0.0304 0.0556 0.0013 517 157 370 21.4 349 8.06
TS21-2-9 79.1 210 0.38 0.0558 0.0080 0.3899 0.0480 0.0541 0.0019 456 322 334 351 340 11.68
TS21-2-11 806 955 0.84 0.0533 0.0057 03850 0.0410 0.0524 0.0016 339 244 331 30.1 329 9.53
TS21-2-12 190 289 0.66 0.0639 0.0086 0.4481 0.0543 0.0544 0.0025 739 289 376 38.1 341 15.52
TS21-2-13 348 555 0.63 0.0456 0.0037 0.3259 0.0259 0.0498 0.0012  Error 286 19.8 313  7.26
TS21-2-14 225 323 0.70 0.0682 0.0083 0.4641 0.0465 0.0504 0.0016 876 249 387 32.2 317 10.06
TS21-2-15 169 261 0.65 0.0582 0.0064 03922 0.0320 0.0510 0.0015 600 243 336 234 320 9.33
TS21-2-17 374 526 0.71 0.0564 0.0058 03795 0.0327 0.0514 0.0014 478 223 327 24.1 323 8.85
TS21-2-18 69.7 156 045 0.0627 0.0095 03899 0.0422 0.0481 0.0020 698 324 334 30.8 303 12.05
TS21-2-19 130 305 043 0.0526 0.0052 03683 0.0278 0.0510 0.0014 322 223 318 20.6 321 8.65
TS21-2-20 354 629 0.56 0.0526 0.0038 0.4282 0.0280 0.0575 0.0012 322 169 362 199 360 7.23
TS26-1, andesite, Axi gold deposit
TS26-1-1 195 345 0.56 0.0677 0.0071 0.5844 0.0583 0.0620 0.0026 861 219 467 37.4 388 15.65
TS26-1-6 149 253 0.59 0.0653 0.0067 0.5302 0.0445 0.0602 0.0019 783 216 432 295 377 1132
TS26-1-7 161 292 0.55 0.0649 0.0067 0.5179 0.0456 0.0614 0.0019 769 187 424 30.5 384 11.59
TS26-1-8 231 400 0.58 0.0659 0.0063 0.5777 0.0572 0.0618 0.0018 806 200 463 36.8 387 10.76
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Table 2 continued

Samples Element contents Isotopic ratios Isotopic ages (Ma)

Th (ppm) U (ppm) Th/U 27Pb/2%Ph 207pp, 2357 206pp, 2381y 207pp206pp,  207pp235(y  206pyp,238(y

Val. lo Val. lo Val. lo Val. lo Val. 1o Val. lo

TS26-1-9 349 485 0.72 0.0535 0.0043 0.4425 0.0328 0.0588 0.0013 350 179 372 23.1 369 7.76
TS26-1-10 243 449 0.54 0.0660 0.0058 0.5257 0.0407 0.0592 0.0015 807 188 429 27.1 371 9.27
TS26-1-11 289 448 0.64 0.0667 0.0057 0.5600 0.0441 0.0604 0.0015 831 178 452 287 378 897
TS26-1-12 385 658 0.58 0.0547 0.0040 0.4669 0.0297 0.0605 0.0013 398 167 389 20.6 379 7.80
TS26-1-15 154 294 0.52  0.0560 0.0084 0.4761 0.0759 0.0616 0.0027 450 339 395 522 385 16.67
TS26-1-16 253 469 0.54 0.0624 0.0064 0.5661 0.0454 0.0621 0.0017 687 225 456 29.5 388 10.03
TS26-1-17 187 420 045 0.0515 0.0048 0.4475 0.0322 0.0606 0.0013 261 217 376 22.6 379 7.90
TS26-1-18 313 654 048 0.0532 0.0041 04713 0.0307 0.0622 0.0012 339 176 392 212 389 7.50
TS26-1-19 198 393 0.50 0.0534 0.0042 0.4532 0.0315 0.0610 0.0016 346 175 380 22.0 382 9.52
TS26-1-20 253 366 0.69 0.0509 0.0044 0.4204 0.0328 0.0608 0.0015 239 197 356 23.5 381 9.00
TS26-1-21 179 376 048 0.0584 0.0052 0.4879 0.0404 0.0608 0.0016 543 192 403 27.6 380 9.87
TS26-1-22 388 613 0.63 0.0604 0.0051 04718 0.0399 0.0576 0.0012 617 185 392 275 361 7.62
TS26-1-23 2060 1180 1.75 0.0542 0.0027 0.4429 0.0215 0.0592 0.0009 376 111 372 15.1 371 5.76
TS26-1-25 689 1404 049 0.0623 0.0029 0.5056 0.0235 0.0586 0.0010 683 100.0 415 159 367 6.17
TS26-1-26 170 285 0.60 0.0544 0.0060 0.4389 0.0451 0.0593 0.0016 387 252 369 319 372 9.64
TS26-1-27 178 339 0.53 0.0570 0.0053 0.4481 0.0349 0.0586 0.0016 500 206 376 24.5 367 947
TS26-1-28 193 280 0.69 0.0570 0.0056 0.4537 0.0351 0.0603 0.0017 500 218 380 24.5 378 10.14
TS26-1-29 531 575 0.92 0.0587 0.0041 0.4807 0.0305 0.0588 0.0013 567 152 399 209 369 7.67
TS26-1-30 141 274 0.51 0.0654 0.0064 0.5260 0.0464 0.0593 0.0015 787 204 429 309 372 9.09
TS17-1, dacite, Xinyuan forest farm
TS17-1-1 732 1087 0.67 0.0700 0.0061 0.5645 0.0500 0.0575 0.0016 928 180 454 324 361 10.05
TS17-1-3 396 604 0.66 0.0557 0.0047 0.4220 0.0355 0.0568 0.0012 439 189 357 254 356 7.18
TS17-1-4 290 361 0.80 0.0757 0.0062 0.5872 0.0454 0.0575 0.0016 1088 163 469 29.1 361 9.99
TS17-1-5 314 423 0.74 0.0680 0.0098 0.5276 0.0802 0.0588 0.0021 878 270 430 533 368 12.82
TS17-1-6 483 696 0.69 0.0548 0.0041 04260 0.0293 0.0579 0.0012 467 166 360 209 363 7.27
TS17-1-8 317 485 0.65 0.0595 0.0059 0.4690 0.0488 0.0571 0.0017 587 218 391 33.7 358 10.57
TS17-1-10 276 339 0.81 0.0651 0.0065 0.4912 0.0472 0.0548 0.0015 789 211 406 32.1 344 9.32
TS17-1-11 444 486 091 0.0691 0.0078 0.5565 0.0729 0.0582 0.0015 902 235 449 475 365 9.40
TS17-1-14 253 325 0.78 0.0561 0.0061 04161 0.0367 0.0573 0.0016 454 243 353 263 359 992
TS17-1-15 769 860 0.89 0.0509 0.0036 0.3839 0.0241 0.0561 0.0011 235 163 330 17.6 352 6.83
TS17-1-16 390 524 0.74 0.0561 0.0040 0.4358 0.0295 0.0567 0.0012 454 159 367 209 355 7.22
TS17-1-18 837 622 1.34  0.0568 0.0042 0.4345 0.0330 0.0541 0.0010 483 165 366 234 339 642
TS17-1-19 306 526 0.58 0.0534 0.0046 0.4010 0.0318 0.0557 0.0014 346 166 342 23.0 349 8.40
TS17-1-20 397 717 0.55 0.0629 0.0045 0.5180 0.0355 0.0597 0.0013 706 153 424 237 374 7.69
TS17-1-21 279 366 0.76 0.0593 0.0054 0.4911 0.0409 0.0593 0.0015 576 200 406 27.8 372 8.98
TS17-1-22 526 958 0.55 0.0511 0.0032 0.4043 0.0244 0.0573 0.0013 243 144 345 17.7 359 8.03
TS17-1-23 851 938 091 0.0487 0.0030 0.4045 0.0234 0.0595 0.0011 132 202 345 169 373 6.77
TS17-1-24 552 686 0.80 0.0554 0.0037 0.4615 0.0290 0.0599 0.0012 428 118 385 20.1 375 7.22
TS17-1-25 801 1187 0.67 0.0543 0.0034 0.4483 0.0294 0.0581 0.0012 383 141 376 20.6 364 7.38
TS13-2, monzogranite, Xinyuan forest farm
TS13-2-2 282 353 0.80 0.05373 0.00158 0.3803 0.01157 0.05133 0.00088 360 39 327 9.0 323 5.00
TS13-2-4 202 323 0.63 0.05338 0.00181 0.36606 0.01266 0.04972 0.00089 345 46 317 9.0 313 5.00
TS13-2-5 199 341 0.58 0.05369 0.00204 0.38262 0.01463 0.05167 0.00095 358 53 329 11.0 325 6.00
TS13-2-6 115 201 0.57 0.0532 0.00196 0.37988 0.0141 0.05178 0.00095 337 51 327 10.0 325 6.00
TS13-2-7 106 185 0.57 0.0532 0.00206 0.37966 0.01487 0.05174 0.00093 337 56 327 11.0 325 6.00
TS13-2-12 142 250 0.57 0.05323 0.00175 0.37921 0.01267 0.05165 0.00093 339 44 326 9.0 325 6.00
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Table 2 continued

Samples Element contents Isotopic ratios Isotopic ages (Ma)
Th (ppm) U (ppm) Th/U 207Pb/206Pb 207Pb/235U 206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U
Val. lo Val. lo Val. lo Val. lo Val. lo Val. lo

TS13-2-13 193 259 0.75 0.05309 0.00155 0.37543 0.01139 0.05128 0.00089 333 38 324 8.0 322 5.00
TS13-2-15 173 279 0.62 0.05663 0.00363 0.39265 0.02403 0.05029 0.00095 477 146 336 18.0 316 6.00
TS13-2-16 139 204 0.68 0.05338 0.00184 0.37874 0.01328 0.05144 0.00092 345 47 326 10.0 323  6.00
TS13-2-17 249 311 0.80 0.05291 0.00184 0.36985 0.01307 0.05069 0.00092 325 48 320 10.0 319 6.00
TS13-2-18 142 195 0.73  0.05306 0.00199 0.38072 0.01444 0.05202 0.00095 331 53 328 11.0 327 6.00
TS13-2-20 379 469 0.81 0.05308 0.00138 0.38379 0.01055 0.05243 0.00089 332 33 330 8.0 329 5.00
TS13-2-21 138 223 0.62 0.05293 0.00175 0.37638 0.0127 0.05156 0.00092 326 45 324 9.0 324 6.00
TS13-2-22 133 222 0.60 0.05277 0.00192 0.36466 0.01342 0.0501 0.00092 319 51 316 10.0 315 6.00
TS13-2-23 184 256 0.72  0.05282 0.00202 0.37444 0.01445 0.0514 0.00094 321 55 323 11.0 323 6.00

2013a, b). During the formation process of subduction
zones, oceanic and terrestrial materials enter the astheno-
spheric mantle through the subduction zones. Crustal mate-
rials are transported into the mantle wedge, where island
arc magmas can form by the partial melting of the man-
tle wedge (Chen et al. 2013b, 2013c). Several processes
of subduction and collision occurred in the Central Asian
Orogenic Belt and resulted in the deep subduction of oce-
anic (Zhang et al. 2003) and continental (Zhu and Ogasa-
wara 2002a, b). Continental crustal materials can return to
the surface through volcanic activities (Zhu and Ogasawara
2002a, b, 2004). The Dahalajunshan Formation volcanic
eruptions developed gradually from west to east, with the
northern part of the Yili Block being slightly older at the
southern edge.

Zhu et al. (2006b) showed that the intermediate-felsic
volcanic rocks from the upper part of the Dahalajunshan
Formation section in southern Xinyuan County exhibit rel-
atively lower eyy(#) (—0.22 to +0.87) and highly variable
initial ¥’Sr/%Sr ratios (0.7045-0.7068). The basalt from
the lower part of the section has lower initial 8Sr/%Sr ratio
with small variation range (0.7044-0.7059). The ey, (?)
value of basalt is high, but the range of the variation is
large (4-0.89 to +3.04). Furthermore, a marine sedimentary
interlayer exists between basalt and intermediate-felsic vol-
canic rocks. All of these observations indicate a relatively
large difference between the formation times of the basalt
from the lower part of the section and the intermediate-
felsic volcanic rocks from the upper part. In addition, dif-
ferences are observed between geochemical characteristics
of intermediate-felsic volcanic rocks and basalt (Table 1;
Fig. 5). These differences imply that the magmatic source
of intermediate-felsic volcanic rocks and basalt is distinctly
different. Furthermore, the intermediate-felsic volcanic
rocks may be attributed to magmatism during volcanic
eruptions after collision (Zhu et al. 2006b).

@ Springer

The majority of eyy(f) values are positive, suggesting
that the source region of the volcanic rocks is depleted
mantle (Hart 1984; Dapaolo and Daley 2000). However,
those sample value of ey4(¥) < 0 may be attributed to con-
tamination by crustal components through crust—mantle
mixing. Four samples from of the rocks surrounding the
Axi gold deposit exhibit minor negative values (top of
Table 4), coupled with an gy,(#) value of —0.28 of andesite
from Nileke Jilintai and —1.2 from Dunde iron ore deposit.
These results indicate the participation of minor crustal
materials in the Dahalajunshan Formation volcanic rocks at
the northern part and east of Yili Block. A general charac-
teristic of Phanerozoic granitic rocks in the Central Asian
Orogenic Belt is the positive eyy(f) (Han et al. 1997, 1998;
Heinhorst et al. 2000; Hong et al. 2003). The Dahalajun-
shan Formation volcanic rocks exposed in the northeast-
ern Yining, Laerdundaban (Zhu et al. 2006a; Ai 2009),
and Awulale (Li 2012) areas exhibit lower initial 3'Sr/3°Sr
ratios (0.7015-0.7063) and positive eyy(#) values (40.53 to
+6.00), which are most likely the product of both differ-
entiation from the depleted mantle and crust-mantle mix-
ing. As given in Table 4, the volcanic rocks located in the
northern part of the Yili Block exhibit slightly lower posi-
tive exy(f) values and relatively high initial *’Sr/*°Sr values,
which indicate that crustal growth has been primarily com-
pleted through island arc amalgamation; mantle-derived
magma related to subduction is superimposed on the con-
tinental crust through the inland arc. The volcanic rocks
in mid-east and southern regions (Laerdundaban, Xinyuan
area) yield slightly high positive ey(?) values and relatively
lower initial 8Sr/%Sr ratios (Figs. 8, 9; Table 4), suggesting
that the magma was sourced from a more depleted mantle.

Temporal and spatial variations in the Sr-Nd isotope
compositions of volcanic rocks of the Dahalajunshan For-
mation in West Tianshan demonstrate that the earlier source
of continental arc volcanic rocks in the northern part of
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Table 3 Existing age data for the Dahalajunshan Formation in West Tianshan, Xinjiang Uygur Autonomous Region

Locations Dating samples Dating methods ~ Ages (Ma) References

Axi gold deposit Zircon Quartz andesite SHRIMP U-Pb 363.2+5.7  Zhai et al. (2006)
Aladengtao Mts., southeast of Zhaosu County Zircon K-feldspar Granite LA-ICP-MS 354 Lietal. (2010a, b)
South slope of Qiapugiale mountain Zircon Granite porphyry LA-ICP-MS 340 Li et al. (2010a, b)
Qiapu River, Yining area Zircon Light color dacite LA-ICP-MS 333 +4 Lietal. (2011)
Northwestern Axi gold deposit Zircon Rhyolite SHRIMP U-Pb 386-363 An and Zhu (2008)
Northwestern Axi gold deposit Zircon Rhyolite SHRIMP U-Pb 417-356 Anetal. (2013)
Tulasu basin Zircon Andesite SHRIMP U-Pb 360.5 34 Zhao et al. (2014)
Tulasu basin Zircon Andesite LA-ICP-MS 347 +£2 Tang et al. (2013)
Tulasu-Yelimodun Zircon Dacite LA-ICP-MS 3540+£13 Bai et al. (2011)
‘Wusun Mountain Zircon Ignimbrite LA-ICP-MS 3533+£35 Cheng et al. (2010)
‘Wusun Mountain Zircon Porphyritic Dacite LA-ICP-MS 344 + 6 Zhang et al. (2009)
‘Wusun Mountain Zircon Andesite LA-ICP-MS 353.9+6.5 Ru et al. (2012)
‘Wusun Mountain Zircon Andesitic tuff lava LA-ICP-MS 3563+ 44 Ru et al. (2012)
Tekes forest farm Pyroxene Gabbroporphyrite Ar—Ar 326 Liu et al. (1994)
Tekesdaban Total rock Rhyolite Rd-Sr 351£2 Liu (2007)

Kekesu River Zircon Andesitic basalt LA-ICP-MS 3589+23 Liet al. (2012a, b)
Xinyuan northwest Zircon Basalt SHRIMP U-Pb 354 Zhu et al. (2005a, b)
Kuerku-Lasitai Total rock Dacite Rd-Sr 337 Li (2005)

Awulale mountain Total rock  Dacite Rd-Sr 351 Li et al. (2009a, b)
Awulale mountain Zircon Rhyolite LA-ICP-MS 316.1 £2.2 Li et al. (2012b)
Beizhan iron deposit Zircon Dacite LA-ICP-MS 329.1£1.0 Sun et al. (2012)
Dunde iron deposit Zircon Dacite LA-ICP-MS 316.0 £ 1.7 Duan et al. (2014)
Dunde iron deposit Zircon Andesite LA-ICP-MS 3287 £2.1 Jiang et al. (2014)
Laerdundaban Zircon Trachyandesite SHRIMP U-Pb 313 Zhu et al. (2006a, b)
Yuximolegai Zircon Quartzdiorite SHRIMP U-Pb 310 Niu et al. (2010)
Lucaogou, west to Yining Zircon Andesite SHRIMP U-Pb 407 This paper

NNE Yining Zircon Volcanic breccia SHRIMP U-Pb 367 This paper

NNE Yining Zircon Andesitic lava SHRIMP U-Pb 376 This paper
Tekes-Gongliu Zircon Rhyolite SHRIMP U-Pb 364 This paper
Tekes-Gongliu Zircon Andesite SHRIMP U-Pb 333 This paper

Axi gold deposit Zircon Altered andesite SHRIMP U-Pb 375 This paper
Xinyuan forest farm Zircon Monzogranite SHRIMP U-Pb 322 This paper
Xinyuan forest farm Zircon Dacite SHRIMP U-Pb 359 This paper

Yili Block has a relatively high 3’St/*°Sr value and a lower
eng(?H) value [which fall entirely within the Sr—Nd isotope
variations of the volcanic island arc of the Lesser Antil-
les (Figs. 8, 9; Table 4) (Macdonald et al. 2000)] because
of the nature of subducted material (i.e., terrigenous sedi-
ment and fluid from the subduction zone). Low initial Sr
isotope ratios and high positive ey4(#) values of the volcanic
rocks in the mid-east region and at the southern margin of
the Yili Block (especially east of Xinyuan County) exclude
the existence of terrigenous materials (Fig. 8, 9; Table 4).
Temporal and spatial variations in the characteristics of
the magma source reflect the variations in the subduction
intensity of the South Tianshan Ocean across regions of
West Tianshan from Late Devonian to Early Carboniferous.

The western section witnessed northward subduction in
Late Devonian—Early Carboniferous. Although the volcanic
activities in the east occurred after the subduction peak, the
extension-related bimodal volcanic rocks had not yet devel-
oped regionally before the end of Carboniferous. Thus, the
south Tianshan belt had not yet reached the rift stage before
Late Carboniferous (Jiang et al. 1995; Zhu et al. 2006b).

Tectonic significance of Dahalajunshan Formation
The Central Asian Orogenic Belt is the largest area

of newborn continental crust in the Phanerozoic. This
region of continental crust has an area of approximately
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5,000,000 km? formed through subduction, collision, and
accretion along two major suture zones. The northern
suture zone was finally formed in the late Carboniferous to
early Permian (Xu et al. 2006), but it experienced an early
subduction process during the Early Paleozoic. This early
subduction process occurred during the Mid—Late Ordovi-
cian and ended in the Silurian, not only resulting in a uni-
fication of continental crust during the Early Paleozoic in
North Tianshan by partial closure of multi-island oceanic
basin of Kazakhstan-Junggar (including sutured Yili Block)
but also creating a strong divergence in the south. This
developed from a continental margin rift of the Late Ordo-
vician or Early Silurian into a large-scale oceanic basin
during the Mid—Late Paleozoic in South Tianshan (Li 1999;
Tang 1995; Gao et al. 2006; Ma et al. 2007a; Chen et al.
2010; Xiao et al. 2013; Ma et al. 2014; Jiang et al. 2014;
Klemd et al. 2015).

Many workers believed that the southern suture zone
is the major suture zone of Tianshan (Allen et al. 1992;
Gao et al. 2006, 2009; Windley et al. 2007; Han et al.
2011; Xiao et al. 2013; Ma et al. 2014; Jiang et al. 2014;
Klemd et al. 2015) and that the glaucophane schist belt of
At-Bashy—Kekesu—Nalati marks the most important suture
zone in West Tianshan. This suture zone represents the
final location of the closure of the south Tianshan Ocean

@ Springer

between Tarim and Junggar plates (including sutured Yili
Block) (Allen et al. 1992; Gao and Klemd 2003; Gao et al.
2006; 2009; Xiao et al. 2004a, b, 2009; Windley et al.
2007; Zhang et al. 2007). Therefore, the subduction of the
Southern Tianshan Ocean plays a major role in the forma-
tion of the Dahalajunshan volcanic rocks.

The South Tianshan Ocean underwent a long-term
development from Late Ordovician (or Early Silurian) to
Carboniferous and continuously expanded at least in Early
Carboniferous. This ocean basin was closed in Late Car-
boniferous (Wang et al. 1994; He et al. 2001; Gao et al.
2006). In fact, the oceanic basin of South Tianshan expe-
rienced two major subduction events during closure. First,
a southward subduction occurred during Silurian to middle
Devonian. Second, a northward reversed subduction in the
end of Late Devonian to Middle Carboniferous. The U-Pb
age 407 Ma (this paper) for volcanic rocks belonging to
the Dahalajunshan Formation in northwest of Yili Block
may imply that the reversal from southward to northward
subduction of the south Tianshan Ocean had initiated in
the Early Devonian. Late Devonian to Middle Carbonifer-
ous island arc volcanic rocks of Dahalajunshan Formation
may be products of the northward subduction of the South
Tianshan Ocean (Yang et al. 2003; Li et al. 2006, 2008,
2010b; Sun et al. 2007; Wang et al. 2007; Yang et al. 2008;
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Xiao et al. 2013; Ma et al. 2014; Jiang et al. 2014; Klemd
et al. 2015; Scheltens et al. 2015). After oceanic crust was
consumed in Mid-Late Carboniferous, collision occurred
between the Tarim and Junggar plates (Shao et al. 2006;
Gao et al. 2009). The formation ages of rocks changed in
response to their locations. The age data reported in this
paper and in previous studies indicate that some volcanic
rocks of Dahalajunshan Formation in the north—northwest
of Yili Block were formed in Early Devonian (Li et al.
2010b; Gao et al. 2009). Nevertheless, the majority of vol-
canic rocks of the Yining region were formed in the end
of Late Devonian to Middle Carboniferous, especially in
Early Carboniferous.

Although several workers insisted that the closure of
South Tianshan Ocean occurred through southward sub-
duction (Wang et al. 2009, 2010, 2014; Charvet et al. 2011,
Tang et al. 2012, 2013; An et al. 2013), our study around
the Yili Block and Kyrgyz Tianshan for the past couple of
years attest to the northward subduction model presented
by some workers (Gao et al. 1997, 2009; Huang et al. 2005;
Qian et al. 2009; Han et al. 2011; long et al. 2013; Xiao
et al. 2013, 2014a, b; Xu et al. 2013; Jiang et al. 2014,
2015; Xiao and Santosh 2014; Ma et al. 2014; Klemd et al.
2015). In summary, the Dahalajunshan Formation volcanic
rocks represent the hall mark of Late Devonian-Middle
Carboniferous tectonic events in West Tianshan. Temporal
and spatial differences in formation age suggest that the
South Tianshan Ocean gradually closed from west to east.

Conclusions
1. The volcanic rocks of Dahalajunshan Formation are

products of the northward subduction of the South
Tianshan Ocean in Late Paleozoic, which erupted from

Late Devonian to Middle Carboniferous from west to
east. Their isotopic ages are broadly continuous.

2. The volcanic rocks of Dahalajunshan Formation are
composed of basalt, basaltic andesite, andesite, trachy-
andesite, and rhyolite. Early-stage volcanic rocks dis-
play continental facies and later-stage rocks gradually
transformed into marine facies. The geochemical char-
acteristics indicate that Dahalajunshan Formation is
mainly composed of arc-related volcanic rocks which
formed in a continental margin arc setting during the
progressive closure of the south Tianshan oceanic basin
during Late Paleozoic.

3. The Sr—Nd isotopic characteristics indicate that the
volcanic rocks of Dahalajunshan Formation primarily
originated from depleted magma with regional contri-
butions of melted marine sediments.
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