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ABSTRACT

The Awulale Mountains, the conjunction point of the Tarim Plate, Junggar Plate and Yili-Central Tianshan
Block, are the crucial place to decipher the tectonic evolution of the western Tianshan. We report results of
petrologic, whole-rock geochemical, Sr-Nd isotopic data and in-situ zircon U-Pb and Hf isotopes for the
Wauling (poikilitic) hornblende gabbro from the Awulale Mountains, western Tianshan. Two stage
crystallization processes are applied to interpret its mineral composition. Zircon U-Pb ages indicate that
the Wuling hornblende gabbro was emplaced during the late Carboniferous (313 Ma + 3 Ma). The Wuling
hornblende gabbro is characterized by tholeiitic affinity with low 87Sr/86Sr ratios, positive eng(t) and zircon
ep(t) values, resembling its coeval mafic rocks in the Awulale Mountains. They are enriched in large ion
lithophile elements (LILEs) and depleted in high field strength elements (HFSEs), indicating a subduc-
tion-related setting for their generation and their mantle source were mainly fluxed by fluids released
by the down-going slab. The flat REE and depleted Sr-Nd-Hf isotopic signatures imply a shallow and
heterogeneous mantle source with the involvement of a deep MORB-like component. We propose that
an arc-nascent back-arc system had been developed between the Nalati Mountains and the Awulale
Mountains during the late Carboniferous, where the magma derived from decompression melting of
MORB-like mantle caused by the slab roll-back and flux-induced melting of mantle wedge were both
contributed to their generation. The arc-type features of them were inherited from the strong subduction
input at the initiation of back-arc rifting. However, the back-arc rifting ceased at the end of late
Carboniferous because of the compressional stress from the collision between the Tarim Plate and the
Yili-Central Tianshan Block.

© 2015 Published by Elsevier Ltd.

1. Introduction

region had closed during the early Carboniferous and a post-oro-
genic rift setting accompanied by extensive continental rift-type

The east-west-trending Awulale Mountains are located in the
southwestern Central Asia Orogenic Belt, lying in the conjunction
of Tarim Plate, Junggar Plate and Yili-Central Tianshan Block
(YCTB). It is an important orogenic belt as well as a significant
polymetallic metallogenic belt, containing numerous Late Paleo-
zoic volcanic and intrusive rocks and associated Fe-Cu deposits
(Hong et al., 2003; Xiao and Kusky, 2009; Zhang et al., 2014). How-
ever, the tectonic evolution and nature of this belt are still in con-
troversy. Contrasting models have been proposed for Late
Paleozoic tectonic evolution of the Awulale Mountains. Some
researchers suggest the Paleozoic ocean basin in the Tianshan
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volcanism was developed in the YCTB (Xia et al., 2004a,b, 2008).
The other researchers suggest a continental arc setting in the YCTB
during the Late Paleozoic and the related subduction lasted until
Late Permian-Triassic (Zhang et al., 2007a,b; Xiao et al., 2010,
2013). During the Late Paleozoic, the Yili Block over-rode the sub-
ducting slabs of the South Tianshan Ocean from the south and the
North Tianshan Ocean from the north (Wang et al., 2008; Gao et al.,
2009; Xiao et al., 2013). Therefore, there is a debate on the polarity
of the subduction that the Awulale orogen was mainly subjected
to. It is generally recognized that the tectonic setting of the Awul-
ale Mountains in Late Paleozoic was mainly controlled by north-
ward subduction of the Southern Tianshan Ocean (e.g., Gao et al,,
2009; Zhu et al., 2009; Yang et al., 2012, 2014a; Xiao et al., 2013;
Li et al., 2015a). Thus, the key issue is on the timing of final closure
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of the South Tianshan Ocean or the collision between Tarim plate
and the YCTP. The collision is thought to have occurred either dur-
ing Devonian-Carboniferous according to the age of associated
ophiolitic mélanges (Charvet et al., 2007; Wang et al., 2011), or
during the Carboniferous-Permian period based on the occurrence
of syn- and/or post-collision-related rocks (Gao et al., 2009; Long
et al., 2011; Yang et al., 2012) and the metamorphic zircon ages
of eclogite (Hegner et al., 2010; Li et al., 2010b; Su et al., 2010;
Wang et al., 2010, 2011), or even during the Permian-Triassic per-
iod because of the tectonic reconstructions (Xiao et al.,, 2010,
2013). Fortunately, we can utilize the petrogenetic processes and
geochemical signature of typical rocks as arbiters to discriminate
and further constrain these competing models.

Hornblende-bearing gabbros are typical of subduction-related
magmatic rocks and have been considered to represent magmatic
differentiation process in arc magmas (Arculus and Wills, 1980;
Beard, 1986; Debari, 1994; Hickeyvargas et al., 1995; Mandal
et al., 2012). The presence of abundant hornblende in the subduc-
tion-related gabbroic rocks has been considered either as an early
stage mineral crystallized directly from the water-rich basaltic
magma (Conrad and Kay, 1984; Beard and Borgia, 1989; Wan
et al,, 2013) or as a product of reaction between early stage miner-
als (olivine, pyroxene and plagioclase) and water-rich evolved melt
(Dong et al., 1997; Prouteau et al., 2001; Costa et al., 2002; Yan and
Niu, 2014). Petrographically, the former type of hornblende usually
occurs as smaller crystals in gabbroic rocks and anorthite exists as
the most extreme end product in the late crystallization stage (e.g.,
Ulmer et al., 1983; Sisson et al., 1996; Wan et al., 2013) as a high
water content in a basaltic magma often suppresses the crystalliza-
tion of plagioclase (Sisson and Grove, 1993). Whereas, the later
type usually occurs as poikilitic crystals enclosing earlier-formed
plagioclase grains and showing reaction relation with them (e.g.,
Smith et al., 1983; Ulmer et al.,, 1983; Dong et al.,, 1997; Costa
et al., 2002; Bonev and Stampfli, 2009; Mandal et al., 2012).

Our studied mafic intrusion outcrops in the Wuling area of the
Awulale Mountains and consists of undeformed gabbro and minor
diorite. In this study, we focus on the petrogenesis of the Wuling
gabbroic rock and identify it as (poikilitic) hornblende gabbro
based on the petrographic observation. A systematical investiga-
tion was carried on petrography, mineral microanalyses, whole-
rock geochemistry and Sr-Nd isotopes, and zircon U-Pb geochro-
nology and in-situ Hf isotope for the Wuling hornblende gabbro,
in order to constrain its petrogenesis and source nature, and to
reveal the geodynamic setting.

2. Geological background and petrography
2.1. Regional geology

The Tianshan orogenic belt extends west—east for ca. 2500 km
along the southwestern margin of the Central Asian Orogenic Belt
(CAOB, also known as the Central Asian Orogenic System or CAOS)
(Fig. 1a), a typical accretionary orogenic belt formed by multistage
accretionary collage of various micro-continents, continental frag-
ments, and arc complexes from Precambrian to Mesozoic (Sengor
et al.,, 1993; Jahn, 2004; Xiao et al., 2004, 2008). Western Tianshan
(Fig. 1b), the western part of Chinese Tianshan, is sandwiched
between the Junggar plate to the north and the Tarim plate to
the south, and subdivided into three parts, i.e., the North Tianshan,
the Central Tianshan (or Yili-Central Tianshan) and the South Tian-
shan (Windley et al., 1990; Allen et al., 1993; Gao et al., 1998,
2009; Wang et al., 2008, 2011; Han et al., 2010, 2011). The Yili
block is an elongated wedge-shape terrain within the Central Tian-
shan, tapering to a point where Keguqing-Boluokrlu Mountains
and Haerke-Nalati Mountains converge (Fig. 1b).

The Awulale Mountains, lying in the northeastern part of the
Yili Block and connecting Tarim, Junggar and Yili Block (Fig. 1c),
has a Mesoproterozoic metamorphic crystalline basement that is
predominately comprised of marble, biotite-plagioclase gneiss
and hornblende-two-feldspar gneiss (Feng et al., 2010), and is cov-
ered by a series of carbonate-volcanic rocks, marine volcanic and
volcaniclastic rocks, terrigenous clastic-carbonate rocks and terrig-
enous clastic rocks produced during the period from the Silurian to
the Jurassic (Feng et al., 2010; Hu et al., 2000; Li et al., 2009a,
2009b; Liu et al., 2014; Luan et al., 2008; Wang et al.,, 2014a,
2014b). In addition, the Awulale Mountains are also a polymetallic
metallogenic belt, named as the Awulale Fe—Cu Metallogenetic Belt
(AMB) (Zhang et al., 2012, 2014). The Fe deposits are mainly dis-
tributed in the eastern part of the AMB while the Cu deposits in
the western part. In the eastern part of the AMB, the Precambrian
basement is unconformably overlain by the Dahalajunshan Forma-
tion, which hosts the majority of the magnetite orebodies in this
region. Locally, Permian to Triassic continental sedimentary rocks,
consisting of conglomerate, sandstone, mudstone, and shale,
unconformably overlie the Carboniferous volcanic and volcaniclas-
tic strata. Abundant Permian dikes like porphyritic diorite, diabase,
porphyritic diabase, and lamprophyre, etc., occur in the region,
some of which crosscut the volcanic strata, the alteration zones,
and the iron orebodies (Jiang et al., 2014).

2.2. Local geology and petrography

The Wuling iron ore deposit, which was discovered recently, is
situated in the eastern part of the AMB (Fig. 1c). Strata outcroping
in the studied area (Fig. 2) contain the Quaternary sediments
and the Lower Carboniferous Dahalajunshan Formation. The
Dahalajunshan Formation is composed of volcanoclastic rocks,
acidic-basic lavas and tuffs and carbonate rocks. Two sub-
Formation of the Dahalajunshan Formation are exposed in the
studied area. The first sub-formation (C;d,) crops out in the north-
western part of the studied area, composed of gray thick-bedded
acidic-neutral volcanic rock, limestone, siliceous rock and basalt
porphyrite. The second one (C;d}) is exposed in the southeastern
part of the studied area, consisting of andesitic lithic-crystal tuff,
sodium lithic tuff and fine-crystal limestone. Moyite, granite
porphyry, diorite, gabbro intrude the Lower Carboniferous volcanic
rocks of Dahalajunshan Formation (refer to the Wuling Iron ore
deposit work report).

The Wuling mafic intrusion is a ca. 20 km? scale apophysis,
located in the north of the Wuling iron ore deposit, displaying a
close relationship with the iron orebodies. The Wuling intrusion
consists of undeformed gabbro and minor diorite. In this study,
we focus on the gabbroic rocks of the intrusion and name it as (poik-
ilitic) hornblende gabbro based on detailed petrographical observa-
tion. The Wuling hornblende gabbro mainly exhibits massive
structures and evident texture zoning with three kinds of granular
textures in the field, i.e., coarse-grain, coarse- to medium-grain,
and fine-grain (Fig. 3a) from the core to the rim of the pluton. The
hornblende gabbro contains plagioclase (~40-45vol.%), horn-
blende (~35-45vol.%), clinopyroxene (~5-10vol.%), Fe-oxides
(magnetite and ilmenite) (~5-10 vol.%) and epidote (~2-5 vol.%)
with a few accessory minerals like apatite and zircon. Some samples
have experienced slight alteration, for example, sericitization
occurs in plagioclase grains, and chloritization and actinolitization
are present in some hornblende grains. Plagioclase crystals are var-
iable in texture from euhedral, subhedral to anhedral. The anhedral
ones, actually relic grains of plagioclase, are poikilitically enclosed
within and even absorbed by giant hornblende crystal (Fig. 3d
and e). At some place, the plagioclase exhibits corrosion texture
and partly included by the hornblende (Fig. 3b). At other place,
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Fig. 1. (a) Tectonic sketch map of the Central Asia Orogenic Belt and the location of the Tianshan orogen (Sengor et al.,, 1993; Xiao et al., 2010); (b) simplified tectonic-
geological sketch map of the Awulale Mountains (modified from Niu et al. (2012)); (c) geological map of the Awulale metallogenic belt (modified from Zhao et al. (2000) and

Yang et al. (2012)).

the euhedral plagioclase grains cut the hornblende grains (Fig. 3c).
Hornblende grains in Wuling gabbro are subhedral and anhedral,
exhibiting pleochroism from green to greenish brown in polarized
light. These hornblende grains are thought to be the product due
to reaction of early stage minerals (pyroxene and plagioclase) and
water-rich evolved melt. Pyroxene crystal is less abundant and
anhedral, mostly embedded in hornblende crystal (Fig. 3d and e).
At some places, pyroxene is only partly altered to hornblende along
the crystal margin. At other places, pyroxenes are totally replaced
by hornblende. Although there are no pyroxene relics, their natures
imply that they are the alteration products. The Fe-oxides mainly
are magnetite and ilmenite. Intergrowth of magnetite and ilmenite
grains is common. Some Fe-oxides are hosted by hornblende grains
without obvious reaction rim between each other (Fig. 3d and e) and
exhibit exsolution textures, while others are intergranular. On
the basis of textural relationships, the mineral crystallization
sequence may be as follows: (1) early-stage minerals:
clinopyroxene + subhedral and anhedral plagioclase + subhedral
magnetite; (2) late-stage minerals: hornblende +euhedral
plagioclase + magnetite.

3. Analytical methods
3.1. Electron microprobe analysis

Mineralogical investigation on sample 13WL was carried out by
an electron probe micro analyzers (JEOL EPMA JXA-8800R)
equipped with five wave-length dispersive spectrometers (WDS)
at the Instrumental Analysis and Research Center, Sun Yat-Sen Uni-
versity. Secondary and backscattered electron images were used to
guide the analysis on target positions of minerals. An 1-pm defo-
cused beam was operated for analysis at an acceleration voltage
of 12 kV with a beam current of 6 nA. The measured X-ray intensi-
ties were corrected by ZAF method using the standard calibration
of synthetic chemical-known standard minerals with various dif-
fracting crystals, as follows: wollastonite for Si with TAP crystal,
corundum for Al (TAP), Cr-oxide for Cr with PET crystal, haematite
for Fe with LiF crystal, Mn-oxide for Mn (PET), periclase for Mg
(TAP), Ni-oxide for Ni (LiF), wollastonite for Ca (PETH), albite for
Na (TAP), orthoclase for K (PET), apatite for P (PET) and fluorite
for F (TAP). The X-ray peak counting times for the upper and lower
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Fig. 2. Geological map of the Wuling area and the sampling point (modified from 1:20,000 geological map of Wuling region, Hejing County, Xinjiang).

baselines of each element were 10s and 5 s, respectively. Stan-
dards run as unknowns yielded relative standard deviations of
<2% for F and P, <1% for Si, Na and K, and <0.5% for other elements.
Detection limits were <0.5wt% for F and P and <0.5 wt.% to
600 ppm for all other elements.

3.2. Zircon U-Pb dating and Hf isotope

Zircon grains were firstly separated through powdering fresh
gabbro samples to about 80 mesh, desliming in water, followed
by density separation, magnetic separation and handpicking, then
mounted in epoxy and polished to nearly a half section to expose
internal structures. Cathodoluminescent (CL) and optical micros-
copy images of zircon grains were obtained in order to ensure that
the least fractured, inclusion-free zones in zircon were analyzed.
Zircon U-Pb dating of Wuling gabbro was undertaken by using
the laser ablation inductively coupled plasma spectrometry
(LA-ICP-MS), at the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sci-
ences (GIGCAS). NIST SRM 610 glass (Pearce et al., 1997), Temora
zircon standards (Black et al., 2003) and Plesovice zircon standards
(Slama et al., 2008) are used as external standards. All analyses
were carried out at an energy of 80 mJ, with a beam diameter of
31 pm and a repetition rate of 10 Hz. Integration of background
and analytical signals, and time-drift correction and quantitative
calibration for trace elements, were undertaken by using the
ICPMADataCal 7.7 (Liu et al., 2010a,b; Li et al., 2012). Concordia
diagrams and weighted mean calculations were made using Isoplot
4.11 (Ludwig, 2008). Results are presented in Table 2.

Zircon Hf isotope measurements were carried out on a
resolution M-50 type 193 nm excimer laser ablation system of
Resonetics, attached to Neptune Plus multi-collector ICP-MS, at
the Sate Key Laboratory of Isotope Geochemistry, GIGCAS. The Hf
analyses were done at the same spot of zircon U-Pb analyses using
a spot size of 45 um, an 8 Hz pulse rate and a laser power of
80 mJ/pulse. Every 5 analyses were followed by standards zircon
Penglai (Li et al., 2010a). The analytical protocol used was similar
to that outlined in Wu et al. (2006). The isobaric interference of
176Ly and '®Yb on '7Hf was corrected by using the recommended

176Lu/175Lu ratio of 0.02669 (Debievre and Taylor, 1993) to
calculate '7%Lu/'7’Hf and the recommended '7Yb/'7?Yb ratio of
0.5886 (Chu et al., 2002) to calculate '"Hf/'”7Hf ratios. Results
are presented in Table 3.

3.3. Whole-rock geochemical analyses

Whole-rock samples from the Wuling gabbro were examined
by optical microscopy. Only unaltered or least-altered samples
were selected for geochemical analyses. The major and trace
elements are analyzed at the State Key Laboratory of Isotope
Geochemistry, GIGCAS. Major elements were determined using
the standard X-ray fluorescence (XRF, Rigaku RIX 2100) method
(Li et al., 2005), with analytical precision better than 4%. Trace
elements were analyzed by inductively coupled plasma mass
spectrometry (ICP-MS), using a Perkin-Elmer Sciex ELAN 6000
instrument. Analytical precision for most elements is better than
2-5% (Li, 1997). Major and trace elements results are listed in
Table 1.

For Sr-Nd isotope determination, sample powders were first
dissolved in Teflon capsules with HF + HNO5 acid. Secondly, Sr
and REE were separated by using cation columns, and then Nd frac-
tions were further separated by using HDEHP-coated Kef columns.
Sr and Nd isotopic compositions were analyzed on the Micro-mass
Isoprobe multi-collector mass spectrometer at GIGCAS, following
procedures similar to those of Wei et al. (2002) and Liang et al.
(2003). Measured ®7Sr/%¢sr and '#*Nd/'#“Nd ratios were normal-
ized to %°Sr/%8Sr=0.1194 and '“5Nd/'**Nd = 0.7219, respectively.
The 87Sr/86Sr ratio of the Standard NBS SRM 987 and the
143Nd/'*4Nd ratio of the Standard Shin Etsu JNdi-1 determined dur-
ing this study were 0.71025 and 0.512115, respectively. Results are
presented in Table 4.

4. Analysis results
4.1. Mineral chemical data

Major oxide compositions of plagioclase, hornblende and
pyroxene are listed in the online Supplementary material
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Fig. 3. Hand specimens and Petrography observation (cross-polarized light) of the Wuling gabbro: (a) fine-grained gabbro, medium-grained gabbro and corase-grained
gabbro from left to right; (b) corrosion of plagioclase by the melt; (c) plagioclase grain cuts hornblende grain; (d) xenomorphic plagioclase and clinopyxene cystals enclosed
within hornblende grain; (e) Fe-oxides enclosed within hornblende grain. Abbreviations here: Hb: hornblende; Cpx: clinopyxene; Pl: plagioclase; Fe: Fe-oxide.

(Table S1). The composition of the plagioclase (12 analyses) is pre-
dominately anorthite with An ranging from 91 to 96 with one anal-
yses spot of albite composition (An = 2.3). The anorthite has CaO
contents ranging from 16.3 wt.% to 18.8 wt.% with modest amounts
of FeO (<0.4 wt.%) and K,0 (0.03-0.13 wt.%). Pyroxene (10 analy-
ses) compositions fall within the diopside field of the pyroxene
quadrilateral. They have TiO, contents varying from 0.05 wt.% to
0.53 wt.% and Cr,03 contents ranging from below detection limit
to 0.06 wt.%. The composition of amphiboles (4 analyses) are
magnesiohornblende with MgO contents ranging from 13.8 wt.%
to 14.2 wt.% and FeO contents from 12.1 wt.% to 12.7 wt.%. They
have narrow but high Mg# values from 66.4 to 67.7.

4.2. Zircon U-Pb geochronology, Ti-in-zircon thermometer and zircon
Hf isotope

Zircon crystals from the Wuling gabbro are transparent, light
olive brown, showing two types of crystal forms, namely prismatic
shape and dipyramidal shape (Fig. 4). The former are relatively
large with length ranging from 200 to 400 pm and width from
100 to 150 pum. While for the later, they are 100- to 200-pm-long
and 80- to 100-pm-wide. Most of the zircon grains occur as euhe-
dral, prismatic minerals, with regular oscillatory magmatic zonings
and without inherited cores (Fig. 4). Th and U contents are 40—
320 ppm and 58-310 ppm, respectively and their Th/U ratios

(ranging from 0.47 to 1.03) (Table 2) are relatively high and consis-
tent with those of the magmatic zircon (>0.4) (e.g., Belousova et al.,
2002; Yang et al., 2014b).

Thirty-two U-Pb analyses of zircon grains are well concordant
with all concordia degrees above 90%. The 2°°Pb/2*8U ages range
from 299 Ma to 331 Ma, displaying a wide age range. The large var-
iation of ages indicates that the zircon has inheritance or lead loss,
which complicates the interpretation of the U-Pb ages. To identify
inheritable zircon and grains that have undergone Pb loss, all data
were processed using cumulative probability plots. On the cumula-
tive probability plots, the U-Pb ages of the main population dis-
tributed as a nearly straight line with a positive slope. Old U-Pb
outliers and young U-Pb outliners were interpreted to be inherit-
able and have suffered Pb loss, respectively (e.g., Harris et al.,
2004; Liang et al., 2006). The U-Pb ages of the main population
were obtained by removing grains from both ends until the tails
have a gradient equal to or lower than the main population. Based
on the method and shown in the inset figure of Fig. 4, six inherit-
able ages and two Pb-loss ages are omitted. A weighted average
age for the remaining 24 U-Pb data is obtained as 313 £ 3 Ma,
SMWD = 1.9 (Fig. 4). The U-Pb age of the main population was
interpreted to be crystallization age of the intrusion.

Zircon is a resistant mineral, whereas Ti-in-zircon is a sensitive
thermometer indicator for the temperature dependant incorpora-
tion of Ti** into crystallizing zircon (Watson et al., 2006). Trace ele-
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Table 1

Major (wt.%) and trace element (ppm) data for the Wuling hornblende gabbro.
Sample 13WL-6 13WL-7 13WL-8 13WL-9 13WL-10 13WL-11 13WL-12 13WL-13

Fine-grained Medium-grained Medium-grained Medium-grained Coarse-grained Coarse-grained Fine-grained Fine-grained

SiO, 38.8 53.5 42.9 49.7 50.3 49.3 50.5 50.5
TiO, 1.87 0.31 1.50 0.47 0.69 0.66 0.99 0.75
Al,04 134 173 16.7 22.7 174 16.5 183 15.6
Fe,0% 21.8 6.30 16.0 6.57 8.58 9.58 9.41 10.1
MnO 0.20 0.13 0.17 0.10 0.14 0.15 0.17 0.19
MgO 7.23 6.38 6.51 4.38 6.20 7.81 4.34 6.46
Cao 12.7 9.97 12.7 11.8 119 12.2 10.2 10.1
Na,O 113 3.61 1.62 2.83 2.92 2.18 347 2.61
K;0 0.11 0.20 0.22 0.24 0.31 0.26 0.31 0.39
P,0s5 0.05 0.17 0.08 0.06 0.09 0.08 0.24 0.07
LOI 2.38 1.16 1.42 1.13 1.22 1.09 1.36 2.10
Total 99.6 99.0 99.9 99.9 99.7 99.8 99.2 99.0
A/CNK 0.54 0.71 0.64 0.86 0.65 0.63 0.74 0.68
Mg# 43.6 70.2 48.7 60.8 62.7 65.5 51.8 59.8
Sc 90.5 44.2 70.8 24.5 30.2 67.8 52.9 65.8
v 1130.7 1124 648.6 169.0 255.9 2233 245 273.6
Cr 14.2 324 25.2 20.6 98.3 334 29.2 33.6
Co 774 16.0 41.3 18.6 28.2 338 35.0 32.0
Ni 18.5 121 254 224 34.6 46.0 12.2 25.1
Mn 1495.8 938.7 1268.1 666.2 1026.5 1107.6 1292.9 1458.7
Cu 211.9 10.5 2274 313 123.8 178.7 2924 1131
Zn 96.9 36.5 59.1 27.6 44.7 50.9 67.8 71.3
Ga 17.8 12.0 18.1 17.6 154 14.5 19.5 16.5
Ge 3.98 1.65 3.17 1.62 2.08 1.90 2.32 2.56
Cs 0.49 0.24 0.50 0.51 0.27 1.42 0.29 0.42
Rb 243 2.46 4.21 5.57 0.82 4.97 5.53 11.1
Ba 23.57 59.05 37.45 57.34 63.30 60.82 90.35 76.92
Th 0.29 0.80 0.37 1.00 0.40 0.74 0.66 1.03
U 0.09 0.23 0.15 0.26 0.30 0.24 0.19 0.27
Nb 0.53 0.83 0.95 1.02 1.15 1.11 2.00 1.95
Ta 0.05 0.07 0.08 0.09 0.10 0.09 0.14 0.14
La 1.54 3.52 2.64 3.34 2.87 3.28 5.73 4.64
Ce 4.18 8.69 6.54 7.58 7.33 8.48 14.1 11.7
Pb 1.68 3.48 1.66 1.65 1.93 1.54 1.89 1.98
Pr 0.66 1.25 0.94 1.00 1.11 1.28 2.02 1.67
Sr 218.2 353.0 325.7 420.2 298 282.6 395 264.9
Nd 3.56 6.07 4.54 4.37 5.38 6.37 10.0 8.19
Zr 141 313 21.2 27.5 52.2 28.6 24.6 37.2
Hf 0.54 0.92 0.73 0.86 1.38 1.03 0.85 1.21
Sm 1.21 1.72 1.30 1.09 1.57 1.89 2.85 244
Eu 0.46 0.80 0.52 0.54 0.63 0.70 1.25 0.96
Ti 10,597 1723 8621 2670 3878 3914 5877 4511
Gd 1.53 2.05 1.58 1.22 1.84 2.27 3.30 2.90
Tb 0.28 0.37 0.28 0.21 0.35 0.42 0.58 0.54
Dy 1.78 2.34 1.80 1.32 2.29 2.74 3.62 3.51
Y 8.48 11.9 9.00 6.88 8.94 13.9 17.6 17.8
Ho 0.39 0.51 0.39 0.29 0.51 0.61 0.77 0.78
Er 1.02 141 1.07 0.80 1.40 1.65 2.05 2.16
Tm 0.14 0.20 0.15 0.12 0.20 0.24 0.29 0.32
Yb 0.90 1.31 0.97 0.78 1.33 1.56 1.80 2.08
Lu 0.14 0.21 0.15 0.12 0.20 0.24 0.27 0.33
>REE 17.8 304 229 22.8 27.0 31.7 48.6 423
(La/Yb)n 214 251 306 525 213 171 193 122.92
(La/Sm)y 181 205 250 387 190 150 139 108.48
(Gd/Yb)n 10369 1226 8094 3337 2768 2372 2868 2093
SEu 4.55 5.60 443 4.04 4.81 5.78 3.30 4.66

ment data of the zircon that were analyzed for U-Pb isotopes are
listed in Table 2. Ti contents of studied zircon grains are low
(5.3-11.8 ppm), with an average of 8.7 ppm. Based on the Ti-in-zir-
con thermometer which is suitable for rocks without rutile and/or
quartz (Ferry and Watson, 2007), apparent temperatures are 751-
833 °C, with an average value of 799 °C, assuming ds;o> and drioz
are 1 and 0.5, respectively. Taking the uncertainties of the formula
into account, the maximum apparent temperatures are 786-
872 °C, with an average value of 837 °C.

The analytical results of Lu-Hf isotopic compositions are listed
in Table 3. Thirty-two analyses of magmatic zircon from sample
13WL yield '7Lu/!"7Hf ratios varying from 0.000809 to 0.003563,
176Hf/"77Hf ratios from 0.282688 to 0.282893. When calculated

by the crystallization age (313 Ma) of the pluton, the eyf(t) values
of zircon vary from 3.5 to 10.8, and the depleted mantle Hf model
ages (Tpy1) from 524 to 821 Ma, average 658 Ma, the two-stage Hf
model ages (Tpy2) from 640 to 1101 Ma, average 852 Ma.

4.3. Geochemistry of the Wuling hornblende gabbro

4.3.1. Major and trace element characteristics

The major and trace elemental compositions of eight horn-
blende gabbro samples from Wuling are listed in Table 1. The con-
tents of SiO, and Na,O + K,0 vary from 38.8 wt.% to 53.5 wt.% and
1.24 wt.% to 3.81 wt.%, respectively. On a total alkalis versus silica
(TAS) diagram (Fig. 5a), these samples mainly plot in the gabbro



Table 2
Laser ablation ICP-MS zircons U-Pb data and Ti-in-zircon temperature from the Wuling hornblende gabbro.
Sample spot Concentration and ratio Isotope ratios Apparent ages (Ma) Ti (ppm) T (°C)
Pb Th §) Th/U 207pp 206pp to 207pp 235y o 206pp 238y o 207pp296pp to 207pp 235y to 206pp 238y 0
13WL@1 9.1 96 133 0.73 0.0473 0.0027 0.3330 0.0190 0.0513 0.0008 61.2 129.6 2919 14.5 3224 5.0 7.6 787
13WL@2 11.8 124 180 0.69 0.0466 0.0026 03152 0.0173 0.0490 0.0006 27.9 138.9 278.2 134 308.5 3.9 11.3 758
13WL@3 104 96 155 0.62 0.0508 0.0024 0.3523 0.0162 0.0503 0.0007 235.3 109.2 306.5 12.2 316.4 4.2 8.8 734
13WL@4 14.9 157 202 0.78 0.0519 0.0023 0.3831 0.0165 0.0533 0.0006 283.4 106.5 3293 121 334.7 4.0 9.5 741
13WL@5 14.2 121 211 0.57 0.0492 0.0022 0.3492 0.0151 0.0513 0.0008 166.8 101.8 304.1 114 322.6 4.6 10.9 755
13WL@6 12.9 145 181 0.80 0.0481 0.0024 0.3367 0.0163 0.0508 0.0007 105.6 111.1 294.7 124 3194 43 8.2 728
13WL@7 8.9 77 140 0.55 0.0507 0.0029 0.3360 0.0190 0.0481 0.0008 227.8 126.8 294.1 14.4 302.8 4.8 9.6 742
13WL@8 114 88 173 0.51 0.0539 0.0027 03717 0.0179 0.0502 0.0008 364.9 113.0 3209 13.2 315.9 4.8 8.6 732
13WL@9 7.4 82 110 0.74 0.0544 0.0032 03714 0.0217 0.0493 0.0008 387.1 136.1 320.7 16.0 310.3 5.1 8.7 733
13WL@10 11.9 111 176 0.63 0.0555 0.0025 0.3875 0.0175 0.0501 0.0007 431.5 101.8 3325 12.8 3154 4.1 8.4 730
13WL@11 17.5 129 270 0.48 0.0551 0.0022 0.4007 0.0158 0.0522 0.0008 416.7 88.9 342.1 11.5 328.2 4.6 11.6 760
13WL@12 12.5 159 172 0.93 0.0539 0.0026 0.3815 0.0186 0.0509 0.0008 368.6 109.2 328.2 13.7 320.3 5.0 8.6 732
13WL@13 10.1 90 156 0.58 0.0560 0.0027 0.3786 0.0178 0.0485 0.0007 453.8 105.5 326.0 13.1 305.2 4.2 9.7 743
13WL@14 12.8 146 181 0.81 0.0551 0.0025 0.3786 0.0164 0.0495 0.0007 416.7 100.0 326.0 12.1 311.7 4.2 7.9 724
13WL@15 16.9 202 240 0.84 0.0530 0.0022 0.3580 0.0143 0.0487 0.0005 3315 94.4 310.7 10.7 306.3 34 10.5 751
13WL@16 18.1 212 249 0.85 0.0523 0.0023 03734 0.0163 0.0513 0.0006 298.2 100.0 322.2 12.0 3224 3.7 10.1 747
13WL@17 6.2 58 91 0.65 0.0560 0.0037 0.3762 0.0234 0.0497 0.0008 450.0 146.3 324.2 17.3 3124 5.1 6.4 706
13WL@18 10.3 102 141 0.73 0.0539 0.0027 0.3851 0.0192 0.0519 0.0008 368.6 110.2 330.8 141 326.0 5.1 7.5 720
13WL@19 17.3 206 239 0.86 0.0542 0.0026 0.3649 0.0164 0.0488 0.0006 376.0 73.1 315.9 12.2 307.4 3.9 10.8 754
13WL@20 7.9 75 107 0.70 0.0573 0.0033 0.4070 0.0227 0.0522 0.0010 501.9 1324 346.7 16.4 328.1 6.0 53 690
13WL@21 6.0 45 91 0.49 0.0547 0.0034 0.3832 0.0240 0.0508 0.0010 466.7 1731 3294 17.6 3194 6.1 5.8 697
13WL@22 9.3 115 137 0.84 0.0612 0.0032 0.3893 0.0193 0.0467 0.0008 655.6 113.7 3339 141 294.0 5.0 9.3 739
13WL@23 9.0 85 140 0.61 0.0522 0.0031 0.3448 0.0198 0.0478 0.0007 300.1 1333 300.8 15.0 301.1 4.5 8.7 733
13WL@24 3.9 40 58 0.69 0.0543 0.0037 0.3811 0.0273 0.0492 0.0009 388.9 147.2 3278 20.1 309.6 5.8 7.2 716
13WL@25 103 112 154 0.73 0.0534 0.0029 0.3631 0.0196 0.0492 0.0008 346.4 130.5 314.6 14.6 309.3 4.8 8.9 736
13WL@26 9.1 110 132 0.84 0.0542 0.0029 0.3632 0.0193 0.0483 0.0007 388.9 1204 314.6 144 304.3 4.6 7.4 719
13WL@27 9.6 96 137 0.70 0.0536 0.0026 0.3766 0.0181 0.0509 0.0008 353.8 109.2 324.6 133 320.3 4.9 6.9 712
13WL@28 12.5 137 167 0.82 0.0516 0.0024 0.3751 0.0174 0.0525 0.0008 3334 100.9 3234 12.8 330.1 4.8 8.3 729
13WL@29 22.7 320 310 1.03 0.0508 0.0019 0.3505 0.0137 0.0495 0.0007 231.6 87.0 305.1 10.3 311.6 4.1 11.8 762
13WL@30 15.1 144 227 0.64 0.0531 0.0023 0.3606 0.0150 0.0492 0.0006 344.5 96.3 312.7 11.2 309.9 3.6 10.7 753
13WL@31 10.8 76 162 047 0.0533 0.0026 0.3867 0.0196 0.0524 0.0009 342.7 1139 332.0 14.3 329.0 5.7 6.7 710
13WL@32 6.7 56 105 0.53 0.0495 0.0030 0.3360 0.0203 0.0498 0.0009 1723 137.9 294.1 15.4 313.2 5.5 7.6 721
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Table 3
Zircon Hf isotope data for the Wuling hornblende gabbro.
Sample 176 u /177 HE 176Hf/ 77HE 20 (Y7CHE/7HS); ("SHE/"7H ) chur enr(0) enr(t) Fownn Tpm1 (Ma) Tpm2 (Ma)
13WL@1 0.001112 0.282807 0.000013 0.282801 0.282577 1.25 7.91 -1.0 633 820
13WL@2 0.002055 0.282893 0.000014 0.282881 0.282577 4.28 10.7 -09 524 640
13WL@3 0.001184 0.282764 0.000014 0.282757 0.282577 -0.27 6.37 -1.0 695 918
13WL@4 0.001411 0.282811 0.000012 0.282802 0.282577 1.37 7.96 -1.0 633 817
13WL@5 0.001497 0.282780 0.000014 0.282772 0.282577 0.30 6.87 -1.0 678 886
13WL@6 0.001363 0.282851 0.000014 0.282843 0.282577 2.80 9.41 -1.0 574 725
13WL@7 0.000972 0.282835 0.000011 0.282829 0.282577 2.21 8.90 -1.0 592 757
13WL@8 0.002629 0.282737 0.000012 0.282721 0.282577 -1.25 5.09 -0.9 764 1000
13WL@9 0.001530 0.282817 0.000011 0.282808 0.282577 1.59 8.16 -1.0 626 804
13WL@10 0.001429 0.282840 0.000013 0.282832 0.282577 2.42 9.01 -1.0 591 750
13WL@11 0.002010 0.282843 0.000011 0.282831 0.282577 2.51 8.98 -0.9 597 752
13WL@12 0.003199 0.282771 0.000014 0.282752 0.282577 -0.03 6.19 -0.9 725 930
13WL@13 0.001298 0.282834 0.000011 0.282826 0.282577 2.18 8.80 -1.0 598 764
13WL@14 0.003563 0.282757 0.000016 0.282736 0.282577 -0.54 5.60 -0.9 754 967
13WL@15 0.001421 0.282810 0.000010 0.282801 0.282577 133 7.92 -1.0 635 819
13WL@16 0.001575 0.282757 0.000012 0.282748 0.282577 -0.53 6.03 -1.0 713 940
13WL@17 0.001679 0.282732 0.000014 0.282722 0.282577 -1.43 5.11 -0.9 752 998
13WL@18 0.001183 0.282752 0.000013 0.282745 0.282577 -0.72 5.92 -1.0 713 947
13WL@19 0.001925 0.282754 0.000014 0.282743 0.282577 -0.62 5.86 -0.9 724 951
13WL@20 0.001801 0.282777 0.000012 0.282767 0.282577 0.18 6.70 -0.9 688 897
13WL@21 0.001102 0.282818 0.000011 0.282811 0.282577 1.62 8.28 -1.0 618 797
13WL@22 0.001107 0.282797 0.000011 0.282790 0.282577 0.88 7.53 -1.0 648 844
13WL@23 0.001221 0.282800 0.000012 0.282793 0.282577 1.00 7.63 -1.0 645 838
13WL@24 0.001494 0.282853 0.000011 0.282844 0.282577 2.86 9.44 -1.0 574 723
13WL@25 0.001173 0.282774 0.000012 0.282767 0.282577 0.07 6.71 -1.0 681 896
13WL@26 0.001955 0.282688 0.000018 0.282676 0.282577 -2.99 3.49 -0.9 821 1101
13WL@27 0.001361 0.282846 0.000010 0.282838 0.282577 2.63 9.24 -1.0 581 736
13WL@28 0.001462 0.282750 0.000013 0.282741 0.282577 -0.78 5.80 -1.0 721 954
13WL@29 0.003399 0.282828 0.000016 0.282808 0.282577 1.99 8.17 -09 642 804
13WL@30 0.001654 0.282785 0.000011 0.282775 0.282577 0.44 6.99 -1.0 675 879
13WL@31 0.001507 0.282770 0.000015 0.282761 0.282577 -0.07 6.50 -1.0 693 910
13WL@32 0.000809 0.282861 0.000017 0.282856 0.282577 3.15 9.87 -1.0 552 695

Note: [(*Lu/"""Hf)cuur = 0.0332 + 2, (*7®Hf/"""Hf)cuur(o) = 0.282772 £ 29 (Blichert-Toft and Albarede, 1997); (*"*Lu/*”’Hf)pm = 0.0384, ('7Hf/'"”Hf)pm = 0.28325 (Griffin

et al,, 2000)] was used for the calculations. /,.yr=1.867 x 107! year™! gu(t), Tpm1 and Tpy2 of samples 13WL were calculated using the age of 313 Ma.

Table 4

Whole rock Sr-Nd isotopic data of the Wuling hornblende gabbro.

Sample Rb Sr Sm Nd 87Rb/%5sr  87Sr/%5sr 20 (7Sr/80Sr); &5 (t) '4’Sm/'*Nd '#3Nd/'*Nd 20 ("3Nd/"™Nd); ena(t) Tpm2
(ppm) (ppm) (ppm) (ppm) (Ma)
13WL-6 24 218 1.2 3.6 0.032 0.704641 0.000007 0.704497 5.1 0.205 0.512845 0.000006 0.512423 3.7 772
13WL-7 2.5 353 1.7 6.1 0.020 0.704641 0.000007 0.704551 59 0.171 0.512758 0.000004 0.512406 3.4 800
13WL-8 4.2 326 13 4.5 0.037 0.704641 0.000007 0.704474 48 0.173 0.512749 0.000005 0.512393 3.1 820
13WL-9 5.6 420 1.1 4.4 0.038 0.704641 0.000007 0.704470 4.7 0.150 0.512688 0.000005 0.512379 2.8 841
13WL-10 0.8 298 1.6 5.4 0.008 0.704641 0.000007 0.704606 6.7 0.176 0.512778 0.000004 0.512416 3.6 783
13WL-11 5.0 283 1.9 6.4 0.051 0.704641 0.000007 0.704414 40 0.179 0.512800 0.000005 0.512431 39 759
13WL-12 55 395 2.9 10.0 0.041 0.704641 0.000007 0.704460 4.6 0172 0.512761 0.000004 0.512408 34 796
13WL-13 11.1 265 2.4 8.2 0.121 0.704641 0.000007 0.704098 -0.5 0.180 0.512776 0.000004 0.512406 3.4 800

Note: [(3’Rb/®®Sr)cqur = 0.0847 (Mcculloch and Black, 1984); (87Sr/®6Sr)chur = 0.7045 (DePaolo,
("3Nd/"**Nd)cyur = 0.512638 (Goldstein et al., 1984)] was used for the calculations. g, = 1.42 x 10

using the age of 313 Ma.

field, except for 13WL-6 and 13WL-8. Among them, sample 13WL-
6 and 13WL-8 have particularly low SiO, content (38.8 wt.% and
42.9 wt.%), high Fe,03T content (21.8 wt.% and 16.0 wt.%) and high
TiO, content (1.87 wt.% and 1.50 wt.%), which is consistent with
the high content of Fe-oxide in the two samples. Considering
SiO, and Fe,OsT as a whole, all the analyzed samples have almost
the same content, narrowly ranging from 56.2 wt.% to 60.7 wt.%.
Meanwhile, they show highly consistent trace element normalized
pattern which we will discuss it in a later section, indicating the
same magma source. Aluminum saturation index (A/CNK=
mol Al;03/(Ca0 + Na,0 + K,0)) ranges from 0.54 to 0.86. Mg values
(Mg* = mol Mg?*/(Mg?* + Fe?*)) vary from 44 to 70. On the AFM
(Nay0 + K,0-FeOr-MgO) triangle diagram (Fig. 5b), all the points
are ploted along the tholeiite magma evolution trend. In the K;O
vs. SiO, diagram (Fig. 5¢), the samples mainly fall in the low-K
region.

1988); (**7Sm/"*Nd)cyur = 0.1967 (Jacobsen and Wasserburg, 1980);
Myear'; Jsm = 6.54 x 107 "2 year™". Both enq(t) and eg,(t) were calculated

Total rare earth element (XREE) contents of the hornblende
gabbro are relatively low, varying from 17.8 ppm to 48.6 ppm, with
(La/Yb)y values from 1.23 to 3.08, (La/Sm)y values from 0.82 to
1.98, (Gd/Yb)y values from 1.15 to 1.41 and SEu values from 1.03
to 1.44 (Table 1). These ratios show that there is minor REE frac-
tionation and LREEs are slightly enriched (Fig. 6a). Eu positive
anomaly is consistent with the presence of plagioclase cumulate.
Contents of the large ion lithophile element (LILE) vary from
1.54 ppm to 3.48 ppm for Pb and 218 ppm to 420 ppm for Sr
(Table 1). These LILE are highly enriched as is shown in trace ele-
ment spider diagram (Fig. 6¢). Contents of the high field strength
elements (HFSE) vary from 0.53 ppm to 2.00 ppm for Nb,
0.05ppm to 0.14 ppm for Ta, 14.1 ppm to 52.2 ppm for Zr,
0.54 ppm to 1.38 ppm for Hf, 1723 ppm to 10,597 ppm for Ti
(Table 1). Among these HFSE, Nb and Ta are strongly depleted
and Zr, Hf and Ti are slightly depleted (Fig. 6¢). For sample
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Fig. 4. CL images and concordia diagrams for analyzed zircon grains from the Wuling hornblende gabbro. Circles indicate the locations of analyzed sites. The inset is

cumulative probability plot to rule out zircon grains have inheritance and lead loss.

13WL-6 and 13WL-8, their slight Ti enrichment is consistent with
high content of Fe-Ti oxides in these two samples.

4.3.2. Sr-Nd isotope characteristics

Whole rock Sr-Nd isotope compositions of the eight Wuling
gabbro samples are listed in Table 4 and ploted in Fig. 10a. The
studied rock has a small range of initial Sr isotope ratios
(0.7043-0.7049) and positive eng(t) values (at 313 Ma) (2.8-3.9),
showing Sr-Nd isotopic values characteristic of lithospheric man-
tle melting.

5. Discussion
5.1. Effect of alteration and crust contamination

Based on petrographic observation and variable LOIs (loss on
ignitions) (1.09-2.38) listed in Table 1, the secondary minerals in
the Wuling hornblende gabbro are predominantly chlorite and a
small amount of sericite, implying that the Wuling hornblende
gabbro may have undergone low-grade metamorphism or variable
degrees of alteration after emplacement. Thus, the potential effects
of these processes are assessed prior to further petrogenetic anal-

ysis. Generally, the major elements Al, Ti, Fe, P, the HFSEs, REEs
(except Ce and Eu) and transition metals are least sensitive to
mobility whereas the major elements Na, K, Ca, and the LILEs
may be mobile during the post-magmatic alteration and green-
schist to amphibolite facies metamorphism (Winchester and
Floyd, 1977; Rollinson, 1993; Hawkesworth et al., 1997; Polat
et al., 2002; Polat and Hofmann, 2003). LREEs are more sensitive
to secondary processes in comparison with MREEs and HREEs,
however, the mobility of REE only occurs at high water/rock ratio
or during carbonatization (Humphris, 1984), which is not observed
in our case.

Chemical effects of alteration are primarily reflected in an
unsystematic variation of whole-rock K;O/Na,O ratios and the
decoupling of LILE, as indicated by the relative depletion of Rb in
comparison with Ba (Altherr et al., 2008). As for the Wuling horn-
blende gabbro, the K;0/Na,O ratio range (0.06-0.15) is relatively
narrow, and both Rb and Ba are positively correlated with K,0
(Fig. 7), implying the limited effect of the late alteration on K, Na
and LILEs of the whole rock. The altered basalts tend to have high
Ba abundance and abnormally high Ba/Rb and Ba/Nb (Price et al.,
1991; Zhang and O'Reilly, 1997), though not showing Rb and K
depletions (Zhang and O’Reilly, 1997). Conversely, the unaltered
basalts do not simultaneously possess high Ba/Nb and high Ba/
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Fig. 5. Rock classification diagrams: (a) Total alkalis versus silica (TAS) diagram
(after Maitre et al., 1989), (b) MgO-FeOt-Na,O + K,0 diagram (after Irvine and
Baragar, 1971), (c) K0 vs. SiO, diagram (after Peccerillo and Taylor, 1976). The
Wauling gabbro: gray solid circle; the Chagangnuoer Fe-rich basalt: red hollow
square; the Zhongyangchang mafic dike: the blue hollow diamond; the Muhan-
basitao gabbro: the purple hollow triangle. The compared data are from Li et al.
(2015b), Liu et al. (2012) and Tang et al. (2014). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

Rb. The Wuling hornblende gabbro has a narrow range of low Ba/
Rb (6.91-24.0, except for sample 13WL-10) despite their variable
but high Ba/Nb (39.4-70.9). Therefore, the Ba, Nb and Rb distribu-
tions observed from the Wuling hornblende gabbro reflect geo-
chemical or mineralogical signatures of the mantle source rather
than post-magmatic alteration.

Crustal contamination is almost inevitable when mantle-
derived magmas ascend through continental crust or evolve within

a crustal magma chamber (Watson, 1982; Castillo et al., 1999).
Given that crustal components generally are characterized by high
875r/86Sr and Rb/Sr ratios and SiO, contents, and distinctly low
end(t) and MgO, Nb-Ta contents (Rudnick and Fountain, 1995),
any crustal contamination during magma ascent would have
caused an increase in (87Sr/%6Sr); and a decrease in eng(t) in the
magma suites (Rogers et al., 2000). As is shown in Fig. 8a, the Rb/
Sr ratio of the Wuling hornblende gabbro has a relatively large
range from 0.003 to 0.042 while the (37Sr/%5Sr); values are nearly
constant (0.7043-0.7049). With the increasing of the Rb/Sr ratio,
(37sr/5sr); ratio does not increase obviously, suggesting that the
effect of the crustal contamination is insignificant and the variation
of Rb/Sr and (87Sr/®%Sr); may be attributed to the fractional crystal-
lization process (Altunkaynak and Genc, 2008). Considering high
ena(t) (+2.8 to +3.9) and zircon eydt) (+3.5 to +10.8), the effect of
the crustal contamination on the upwelling magma is limited.
However, previous experiments have shown that the isotopic equi-
librium advances faster than the elemental equilibrium (Pin and
Duthou, 1990; Scherer et al., 2000; Griffin et al., 2002), and there-
fore whether elemental compositions were significantly affected
by crustal contamination requires further analyses. The content
of SiO,, K50, Zr, Hf and LILEs of the basic magma increase when
contaminated by the crustal materials, resulting in the increase
of La/Nb ratio and the decrease of Ce/Pb (Sun et al., 2008). The
La/Nb ratio of the Wuling hornblende gabbro does not increase
with the increase of SiO, content (Fig. 8b), and meanwhile, the
Ce/Pb ratio does not decrease with the increase of SiO, content
(Fig. 8c), indicating that no obvious crustal contamination during
the magma ascent. Thus, a combination of the isotopic and elemen-
tal geochemistry prompts us to infer that the crustal contamina-
tion did not play a significant role in their formation.

5.2. Fractional crystallization and crystallization process of the Wuling
hornblende gabbro

The Mg# values of the Wuling hornblende gabbro range from 44
to 70 (Table 1), indicating that our samples chemically represent
evolved magma rather than primitive magma. The variable major
and trace element compositions of the Wuling hornblende gabbro
suggest that their parent magma may have undergone varying
degree of fractional crystallization and crystal accumulation. The
positive correlations between Cr and Ni and MgO (Fig. 9e and f)
for the Wuling hornblende gabbro indicate the fractional crystalli-
zation of olivine or clinopyroxene. The positive correlation
between Cr and Ni (Fig. 9h) and the broadly positive correlation
between CaO and MgO (Fig. 9a) are also consistent with the frac-
tional crystallization of clinopyroxene. The negative correlation
between Al,03 and MgO (Fig. 9b) and the positive Eu anomaly
for the Wuling hornblende gabbro suggests a plagioclase-domi-
nated accumulation. In addition, the increasing Fe,0%, TiO, and V
with the decreasing MgO (Fig. 9¢, d and g) is reflective of the frac-
tional crystallization of Fe-Ti oxides.

The high Al,05 (13.4-22.7 wt.%) and high CaO (9.97-12.7 wt.%)
contents of the Wuling gabbro indicate that they are crystallized
from high-alumina basaltic magma. Based on the petrography
observation, the formation of the Wuling gabbro requires a two-
stage process to explain its mineral composition. The early-stage
minerals are predominately anhydrous minerals, including olivine,
clinopyroxenes, plagioclase, magnetite and ilmenite. The heavy
minerals like olivine, clinopyroxene and magnetite sink, whereas
plagioclase crystals tend to float in the magma chamber, resulting
in absence of olivine and the rare presence of clinopyroxenes but
abundant plagioclase grains in the Wuling hornblende gabbro. This
can also explain the high Fe-oxide content in some Fe-rich sam-
ples. During this stage, the plagioclase crystal is dominantly anor-
thite with high An of above 91 (Table S1). Consequently, the
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Fig. 7. Ba and Rb vs. K,0 for the Wuling hornblende gabbro.

residual melt is chemically evolved and resembles the bulk content
of water-rich andesitic magma. The hydrous evolved melt reacted
with the early-stage minerals and filled clearance between them.
During the late stage, the crystallization of abundant hornblende
favors the hydrous feature of the residual melt. Hornblende is often
very large in size, occurring as enclosing grain within which small
pyroxene, Fe-oxide and euhedral plagioclase grains are floating as
discrete grains. This type of hornblende grain is defined as ‘poikilit-
ic hornblende’ (Fig. 3d and e). At place, corrosion boundary

between hornblende and plagioclase shows evident reaction
relationship between the evolved melt and early-stage plagioclase
(Fig. 3b). At end of this stage, the plagioclase (andesine to albite)
continued to crystallize and cut the hornblende grain.

5.3. Source of the Wuling gabbro

The Wuling hornblende gabbro is subduction-related, charac-
terized by enrichment in LILEs, LREEs and depletion in HFSEs as
shown in Fig. 6a and c. The relatively positive whole rock eyg(t) val-
ues (2.8-3.9) with a Nd model ages (0.76-0.84 Ga) suggest that a
depleted mantle end-member was involved in the formation of
the Wuling gabbro (Fig. 10a). Meanwhile, the Wuling gabbro dis-
plays variable but positive eyf(t) values (3.5-10.8), yielding two
stage Hf model ages between 0.64 Ga and 1.1 Ga (Fig. 10b), reflect-
ing a somewhat heterogeneous mantle source. These geochemical
characteristics of the Wuling gabbro resemble the features of the
314 Ma Fe-rich basalts ((37Sr/®6Sr); = 0.7046-0.7058, &nq(t) = 3.0-
47, Tpm2=0.9-1.4Ga) in the Chagangnuoer area (Li et al,
2015b) and the 310Ma mafic dike (hornblende gabbro)
((87Sr/®5Sr); = 0.7048-0.7053, eng(t) =2.9-3.8) in the Zhongyang-
chang area (Tang et al., 2014) and the 317 Ma hornblende gabbro
in the Muhanbasitao area (Liu et al., 2012) (Fig. 10a), all of which
have been considered to form in an active continental margin
environment.

The minor REE fractionation of the Wuling gabbro with (La/Yb)y
values from 1.23 to 3.08, is distinct from the garnet REE fraction-
ation with Kd$%/4/KdE" ~ 7000, however, similar to that of spinel
with Kd3p/"/Kdi®" ~ 1 (Irving and Frey, 1978), implying a shallow
spinel peridotite mantle source (Xue and Zhu, 2009). The Sm/Yb
ratios of igneous rocks are sensitive to basalt source mineralogy
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(Keskin, 2005; Genc and Tuysuz, 2010). In the La/Sm versus Sm/Yb
diagram, the spots of the Wuling gabbro are plotted between the
fractional melting curve and the batch melting curve of spinel peri-
dotite (Fig. 11a). The conclusion is further supported in the La/Yb
versus Dy/Yb diagram (Fig. 11b), where the low Dy/Yb ratios along
with variable La/Yb ratios of the Wuling gabbro suggest their gener-
ation at a shallow depth corresponding to the stability field of spinel
peridotite (e.g., Jung et al., 2006; Manikyamba et al., 2014).

The pronounced negative Nb-Ta, Zr-Hf, Ti anomalies and high
LILE/HFSE ratios of the pluton are diagnostic features of subduc-
tion-related arc magma, implying the introduction of metamorphic

fluids or melts into the mantle wedge (Perfit et al., 1980;
Hawkesworth et al.,, 1993; Pearce and Peate, 1995; Kelemen
et al., 2003; Pearce, 2008). Previous investigations have shown that
magmas derived from the sources modified by subducted slab-
derived melts exhibit elevated Th and LREE contents relative to
N-MORB as well as high Th/La (>0.2) and Th/Yb (>2) ratios
(Woodhead et al., 2001; Richards and Kerrich, 2007). However,
most samples of the Wuling gabbro display depletion of Th relative
to Ba as well as variable Th/La (0.12-0.3, average of 0.19) and Th/
Yb (0.3-1.29, 0.53 on average), indicating that the addition of sub-
ducted sediments into the magma source is insignificant. Previous
studies have indicated that subducted slab-released fluids are
characterized by high contents of Ba, Rb, Sr, U and Pb, leading to
elevated Ba/Th, U/Th or Sr/Th ratios in the lavas (Condomines
et al., 1988; Hawkesworth et al., 1997; Johnson and Plank, 2000),
whereas subducted oceanic sediment-derived melts contain high
concentrations of Th and LREEs with distinctly elevated Th/Ce
ratios (Hawkesworth et al., 1997; Johnson and Plank, 2000;
Plank, 2005). The Wuling gabbro exhibits strong enrichments of
fluid-mobilized trace elements with high Sr/Th ratios (258-878)
and low Th/U ratios (1.31-3.82), which is consistent with fluid-
induced enrichment (Hawkesworth et al, 1997; Jiang et al,
2009). The metasomatism features of mantle source for the Wuling
gabbro may be further examined through a plot of Ba/Th versus La/
Sm (Labanieh et al., 2012) and Th/Yb versus Sr/Nd (Woodhead
et al., 1998). As shown in Fig. 12a and b, the spots of the Wuling
gabbro lie parallel to the Ba/Th axis and the Sr/Nd axis, demon-
strating that the mantle source was metasomatized by aqueous
fluids.

Additionally, the mineral compositions of the Wuling gabbro
also imply that they are generated in water-rich environment.
Hornblende and anorthitic plagioclase are common in the Wuling
gabbro. The occurrence of abundant hornblende implies a ‘wet’
mantle source (e.g., Munteanu et al., 2010; Ma et al., 2013). Previ-
ous experiments indicate that refractory melts with high CaO/Na,0O
(12-15), or melts with exceptionally high Al,05; (>18 wt.%) are
alternative to generate anorthite under above conditions
(Panjasawatwong et al., 1995), which is inconsistent with the nor-
mal CaO/Na,O ratios (2.8-11.2) and Al,03 contents (13.4-
22.3 wt.%, average 17.2 wt.%) of the Wuling gabbro. Therefore,
the incorporation of fluid released from the subducted slab may
lower the solidus temperature and trigger the widespread melting
of refractory lithospheric mantle peridotite (Tatsumi and Eggins,
1995). Zircon is an accessory mineral coexisting with pyroxene,
plagioclase and hornblende, and the crystallization temperature
of it can represent the temperature at which the gabbro formed.
Based on the revised Ti-in-zircon thermometers by Ferry and
Watson (2007), we obtain the maximum estimated apparent tem-
perature of the Wuling hornblende gabbro is 876 °C, which is lower
than the crystallization temperature of a normal basaltic magma
(>1200 °C) (Lee et al., 2009) and further supporting that the magma
source of the Wuling gabbro was ‘wet’.

5.4. Geodynamic implication

Generally, an intra-continent rift is developed in a post-oro-
genic or intra-plate extensional setting and represents the ceasing
of arc magmatic activities (Zhang et al.,, 2007a,b; Metcalf and
Shervais, 2008). The subduction-related signature of the Wuling
gabbro rules out the possibility of an intra-continent rift environ-
ment in the Awulale Mountains before late Carboniferous (at least
before 313 Ma). During the Late Paleozoic, Awulale Mountains
could act as both a part of the southern margin and the northern
margin of the YCTP and be simultaneously effected by the north-
ward subduction of the South Tianshan Ocean and the southward
subduction of the North Tianshan Ocean (Wang and Xu, 2006;
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Fig. 9. Plots of representative major and trace elements of the Wuling hornblende gabbro. (a) CaO vs. MgO; (b) Al,03 vs. MgO; (c) Fe,05T vs. MgO; (d) TiO, vs. MgO; (e) Cr vs.
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Gao et al., 2009). Therefore, there is a debate on the polarity of the
subduction that the Awulale orogen was mainly subjected to. Han
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Fig. 11. (a) Sm/Yb vs. La/Sm (after Genc and Tuysuz, 2010; Keskin, 2005) and (b)
Dy/Yb vs La/Yb (after Jung et al., 2006) plots for the Wuling hornblende gabbro.

et al. (2010) reported a SHRIMP zircon U-Pb age of 316 Ma for the
Sikeshu stitching pluton which crosscuts the North Tianshan
suture zone hinting that the North Tianshan Ocean had closed at
the end of early Carboniferous and the collision between the Jung-
gar Plate and the YCTP may have occurred between 325 Ma and
316 Ma. Meanwhile, a late Carboniferous collision between the
Tarim Plate and the YCTB was proposed by Han et al. (2011) based
on ~319 Ma high pressure peak metamorphism of subducted oce-
anic material from the South Tianshan Orogen and ~300 Ma stitch-
ing plutons crosscutting the suture zone. Therefore, we suggest
that the formation of the Wuling gabbro was mainly controlled
by northward subduction of the Southern Tianshan Ocean. The
subduction-related granitoid plutons along the South Yili Block
and the Central Tianshan displays a wide age range from 450 Ma
to 320 Ma, indicating that the South Tianshan Ocean had been sub-
ducting northward under the YCTP during the late Silurian-early
Carboniferous (Long et al., 2011). The Permian (298-251 Ma)
post-subduction shoshonitic rocks (Zhao et al., 2009; Yang et al.,
2012, 2014a) and the middle-late Permain underplating adakite
(Xiong et al., 2001; Zhao et al., 2006, 2009) were reported in the
Awulale Mountains, implying that the subduction of the South
Tianshan Ocean had ceased and the Awulale Mountains had
entered a post-collisional extensional environment since the
Permian.
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Magmatic rocks coeval with the Wuling gabbro are widely
exposed along the Awulale orogenic belt, petrologically ranging
from acidic rock series to basic rock series and including some typ-
ical rocks like I-type granite (Yan et al., 2013), trachy-andesite and
basalt (Zhu et al., 2009) and rock associations like Fe-rich basalt-
rhyolite associations and mafic dike-granitoid associations (Niu
et al,, 2011; Liu et al., 2012; Li et al., 2015b). Specially, Niu et al.
(2011) and Li et al. (2015b) discovered Fe-rich basalt-rhyolite
associations from the Chagangnuoer area of the eastern Awulale,
suggesting a back-arc extensional setting for the generation of
large-scale iron metallization along the AMB. The Fe-rich samples
of the Wuling gabbro geochemically resemble the Chagangnuoer
Fe-rich basalt and might also originate from a Fe-rich basaltic
magma. The extensional back-arc setting provided advantageous
channels for the upwelling of heavy Fe-rich basaltic magma. Addi-
tionally, mafic dike-granitoid associations are common in exten-
sional tectonic regimes (Yang et al., 2007; Xu et al., 2008; Said
and Kerrich, 2010). The late Carboniferous mafic dike-granitoid
associations reported by Tang et al. (2014) and Liu et al. (2012)
outcrop in the Muhanbasitao and Zhongyangchang area of the
Awulale Mountains, respectively. The subduction-related signa-
tures of these associations indicate that they are not related to a
post-collisional extensional setting and a back-arc extensional set-
ting would be a suitable environment for their emplacement.
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Fig. 13. Discrimination diagrams for the tectonic setting of the Wuling gabbro and
its coeval mafic rocks form the Awulale Mountains: (a) Zr/4—Nb x 2-Y diagram. Al,
All: Within-Plate alkaline basalts; All, C: Within-Plate tholeiitic basalts; B: E-MORB;
C, D: Volcanic arc basalts; D: N-MORB (after Meschede (1986)), (b) Ti/Sc vs. Zr and
(¢) Ti/V vs. Zr (after Gribble et al. (1996)). The symbols are the same to those of
Fig. 5.

The REE patterns of the Wuling gabbro and coeval mafic rocks
are similar to that of the E-MORB (Fig. 6a) and the (37Sr/%6Sr);
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and éenq(t) values plot on the overlapping region of the Middle
Ocean Ridge basalts and the Island Arc Volcanics, suggesting the
involvement of MORB components (Fig. 10a). Such compositional
signatures of the Wuling gabbro is in conformity with the geo-
chemical affinity to both arc volcanics and MORB source, which
is the characteristic features of back-arc basin basalts (BABBs)
(e.g., Shinjo et al., 1999; Xu et al., 2003; Wang et al., 2007). In gen-
eral, the geochemical characteristics of BABBs are either MORB-like
with negligible LILE enrichment and HFSE depletion or transitional
between MORB and arc magmas due to spatial relation between
arc and back-arc systems (Stern et al., 1990; Gribble et al., 1996;
Smith et al., 2001; Langmuir et al., 2006; Pearce and Stern, 2006;
Manikyamba et al., 2009). The former type of BABBs is maintained
in mature back-arc system where the domain of back-arc basin
melts is spatially separated and distinguishable from subduction-
arc regime (Stern et al., 1990). However, the later type is produced
in nascent or initial back-arc system, and the proximity between
subduction-related arc environment and back-arc basin, where
the interaction between MORB-like and arc-like mantle compo-
nents account for the arc-like composition of BABBs
(Manikyamba et al., 2014). In the Nb-Zr-Y diagram (Fig. 13a),
the Wuling gabbro and its coeval mafic rocks are ploted in the field
of volcanic arc basalt and N-MORB regions. Ti, Sc, V and Zr discrim-
ination diagrams have also been used by previous workers to dis-
criminate between island arc basalts (IABs), BABAs and MORBs
(Gamble et al., 1994; Polat et al., 1999; Manikyamba et al., 2014).
The Wuling gabbro samples mainly fall within the field of IABs
and near the field of BABBs on Ti/Sc and Ti/V vs. Zr diagrams
(Fig. 13b and c). The affinity of the Wuling gabbro displays arc geo-
chemical signatures is in conformity with their generation in a nas-
cent back-arc environment proximal to an arc setting. The spots of
coeval mafic rocks scatter through three fields but mostly fall in
the field of BABBs (Fig. 13b and c), which may be attributed to dif-
ferent degrees of mixing between the arc-like component and the
MORB-like component.

5.5. Tectonic model: arc-nascent back-arc

The Central Tianshan Arc is thought to have been separated
from the Tarim block by the South Tianshan back-arc extension

during the Late Ordovician-Early Silurian (Gao et al., 2009; Qian
et al,, 2009; Wang et al., 2008, 2011). As the closure of Terskey
Ocean at the end of the Late Ordovician, the Central Tianshan Arc
amalgamated with the Yili Block as the Yili-Central Tianshan Block
(Lomize et al., 1997; Qian et al., 2009). From Early Silurian to Early
Carboniferous, the South Tianshan Ocean was subducted beneath
the YCTB (Gao et al., 1998; Qian et al.,, 2009; Long et al.,, 2011).
The middle Silurian Jingbulake mafic-ultramafic intrusion and
the late Carboniferous Luotuogou gabbro and Bulusitai gabbro
from the Central Tianshan were both thought to have formed dur-
ing the northward subduction of the South Tianshan Ocean (Yang
and Zhou, 2009; Tang et al., 2012; Tian et al., 2014). The Sr-Nd iso-
topic range of these intrusions is overlapped with the Awulale Car-
boniferous basalt on our studied samples (Fig. 10a). The
geochemical signatures of the Wuling gabbro and its coeval mafic
rocks in the Awulale Mountains indicate a heterogeneous mantle
source in a nascent back-arc system proximal to the arc regime.
We propose that the Nalati Mountains of the Central Tianshan
are spatially paired with the Awulale Mountains to constitute a
late Carboniferous arc-nascent back-arc system in the western
Tianshan (Fig. 14).

At ~313 Ma, an arc-nascent back-arc system was developed
between the Nalati Mountains and Awulale Mountains in the wes-
tern Tianshan. At a nascent back-arc environment, the back-arc
center just began to rift and arc-related magmatism was still
active. In the arc-nascent back-arc system, the Awulale Mountains
acted as a back-arc rifting center, where decompression melting of
MORB-like mantle and flux-induced partial melting of mantle
wedge caused mixing between these two mantle sources. We pro-
pose that two major magma sources, a MORB-like mantle domain
and a subduction component, are required for the generation of the
Wauling gabbro and its coeval mafic rocks. An extensional environ-
ment is necessary for the upwelling of the deep MORB-like compo-
nent and the slab roll-back might play a role in this process.
Meanwhile, the fluid released from the slab enhanced decompres-
sion melting, allowing depleted mantle sources behind the arc to
melt extensively. However, at the end of late Carboniferous, the
South Tianshan Ocean closed and the compressional stress from
the collision between the Tarim Plate and the YCTB made the
Awulale back-arc center stop spreading to develop a back-arc
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Fig. 14. Cartoon showing schematic tectonic model of an arc-nascent back-arc setting for the Wuling hornblende gabbro (modified after Manikyamba et al., 2014).
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basin, which could well interpret the absence of oceanic crust in
the center of the YCTB.

6. Conclusion

The Wuling (poikilitic) hornblende gabbro from the eastern
Awulale Mountain was emplaced in the late Carboniferous
(313 £3 Ma). Two stage crystallization processes are applied to
interpret its mineral composition. At the early stage, clinopyrox-
ene, anorthite and Fe-oxides were crystallized from the basaltic
magma. At the late stage, hornblende and plagioclase (andesine
to albite) crystallized from the evolved water-rich andesitic melt.
The geochemical and mineralogical signatures of the Wuling gab-
bro indicate that it was generated in a subduction-related setting
and the mantle wedge was fluxed by fluids released by the slab.
The REE and Sr-Nd-Hf isotopic signatures of the Wuling gabbro
and its coeval mafic rocks in the Awulale Mountains imply a shal-
low but heterogeneous mantle source with the involvement of a
deep MORB-like component into the arc mantle. We propose that
they were generated in a nascent back-arc environment. An arc-
nascent back-arc system was developed between the Nalati Moun-
tains and the Awulale Mountains during the late Carboniferous,
where decompression melting of MORB-like mantle and partial
melting of mantle wedge led to mixing between these two mantle
sources. The arc-type features of them were inherited from the
strong subduction inputs during the initial stage of back-arc rifting.
However, thanks to the compressional stress from the collision
between the Tarim Plate and the YCTB at the end of late Carbonif-
erous, the back-arc rifting ceased.
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