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ABSTRACT

Late Paleozoic is a key period for the accretion and collision of the southern Central Asian Orogenic Belt (CAOB).
Here, we present new zircon U-Pb ages, whole-rock geochemistry and Sr-Nd isotopic compositions for four Late
Paleozoic felsic plutons in Eastern Tianshan (or Tienshan in some literatures) in order to constrain the tectonic
evolution of the southern CAOB. The granodioritic pluton and its dioritic enclaves were synchronously formed
in the Early Carboniferous (336 4+ 3 Ma and 335 + 2 Ma, respectively). These rocks are depleted in Nb, Ta and
Ti, and enriched in Rb, Ba, Th and U related to the primitive mantle, which show typical features of arc rocks.
They both have similar Sr-Nd isotopic ratios to those granitic rocks from the eastern Central Tianshan Block
and have the latest Mesoproterozoic two stage Nd model ages (T2y;) (1111-1195 Ma for the granodioritic pluton
and 1104-1108 Ma for the enclaves, respectively), indicating that their source magmas may have been derived
from the Mesoproterozoic crust. The albitophyric pluton was also emplaced in the Early Carboniferous (333 £+
3 Ma). Rocks of this pluton have similar eng(t) values (—0.69 to —0.37) and T3y ages (1135-1161 Ma)
to those of the granodioritic rocks, suggest similar crustal source for both types of rocks. In contrast, the
K-feldspar granitic and monzonitic plutons were emplaced in the Early Permian (292 + 3 Ma and 281 + 2 Ma,
respectively). Samples of the K-feldspar granitic pluton have high K,0 + Na,0, FeO/MgO, Ga/Al, HFSE (e.g., Zr
and Hf) and low CaO, Sr and Ba, exhibiting characteristics of A,-type granites, which probably emplaced in a
post-collisional extension environment. They have higher enq(t) values (+2.77 to +3.27) and more juvenile
TEm ages (799-841 Ma) than the Early Carboniferous plutons, suggesting that they were derived from relatively
younger crustal sources. The monzonitic granites are metaluminous to weakly peraluminous with A/CNK ranging
from 0.93 to 1.05, and have very low P,0s, indicating characteristics of I-type granites. They also have positive eng
(t) values (+2.22 to +2.34) and juvenile T3y, ages (868-878 Ma), suggesting this pluton was also produced by
partial melting of relatively young crustal source. Based on an isotopic mixing simulation, significant mantle con-
tributions were added to the magma source of both the Early Carboniferous and the Early Permian felsic rocks.
The mantle contribution changes from ~60% in the Early Carboniferous to ~75% in the Early Permian. The remark-
ably increasing of mantle materials in the magma source of the felsic rocks in the Agishan-Yamansu belt was
most likely induced by the tectonic transition from an Early Carboniferous continental arc to an Early Permian
post-collisional extension environment.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

(Fig. 1a), is one of the largest accretionary orogenic belts in the world
(Jahn et al., 2004; Sengor et al., 1993; Xiao et al., 2008, 2013;

The Central Asian Orogenic Belt (CAOB), also known as the Altaid
orogenic collage (Sengdr et al., 1993; Sengdr and Natalin, 1996;
Yakubchuk, 2004), located between the European and Siberian cratons
to the north, and the Tarim and North China cratons to the south
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Yakubchuk, 2004). In contrast to the classic collisional orogenic belts,
such as the Alpine, Himalayan, Hercynian and Caledonian orogens,
which were formed by amalgamation of two continental blocks (Jahn
et al., 2000a, 2000b; Yuan et al., 2007), the CAOB was formed by the
long-lived accretion of island arcs, accretionary prisms, ophiolites and
microcontinents (Jahn et al., 2000a, 2000b; Kroner et al., 2007; Sengor
et al,, 1993; Sengor and Natalin, 1996; Windley et al., 1990, 2007). The
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Fig. 1. (a) The relationship of the study area with the CAOB (after Gao et al., 2011 and Chen et al.,, 2012). (b) Geological map of Eastern Tianshan (after W.F. Zhang et al., 2016). Age data
(Ma) are from Wang et al. (2005), Wu et al. (2006), Zhou et al. (2010) and Zhang et al. (2013), W.F. Zhang et al. (2016).

significant feature of the CAOB is the vast expanse of granitic and volca-
nic rocks that are characterized by positive enq(t) and young Tpy model
ages (Jahn et al., 2000c, 2004; Tang et al., 2017; Wu et al., 2002). It is be-
lieved that at least half of its crustal growth was due to the addition of
juvenile material, by both lateral and vertical accretion during the
Neoproterozoic and Paleozoic (Jahn et al., 2004; Sengor et al., 1993;
Tang et al., 2017; Yuan et al., 2007). As an important component of
the CAOB, the Chinese Tianshan Orogenic Belt is a result of continental
collision between the Tarim Craton and the Junggar Block (Fig. 1a;
Jahn et al., 2004; Xiao et al., 2004, 2013; W.F. Zhang et al., 2016). In
this orogenic belt, most of the juvenile crust was considered to be re-
stricted to relatively short time periods at about 300 + 10 Ma (Tang
et al.,, 2017). In the eastern part of the orogenic belt (namely Eastern
Tianshan or the Eastern Tianshan Orogenic Belt), voluminous Carbonif-
erous to Permian volcanic rocks and granitoids are extensively exposed

and recorded the whole or part of the tectonic history from subduction,
back-arc rifting to continental accretion, and then to post-orogenic ex-
tension (Luo et al.,, 2016; Xiao et al., 2004, 2008, 2013; W.F. Zhang
et al., 2016). Although several geochemical studies in the Eastern
Tianshan have focussed on petrogenesis of the Paleozoic magmatic
rocks, the regional tectonic evolution and the proportion of juvenile ma-
terial in the crustal rocks are poorly constrained (Hou et al., 2014; Luo
et al.,, 2016; W.F. Zhang et al., 2016).

Granitoid rocks, as results of the evolution of continental crust
(Bonin et al., 1998; Frost et al., 2001; Ma et al., 2015; Wu et al., 2007),
can provide an important probe for determining the chemical composi-
tions of magma source and the petrogenesis (Patifio Douce, 1999; Rapp
and Watson, 1995), and thus are significant to understand the processes
of crustal growth (Jahn et al., 2000a, 2000b; Jahn et al., 2004). In Eastern
Tianshan, Late Paleozoic granitic intrusions are extensively exposed in
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Agishan-Yamansu belt (Fig. 1b), but few of them have been investigated
(Zhou et al., 2010). In order to unravel the proportion of juvenile mate-
rials invovled in the crustal growth and the Late Paleozoic geodynamic
evolution of Eastern Tianshan, we present new zircon U-Pb ages,
whole-rock geochemical and Sr-Nd isotopic data for four felsic intru-
sions in the Agishan-Yamansu belt and also provide a synthesis of
over 130 Sr-Nd isotopic data and zircon ages in the adjacent areas.

2. Geological background

The Chinese Tianshan Orogenic Belt is a complex collage of island arc
assemblages, remnants of oceanic crust, oceanic plateaus, ophiolites and
microcontinental fragments (Charvet et al., 2007, 2011; SengOr and
Natalin, 1996; Windley et al., 1990, 2007; Xiao et al., 2004). It can be
geographically divided into western and eastern segments roughly
along the Urumgi-Korla road, which experienced remarkably different
evolution during the Paleozoic time (Gao et al., 2009; Windley et al.,
1990; Xiao et al., 2004). This study focuses mainly on Eastern Tianshan
and it is further divided into the Dananhu island arc belt, the Kangguer
shear belt, the Agishan-Yamansu belt and the Central Tianshan Block
that are separated by Kangguer, Yamansu and Agikekuduke faults, re-
spectively (Fig. 1b; Xiao et al., 2004, 2013; Charvet et al., 2007, 2011).

The Dananhu belt is mainly composed of Ordovician to Devonian-
Carboniferous volcanic and pyroclastic rocks and accretionary com-
plexes composed of turbidite, basalt, chert, and ultramafic rock (Qin
et al,, 2002; Xiao et al,, 2004). Based on the combination of regional ge-
ology and isotopic age, the Ordovician-Carboniferous tholeiitic basalts,
calc-alkaline andesites and granitoids have been interpreted to be part
of original island arc (Xiao et al., 2004, 2013). Recently, the report of
435-438 Ma high-Mg andesites and 437-447 Ma arc-type granitic plu-
tons in the Kalatag area (Du et al., 2018; Li et al., 2016; Long et al., 2016)
have provided reliable evidence of an Early Paleozoic magmatic arc in
the Dananhu belt. The Dananhu belt is characterized by the presence
of Early Paleozoic sediments and the absence of passive continental
margin sediments (Du et al., 2018; Li et al,, 2016; Long et al., 2016), in-
dicating that the formation of the Dananhu arc was prior to, or begun at,
the Late Ordovician, due to north-dipping subduction of the Kangguer
oceanic lithosphere (Du et al., 2018).

In fault contact with the Dananhu arc to the north, the Kangguer belt
is mainly occupied by Carboniferous sedimentary and volcanic rocks, in-
cluding conglomerate, sandstone, siltstone, bioclastic limestone, basaltic
and andesitic tuff (BGMRXUAR, 1993; B. Wang et al., 2014; Xiao et al.,
2013). Devonian rocks only occur in the north of this region and consist
of basalt and andesite with minor rhyolite, dacite, volcanic breccia, tuff
and clastic rocks. Lower Permian volcanic rocks recognized locally in
the Kangguertag area unconformably overlie the Carboniferous se-
quence and are in turn overlain by middle and upper Permian arkose,
which is interlayered with conglomerate (BGMRXUAR, 1993). Ophiolites
with late Cambrian age (494 + 10 Ma) (Li et al., 2008) occur along the
Kangguer fault representing remnants of the Kangguer ocean plate. Re-
cently, SHRIMP zircon U-Pb dating for the Dongdagou lithic sandstone
from the Kangguertage ophiolite yielded an age of 330 Ma (Liu et al.,
2016). Because the lithic sandstone was structural integrated over the
Kangguertage ophiolite associations (pillow basalt and siliceous rocks),
this age was considered as the minimum age for the Kangguertage
ophiolite.

The Agishan-Yamansu belt, located between the Yamansu Fault in
the north and the Aqikeduke Fault in the south, mainly contains two
marine units: the Early Carboniferous Yamansu Formation and the
Late Carboniferous Tugutublak Formation (Muhetaer et al., 2014; W.F.
Zhang et al., 2016). Rocks of the Yamansu Formation are mainly exposed
in the northern part of the Agishan-Yamansu belt and have some index
fossils, such as Arachnolasma, Gigantoprductus and Yuanophyllum
(Zhang et al., 2012; W.F. Zhang et al., 2016), whereas rocks of the
Tugutublak Formation are distributed in the southern part and have
corals and fusulinids within the intercalated limestone (Zhang et al.,

2012; W.F. Zhang et al., 2016). Numerous arc-related late Paleozoic
granitoids have intruded the Early Carboniferous Yamansu Formation
and the Late Carboniferous Tugutublak Formation (Fig. 1b; Wang
et al,, 2005; Wu et al,, 2006; Zhou et al.,, 2010; Zhang et al., 2013; W.F.
Zhang et al., 2016).

The Central Tianshan Block is separated from the Agishan-Yamansu
belt to the north by the Aqgikeduke fault and the Tarim Craton to the
south by the Tuokexun-Xingxingxia fault. It predominantly consists of
Precambrian-Mesozoic magmatic and sedimentary rocks (Li et al.,
2016; Xiao et al.,, 2004; X.R. Zhang et al., 2016). The Precambrian base-
ment rocks were divided into the Tianhu, Kawabulag and Xingxingxia
groups, most of which have undergone greenschist-to-amphibolite fa-
cies metamorphism and are unconformably overlain by or in fault con-
tact with Paleozoic strata (Hu et al., 1998; Huang et al., 2017; X.R. Zhang
et al., 2016). The basement is mainly composed of gneisses and
migmatites covered by Precambrian meta-sedimentary rocks including
clastic rocks, limestones and quartzites (1458-730 Ma) (Huang et al.,
2015, 2017). Early Paleozoic to Early Mesozoic assemblages of ultra-
mafic to felsic volcanic rock, granitoid, graywacke and flysch rock
are exposed in the Central Tianshan Block (Ma et al., 2014, 2015;
XR. Zhang et al,, 2016).

3. Sampling and petrography

Twenty-five fresh igneous samples from four plutons near the
Aqishan Mountain (Fig. 1b) were collected for analyses in this study.
The granodiorite samples are medium to coarse-grained with
equigranular texture. They mainly consist of quartz (45-35%), plagio-
clase (40-35%), K-feldspar (10-5%), biotite (~5%) and amphibole
(~5%) with minor accessory minerals (<5%) (Fig. 2a, d). The fine-
grained dioritic enclaves are gabbroic to dioritic in composition with
oval shapes and variable size. They have the same mineral assemblages
as the granodiorite but with higher proportion of mafic minerals such as
amphibole (35-20%) and biotite (10-5%) (Fig. 2a, e, f). The albitophyre
samples are massive and porphyritic in texture and mainly contain al-
bite (45-30%) and quartz (40-30%) with zircon and apatite as accessory
minerals (Fig. 2g). The K-feldspar granite samples mainly consist of
quartz (40-35%), K-feldspar (35-25%), plagioclase (~10%), amphibole
(~10%), and biotite (~5%), with minor accessory minerals (<5%)
(Fig. 2b, h). The monzonitic granite samples have more plagioclase
and less K-feldspar than the K-feldspar granites, with similar contents
of other minerals (Fig. 2c, i).

4. Analytical methods
4.1. Zircon U-Pb dating

Zircons were separated from fresh samples using standard density
and magnetic techniques and then selected under a binocular
microscope. They were polished to about half section before
Cathodoluminescence (CL) imaging using a JXA-8100 Electron Probe
Microanalyzer with a Mono CL3 Cathodoluminescence System at State
Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences.

In situ zircon U-Pb and trace element analyses were conducted uti-
lizing a laser ablation inductively coupled plasma mass spectrometry
system (LA-ICP-MS) at the Institute of Geology and Geophysics, Chinese
Academy of Sciences. Laser ablation was accomplished using a Geolas-
193 laser-ablation system equipped with a 193 nm ArFexcimer laser
and the isotopes and elements were measured by an ELAN6100 DRC
ICP-MS. The analyses were conducted with a spot diameter of 44 pm
with a typical ablation time of approximately 30 s for 200 cycles
of each measurement, an 8 Hz repetition rate, and a laser power of
100 mJ/pulse (Yang et al., 2006b). A more detailed description of the an-
alytical technique is similar to those documented by Yuan et al. (2004).
Isotopic ratios were calculated using GLITTER 4.0 (Griffin et al., 2008),
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Fig. 2. (a), (b) and (c) Field photos of the Late Paleozoic felsic plutons in the Agishan-Yamansu belt. (d)-(i) Textural characteristics of the Late Paleozoic rcoks as seen in thin-section under
plane-polarized or cross-polarized light. (d) Granodiorite; (e) and (f) Dioritic enclave; (g) Albitophyre; (h) K-feldspar granite; (i) Monzonitic granite. Mineral abbreviations: Ab-Albite,

Amp-Amphibole, Bt-Biotite, Kfs-K-feldspar, Pe-Perthite, Pl-Plagioclase and Q-Quartz.

and age calculation and plotting of Concordia diagrams was performed
using Isoplot/Ex 3.0 (Ludwig, 2003).

4.2. Whole-rock geochemistry

Major element oxides of whole-rock samples were determined on
fusion glasses with a 1:8 sample to Li,B40- flux ratio, using a Rigaku
Z5X100e X-ray fluorescence spectrometer (XRF) at State Key Laboratory
of Isotope Geochemistry, Guangzhou Institute of Geochemistry. The ac-
curacies of the XRF analyses are between 1% and 5%. Trace elements, in-
cluding the rare earth element (REE), were analyzed by a Perkin-Elmer
ELAN 6000 inductively-coupled plasma source mass spectrometer (ICP-
MS) at the State Key Laboratory in Guangzhou Institute of Geochemis-
try. Powdered samples (50 mg) were digested in screw-top Teflon bea-
kers with an HF + HNO3 mixture for 7 days at about 100 °C in order to
assure complete dissolution of the refractory minerals. An internal stan-
dard solution containing the single element Rh was used to monitor
signal drift in mass response during counting. USGS standards G-2, W-
2, MRG-1 and AGV-1 and Chinese national rock standards GSD-12,
GSR-1, GSR-2 and GSR-3 were used to calibrate the elemental concen-
trations of the measured samples. The accuracies of the ICP-MS analyses
for some transition elements (Cr, V, Cuamd Zn) are better than 10%, for
the rest elements are generally better than 5% (Liu et al,, 1996). Sample
preparation techniques and other details of procedures are described as
same in the references (Long et al., 2012, 2015).

Whole-rock Sr-Nd isotopic measurements were performed on a
Micromass Isoprobe multi-collector ICP-MS at the Guangzhou Institute
of Geochemistry, using analytical procedures described by Li et al.
(2006). Sr and REE were separated using cation columns, and Nd

fractions were further separated by HDEHP-coated Kef columns. The
measured Sr and Nd compositions were corrected for mass fraction-
ation to %6Sr/88Sr = 0.1194 and '“®Nd/'#*Nd = 0.7219, respectively.
The reported 87Sr/%5Sr and '*>Nd/'**Nd ratios were respectively ad-
justed to the NBS SRM987 standard (37Sr/%6Sr = 0.71025) and the
Shin Etsu JNdi-1 standard (**3Nd/***Nd = 0.512115).

5. Analytical results
5.1. Zircon U-Pb age

The granodiorite sample (X3SS01) as well as the dioritic enclave
sample (X3SS08) has been dated. Zircons from the granodiorite sample
are euhedral, prismatic crystals with length/width ratios 2 to 3, and
have concentric oscillatory zoning in CL images in good agreement
with igneous zircons (Fig. 3a). Three (spot 06, 18, 19) of twenty-one an-
alyzed zircons were plotted to be away from the Concordia curve prob-
ably due to partial Pb loss and the other eighteen analyses yield a
Concordia age of 336 + 3 Ma (MSWD = 4.9) (Fig. 3a and Supplemental
Table S1). Zircon grains from the dioritic enclave show similar shapes to
zircon from the host granodiorite and also exhibit typical characteristics
of igneous zircons with oscillatory zoning. Nineteen analyses yield a
weighted mean age of 335 + 2 Ma (MSWD = 0.92) (Fig. 3b and Sup-
plemental Table S1), indicating that the granodioritic pluton and its di-
oritic enclaves were both emplaced in the Early Carboniferous.

Zircon grains from albitophyre sample (X35514) are generally trans-
parent, stubby to prismatic, with concentric oscillatory zoning in CL,
consistent with an igneous origin. We have analyzed twenty zircons,
of which one analysis (No. 13) plots above the Concordia curve and
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Fig. 3. Concordant diagrams of zircons from the Late Paleozoic rocks in the Agishan-Yamansu Belt.

gives apparent 2°Pb/2%3U age of 349 + 4 Ma (Supplemental Table S1).
The other nineteen zircons yield a weighted 2°°Pb/?3U mean age of
333 4+ 3 Ma (MSWD = 0.44) (Fig. 3¢ and Supplemental Table S1). This
age is considered to be the emplacement age of the albitophyric pluton.

Zircons from the K-feldspar granite (sample X3SS34) show similar
shapes to zircon from those Early Carboniferous plutons and also exhibit
typical characteristics of igneous zircons with oscillatory zoning.
Twenty grains were analyzed and four (spot 02, 06, 07, 11) of them
plot away from the Concordia maybe attribute to partial Pb loss. Al-
though Pb loss may cause large uncertainties in 2°’Pb/2%°Pb and
207ph235( ratios (Fan et al., 2012), these zircons show similar apparent
206pp 238 ages ranging from 283 Ma to 301 Ma, which yield a weighted
mean 2%°Pb/?38U age of 292 + 3 Ma (Fig. 3d and Supplemental
Table S1). This age is interpreted as the crystallization age of the
K-feldspar granitic pluton.

Zircons from the monzonitic granite (sample X3SS22) also display
clear oscillatory zoning. Twenty-one zircons were analyzed. Except
one grain plots away from the Concordia, the others yield a weighted
mean 2°°Pb/238U age of 281 + 2 Ma (MSWD = 1.4) (Fig. 3e and Supple-
mental Table S1), which is considered to be the emplacement age of the
monzonitic granitic pluton.

5.2. Whole-rock geochemistry

5.2.1. Granodiorite

The granodioritic samples display high SiO, (69.9-72.5 wt.%),
low MgO (0.84-1.01 wt.%), Fe,0% (2.72-3.31wt.%) and TiO,
(0.27-0.33 wt.%) contents (Table 1). They are characterized by
moderate total alkali (K;0 + Na,O = 6.10-6.98 wt.%) and K,0/Na,0
(0.53-0.66), showing medium-K to high-K calc-alkaline characteristics
(Fig. 4a, b and Table 1). These samples are weakly metaluminous to
weakly peraluminous with ASI (aluminum saturation index: molecular
Al;03/(Nay0 + K;0 + Ca0)) values ranging from 0.94 to 1.07 (Fig. 4c
and Table 1). In the Chondrite-normalized diagram, they have uniform
REE patterns and are characterized by LREE enrichment ((La/Yb)y =
5.72-6.52), with flat HREE patterns ((Ga/Yb)y = 1.04-1.10) and negative
to positive Eu anomalies (Eu/Eu* = 0.71-1.03) (Fig. 5a and Table 1).
These rocks have relatively high large ion lithophile element (LILE) con-
centrations, such as Rb (76.3-103 ppm), Ba (426-670 ppm) and Sr

(149-228 ppm), but low Cr (3.41-5.92 ppm), Co (4.92-5.97 ppm) and
Ni (1.52-2.28 ppm) (Table 1). In a primitive mantle normalized diagram,
these samples show strong negative Nb, Ta and Ti anomalies, and display
positive Rb, Ba and Pb anomalies (Fig. 5b). These rocks have a narrow
range of initial 87Sr/2%Sr ratios (0.7050 to 0.7052) and eng(t) (—1.06 to
—0.05) with two stage Nd model ages (T3y = 1111-1195 Ma) (Table 2).

5.2.2. Dioritic enclave

Samples from the dioritic enclaves are mafic to intermediate in
composition with SiO, ranging from 53.8 to 58.8 wt.% (Table 1). They
have MgO (2.86-3.52 wt.%), Fe,0} (8.49-9.55wt.%) and TiO,
(0.62-0.87 wt.%) contents higher, but total alkali (K0 + Na,0 =
5.09-6.45 wt.%) and K,0/Na,0 (0.37-0.41) lower than the granodiorite
pluton (Table 1). The samples are metaluminous with ASI values
ranging from 0.81 to 0.90 (Fig. 4c and Table 1). In the Chondrite-
normalized diagram, they are characterized by less significant LREE
enrichment ((La/Yb)y = 2.66-4.55), but with similar flat HREE
patterns ((Ga/Yb)ny = 0.92-1.14) and slightly negative Eu anomalies
(Eu/Eu* = 0.64-1.03) compared with the host granodiorite samples
(Fig. 5a and Table 1). These rocks also have relatively high LILE concen-
trations, such as Rb (62.4-76.3 ppm), Ba (308-556 ppm) and Sr
(231-272 ppm), but low Cr (3.63-5.12 ppm) and Ni (3.04-4.72 ppm),
slightly higher Co (19.3-20.6 ppm) (Table 1). In a primitive mantle nor-
malized diagram, these samples also display strong negative Nb, Ta and
Ti anomalies, and show positive Rb, Ba and Pb anomalies (Fig. 5b). Com-
pared with the host granodiorite rocks, they have a similar narrow
range of initial 87Sr/35Sr ratios (0.7056 to 0.7059) and slightly higher
ena(t) (—0.02 to 0.03) with similar Mesoproterozoic Ty ages
(1104-1108 Ma) (Table 2).

5.2.3. Albitophyre

The albitophyric samples have high SiO, (71.2-76.4 wt.%) and
Na,0 (5.60-7.80 wt.%), low Fe,0} (0.11-0.81 wt%) and K,O
(0.17-0.61 wt.%), and thus have very high Na,O/K,O ratios
(10.6-34.6) (Table 1). They have ASI index between 0.84 and 0.93,
displaying a weakly metaluminous character (Fig. 4c and Table 1). The
samples are LREE-enriched ((La/Yb)y = 1.89-7.23), but show uniform
flat HREE patterns ((Ga/Yb)n = 0.97-1.07) and negative Eu anomalies
(Eu/Eu* = 0.60-0.76) (Fig. 5c and Table 1). These rocks have low Rb



Table 1

Major and trace element compositions of the Late Paleozoic felsic plutons.

Sample X3SS-2  X3SS-3  X3SS-4  X3SS-5 X3SS-6 X3SS-9  X3SS-10  X3SS-11  X3SS-12 X3SS-15  X3SS-16  X3SS-17  X3SS-18  X3SS-19  X3SS-29  X3SS-30  X3SS-23  X3SS-24  X3SS-25  X3SS-26
Granodiorite Diorite enclave Albitophyre K-feldspar granite Monzonitic granite

SiO, 69.9 714 72.5 70.3 71.2 53.8 55.4 58.8 55.6 72.0 76.4 71.7 713 71.2 76.5 76.7 74.0 73.8 73.5 729
TiO, 0.27 0.33 0.31 0.29 0.31 0.64 0.87 0.62 0.87 0.38 0.19 0.42 0.45 0.43 0.08 0.08 0.21 0.21 0.20 0.20
AlO3 14.5 132 13.0 14.5 12.8 15.6 164 15.1 16.1 14.9 135 14.1 139 15.2 125 124 13.6 133 134 132
Fe,0% 2.72 331 2.74 2.85 3.11 9.18 9.55 8.49 9.41 0.22 0.11 0.46 0.81 0.65 1.02 0.98 2.08 2.14 213 2.10
MnO 0.12 0.15 0.09 0.09 0.13 0.39 0.29 0.22 0.36 0.02 0.01 0.04 0.06 0.03 0.03 0.03 0.05 0.05 0.05 0.05
MgO 0.84 1.01 0.91 0.89 0.98 3.03 3.52 2.86 3.51 0.69 0.38 2.32 2.58 134 0.02 0.01 0.55 0.57 0.53 0.52
Ca0 237 2.11 1.91 2.36 2.28 6.18 543 5.35 5.19 2.44 2.65 334 3.52 3.13 0.48 0.47 1.95 2.04 1.97 2.13
Na,O 421 3.69 4.14 3.94 422 3.66 4.12 4.28 4,70 7.80 5.74 5.86 5.60 6.49 4.05 4,03 3.55 3.87 417 4,03
K,0 2.77 241 2.28 2.56 2.23 143 1.54 1.75 1.75 0.40 0.17 0.45 0.45 0.61 4.48 441 3.27 3.23 337 341
P,0s 0.06 0.06 0.06 0.05 0.06 0.07 0.15 0.08 0.14 0.12 0.03 0.08 0.09 0.15 0.00 0.00 0.05 0.05 0.05 0.05
LOI 1.94 1.73 1.92 1.83 243 5.54 217 1.98 217 0.54 0.36 0.64 0.69 0.57 0.35 0.38 0.31 0.36 0.40 0.74
Total 99.6 99.4 99.8 99.6 99.7 99.5 99.5 99.5 99.8 99.6 99.5 99.4 99.5 99.7 99.6 99.5 99.6 99.6 99.7 99.4
Mg# 38 38 40 38 38 39 42 40 43 86 87 91 86 80 3 2 34 34 33 33
ACNK 1.02 1.05 1.02 1.07 0.94 0.83 0.90 0.81 0.84 0.84 0.93 0.87 0.87 0.89 1.01 1.01 1.05 0.98 0.95 0.93
ANK 1.46 1.52 1.40 1.56 1.36 2.06 1.95 1.69 1.67 1.13 1.40 1.39 1.44 1.34 1.09 1.08 1.45 1.35 1.27 1.28
Sc 8.41 9.95 7.80 8.32 8.98 332 25.2 29.3 25.2 11.0 5.00 15.2 13.2 14.0 6.39 5.46 6.19 6.60 6.34 6.56
Vv 399 48.2 36.1 43.6 411 238 226 224 222 39.8 25.1 78.7 80.9 49.7 5.74 330 23.8 23.6 26.1 234
Cr 3.46 341 341 5.92 4,07 5.04 3.63 5.12 491 3.39 2.58 3.77 5.04 4,57 2.19 2.01 4.86 4,61 499 5.11
Co 492 5.97 5.08 5.45 5.97 20.3 193 20.3 20.6 0.65 0.33 6.24 0.90 1.18 0.38 0.31 331 3.12 3.29 3.54
Ni 1.84 1.63 1.52 2.28 222 4.72 3.04 3.84 3.97 1.75 0.82 6.66 2.90 3.24 0.50 0.46 2.76 2.66 2.65 291
Cu 5.99 14.0 299 4.28 129 164 207 81.7 181 3.23 1.90 25.1 3.93 3.72 1.70 1.50 2.90 2.44 3.21 3.11
Zn 78.7 93.0 713 64.4 110 263 143 157 292 19.6 13.6 26.7 35.7 229 37.7 39.2 453 43.1 40.9 39.3
Ga 13.7 13.0 10.8 135 12.0 16.2 18.6 16.0 17.7 14.8 134 133 13.8 15.1 18.7 183 15.0 15.1 153 15.2
Ge 133 1.52 1.18 133 135 2.73 2.73 2.44 2.54 0.84 1.02 1.12 1.20 1.21 1.89 1.57 1.62 1.62 1.66 1.63
Rb 103 93.8 80.4 90.4 76.3 73.2 69.8 62.4 76.3 10.7 4.50 18.0 17.9 204 221 224 121 118 120 136
Sr 228 202 166 191 149 264 231 234 272 180 223 263 250 267 3.87 2.71 143 143 153 156
Y 134 15.5 12.7 11.8 13.7 25.0 34.8 19.9 26.5 22.5 16.7 19.1 194 25.0 81.8 71.0 28.4 31.2 284 40.6
Zr 83.6 112 783 91.6 92.2 46.8 76.4 81.9 83.7 120 92.8 107 933 120 99.2 93.6 133 137 146 142
Nb 533 6.25 5.44 5.57 6.11 4.28 8.00 4.52 5.86 8.03 6.74 5.70 6.13 8.49 14.4 15.8 8.20 8.05 7.60 9.49
Cs 2.09 2.07 1.74 2.07 1.63 1.93 1.62 1.30 1.53 0.27 0.27 0.50 0.62 0.43 5.59 5.10 6.70 6.45 6.25 6.70
Ba 670 561 431 480 426 308 507 345 556 554 61.6 119 116 75.1 24.0 8.93 472 439 421 424
La 135 15.5 134 12.4 15.1 11.9 15.6 14.6 15.0 11.2 20.6 7.31 6.84 7.53 18.0 13.0 214 274 30.1 29.8
Ce 244 28.9 244 224 27.8 254 394 28.9 338 23.5 38.8 18.8 173 20.8 47.6 36.1 43.8 55.2 60.0 59.7
Pr 2.77 333 2.76 238 3.03 3.22 547 3.27 430 2.88 4.09 2.89 2.62 3.38 7.03 534 5.28 6.61 6.99 7.15
Nd 9.93 12.0 9.92 8.41 10.7 12.6 22.8 119 171 114 135 12.9 11.6 153 30.1 23.8 19.7 24.5 25.8 26.9
Sm 1.98 2.36 1.91 1.81 2.21 3.09 522 2.71 4.06 2.96 2.29 3.26 3.01 3.95 9.92 8.26 453 5.23 532 5.89
Eu 0.62 0.56 0.50 0.61 0.59 0.99 1.10 0.99 1.11 0.64 0.46 0.74 0.73 0.90 0.11 0.09 0.72 0.74 0.72 0.70
Gd 213 2.50 2.05 1.87 2.22 332 542 2.95 4.09 3.10 241 2.98 2.85 3.70 10.6 8.91 432 5.01 493 5.66
Tb 0.37 0.44 0.36 0.31 0.37 0.62 0.99 0.51 0.71 0.57 0.42 0.53 0.52 0.66 2.16 1.88 0.76 0.86 0.81 0.99
Dy 2.32 2.74 223 1.99 2.34 4.15 6.16 3.47 448 3.73 2.64 335 3.32 4.25 14.0 123 4.81 5.39 4.99 6.34
Ho 0.51 0.60 0.49 0.45 0.51 0.91 134 0.75 0.98 0.81 0.60 0.71 0.72 0.93 3.03 2.66 1.04 1.15 1.06 1.40
Er 1.51 1.79 1.45 1.34 1.52 2.74 3.94 221 2.88 242 1.83 2.11 2.10 2.68 8.82 7.88 3.05 3.36 3.09 4.15
Tm 0.24 0.28 0.23 0.21 0.24 0.43 0.62 0.34 0.44 037 0.30 0.32 0.33 0.42 131 1.19 0.46 0.51 0.46 0.66
Yb 1.64 1.94 1.56 1.48 1.66 2.99 421 2.29 2.98 2.49 2.05 2.40 2.39 2.86 8.76 7.77 3.12 3.42 3.13 447
Lu 0.27 0.32 0.25 0.25 0.28 0.49 0.67 0.37 0.48 0.39 0.33 0.43 0.44 0.47 133 1.18 0.49 0.54 0.50 0.73
Hf 2.80 337 2.62 2.82 2.75 1.53 2.62 2.53 2.37 3.54 3.31 3.32 2.80 3.54 5.02 471 422 439 473 479
Ta 0.58 0.66 0.58 0.59 0.65 0.34 0.64 0.46 0.40 0.61 0.81 0.53 0.51 0.68 1.58 1.65 0.79 0.81 0.73 1.03
Pb 20.6 19.8 15.8 214 184 173 27.6 55.3 45.7 1.54 2.42 5.97 6.02 2.79 23.1 23.2 14.2 14.0 14.7 15.3
Th 8.99 9.87 10.19 8.11 9.75 2.60 5.11 6.59 4,04 8.21 15.3 8.18 8.78 9.79 20.1 16.4 10.8 12.5 12.1 15.0
U 1.53 1.73 1.54 130 1.53 1.05 1.48 2.23 1.26 2.26 2.23 1.60 135 2.19 541 436 1.59 1.87 2.53 3.09
(La/Yb)y  5.90 5.72 6.17 6.01 6.52 2.86 2.66 4,55 3.62 3.22 7.23 2.19 2.05 1.89 1.48 1.20 492 5.75 6.90 4.77
(Gd/Yb)y  1.07 1.06 1.09 1.04 1.10 0.92 1.07 1.07 1.14 1.03 0.97 1.03 0.99 1.07 1.00 0.95 1.15 1.21 130 1.05
Eu/Eu* 0.92 0.71 0.77 1.03 0.82 0.95 0.64 1.08 0.84 0.65 0.60 0.73 0.76 0.72 0.03 0.03 0.50 0.45 0.43 0.37
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Fig. 4. Major element diagrams for the Late Paleozoic felsic plutons. (a) K»O versus SiO, diagram (after [rvine and Baragar, 1971); (b) TAS classification diagram (after Middlemost, 1994);
(c) ANK versus ACNK diagram (after Maniar and Piccoli, 1989); (d) AFM diagram with boundary between the calc-alkaline and tholeiitic fields (after Irvine and Baragar, 1971).

(4.50-20.4 ppm), Ba (55.4-119 ppm), Cr (2.58-5.04 ppm), Co
(0.33-6.24 ppm) and Ni (0.82-6.66 ppm) contents (Table 1). They
are characterized by slightly negative Nb, Ta and Ti anomalies, and
weakly positive Pb anomalies in a primitive mantle-normalized
trace element variation diagram (Fig. 5d). The rocks have similar
ena(t) (—0.69 to —0.37) and T3y ages (1135-1161 Ma), but slightly
higher initial 87Sr/8Sr ratios (0.7065 to 0.7067) than the granodio-
ritic pluton (Table 2).

5.2.4. K-feldspar granite

Sample from this pluton have high SiO, (76.5-76.3 wt.%) and K,O
(4.41-4.48 wt.%), but display low Fe,0% (0.98-1.02 wt.%) and MgO
(0.01-0.02 wt.%), and thus have high K,0/Na,0 ratios (1.09-1.11).
They show high-K calc-alkaline characteristics (Fig. 4a, d and Table 1).
These rocks are weakly peraluminous with ASI values 1.01 (Fig. 4c and
Table 1) and show slightly LREE-enriched ((La/Yb)y = 1.20-1.48)
with flat HREE patterns ((Ga/Yb)ny = 0.95-1.00) and remarkably nega-
tive Eu anomalies (Eu/Eu* = 0.03) (Fig. 5e). They have high Rb
(221-224 ppm), Ga (18.3-18.7 ppm) and Pb (23.1-23.2 ppm), but
low Sr (2.71-3.87 ppm) and Ba (8.93-24.0 ppm), thus with high Rb/Sr
(57.1-82.8), Rb/Ba (9.21-25.12) and Ga/Al (2.80-2.81) ratios
(Table 1).In a primitive mantle normalized diagram, they display strong
negative Ba, Nb, Ta, Sr and Ti anomalies, and show positive Rb and Pb
anomalies (Fig. 5f). These rocks have much higher enq(t) (+2.77 to
+3.21) and more juvenile T3y, ages (799-841 Ma) than the granodio-
ritic pluton (Table 2).

5.2.5. Monzonitic granite
The monzonitic granite samples also have high SiO, (73.0-74.0 wt.%)
and K,0 (3.23-3.41 wt%), low Fe,0} (2.08-2.14 wt.%) and MgO

(0.52-0.57 wt.%), with relatively low K,0/Na,O ratios (0.81-0.92).
These rocks show high-K calc-alkaline characteristics (Fig. 4a, d
and Table 1) and are weakly metaluminous to weakly peraluminous
(ASI = 0.93-1.05) (Fig. 4c and Table 1). In the Chondrite-normalized di-
agram, they have uniform REE patterns and are characterized by weak
LREE enrichment ((La/Yb)y = 4.77-6.90), with relatively flat HREE
patterns ((Ga/Yb)y = 1.05-1.30) but strongly negative Eu anomalies
(Eu/Eu* = 0.37-0.50) (Fig. 5e and Table 1). The rocks are characterized
by remarkably negative anomalies of Ba, Sr, Nb, Ta and Ti anomalies,
and positive Rb and Pb anomalies (Fig. 5f). They have homogeneous ini-
tial Sr isotope compositions ((87Sr/%®Sr); = 0.7042-0.7050) and positive
ena(t) values (+2.22 to +2.34) similar to those of the granitic pluton,
with juvenile T3y ages (868-878 Ma).

6. Discussion
6.1. Petrogenesis and magma source

6.1.1. Granodiorite and dioritic enclave

Mafic microgranular enclaves (MMEs) are identified as one of the
keys to understand the petrogenesis and evolution of granitoids
magma (Donaire et al., 2005; Huang et al., 2014), and have geochemical
clues to the entire granitoid-MME system. In general, the MMEs
enclosed by granitoids can be formed by four mechanisms, including xe-
nolith captured from the wall-rock, restite separation (Chappell et al.,
1987; Chappell and White, 1992; White et al., 1999), cognate cumulate
(Donaire et al., 2005; Huang et al., 2014) and magma mixing (Chen
et al., 2014; Gou and Zhang, 2016; Guan et al., 2014; Y.Y. Zhang et al.,
2015). Zircon U-Pb dating suggests the granodiorites were coeval
to the dioritic enclaves (Fig. 3a, b and Supplemental Table S1).
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Fig. 5. Chondrite-normalized REE patterns (a, c and e) and Primitive mantle-normalized trace element spider diagrams (b, d and f). The data of Chondrite and Primative Mantle are from
Sun and McDonough (1989), the data of Upper Crust, Middle Crust, Lower Crust and Bulk Crust are from Rudnick and Gao (2003).

Moreover, the dioritic enclaves show hypidiomorphic granular texture
(Fig. 2e, f), thus xenolith captured from the wall-rock and restite sepa-
ration model can be precluded (Chappell et al., 1987; Chappell and

White, 1992; Donaire et al., 2005; Huang et al., 2014). The MMEs have
whole-rock Sr-Nd isotopic compositions and zircon U-Pb ages similar
to those of the host granodiorites (Fig. 6a, b and Table 2). This may

Table 2
Sr-Nd isotopic compositions of the Late Paleozoic felsic plutons.
Sample Age Rb Sr 87Rb/%esr  87sr/%sr 20h,  (¥7Sr/*%Sr);  Sm Nd 47S5m/M4Nd - "Nd/'"Nd 20,  Thw 3w &na(t)
(Ma)  (ppm)  (ppm) (ppm)  (ppm) (Ma) (Ma)
X3$s-2 336 103 228 1.3095 0711345 7 0.7051 1.98 9.93 0.1206 0512416 19 1203 1195 —1.06
X3SS-4 336 804 166 1.4067 0711733 7 0.7050 1.91 9.92 0.1167 0.512453 7 1097 1121 —0.17
X3SS-6 336 763 149 1.4790 0712318 7 0.7052 221 10.7 0.1250 0.512478 5 1158 1111 —0.05
X3$s-9 335 732 264 0.8032 0.709737 8 0.7059 3.09 126 0.1482 0512530 6 1445 1108  —0.02
X3Ss-11 335 624 234 0.7706 0709243 6 0.7056 271 11.9 0.1383 0512512 8 1294 1104  0.03
X3SS-15 333 107 180 0.1729 0.707561 8 0.7067 2.96 114 0.1575 0.512523 6 1700 1151  —0.57
X3$s-17 333 180 263 0.1985 0.707418 7 0.7065 3.26 12.9 0.1533 0.512508 10 1620 1161  —0.69
X3$5-19 333 204 267 0.2208 0.707547 9 0.7065 3.95 153 0.1556 0.512529 5 1630 1135 —0.37
BLS™? 318 672 420 0.4519 0.706209 9 0.7042 6.79 28.7 0.1491 0.512822 13 778 628  5.50
BL-065° 318 256 347 0.2106 0.705710 8 0.7048 1.54 7.0 0.1330 0.512705 5 840 768  3.89
BL-058° 314  75.1 257 0.8343 0.707630 7 0.7039 261 10.6 0.1488 0.512836 5 740 608  5.78
BL-050° 307 994 212 1.3386 0.709820 7 0.7040 2.83 11.8 0.1450 0.512838 5 690 590 594
X3$529 292 221 3.87 165.50 1467007 19 0.7792 9.92 30.1 0.1990 0.512784 5 3784 841 277
X3$530 292 224 271 239.80 1585897 62 0.5896 8.26 23.8 0.2095 0512830 5 11,629 799 327
X3S524 281 118 143 23858 0713710 9 0.7042 5.23 24.5 0.1290 0512627 9 944 878 222
X35526 281 136 156 25215 0.715051 7 0.7050 5.89 26.9 0.1324 0.512640 4 960 868  2.34

Data sources: a, Zhou et al.,, 2010; b, Zhang et al., 2013; ¢, W.F. Zhang et al., 2016.
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imply a magma mixing of mantle- and crust-derived magmas or cog-
nate cumulate processes (Dahlquist, 2002; Donaire et al., 2005; Huang
et al., 2014). However, the MMEs are mineralogically same as their
hosts but only differ in modal abundances (Fig. 2d, e, f), which argue
for the MMEs and their hosts were formed from the same source
(Dahlquist, 2002; Donaire et al., 2005; Huang et al., 2014). Besides, in
Th/La vs. Zr/Sm plot, the granodiorites and dioritic enclaves do not sup-
port the magma mixing process (Fig. 7a). Collectively, we conclude that
the granodiorites and dioritic enclaves were formed by cumulate mech-
anism. Although cumulate is a common process in the granitoid-MME
system, we do not intend to exclude a minor affect from participation
of other processes in the evolution of this system. Moreover, as pro-
posed by Donaire et al. (2005), the increase of cumulate process sug-
gests that the magma ascents or emplaces at shallow levels in the
crust, but are not relevant to petrogenetic processes at the granite
source.

Both the granodiorites and dioritic enclaves have low Mg* (38-40
and 39-43, respecively), and trace elements similar to the middle and
upper crust (Fig. 5a and b; Rudnick and Gao, 2003). They have lower
eng(t) values (—1.06 to —0.05 and —0.02 to 0.03) than contemporane-
ously mantle-derived mafic rocks (+6.22 to +7.34) (Luo et al., 2012,
2016). Furthermore, they have old two stage Nd model ages
(1111-1195 Ma and 1104-1108 Ma) (Table 2), implying that an origin
from newly underplated mafic rocks in the lower crust can be ruled out.
The granitoids-MME system was most likely derived from the partial
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melts of Mesoproterozoic crust, which was considered as the Precam-
brian basement of the Central Tianshan Block (Figs. 6 and 10a). For in-
stance, the depositional time of Xingxingxia group metasedimentary
rocks from Weiya, Kumishi and south to the Dikar in the range
of 1.2-1.3 Ga, and show &ng(t) values varying from —4.0 to +6.4)
(Li et al, 2003). The granitic gneisses from Weiya-Xingxingxia,
Pargangtag and Ganggou-Kumishi metamorphic blocks were generated
at 1.1-1.2 Ga and have similar eng(t) values (—5.0 to +5.8) (Liu et al,
2004). Hence, according to Huang et al. (2015, 2017), the eastern
Central Tianshan Block has undergone a crustal growth at about 1.4 Ga
and the basement rocks show positive eye(t) values (+0.6 to +10.2).
Therefore, we suggest that the Mesoproterozoic basement of the east-
ern Central Tianshan Block is most likely to be the magma source of
the granitoid-MME system.

6.1.2. Albitophyre

The albitophyres exhibit high SiO,, low MgO, Cr, Co and Ni contents,
combined with Nb/Ta (11.4), Y/Ho (27.3) and Zr/Hf (32.2) ratios
(Table 1) similar to those of the bulk continental crust (11.4, 25 and
35.7, respectively; Rudnick and Gao, 2003), reflecting a crustal origin.
Moreover, these rocks have near-zero eng(t) values (—0.69 to —0.37)
(Fig. 6 and Table 2) similar to the contemporaneously crust-derived
granitoid-MME system. This implies a similar crustal magma source
for both types of rocks. Furthermore, the albitophyre samples define
a straightly positive correlation line in the La vs. La/Sm diagram
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Fig. 7. (a) Zr/Sm vs. Th/La diagrams for the Early Carboniferous felsic plutons. (b) La/Sm vs. La diagrams of the Late Paleozoic felsic plutons. Symbols same as Fig. 4.
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(Fig. 7b), indicating that their compositional variations are mainly con-
trolled by partial melting. Therefore, we suggest the albitophyres are
probably to be products of dehydration melting in the middle and
lower crust level, where the significantly low porosity of metamorphic
rocks prevents large amounts of water from being involves (Skjerlie
et al.,, 1993; Yuan et al.,, 2007). However, these rocks have high Na,0
(5.60-7.80 wt.%), low K50 (0.17-0.61 wt.%) and thus very high Na,O/
K0 ratios (10.6-34.6) (Table 1). Combined with the corrosion bound-
ary between albite and quartz in the studied samples (Fig. 2g), we sug-
gest that the albitophyres probably experienced a metasomatism of
sodic-rich fluids (Li et al., 1999; Tang et al.,, 2006) during the dehydra-
tion melting process.

Compositional diversity of crust-derived melts strongly depends on
source compositions and melting conditions (Beard and Lofgren, 1991;
Rapp et al., 1991; Yuan et al,, 2007; Y.Y. Zhang et al., 2015), thus the
chemical and isotopic compositions of igneous rocks can provide
much useful information for the petrogenesis. The albitophyres have
low to intermediate Al,03 (<15.2 wt.%) and Sr (<267 ppm) contents
and negative Eu anomalies (Eu/Eu* = 0.60-0.76) (Table 1), which
can be ascribed to a plagioclase residuum in the source. Amphibole
and mica are the most common hydrous minerals involved in
dehydration-melting that generates granitic magmas. For the
albitophyre samples in this study, the lack of upwardly-concave,
chondrite-normalized REE patterns may suggest that the amphibole
was not a major residual phase, consistent with an amphibole dehydra-
tion melting reaction (Borg and Clynne, 1998). They have relatively low
K, Rb and Cs contents and significant low K,0/Na,O (<0.1) and Rb/Sr
(<0.1) ratios (Table 1), which argue against mica in their source. These
rocks have high CaO/Na,0 (>0.3), Ca0/(MgO + FeO") and low Al,0s/
(MgO + FeO") ratios (Fig. 8 and Table 1), further suggest that they
were formed mainly by dehydration melting of metamorphosed mafic
to intermediate rocks which contains abundant amphibole rather than
mica-rich pelites and greywackes (Gerdes et al., 2002; Jung and
Pfander, 2007; Yuan et al., 2007).

6.1.3. K-feldspar granite and monzonitic granite

Granitic rocks can be genetically divided into I-, S-, M-, and A-types
according to their source rocks and chemical compositions (Bonin,
2007). In general, A-type granites have higher K;0 + Na,O, Fe/Mg,
Ga/Al, HFSE (e.g., Zr and Hf) and lower CaO, Sr, Eu and Ba than I- and
S-type granites (Bonin, 2007; Collins et al., 1982; King et al., 1997;
Whalen et al., 1987). In the K,O + Na,O vs. 10,000 Ga/Al and Zr vs.
10,000 Ga/Al diagrams (Fig. 9a, b; Whalen et al., 1987), the K-feldspar

Partial melts from ,
metagreywackes

Molar Al20s/(MgO+FeQ")
=S

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Molar CaO/(MgO+FeQ")

Fig. 8. Molar Al,03/(MgO + FeO") vs. molar CaO/(MgO + FeQ") diagram for the Early
Carboniferous felsic plutons. Symbols same as Fig. 4.

granite samples are plotted in the A-type field, where the monzonitic
granites plot in the I-, S-, and M-type field. The significantly high
HFSE, HREE and FeO/MgO ratios (54.4-98.7), and remarkably low Ba,
Sr and Eu contents of the ca. 292 Ma K-feldspar granites (Table 1) sug-
gest that they are A-type granites (Bonin, 2007; Eby, 1992; Pearce
et al., 1984; Whalen et al., 1987). The monzonitic granites are
metaluminous to weakly peraluminous with A/CNK values ranging
from 0.93 to 1.05, and have very low P,0s (Fig. 4c and Table 1) in con-
trast to S-type granites which generally are strongly peraluminous
with A/CNK > 1.1 and have high in P05 (Clemens, 2003; Zhao et al.,
2008). This signature suggests that ca. 281 Ma monzonitic granites be-
long to I-type granites, which is also supported by the presence of am-
phibole instead of cordierite and garnet.

The petrogenesis and source of A-type granites has long been a de-
bated issue. Several models have been proposed, including strong frac-
tionation of mantle derived magma (Turner et al., 1992), partial melting
of various crustal sources (Collins et al., 1982; Eby, 1990; Whalen et al.,
1987), or mixing between mantle-derived magma and crustal melt
(Yang et al., 2006a). The major concerns of these models focuses on
the source regions and the role of the mantle (Wu et al., 2002; Yuan
et al.,, 2010). The high SiO, (>76%) and low MgO (<0.1%) contents of
this A-type granites also preclude a derivation directly from the mantle
(Zhao et al., 2008). Moreover, very small proportion of contemporary
mafic rocks in the study area indicates they cannot be differentiation
products of mantle-derived magmas (Huang et al., 2008). In contrast
to La contents, the La/Sm ratios in the K-feldspar granite samples almost
remain the same, suggesting various degrees of fractional crystallization
(Fig. 7b). The presence of Sr, Eu and Ba negative anomalies in the A-type
granites (Fig. 5e-f) are hence indicative of fractionation of both plagio-
clase and K-feldspar (Huang et al., 2008; Wu et al., 2002). These rocks
have relatively flat HREE patterns, which suggests the garnet was absent
in the magma source and argues for magma generation under a pres-
sure of 0.8-1.0 Gpa (Patifio Douce and Beard, 1995; Watkins et al.,
2007). The positive enq(t) (+2.77 to +3.21) values preclude a source
from highly evolved upper continental crust. The young whole-rock
two stage Nd model ages (799-841 Ma) indicate a relatively young
crustal source, although a mantle contribution cannot be completely
precluded.

Calc-alkaline to high-K calc-alkaline I-type granitoids can be gener-
ated by (1) partial melting of mafic to intermediate (meta)-igneous
rocks without sediments involved (Chappell and White, 2001; W.F.
Zhang et al., 2016) or (2) mingling of juvenile crustal-derived and
mantle-derived magmas (Kemp et al,,2007). The ca. 281 Ma monzonitic
granites have high SiO, (>72%) and low MgO (<0.6%), Ba, Sr and Eu con-
tents, but not as remarkable as the K-feldspar granites (Fig. 5e-f and
Table 1). The positive eng(t) values (42.22 to +2.34), with relatively
young T3y ages (868-878 Ma) (Table 2), suggesting the monzonitic
pluton was also derived from a relatively young crustal source.

6.2. Contribution of mantle (juvenile) materials

6.2.1. Early Carboniferous

Whether the Precambrian basement exists in the Agishan-Yamansu
belt or not has long been debated (Luo et al., 2016; Ma et al., 1993).
Zhang et al. (1998) reported a specific age of the Precambrian single
zircon from a quartz syenite porphyry in the Agishan-Yamansu belt
and suggest a possible Precambrian basement exists underneath this
island arc. According to Luo et al. (2016), the age spectra of inherited zir-
cons from the Early Carboniferous volcanic rocks in the Agishan-Yamansu
belt show almost the same peaking ages in their Precambrian records to
those recorded from the Central Tianshan Block, which suggest this belt
was likely a part of the Central Tianshan Block in the Early Carboniferous.
In this study, all the Early Carboniferous granitoids had old T3y ages
(1104-1195Ma) and were produced by partial melting of the
Mesoproterozoic crust of the eastern Central Tianshan Block, which
argue for the Agishan-Yamansu arc system was closely connected with
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Abbreviations: COLG, collision granite; VAG, volcanic arc granite; ORG, ocean ridge granite;

the Central Tianshan Block in the Early Carboniferous. This suggestion is
reinforced by their similar Sr-Nd isotopic ratios to the contemporaneous
granitic rocks in the eastern Central Tianshan Block (Fig. 6a, b; Supple-
mental Table S2). Considering similar trace element and Sr-Nd isotopic
compositions to the Permian lithospheric mantle-derived ultramafic-
mafic rocks (Fig. 63, b; Supplemental Table S2), mantle component is sug-
gested to input the magma source of the Early Carboniferous granitic plu-
tons. Moreover, the initial crust materials was suggested occurred as old
as the late Paleoproterozoic (ca. 1.8 Ga) in the eastern Central Tianshan

WPG, within plate granite; post-COLG, post collision granite. Symbols same as Fig. 4.

Block, whereas the Archean basement was absent (Fig. 10a; Hu et al.,
2000; Li et al,, 2003; Liu et al,, 2004 and Huang et al., 2015, 2017). After
the Paleoproterozoic crustal growth, the basement of Eastern Tianshan
was formed at Mesoproterozoic (ca. 1.2 to 1.4 Ga) with young signatures
and young crustal model ages (Hu et al., 2000; Huang et al., 2017). Hence,
a simple mixing model using different end-members is show in Fig. 10b.
The depleted juvenile endmember is presented by mantle-derived basal-
tic rocks with chemical compositional within the range of the Kangguer
ophiolites (Fig. 6; Jahn et al., 2000c; Li et al., 2008). The old endmember
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Fig. 10. (a) eng(t) vs. Age (Ga) diagram of the Late Paleozoic felsic plutons from the Aqishan-Yamansu belt and the Paleo- to Mesoproterozoic crust evolution of eastern Central Tianshan Block.
(b) ena(t) vs. (87St/%6sr); diagram showing source mixing proportions between two end-members. Depleted mantle (represent juvenile components): Sr = 150 ppm, (¥Sr/%°Sr); = 0.7025,

Nd = 15 ppm, eng(t) = +8 (from Jahn et al., 2000c). Mesoproterozoic crust basement: Sr = 3
et al., 2000, Li et al., 2003, Liu et al.,, 2004). Symbols same as Fig. 6.
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is presented by Mesoproterozoic crustal basement rocks containing some
late Paleoproterozoic crust materials (Fig. 10b; Rudnick and Fountain,
1995, Hu et al., 2000, Li et al., 2003, Liu et al., 2004). For the Early Carbon-
iferous granitic rocks, the depleted juvenile components added to the
magma source are probably 60% (Fig. 10b). Considering the Carbonifer-
ous magmatism has a slightly higher enq(t) values to the Mesoproterozoic
crust evolution domain (Fig. 10a), the high mantle contributions were
most likely caused by the input of depleted mantle materials into the
basement rocks.

6.2.2. Late Carboniferous

Recent zircon U-Pb dating of granodiorites in the Bailinshan area
yielded late Carboniferous ages at ca. 318 Ma (Zhou et al.,, 2010).
These rocks has positive eng(t) values (+5.50) and juvenile T3y, ages
(~628 Ma) (Figs. 6a, b, 10a, b; Table 2; Zhang et al., 2013). Lately,
three other Late Carboniferous granitic plutons (318 Ma, 314 Ma and
307 Ma, respectively) were also reported in the Bailinshan area (W.F.
Zhang et al., 2016). The granitic rocks also have positive eyq(t) values
(Mean + 3.89, +5.78 and +5.94, respectively) and juvenile two stage
Nd model ages averagely at 768 Ma, 608 Ma and 590 Ma, respectively)
(Figs. 6a, b, 10a, b and Table 2). These Late Carboniferous rocks were
thought to be derived from the partial melts of a mixed source involving
dominantly basaltic lower crust and minor mature crust-derived mate-
rials (W.F. Zhang et al., 2016). Near the Bailinshan area, the ca. 310 Ma
basalts and tuffs have positive enq(t) values (+2.8 to +7.1), which
were considered to be sourced from a depleted lithosphere mantle
(garnet-bearing peridotite) (Zhang et al., 2013). These lower crust-
derived granitic plutons and depleted mantle-derive basic volcanic
rocks in the Agishan-Yamansu belt have similar eng(t) values and all
of them are plotted within the range of the igneous rocks in the north-
ern Eastern Tianshan (Fig. 6; Supplemental Table S2). On account of
the ultramafic-mafic rocks with the same Sr-Nd isotopic ratios to
the depleted mantle (Fig. 6; Zindler and Hart, 1986), no Precambrian
basement exists in the northern Eastern Tianshan. Therefore, the
juvenile Nd model ages of these Late Carboniferous rocks suggest
that more depleted mantle materials were added into the crust than
those in the Early Carboniferous, which indicate a crustal transition
from old basement to juvenile crust in the Agishan-Yamansu belt. This
conclusion was evidenced by the two end-member mixing calculation
of the magma source (Fig. 10b), in which about 80% to 90% juvenile
components were added into the Late Carboniferious granitic magma
sources.

6.2.3. Early Permian

The two Early Permian granitic plutons have eng(t) values (+2.22 to
+3.27) higher and T3y ages (799-878 Ma) younger than the Early
Carboniferous plutons in both the Agishan-Yamansu belt and the east-
ern Central Tianshan Block (Table 2; Figs. 6; 10a, b; Supplemental
Table S2), suggesting that more depleted components were added to
the crustal source during this time. However, the slight decrease of the
ena(t) values with increasing T3um ages than those of the Late Carbonif-
erous samples indicate that different juvenile components were likely
added to the magma source in different tectonic settings. Although
the juvenile materials are as high as ~75% for the Early Permian
rocks, their old lower crust components are slightly increased from
the Late Carboniferous to the Early Permian (Fig. 10b). Because the
Sr-Nd isotopic ratios of the Early Permian rocks in the Agishan-
Yamansu belt are similar to those of both the coeval ultramafic-
mafic rocks in the eastern Central Tianshan Block and the coeval
granitic rocks in the northern Eastern Tianshan (Fig. 6a, b), it is sug-
gested that the Agishan-Yamansu belt and adjacent terranes had
formed an united continental crust prior to the Early Permian and
were then extensively underplated by mantle-derived magmas
during the Early Permian.

6.3. Implications for tectonic evolution

6.3.1. Early Carboniferous

Although the tectonic evolution of the Agishan-Yamansu belt has
been widely discussed (Hou et al., 2014; Luo et al., 2012, 2016; Xiao
etal., 2004, 2013; W.F. Zhang et al., 2016), its tectonic setting in Late Pa-
leozoic is still controversial. Xiao et al. (2004) suggested the Agishan-
Yamansu belt was a Devonian to Early Permian island arc formed by
north-dipping subduction of the South Tianshan oceanic plate. Whereas
the south-dipping subduction of the paleo-Tianshan oceanic plate was
suggested to generate the Yamansu-Central Tianshan continental mar-
gin arc (Hou et al., 2014; Luo et al., 2016). However, other hypothesises
suggested that the Agishan-Yamansu in the south and the Dananhu is-
land arc in the north was produced by the bipolar subduction of the
Kangguer oceanic lithosphere (Hou et al., 2006; Y.H. Wang et al., 2014).

In this study, the Early Carboniferous granodiorites and dioritic en-
claves in the Agishan-Yamansu belt have Nb, Ta and Ti depletion and
LILE (Rb and Ba) enrichment, showing geochemical features similar to
subduction-related magmatic rocks (Mcculloch and Gamble, 1991).
This interpretation is supported by the plotting of these samples
into the arc-related field in the Rb vs. Y + Nb discrimination diagram
(Pearce et al., 1984; Whalen et al., 1987) (Fig. 9d). Moreover, their
remarkable depleted juvenile components added to a magma source
also argue for the arc-related tectonic seeting. Besides, the arc-
related tectonic setting is consistent with the results of some recent
studies. For instance, a calc-alkaline volcanic rocks series in the
Yamansu group yielded coeval zircon U-Pb ages of 348 + 2, 336 + 2
and 334 4+ 3 Ma (Luo et al., 2012, 2016). Zircon U-Pb dating of the
Xifengshan and Shiyingtan granites and Changtiaoshan quartz diorite
porphyrite yielded similar Early Carboniferous ages of 349 + 3 Ma,
342 4+ 11 Ma and 338 =+ 3 Ma, respectively (Zhou et al., 2010). A grano-
diorite in the Hongyuntan area also has an Early Carboniferous age of
329 £+ 9 Ma (Wu et al,, 2006) (Fig. 1b). Therefore, a magmatic arc was
likely built on the Agishan-Yamansu belt along the northern margin of
the Central Tianshan Block in the Early Carboniferous (at least from
349 to 329 Ma).

However, there is still controversial regarding to the formation of the
Aqishan-Yamansu arc and the subduction polarity with which oceanic
lithosphere was responsible for the generation of this arc system. Ac-
cording to the Sm-Nd isochron dating of the eclogites (ca. 347 Ma)
and “°Ar/*°Ar plateau ages (ca. 334 and 331 Ma) of phengite from an
omphacite-phengite-bearing blueschist (Gao and Klemd, 2003), which
formed in a Paleozoic accretionary wedge on the southern side of the
Yili-Central Tianshan block, Gao and Klemd (2003) suggested the sub-
duction of the South Tianshan Ocean plate may have been completely
finished by the end of the Early Carboniferous (W.F. Zhang et al.,
2016). Besides, the Early Permian (273-283 Ma) granitic plutons in
Kokshalboth area of South Tianshan Mountains simultaneously oc-
curred in the Yili-Central Tianshan blocks in the north and the Tarim
Craton in the south. As typical stitching plutons, Early Permian granitic
plutons suggested the west South Tianshan ocean was closed before
300 Ma (Liu et al., 2013). Moreover, the closure of the South Tianshan
Orogenic Belt was considered as a scissor-type in which the east part
was closed earlier than the west part (Gao et al., 2009). Furthermore,
new zircon U-Pb ages (ca. 320 Ma) for the South Tianshan eclogites in-
dicate that collision between the Tarim Craton and the Yili-Central
Tianshan blocks occurred during the Late Carboniferous (Su et al.,
2010). Therefore, the Agishan-Yamansu arc was unlikely related to the
subduction of the South Tianshan oceanic lithosphere below the eastern
Central Tianshan Block. Instead, the southwards subduction of the
Kangguer (Northern Tianshan) oceanic lithosphere was more likely re-
sponsible for the formation of the continental marginal arc.

As suggested by the similar age spectra of inherited zircons in the
Early Carboniferous volcanic rocks to those of the Central Tianshan
basement (Luo et al., 2012, 2016), the Early Carboniferous granitic plu-
tons were considered to be produced by partial melting of ancient
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continental crust, indicating the Agishan-Yamansu belt was possibly de-
veloped on the northern margin of the Central Tianshan Block. This
model is further supported by: (1) Ophiolites with prolonged ages
(494 to 330 Ma) along the Kangguer fault representing remnants of
the Kangguer ocean plate (Li et al., 2008; Liu et al., 2016). (2) The ca.
330 Ma MORB-type basalt from the Wutongwozi Formation in the
Kangguer belt (Li et al., 2008; Supplemental Table S2). (3) The existence
of 338-347 Ma arc-related granitic plutons along the Kangguer belt (B.
Wang et al., 2014), as well as the 320-325 Ma arc-related granitic
gneisses on the northern margin of the Central Tianshan Block (X.R.
Zhang et al,, 2015). (4) The Early Carboniferous Yamansu Formation in
the northern Aqishan-Yamansu belt and the Late Carboniferous
Tugutublak Formation in the southern (Muhetaer et al., 2014; W.F.
Zhang et al.,, 2016), consistent with typical subduction processes along
continental margin arcs (W.F. Zhang et al., 2016).

6.3.2. Late Carboniferous

Some Late Carboniferous calc-alkaline granitic intrusions in the
Bailinshan area yielded zircon U-Pb ages of 307 to 318 Ma. They have
similar major and trace element contents, but with significantly ele-
vated enq(t) values and younger Nd model ages related to the Early Car-
boniferous granitic plutons (Zhang et al., 2013; W.F. Zhang et al., 2016;
Zhou et al.,, 2010) (Fig. 6 and Table 2). These rocks were suggest to be
produced by partial melting of a juvenile lower crust that was mixed
with mantle-derived material in a back (intra)-arc extension basin
(W.F. Zhang et al.,, 2016) and more than 80% juvenile components pro-
portions were added to the crust. The Late Carboniferous back (intra)-
arc extension tectonic setting is also evidenced by the ca. 320 Ma
MORB-like volcanic rocks from the Tugutubulake and Wutongwozi For-
mations, which are geochemically similar to those of the back-arc basin
basalt from the Mariana and Okinawa troughs (Luo et al., 2016). There-
fore, there is a tectonic transition from Early Carboniferous continental
margin arc to Late Carboniferous back (intra)-arc extension setting in
the studied area. Besides, as discussed in the previous sections, south-
wards subduction of the Kangguer (Northern Tianshan) oceanic litho-
sphere below the eastern Central Tianshan Block was responsible for
the Early Carboniferous continental marginal arc. Therefore, the re-
gional extension was probably associated with the roll-back of the
Kangguer oceanic lithosphere which formed the Late Carboniferous
Aqishan-Yamansu intra-arc basin. Indeed, we favor the hypothesis
that the Aqishan-Yamansu belt in the south and the Dananhu island
arc in the north were produced by the bipolar subduction of the
Kangguer oceanic lithosphere (Hou et al,, 2006; Y.H. Wang et al.,, 2014).

6.3.3. Early Permian

Although the Early Permian volcanic rocks and granitic plutons were
sparsely in the Agishan-Yamansu belt (Wang et al., 2005; Zhou et al.,
2010) (Fig. 1b), they were widely exposed in neighboring regions. For
instance, B. Wang et al. (2014) reported ca. 275 Ma gabbro and diorite
in the East Huangshan and Kangguertag areas and ca. 290 Ma granitic
plutons in the East Huangshan area. X.R. Zhang et al. (2016) reported
some ca. 290 Ma mafic-intermediate intrusions from the northern
Central Tianshan Block. Some K-feldspar granitic plutons along the Cen-
tral Tianshan Block have yielded zircon U-Pb ages of 300 + 3 to 263 +
2 Ma (Dong et al., 2011; Ma et al,, 2015). The large distributions of Early
Permian igneous rocks in the Kangguer belt and the Central Tianshan
Block show typical geochemical features of post-collisional magmatism
in extensional settings, which indicate the Kangguer Ocean was closed
before Early Permian (Dong et al., 2011; Ma et al,, 2015; B. Wang
etal, 2014; X.R. Zhang et al., 2016). Comparatively, the ca. 292 Ma A,-
type K-feldspar granitic rocks in this study also support an extension en-
vironment and all of our Early Permian samples dominantly plot into
the post-collisional field in the Rb vs. Y + Nb discrimination diagrams
(Pearce et al., 1984; Whalen et al., 1987) (Fig. 9¢, d). Because the widely
mantle-derived magma underplating were generally accompanied by a
post-collisional extension setting (e.g., Ma et al., 2015; Yuan et al,,

2010), the notably juvenile components added to the magma source
(~75%) of the studied Early Permian rocks suggest that a post-
collisional environment was suitable in the Early Permian. Such a tec-
tonic setting is also evidenced by the newly paleomagnetic and struc-
tural studies: (a) a systemic paleomagnetic research, in which, Wang
et al. (2007) noted that there were no significant relative motions
among the Tarim, Yili and Junggar terranes since the Late Carboniferous;
(b) structural analyses showed Eastern Tianshan were a dominance of
post-collisional transcurrent shearing in the post-Carboniferous sedi-
mentary and volcanic rocks instead of subduction-/collision-related
metamorphism (B. Wang et al., 2014). Therefore, the Early Permian
Aqgishan-Yamansu granitic plutons were most likely emplaced in a
post-collisional extension setting.

7. Conclusions

1. The Early Carboniferous granodioritic pluton and the dioritic en-
claves were derived from partial melts of the Mesoproterozoic base-
ment of the eastern Central Tianshan Block. The coeval albitophyric
pluton was formed by dehydration melting of metamorphosed
mafic to intermediate rocks.

2. The Early Permian K-feldspar granitic and monzonitic granitic plu-
tons were derived from a relatively young crustal source.

3. From the Early Carboniferous to Early Permian, the mantle contribu-
tion of the felsic magmatic rocks in the Agishan-Yamansu belt
changes from ~60% to ~75%.

4. The remarkably increasing of mantle materials in the magma source
was most likely induced by the tectonic transition from an Early
Carboniferous continental arc to an Early Permian post-collisional
extension environment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2018.02.010.
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