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An integrated study on petrology and geochemistry has been carried out on the Late Carboniferous I-type felsic
volcanics of the Liushugou Formation in the Bogda belt to constrain the late Paleozoic tectonic evolution of the
Bogda belt. The felsic volcanics were dated to be 315 to 319 Ma and are composed of trachy-andesite-trachyte
ignimbrites and rhyolite lavas. They are in conformable contact with high-Al basalt. The eruption of the felsic
volcanics and high-Al basalt is not bimodal volcanism, but is related to bimodal magma (basaltic and rhyolitic
magmas). MELTS modeling and comparison with previous basaltic melting experiments indicate that the felsic
volcanics are likely produced by partial melting of hydrated mafic crust rather than fractional crystallization of
high-Al basalt. It is also supported by relatively large amounts of felsic volcanics to high-Al basalts and remark-
ably different incompatible element ratios (e.g., Th/Zr, Nb/Zr and U/Zr) of the rocks. The Bogda felsic volcanics
have positive eqr) values (6.2-7.4), low Pb isotopes and low zircon saturation temperatures, consistent with a
derivation from a juvenile crust in an arc setting. The intermediate ignimbrites display melting-mingling textures
and abundant feldspar aggregates and have various dEu ratios, indicating that magma mingling and feldspar
fractionation processes may have played an important role in the genesis of the ignimbrites. In contrast, the
Early Permian felsic rocks in this region are of post-collisional A-type. We therefore propose that the Bogda
belt was an island arc in the Late Carboniferous and then switched to a post-collisional setting in the Early
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Permian due to the arc-arc collision at the end of the Late Carboniferous.
© 2016 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

Arc magmatism is a principal process in continental creation at least
in the Phanerozoic (Davidson and Arculus, 2006). The Bogda-(Harlik)
belt in the northern margin of Chinese North Tianshan (Fig. 1) is con-
sidered to be an ancient arc system between the Juggar Basin to the
north and the Tu-Ha Basin to the south (Ma et al., 1997; Xiao et al.,
2004; Chen et al., 2013; Xie et al,, 2016a). Thus, the magmatism in the
Bogda belt may record pivotal information of Phanerozoic, especially
Carboniferous-Permian, crustal growth of the Central Asian Orogenic
Belt (CAOB) (Sengor et al., 1993; Jahn et al., 2000; Xiao et al., 2004;
Windley et al., 2007; Safonova et al., 2011; Wilhem et al., 2012;
Xiao et al,, 2013). However, the tectonic evolution of this region
in Carboniferous-Permian remains debated on 1) a post-collisional
orogenic belt as Paleo-Tianshan Ocean closed at the end of Early
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Carboniferous (Han et al,, 2010; Chen et al.,, 2011; Han et al,, 2011),
2) a Carboniferous-Permian continental rift associated with a mantle
plume (Gu et al,, 2000, 2001; Xia et al., 2008, 2012), and 3) a Carbonif-
erous island arc system switched to a post-collisional orogenic belt in
Permian (Ma et al., 1997; Laurent-Charvet et al., 2003; Xiao et al.,
2004; Yuan et al,, 2010; Shu et al,, 2011; Xie et al,, 2016a).

Magmatism in this region may provide clues to evaluate among
these competing models. Most previous studies focused on the effusive
lavas or intrusions in the Bogda belt, whereas ignimbrites are less
concerned. Ignimbrites actually occur worldwide in many volcanic
provinces of different ages and embrace almost all magma compositions
except for the most mafic end members (Walker, 1983; Branney and
Kokelaar, 2002). The ignimbrite formed by pyroclastic flow is denoted
as pyroclastic rock, which is mainly composed of breccia, tuff, lithic
clast, fiamme (plastic fragment), fragmentized crystal and glass shard
matrix whether it is welded or not (Sparks et al., 1973).

In this paper, we present petrology and geochemistry of the Late
Carboniferous intermediate ignimbrites and rhyolite lavas in the
Bogda belt. They have highly variable compositions from trachy-
andesite to rhyolite, and likely formed by crustal melting, extensive

1342-937X/© 2016 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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Fig. 1. (A) Schematic geologic map of the Central Asian orogenic belt (CAOB); (B) Simplified tectonic sketch map of most part of Xinjiang province, NW China modified after Pirajno et al.
(2008), Wang et al. (2011) and Xiao et al. (2013). The details of the Late Carboniferous and Early Permian felsic rocks in the Bogda-Harlik belt are given in Table 1.

magma mingling and feldspar fractionation processes in an island
arc setting. Integration of the Late Carboniferous and Early Permian
volcanic rocks in this region indicates that the Carboniferous island arc
system was followed by a post-collisional orogenic system in the Early
Permian.

2. Geochronology and petrology of the felsic volcanics

Although some authors thought that the Harlik domain was not the
equivalent of Bogda and North Tianshan but a unit attached to the
northern block of the “Mongolian system” (Charvet et al., 2007, 2011;
Chen et al., 2014), many researchers believed that the Harlik and
Bogda domains were considered to be a Devonian-Carboniferous arc
system (Ma et al., 1997; Xiao et al., 2004; Sun et al., 2005; Li et al.,
2006; Yuan et al., 2010; Zhang et al., 2016). The oldest sedimentary stra-
ta merely occur in the Harlik Mountains (Sun et al., 2005; Yuan et al.,
2010) and are composed of the Ordovician to Silurian marine clastic
rock and tuff, which are interlayered with limestone and subordinate
basalt in local places (Huangcaopo Group; Ma, 1999). Devonian
marine-terrigenous tuffaceous sandstone and volcanic rock also mainly
occur in the Harlik Mountains. The Carboniferous strata mainly exposed
in the Bogda Mountains (Fig. 2A) and are in fault contact with the
Devonian strata and are further divided into three formations, namely

the Lower Carboniferous Qijiaojing Formation, the Upper Carboniferous
Liushugou and Qijiagou formations (BGMRXUAR, 1993; Gu et al.,
2001; Liang et al., 2011). The Lower and Upper Carboniferous forma-
tions are separated by regional faults. 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, felsic ig-
nimbrite and lava, with minor sandstone and siltstone. The Permian
strata are unconformably underlain by the Carboniferous rocks.
Permian strata are mainly composed of terrestrial conglomerate,
sandstone, siliceous mudstone intercalated with bimodal volcanic
lava. Jurassic clastic sediment occurs in the southeast of this region
and is unconformably underlain by the Permian strata (Carroll
et al., 1990; BGMRXUAR, 1993).

Two stratigraphic columnar-sections, the Tianchi and Dashitou sec-
tions in the northern Bogda belt, have been investigated (Fig. 2).
These two columnar-sections are ~1000 m thick and are occupied by
the Upper Carboniferous Liushugou Formation (BGMRXUAR, 1993; Gu
et al., 2001; Liang et al., 2011), which is mainly composed of High-Al
basalt (HAB), intermediate ignimbrite, rhyolite lava and volcanic
breccia. The intermediate ignimbrite is about 500 m thick and is
composed of trachy-andesite and trachyte (see geochemistry section
below). The ignimbrites have ~80 vol% volcanics (except for volcanic



W. Xie et al. / Gondwana Research 39 (2016) 165-179 167

E8g® E90°30' E92°

o

qn44

I N43°
[] cenozoicsandstone, conglomerate [ Early Ccarboniferous volcanic lava, ignimbrite, breccia
[ Mesozoic sandstone, mudstone, siltstone [ Devonian volcanic lava, breccia, ignimbrite, sandstone
- Permian conglomerate, sandstone, mudstone, [l Late Paleozoic granitoid
bimodel volcanic lava ) )
Late Carboniferous volcanic lava, breccia, - Late Palaezolegabbroordiabaas dyke
I:l ignimbrite, sandstone, limestone EI Fault
Period>trata Tianchi Section
thickness|
800 m =4 ,L’, » ®
o : ," -, Dashitou Section
2 | ca ! .
@ [ 1000m H ..,
= = 1542 Ma(TC- 23)
70(2:”. Xie etal., 2016b 700 m
!
c 1]
E ’
E =~ 6oom 600 m
[
a |>2000m
@ Qijiagou ] = 500m
o Formation L ==l High-Al
= — = ; (B)
of = T N basaltic lava
©'c \z____‘_“‘\- AL il
-9 Liushugou =l = Trachy-andesite
= Formation 400m = A |" o) =, 400m ignimbrite (A)
&) D =
— [ =
) =) Sl =™ % | Trachyte T
» S s =1 ] ignimbrite( )
3 - = 0
2 = oh | phaadd ]
=2 Qijiaojing \"‘f\“* "h:_' #% #4 Rhyolite ( R)
&8 Formation -t ey
= b gy AP i
= [ Volcanic
O B oL L-200m » 2 breccia
Lo L
A =1 el * Sample for
= Ry e O U-Pb dating
S » e 100m
5 " B mapsT02) ‘f’ kit
> A~ ~ Xie et al., 2016b t_ oL tHarmme
e » R Silicic
1 ’I A \MEHJ. . flamme
m

Fig. 2. (A) Geological map of the Bogda belt at the north margin of the Chinese North Tianshan, modified after Chen et al. (2011) and Zhao et al. (2014). (B) Simplified stratigraphy column
from Devonian to Triassic in the Bogda area (modified after BGMRXUAR, 1993). (C, D) Two composite stratigraphy columns of the Liushugou Formation in the Bogda area, showing the
relationship of the felsic volcanics and high-Al basaltic lava (HAB). (E) Pie chart of the total average volume proportions of the volcanics (except the breccias) from the Liushugou

Formation.
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Fig. 3. (A, B) Outcrops of the Bogda Late Carboniferous volcanics from the Liushugou Formation. (C, D) Field photos showing the conformable contacts with each other. (E) Hand specimen

of a rhyolite showing a typical porphyritic texture.

breccias), especially the trachyte ignimbrite (~67 vol%; Fig. 2E). They
are in conformable contact with HAB and rhyolites (Fig. 3). The trachyte
ignimbrites were dated to be 315 4+ 2 Ma and 319 + 3 Ma by SHRIMP
technique (Xie et al., 2016b), which are interpreted as the eruption
age of the volcanics of the Liushugou Formation.

Trachy-andesite ignimbrites have matrix and fiamme proportions
different from trachyte ignimbrites (Fig. 4). The matrix (50-70%)
is composed of feldspar microlite and black glass or tiny feldspathic
minerals. The fiamme (5-15%) mainly contains basaltic and silicic
fiamme. The basaltic fiammes are composed of tiny plagioclase
microlite and black glass matrix, whereas silicic fiammes are com-
posed of transparent microlite and cryptocrystals such as feldspar
and quartz. Generally, trachy-andesite ignimbrite contains more
basaltic fiammes and less silicic fiammes than trachyte ignimbrite.
Crystal fragments or aggregates make up 20-40% of trachy-andesite
and trachyte ignimbrites and have grain size ranging from 0.5 to
1 mm, and they are mainly composed of euhedral and resorbed feldspar
with minor quartz, pyroxene, chlorite and Fe-Ti oxides. Thus, these
ignimbrites are composed of typical magmatic materials except minor
unknown lithic clasts (<1%).

The rhyolite lava is about 30 m thick and contains ~5 vol% volcanics
(except for volcanic breccias), 10-20% phenocrysts (0.5-1 mm) and

80-90% matrix. Phenocrysts are mainly composed of quartz and
feldspar with minor Fe-Ti oxides. The matrix is composed of cryptocrys-
talline feldspathic minerals. The rhyolite is directly overlain by high-Al
basalts. The rhyolite and basalt are associated with intermediate
ignimbrites and make up at least two volcanic cycles (Fig. 2). The suite
of the Late Carboniferous volcanics of the Liushugou Formation is differ-
ent from the Early Permian bimodal volcanics which lack the intermedi-
ate composition and are intercalated within sandstone and siliceous
mudstone (Chen et al., 2011).

3. Analytical techniques

Nineteen fresh ignimbrite and four rhyolite samples were
analyzed for major and trace element and Nd-Pb isotopic compositions.
Whole-rock major oxide analyses were carried out using X-ray
fluorescence spectrometry (XRF, Rigaku ZSX-100e) on fused glass
beads at Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences (GIGCAS) and analytical uncertainties are mostly between
1 and 5%. Trace element concentrations were determined by utilization
of PerkinElmer Sciex EIAN 6000 ICP--MS. The analytical precision is
better than 5% for elements >10 ppm, less than 8% for those <10 ppm,
and about 10% for transition metals.
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Fig. 4. Photomicrographs showing the typical textures of the trachy-andesite-trachyte ignimbrites (IG) and rhyolite lavas. Py = pyroxene; Fs = Feldspar; B/S-fm = Basaltic/Silicic fiamme.

The basaltic fiammes (B-Fm) are globules-like.

Nd and Pb isotopic ratios were measured with a Micromass Isoprobe
Multi-Collector ICPMS and a VG-354 mass-spectrometer at GIGCAS,
respectively. The mass fractionation corrections for the Nd isotopic
ratios are based on “6Nd/'*Nd = 0.7219. The reported **Nd/'**Nd
ratios were respectively adjusted to the Shin Etsu JNdi-1 standard
143Nd/1Nd = 0.512115. Repeated Pb isotopic analyses of SRM
981 yielded average values of 2°°Pb/2%4Pb = 16.9325 + 3 (20),
207pp,204ph = 15.4853 + 3 (20) and 2°®Pb/?**Pb = 36.6780 + 9 (20).
External precisions are estimated to be less than 0.005, 0.005 and
0.0015.

Mineral chemistry analyses were carried out using a JEOL JXA-8230
electron probe microanalyzer (EPMA) at the GIGCAS. The operating
conditions for feldspar are: 15 kV accelerating voltage, 20 nA beam
current and 1 um beam diameter. Details of these analytical methods
were described by Xie et al. (2016b).

4. Results
Intermediate ignimbrites of the Liushugou Formation have LOI con-

tents ranging from 0.7 to 2.6% and rhyolites have lower LOI contents of
0.5 to 1%. 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 Fe,03 (Appendix A1). The Chemical Index of Alteration [CIA;
CIA = Al;03 = 100 / (Al,03 + CaO + Nay0 + K,0 — 3.3333 « P,0s),
molar ratio] has been frequently used to study the weathering or
metamorphic intensity of the rocks (Nesbitt and Young, 1982; Fedo
et al., 1995; Nesbitt and Markovics, 1997). The results indicate that
all the samples have CIA of 48-56, identical to the value for fresh feld-
spathic and granitic rocks (45 to 55), indicating that they suffered
minor weathering or metamorphism.

On the classification diagram of Le Maitre (1989), the volcanics are
mainly sub-alkaline and can be mainly classified as trachy-andesite,
trachyte and rhyolite (Fig. 5A). Some samples are plotted in the bound-
ary area of trachyte and dacite field and denoted as trachyte for simplic-
ity. All samples have high alkaline contents, however, they have K,0/
Na,O0 ratios are less than 1 with three exceptions of TC-10, TC-23 and
DST-05, indicating that they are predominantly sodic in composition.
All but four samples (TC-11, TC-18, TC-23, DST-07) are metaluminous—
slightly peraluminous with aluminium saturation index (A/CNK) <1.1
(Fig. 5B).

The trachy-andesite-trachyte ignimbrites and HAB have a linear
trend of major oxides (Fig. 6) and identical trace element patterns
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Fig. 5. (A) Total alkalis vs. Silica diagram (TAS, Le Maitre, 1989). (B) A/NK versus A/CNK.
Data of the Bogda high-Al basalts (HAB) coexisted with the felsic rocks are from Xie
et al. (2016b). References for the Late Carboniferous and Early Permian felsic rocks in
the Bogda-Harlik belt, the north margin of Chinese North Tianshan are listed in Table 1.

(Fig. 7A and B). They have fractionated LREE/HREE with (La/Yb)y of
2.1-8.0 and (Dy/Yb)y of 1.0-2.2 and weak negative Eu anomalies with
SEu of 0.73-0.97 except one high outlier (6Eurc.os = 1.1) on the
chondrite-normalized REE patterns. They are also enriched in large ion
lithophile elements (LILE) relative to high field-strength elements
(HFSE) with very negative Nb-Ta and Ti anomalies and positive Pb
anomalies, similar to arc-like affinity and distinct from ocean island
basalts (OIB). The rhyolites have similar trace element feature to ignim-
brites, however, they show higher (La/Yb)y and (Dy/Yb)y ratios and
more negative Eu anomalies, Ti and Sr anomalies (8Eu = 0.49-0.58;
Fig. 7C and D).

The measured Nd and Pb isotopic ratios of the volcanics were
corrected to 315 Ma based on Sm, Nd, U, Th and Pb concentrations
determined by ICP-MS (Table 2). The rocks have positive nq(r) values
of >6 with young one-stage Sm-Nd model ages (Tpy = 504-651 Ma).
Note that the Bogda intermediate ignimbrites have engq() values ranging
from + 6.7 to + 7.4, higher than that for the rhyolites (ena¢) = +6.2

to +6.8), but similar to that of the associated HABs (Fig. 8A). The
intermediate ignimbrites have (?°°Pb/2°*Pb); of 17.82 to 17.89,
(2°7Pb/?94Pb), of 15.48 to 15.49 and (?°®Pb/?°Pb), of 37.49 to
37.70, also similar to those for the HAB (Fig. 8C and D). In contrast,
the rhyolites have relatively scattered and high (2°°Pb/?°*Pb), of 17.83
to 18.05.

The trachy-andesite ignimbrites mainly contain plagioclase
(Ansg_sgAb4q_67010,6_4.6) With minor albite (Fig. 9 and Appendix
A2). The trachyte ignimbrites contain feldspars with compositions
ranging from albite to plagioclases (An;_g1Ab37_980192_6.9), and
minor K-feldspars. The highest-An plagioclase (An = 61) occurs
in the trachyte ignimbrites. The rhyolites mainly contain albite and
K-feldspars without plagioclase.

5. Petrogenesis of the felsic volcanics

The aluminium saturation index (A/CNK) and A/NK are indicator
of the origin of granitoids (Barbarin, 1999), i.e., metaluminous and
peraluminous granitoids may have incorporated crustal component
in source rocks, whereas peralkaline granitoids receive a contribution
from mantle materials. The source rocks of I- (A/CNK < 1.1) and
S-type (A/CNK > 1.1) granitoids are generally mafic and sedimentary
rocks, respectively (e.g., Chappell and White, 1992). Most of the Late
Carboniferous felsic volcanics in the Bogda region are metaluminous
to slightly peraluminous with A/CNK < 1.1 (Fig. 5B). Combined with
their high and positive enq() values (+6.2 to +7.4), indicating that
the Bogda felsic volcanics belongs to I-type affinity with the contribu-
tion of juvenile crust. The origin of these felsic volcanics has been debat-
ed (e.g., Eichelberger et al., 2000; Sumner and Wolff, 2003; Dreher et al.,
2005). In the following section, several possible mechanisms are
discussed for the origin of the Late Carboniferous felsic volcanics in
the Bogda region.

5.1. Fractional crystallization of coexisted high-Al basalt

In the binary diagrams of major oxides (Fig. 6), the felsic volcanics
and HAB show similar trends of fractional crystallization. We model
the fractionation history of the HAB using MELTS (Ghiorso and Sack,
1995). Variable pressures and oxygen fugacity with constant water
content of 1.95 wt% and a starting composition TC-27 (Xie et al.,
2016b) with the highest enq(r) value of + 7.4 are used in the modeling.
The modeling results indicate that the lower pressure and/or higher
oxygen fugacity could extend the fractional crystallization of the
HAB more closely to rhyolite composition, but cannot generate the
melts with major element compositions identical to the Bogda felsic
volcanics (Fig. 6). The HAB have Zr concentrations up to 217 ppm,
similar to most silicic rocks (Zr up to 206 ppm), however, the HAB
have Th/Zr, Nb/Zr and U/Zr ratios remarkably different from the rhyo-
lites (Fig. 10). In addition, the rhyolites have relatively lower enqr)
and higher (?°°Pb/?%*Pb), than HAB.

Fractionation of basaltic magmas or partial melting of mafic rocks
will produce small amounts of silicic magma (Knesel and Davidson,
1997; Peccerillo et al., 2003). 10 km?> of parental basaltic equivalents
are required to generate 1 km?> of rhyolite. The relative proportion of
the basaltic and felsic rocks of the Liushugou Formation is not in agree-
ment with this mass-balance consideration. All these lines of evidence
are against the fractional crystallization of the HAB as the principle
process to form the Bogda felsic rocks.

5.2. Crustal melting

Partial melting modeling requires a hydrated basaltic crust or
the presence of extra heat (Pin and Paquette, 1997). However, extra
heat input is inconsistent with low zircon saturation temperatures
(T2 = 734-817 °C) recorded by the felsic volcanics in this study
(Appendix A1). A number of melting experiments have been conducted
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on natural and synthetic basaltic systems in different hydrated condi-
tions over the pressure range of 1 atm to 10 kbar (Helz, 1978; Conrad
et al., 1988; Ellis and Thompson, 1988; Thy et al., 1990; Beard and
Lofgren, 1991). These experimental results indicate that water pressure
plays a key role on the compositions of melts, whereas oxygen fugacity
and compositions of starting materials also functioned in the process.
The Bogda felsic volcanics have FeOr and Al,O5 contents scattered with-
in the compositional range of experimental melts of hydrated basaltic
crust (Fig. 6B, C), supporting that the Bogda felsic volcanic rocks are
dominantly formed by partial melting of a hydrated mafic crust. Unlike
melting-mingling texture in intermediate ignimbrites (see discussion
below), the rhyolites show a porphyritic texture. This suggests that
the compositions of rhyolites are further close to the primitive magma
produced by partial melting of a hydrated mafic crust than the ignim-
brites. As the rhyolites have arc-like trace element and high Nd isotopic
compositions, we therefore consider that they may have derived from a
juvenile arc crust. The Bogda rhyolites have very negative Eu, Ti and Sr
anomalies (Fig. 7C and D), consistent with fractionation of feldspar
and Fe-Ti oxides. In fact, Thy et al. (1990) proposed that the residual
phase of partial melting in a water-poor system will be plagioclase-
rich with magnetite, ilmenite and apatite. Results of a dehydration-
melting experiment indicate that about 50% plagioclase and magnetite
and ilmenite were left in the residue phase (Beard and Lofgren, 1991).

We thus prefer that the negative Eu, Sr and Ti anomalies and low Sr/Y
ratios of the Bogda rhyolites are probably related to the presence of pla-
gioclase and Fe-Ti oxides in the residue phase.

5.3. Extensive magma mingling and feldspar fractionation processes

In the trachy-andesite-trachyte ignimbrites, the heterogeneous
matrix is usually composed of feldspar microlite and black glass, or
tiny feldspathic minerals, and the basaltic and silicic fiammes coexist
within the ignimbrites (Fig. 4). Furthermore, the globule-like basaltic
fiammes are mostly sub-spherical with lobate or crenulated margins,
indicating that the basaltic liquid was molten and became cooled
when it was in contact with a cooler silicic magma before eruption
(Blundy and Sparks, 1992; Freundt and Schmincke, 1992; Sumner and
Wolff, 2003). Many feldspar fragments display irregular or resorbed
shapes with embayed margins, indicating chemical disequilibrium
between feldspar and liquid (Fig. 4D, E; Troll and Schmincke, 2002;
Sumner and Wolff, 2003). Moreover, feldspars in the ignimbrites show
a very large compositional range (Fig. 9). The highest-An plagioclase
(An = 61) occurs in the trachyte rather than trachy-andesite ignim-
brites. These features indicate that magma mingling between the HAB
and rhyolite has also played an important role in the evolution of the
Bogda intermediate ignimbrites.
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Data sources are listed in Table 1.

Abundant feldspar aggregates (Fig. 4E) with various dEu ratios
(Fig. 10D) indicate that the parental magma of the Bogda felsic
rocks experienced feldspar fractionation and accumulation. The
assimilation-fractional crystallization (AFC) modeling by DePaolo
(1981) is applied to constrain the fractionation process. The HAB
sample TC-27 (Xie et al., 2016b) with the highest exqg(r) and SEu =
1 and the rhyolite sample DST-05 with the highest Zr concentration
and low enq(y) are selected as two end-members (Table 3). The re-
sults show that the intermediate ignimbrites could be well produced
by AFC modeling from a single starting composition with different r
values (the ratio of the assimilation rate to the fractional crystallization
rate; Fig. 10). This is further supported by the Nd and Pb isotopes,
i.e., enacr) and (2°°Pb/2°*Pb), increase with the increase of Sm/Nd and
SiO,, respectively (Fig. 8A and B).

6. Tectonic implication
The Bogda-(Harlik) belt, as the northern margin of the Chinese

North Tianshan, is an important tectonic belt and recorded Phanerozoic,
especially Carboniferous-Permian, crustal growth of the CAOB (Sengor

et al, 1993; Jahn et al, 2000; Xiao et al., 2004; Windley et al,,
2007; Safonova et al.,, 2011; Wilhem et al., 2012; Xiao et al., 2013).
Surrounding the Junggar Basin, numerous ophiolites are exposed
in East and West Junggar terranes, East Kazakhstan and North Tianshan.
These terranes can be appropriately referred to “Carboniferous
island-arc assemblages” (Tang et al., 2012; Kurganskaya et al., 2014,
Yang et al., 2014; Jiang et al., 2015; D. Li et al., 2015; Yang et al.,
2015), and no rocks of Precambrian age have been documented
(Coleman, 1989; Hu et al., 2000). These ophiolites emplaced during
325-531 Ma (zircon U-Pb ages) with positive enq(r) values (+5 to
+9) (Xu et al, 2013 and references therein). Among them, the
Kelameili and Bayinggou ophiolites nearby the Bogda belt (Fig. 1) are
two youngest ophiolites with emplacement ages of 325 and 347 Ma
(Jian et al., 2005; Xu et al., 2006a, 2006b; Wang et al., 2009, 2015).
They probably represent remnants of Paleo-Tianshan Ocean (Xiao
et al., 2004, 2008; Han et al., 2010).

The tectonic evolution in the Bogda Belt and even the whole
Tianshan Orogen during the Carboniferous-Permian still remains de-
bated. The Permian Tarim Plume was considered to have extended to
the western Tarim Basin (e.g., Yang et al., 2007; Zhang et al., 2008;



W. Xie et al. / Gondwana Research 39 (2016) 165-179

As B
® High-Al basalt
© Trachy-andesite ignimbrite
L © Trachyteignimbrite
e Rhyolite e ©® =
o [
- S
T 7t 0 3% = =
z % - o
“ ® < &
& 5 e} S
D
=
o
3
=
o
&
17.5 17.7 17.9 18.1 18.3 18.5
(2%pb /2%%Pb),

173

15.5
o
L o
15.49 o O
500
L o
15.48 ] -=3 (e} ®
"
15.47 AFC
15.46 =
1545 1 1 1 1 1 1
45 50 55 60 65 70 75 80
Si0,/Wt%
38
37.8
37.6
374
37.2
37
175 177 179 181 183 185
(295Pb /2%%PD),

Fig. 8. (A, B) Plots of &gy versus Sm/Nd and (**Pb/?%*Pb), versus SiO,, showing the effect of assimilation-fractional crystallization (AFC). (C, D) Plots of initial Pb isotopic compositions.
The Northern Hemisphere Reference Line (NHRL, Hart, 1984) and mantle end-members (Zindler and Hart, 1986) are also shown for comparison. BSE, bulk silicate Earth; MORB, mid-ocean

ridge basalt; and DMM, depleted MORB mantle.
Data source is same as in Fig. 6.

Zhou et al., 2009; Xu et al., 2014) and may affect the Tianshan Orogen,
which may explain the extensive Early Permian thermal anomalies
and high-temperature A,-type granitoids and Cu-Ni-bearing mafic—
ultramafic intrusion in this region (e.g., Pirajno et al., 2008; Qin et al.,
2011; Liu et al., 2013; Zhang and Zou, 2013). ~300 Ma kimberlitic
intrusions (Zhang et al., 2013) and Fe-Ti oxide-bearing mafic layered
intrusion (He et al,, 2016) in the southwest part of the Tianshan Orogen
was attributed to the beginning of the Tarim Plume at the end of

@ Trachy-andesite ignimbrite
Q) Trachyte ignimbrite
@ Rnhyolite

An

\ An

An

0@ _afn

Ab

Fig. 9. Normative An-Ab-Or for plagioclase (PI) from the Bogda felsic rocks.

Carboniferous (Zhang et al., 2013; Xu et al., 2014; He et al., 2016).
Devonian OIB-like mafic magmatism and ocean plate stratigraphy
might even imply that the plume magmatism was active in the southern
Tianshan Ocean in Devonian (Safonova et al., 2016). In the Bogda region,
a Carboniferous-Permian continental rift associated with a mantle
plume model is also suggested mainly based on the Carboniferous
bimodal volcanism (Gu et al., 2000, 2001; Xia et al., 2008, 2012).
However, these are not robust evidence for a mantle plume model.
Occurrence of bimodal volcanism just implies an extensional environ-
ment rather than being exclusively associated with a continental
rift. OIB-like or picritic magmatism related to a mantle plume has
not yet found in this region. In this study, the volcanics of the Upper
Carboniferous Liushugou Formation are not bimodal in composition,
but their generation is related to bimodal magma (basaltic and rhyolitic
magmas), indicating an extensional environment. Occurrence of the
Bogda high-Al basalt (HAB) and pillow basalt suggests a back-arc
(or rear-arc) setting for the Bogda belt in the Late Carboniferous
(Xie et al., 2016a, 2016b). Therefore, an alternative setting for the
Bogda belt is that it was a back-arc extensional environment in the
Carboniferous (Fig. 13A) (Chen et al., 2013; Zhang et al., 2016; Xie
et al., 2016a, 2016b).

The Bogda-Harlik island arc was considered to have formed in
Devonian-Carboniferous due to the southward subduction of the
Kelameili Ocean (Ma et al., 1997; Xiao et al., 2004; Sun et al., 2005;
Yuan et al.,, 2010). The arc is mainly composed of Ordovician to Silurian
marine clastic rock and tuff, interlayered with limestone and subordi-
nate basalt (Huangcaopo Group; Ma, 1999). It eventually developed
to a mature arc in the Devonian and Carboniferous and is composed
of Devonian-Carboniferous mafic and felsic volcanic rocks (Ma et al.,
1997; Xiao et al., 2004). Han et al. (2010) documented a ca. 316 Ma
“stitching pluton” which intruded the Bayingou ophiolites and argued
that the “stitching pluton” is likely of post-collisional A-type granites.
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The closure of the Paleo-Tianshan Ocean is therefore considered to be at
the end of Early Carboniferous followed by a post-collisional orogenic
setting (Han et al., 2010; Chen et al., 2011; Han et al., 2011). However,
this “stitching pluton” has SiO, contents highly variable from 58 to
74 wt%), consistent with metaluminous I-type affinity rather than typi-
cal A-type (Figs. 5, 11) (Si et al., 2014). The calculated zircon saturation
temperatures (Tz. = 792-842 °C) were also in the overlapped field of
typical A-type and I-type granitoids (King et al., 1997; Zhong and Xu,
2009; Liu et al., 2013). In fact, the Late Carboniferous felsic rocks in the
Chinese Tianshan Orogenic Belts often belong to I-type (Zhu et al.,
2009; Tang et al,, 2010; Tong et al., 2010; Liu et al,, 2013; Tang et al.,
2014; Zhang et al., 2015), whereas the Early Permian felsic rocks are
mainly A-type granitoids (Tang et al., 2010; Yuan et al.,, 2010; Zhang
and Zou, 2013; N.-B. Li et al., 2015). Therefore, we assume an island
arc system in the Bogda belt in association with southward subduction
of the Paleo-Tianshan Ocean during Devonian-Carboniferous and a
post-collisional extensional environment in the Permian (Ma et al.,
1997; Laurent-Charvet et al., 2003; Xiao et al., 2004; Yuan et al., 2010;
Chen et al, 2011).

In the Bogda region, the Carboniferous strata are characterized by
marine to shallow-marine sedimentary and volcanic rocks, whereas
the Permian strata are mainly composed of terrestrial sediments with
volcanic lavas. Pillow lavas and the late Carboniferous marine
Echinodermata fossil occur in the Qijiagou Formation (Xie et al.,
2016a). The Early Permian terrestrial charred wood of Prototaxoxylon
was documented in the Wutonggou Formation (Wan et al.,, 2016). The
change of paleogeographic environment mirrored the transition from
marine to continental environment during Carboniferous-Permian
(Carroll et al., 1990; Wartes et al., 2002; Obrist-Farner and Yang,
2015). Together with occurrence of thick red molasse along the south
margin of the Bogda belt and the large-scale strike-slip shearing and
rifting in the Early Permian (Shu et al., 2005), we suggest that an impor-
tant tectonic transformation occurred between Carboniferous and
Permian in the Bogda belt.

Granitic and volcanic systems have inherently different cooling
rates, but the compositional similarities of intrusive and extrusive
rocks may record similar magmatic processes and unravel the origin
(Pearce et al., 1984). Such magma-mingling ignimbrite samples cannot
represent the compositions of primary magma or residual melt. Thus,
we just use the rhyolites to discuss tectonic implication. Zircon satura-
tion temperature is a useful parameter in petrogenetic evaluation. The
combined geological and geochemical approaches represent a simple
and powerful way to illuminate important issues of magma genesis,
and then to define their tectonic setting (e.g., Watson and Harrison,
1983; Miller et al., 2003; Liu et al., 2013). We collected and compared
the Late Carboniferous—Early Permian felsic rocks with reliable zircon
U-Pb ages in this region (see Table 1 and Fig. 5). The Late Carboniferous
felsic rocks, with exception of the Sepikou rhyolite (Gao et al., 2013),
have relatively low zircon saturation temperatures (T, = 706-842 °C;
Fig. 12B), and are mostly [-type granitoids in arc settings (Fig. 11).
Those with enq(r) values of +5.9 to +7.5 (Fig. 12A) and young one-
stage Sm-Nd model ages indicate that the Bogda belt was also essential-
ly built up by juvenile arc crust in the Late Carboniferous (e.g., Jahn et al.,
2000).

Compared with the subduction-related magmatism in the Late
Carboniferous, magmatism in the Early Permian is mainly bimodal
volcanism (293-297 Ma), including A,-type granites (284-288 Ma)
and coeval mafic dykes/intrusions. Unlike the Late Carboniferous felsic
rocks, the Early Permian felsic rocks in the Bogda belt have much higher
REE and incompatible elements (Fig. 7E and F) and lower enqr) values
of +1.9 to +6.0 (Fig. 12A), typical of within-plate felsic rocks
(Fig. 11). Furthermore, the Early Permian felsic rocks show relatively
high zircon saturation temperatures (Tz, = 841-956 °C; Fig. 12B),
similar to those of A-type granitoids (Tz > 800 °C) from the Lachlan
Fold Belt (King et al., 1997), Tarim LIP (Liu et al., 2014) and other
tectonic terranes in NW China (Liu et al., 2013). The temporal geochem-
ical shift and thermal anomaly from Late Carboniferous to Early Permian
are likely related to mantle-derived magma upwelling, either as a
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result of post-collisional lithospheric collapse (e.g., Yuan et al., 2010)
or driven by mantle plume (e.g., Pirajno et al., 2008; Liu et al., 2013).
We prefer that the Paleo-Tianshan Ocean around the Bogda region
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likely terminated at the end of Late Carboniferous. In the Early
Permian, the Bogda belt was possibly a post-collisional setting
which may have witnessed “soft” arc-arc collision (Fig. 13B) (East
Junggar arc vs. Bogda arc; Ma et al., 1997; Xiao et al., 2004; Yuan
et al., 2010; Shu et al., 2011; Wilhem et al., 2012; Xiao et al., 2013;
Xie et al., 2016a). The collision between the East Junggar and Bogda
arcs is similar to the collision of Halmahera and Sangihe arcs in SE
Asia and SW Pacific (e.g., Hall, 1996; Charlton, 2000) and the colli-
sion of Wallowa and Olds Ferry arc in the western North America

Table 1
Brief introduction of the Late Carboniferous-Early Permian felsic rocks with zircon U-Pb ages in the Bogda-Harlik belt, the north margin of Chinese North Tianshan.
Number Location Rock Age/Ma Method References
1 Arbasay Rhyolite-dacite-andesite-basaltic lava with felsic ignimbrite 307 £1.3 SHRIMP Liu et al. (2012)
314434 LA-ICP-MS Liu et al. (2015)

2 Sikeshu Diorite-granodiorite-granite (“stitching” pluton) 316 + 2.5 SHRIMP Han et al. (2010)
Siet al. (2014)

3 Tianchi (N43°54.5' E88°7) Rhyolite-trachyte-trachy-andesite ignimbrite with high-Al basalticlava ~ 315+ 2 SHRIMP Xie et al. (2016b)
This study

4 Baiyanggou (N43°41’ E88°3’) Rhyolite-dacite-andesite ignimbrite with pillow basaltic lava 311+2 SHRIMP Xie et al. (2016a)
Our unpublished data

5 Baiyanggou Rhyolite-basalt bimodal lava 293 + 1.7 LA-ICP-MS Chen et al. (2011)

6 Dashitou (N43°44' E91°10’) Rhyolite-trachyte-trachy-andesite ignimbrite with high-Al basaltic lava 319+ 3 SHRIMP Xie et al. (2016b)
This study

7 Sepikou Rhyolite 314 £ 1.1 LA-ICP-MS Gao et al. (2013)

8 Qijiaojing Rhyolite-basalt bimodal lava 295 +2 LA-ICP-MS Chen et al. (2011)

9 Cheguluquan Rhyolite-basalt bimodal lava 294 4+ 23 LA-ICP-MS Chen et al. (2011)

297 +3 SHRIMP Our unpublished data

10 Dajiashan Monzogranite 287 +2 SHRIMP Yuan et al. (2010)

11 Daliugou Granite 288 +3 SHRIMP Yuan et al. (2010)

12 Barkol Tagh Biotite monzogranite 284+ 5 SHRIMP Yuan et al. (2010)

13 Baishitou Diorite 316+ 3 SHRIMP Sun et al. (2005)




Table 2
Whole rock Nd and Pb isotopic compositions of the Bogda felsic volcanics.
Sample TC-07 TC-16 TC-04 TC-08 TC-11 TC-15 TC-23 DST-02 DST-09 DST-10 DST-13 DST-14 TC-10 DST-05 DST-06
Rock Trachy-andesite Trachyte ignimbrite Rhyolite lava
ignimbrite
Nd 244 235 16.0 19.9 215 16.5 26.8 19.1 344 342 28.1 32.7 233 33.0 26.9
Sm 5.78 5.46 3.66 418 498 3.35 6.72 4.46 6.99 7.15 5.94 6.72 4.15 6.15 5.04
Pb 7.25 491 4.19 3.96 7.08 3.26 945 4.40 6.96 6.07 5.57 933 4.29 9.75 11.81
Th 3.077 2.587 2.465 2.55 3.04 4.09 3.12 2.01 416 3.84 3.23 419 5.15 11.1 9.30
U 0.958 0.752 0.786 0.799 0.936 1.30 0.804 0.968 2.09 1.62 1.03 1.51 1.56 3.30 3.05
143Nd/144Nd 0.512886 0.512900 0.512860 0.512838 0.512893 0.512848 0.512887 0.512884 0.512845 0.512842 0.512836 0.512841 0.512801 0.512788 0.512781
+20 0.000004 0.000004 0.000003 0.000003 0.000003 0.000004 0.000004 0.000004 0.000004 0.000003 0.000003 0.000006 0.000003 0.000004 0.000003
("3Nd/"*Nd); 0.512591 0.512612 0.512575 0.512576 0.512605 0.512595 0.512574 0.512590 0.512588 0.512578 0.512569 0.512582 0.512579 0.512553 0.512545
ENd(t) 6.99 7.39 6.67 6.69 7.26 7.07 6.67 7.07 7.04 6.84 6.67 6.91 6.76 6.36 6.20
Tpm (Ma) 576 521 590 554 534 510 651 562 516 542 561 529 504 548 562
206ppy,204p 18.28 18.36 1841 18.46 18.27 19.11 18.15 18.57 18.59 18.63 18.38 18.39 19.00 19.04 18.88
+20 0.03 0.03 0.04 0.03 0.03 0.05 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.03
207pp,204ph 15.50 15.51 15.51 15.51 15.50 15.55 15.50 15.52 15.50 15.50 15.49 1549 15.54 15.55 15.54
+20 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.03 0.02 0.03 0.03 0.03 0.03 0.03 0.03
208pp,204ph 38.12 38.22 38.24 38.29 38.07 38.95 38.04 38.02 38.06 38.13 38.05 37.94 38.81 38.69 38.46
+20 0.11 0.17 0.14 0.1 0.11 0.16 0.12 0.12 0.12 0.12 0.14 0.12 0.13 0.12 0.12
(2%°pb/204pb); 17.86 17.87 17.83 17.82 17.85 17.83 17.89 17.87 17.63 17.77 17.79 17.87 17.83 17.94 18.05
(?°7Pb/2%4Pb); 1548 15.49 1548 15.48 1548 15.48 15.49 1548 15.45 15.46 15.46 15.46 1548 15.49 15.50
(298pb/2%4Pb); 37.69 37.68 37.65 37.63 37.63 37.64 37.70 37.55 37.44 37.47 37.45 37.48 37.56 37.49 37.64
Table 3
Selected two end-number samples and trace element partition coefficients for AFC model.
Sample Nb Zr Th U Sm Eu Gd ENd(1) References
TC-27 1.98 89.6 1.06 0.306 3.81 1.32 4.16 7.43 Xie et al. (2016b)
DST-05 10.5 206 111 33 6.15 0.938 517 6.2 This study
Partition coefficient D
Plagioclase (75%) 0.01 0.01 0.01 0.05 0.02 03 0.05 GERM website
Olivine (1%) 0.01 0.01 0.0001 0.0001 0.004 0.005 0.004 (http://www.earthref.org/databases/KDD/main.htm)
Clinopyroxene (20%) 0.008 0.2 0.013 0.017 0.3 0.3 0.6
Orthopyroxene (1%) 0.001 0.032 0.001 0.017 0.015 0.03 0.034
Magnetite (3%) 0.07 0.7 0.1 0.1 0.026 0.025 0.018
Bulk D 0.011 0.069 0.013 0.044 0.076 0.286 0.158
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Fig. 13. Idealized illustration for the Late Carboniferous to Early Permian tectonic evolution in the Bogda belt: A) an arc system for the generation of the felsic volcanics in the Late
Carboniferous; B) a post-collisional setting after “soft” arc-arc collision in the Early Permian modified after Yuan et al. (2010) and Chen et al. (2011).

(e.g., Dorsey and LaMaskin, 2007). However, such “soft” arc-arc
collision may only last for a very short time (<10 Ma; Fig. 12).

7. Conclusion

The I-type felsic volcanics (315-319 Ma) of the Upper Carboniferous
Liushugou Formation in the Bogda belt is in conformable contact with
the high-Al basalts. They are composed of trachy-andesite-trachyte
ignimbrites and rhyolite lavas and show arc-like geochemical character-
istics with low zircon saturation temperatures. The Bogda intermediate
ignimbrites and rhyolites mainly formed by partial melting of a juvenile
and hydrated arc crust rather than by fractional crystallization of
the coexisted high-Al basalts. However, melting-mingling textures,
abundant feldspar aggregates and various 6Eu ratios are consistent
with that magma mingling and feldspar fractionation processes also
played an important role in the genesis of the felsic ignimbrites. We
propose that the Carboniferous island arc system was followed by
a post-collisional orogenic system in the Early Permian by arc-arc
collision at the end of Late Carboniferous.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2016.07.005.
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