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Late Carboniferous igneous rocks are widespread in the western Tianshan, but the tectonic settings for these rocks
remain controversial. We report a plagioclase 40Ar/39Ar age, and geochemical, Sr–Nd isotope and LA–ICPMS
clinopyroxene trace element data for gabbros in the Luotuogou region. The tholeiitic Luotuogou gabbros give a
Late Carboniferous (312±1 Ma) 40Ar/39Ar age and are characterized by high and variable εNd(t) values ranging
from+3.7 to+7.8. Theyhave geochemical features of both intra-plate and island arcmagmatic rocks, i.e., relative-
ly high TiO2 (0.6–2.2 wt.%), Nb (4.2–24 ppm) and Zr (51.4–283 ppm) contents combinedwith variable and slight-
ly high Nb/La ratios (0.24–1.8, mostly>0.7), and negative to positive Nb anomalies. The gabbros contain zoned
clinopyroxenes, with Mg- and Cr-rich cores. Their parental magmas, as calculated using trace element data from
Cr-rich (>3000 ppm) clinopyroxene cores and clinopyroxene/basaltic liquid partition coefficients, show enrich-
ments in incompatible elements, and prominent negative to slightly positive Nb anomalies, indicative of the influ-
ence of subduction-related compositions in their mantle source. These features indicate that the Luotuogou
gabbrosweremost likely formed by interactions between asthenospheric andmetasomatized lithosphericmantle.
Theyweremost plausibly formed bymixing between the asthenosphericmantle-derived andmetasomatized lith-
osphere mantle-derived melts. Mixing was the result of asthenosphere upwelling triggered by roll-back of the
subducted Paleo-Junggar Oceanic Plate rather than mantle plume-related rifting or post-collisional break-off dur-
ing the Late Carboniferous.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Continental basaltic magmas record critical information regarding
the chemical composition of the sub-continental mantle and regional
tectonic evolution. Several distinct mantle components can contribute
to continental basalts, such as subcontinental lithospheric mantle,
plume-related OIB (oceanic island basalt)-type mantle sources, or de-
pleted MORB (middle oceanic ridge basalt)-type asthenosphere mantle
(Garfunkel, 2008; Saunders, 2005). Popular tectonic models for conti-
nental volcanism include decompressional melting as a result of litho-
spheric mantle removal (detachment) and upwelling asthenosphere
mantle (Hoernle et al., 2006; Timm et al., 2009), lithosphere extension
induced by continental rifting and breakup (McKenzie and Bickle,
1988), high temperature melting of mantle owing to elevated mantle
temperature by deep-seatedmantle plume head impinging on the lith-
osphere (Campbell and Griffiths, 1990), and the roll-back and/or
x: +86 20 85290130.
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foundering of flat-subducted oceanic plateaus or aseismic ridges
(Coney and Reynolds, 1977; Li and Li, 2007). Identifying the primary
magmas for continental basaltic magmas thus has the potential of
deciphering their petrogenesis and related tectonic processes.

However, continental basaltic magmas generally show variable
chemical compositions due to contamination by continental crustal
components or fractionation during their ascent (Dorais and Tubrett,
2008). One approach that overcomes these problems uses clinopyroxene
chemical composition and basaltic liquid partition coefficients to model
the most primitive liquids to have been in equilibrium with the
clinopyroxenes (Tribuzio et al., 2008, 2009). The results are then com-
pared with various mantle-derived basaltic magmas to draw inferences
about the primary magma compositions (Chen et al., 2009; Dorais and
Tubrett, 2008; Tribuzio et al., 2008, 2009).

The Tianshan Orogen, extends from west to east for over 2500 km
through Uzbekistan, Tajikistan, Kyrgyzstan, and Kazakhstan to
Xinjiang in northwestern China (Fig. 1a). It is a major part of the
southwestern Central Asian Orogenic Belt (CAOB) (Jahn et al., 2000;
Sengör et al., 1993; Windley et al., 2007; Xiao et al., 2004). It mainly
consists of microcontinents, ophiolite and mélange belts, continental
island arcs, and remnant seamounts and oceanic plateaus, accreted
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Fig. 1. (a) Simplified tectonic divisions of the CAOB (Jahn et al., 2000), (b) geological map of the western Tianshan orogen (Gao et al., 2009) and (c) geological map showing the
occurrence of the Luotuogou gabbros. “Snow peak” in Fig. 1a refers to the area with generally high altitude and covered with snow all the year round. NTT, Northern Tianshan
Terrane, CTT, Central Tianshan Terrane, KYB, Kazakhstan–Yili Block.
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together between the Neoproterozoic and late Paleozoic (Gao et al.,
1998; Xiao et al., 2008). Thus, the Tianshan Orogen is a key area for
understanding the tectonic evolution and Phanerozoic continental
growth of the CAOB.

There are voluminous Silurian–Permian granitoids in the Central
Tianshan Terrane, but mafic rocks are rare and most formed during
the Late Carboniferous. The origin of these mafic rocks has been a
matter of debate in three competing models: 1) mantle plume or
crustal rifting (Che and Liu, 1996; Xia et al., 2004b, 2008), which pre-
dicts a dominant role for an upwelling deep-seated mantle plume im-
pinging on the lithosphere (Xia et al., 2004b, 2008); 2) an island arc
model, which suggests a subduction of the Paleo-Tianshan Oceanic
Plate (Wang et al., 2007; Zhou et al., 2004; Zhu et al., 2005, 2009);
or 3) a post-collisional model that invokes slab break-off and subse-
quent asthenospheric upwelling after the collision between the
Junggar plate and the Yili terrane (e.g., Han et al., 2010; Yuan et al.,
2010). In this study, we determined plagioclase 40Ar/39Ar ages and
undertook whole rock geochemical and Sr–Nd isotope analyses, elec-
tron microprobe analyses of clinopyroxene major element composi-
tions and LA–ICPMS clinopyroxene trace element analyses for the
Luotuogou gabbros north of Baluntai town in the Central Tianshan
Terrane (Fig. 1). The combined results are used to reveal the mantle
source and petrogenesis of the gabbros in order to shed new light
on the tectonic evolution of the Tianshan Orogen.

2. Geological background

The Chinese Tianshan, located between the Junggar plate to the north
and the TarimBlock to the south, is a ca 300 km-widePaleozoic collisional
orogenic collage (Fig. 1b). It experienced a complex evolutionary history
involving Paleozoic subduction and collision, Mesozoic erosion, and
Cenozoic thrusting and uplift as a consequence of the India–Eurasia colli-
sion that has continued to the present (Allen et al., 1993; Gao et al., 1998;
Windley et al., 1990; Xiao et al., 2008). The orogen can be subdivided into
several geological domains, which are from north to south, the Northern
Tianshan Terrane, the Kazakhstan–Yili Block, the Central Tianshan
Terrane (CTT) and the South Tianshan Terrane (Gao et al., 2009). The
North Tianshan Terrane represents a Late Paleozoic continentalmagmatic
arc related to south-directed subduction of the Junggar Oceanic Plate
during the Late Ordovician–Early Permian (Gao et al., 1998). It is charac-
terized by the presence of Late Devonian–Carboniferous sedimentary
sequences and abundant calc-alkaline volcanic and intrusive rocks. The



Fig. 2. Photomicrographs showing the main textures and mineral assemblages in the
Luotuogou gabbros. Cpx, clinopyroxene; Plag, plagioclase.
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Kazakhstan–Yili Block is a microcontinent with a Precambrian
basement (Allen et al., 1993; Gao et al., 1998). The South Tianshan
Terrane resulted from the collision between the Tarim Block and the
Kazakhstan–Yili Block during the Late Paleozoic (Gao et al., 2009).

The CTT is separated from the South Tianshan Terrane by the South
Central Tianshan Suture defined by ophiolites with ages ranging from
the Early Ordovician to Early Carboniferous (Xiao et al., 2008). These
include the Changwuazi ophiolite that has a pyroxene 40Ar/39Ar plateau
age of 439±27 Ma (Hao and Liu, 1993), and the Yushugou and
Tonghuagou ophiolites in the Kumishi region where plagiogranite and
anorthosite yielded SHRIMP zircon U–Pb ages of 435±3 Ma and
439±2 Ma, respectively (Yang et al., 2011). The “Nikolaev Line” or
Table 1
Plagioclase 40Ar/39Ar dating results of the Luotuogou gabbro.

T (°C) 40Ar/36Ar 39Ar/36Ar 37Ar/39Ar F 39A

350 1451.375 22.215 0.0142 52.0309 0.05
480 1806.235 32.015 0.0149 47.1888 0.13
600 3862.745 79.199 0.0049 45.0415 0.42
750 4518.349 90.171 0.0079 46.8314 0.48
850 5596.591 112.780 0.0020 47.0039 0.81
980 7859.043 162.627 0.0026 46.5084 1.22
1120 10,368.421 220.476 0.0024 45.6871 1.32
1200 10,478.794 225.267 0.0033 45.2055 0.96
1250 11,726.463 244.081 0.0118 46.8327 0.14
1350 13,555.602 278.407 0.0214 48.1431 0.07

J=0.004091; total sample weight=0.1122 g; Tp=311.89±0.65 Ma; Tf=315.27±0.70 M
Tp — Plateau age; Tf — total fusion age; Tiso — isochron.
North Nalati Suture (Qian et al., 2009) separates the CTT and the
Kazakhstan–Yili Block (Gao et al., 2009). Mid-ocean ridge basalts with
a SHRIMP U–Pb zircon age of 516±7 Ma have been reported along
the southern margin of the Kazakhstan–Yili Block (Qian et al., 2009).

The CTT is underlain by Proterozoic metamorphic basement,
mainly exposed in the Baluntai area. The basement mainly consists
of sillimanite–biotite–quartz schists, garnet–plagioclase–granulites,
gneisses, amphibolites, migmatites and marbles. Proterozoic granite
gneisses have zircon U–Pb ages ranging from 948±8 to 926±8 Ma
(Chen et al., 2009; Hu et al., 2010). Paleozoic (480–275 Ma) granitoids
are widely distributed in this terrane (Dong et al., 2011; Gao et al.,
2009, 2011; Shi et al., 2007; Yang et al., 2006). Late Devonian to Late Car-
boniferous (>361–313 Ma, SHRIMP U–Pb zircon age) island-arc type
volcanic and volcaniclastic rocks disconformably overlie Late Silurian vol-
canics or the Proterozoic basement (Tang et al., 2010; Zhu et al., 2009).

Late Carboniferousmafic intrusive and contemporaneousmafic volca-
nic rocks are very abundant in the western Tianshan, i.e., 306–308 Ma
mafic–ultramafic intrusions in the Tekes Haladala area of the CTT
(Xue and Zhu, 2009; Zhu et al., 2010), 305–300 Ma basalts from the
Chagangnuoer and Zhibo iron deposits (Jiang et al., 2012), and
~324–309 Ma basalts in the Yuximolegai and Laerdundaban areas
(Niu et al., 2010; Zhu et al., 2009).

The Luotuogou gabbroic pluton intrudes the Proterozoic meta-
morphic basement north of Baluntai town (Fig. 1b) and is the biggest
mafic intrusion in the CTT. The Luotuogou intrusion is distinctly
zoned, consisting of fine-grained gabbros in the thin margin (50 to
200 m width) and coarse- to medium-grained gabbros in the interior
of the major body. The main mineral phases are clinopyroxene and
plagioclase, plus minor amphibole and accessory minerals including
Fe–Ti oxides and apatite. Some pyroxene crystals are replaced by
amphibole or chlorite along the rims, with clinopyroxene cores
being locally preserved (Fig. 2).
3. Analytical methods

Mineral major element analyses were carried out at the State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochem-
istry, Chinese Academy of Sciences (GIG-CAS) using a JXA-8100 elec-
tron microprobe. An accelerating voltage of 15 kV, a specimen current
of 3.0×10−8 A, and a beam size of 1–2 μmwere employed. The analyt-
ical procedures were described in detail in Huang et al. (2007), and the
analytical errors are generally less than 2%.

In-situ trace element analysis of clinopyroxenewas carried out using
the laser-ablation (LA)–ICP-MS technique using an Agilent 7500a
ICP-MS system coupled with a GeoLas193 nm ArF-excimer laser sam-
pler at GIG-CAS. A spot size of 78μmand repetition rate of 8Hzwere ap-
plied during the analysis. Calibration was carried out externally using
NIST SRM 610 with Ca as an internal standard to correct for any drift.
r (×10−12 mol) 39Ar (%) 40Ar* (%) Age (Ma) 1σ (Ma)

88 1.04 79.63 348.1 5.2
28 2.35 83.63 318.4 2.0
85 7.66 92.33 305.1 0.7
90 8.65 93.44 316.2 0.8
23 14.37 94.70 317.3 0.5
27 21.63 96.22 314.2 0.4
56 23.45 97.13 309.1 0.3
61 17.09 97.16 306.1 0.4
02 2.48 97.46 316.2 3.0
69 1.36 97.80 324.3 4.2

a; Tiso=309.16±6.18 Ma.
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Fig. 5. Chondrite-normalized REE patterns and primitive mantle-normalized multi-
element patterns for clinopyroxenes of the Luotuogou gabbros.
Chondrite and primitivemantle normalizing values are from Sun andMcDonough (1989).
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Repeated analyses of the USGS rock standards BHVO-2G and BCR-2G
indicate that both precision and accuracy are better than 4% for most
elements analyzed. Analytical details are as in Liu et al. (2008).

Major element oxides were determined by standard X-ray fluores-
cence (XRF) at GIG-CAS. A detailed description of this analytical
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Fig. 4. Chemical variations in Luotuogou gabbro clinopyroxenes. Apfu stands for atoms per
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methodwas provided by Li et al. (2006). Trace elements were analyzed
by inductively coupled plasma mass spectrometry (ICP-MS), using a
Perkin-Elmer Sciex ELAN 6000 instrument at GIG-CAS. Analytical
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Table 2
Major (wt.%) and trace element (ppm) composition of the Luotuogou samples.

Samples wxt772 wxt773 wxt774 wxt775 wxt776 wxt779 wxt780 wxt781 wxt782 wxt783 wxt784 wxt785 wxt786 wxt787 wxt789

SiO2 50.81 48.93 49.53 49.85 52.04 48.92 49.93 48.87 49.28 49.52 48.36 48.11 49.20 48.01 48.55
TiO2 1.66 1.16 1.57 1.53 2.07 1.39 1.46 1.82 2.14 1.31 1.12 0.66 1.55 1.92 0.85
Al2O3 16.78 17.81 15.33 14.95 16.04 15.12 17.83 14.86 16.13 15.29 18.22 23.33 15.01 15.81 20.85
Fe2O3 2.93 2.43 2.41 2.93 3.12 2.55 2.97 3.72 3.90 2.67 1.57 1.17 2.82 4.54 1.58
FeO 6.10 5.88 7.50 7.05 7.10 7.38 5.22 7.50 7.10 5.90 5.40 3.65 7.22 7.40 5.28
MnO 0.16 0.13 0.19 0.21 0.15 0.20 0.11 0.17 0.19 0.14 0.12 0.07 0.15 0.18 0.12
MgO 5.05 6.18 7.58 7.19 4.30 7.58 4.99 5.91 5.31 7.96 7.82 4.71 6.60 6.59 5.42
CaO 9.79 10.68 10.23 10.19 7.51 11.64 8.88 10.38 8.53 10.90 12.24 13.40 9.77 9.50 12.24
Na2O 3.72 2.78 3.26 3.52 4.53 2.47 3.30 3.03 3.21 3.17 2.28 2.24 3.24 2.41 2.75
K2O 1.02 1.30 0.58 0.71 0.94 0.58 2.05 1.00 1.56 0.44 0.30 0.56 1.35 0.95 0.30
P2O5 0.11 0.07 0.06 0.11 0.15 0.08 0.12 0.16 0.10 0.08 0.08 0.05 0.09 0.18 0.06
CO2 0.04 0.09 0.09 0.04 0.07 0.07 0.07 0.11 0.17 0.22 0.17 0.02 0.02 0.02 0.07
H2O 1.66 2.40 1.49 1.52 1.81 1.84 2.87 2.28 2.17 2.22 2.15 1.86 2.80 2.28 1.75
Total 99.83 99.84 99.82 99.80 99.83 99.82 99.80 99.81 99.79 99.82 99.83 99.83 99.82 99.79 99.82
Mg# 0.51 0.58 0.58 0.57 0.44 0.58 0.53 0.49 0.47 0.63 0.67 0.64 0.55 0.51 0.59
Sc 28.0 29.1 37.7 36.1 13.7 32.5 24.0 7.62 28.5 37.6 26.4 16.2 34.9 25.3 23.2
V 196 187 242 242 195 192 194 85.3 299 222 174 105 247 207 141
Cr 98.0 251 254 101 3.08 205 99.1 25.9 44.6 270 264 212 102 79.1 206
Co 24.8 31.6 36.9 35.5 25.5 30.7 23.5 11.5 30.4 33.0 33.8 20.8 36.3 33.2 27.7
Ni 35.4 57.2 44.5 47.6 12.4 53.5 50.7 15.5 32.3 62.3 107 53.7 45.4 60.7 54.6
Cu 16.2 18.0 43.5 39.9 14.4 10.2 5.00 51.0 9.38 67.5 6.71 4.90 53.2 28.5 44.5
Ga 18.6 15.8 16.5 16.5 20.8 14.1 18.4 17.5 18.6 15.2 15.4 15.2 16.2 20.1 15.8
Ge 1.62 1.55 1.55 1.65 1.55 1.48 1.61 0.950 1.66 1.53 1.38 1.11 1.66 1.55 1.23
Rb 33.8 63.0 12.4 25.8 35.5 15.3 96.5 37.1 72.6 9.62 6.63 11.9 31.1 24.5 5.15
Sr 302 294 262 279 299 255 403 770 365 270 274 424 262 429 385
Y 30.8 21.7 25.3 25.5 35.6 18.7 29.1 7.75 28.0 20.2 17.6 8.93 19.2 17.4 11.8
Zr 156 80.1 107 106 268 95.3 156 92.8 146 91.2 96.4 51.4 108 130 69.5
Nb 9.25 4.41 4.98 7.58 17.8 4.39 11.5 5.12 10.7 5.48 7.16 2.61 10.3 16.6 4.22
Cs 4.65 5.14 2.05 5.16 3.02 3.69 5.66 1.71 5.92 2.82 2.21 0.472 0.239 0.881 0.226
Ba 242 220 138 239 192 96.3 322 1000 354 134 79.9 97.2 171 270 83.6
La 8.84 5.32 5.78 7.11 11.6 3.95 10.7 20.6 8.76 4.39 5.29 2.83 5.46 10.4 4.31
Ce 20.0 13.7 16.4 18.7 28.7 11.7 25.4 40.5 21.9 11.6 13.1 6.91 13.5 24.3 10.5
Pr 2.86 2.10 2.57 2.83 4.25 1.88 3.54 4.86 3.36 1.86 1.98 1.06 1.98 3.27 1.53
Nd 13.6 10.3 12.5 13.4 19.3 9.21 16.2 18.6 15.1 8.94 9.25 4.73 9.34 14.4 7.19
Sm 4.22 3.05 3.63 3.77 5.21 2.64 4.26 3.28 4.13 2.66 2.58 1.33 2.76 3.69 1.86
Eu 1.36 1.11 1.31 1.28 1.65 1.02 1.87 1.07 1.48 1.04 1.01 0.633 1.20 1.38 0.838
Gd 5.33 3.66 4.47 4.50 5.91 3.18 5.12 2.60 5.01 3.28 3.09 1.47 3.29 3.85 2.26
Tb 1.01 0.689 0.811 0.851 1.12 0.587 0.949 0.337 0.916 0.669 0.574 0.282 0.631 0.663 0.386
Dy 6.32 4.26 5.06 5.27 7.08 3.78 5.91 1.74 5.70 4.02 3.51 1.79 3.92 3.88 2.44
Ho 1.33 0.882 1.08 1.08 1.51 0.779 1.22 0.310 1.19 0.870 0.732 0.379 0.794 0.740 0.503
Er 3.53 2.38 2.85 2.88 4.16 2.04 3.25 0.834 3.16 2.26 1.92 1.04 2.17 1.86 1.28
Tm 0.546 0.358 0.438 0.446 0.679 0.308 0.517 0.115 0.497 0.361 0.307 0.157 0.324 0.267 0.201
Yb 3.49 2.31 2.87 2.89 4.35 2.07 3.33 0.782 3.15 2.31 1.99 1.06 2.20 1.73 1.30
Lu 0.545 0.370 0.476 0.457 0.682 0.333 0.530 0.119 0.492 0.362 0.334 0.182 0.356 0.271 0.209
Hf 3.89 2.10 2.75 2.81 6.33 2.11 3.98 2.50 3.50 2.43 2.36 1.24 2.66 3.10 1.69
Ta 0.684 0.344 0.381 0.547 1.33 0.331 0.851 0.352 0.765 0.416 0.504 0.191 0.705 1.21 0.302
Pb 5.92 3.59 3.61 8.81 3.14 1.65 4.92 11.1 6.19 3.54 2.03 0.120 0.710 0.687 0.849
Th 1.65 0.687 0.471 0.730 2.91 0.427 1.36 2.83 1.04 0.496 0.683 0.279 0.742 1.41 0.565
U 0.492 0.228 0.209 0.309 0.976 0.123 0.768 0.938 0.337 0.149 0.191 0.0900 0.248 0.451 0.176
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procedures are similar to those described by Li et al. (2006). Analytical
precisions for most elements are better than 3%.

Sr andNd isotopic analyseswere performed on aMicromass Isoprobe
multi-collector ICPMS at GIG-CAS, using analytical procedures described
by Li et al. (2006). Sr and REE were separated using cation columns,
and Nd fractions were further separated with HDEHP-coated Kef col-
umns. Measured 87Sr/86Sr and 143Nd/144Nd ratios were normalized
to 86Sr/88Sr=0.1194 and 146Nd/144Nd=0.7219, respectively. The
reported 87Sr/86Sr and 143Nd/144Nd ratios were adjusted to the NBS
SRM987 standard 87Sr/86Sr=0.71025 and the Shin Etsu JNdi-1 standard
143Nd/144Nd=0.512115.

Argon isotope analyses were conducted on a MM-1200 mass
spectrometer at the Analytical Center of Guilin Resource and Geolog-
ical Institute following procedures similar to those described in
Wang et al. (2007). The selected plagioclase grains from one
Luotuogou gabbro sample were wrapped in Sn foil and sealed in
6 mm‐ID evacuated quartz-glass vials together with ZBH-25 (biotite,
132.5 Ma) fluxmonitors, and irradiated for 37 h at the Beijing Nucle-
ar Research Center. The monitor samples were individually fused
and analyzed for argon isotope compositions. The plagioclases
were step-heated using a radiofrequency furnace. All errors are
quoted at the 1σ level and do not include the uncertainty of themon-
itor age.
4. Results

4.1. 40Ar/39Ar age of plagioclase

The 40Ar/39Ar dating results for plagioclase grains are shown in
Table 1 and are further illustrated in Fig. 3. Eight steps between
480 °C and 1250 °C with 97.7% of 39Ar release yielded a well-defined
plateau age of 312±1 Ma (MSWD=1.2), which is consistent with
the isochron age of 309±6 Ma. The plagioclase 40Ar/39Ar dating sample
(WXT789) is a fine-grained gabbro from the chilledmargin of the intru-
sion. Thus, the plateau age is interpreted as the age of plagioclase crys-
tallization. Our results are consistent with the three-samplewhole-rock
Rb–Sr isochron age of 321±10 Ma reported by Zhu et al. (2006) for the
Luotuogou gabbros, confirming that the gabbros formed in the Late
Carboniferous.
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4.2. Mineral composition

Clinopyroxene in the gabbro mainly consists of augite and diop-
side, with a composition of Wo38.5–47.4 En31.9–48.4 Fs7.3–22.9 (Appendix
1). Clinopyroxene chemical compositions display moderate varia-
tion (Mg-number=59–87; SiO2=48.66–52.59 wt.%; Al2O3=1.51–
4.65 wt.%; TiO2=0.42–1.92 wt.%; Cr2O3=0–11.37 wt.%; Na2O=0.30–
20.61 wt.%). Clinopyroxene grains have cores of high Mg#, high Cr and
low Ti and Na contents, and rims of relatively lowMg# and Cr, and higher
Ti and Na (Fig. 4).

Clinopyroxene grains are characterized by depletions in light rare
earth elements (REEs) with (La/Sm)N=0.16–0.42 and (La/Yb)N=
0.17–0.52, gently fractioned heavy REEs with (Dy/Yb)N=1.1–1.6, and
slightly negative Eu anomalies (Eu/Eu* (=EuN=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SmN� GdN2
p

)) (Ap-
pendix 2; Fig. 5a). Clinopyroxene rims have higher trace elements con-
tents, and display slightly more pronounced negative Eu anomalies
(Eu/Eu*=0.65–0.93) than those of clinopyroxene cores (Eu/Eu*=
0.85–1.04), although they display similar REE patterns. On a primitive
mantle-normalized diagram, they are characterized by negative anom-
alies in Nb, Zr and Ti, variable enrichments in Rb, Ba and Th, and, for the
rims, strongly negative Sr anomalies (Fig. 5b).

4.3. Geochemical characteristics

Chemical compositions of the Luotuogou gabbros are listed in Table. 2.
The gabbros have relatively high and variable SiO2 (48.0–52.0 wt.%) and
low MgO (6.2–7.4 wt.%) and TiO2 (0.6–2.2 wt.%) contents. They are
characterized by variable Mg# (100×Mg2+/(Fe2++Mg2+)) (35–67),
Cr (3.08–578 ppm) and Ni (12.4–107 ppm) contents. These rocks have
Nb/Y ratios of 0.19–0.96, plotting exclusively in the subalkaline-basalt
field on the Nb/Y versus Zr/TiO2 diagram of Winchester and Floyd
(1976) (Fig. 6a). On the SiO2 versus FeOTotal/MgO plot of Miyashiro
(1974) (Fig. 6b), most samples exhibit typical tholeiite compositional
trends with a wide range of FeOTotal/MgO, although a few samples plot
in the calc-alkaline field.

On the chondrite-normalized REE plot, the Luotuogou gabbros
are characterized by gently sloping REEs with normalized La/Yb of
~1.1–18.9, and slight positive Eu anomalies (Eu/Eu*=0.77–1.37)
(Fig. 7a). The rocks show “humped” REE patterns with variable en-
richment in all incompatible elements such as Th and La, slightly
negative or positive Nb and Ti anomalies (Fig. 7b). Their smooth
REE and multi-trace element patterns are similar to that of enriched
MORB (E-MORB). They have more variable and slightly higher Nb/La
ratios (0.24–1.8, most>0.7), and Zr (51.4–283 ppm) and Nb con-
tents (4.2–24 ppm) relative to arc basalts, akin to Nb-enriched arc
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Table 3
Sr–Nd isotopic composition of the Luotuogou gabbros.

Samples Sm Nd (143Nd/144Nd)s 2σ 147Sm/144Nd (143Nd/144Nd)i εNd(t) Rb Sr (87Sr/86Sr)s 2σ 87Rb/86Sr (87Sr/86Sr)i

wxt772 4.22 13.6 0.512866 0.000007 0.1891724 0.512482 4.7 33.8 301.6 0.706932 0.000016 0.316233 0.705537
wxt774 3.63 12.5 0.512891 0.000009 0.1770693 0.512532 5.7 12.4 261.7 0.705885 0.000011 0.133408 0.705297
wxt776 5.21 19.3 0.512899 0.000007 0.164138 0.512566 6.4 35.5 299.1 0.707134 0.000011 0.334622 0.705657
wxt782 4.13 15.1 72.6 364.8 0.708334 0.000011 0.560929 0.705860
wxt783 2.66 8.94 0.513006 0.000006 0.1809477 0.512639 7.8 9.62 269.9 0.705633 0.000013 0.100506 0.705190
wxt784 2.58 9.25 0.512934 0.000006 0.169561 0.512590 6.9 6.63 274 0.704313 0.000013 0.068197 0.704013
wxt785 1.33 4.73 0.512845 0.000012 0.1708232 0.512498 5.1 11.9 423.8 0.704832 0.000013 0.078854 0.704484
wxt787 3.69 14.4 0.512665 0.000006 0.1560275 0.512348 2.1 24.5 428.8 0.705629 0.000016 0.161196 0.704918
wxt789 1.86 7.19 0.512790 0.000007 0.1576582 0.512470 4.5 5.15 384.6 0.704415 0.000018 0.037741 0.704248
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basalts with high Na/La ratios (>0.5) or Nb contents (>7–16 ppm)
(Sajona et al., 1996).

The Sr and Nd isotope compositions of the selected Luotuogou
gabbros are presented in Table 3 and summarized in Fig. 7c. All
initial isotopic ratios were corrected to 312 Ma using the plagioclase
40Ar/39Ar age obtained in this study. The samples have a wide range of
initial 87Sr/86Sr values varying from0.7039 to 0.7069, 147Sm/144Nd ratios
between 0.1296 and 0.986, and initial 143Nd/144Nd ratios between
0.512429 and 0.512639, corresponding to initial εNd(t) values between
+3.7 and +7.8. The only exception is sample WXT787 that has an
εNd(t) value of +2.1. Such highly radiogenic Nd isotopic compositions
suggest that the parental magmas of the Luotuogou gabbros were
derived from a time-integrated depleted-mantle source.
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5. Discussion

5.1. Fractional crystallization and crustal contamination

In general, mantle-derived primary melts have Ni>400 ppm and
Cr>1000 ppm (Wilson, 1989), and Mg#=73–81 (Sharma, 1997). The
Luotuogou samples exhibit variable MgO concentrations and Mg#

values, suggesting that they underwent fractional crystallization to vary-
ing degrees. They show large variations in Mg# (35–67) and compatible
elements such as Cr (3.08–578 ppm) andNi (12.4–107 ppm). TheirMg#

contents are positively correlated with Cr and Ni contents (Fig. 8a–b),
indicating a significant fractionation of olivine and chromite. In addition,
there is a well-defined positive correlation between CaO and MgO
(Fig. 8a–c), indicating a clinopyroxene-dominated fractionation.

When continental basaltic magmas rise from their sources in the
mantle through the continental crust, they often experience contamina-
tion (Watson, 1982). One common way to assess the significance of
crustal contamination is to assess correlations between indices of frac-
tionation and the chemical and/or isotope data (Hawkesworth et al.,
1995; Zhou et al., 2009). As shown in Fig. 8, the εNd(t) values of the
Luotuogou gabbros are positively correlated with variable Nb/LaPM and
Sm/Nd ratios and negatively correlated with variable La/Sm ratios
210
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Fig. 9. Plot of (143Nd/144Nd)i vs. Nb/La for the Luotuogou gabbros showing the effects
of crustal contamination. Numbers labeled on the binary mixing curve represent the
percentages of crust components added to themelt. The contaminant crustal components
of the Tianshan basement are the average of the Proterozoic gneiss (Nb=14.2 ppm, La=
45.4 ppm, Nd=41.0 ppm, and εNd(312 Ma)=−8.7) (Hu et al., 2010), Paleozoic granit-
oid component of the Central Tianshan is from Long et al. (2011) (Nb=13.1 ppm, La=
35.9 ppm, Nd=32.6 ppm, and εNd(312 Ma)=−2.9). The sample WXT776 is assumed
to represents the primary magmas for Luotuogou gabbros (Nb=17.8 ppm, La=
11.6 ppm, Nd=19.3 ppm, and εNd(312 Ma)=+6.4).
(Fig. 8d–f). In addition, the MgO contents show a negative correlation
with initial 87Sr/86Sr values (Fig. 8g). The observed variation correlations
indicate that at least two isotopically distinct components were involved
in the evolution of the Luotuogou samples. One component with rela-
tively high εNd, Nb/La, Sm/Nd and MgO, but low 87Sr/86Sr and La/Sm, is
plausibly from the asthenospheric mantle. Another mixing component,
characterized by low εNd, Nb/La, Sm/Nd and MgO, but high 87Sr/86Sr
and La/Sm, may have originated in the crust, the lithospheric mantle,
or both (Xu et al., 2008).

Country rocks in the study area include Proterozoic granitic gneiss of
the Tianshan basement rocks (Hu et al., 2000, 2010) and Central
Tianshan Paleozoic granitoids (Long et al., 2011). As shown in Figs. 7c
and 9, the Proterozoic granitic gneisses, characterized by a strongly neg-
ative εNd(t) or very low (143Nd/144Nd)i values, could not have been one
of the contaminants, otherwise contamination would have resulted in
low εNd(t) values for the Luotuogou gabbros. The Central Tianshan Paleo-
zoic granitoids show slightly negative εNd(t) values and pronounced
negative Nb anomalies (Nb/La as low as 0.3) and therefore are potential
contaminants. Calculation suggests that up to 20% contamination of such
crustal components is needed to account for the compositional variations
observed in the Luotuogou gabbros (Fig. 9). However, such high degrees
of felsic crust assimilation is untenable because it would have changed
the bulk composition of the initial basaltic magma to an andesitic
magma.

In addition, the absence of correlations of εNd(t) and Nb/LaPM with
MgO and SiO2, and of Nb/La with Nb/Th, are inconsistent with crustal
contamination processes (Fig. 8h–l), given that continental crust is typi-
cally characterized by low εNd(t), MgO, and low Nb/La and Nb/Th ratios
relative to that of the mantle (Rudnick and Fountain, 1995). Similarly,
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both the cores and rims of the clinopyroxenes from the Luotuogou sam-
ples are characterized by strong depletions in LREEs (Fig. 5), which are
also inconsistent with crustal contamination (Duggen et al., 2008).
These lines of evidence therefore argue against crustal contamination
as a controlling factor for the elemental and isotopic composition of the
Luotuogou gabbros which must reflect characteristics of the mantle
source.

5.2. Parental magma

The parental magma compositions of mafic intrusive rocks provide
critical information for understanding their tectonic setting and mantle
source characteristics (e.g., Wager and Brown, 1968). There are two
common methods for establishing the parental magma compositions of
mafic intrusions: a) analyzing the compositions of chilled margins or
contemporaneous genetically related mafic sills and dikes (Greenwood
et al., 1990; Hoover, 1989), and b) back-calculating the element abun-
dances in parental melt in terms of cumulus-minerals element composi-
tions and mineral/melt partition coefficients (Bernstein et al., 1996;
Maier and Barnes, 1998).

We first estimated the parental magma compositions of the
Luotuogou intrusive rocks by analyzing the compositions of the fine-
grained gabbros identified at the contact zone between the intrusion
and wall rocks. These chilled margins probably record the parental
magma compositions of the Luotuogou intrusive rocks. This method,
however, is only applicable if the chilled margins did not undergo
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crustal contamination or phenocryst accumulation. There is strong evi-
dence arguing against crustal contamination for the Luotuogou gabbros
as discussed above. The chilled margin of the Luotuogou intrusion is
also nearly free of the phenocrysts. Consequently, the composition of
the chilled margin appears to represent that of the parental magmas.

According to the above estimation, the parental magma of the
Luotuogou intrusive rocks was a basaltic magma containing ~49.3 wt.%
SiO2 and ~7.1 wt.% MgO, enriched in FeOT (~9.0 wt.%) and Al2O3

(~16.1 wt.%), indicating a ferrobasalt. Geochemically, they are compara-
ble to the Late Carboniferous basalts in the western Tianshan (Jiang et
al., 2012; Zhu et al., 2009). Geochemical modeling using the MELTS pro-
gram (Ghiorso and Sack, 1995) indicates the magma could crystallize
the most primitive mineral compositions (An72) at a relatively high
(~1212 °C) liquidus temperature and relatively low (FMQ: fayalite–
magnetite–quartz) oxygen fugacity, which is consistent with those previ-
ously estimated for the Luotuogou gabbros (Zhu et al., 2006).

To further examine the reliability of the above estimated parental
magma, we used the clinopyroxene/basalt partition coefficients of
Hauri et al. (1994) and Wood and Blundy (1997) to calculate the
Luotuogou melt compositions. The Cr-rich (>3000 ppm) clinopyroxene
cores, which were probably sufficiently primitive to have crystallized
before significant crystal fractionation, were selected to calculate melt
compositions of the primary magmas of the Luotuogou gabbros (Dorais
and Tubrett, 2008). The calculated LaN melt concentrations for the
clinopyroxene Cr-rich cores range from 30 to 40 times chondrites with
no negative Eu anomaly (Fig. 10a). The calculatedmelts are characterized
by gently slopingREEs patterns, showing lower normalized concentration
of LREEs and higher concentration of HREEs relative to that of the average
gabbro composition (Fig. 10a). On a primitive mantle-normalized multi-
elements plot (Fig. 10b), the calculated core liquids are rich in the highly
incompatible elements, showingnegligible to strongly negativeNb anom-
alies and pronounced positive Pb anomalies.

TheCr-richpyroxene cores canbe further assessed to establishwheth-
er or not their compositions correspond to those in equilibrium with
primary magmas before the implications of the calculated results are
discussed. The Mg number of the modeled liquids from which the
Cr-rich cores crystallized ranges from 60 to 64, using the method of
Wood and Blundy (1997), and the calculated liquids approach the prima-
ry basaltic magma compositions established in the Basaltic Volcanism
Study Project (1981). There are no negative Eu anomalies on chondrite
normalized REE plots and only minor Sr anomalies for a few samples on
primitive mantle normalized multi-element plots (Fig. 10), indicating
that no extensive plagioclase crystallization occurred (Dorais and
Tubrett, 2008). On the plot of measured clinopyroxene Ni and Cr values
(Fig. 11a), the most Cr-rich (>3000 ppm) clinopyroxene cores have
low and constant Ni contents (~100 ppm)with declining Cr contents, in-
dicating that significant fractional crystallization of olivine and chromite
depleted the ambient liquid in Cr and Ni contents as clinopyroxene
began to crystallize (Zhou et al., 1996). The olivine and chromite crystal-
lization could have decreased the Mg# (~60–64) of the residual liquids.
However, olivine and chromite have distinctly low partition coefficients
for the REEs and others incompatible elements (Dorais and Tubrett,
2008) listed in Fig. 10. Thus, the olivine and chromite crystallization
could not have significantly changed the trace element patterns.
Consequently, the trace element contents of calculated equilibrium
melt using Cr-rich clinopyroxene cores should represent near-primary
magma characteristics of the Luotuogou gabbros.

5.3. Nature of the mantle source characteristics

The most remarkable feature of the primary magmas that crystal-
lized the Cr-rich cores is their enrichment in the large ion lithophile
elements (LILEs), coupled with the negative to negligible Nb anoma-
lies ((Nb/La)PM=0.26–1.00; (Nb/Th)PM=0.74–1.74) and strongly posi-
tive Pb anomalies. The whole rock compositions of the Luotuogou
gabbros are characterized by large negative to positive Nb anomalies
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((Nb/La)PM=0.70–1.81; (Nb/Th)PM=0.47–1.86). However, as
discussed above, crustal contamination did not play a major role in the
formation of the Luotuogou gabbros. Therefore, the enrichment of the
LILEs and negative Nb anomalies suggest a subduction zone component
in themantle source of the Luotuogou gabbros. The primarymagmas are
strongly enriched in Pb, and although the clinopyroxenes show a wide
range of Ba/La values, their Th/Yb ratios have a smaller range (Appendix
2). These parameters suggest the input of subducted slab-derived fluids
in the source of the parental magmas (Woodhead et al., 2001). The
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solubility of Pb and Ba in fluids is greater than that of Th, producing a
range in Ba/La values formagmasderived frommantle sources influenced
by subduction zone fluids. In contrast, a sedimentary input would pro-
duce a strong variation in Th/Yb values (Woodhead et al., 2001). The
Luotuogou gabbros exhibit depleted mantle isotope character (εNd(t)=
+3.7–+7.8), and are geochemically similar to E-MORB, suggesting a
MORB-type asthenosphere was involved in the Luotuogou magmas. The
presence of residual hydrous mineral phases (e.g., amphibole), however,
indicates that the Luotuogou magmas are in part derived from the litho-
spheric mantle. This is because these minerals are not stable in the hot
and anhydrous convecting asthenosphere, but are stable under the condi-
tions found in the lithospheric mantle (Class and Goldstein, 1997; Foley,
1992). Therefore, the Luotuogou samples likely represent melts derived
from the asthenosphere mixed with melts from an enriched lithospheric
mantle metasomatized by subducted slab-derived fluids.

The lithospheric mantle and asthenospheric mantle have different
rheologies and distinct evolutionary histories. The lithospheric man-
tle generally remains an independent geochemical feature over geo-
logical time because it does not take part in mantle convection
(Wilson et al., 1995). Thus, the lithospheric mantle can record distinct
geochemical heterogeneities generated by subduction, generally
showing enriched geochemical features. On the other hand, the as-
thenospheric mantle usually exhibits primitive or depleted geochem-
ical features during moderate to large degrees of melting. In the
present study, the regional asthenospheric mantle can best be repre-
sented by the northern Tianshan Early Carboniferous Bayingou
ophiolites (344 Ma, with εNd(t) values ranging from +8 to +9 (Xu
et al., 2006)). Carboniferous arc basalts in the western Tianshan,
showing enriched isotope characteristic (εNd(t)b+2.0), were consid-
ered to have been derived from the lithospheric mantle (Zhu et al.,
2009). On the εNd(t)–La/Y diagram (Fig. 11b), the Luotuogou gabbros
show a clear transition trend from a metasomatized lithospheric
mantle to an asthenospheric mantle.

Geochemical discrimination diagrams also suggest that the Luotuogou
samples have dual, or hybrid, characteristics of both asthenospheric
andmetasomatized lithosphericmantle. The clinopyroxene compositions
provide a further means for recognizing the tectonomagmatic affiliation
of the gabbros. As a consequence of typically low H2O and oxygen fugac-
ities relative to arc-axis magmas, basaltic magmas in anorogenic igneous
provinces, such as hotspot settings, are characterized by clinopyroxenes
with lower AlZ/TiO2 (AlZ=percentage of tetrahedral sites occupied by
Al) (Loucks, 1990). Therefore, on a diagram of AlZ versus TiO2 in
clinopyroxene (Fig. 12a), subduction-related clinopyroxenes yield an
AlZ/TiO2 trend that is roughly twice as steep as that defined by
clinopyroxenes from rift settings. Some of the Luotuogou samples plot
along the rift-related cumulate trend and the others plot between the
arc- and rift-related cumulates (Fig. 12a). On Zr–Ti and La/Nb–Zr/Nb
plots (Fig. 12b–c), most samples fall in the transitional zone between
the island arc basalt and within-plate basalt fields. The island arc charac-
teristics of the Luotuogou gabbros indicate that a metasomatized litho-
spheric mantle component was involved in the source. In contrast, the
presence of asthenospheric mantle generated the within-plate basalt
compositional features of the Luotuogou gabbros.

5.4. Shallow melting depth

REE fractionation patterns can reflect the nature of themantle source
and the extent of melting (George et al., 2003). Despite the uncertainties
related to the possible accumulation of pyroxene and the choice of
clinopyroxene–melt partition coefficients, we conclude that the REE
patterns of equilibrium melts (Figs. 10 and 13) should represent their
parentalmelts as discussed in Section5.2. Thus, the REE ratios of calculat-
ed melts should reflect the nature of the source and formation depth of
the Luotuogou gabbros. The Luotuogou gabbros and calculated melts
based on representative Cr-rich clinopyroxene cores all show weakly
fractionated chondrite-normalized REE patterns, suggesting that their
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residue was garnet-poor. Fig. 13a shows [Sm/Yb]N versus [La/Sm]N for
the Luotuogou gabbros, together with the batch equilibrium melting
trends for various proportions of clinopyroxene and garnet left in the
solid residue, for different degrees of partial melting (D'Orazio et al.,
2001). Because Yb is compatible in garnet, whereas La and Sm are
incompatible, La/Sm and Sm/Yb will be strongly fractionated when the
degree of melting is low. In contrast, La/Sm is only slightly fractionated
and Sm/Yb is nearly unfractionated during melting in the spinel stability
field. The Luotuogou gabbros plot along melting trends with little to no
Fig. 14. Schematic presentations of a slab roll-back model to explain the
garnet (Cpx:Grt=6:1) in their source, and with more than 4% degrees
of batch melting. This result is further confirmed by the La/Yb vs.
Tb/Yb plot (Fig. 13b), which indicates the presence of less than 1% re-
sidual garnet in the source region for the Luotuogou gabbros. Based
on calculations of REE fractionation, the degree of partial melting
was about 7% (Fig. 13). Therefore, the Luotuogou mafic rocks were
generated at a relatively shallow depth, mostly within the spinel sta-
bility field. If the depth of the spinel to garnet transition at the peri-
dotite solidus occurs at ~75–80 km (McKenzie and O'Nions, 1991),
then the result indicates that the decompressing asthenosphere
rose to a relatively shallow level (b80 km).

The Luotuogou gabbros were most likely formed by the interaction
between asthenospheric and metasomatized lithospheric mantle as
discussed above. Further consideration is therefore required to assess
whether the composition of asthenospheric melts contaminated by
metasomatized lithospheric mantle can be used to infer the depth of
melting. The lithosphere mantle-derived melts have distinctly higher
La/Yb ratios than those of asthenospheric melts (Fig. 11b). Thus, the
contamination of asthenospheric melts by lithosphere mantle-derived
melts would increase La/Yb ratios, whichwould overestimate themelt-
ing depth for the source of the Luotuogou mafic rocks. Accordingly, the
contamination process does not affect our inference that the magmas
were derived from a shallow mantle source.

5.5. Geodynamic significance

McKenzie and Bickle (1988) proposed that dry asthenosphere can
only melt once the lithosphere is thinned to b70–80 km. At least
three competing mechanisms can be envisaged to account for the
fact that Tianshan lithosphere was locally thinned to the extent that
decompression melting of the asthenospheric mantle could occur:
(1) mantle plume ascent; (2) slab break-off in a post-collisional set-
ting; (3) slab roll-back.

Xia et al. (2004a, 2008) suggested that Carboniferous magmatic
rocks in Tianshan Orogen represent a large igneous province related
to a mantle plume. In particular, Xia et al. (2008) suggested that the
Luotuogou mafic rocks occurred in a rift-related setting and were
generated by higher degree (10–30%) partial melting of an astheno-
spheric OIB-like mantle source in the garnet stability field, probably
originating from the plume center. However, our study indicates
that the Luotuogou gabbros are dissimilar to OIB (Figs. 7a–b and 10)
and were probably generated by mixing between asthenospheric
and enriched lithospheric mantle melts at a relatively shallow depth,
mostly within the spinel stability field. This suggests that they have
an upper mantle source, which does not support the plume model
proposed by Xia et al. (2004a, 2008).
generation of Luotuogou grabbro from Baluntai, Central Tianshan.
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An olivine addition calculation can be used to extrapolate back to the
composition of the parental magma and minimizes the effects of frac-
tionation (Wang et al., 2002). The most primitive sample WXT783
(MgO=7.96 wt.%; FeOt=8.30 wt.%) has been modeled. Equilibrium
olivine is added in 1% increments until the resulting basaltic magma is
in equilibrium with Fo89 olivine and an Mg# of 0.70 is attained (Fram
and Lesher, 1997), using Kd=0.31, where Kd is the molar ratio of
FeO/MgO in olivine to that in the coexisting magma (Roeder and
Emslie, 1970), and assuming Fe2+/total Fe=0.85. After removing the
effect of 11% olivine crystallization, the primary magma contains
MgO=11.84 wt.%, and FeOt=8.71 wt.%. The MgO content of the
resulting primary magma is lower than that of the mantle plume de-
rived basalts (Sharma, 1997), which further supports our results from
REE modeling and other approaches.

In addition to gabbros, Carboniferous adakites also occur in the
Luotuogou area and are characterized by positive εNd(t) values
(+1.8–+8.5), low initial 87Sr/86Sr ratios (0.7026–0.7051) and high
Mg#(>40). These adakites are considered to have been generated by
partial melting of subducted Junggar Oceanic crust (Wang et al., 2006;
Xiong et al., 2005), which is also difficult to reconcile with a mantle
plume model. Other geological and geochemical evidence also argues
against a mantle plume model for the Tianshan Carboniferous magmas
(Tang et al., 2010; Wang et al., 2007; Zhu et al., 2005, 2009). For exam-
ple, widely distributed Carboniferous volcanic rocks in the Tianshan
consist mainly of calc-alkaline intermediate-felsic volcanic rocks, with
less significant amounts of mafic rocks (Zhu et al., 2005). All these
rocks show typical island arc-type geochemical features: enrichment
in LILEs and depletion in high field strength elements (Tang et al.,
2010; Wang et al., 2007; Zhu et al., 2005, 2009). Thus, a diverse range
of evidence indicates that the formation of the Luotuogou gabbros
was not related to a Carboniferous mantle plume.

Recently, Yuan et al. (2010) proposed that Late Carboniferous
(301±6 Ma) gabbro in the eastern Tianshan was formed in a slab
break-off regime after the closure of the Kelameili Ocean. Based on
the study of ~316 Ma Sikeshu pluton granites near the Bayingou
ophiolite in the Northern Tianshan Terrane, Han et al. (2010) also
suggested a slab break-off and asthenosphere upwelling model after
the collision between the Junggar Plate and the Kazakhstan–Yili Block.
However, we suggest for several reasons that the Luotuogou mafic
magmas could not have been related to a slab break-off environment.
In the western part of the Tianshan, widely distributed Late Carbonifer-
ous arc-type magmas, e.g., the Dahalajunshan Formation trachy–
andesites–rhyolites from the western Tianshan, formed between 324
and 312 Ma, and are characterized by high εNd(t) values (+2.79–
+5.89) and low initial 87Sr/86Sr ratios (0.7032–0.7054), and positive
zircons εHf(t) values with weighted average values of +10.3, indicating
basaltic rocks among themwere derived by partial melting of theman-
tle wedge (Zhu et al., 2005, 2009); Quartz diorites and dacites from the
North Tianshan Terrane formed between 316 and 309 Ma,with positive
εNd(t) values (+0.1–+3.3), generated by melting of juvenile basaltic
arc lower crust (Niu et al., 2010; Tang et al., 2010). All of these rocks
have the geochemical characteristics of arc volcanic rocks (e.g., enrich-
ment of LILEs and strong negative anomalies of Ta, Nb, and Ti), and
most probably formed at an active continental arc setting due to the
southward subduction of the North Tianshan Oceanic Plate beneath
the Kazakhstan–Yili Block. Recent studies of Early Permianmafic–ultra-
mafic complexes from the Beishan area in the southernmost CAOB sug-
gest they were emplaced in the subduction-related environment (Ao et
al., 2010). They also indicate that particular examples of accretionary
orogenesis in the southern part of the CAOB may represent episodes
within a longer-lived process (Ao et al., 2010; Xiao et al., 2009). Conse-
quently, multiple episodes of accretion likely occurred in the CAOB
(Xiao et al., in press) and were likely to be still ongoing during the
Late Carboniferous in the western Tianshan.

There is a magmatic gap or quiescent period in the Northern
Tianshan Terrane between ca. 345 and 320 Ma that has been
attributed to a period of “flat-subduction” (Fig. 13b of Tang et al.,
2010). However, the appearance of the Late Carboniferous magmatism
indicates that the continental arc setting persisted until ca. 312 Ma in
western Tianshan. Such a transition from flat- to normal angle subduc-
tion suggests that the oceanic slab likely underwent a roll-back stage
to return to a normal-angle subduction (Fig. 14). An analogous transi-
tion process has been documented along the entire Andean system,
and it has experienced flat and normal-angle subduction processes
(Kay and Mpodozis, 2001; Ramos and Folguera 2009). During the tran-
sition process from flat- to normal angle subduction, upwelling as-
thenospheric mantle would have led to decompressional melting and
would also have provided the heat source for the partial melting of
overlying lithospheric mantle that had previously been metasomatized
by subduction. Accordingly, the Luotuogou gabbrosweremost probably
generated by mixing between the upwelling asthenospheric mantle-
derived and metasomatized lithospheric mantle-derived melts at a
shallower level.

6. Conclusions

New plagioclase 40Ar/39Ar dating provides a Late Carboniferous
(312±1 Ma) emplacement age for the Luotuogou gabbros in the Central
Tianshan Terrane of the Tianshan Orogen. The gabbros exhibit typical
tholeiite compositional trends with depleted isotope compositions
(εNd(t)=+3.7–+7.8). They have dual, or hybrid, geochemical charac-
teristics of within-plate and island arcmagmatism. The primarymagmas
calculated from clinopyroxene Cr-rich cores are enriched in the LILEs,
coupled with negative Nb anomalies and strongly positive Pb anomalies,
indicating a subduction zone component in the mantle source of the
Luotuogou gabbros. They were likely produced by the mixing between
asthenospheric mantle-derived and enriched lithospheric mantle-
derived melts. The formation of the Luotuogou gabbros was not related
to mantle plume ascent, but to slab roll-back.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.lithos.2012.08.015.
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