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The tectonic nature of the Chinese Tianshan Orogen during the Late Paleozoic has been long disputed.With aims
of providing constraints on this issue, an integrated study of geochronology and geochemistry has been carried
out on the Late Carboniferous pillow basaltic lava of the Qijiagou Group from the Bogda Mountains, Chinese
North Tianshan. Zircon SHRIMP U–Pb dating of a dacite ignimbrite, which is in conformable contact with the pil-
low lava, suggests that they were erupted at ~311Ma. The pillow cores and rims show different petrological and
geochemical characteristics, suggesting post-magmatic seafloor hydrothermal alteration. Nevertheless, both pil-
low cores and rims have the MORB-like Sr–Nd–Hf isotopes and arc-like trace element compositions.
Clinopyroxene and plagioclase from the pillow lavas are compositionally different from those of the mafic
rocks related to the Tarim mantle plume. These observations, together with the tholeiitic index (THI N 1)
and the Fe/Mn ratios (53–57) of them, indicate that the Bogda pillow lavas may have been generated from
a dry and depleted mantle source metasomatized by sediment-derived melts. Compared with basalts of the
Izu–Bonin arc-back-arc system, the Bogda Late Carboniferous basaltic lavas show great resemblance to the
Izu–Bonin rear-arc basalt (including the arc-like back-arc basalt) in terms ofmajor and trace element andmineral
compositions. It suggests that these basalts were likely formed in a rear-arc or back-arc environment.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

As the backbone of the Central Asian Orogenic Belt (CAOB), the Chi-
nese Tianshan records abundant and important information concerning
Phanerozoic crustal growth (Sengör et al., 1993; Wilhem et al., 2012;
Windley et al., 2007; Xiao et al., 2004, 2013). The Chinese Tianshan is di-
vided into three sub-belts, namely South, Central and North Tianshan.
The E–W trending Bogda–Harlik (B–H) belt, belonging exclusively to
the northern part of the ChineseNorth Tianshan, is an important tecton-
ic belt between the Juggar Basin to the north and the Tu–Ha Basin to the
south (Fig. 1). In this region, the tectonic situation during the
Carboniferous–Permian remains debated, and suggestions include that
there was 1) a Devonian–Carboniferous island arc transformed to a
Permian post-collisional orogenic belt (Laurent-Charvet et al., 2003;
Ma et al., 1997; Shu et al., 2011; Xiao et al., 2004; Yuan et al., 2010) or
2) a Carboniferous–Permian continental rift in associationwith amantle
plume (Gu et al., 2000, 2001; Xia et al., 2008, 2012). Meanwhile, the
tope Geochemistry, Guangzhou
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final closure timingof the Paleo-TianshanOcean to the north is also con-
troversial, with at least three different opinions as to timing: a) the end
of early Paleozoic (He et al., 1994), b) Devonian–Early Carboniferous
(Chen et al., 2011; Han et al., 2010, 2011; Xia et al., 2008, 2012) or
c) Late Carboniferous–Early Permian (ca. 300 Ma; Shu et al., 2011;
Xiao et al., 2004; Yuan et al., 2010).

The basaltic rocks provide a critical geological record for unraveling
regional tectonic history and testing different tectonic models. Late
Carboniferous–Permian volcano-sedimentary rocks are widely exposed
in the Bogda Mountains, consisting of basaltic lava, ignimbrite, breccia
and volcanic clastic sedimentary rocks (Fig. 1; BGMRXUAR, 1993; Gu
et al., 2001; Liang et al., 2011; Zhao et al., 2014). Among these volcanic
rocks, high-Al basalt and basaltic andesite (HAB) and pillow basaltic
lava are very significant. The former is generally associated with arcs
or mid-ocean ridges on a global scale (e.g., Crawford et al., 1987;
Eason and Sinton, 2006; Grove et al., 1988; Kuno, 1960; Ozerov, 2000;
Sisson and Grove, 1993) while the latter generally represents the
product of submarine eruption. Xie et al. (submitted topublication) pro-
posed that the Bogda beltwas an island arc system in Late Carboniferous
given the presence of HAB in this region. In this study, we present new
high-precise zircon SHRIMP U–Pb age and geochemical data for
the Bogda pillow basalts. We first compare the Bogda basalts with
those of the Izu–Bonin arc-back-arc system. Then we combine mineral
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Fig. 1.A) Schematic geologicmap of the Central Asian orogenic belt (CAOB); B) Simplified tectonic sketchmap ofmost of Xinjiang province, NWChina, modified after Pirajno et al. (2008),
Wang et al. (2011) and Xiao et al. (2013); C) Geological map of the Bogda oregenic belt at the northmargin of the Chinese North Tianshanmodified after Chen et al. (2011) and Zhao et al.
(2014); D) Simplified geological map around the Baiyanggou area modified after 1:200,000 Urumqi Geological Map (1965) and Shu et al. (2011).
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geochemistry to constrain the petrogenesis of these rocks and their
implications on the tectonic settings. Our results suggest that these
Bogda Late Carboniferous basaltic lavas were likely formed in a rear-arc
or back-arc environment.
2. Regional geology

TheChinese Tianshan, formedbymultiple subduction–accretion and
collision processes from the Neoproterozoic to the Late Paleozoic, is a



Fig. 2. (A) Simplified stratigraphic column from Devonian to Triassic for the Bogda area modified after BGMRXUAR (1993) and 1: 200,000 Urumqi Geological Map (1965). Themajor rock
types of each period are shown in Fig. 1. (B) Baiyanggou composite detailed stratigraphy column, showing the relationship of the Bogda pillow basaltic lavas and felsic ignimbrites. The
location of theBaiyanggou geological cross-section is shown in Fig. 1D. (C, D)Hand sample and Photomicrograph of thedacite ignimbrite (BYG-14) sampled forU–Pb dating; (E) CL images
of representative zircons from BYG-14; (F) concordia plot of SHRIMP zircon U–Pb results for BYG-14.
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complex collage of island arc assemblages, remnants of oceanic crust,
continental fragments and margins (Allen et al., 1993; Sengör et al.,
1993; Windley et al., 1990, 2007; Xiao et al., 2004, 2013). The Bogda–
Harlik (B–H) belt that lies in the northern part of the Chinese North
Tianshan contains Late Paleozoic to Quaternary sedimentary and igne-
ous rocks. Next to the B–H belt, the Kelameili and Bayingou ophiolites
crop out mainly along the Kelameili fault and the Northern Tianshan
fault, respectively (Fig. 1B). The Kelameili and Bayingou ophiolites
were formed during the interval 325–344 Ma (zircon U–Pb ages; Jian
et al., 2005; Wang et al., 2009; Xu et al., 2006a,b). The two ophiolites
are the youngest ophiolites in the Chinese Tianshan, probably
representing remnants of Paleo-Tianshan Ocean (Han et al., 2010;
Xiao et al., 2004, 2008). The B–H belt was considered to be a Devonian
to Carboniferous island arc system, resulting from the consumption
of Paleo-Tianshan Ocean (Han et al., 2010; Xiao et al., 2004, 2008;
Yuan et al., 2010). In this study we focus on the Bogda belt, which is
the western part of the B–H belt (Fig. 1C).

The Devonian strata in the Bogda belt are dominated by marine-
terrigenous tuffaceous sandstone and volcanic rock. The Carboniferous
strata are in fault contact with the Devonian rocks and are divided
into three formations, namely the Lower Carboniferous Qijiaojing
Formation, the Upper Carboniferous Liushugou and Qijiagou Forma-
tions (BGMRXUAR, 1993; Gu et al., 2001; Liang et al., 2011; Xia et al.,
2004). The Lower and Upper Carboniferous Formations are separated
by regional faults (Fig. 1C). The Lower Carboniferous Formation consists
mainly of marine volcanic ignimbrite, tuffaceous sandstone, bimodal
volcanic lava, while the Upper Carboniferous Formation is dominated
by marine (pillow) basaltic lava and felsic ignimbrite, with minor
sandstone and siltstone. The Permian strata uncomfortably overlie the
Carboniferous rocks. In this region, the Permian formation is mainly
composed of terrestrial conglomerate, sandstone and siliceous mud-
stone intercalated with bimodal volcanic lava. Jurassic clastic sediment
occurs in the southeast of the study area and lies unconformably over
the Permian strata (Fig. 1C; BGMRXUAR, 1993; Carroll et al., 1990).

3. Petrology of the Bogda pillow basaltic lava

At the southwest corner of the Bogda belt, one investigated
stratigraphic cross-section of ~700 m thick is the Baiyanggou section
(Fig. 1D). According to 1: 200,000 Urumqi Geological Map (1965),
the Baiyanggou section belongs to the Upper Carboniferous Qijiagou
Formation (Fig. 2). The section preserves a suite of well-exposed



Fig. 3. (A) Field photo showing the volume and the conformable contact of the Bogda pillowbasaltic lavaswith the felsic ignimbrite. (B) Field photo showing the pillow core and rim. (C–F)
Photomicrographs showing the pillow cores and rims. Cpx = clinopyroxene; Pl = plagioclase; Mt = magnetite; Chl = chlorite.
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volcanic rocks composed of pillow basaltic lava, felsic ignimbrite and
volcanic breccia. The pillow basaltic lava is ~220 m thick and overlies
conformably the felsic ignimbrites (Fig. 3A). The felsic ignimbrite is
about 200 m thick and is dacite and andesite in composition. They usu-
ally contain basaltic fiammes which are likely from the pillow basaltic
lava (Fig. 2D). The pillows of Baiyanggou lava range from 50 to
150 cm in diameter. The boundary between the core and rim is unclear
in the field but can be distinguished undermicroscope during systemat-
ic inspection from the core to rim. In general, the core ranges from 20 to
50 cm in radius while the concentric rim is 10–20 cm in radius (Fig. 3B).

The core and rim of the Bogda pillow lavas show different tex-
tures under microscope. The pillow core has a doleritic texture
(Fig. 3C, D) and is predominantly composed of plagioclase
(70–80 vol.%), clinopyroxene (10–20 vol.%) and devitrified glass
matrix (b5 vol.%) with minor magnetite and sulfides. Plagioclase
(0.5–1 mm) is elongated and euhedral, whereas clinopyroxene is
subhedral–anhedral and filled spaces between plagioclase.

The pillow rim shows a porphyritic texture, mainly composed of
microphenocrysts and dark devitrified glass matrix (Fig. 3E, F). The
microphenocrysts (0.2–0.5 mm) are mainly plagioclase with minor
clinopyroxene and magnetite. Generally, magnetite in pillow rim
exposes more volume and smaller than the pillow core. Plagioclase
shows quenched skeletal, fibrous, rosettes and swallow-tailed texture
with corroded borders,whereas clinopyroxene are quenched, intergrown
with closely spaced plagioclase (Fig. 3E, F). These suggest that plagioclase
crystallized earlier than clinopyroxene in the Bogda pillow lavas. In addi-
tion, plagioclase and clinopyroxene in core and rim are both partially
replaced by chlorite, sericite and/or epidote assemblages, but minerals
in the core were suffered less intense alteration than those in the rim.
Vesicle and amygdules filled with calcite and/or quartz are common in



Fig. 4. Petrochemical diagrams: A) Zr/TiO2 vs. Nb/Y (Winchester and Floyd, 1977); B) FeOT/MgO vs. SiO2 diagram for the sub-alkaline basaltic samples (Miyashiro, 1974); C) Th–Hf–Nb
discrimination diagram (Wood, 1980); D) V versus Ti diagram (Shervais, 1982), the field of MORB, OIB, IAT (island arc tholeiite) and BABB (back-arc basin basalt) are also from Shervais
(1982). Data sources: Literature data (Bogda pillow lavas) are from Xiong et al. (2010). Bogda Carboniferous HAB (high-Al basalt and basaltic andesite): Chen et al. (2013) and Xie et al.
(submitted to publication). Izu–Bonin back- and rear-arc: Ishizuka et al. (2009). Izu–Bonin fore-arc: Reagan et al. (2010), Tamura et al. (2005), and Taylor and Nesbitt (1998).
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the pillow rim and no water-rich minerals (e.g., biotite and amphibole)
have been found in the Bogda pillow basaltic lavas (Fig. 3).
4. Analytical results

Analytical methods are listed in Appendix A1. Approximately 5 kg
of a dacite ignimbrite (BYG-14; Fig. 2) was crushed for zircon crystal
separation. Eight relatively fresh pillow core samples and four rim
samples were chosen for the analysis of major and trace elements.
4.1. Zircon U–Pb age

The zircons (mostly N 100 μm) from BYG-14 exhibit mostly trans-
parent, stubbyprismaticmorphologies and distinct concentric oscillato-
ry internal structures in CL, and thus, show typical characteristics of
igneous zircon. There are no inherited zircon cores (Fig. 2E). These
zircons have high and scattered U and Th contents of 144–1925 ppm
and 105–4070 ppm, respectively, with Th/U ratios of 0.66–2.11
(Appendix A2). Twenty analysis spots form a tight cluster on the
concordia plot and yield a weighted mean 206U/238Pb age of 311 ±
2 Ma (MSWD = 0.97) (Fig. 2F). Shu et al. (2011) reported one zircon
LA-ICP-MS U–Pb age of a rhyolite (297 ± 2 Ma) for a similar geological
cross-section of the Bogda pillow lavas in the Baiyanggou area. Their
data have relatively scattered 207Pb/235U (0.326–0.401) and show a dis-
cordant age on the concordia plot. Our newSHRIMP datawith restricted
207Pb/235U (0.331–0.385) are concordant within the error range. These
suggest that the Bogda pillow lavas and felsic ignimbrites from the
Qijiagou Formation weremainly erupted during the Late Carboniferous
(~311 Ma).
4.2. Major, trace elements and Sr, Nd, Hf, Pb isotopes

The Bogda pillow basalts have low LOI contents (1.1 to 2.6%, but 5.3%
for BYG-8). In the following plots and discussion, all oxide contents of
the samples have been recalculated to 100% on a volatile-free basis
with all Fe as FeO (Appendix A3).

As Na2O and K2O might mobilize during alteration, the Zr/TiO2

versus Nb/Y diagram (Winchester and Floyd, 1977) is utilized for rock
classification. On the diagram (Fig. 4A), the Bogda pillow lavas fall
in the field of sub-alkaline andesite/basalt. Th–Hf–Nb discrimination
diagram further defines they are island arc basalts like the Izu–Bonin
basalts (Fig. 4C). Because they straddle the line separating tholeiite
and calc-alkaline affinities in Fig. 4B, we use the tholeiitic index
(THI= Fe4.0/Fe8.0; Zimmer et al., 2010) to characterize the studied sam-
ples, where Fe4.0 is the average FeOT concentration of samples with 4 ±
1wt.% MgO, and Fe8.0 is the average FeOT at 8 ± 1 wt.% MgO. According
to the regression equation for MgO and FeOT shown in Fig. 5D, the THI
of the Bogda pillow lavas is 1.33, consistent with a tholeiitic affinity
(THI N 1).

The Bogda pillow lavas aremarked by strong enrichment in large ion
lithophile elements (LILE) relative to high field-strength elements
(HFSE). Furthermore, they show well-developed negative Nb–Ta and
Ti anomalies and distinct positive Pb anomalies, which are similar to
arc basalts worldwide and clearly distinct from ocean island basalts
(OIB, Fig. 6A, B). The Bogda pillow basalts show relatively restricted
ranges of total REEs (ΣREEs = 72–83) and are slightly enriched in
LREEs relative to flat HREEs ((La/Yb)N = 1.6–1.9, (Dy/Yb)N = 1.1–1.2)
with very slight negative Eu anomalies (δEu = 0.9–1.0).

The measured isotope ratios (Appendix A4) were corrected to
311 Ma based on Rr, Sr, Sm, Nd, Lu, Hf, U, Th and Pb contents deter-
mined by ICP–MS. The Bogda pillow lavas have low restricted
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initial (87Sr/86Sr)t ratios (0.7033 to 0.7042), quite uniform initial
(143Nd/144Nd)t (0.512640 to 0.512718) and (176Hf/177Hf)t (0.282966
to 0.282982) with positive high εNd(t) (7.9 to 9.4) and εHf(t) (13.7
to 14.3). Moreover, all samples plot within the field of MORB on the
εHf(t) versus εNd(t) diagram (Fig. 7B).

4.3. Mineral compositions

Major element compositions of clinopyroxene from the Bogda
pillow lavas are listed in Appendix A5. All pyroxenes from the
pillow core and rim are high-CaO (17–21% CaO) augite with an end-
member composition of Wo34–44En37–50Fs11–23 (Fig. 8A). Generally,
clinopyroxenes from the Bogda pillow lavas show restricted TiO2

(0.4–1%). Nevertheless, some spots in pillow rims have N1% TiO2. We
propose that the high TiO2may be due to the instrumental analyses. Be-
cause the grain size of clinopyroxene in pillow rims are too small, and
they always contain a mount of smaller magnetite. Plagioclases (Pl,
Appendix A6) in the Bogda pillow core are labradorite and andesine
with an end-member composition of An32–65Ab35–66Or1–2, whereas
those in the pillow rim are albites with An1–12Ab83–98Or0–5 (Fig. 8A).



Fig. 6. Chondrite-normalized REE diagrams (A, C, E) and primitivemantle-normalizedmulti-element variation diagrams (B, D, F). Normalizing values, N-MORB, E-MORB and OIB are cited
from Sun and McDonough (1989). Data sources are the same as in Fig. 4.
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Furthermore, plagioclases from the pillow core have higher FeO
(0.5–1%) than those of the pillow rim (0.1–0.4%) (except two high and
scattered spots; Fig. 8C).

5. Discussion

5.1. Seafloor hydrothermal alteration

Occurrence of the pillow structure and marine Echinodermata fossil
in the felsic ignimbrite (our unpublished data), indicates that the Bogda
basaltic lavas were erupted in a submarine environment. Compared
with the pillow core, vesicle and amygdules filled with calcite and/or
quartz are common in the pillow rim (Fig. 3E, F), suggesting that the
Bogda pillow lavas underwent post-magmatic seafloor hydrothermal
alteration. Based on the study on the Franciscan pillow basalts in
California, Swanson and Schiffman (1979) reported that pillowmatrices
were replaced by pumpellyite, prehnite, sphene and quartz while oliv-
ine was replaced by pumpellyite or smectite/illite, and Ca-plagioclase
by albite and sericite during seafloor hydrothermal alteration. This
explains the occurrence of albite in the pillow rim and labradorites
and andesines in pillow core of the Bogda basalts (Fig. 8). Specifically,
plagioclase and clinopyroxene in the pillow core experienced less in-
tense alteration than those in the rim. Given the good compositional
trends observed for the pillow core (Fig. 8B, C), we infer that the
Bogda pillow cores underwent minor seafloor hydrothermal alteration.

Different extents of seafloor hydrothermal alteration would yield
different geochemical characteristics for the rim and core of pillow
basalts (Alt, 1995; Polat et al., 2003, 2012). For instance, the Bogda pil-
low cores show relatively restricted MgO (5.9–6.6%), Mg# (52–55),
Al2O3 (15.4–15.8%) and Na2O (2.4–3.3%), whereas the pillow rims
have more scattered MgO (5.3–7%), Mg# (47–55), Al2O3 (14.1–15.9%),
and especially higher Na2O (3.7–4.4%), reflecting the effect of seafloor
hydrothermal alteration (Fig. 5). The slightly higher FeOT and TiO2 in
pillow rims may be related with more volume of magnetite in rims
which might be attributed to the change of oxidation state. In terms of
the trace elements, both the pillow cores and rims have restricted and
similar REE, Nb, Hf, Th and even U, indicating that these elements
were immobile during seafloor alteration (Figs. 6, 9). Nevertheless, the
lack of correlation between the mobile elements (e.g., Rb, Ba, K, Sr, Pb)
and Zr suggests that these elements were affected by seafloor alteration
(Fig. 9). Hence the abundances and ratios of immobile elements are
used in the following discussion. The uniform Sr–Nd–Hf isotopes indi-
cate that these isotopes were not affected by alteration/weathering
and could represent the initial values.

5.2. Rapid crystallization and crustal contamination

The gradual decrease of Al2O3 with decreasing MgO is consistent
with fractional crystallization of plagioclase (Fig. 5B). Furthermore, the
very weak negative Eu anomalies (δEu = 0.9–1.0) do not support the
accumulation or flotation of plagioclase. The low Mg# (47–55), Cr
(89–139 ppm) and Ni contents (16–45 ppm) imply that the Bogda
pillow lavas underwent extensive fractional crystallization of ferromag-
nesian minerals. Given the petrographic evidence that plagioclase



Fig. 7. Plots of initial Sr, Nd and Hf isotopic compositions. In Nd–Hf isotpe plot, the
MORB + OIB and Island Arc arrays and fields for MORB, OIB, and Island arc volcanics are
from Chauvel et al. (2008, 2009). The (87Sr/86Sr)t, εNd(t) and εHf(t) values of depletedman-
tle (DM) are assumed as 0.7025,+10 and+15, respectively. Data sources are the same as
in Fig. 4.
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crystallized earlier than clinopyroxene in the Bogda pillow lavas, we
propose that the low Mg# is attributed to extensive fractional crystalli-
zation of olivine and/or orthopyroxene. FeOT and TiO2 increase as MgO
decreases, arguing against significant crystallization of magnetite in
the Bogda pillow lavas. Likemanymodern pillow basalts, the Bogda pil-
low rim shows the black devitrified glass matrix and quenched plagio-
clase microphenocrysts (0.2–0.5 mm) with the skeletal, fibrous,
rosettes and swallow-tailed texture (Fig. 3E, F), suggesting rapid crystal-
lization. Although relatively intact plagioclases with the doleritic tex-
ture occur in the cores, the Bogda pillow cores have small mineral
grains (b1 mm) and restricted major and trace elements, suggesting
that they also likely suffered rapid crystallization.

The Bogda pillow samples have low and restricted (87Sr/86Sr)t ratios
(0.7033–0.7042), and high εNd(t) (7.9–9.4) and εHf(t) (13.7–14.3) plot-
tingwithin the field ofMORB (Fig. 7). This implies that the isotope com-
positions of the Bogda pillow basaltic lavas were not significantly
affected by crust-level processes. Thus the MORB-like Sr–Nd–Hf
isotopes and arc-like trace element features of the Bogda pillow lavas
are inherited their source.

5.3. Depleted mantle source modified by subduction-released fluids/melts

The Fe/Mn ratio is an important indicator of the source of basalts
(e.g., Davis et al., 2013; Liu et al., 2008; Zhang et al., 2015). Four pillow
rim samples have scattered Fe/Mn ratios (46–62) with variable Mg#
(47–55), reflecting seafloor hydrothermal alteration. In contrast, the
pillow core samples have restricted Fe/Mn ratios (53–57), which are
similar to the values of MORB (55–58; Arevalo and McDonough, 2010;
Liu et al., 2008; McDonough and Sun, 1995) but are lower than Hawai-
ian OIB (about 65–71; Humayun et al., 2004). Because olivine generally
has the partition coefficient DFe/Mn N 1 (~1.27 in general) betweenmin-
eral and liquid (e.g., Davis et al., 2013; Liu et al., 2008), crystallization of
olivine could decrease the Fe/Mn ratio of residual melts. However,
Sobolev et al. (2007) argued that the Fe/Mn ratio did not vary signifi-
cantly with olivine fractionation (i.e., an initial Fe/Mn ratio of 63 de-
creases to 59 after 35% olivine crystallization from a melt derived from
fertile peridotite at 4.0 GPa and 1630 °C with oxygen fugacity corre-
sponding to QFM buffer). In contrast, because DFe/Mn of clinopyroxene
is b1 (~0.71 in general; Davis et al., 2013), 20% clinopyroxene crystal
fractionation of MORB-like melts with initial Fe/Mn ratio of 58
and 11–15 wt.% MgO would increase the ratio to 62 (Liu et al., 2008).
DFe/Mn of orthopyroxene is also b1 (~0.83 in general; Davis et al.,
2013) but higher than that for clinopyroxene, so the effect of
orthopyroxene crystallization on the Fe/Mn ratio is minor. As Fe and
Mn are incompatible in plagioclase, in theory, plagioclase crystallization
has no effect on the Fe/Mn ratio. Collectively, we propose that b20% of
fractional crystallization of these silicate minerals had minor influence
on the Fe/Mn ratio of the pillow basalt magmas. In addition, experimen-
tal studies have shown that high Fe/Mn ratios (N60) in basaltic melts
can be generated by partial melting of garnet pyroxenite or hydrous pe-
ridotite at high degrees of melting, whereas low Fe/Mn ratios (b60)
most likely were inherited from dry peridotite (Liu et al., 2008; Wang
et al., 2012). In this sense, the restricted Fe/Mn ratios (53–57) of the
Bogda pillow core indicate a dry peridotite source.

The Sr–Nd–Hf isotopes and tholeiitic characteristics of the Bogda
pillow lavas further support the model that they were generated from
a MORB-like dry peridotite. However, the Bogda pillow samples are
marked by strong enrichment in large ion lithophile elements (LILE)
relative to high field-strength elements (HFSE) and well developed
negative Nb–Ta and Ti anomalies and distinct positive Pb anomalies
(Figs. 4C, 6), which are similar to arc basalts worldwide and the Bogda
HAB (Xie et al., submitted to publication). These trace element charac-
teristics are attributed to the addition of subducted inputs, such as
slab-derived fluids and sediment-derived melts (e.g., Hawkesworth
et al., 1997; Keppler, 1996; Pearce and Peate, 1995). Highly mobile ele-
ments (e.g., Rb, Sr, Ba, U) are concentrated into aqueous slab-derived
fluids, whereas Th and LREE are partitioned into sediment-derived
melts (Elliott et al., 1997; Hawkesworth et al., 1997; Miller et al.,
1994; Singer et al., 2007). Except for the pillow rim sample BYG-11,
the Bogda pillow lavas have the relatively restricted and high Th/Nb
(0.46–0.61) and low U/Th (0.32–0.48), pointing to the effect of a
sediment-derived component rather than of seafloor hydrothermal al-
teration (Fig. 10). The depleted, MORB-like Sr–Nd–Hf isotopes suggest
sedimentary input to the mantle source is less than 1%. Although b1%
sedimentary input has a minor effect on their Sr–Nd–Hf isotopes
(Fig. 7), it controls the budget of the large ion lithophile elements
(such as U, Th; Fig. 10). Collectively, we propose that the Bogda
pillow lavas were likely generated from a dry peridotite that was
metasomatized by a small volume of sediment-derived melt.

5.4. Magma generation and evolution

Zimmer et al. (2010) proposed to use the Tholeiitic Index (THI) to
characterizemagma series; magmaswith THI N 1 are tholeiitic, magmas
with THI b 1 are calc-alkaline. Based on the study on the Aleutian



Fig. 8. (A) Diagram of normative En–Fs–Wo for clinopyroxene (Cpx) and An–Ab–Or for plagioclase (Pl). Pyroxene discrimination lines are from Poldervaart and Hess (1951). Di, diopside;
En, enstatite; Ab, albite; An, anorthite. (B, C) TiO2 vs.Mg# of clinopyroxene and FeO vs. An of plagioclase from the Bogda pillow lavas. Data sources: Bogda Late CarboniferousHAB:Xie et al.
(submitted to publication). Izu–Bonin back- and rear-arc basalt:Machida and Ishii (2003). Izu–Bonin fore-arc basalt: Tamura et al. (2005).Mafic rock (wehrlite layer intrusion and basaltic
dyke) related to Tarimmantle plume: Wei et al. (2014, in press).
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magmas, they further provided an empirical equation for pre-eruptive
magmatic water and THI:

XH2O wt%� 1:2ð Þ ¼ exp 1:26− THIð Þ=0:32½ �: ð1Þ

For the studied Bogda pillow samples, the calculated THI is 1.33 and
the calculated pre-eruptive magmatic H2O is 0.8 wt.%. Water content
in arc basaltic magma can also be estimated by plagioclase–liquid
hygrometer (e.g., Ushioda et al., 2014):

KD
Ca−Na
pl−melt ¼ 0:74XH2O wt%ð Þ � 100þ 0:36: ð2Þ

The pillow core sample BYG-4with the highest An (64.6) plagioclase
is selected to estimate the maximum water content. Although the
pillow cores show a doleritic texture with ~90 vol.% plagioclase and
clinopyroxene, the small mineral grains (b1 mm) and the very weak
negative Eu anomalies (δEu = 0.9–1.0) do not support the accumula-
tion or flotation of plagioclase. Thus, we assume that whole rock
compositions represent liquid compositions. The estimated maximum
pre-eruptive magmatic H2O is about 0.9 wt.%. The low water content
(H2O b 1%) is in agreement with the absence of hydrous minerals
(e.g., biotite and amphibole) in the Bogda pillow lavas, and further high-
lights their tholeiitic character.

Here, we use the clinopyroxene–liquid thermobarometers proposed
by Putirka et al. (2003) to estimate the crystallization pressure, and
assume that whole rock compositions represent liquid compositions.
We selected the clinopyroxene with the highest MgO (16.5 wt.%)
and En (46) from the magma Pulse I, as it most probably records
information of the highest pressure. This clinopyroxene is assumed
to be in equilibrium with the liquid as its KDFe − Mg

Cpx − liquid falls within
0.2–0.4 (Putirka, 2008). The calculation shows that the highest crystal-
lization pressure for the Bogda pillow lavas is 3.4 kbar, implying that
the long-lived magma chamber plausibly occurred at ~11 km depth
(assuming a geobarometric gradient of 3.3 km/kbar; Holdaway, 1971).
A relatively deep magma chamber is also suggested for the Bogda
HAB, where high pressure delayed plagioclase nucleation giving rise to
the high Al content (Xie et al., submitted to publication). Together
with earlier crystallization of plagioclase than clinopyroxene, the
lower Al content (Al2O3 b 16 wt.%) of the Bogda pillow lavas suggests
that they were likely generated from the shallower magma chamber
compared with the Bogda HAB (Fig. 11).

5.5. Tectonic implication

The Bogda belt is an important tectonic belt separating the Juggar
Basin to the north and the Turpan–Hami Basin to the south. It has
been considered as 1) a Carboniferous island arc transformed to a
Permian post-collisional orogenic belt (Chen et al., 2011; Ma et al.,
1997; Laurent-Charvet et al., 2003; Shu et al., 2011; Xiao et al., 2004;
Yuan et al., 2010), or as 2) a Carboniferous–Permian continental rift as-
sociated with a mantle plume (Gu et al., 2000, 2001; Xia et al., 2008,
2012). To further assess the nature of volcanics in the Bogda belt, Xie
et al. (submitted to publication) extracted the difference between the
Bogda late Carboniferous HAB and the Permian mantle plume-related
basalts (e.g., the Siberia, Emeishan and Tarim traps) in detail.

The Bogda pillow basaltic lavas are also different from the mantle
plume-related basalts in many aspects: 1) smaller volume (~200 m in
thickness) than the mantle plume-related basalts; 2) lower TiO2

(1.4–1.65%), FeOT (9.5–10.7%), Nb/La (0.24–0.32) and higher εNd(t)
(7.9–9.4) than the mantle plume-related basalts and mafic intrusive
rocks (most TiO2 N 1.6%; FeOT N10%; Nb/La N0.5; εNd(t) b 5). In addition,
most of clinopyroxenes of theBogda pillow lavas andHAB contain lower
TiO2 than those from the Tarim large igneous province (Fig. 1B). More
importantly they show distinct trends of compositional variation
(Fig. 8B). As demonstrated previously, no significant crystallization of
magnetite was associated with the Bogda tholeiitic pillow lavas and
HAB, whereas the Tarimmafic rocks suffered the crystallization of mag-
netite (Wei et al., 2014, 2015). Thus, the fact of lower Ti contents in the
Bogda samples than in Tarim samples cannot be related to fractionation
of Ti-bearing minerals, but more likely reflects the difference of mantle
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source. The Bogda basalts have lower whole-rock FeOT content than the
Tarim mafic rocks but plagioclases from the former have higher FeO
than the latter (Fig. 8C). Previous studies suggested that high FeO con-
tent in plagioclase might be related to high oxygen fugacity
(Aigner-Torres et al., 2007; Longhi et al., 1976; Phinney, 1992; Sato,
1989). The high oxygen fugacity inferred for the Bogda basalts contrasts
with the relatively low fO2 of the Tarim large igneous provinces (Wei
et al., 2014, 2015). All these lines of evidence suggest that the “plume
hypothesis” cannot adequately be applied to the Carboniferous
magmatism in the Bogda belt (Xie et al., submitted to publication).

Previous studies discussed that the Bogda belt was most likely a
Devonian to Carboniferous island arc system associated with south-
dipping subduction of the Paleo-Tianshan Ocean (Laurent-Charvet
et al., 2003; Ma et al., 1997; Xiao et al., 2004). This is further supported
by occurrence of the arc-like Bogda Late Carboniferous HAB (Xie et al.,
submitted to publication) because arc-like HABs mostly occur in island
arc settings (e.g., Crawford et al., 1987; Kuno, 1960; Ozerov, 2000;
Sisson and Grove, 1993). An island arc system is generally composed
of fore-arc, rear-arc and back-arc basin. Recent researches on the Izu–
Bonin arc system revealed the difference between the fore-arc basalt
and rear- and back-arc basalt (e.g., Ishizuka et al., 2009; Reagan et al.,
2010; Tamura et al., 2005, 2007; Taylor and Nesbitt, 1998): (1) the
fore-arc basalts are mostly low-K tholeiite combined with boninite
and high-Mg andesite, whereasmedium-K tholeiite to shoshonitic alka-
line basalts are common at the rear- and back-arc system. Generally, the
fore-arc tholeiitic basalts contain lower K2O, Na2O, Zr/Ti, Ti/V ratio than
the rear- and back-arc basalts (Figs. 4, 5); (2) clinopyroxene from the
fore-arc tholeiitic basalts have lower TiO2 than those from the rear-
and back-arc basalts (Fig. 8B); (3) The fore-arc basalts are strongly de-
pleted in light rare earth elements (LREE), Nb and Th but higher U con-
tent (Fig. 10). In contrast, the rear- and back-arc basalts show LREE
enrichment over HREE (Fig. 6E).

Furthermore, OIB- or E-MORB-like basalts and arc-type basalts may
coexist in rear- and back-arc setting: the OIB- or E-MORB-like basalts



Fig. 10. (A, B) Plots of εNd(t) versus Th/Nb and Th/Nb versus U/Th. The εNd(t) values of N-
MORB, OIB, UCC and LCC are assumed as +10, +5, −10 and −20, respectively. In
Fig. A, the curves represent AFC (assimilation fractional crystallization) of DM with
GLOSS, UCC and LCC after Xie et al. (submitted to publication). Data sources: Literature
data (Bogda pillow lavas) are from Xiong et al. (2010). Bogda Carboniferous HAB (high-
Al basalt and basaltic andesite): Chen et al. (2013) and Xie et al. (submitted to publication).
Izu–Bonin back- and rear-arc: Ishizuka et al. (2009). Izu–Bonin fore-arc: Reagan et al.
(2010), Tamura et al. (2005), and Taylor and Nesbitt (1998). DM (depleted mantle), OIB
and GLOSS (global subducting sediment) are cited from Salters and Stracke (2004), Sun
and McDonough (1989) and Plank and Langmuir (1998), respectively. UCC (upper conti-
nental crust) and LCC (lower continental crust) are from Rudnick and Gao (2005).

Fig. 11. Idealized schematic model for the generation of the Bogda basalti
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commonly occurs at the center of the back-arc basin and far away the
rear-arc, the arc-type basalts tends to occur close to or in the rear-arc
(Ishizuka et al., 2009). The difference between the fore-arc and
rear-arc basalt (including the arc-like back-arc basalt) is probably due
to the different subducted inputs (slab-derived fluid vs. sediment-
derivedmelt; Ishizuka et al., 2009). In terms of major and trace element
and mineral compositions, the Bogda Late Carboniferous pillow lavas
and HAB show great resemblance to the Izu–Bonin rear-arc basalt
(including the arc-like back-arc basalt). We therefore propose that
the Bogda Late Carboniferous basaltic lavas were likely formed in a
rear-arc or back-arc environment (Fig. 11).

6. Conclusions

The pillow basaltic lavas from the Upper Carboniferous Qijiagou
Formation in the Bogda belt are in conformable contact with felsic
ignimbrites. SHRIMP U–Pb dating on zircons of a dacite ignimbrite sug-
gests that the Bogda pillow lavas were erupted at ~311 Ma. The pillow
cores and rims show different petrographic and geochemical character-
istics, reflecting post-magmatic seafloor hydrothermal alteration. How-
ever, both the cores and rims show the MORB-like Sr–Nd–Hf isotopes
and arc-like trace element compositions. The THI (N1) and the Fe/Mn
ratios (53–57) of the relatively fresh pillow core suggest that the
Bogda lavas may have been generated from a dry and depleted mantle
source metasomatized by sediment-derived melts. The Bogda Late
Carboniferous pillow lavas and HAB is distinct from mantle plume-
related basalts but resemble the Izu–Bonin rear-arc basalts (including
the arc-like back-arc basalts). We thus propose that the Bogda Late
Carboniferous basaltic lavas were likely formed in a rear-arc or back-
arc environment.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.11.024.
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