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ABSTRACT

West Junggar is featured with a wide spread of Late Carboniferous—Early Permian A-type granites. Systematic
comparison of the Yangzhuang granite porphyry and the regional coeval A-type granites (RCAG) shows that:
(1) all the Late Carboniferous-Early Permian A-type granites are of the A, group except the Yangzhuang granite
porphyry; (2) the Nb and Ta contents of the Yangzhuang granite porphyry are nearly 10 times that of the RCAG
while Ti content is more depleted; (3) eNd (t) of the Yangzhuang granite porphyry is slightly lower and the Sr
isotope has a wider range relative to the RCAG. Previous research revealed that highly incompatible elements in-
cluding Nb and Ta can be transferred into the mantle wedge by precipitation of amphibole from the ascending

Nb fluids generated by dehydration of subducted slab. It is inferred that enhanced heat flux brought by the Late Car-
Ta boniferous ridge subduction decomposed amphibole in the mantle wedge to generate Nb and Ta-rich melt and
Ridge subduction finally produced the Yangzhuang granite porphyry.

West Junggar © 2014 Elsevier B.V. All rights reserved.

1. Introduction

A-type granites, originally defined as alkaline, anhydrous and
anorogenic granites by Loiselle and Wones (1979), have been exten-
sively studied due to their distinctive compositions, origins and tectonic
settings (Bonin, 2007; Clemens et al., 1986; Collins et al., 1982; Eby,
1990, 1992; Han et al., 1997; King et al., 1997; Loiselle and Wones,
1979; Whalen et al., 1987). Eby (1992) subdivided A-type granites
into two chemical groups by elemental ratios. The A; group represents
mantle derived magma differentiates with the same origins that pro-
duce oceanic-island, intraplate, and rift-zone magmas, while magmas
of the A, group are partially melted lithosphere by continental margin
or island-arc magmatism (Eby, 1992). Although major progress has
been made during the past few decades, the concept has proven contro-
versial and “A-" remains ambiguous because these magmas can be gen-
erated in various tectonic settings (Bonin, 2007; Whalen, 2005). Origins
of A-type granite magmas proposed by different petrogenetic schemes
vary from highly fractionated products of direct mantle source with or
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without continental contamination (Han et al., 1997; Jung et al., 1998;
Litvinovsky et al., 2002; Mushkin et al., 2003; Turner et al., 1992;
Volkert et al., 2000) to hybridization of mantle-derived magmas with
crustal melts (Bédard, 1990; Mingram et al., 2000; Wickham et al.,
1996; Yang et al., 2006) to partial melting of the lower crust (Clemens
et al,, 1986; Collins et al., 1982; King et al., 1997; Whalen et al., 1987).

The Central Asian Orogenic Belt (CAOB), formed by successive accre-
tion of arc complexes in the Phanerozoic (Sengor et al., 1993), is bor-
dered by the North China-Tarim craton on the south. The West
Junggar region located in the southern part of the CAOB is characterized
by the wide spread of Late Paleozoic A- and I-type granites with highly
depleted isotopic signatures (Chen and Arakawa, 2005; Han et al., 1997,
2006; Shen et al,, 2011; Tang et al., 2010a).

Most of the reported Late Carboniferous-Early Permian A-type gran-
ites in the West Junggar region are geochemically similar to the A,
group (Shen et al., 2011) except the Yangzhuang granite porphyry.
Zhang and Zhang (2014) reported the zircon U-Pb dates, Sr—-Nd-Hf iso-
topic compositions, and major element and trace element geochemistry
studies of the Yangzhuang granite porphyry. They concluded that the
Yangzhuang granite porphyry was derived from an oceanic island
basalt-like mantle source during the southward subduction of the
Irtysh-Zaysan oceanic lithosphere beneath the Zharma-Saur arc. How-
ever, a systematic comparison of the Yangzhuang granite porphyry and
the regional coeval A-type granites (RCAG) reveals that the Yangzhuang
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granite porphyry is featured with strong enrichment of Nb and Ta and
depletion of Ti. Combined with the Sr-Nd-Pb isotope signature, the
northwestward ridge subduction model is preferred to interpret the for-
mation of A-type granites in West Junggar in the Late Carboniferous to
Early Permian. The enrichment of Nb and Ta in the Yangzhuang granite
porphyry is attributed to three stages of metasomatism in the mantle
wedge and the following ridge subduction.

2. Geological setting
2.1. Geology of West Junggar

The West Junggar region located on the southern part of the Altai
Orogen can be divided into two parts (Yang et al., 2012) (Fig. 1). The
northern Junggar mainly consists of two parallel E-W trending volcanic
belts separated by the E-W trending Hongguleleng-Hebukesaier—
Kujibai ophiolite belt (Chen et al.,, 2010; Shen et al., 2012). The
Xuemisitan (or Xiemisitai) volcanic belt on the south is the eastern
part of the Boshchekul-Chingiz volcanic arc formed in southward sub-
duction of Junggar oceanic crust in the Silurian-Early Devonian (Shen
et al., 2012; Zhao and He, 2013). The closure of the oceanic basin be-
tween the Xuemisitan and Zharma-Saur volcanic arcs took place before
the Late Devonian (~380 Ma, Filippova et al., 2001). The Zharma-Saur
volcanic arc on the north, mainly composed of calc-alkaline basalts
and basaltic andesites, is the product of southward subduction of the
Irtysh-Zaysan oceanic lithosphere during the Devonian-Early Carbonif-
erous (Didenko and Morozov, 1999; Vladimirov et al., 2008). Ages of
stitching plutons indicate that the Irtysh-Zaysan oceanic basin closed
in the Late Carboniferous (Chen et al., 2010; Han et al., 2010; Kuibida
et al., 2009).
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The southern Junggar consists mainly of the Devonian to Carbonifer-
ous sandstone and volcanic rocks, including basalt, andesitic basalt, an-
desite, and minor felsic tuff (Yang et al., 2012). They are intruded by
dioritic stocks at ~315 Ma (Tang et al., 2009) and alkali-feldspar granite
batholiths at ~300 Ma (Table 1) (Chen and Jahn, 2004; Chen et al., 2010;
Geng et al., 2009; Han et al., 2006; Su et al., 2006). The NE-trending
Dalabute fault is a suture zone formed by the collision of Kulumudi ter-
rane and Karamay terrane (Yang et al., 2012; Zhang et al., 2011a,
2011b). Ages of the granite batholiths including Hongshan (301 Ma),
Karamay (295 Ma), Tiechanggou (308 Ma), Hatu (302 Ma), Akbastao
(303 Ma), Miaoergou (308 Ma), Kulumusu (302 Ma), and Sailike
(304 Ma) combined with coeval mafic intrusions indicate that tremen-
dous magmatism took place in the Late Carboniferous to Early Permian
(Geng et al,, 2009).

A post collisional model was first proposed to interpret the forma-
tion of the granitic batholiths in West Junggar (Chen and Arakawa,
2005; Han et al., 1997, 1999), but now it is highly challenged by the
lithofacies paleogeographical studies and the paleomagnetic research
which revealed that a remnant oceanic basin still existed in the West
Junggar region until 300 Ma ago (Choulet et al., 2011; Wang, 2006;
Wang et al., 2007a). An ocean ridge subduction model proposed by
Geng et al. (2009) has been gradually accepted to interpret the exten-
sive Late Carboniferous magmatism in West Junggar (Geng et al.,
2011; Tang et al., 2009, 2010a, 2010b; Yang et al., 2012; Yin et al.,
2010, 2011).

2.2. Geology of the Baiyanghe Be-U deposit

The Yangzhuang granite porphyry is located on the southern border
of the middle part of the Xuemisitan volcanic belt (Fig. 1). Stratigraphic
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Fig. 1. Geological map of West Junggar, Xinjiang, Northwest China.
Modified after Chen et al. (2010). Age data from Chen et al. (2010), Geng et al. (2011), Shen et al. (2012), and Zhang and Zhang

(2014).
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Table 1

Ages of the Yangzhuang granite porphyry and the RCAG.
Samples Rock type Analytical methods Ages (Ma) References
Miaoergou Alkali-feldspar granite SHRIMP Zircon U-Pb 308 + 6 Geng et al. (2009)
Miaoergou Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 305 £ 2 Su et al. (2006)
Miaoergou Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 3064 + 8.8 Gao et al. (2006)
Miaoergou Alkali-feldspar granite SHRIMP Zircon U-Pb 327+7 Han et al. (2006)
Karamay Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 296 + 4 Su et al. (2006)
Karamay Alkali-feldspar granite SHRIMP Zircon U-Pb 295 + 4.6 Han et al. (2006)
Akbastao Alkali-feldspar granite SHRIMP Zircon U-Pb 290 + 8 Han et al. (2006)
Akbastao Alkali-feldspar granite Rb-Sr isochron 302 + 8 Li et al. (2000)
Akbastao Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 303+ 3 Su et al. (2006)
Akbastao Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 305+ 4 Geng et al. (2009)
Akbastao Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 318 £ 29 Gao et al. (2006)
Hongshan Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 301 + 4 Su et al. (2006)
Tiechanggou Alkali-feldspar granite SHRIMP Zircon U-Pb 3084 + 4 Han et al. (2006)
Hatu Alkali-feldspar granite Rb-Sr isochron 287 4+ 29 Li et al. (2000)
Hatu Alkali-feldspar granite SHRIMP Zircon U-Pb 3024 + 4 Han et al. (2006)
Kulumusu Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 302 4+ 2 Chen et al. (2010)
Sailike Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 304 + 2 Chen et al. (2010)
Jiangbule Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 309 + 2 Xuetal. (2012)
Taergen Alkali-feldspar granite LA-ICP-MS Zircon U-Pb 309 + 4 Xuetal. (2012)
Taergen Alkali-feldspar granite SHRIMP Zircon U-Pb 296 + 3 Song et al. (2011)
Yangzhuang Granite porphyry SHRIMP Zircon U-Pb 309.3 Ma et al. (2010)
Yangzhuang Granite porphyry LA-ICP-MS Zircon U-Pb 313+ 23 Zhang and Zhang (2014)

sequences in the Baiyanghe area include intermediate-acidic volcanic and
pyroclastic rocks with minor basic tuff of the Late Devonian Tarbagatay
Group; shale, limestone, siliceous shale, sandstone and conglomerate of
the Early Carboniferous Hebukehe Group; sandstone, basic-intermediate
volcanic and pyroclastic rocks of the Early Carboniferous Heishantou
Group (Mao et al., 2013; Wang et al., 2012; Zhang and Zhang, 2014).
NW-SE trending diabase and diorite dikes crosscutting the Yangzhuang
granite porphyry are widely developed (Fig. 2).

The Yangzhuang granite porphyry exhibits porphyritic structure
with about 3-8% quartz and K-feldspar phenocrysts (Fig. 3). Anhedral
quartz and slightly altered euhedral feldspar phenocrysts are identified
under a microscope (Fig. 3b, ¢). The matrix is composed of microcrystal-
line quartz, K-feldspar, plagioclase and minor amounts of biotite. The
accessory minerals were mostly magnetite with hematitization. Zircon
U-Pb dating of the Yangzhuang granite porphyry yielded the intrusion
age of ~310 Ma (Ma et al,, 2010; Zhang and Zhang, 2014).

The Baiyanghe Beryllium-Uranium deposit is mainly situated in
the contact zone of the Yangzhuang granite porphyry and the Late
Devonian Tarbagatay Group on the north (Fig. 2), and it is reported
to be one of the largest Be-U deposits in Asia (Wang et al., 2012;

Zhang and Zhang, 2014). The age of the Be-U mineralization is
303 Ma according to the muscovite “°Ar-3°Ar dating (Li et al.,
2013). The beryllium occurs as bertrandite and the majority of the
original uranium minerals (pitchblende) were altered to uranophane
(Wang et al., 2012). The Yangzhuang granite porphyry was inferred to
be the source of Be and U because its average contents of Be and U
reached 13 ppm and 17 ppm, respectively (Mao et al,, 2013; Wang
et al., 2012). The Be-U deposit was formed in a hydrothermal system
heated by the intermediate-basic dikes intruded in the Yangzhuang gran-
ite porphyry (Mao et al,, 2013).

3. Sample collection and analytical methods
3.1. Sample collection

The alteration zone of the Baiyanghe Be-U deposit is constrained in
the contact zone between the Yangzhuang granite porphyry and the
Tarbagatay Group on the north. Fresh samples from outcrops and
drillholes far from the alteration zone are collected to minimize the in-
fluence of alteration (Fig. 2). These samples include outcrop samples
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Fig. 2. Geological map of the Baiyanghe Be-U deposit, Xinjiang, Northwest China.

Modified after Wang et al. (2012).
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Fig. 3. Microscopic photos of the Yangzhuang granite porphyry. (a) Hand specimen; (b) Quartz phenocryst; (c) Slightly altered K-feldspar phenocryst.

YZ-1,YZ-2,YZ-8, and YZ-9 and samples YZ-3, YZ-4, YZ-5, YZ-6, and YZ-7
collected from drillhole ZK7702 at depths of 37.0 m, 54.9 m, 99.0 m,
132.9 m, and 183.1 m, respectively.

3.2. Analytical methods

The major element compositions were carried out by a Philips
PW2404 wavelength dispersive X-ray fluorescence spectrometry (XRF)
on fused glass disk at the Beijing Research Institute of Uranium Geology
(BRIUG). The analytical precision for major element determination was
better than 1%. Sample powders for trace element analyses were digested
with mixed HNOs; + HF acid in steel-bomb coated Teflon beakers to as-
sure the complete dissolution of refractory minerals. Trace elements are
determined by a Finnigan Element II ICP-MS at the BRIUG following the
procedures described by Li (1997). The analytical precision for trace ele-
ments was between 5% and 10% for trace elements, depending on the
concentration level of a specific element.

Sr-Nd-Pb isotopes were determined by an Isoprobe-T thermal
ionization mass spectrometry at the BRIUG following the proce-
dures of GB/T17672-1999. The '*>Nd/!'**Nd ratios were normalized
to "Nd/"**Ndgtandara = 0.7219 while the 87Sr/26Sr ratios were nor-
malized with 88Sr/86Srandara = 0.1194 as the internal standard.

4. Results

Major elements, trace elements, and CIPW norm mineral calculation
results of the Yangzhuang granite porphyry as well as the RCAG are
given in Table 2. Data of the Yangzhuang granite porphyry from Zhang
and Zhang (2014) are identical to ours, therefore, they will be used in
combination with our data. The majority of the element contents in
the RCAG are in good accordance with the Yangzhuang granite porphyry.
However, significant differences in several elements are noticed.

4.1. Major element compositions

The Yangzhuang granite porphyry has higher SiO, contents (75.2-
78.3 wt.%) and similar Na,O + K,0 contents (7.83-9.03 wt.%) compared
with the RCAG (SiO,: 74.1-76.6 wt.%; Na,O + K,0: 7.60-9.08 wt.%). The
CaO contents range from 0.29 wt.% to 1.00 wt.% and the Al,05 contents
range from 12.3 wt.% to 13.1 wt.%. Both of them are comparable to the
RCAG (0.14 wt.%-1.07 wt.% and 11.0 wt.%-13.3 wt.%, respectively). Data
of the Yangzhuang granite porphyry and the RCAG plot in the “subalkalic
granite” field in the (K;O + Na,0) vs. SiO, diagram (Fig. 4a) and the
“Alkaline” field in the SiO, vs. A.R. diagram (Fig. 4b). The aluminum-to-
alkali (A/NK) ratios of all the studied granites range from 0.99 to 1.15,
and the aluminum saturation indexes (A/CNK) range from 0.93 to 1.08,
showing a meta-aluminous to weakly peraluminous property (Fig. 4c).

CIPW norm mineral calculation of the Yangzhuang granite porphyry
and the RCAG demonstrate the dominant contents of quartz (Qz), albite
(Ab), and orthoclase (Or) relative to anorthite (An). All the data plot
into the field of alkali-feldspar granite in the quartz-alkaline feldspar-
plagioclase feldspar (QAP) diagram (Fig. 4d). Differentiation Index (DI)
of the Yangzhuang granite porphyry is much higher than the RCAG,
implying a stronger degree of differentiation.

4.2. Trace element compositions

The XREE of the Yangzhuang granite porphyry range from 86.7 ppm
to 136 ppm, and the LREE lean to the right and the HREE lean to the left
with pronounced negative Eu anomalies (5Eu = 0.07-0.11). The SREE
of the RCAG vary from 122 to 330 ppm, and perform a right leaning fea-
ture with obvious negative Eu anomalies (6Eu = 0.06-0.41) (Fig. 4e).

In the primitive mantle-normalized spider diagram (Fig. 4f), the
Yangzhuang granite porphyry is in good accordance with the RCAG.
However, significant enrichment of Th, U, Nb, Ta and depletion of Ba,
Sr, Eu, and Ti should be cautiously explained. Especially, the Nb, Ta
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Table 2

Major elements (in wt. %), trace elements (in ppm) and CIPW results of the Yangzhuang granite porphyry and the RCAG.
Sample YZ-1 YZ-2 YZ-3 YZ-4 YZ-5 YZ-6 YZ-7 YZ-8 YZ-9 BYH-1 BYH-11 BYH-12 BYH-13 BYH-14 BYH-15 KM MG HONG AK Hatu

Yangzhuang granite porphyry Yangzhuang granite porphyry* Regional coeval A-type granites**

Sio, 7717 75.83 75.66 76.15 76.95 76.68 76.36 75.15 7643 76.50 76.90 78.30 76.34 77.99 77.01 74.40 7442 7428 74.10 76.60
AlL,O5 12.84 12.50 12.80 12.88 13.08 12.82 12.80 12.90 12.34 13.14 12.52 12.90 12.82 12.75 12.42 12.38 13.04 13.00 13.34 11.00
Fe,03 0.76 0.63 0.60 0.63 0.26 0.58 0.61 0.57 045 0.96 0.97 0.89 111 1.07 1.11 227 1.81 243 1.77 214
FeO 0.20 0.21 0.20 0.23 0.27 0.28 0.27 0.01 0.34 - - - - - - - - - - -
Cao 0.54 045 0.63 041 035 038 0.78 1.00 043 0.34 0.30 039 0.29 032 033 1.07 0.97 0.76 0.75 045
MgO 0.05 0.01 0.04 0.09 0.01 0.12 0.02 0.10 0.08 0.01 0.03 0.02 0.03 0.01 0.01 0.27 0.19 0.24 0.20 0.11
K>0 3.02 4.22 4.06 3.87 4.04 4.00 3.27 3.30 325 417 4.02 3.61 448 4.05 424 3.77 4.69 4.01 4.86 3.98
Na,O 481 481 471 4.99 4.79 490 4.76 494 543 4.68 4.07 443 411 435 414 4.26 4.06 4.60 422 3.62
TiO, 0.06 0.05 0.06 0.06 0.07 0.06 0.05 0.04 0.05 0.06 0.07 0.07 0.08 0.08 0.09 0.22 0.21 022 0.19 0.17
MnO 0.11 0.09 0.09 0.08 0.02 0.14 0.04 0.79 0.09 0.08 0.07 0.05 0.10 0.10 0.14 0.05 0.04 0.06 0.03 0.05
P,0s 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - - - - - - 0.06 0.04 0.06 0.05 0.04
LOI 0.72 0.52 0.86 047 043 0.50 0.76 1.00 0.54 0.29 0.37 045 0.44 0.36 0.42 0.64 0.34 0.40 0.34 -
F 0.24 0.22 025 0.20 0.20 0.16 0.37 0.50 0.03 023 0.17 0.21 0.18 - - - - - - -
Total 100.53 99.55 99.97 100.07 10048 100.63 100.10 100.31 99.47 100.46 99.49 101.32 99.98 101.08 99.91 99.35 99.69 99.96 99.74 98.20
Mg# 0.09 0.02 0.09 0.17 0.03 021 0.04 0.26 0.16 0.89 2.65 193 232 0.80 0.77 0.17 0.16 0.15 0.15 0.09
AR. 3.82 561 4.76 5.00 4.84 5.14 3.89 391 524 4.82 442 4.06 4.80 4.60 4.84 425 4.54 440 4.76 493
La 23.10 20.80 21.30 24.40 2830 23.70 19.70 2430 21.70 18.40 20.80 20.00 21.50 20.80 27.40 2043 27.06 25.82 2524 63.10
Ce 39.80 29.50 37.50 39.80 4450 36.20 39.70 45.60 41.10 4222 44.86 3931 40.81 43.45 57.82 47.63 61.42 57.58 58.89 139.00
Pr 3.97 342 3.15 3.94 482 4.17 3.32 4.00 3.58 3.71 3.84 3.40 3.85 4.07 539 6.18 7.77 8.54 8.12 18.50
Nd 10.80 8.77 8.19 10.50 13.50 11.60 8.68 10.70 9.71 10.00 10.10 8.45 9.84 11.10 15.80 2350 30.94 3228 34.22 65.70
Sm 236 1.89 1.40 1.94 254 2.62 1.66 2.10 191 1.97 1.96 1.53 1.90 229 345 513 6.57 7.15 8.04 11.80
Eu 0.07 0.05 0.05 0.07 0.08 0.07 0.05 0.05 0.05 0.06 0.05 0.04 0.05 0.07 0.11 0.62 0.85 0.56 041 0.21
Gd 2.65 219 1.76 212 278 2.89 1.96 2.50 231 242 231 1.81 193 248 3.40 431 6.16 5.87 7.33 9.09
Tb 0.57 0.51 035 045 0.50 0.59 041 0.54 0.50 0.55 0.52 0.46 0.48 0.57 0.79 0.73 1.06 1.05 131 1.40
Dy 4.87 4.55 290 4.01 4.06 5.07 3.73 435 4.38 4.36 4.01 3.78 3.77 430 5.65 5.66 719 8.14 945 10.10
Ho 1.23 1.21 0.81 1.07 1.05 1.31 1.05 1.13 1.22 1.30 1.19 1.19 1.12 1.20 1.51 1.13 1.46 1.65 1.91 193
Er 4.84 4.71 3.30 4.18 3.99 4385 4.06 423 4.64 4.72 443 4.65 420 438 5.21 2.92 4.01 435 5.18 4.67
Tm 0.89 0.88 0.65 0.83 0.79 091 0.79 0.82 0.90 093 0.88 091 0.82 0.85 0.95 0.44 0.62 0.71 0.80 0.65
Yb 7.07 7.06 5.57 6.83 6.39 6.92 6.46 6.60 7.28 7.32 7.08 7.16 6.39 6.76 7.03 2381 393 431 490 3.77
Y 42.50 39.60 29.50 37.10 35.40 40.50 34.30 37.90 40.20 47.70 44.80 48.30 39.70 43.80 50.90 3293 40.95 50.56 54.96 54.50
Lu 1.16 1.19 093 1.17 1.10 1.10 1.04 1.08 123 1.18 1.20 1.23 1.07 1.09 113 0.40 0.59 0.58 0.69 0.48
Ba 32.10 7.50 414.00 23.80 7.15 11.90 42.20 214.00 44.70 13.40 43.00 16.40 68.70 20.10 36.10 605.00 612.73 347.60 32540 134.00
Cr 348 0.83 597 2.44 1.90 9.56 5.44 2.10 3.32 277.00 504.00 492.00 543.00 407.00 409.00 8.88 7.44 6.61 12.08 6.30
Zr 190.20 215.10 200.10 206.00 213.10 211.20 203.20 202.90 207.30 162.00 184.00 171.00 177.00 182.00 181.00 216.70 24220 153.00 23240 273.00
Hf 11.70 10.40 10.70 10.20 10.80 993 10.40 10.70 10.80 8.98 9.75 9.10 949 8.66 8.57 7.42 7.34 4.87 7.50 8.72
Nb 93.60 87.20 84.40 92.80 90.60 86.60 100.00 81.90 95.80 101.00 118.00 95.30 121.00 106.00 107.00 10.20 8.75 8.77 8.88 10.40
Ni 153 0.29 143 0.85 049 277 1.90 0.92 111 166.00 289.00 274.00 308.00 227.00 236.00 333 251 341 3.11 3.82
Rb 185.00 297.00 271.00 280.00 269.00 237.00 144.00 200.00 171.00 218.00 194.00 171.00 209.00 185.00 184.00 98.73 123.84 107.16 12430 121.00
Sc 274 1.87 253 244 3.12 3.20 229 4.67 1.99 342 3.95 4.15 3.62 3.13 245 3.76 5.79 5.53 3.68 285
Sr 24.80 5.12 2430 13.00 11.20 14.60 10.80 226.00 17.50 5.96 15.20 16.60 20.90 16.10 37.40 54.67 118.45 103.80 56.30 23.00
Ga 22.60 21.90 21.90 22.60 23.70 22.70 23.40 26.20 22.00 279 259 258 25.6 263 26.1 - - - - -
Pb 92.20 31.60 29.20 27.90 30.20 11.10 66.50 128.00 22.20 46.68 4353 64.50 85.11 37.22 59.89 - - - - -
Ta 8.04 777 8.32 8.36 791 7.62 8.53 5.71 8.34 7.84 941 841 8.85 7.79 7.83 1.03 0.61 0.75 0.76 0.57
Th 3040 20.80 24.60 2890 28.80 23.80 2530 2840 2720 26.40 31.40 28.60 33.90 25.70 26.50 13.71 10.16 14.14 7.99 9.93
U 6.46 512 3.46 4.40 5.74 4.59 537 76.40 6.90 5.95 6.82 561 6.63 6.37 5.46 4.62 2.05 1.90 1.81 1.69
Be 6.18 8.97 5.78 6.47 7.59 10.20 13.20 71.70 24.70 9.73 10.73 417 9.67 10.35 7.82 - - - - -
Q 37.72 32.55 32.69 3293 34.63 3240 36.21 34.85 32.80 33.10 37.86 38.05 35.18 36.06 35.95 3292 30.67 30.07 29.09 39.55
An 0.00 0.00 0.19 0.00 0.00 0.09 0.00 0.00 0.00 0.01 0.28 0.44 0.13 1.59 1.67 3.57 3.51 299 3.10 2.05
Ab 40.22 39.94 40.14 41.15 38.71 41.37 4043 39.21 45.66 39.55 34.76 37.18 3495 36.56 3523 36.56 34.58 39.11 3595 31.24
Or 17.85 25.14 24.17 2292 23.82 23.59 19.42 19.55 19.35 2461 23.98 21.16 26.61 23.77 25.20 22.58 27.89 23.82 28.90 23.99
DI 95.79 97.63 97.00 97.00 97.16 97.36 96.06 93.61 97.81 97.26 96.60 96.39 96.74 96.39 96.38 92.06 93.14 93.00 93.94 94.78
H,0 4.85 4.69 4.64 4.66 4.75 4.68 477 4.55 4.80 4.65 4.89 491 471 4.83 4383 4.42 4.30 425 423 497
A/CNK 1.05 0.94 0.96 0.98 1.01 0.98 1.00 0.95 0.93 1.02 1.08 1.08 1.06 1.05 1.04 0.95 0.96 0.98 0.98 0.99
A/NK 1.15 1.00 1.05 1.04 1.07 1.03 1.12 1.10 0.99 1.08 1.13 1.15 1.10 1.10 1.09 1.12 1.11 1.09 1.09 1.07
SI 0.57 0.10 042 0.92 0.11 1.22 0.22 1.12 0.84 0.10 033 022 031 0.11 0.11 2.59 1.76 212 1.80 1.13

Mg# = Mg/(Mg + Fe); AR = (ALO; + Ca0 + Na,0 + K;0)/(ALO; + Ca0 — Na,0 — K;0).

Data with * are from Zhang and Zhang (2014).

Data with ** are the average of Karamay, Hongshan, Akbastao, and Hatu from Chen and Arakawa (2005), and Geng et al. (2009).
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content of the Yangzhuang granite porphyry is nearly 10 times that of
the RCAG (Table 2).

4.3. Sm-Nd-Rb-Sr-Pb isotopes
Measured and initial (back-calculated to 310 Ma) Sm-Nd-Rb-Sr-Pb

isotopes of the Yangzhuang granite porphyry and the RCAG are reported
in Tables 3 and 4. 37Sr/5Sr; of the Yangzhuang granite porphyry range

177

widely from 0.70544 to 0.74688, and €Nd (t) vary from 4.1 to 5.9.
87Sr/855r; of the RCAG have a narrower range of 0.7024 to 0.7045 and
the eNd (t) (7.1-8.9) are much higher than the Yangzhuang granite por-
phyry. Topm of Nd isotopes of the Yangzhuang granite porphyry is much
older than that of the RCAG.

For the Yangzhuang granite porphyry, the initial Pb isotopic ratio
206ph,204ph; ranges from 18.104 to 18.707, 2°’Pb/2%4Pb; ranges from
15.503 to 15.555, and 2°®Pb/2°*Pb; ranges from 37.625 to 38.200.
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Fig. 4. (a) SiO vs. (Nay0 + K,0) diagram (Middlemost, 1994). The alkaline and subalkaline division is after Irvine and Baragar (1971); (b) A.R. vs. SiO, diagram, AR. = (Al,03 + CaO + Na,0 +
K;0)/(AlLO5 + Ca0 — Na,O — K;0); (c) QAP diagram of the Yangzhuang granite porphyry; (d) A/NK vs. A/CNK diagram of the Yangzhuang granite porphyry; (e) Rare earth element pattern
diagram of the Yangzhuang granite porphyry; (f) Spider trace element variation diagrams of the Yangzhuang granite porphyry. Chondrite and N-MORB normalizing values are after Sun and

McDonough (1989).
Data of gray triangles are from Zhang and Zhang (2014).
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Table 3

Sm-Nd-Rb-Sr isotope composition of the Yangzhuang granite porphyry and the RCAG.
Sample Rock type Rb (ppm) Sr(ppm) ®7Rb/%6Sr;, 87Sr/*®Sr,, Sm (ppm) Nd (ppm) '#7Sm/'*Nd, '“*Nd/'"“Nd,, 37Sr/*°Sr; eNd (t) Topm(Ma)
YZ-1 Granite porphyry 145 28.7 14.6393 0.774825 251 12.8 0.1182 0.512753 0.71041 53 636
YZ-2 Granite porphyry 214 8.26 74.9998 1.121285 233 11.8 0.1197 0.512747 - 52 650
YZ-3 Granite porphyry 204 284 20.7906 0.811015 196 109 0.1084 0.512762 0.71953 59 590
YZ-9 Granite porphyry 143 21.7 19.0954 0.789464 2.13 11.2 0.1146 0.512774 0.70544 59 591
BYH-12* Granite porphyry - - 087633 - - - - 0.51274 0.74663 53 -
BYH-13* Granite porphyry - - 0.86381 - - - - 0.51274 073791 5.1 -
BYH-14* Granite porphyry - - 0.89155 - - - - 0.51275 0.74688 49 -
BYH-15* Granite porphyry - - 0.77625 - - - - 0.51272 071431 41 -
KM9918-3**  Alkali-feldspar granite 118.1 144 2.38 0.71389 543 256 0.13 0.512957 0.7036 89 342
MG136-1**  Alkali-feldspar granite 71.3 336 0.61 0.70646  9.96 393 0.15 0.512954 0.7038 79 428
HONG1** Alkali-feldspar granite 85.3 72 345 0.71829 753 45.7 0.1 0.512838 0.7033 7.7 441
AK154-2**  Alkali-feldspar granite 99.8 45 6.41 0.73156  3.77 199 0.11 0.512911 0.7037 85 374
Hatu™* Alkali-feldspar granite 113.8 33 9.98 0.74575 10.29 453 0.14 0.512935 0.7024 8.1 407
MG4** Alkali-feldspar granite 108.4 75 421 0.72232 817 349 0.14 0.512893 0.7044 7.1 488
MG16** Alkali-feldspar granite 131.8 61 6.32 0.73102 7.88 424 0.11 0.512903 0.7041 85 378
MG19** Alkali-feldspar granite 115.1 54 6.13 0.73064 842 36.6 0.14 0.512913 0.7045 7.6 448
MG24** Alkali-feldspar granite 107.6 85 3.66 0.71906  6.63 30.5 0.13 0.51289 0.7034 7.5 460
MG26** Alkali-feldspar granite 130.1 128 294 0.71648 5.83 28.1 0.13 0.512911 0.7039 8.1 408

Subscript “m” refers to measure, and “i” refers to initial.
Data with * are from Zhang and Zhang (2014).

Data with ** are the average of Karamay, Hongshan, Akbastao, and Hatu from Chen and Arakawa (2005), and Geng et al. (2009).

5. Discussion
5.1. The genesis of the Yangzhuang granite porphyry

Feldspar in the phenocryst and the matrix of the Yangzhuang granite
porphyry are dominantly alkali-feldspar. There is barely any anorthite
as indicated by CIPW norm mineral calculations (Table 2). The
Yangzhuang granite porphyry is classified as A-type granite because
of: (1) the relatively high content of SiO,, Na,O + K50, Fe/Mg, F, Nb,
Ga, Sn, Y, and rare earth elements and low content of CaO, Ba, Sr, P,
and Ti; (2) the significantly negative Eu anomaly;(3) 10000 Ga/Al =
3.23-3.84, evidently greater than the lower limit of A-type granite, i.e.,
2.6 (Whalen et al., 1987).

The Yangzhuang granite porphyry plots in the A-type granite field in
various discrimination diagrams (Fig. 5a, b). A previous study indicates
that the RCAG including Hongshan, Karamay, Tiechanggou, Hatu,
Akbastao, Miaoergou, Kulumusu, and Sailike are all A,-type granites
(Geng et al., 2009; Su and Tang, 2005; Tang et al., 2010a). However,
the Yangzhuang granite porphyry falls in the A;-type granite field
(Fig. 5¢, d) owing to the enriched Nb content (the RCAG are not
shown in Fig. 5a, c due to the absence of Ga content in the references).

The high Differentiation Index (DI) together with the strong deple-
tion of Eu, Ba, and Sr of the Yangzhuang granite porphyry implies a con-
siderable fractional crystallization. Depleted Eu and Sr can be attributed
to the fractionation of plagioclase, however, the intensively depleted Ba
indicates the fractionation of K-feldspar as well (Eby, 1990; Han et al.,
1997).

Granitoids in West Junggar are universally featured with positive
eNd (t) values varying from + 2.6 to +9 (Han et al., 1998), and the
Yangzhuang granite porphyry is no exception. The positive eNd (t)
value of granites in West Junggar indicates that the magma originated
from juvenile continental crust (Chen and Arakawa, 2005) or meta-
somatized depleted mantle with some crustal contamination (Han
et al.,, 1997). The €Nd (t) value of the Yangzhuang granite porphyry

Table 4
Pb isotope composition of the Yangzhuang granite porphyry.

(4.1-5.9) is lower than the RCAG (7.1-8.9), and the T,py is correspond-
ingly older (Fig. 6). Han et al. (1998) considered crustal contamination
to be the main cause of the low e€Nd (t) value and relatively old Nd
model age in West Junggar. The relatively lower eNd (t) value (0.19-
1.88) and older Nd model ages (600-803 Ma) of the Xuemisitan volcanic
rocks make it possible to decrease the eNd (t) value of the Yangzhuang
granite porphyry by crustal contamination (Shen et al., 2012). The smaller
size of the Yangzhuang granite porphyry is more likely to have gone
through more crustal contamination than the RCAG.

The initial 87Sr/25Sr ratio of the Yangzhuang granite porphyry vary
over an extremely wide range (0.7054-0.74688), far wider than the
RCAG (0.7024-0.7045). Previous research has demonstrated that injec-
tion of oceanic sediment and seawater will lead to a rise in the magma
87Sr/86Sr ratio (Harris et al,, 1982). However, the high 87Sr/%Sr isotope
endmember will gradually be homogenized after entering the magma
chamber, which fails to explain the extremely wide span of initial
875r/86Sr ratio of the Yangzhuang granite porphyry. Heterogeneous
crustal contamination is preferred to interpret the formation of the
large 87Sr/3Sr isotope variation. In addition, the Rb-Sr system is more
easily influenced than the Sm-Nd system during the hydrothermal pro-
cess. Therefore, the probability of Be-U mineralization leading to varia-
tion in Sr isotope cannot be excluded.

The pvalue (?38U/2%4Pb = 9.32-9.37) of the Yangzhuang granite
porphyry is lower than the average crust value (9.74). The typical
crust-derived granite is mostly located in the upper crust or the lower
crust region on the Pb isotope tectonic evolution diagram (Fig. 7)
(Zhang et al., 1993). However, the Pb isotope of the Yangzhuang granite
porphyry is distributed between the mantle evolution line and the
upper crust evolution line showing its affinity to a mantle source.

5.2. Decouple of Nb-Ta, Zr-Hf, and Ti

High-field-strength elements Nb-Ta (HFSE® ™), Zr-Hf (HFSE* ), and
Ti share similar crystal-chemical properties, and therefore, are not

Samples  Rock type 206ph204py 20 207pp/204ph 200 208pp204ph 26 t(Ma)  2%pb/2%4pb;  297pb20%ph;  208pp2%ph; Th/U
YZ-1 Granite porphyry 18.354 0.002 15.523 0.002  38.059 0.004 310 18.104 15.510 37.687 9.32 3.59
YZ-2 Granite porphyry 19.300 0.004 15.586 0.003 38.961 0.008 310 18.707 15.555 38.200 9.37 3.51
YZ-3 Granite porphyry 18.731 0.001 15.547 0.001 38.587 0.003 310 18.303 15.525 37.625 933 3.63
YZ-9 Granite porphyry 19.365 0.001 15.563 0.001 39.111 0.003 310 18.224 15.503 37.690 9.32 3.53

Subscript “m” refers to measure, and “i” refers to initial.
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(f) Nb-Y-Ce diagram (a, b after Whalen et al., 1987; c, d after Eby, 1992).

expected to fractionate greatly during the partial melting and crystalli-
zation processes (Sun and McDonough, 1989; Tiepolo et al., 2001).
The Yangzhuang granite porphyry is intensively enriched with Nb, Ta
and more depleted with Ti compared to the RCAG, however, the con-
tents of Zr, and Hf are similar to that of the RCAG (Fig. 4f). Therefore,
Nb-Ta, Zr-Hf and Ti were decoupled during the formation of the
Yangzhuang granite porphyry.

Owing to the extremely high partition coefficients of Nb and Ta in

rutile and ilmenite (Ionov and Hofmann, 1995), the Nb-Ta-Ti depletion 15.9
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Fig. 6. ¢Nd (t) histogram of the Yangzhuang granite porphyry and RCAG (blank and
slashed refer to Yangzhuang granite porphyry. Gray refers to the RCAG).

in island-arc magmatic rock is mostly interpreted as a remnant of prov-
enance minerals such as rutile and ilmenite. Melting of provenance ru-
tile and ilmenite can cause Nb-Ta enrichment in magma, but it fails to
explain the coexistence of strong enrichment of Nb and Ta and intense
depletion of Ti in the Yangzhuang granite porphyry.

The mineralization fluid temperature of the Baiyanghe Be-U deposit
is about 120 °C-150 °C according to the fluid inclusion study of fluorite
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Fig. 7. Pb isotope tectonic evolution diagram of the Yangzhuang granite porphyry.
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Fig. 8. Formation and decomposition model of the Nb and Ta-rich amphibole in the mantle wedge.

(Mao et al., 2013). It is impossible for such low-temperature fluid alter-
ation to cause differentiation among high-field-strength elements
(Ionov and Hofmann, 1995). The average Nb content in the earth's
crust is merely 19 ppm (Li, 1976), and the average Nb content in the
Xuemisitan volcanic belt is 19.5 ppm (Shen et al., 2012). Therefore,
the possibility of crustal contamination causing Nb-Ta enrichment in
the Yangzhuang granite porphyry can be excluded.

Hofmann (1988) firstly proposed that amphibole, a most common
hydrous mineral in the upper mantle, can be an important host for Nb
and Ta. Ionov and Hofmann (1995) reported that the Nb and Ta con-
tents of the vein amphibole (and mica) of mantle xenolith had been
enriched to a magnitude 50-200 times that of the primitive mantle.
Hence, they proposed a metasomatic model for the formation of Nb
and Ta enriched amphibole (and mica) in the mantle wedge. When
the fluids generated by dehydration of the subducted slab ascend
through the mantle wedge, highly incompatible elements including
Nb and Ta are transferred into the mantle wedge by the precipitation
of amphibole (Fig. 8a).

Experimental investigations reveal that Nb becomes compatible,
whereas Zr remains incompatible, in amphibole crystallized in Ti-poor
systems in the mantle wedge. With A™PM'Dy, . values up to 1.8, Nb
incorporation is strongly favored in low-Mg-number amphiboles.
Therefore, crystallization of low-Mg-number amphibole in Ti-depleted
system from silica-rich aqueous fluids (water-rich silicic melts) released
from the subducted slab will lead to the decoupling of Nb (Ta), Zr (Hf),
and Ti (Tiepolo et al,, 2001, 2007). It is inferred that melting of the above
Nb- and Ta-rich and Ti-poor amphibole under particular circumstances,
e. g. ridge subduction (Fig. 8b), can carry its trace element feature to the
Yangzhuang granite porphyry.
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5.3. Tectonic setting

The tectonic setting in the Late Carboniferous-Early Permian in West
Junggar is still under debate (Chen and Arakawa, 2005; Chen et al.,
2010; Choulet et al., 2011, 2012a, 2012b; Geng et al., 2009; Han et al.,
1997; Shen et al., 2012). The post-collisional model is now highly chal-
lenged because of the lack of structural or metamorphic evidence for a
collisional event in the Late Carboniferous (Feng et al., 1989) and the ex-
istence of an oceanic basin (Choulet et al., 2011; Wang, 2006; Wang
et al,, 2007a). Zhang and Zhang (2014) attributed the formation of the
Yangzhuang granite porphyry to the southward subduction of the Ir-
tysh-Zaysan oceanic lithosphere beneath the Zharma-Saur arc because
the Yangzhuang granite porphyry and the controlling fault show a near-
ly E-W trend, which is compatible with the N-S extensional environ-
ment of the back-arc basin behind the Zharma-Saur arc. However, the
Zharma-Saur suture zone was already closed in the late Carboniferous
due to the oldest stitching pluton dated at 307 Ma (Chen et al., 2010;
Kuibida et al., 2009), so the existence of a back-arc extensional basin is
highly doubted. Late Paleozoic ocean in West Junggar became smaller
with residual nature due to the large scale accretion of continental
crust before Silurian, therefore, the back-arc basin might be absent dur-
ing the closure of this residual ocean (Zhao and He, 2013). Moreover,
various tectonic settings, e.g. ridge subduction, can provide extensional
environments.

Sedimentary and paleogeographic analysis implies that there was a
NE-SW stretching Carboniferous Junggar Ocean parallel to the Karamay
arc in Late Carboniferous-Early Permian (Tang et al., 2010a; Wang,
2006). Northwestward subduction of the Junggar oceanic lithosphere
beneath the Karamay arc is more likely to form such a NE-SW stretching

10000
1000 syn-COLG
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Fig. 9. Trace element diagrams for tectonic discrimination (after Pearce et al., 1984). (a) Rb vs. (Y + Nb); (b) Rb vs. (Yb + Ta). Abbreviations: VAG (volcanic-arc granites); syn-COLG

(syn-collisional granites); WPG (within-plate granites); ORG (ocean-ridge granites).
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Modified after Tang et al. (2010a, 2010b).

ocean. Additionally, the adakite and the Nb-enriched basalt to the
southwest of the West Junggar and the tholeiitic basaltic magmatism
to the east of the Junggar basin are all formed in a Late Carboniferous
subduction setting (Long et al., 2006; Wang et al., 2007b; Zhang et al.,
2011a).

Black circles plotted in the VAG (volcanic-arc granites) field (Fig. 9)
referring to the Hongshan and Karamay granites are close to the sub-
duction zone implied by Geng et al. (2009) and Tang et al. (2010a).
Black crosses referring to the Miaoergou, Hatu, and Akbastao granites
that are further to the subduction zone are located at the intersection
area of VAG and WPG (within-plate granites). The Yangzhuang granite
porphyry represented by black and gray triangles is totally in the WPG
field. Therefore, the geochemical transformation from VAG to WPG sup-
ports a northwestward subduction model.

5.4. Ridge subduction

Various volcanic and intrusive rocks in West Junggar formed in the
Late Carboniferous-Early Permian are derived from a mantle magmatic
source (Chen and Arakawa, 2005; Chen and Jahn, 2004; Geng et al.,
2009, 2011; Han et al,, 2006; Tang et al., 2010a, 2010b; Yin et al,,
2010; Zhang et al., 20114, 2011b). The dioritic rocks with adakitic char-
acteristics in West Junggar were formed by partial melting of an oceanic
slab which required high temperature (Geng et al., 2009). The ~320 Ma
sanukite-like high-Mg dikes in the West Junggar imply not only an ex-
tensional setting, but also a high temperature geothermal gradient
(Yinetal, 2010). Tang et al. (2012) reported a ~315 Ma MORB-like tho-
leiites in Hatu which was originated from a mixed mantle source
consisting of subducted depleted oceanic lithosphere and enriched up-
welling asthenospheric mantle. Volcanic rocks in the Maliya ophiolitic
mélange formed in the Late Carboniferous show similar characteristic
to that of the rocks formed during ridge subduction in Chile (Zhang
et al., 2010). All these evidences point to the ridge subduction model
proposed by Geng et al. (2009). The paleostress inversion and structural
analyses indicate that the NW/SE trending dioritic dike swarm was de-
rived from magma upwelling with a NW-SE trend that resulted from
ridge subduction (Ma et al., 2012).

Therefore, the ridge subduction model is favored for the formation of
the Nb- and Ta-rich and Ti poor Yangzhuang granite porphyry. As is

located in the Xuemisitan volcanic belt, the Baiyanghe area must have
gone through two stages of southward subduction during the formation
of the Xuemisitan volcanic belt and the Zharma-Saur arc (Shen et al.,
2012). The mantle wedge, therefore, was extensively metasomatized
by dehydration of the subducting slab. Nb and Ta are strongly enriched
in the mantle wedge where Nb and Ta rich and Ti-poor amphibole was
crystallized during the long-term metasomatism (Fig. 8a). A northwest-
ward subduction took place in the Late Carboniferous to intensify the
metasomatism and the formation of amphibole. The specific location
of the Yangzhuang granite porphyry suffered all three stages of subduc-
tion and thus the mantle wedge must have contained abundant Nb-and
Ta-rich and Ti-poor amphibole.

As the ocean ridge subducted, upwelling asthenosphere through the
slab window provided enhanced heat flux and triggered the magmatism
(Geng et al., 2009). The abundant amphibole in the mantle wedge un-
doubtedly broke down to generate Nb- and Ta-rich and Ti-poor melt
(Fig. 8b). Partial melting of the hot juvenile lower crust injected with
such melt then produced the Nb- and Ta-rich and Ti-poor Yangzhuang
granite porphyry (Fig. 10).

6. Conclusions

Based on the systematic comparison between the Yangzhuang granite
porphyry and the RCAG by whole-rock geochemistry and Sr-Nd-Pb iso-
tope studies in West Junggar, the following conclusions can be drawn:

(1) Multi-stage of metasomatism may lead to the intensive enrich-
ment of Nb and Ta in mantle wedge by precipitation of amphi-
bole, and the enhanced heat flux can decompose the Nb- and
Ta-rich amphibole to generate Nb and Ta-enriched melt under
certain circumstances.

(2) The Yangzhuang granite porphyry is intensively enriched with
Nb and Ta and depleted with Ti relative to the RCAG. Therefore,
the decomposition of the mantle wedge amphibole triggered
by Late Carboniferous ridge subduction is attributed to the for-
mation of the Nb- and Ta-rich Yangzhuang granite porphyry.

(3) Sr-Nd-Pb isotope study reveals that the Yangzhuang granite
porphyry has an origin of a juvenile lower crust and had gone
through crustal contamination to some extent as well.
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