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Abstract – The basaltic pillow lavas in the Liuyuan region of NW China, considered to be part of
an ophiolitic suite, have been central to the models on tectonic setting, evolution and timing of the
final closure of the Palaeo-Asian Ocean. New field evidence on the sedimentary units associated
with the basalts reveals comparable sequences in the northern and southern flanks of the Liuyuan
Volcanic Belt with coarse to fine sediments from periphery to the centre. The dacites and rhyolites
formed coevally with the pillow basalts. The pillow basalts are interlayered with lacustrine sandstone,
claystone and clayey lake deposits. Detrital zircons from these sediments yield zircon U–Pb ages of
291–285 Ma. Andesites, dacites and rhyolites from the basaltic sequence yield U–Pb ages of 280–
277 Ma, similar to the 282–280 Ma ages of gabbros that intrude the pillow lavas. All these rocks cover
the 460–440 Ma granite and greenschist basement and have been intruded by gabbros of c. 272 Ma
age, with subsequent (230–227 Ma) north–south contractional thrusting and folding. The data from
our study are incompatible with the existing models that consider the basalts as part of an ophiolitic
suite. Along the northern continental margin of China from west to east, the Tarim, Dunhuang-Alxa
and North China cratonic areas all show evidence for regional extension through rifting during early–
middle Permian time. These rift features and basaltic eruptions occurred coevally with the assembly
of various microcontinental blocks against the Siberian craton at c. 300–250 Ma, synchronous with
amalgamation of the Central Asian Orogenic Belt (CAOB) on the northern side of the Liuyuan Rift.
These events were also broadly synchronous with formation of the global supercontinent Pangea.

Keywords: rift system, pillow-lava basalt, zircon geochronology, tectonics, Central Asian Orogenic
Belt.

1. Introduction

Extensional tectonics, such as those along rifts within
the interior and margins of continents and along
spreading ridges in oceanic settings, have been a
topic of global interest (e.g. Ziegler, 1992; Ziegler &
Cloetingh, 2004; Sachau & Koehn, 2010; Liao &
Gerya, 2015; Pirajno & Santosh, 2015). In contin-
ental areas, the origin of rifts and associated processes
have been correlated to diverse geodynamics includ-
ing disruption of supercontinents, orogenic lithospheric
delamination and ascent of mantle plumes, among other
models (Sachau & Koehn, 2010; Buiter & Torsvik,
2014; Nance, Murphy & Santosh, 2014; Pirajno, 2015;
Wang et al. 2015). Major basaltic eruptions along the
continental margins between an orogenic belt and con-
tinent have been attributed to post-orogenic eruptive
activity, or related to a mantle plume. The tectonic set-
ting or stresses that constrain volcanic eruptions dur-
ing the period following oceanic subduction and colli-
sion and prior to intracontinental deformation is an im-
portant factor in evaluating the global significance of
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volcanic eruptions in continental interiors or along con-
tinental margins (e.g. Ziegler & Cloetingh, 2004). The
process of convergence between plates involving the as-
sembly of continents and microcontinents is complex;
the contractional setting during this process can loc-
ally generate major rifts and volcanic eruptions which
are different from those associated with regional exten-
sional tectonics or through mantle plumes.

The Liuyuan Volcanic Belt is located within the
Beishan region of NW China, which is connected to
the NE extension of the Tarim Block and the Tianshan
Orogenic Belt (Fig. 1). Previous studies have investig-
ated the volcanic eruptions and tectonic setting of this
belt and in adjacent regions (Li & Xu, 2004; J. B. Li
et al. 2006; J. Y. Li et al. 2006; Xiao et al. 2009; Su et al.
2011a, b; Mao et al. 2012; Tian et al. 2013, 2014; Xu
et al. 2014; Cleven et al. 2015), and also evaluated these
with specific reference to the tectonics associated with
the central Asian Orogenic Belt (CAOB) (Kröner et al.
2014; Safonova & Santosh, 2014), the largest Phanero-
zoic accretionary orogen around the world (e.g. Xiao &
Santosh, 2014; Xiao, Sun & Santosh, 2015). The tec-
tonic setting of the Liuyuan Volcanic Belt is debated,
and it has been variously correlated with delamination
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Figure 1. (Colour online) Tectonic setting of the Liuyuan Volcanic Belt and its adjacent regions. (a) 290–250 Ma basaltic eruptions,
tectonic features and distribution of orogenic belts and continental blocks in Asia (from Wang et al. 2015). (b) Regional tectonic map
of the Liuyuan Volcanic Belt and surroundings. The Tarim Block, Tianshan Orogenic Belt, Altyn Tagh Fault, Xingxingxia Shear Zone,
the Dunhuang Block and the NE extension of the Tarim Block are shown.
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after the Tianshan Orogeny (Zhao et al. 2006), the
Tarim mantle plume (Qin et al. 2011), a Permian–
Triassic ophiolite complex (Xiao et al. 2009; Mao et al.
2012) and a rift system (Zuo et al. 1991; Zuo, Liu &
Liu, 2003; Jiang et al. 2007). The geochemical data
from the basalts have therefore been used to propose
crustal delamination, related to the Tianshan Orogenic
Belt after c. 320 Ma, and followed by collision and clos-
ure of the Palaeo-Asian Ocean (Han et al. 1998, 2011).
On the basis of geochemical data and regional geology,
Mao et al. (2012) and Xiao et al. (2009) concluded
that the basaltic belt marks the southern margin of the
CAOB (Altai region) and that it represents an ophi-
olite complex that marks the relic of the final closure
of the Palaeo-Asian Ocean at c. 230 Ma. On the basis
of 290–280 Ma basaltic eruptions in Tarim and east-
ern Tianshan, Qin et al. (2011) and many others have
suggested that the basalts were the result of a mantle
plume. Jiang et al. (2006, 2007) suggested that the vol-
canic rocks represent a rift system that formed after
orogenesis in the CAOB, based on the petrology and
geochemical features of mafic andesites and the magma
generation correlated to re-melting of the continental
lithosphere. Su et al. (2011a) marked the region as the
‘Beishan Rift’. In all these arguments, the timing and
tectonic setting of these events are vitally significant.

There are three main views regarding the tectonic set-
ting of the formation of the Liuyuan Volcanic Belt. The
first proposal is post-orogenic rifting or delamination of
the lithosphere (Han et al. 1998) following the collision
of the Tarim and Kazakhstan plates, which is proposed
to have culminated before 300 Ma. This was followed
by rifting and delamination with magmatism character-
ized by basaltic and related rocks through crust–mantle
interactions. The second proposal is based on the idea
that the basaltic pillow lavas belong to an ophiolite com-
plex, and that they are related to the adjacent granites
(460–400 Ma) and other Permian island-arc materials
(Mao et al. 2012). These oceanic ridge materials are
thought to have been involved in the final closure of
the Palaeo-Asian Ocean, as late as 230 Ma (Mao et al.
2012). The basalt has also been correlated to a mantle
plume (c. 280 Ma) (Zhou et al. 2004; Qin et al. 2011)
that affected the entire western part of NW China dur-
ing early Permian time.

The models above describe three contrasting tectonic
settings: contraction (ophiolites in the zone of plate
convergence), extension (delamination or rifting) or a
mantle plume (ascending from depth). In terms of mod-
ern tectonics, four possible scenarios can be envisaged
for the formation of a mantle plume such as rifting,
spreading at an oceanic ridge and continental or oro-
genic delamination. This raises a number of questions,
including the following. (1) Are the mid-oceanic-ridge-
basalt- (MORB-) type basalts related to the opening
of an ocean basin, a rift, delamination or an ocean-
island-basalt (OIB-) type magmatic source? (2) What
characterizes the sedimentary sequences and structural
deformation associated with the basaltic rocks in the
Liuyuan Volcanic Belt, between continental margin

and continental interiors? (3) What is the relationship
between gabbros and basalts in the region? Do the gab-
bros represent the closure of an ocean basin, a thrust
system or are they just intrusive contacts? Where are the
cherts from the oceanic realm? The lack of appropriate
answers to these questions reflects the fact that field
geology and other characteristics of the rocks remain
unclear. Of relevance is the fact that similar basaltic
systems have formed regionally and mainly along the
northern margin of China, such as in association with
the Tarim, Dunhuang-Alxa and North China blocks
(Fig. 1B), as well as in the southern Kyrgyz Tienshan
(Simonov et al. 2015). This observation is important
in deducing the nature of the magmatic evolution and
tectonic setting, but it remains unclear (1) whether or
not such events are typical of a collision belt and (2)
whether they are related to the post-collisional period
or the assembly of continental blocks during the form-
ation of the Pangea supercontinent. It is also important
to evaluate, on the crustal or lithospheric level, whether
the basaltic rocks represent extension or a rift developed
in a collisional belt, and if the margin of the continental
block has been overprinted.

In this paper, we present detailed cross-sections
from field investigations, describe structural patterns,
present results of microstructural analyses and discuss
age constraints from zircon U–Pb geochronology. We
also compare the tectonic setting of basaltic volcanic
rocks along the continental margin of north China, such
as in the Tarim, North China Craton, the Dunhuang-
Alxa and microcontinental blocks, in an attempt to re-
construct the volcanic and related events that took place
during the assembly of these continental blocks during
Permian time. We also discuss the origins of the mag-
mas, horizontal flow regimes and magma upwelling.

2. Tectonic setting and geological features

2.a. Tectonic setting

The Liuyuan Volcanic Belt is located on the corner of
the NE extension of the Tarim Block (Figs 1b, 2). It is
bounded by the Dunhuang-Alax Block (c. 900 Ma) to
the south, and is connected with, and subparallel to, the
Xingxingxia sinistral ductile shear zone on its NW side
(Fig. 2). It is also connected to the Tianshan Orogenic
Belt on its western side and the Inner Mongolia Oro-
genic Belt to the east, which is possibly the southern
boundary of the CAOB (Xiao et al. 2010). On both
the southern and northern sides of the volcanic belt
the volcanic and associated sedimentary rocks cover a
variety of older rocks, including Ordovician–Silurian
metamorphic and magmatic rocks, and metamorph-
osed granites and granodiorites that may represent a
late Permian – Mesozoic island arc (Mao et al. 2012).
The sinistral Xingxingxia and Altyn Tagh faults cut
the Liuyuan Volcanic Belt on the NW and SE sides,
respectively. Regionally, the Liuyuan Volcanic Belt is
situated between the Tarim and Dunhuang-Alxa blocks,
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Figure 2. (Colour online) Tectonic features of the Liuyuan Volcanic Belt and the connected Tianshan Orogenic Belt and Dunhuang
Block. O-S – Ordovician–Silurian.

and on the northern margin of the Dunhuang Block
between the Siberian and Tarim–Qaidam blocks.

2.b. Sedimentary sequences and their characteristics

From north to south, the Liuyuan Volcanic Belt com-
prises Ordovician–Silurian granite/metamorphic rocks
that are overlain by a series of coarse volcanic-bearing
sandstones with thin conglomerates, coarse sandstones,
sandstones, fine-grained sandstones, claystones and
black shales (Figs 3–6). The central part of the re-
gion is composed of basaltic pillow lavas and vol-
canic conglomerates (Figs 3–4). In the south, running
from south to north there are metamorphosed granites
of Ordovician–Silurian age, claystones that have been
affected by contact metamorphism, steeply dipping
schists, fine-grained sandstones, sandstones, coarse-
grained sandstones and sandstones containing small
pebbles. The sedimentary sequences on the southern

and northern sides of the volcanic belt are comparable
in both lithology and age (Fig. 6).

The sedimentary sequence on the northern side of the
Liuyuan Volcanic Belt is continuous and well exposed
on the NW side of Liuyuan Town and in a valley in the
far east of the area (Fig. 3). There are clasts of basalt,
rhyolite and tuff within the coarse or pebbly material
(Figs 4, 5). Underlying the pebbly material are fine-
grained conglomerates and interbedded conglomer-
ates and sandstones. Steeply dipping pebbly layers and
tuffs occur in the sedimentary sequence, and the tuffs
contain fragments of granite and schist (Fig. 5a, b).
On the northern side of the belt, the coarse sediment-
ary rocks lie directly on top of Ordovician–Silurian
schists and granite. Not only were fragments of gran-
ite and schist deposited together with the tuff, but we
also found subaqueous slump structures in the sand-
stones. The coarser sedimentary rocks are overlain
by black fine-grained sandstone and claystone, with a
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Figure 3. (Colour online) Geological map of the Liuyuan Volcanic Belt. Age data, sample locations and cross-section in Figure 4 are
shown. Q – Quaternary; P1zh – Early Permian Zheshi Formation; C – Carboniferous; O-S – Ordovician–Silurian.

continuous sequence of subaqueous deposits. On the
southern side of the belt we have observed contact
metamorphism of claystones by the basalt, with a sharp
contact between the basalt and hornfelsed claystone,
clearly showing that the black sandstones and clay-
stones were deposited before the eruption of the basalt.
Along the central part of the volcanic belt within the
pillow lavas are soft claystones that contain pebbles of
basalt, which shows the basalt was erupted in a lake or
deep water. There are also some conglomerates with
rhyolite clasts.

Late Permian – Middle Triassic reddish volcani-
clastic sandstones are common. Synsedimentary vol-
canic eruptions are also evident where basaltic, rhyol-
itic and dacitic material was directly incorporated into
the muds and clays on the lake floor. However, there
are no cherts, limestones or dolomites associated with
these volcanic rocks.

2.c. Structural features

A variety of structures have affected the Liuyuan Vol-
canic Belt, such as ENE–WSW-trending strike-slip
faults, vertical thrust faults and inclined folds. Over-
all, the region is characterized by a series of synclines
that fold the layers of sediment and volcanic mater-
ial (Figs 5g, h, 7). The layers dip to the south on the
northern side of the belt and, south of the pillow-lava
basalts, dip to the north. On the southern side of the
belt, a recumbent fold that verges southwards is asso-
ciated with thrust faulting (Fig. 5h). In the central part
of the basaltic belt, a large amount of WSW–ENE-
aligned strike-slip motion has affected the tuff and
basalt layers (Fig. 5g). Basalts inclined at a high angle

form drag folds within the strike-slip fault zone, but not
elsewhere. On the northern side of the belt, although
the sedimentary sequence dips to the south, north-
dipping thrust faults are exposed along the boundary
between the sediments and the basalts. These thrust
faults cut through the gabbro, schist and dacite, suggest-
ing that the faulting postdates all those rocks. Within
the basaltic belt folding has resulted in the rocks dip-
ping both north and south, generating complex folds
although no thrust fault as reported in the cross-section
of Mao et al. (2012) was identified. Close to where
the basalts were erupted, the fine-grained and black-
coloured sandstones show steep dips. A summary of
the kinematics of the region is provided in Figure 7,
clearly revealing the north–south-aligned compression
that is expressed generally as a transpression.

A mylonite-bearing ductile shear zone was identi-
fied on the northern side of the belt, although the shear
zone only affects the Ordovician–Silurian greenschists
and does not represent a sheared boundary between
the Ordovician–Silurian rocks and the Permian sedi-
mentary sequences. The granites and the Ordovician–
Silurian metamorphic rocks have been thrust over the
gabbros and basalts of the Liuyuan Volcanic Belt, but
only brittle deformation is observed along that thrust.

2.d. Volcanic profiles and their features

The basaltic pillow lavas are commonly weathered and
eroded, carbonatized and chloritized, and have been
variably folded. Volcaniclastic rocks with both felsic
and mafic fragments are observed within the basaltic
layers. Between the layers of pillow lava there are
sandstones, claystones and mud-carbonate sandstones
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Figure 4. (Colour online) Cross-sections of the Liuyuan Volcanic Belt. Cross section A–A’ is indicated in Figure 3.

(described as chert by Mao et al. 2012; Figs 4, 5c, d),
and it is evident that claystones were being deposited
in the lakes at the same time that the basalts were erup-
ted. The pillow lavas are found in the central part of
the volcanic belt, but on both the northern and south-
ern sides of the belt there are no pillow lavas. In the
extreme NE part of the basalt domain, claystones and
other fine-grained sediments occur with layers that con-
tain rhyolitic and andesitic material. The volcanic rocks
are not only basalt, but also include felsic, intermediate
and mafic magmatic units (although not necessarily to-
gether in the same area). Detailed cross-sections across
the Liuyuan Volcanic Belt are shown in Figures 4 and
6b. Within the pillow lavas there are claystones, but no
fossils have been found. The basaltic rocks (which have
trachytic textures) and the accompanying rhyolites and
dacites have been described by Jiang et al. (2006).

2.e. Magmatic features and ages of the intrusions:
constraints on the timing of tectonic events

On both the northern and southern sides of the basaltic
pillow lava are vast exposures of granite and schist of
Ordovician and Silurian age (see the following sec-
tion for the results of zircon LA-ICP-MS dating). Gi-
ant mafic dykes that run parallel to the main east–
west-trending structural lines of the area also occur.
The dykes formed earlier than the main pillow basalt
eruptions.

Regardless of their coarse- or fine-grained nature, the
gabbros and olivine gabbros display intrusive relation-
ships with the eruptive basaltic rocks (Fig. 5e, f) and
the contacts between gabbro and basalt are not thrust
faults. Examples are found at Gubaoquan and other
places where coarse- and fine-grained gabbros have
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Figure 5. (Colour online) Photographs and microphotographs of typical sedimentary layers and structural features along the Liuyuan
Volcanic Belt. (a) Pebbly sandstone on the south side of the Liuyuan Volcanic Belt. (b) Photomicrograph from (a); feldspar, quartz
and volcanic clasts are included. (c) Sandstone and breccias between basalt layers, which was referred to as siliceous chert in Mao
et al. (2012). (d) Surface of the sandstone and microphotographs from (c). (e) Intrusive relationship between gabbro and basalt in the
southern part of the Liuyuan Volcanic Belt, also along cross-section A-A’ (Fig. 4). (f) Intrusive relationship between gabbro and basalt
in the northern part of the Liuyuan Volcanic Belt. (g) Basalt layers deformed by the strike-slip motion. (h) South-vergent fold-and-thrust
fault deformation on the south side of the Liuyuan Volcanic Belt.

intruded into the basalts and sedimentary sequences
(Fig. 3). A gabbro intrudes into the pillow lavas at
Huitongshan Point (east of Gubaoquan), and the in-
trusive contact is clearly exposed. In the southern part
of the Liuyuan cross-section, a fine-grained gabbro was
intruded into pillow lavas. All of the volcanic rocks, as
well as the sandstones beneath the volcanic rocks, have
been unconformably overlain by the upper Permian –
Lower Triassic reddish sandstones. Throughout the re-
gion, lamprophyre dykes have intruded parallel to the
axial planes of folds; these dykes postdate all the meta-
morphic, sedimentary and intrusive rocks. Samples of
these dykes have been collected from the southern side
of the volcanic belt in order to constrain the timing of
deformation.

3. Zircon U–Pb LA-ICP-MS geochronology

3.a. Analytical methods

Zircons were extracted using conventional separa-
tion techniques before hand-picking under a binocu-
lar microscope, mounting in epoxy resin and pol-
ishing to expose the zircon cores. The zircons were
then imaged using cathodoluminescence (CL) and an
electron microprobe to identify well-preserved and rep-
resentative zircons for analysis. One or two analyt-
ical points on each zircon were used for trace-element
analyses and U–Pb dating. Analyses of zircon trace-
element compositions and some of the dating were per-
formed by laser-ablation inductively coupled plasma
mass spectrometer (LA-ICP-MS) at China University
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Figure 6. (Colour online) Sedimentary distributions and relationships between basalt and sandstone of the Liuyuan area. (a) Sedimentary
profiles in different positions along the Liuyuan Volcanic Belt. (b) Summary cross-section of the present sedimentary rocks, basalt and
gabbro (A–A’) and potential Permian sedimentary section of the Liuyuan Volcanic Belt (B–B’) (no scale). Q – Quaternary; P1zh –
Early Permian Zheshi Formation; C – Carboniferous; O-S – Ordovician–Silurian.

of Geosciences, Wuhan, China using a c. 30 μm dia-
meter spot size and the well-established laboratory pro-
cedures described by Liu et al. (2004). The rest of
the dating was undertaken at the China University of
Geosciences, Beijing, China. A 91500 zircon was used
as an external standard during the age calculations and
was measured every five or six analyses; in addition,
the NIST SRM610 standard was analysed twice every

20 analyses of U, Th and Pb trace elements. U–Pb ages
were calculated using ISOPLOT 3.23 (Ludwig, 2005).

3.b. Analytical results

A total of 22 samples of sandstone, gabbro, da-
cite, rhyolite and granite (Fig. 3) were collected
to constrain the timing of eruption of the basalt,
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Figure 7. (Colour online) Structural features and kinematic directions on both the north and south sides of the Liuyuan Volcanic Belt.
Inset equal: area lower hemisphere stereonets show fold, fault and foliations kinematics. As well as typical marked fold, fault and
foliation, others are based on the bedding dips and foliations (parallel to sedimentary beds). Q – Quaternary; P1zh – Early Permian
Zheshi Formation; C – Carboniferous; O-S – Ordovician–Silurian.

deposition of the sedimentary sequences, emplace-
ment of the granites and deformation evidenced by
syndeformational lamprophyre dykes. Data from in-
dividual samples are listed in Table 1, plotted in
Figure 8 and online supplementary Figure S1 (avail-
able at http://journals.cambridge.org/geo) and are
briefly described below. Data are listed in online
supplementary Table S1 (available at http://journals.
cambridge.org/geo).

3.b.1. Detrital zircons

Zircons from six sandstone samples were analysed,
including one black sandstone sample (LY-25) from
the top of the pillow lavas, two deformed sandstone
samples (LY-76 and LY-56) on the south side of the
Liuyuan Volcanic Belt and three deformed sandstone
samples (LY-59, LY-89 and LY-92) on the north side.

Sample LY-25. A total of 24 spots were analysed from
24 zircon grains. The Th contents show a range of 88–
651 ppm and U contents a range of 116–1489 ppm.
The Th/U ratios are 0.12–1.50 (Table S1, avail-
able at http://journals.cambridge.org/geo). The ana-
lyses provide a wide range of ages over 641–231 Ma,
among which five ages form the youngest group with a
206Pb/238U weighted mean age of 234 ± 10 Ma. Another
two age clusters are 438 ± 19 Ma and 281 ± 11 Ma.

Sample LY-56. A total of 30 spots were analysed
from 30 zircon grains. The Th contents show a range of
35–680 ppm and U contents a range of 85–1067 ppm.

The Th/U ratios are 0.16–1.06 (Table S1, available
at http://journals.cambridge.org/geo). The 206Pb/238U
ages show a wide range over 1181–269 Ma. Eighteen
spots define the youngest weighted mean 206Pb/238U
age of 284 ± 7 Ma (MSWD = 6.9). Another group, in-
cluding three analytical spots, yielded a weighted mean
206Pb/238U age of 429 ± 24 Ma.

Sample LY-76. A total of 120 spots were analysed
from 120 zircon grains. The Th contents show a range
of 27–2259 ppm and U contents a range of 118–
3881 ppm. The Th/U ratios are 0.12–1.09 (Table S1,
available at http://journals.cambridge.org/geo). The
analyses can be clearly divided into two age groups,
among which 37 form a coherent group with a con-
cordia 206Pb/238U age of 285 ± 5 Ma (MSWD = 5.9).
Another group, including 47 analytical spots, yielded a
weighted mean 206Pb/238U age of 433 ± 7 Ma.

Sample LY-59. A total of 90 spots were analysed from
90 zircon grains. The Th contents show a wide range
of 14–869 ppm and U contents a wide range of 26–
1973 ppm. The Th/U ratios are 0.14–1.66 (Table S1,
available at http://journals.cambridge.org/geo). The
206Pb/238U ages show a wide range over 2578–279 Ma.
The data can mainly be divided into two age groups.
One group with 24 spots yielded a weighted mean
206Pb/238U age of 293 ± 5 Ma (MSWD = 3.3). Another
group with 48 analytical spots yielded a weighted mean
206Pb/238U age of 440 ± 6 Ma (MSWD = 4.1).

Sample LY-89. A total of 110 spots were analysed
from 110 zircon grains. The Th contents show a range
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Figure 8. (Colour online) Part of zircon LA-ICP-MS age data plots and mean ages of 206Pb/238U for sedimentary rocks, volcanic rocks,
gabbro and granite. Others are available in data repository.
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Table 1 Sampled sites, petrologic descriptions and zircon age data in Liuyuan area

Sampled
number Latitude and longitude Petrologic descriptions Positions in the field 206Pb/238U mean age (Ma)

LY-20 41° 01′ 17′′ N, 95° 28′ 12′′ E Volcanic clastics (top of
the pillow lava)

S. Liuyuan 268 ± 9 Ma, 429 ± 17 Ma

LY-22 41° 01′ 32′′ N, 95° 28′ 13′′ E gabbro S. Liuyuan 404 ± 14 Ma
LY-25 41° 01′ 39′′ N, 95° 28′ 12′′ E Black sandstone (top of

pillow lava)
S Liuyuan 234 ± 10 Ma, 281 ± 11 Ma, 438 ± 19 Ma

LY-41 41° 03′ 46′′ N, 95° 28′ 20′′ E Gabbro S Liuyuan 270 ± 1 Ma
LY-45 41° 01′ 17′′ N, 95° 09′ 00′′ E Mylonite N Huitongshan 926 ± 15 Ma
LY-56 40° 57′ 56′′ N, 95° 09′ 58′′ E Sandstone S Huitongshan 284 ± 7 Ma, 429 ± 24 Ma
LY-59 41° 04′ 55′′ N, 95° 27′ 21′′ E Sandstone N Liuyuan 293 ± 5 Ma, 440 ± 6 Ma
LY-65 41° 05′ 42′′ N, 95° 26′ 45′′ E Mylonitized diorite N Liuyuan 466 ± 7 Ma
LY-69 40° 59′ 43′′ N, 95° 08′ 54′′ E Granite Huitongshan 451 ± 6 Ma
LY-74 40° 58′ 56′′ N, 95° 07′ 19′′ E O-S schist Huitongshan 457 ± 33 Ma
LY-75 40° 58′ 55′′ N, 95° 07′ 20′′ E Granitic lens Huitongshan 895 ± 15 Ma
LY-76 41° 01′ 33′′ N, 95° 41′ 53′′ E Sandstone Xiadong 285 ± 5 Ma, 433 ± 7 Ma
LY-77 41° 01′ 35′′ N, 95° 41′ 53′′ E Lam (dyke) Xiadong 227 ± 7 Ma
LY-81 41° 05′ 46′′ N, 95° 43′ 02′′ E Siliceous rock Xiadong 272 ± 34 Ma (not good)
LY-88 41° 06′ 21′′ N, 95° 56′ 48′′ E Dacite Xiadong 280 ± 4 Ma, 424 ± 19 Ma
LY-89 41° 06′ 21′′ N, 95° 56′ 48′′ E Dacite Xiadong 279 ± 3 Ma, 438 ± 10 Ma
LY-92 41° 07′ 07′′ N, 95° 50′ 05′′ E Sandstone on the O-S

schist (boundary)
West of Xiadong 285 ± 5 Ma, 442 ± 5 Ma

LY-94 41° 06′ 52′′ N, 95° 48′ 16′′ E Granite (intruded by
diabase dykes)

West of Xiadong 422 ± 5 Ma

LY-95 41° 05′ 54′′ N, 95° 48′ 19′′ E Rhyolite West of Xiadong 277 ± 4 Ma
LY-101 41° 04′ 24′′ N, 95° 16′ 15′′ E Granite (intruded by

diabase dykes)
Huitongshan 445 ± 4 Ma

LY-108 41° 00′ 32′′ N, 95° 14′ 38′′ E Fine-grain gabbro Huitongshan 280 ± 6 Ma
LY-122 41° 04′ 08′′ N, 95° 29′ 13′′ E Gabbro S Liuyuan 277 ± 3 Ma

of 65–2185 ppm and U contents a range of 169–
4049 ppm. The Th/U ratios are 0.07–1.35 (Table S1,
available at http://journals.cambridge.org/geo). Ex-
cluding 22 spots, the remaining 88 can be divided into
two age groups: one with 57 spots yielded a weighted
mean 206Pb/238U age of 279 ± 3 Ma (MSWD = 3.3);
and another with 31 analytical spots yielded a weighted
mean 206Pb/238U age of 438 ± 10 Ma (MSWD = 5.3).

Sample LY-92. A total of 110 spots were ana-
lysed from 110 zircon grains. The Th con-
tents show a wide range of 20–9525 ppm and
U contents a wide range of 66–6307 ppm. The
Th/U ratios are 0.07–2.45 (Table S1, available at
http://journals.cambridge.org/geo). The analyses can
also be divided into two age groups: one with 29 spots
yielded a weighted mean 206Pb/238U age of 285 ± 5 Ma
(MSWD = 4.4) and another with 62 spots yielded a
weighted mean 206Pb/238U age of 442 ± 5 Ma.

In summary, the data described above indicate that:
(1) there are two clusters of detrital zircon ages on the
northern side of the Liuyuan Volcanic Belt (293–279
and 442–438 Ma), and two clusters on the southern
side (285–284 and 429–417 Ma); and (2) the sand-
stone at the top of the pillow lavas was deposited after
234 ± 10 Ma.

3.b.2. Volcanic rocks

Zircons from four volcanic samples were analysed,
including one volcanic conglomerate sample (LY-20)
from the top of the pillow lavas in south Liuyuan,
two dacite samples (LY-88 and LY-81) from the east
of Liuyuan Town (Xiadong valley) and one rhyolite

sample (LY-95) from the east of Liuyuan Town (west of
Xiadong valley).

Sample LY-20. A total of 17 spots were analysed from
17 zircon grains. The Th contents show a wide range
of 41–3410 ppm and U contents a wide range of 104–
6263 ppm. The Th/U ratios are 0.26–1.20 (Table S1,
available at http://journals.cambridge.org/geo). The
206Pb/238U ages show a range of 1407–119 Ma. Four
spots yielded a weighted mean 206Pb/238U age of
268 ± 9 Ma (MSWD = 0.62), and another four
spots yielded a weighted mean 206Pb/238U age of
429 ± 17 Ma (MSWD = 0.69).

Sample LY-88. A total of 39 spots were analysed
from 39 zircon grains. The Th contents show a wide
range of 32–7244 ppm and U contents a wide range
of 82–14452 ppm. The Th/U ratios are 0.17–1.11. The
206Pb/238U ages show a range of 440–218 Ma. Exclud-
ing 10 analyses, 29 spots yielded a weighted mean
206Pb/238U age of 280 ± 4 Ma (MSWD = 2.2). Five
of the other 10 analyses yielded a weighted mean
206Pb/238U age of 424 ± 19 Ma (MSWD = 0.27). The
other five analyses yielded a mix of ages over the range
400–300 Ma.

Sample LY-81. The zircons in this siliceous rock are
too small to analyse with any precision. We attempted
to analyse eight spots, and their Th contents showed
a wide range of 144–5529 ppm and the U contents
a wide range of 197–5090 ppm. The Th/U ratios are
0.18–1.75. The 206Pb/238U ages showed a wide range of
913–215 Ma.

Sample LY-95. A total of 44 spots were analysed from
44 zircon grains. The Th contents show a range of 29–
3433 ppm and U contents a range of 79–1935 ppm.
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The Th/U ratios are 0.36–1.77. Excluding 3 spots, the
remaining 41 spots yielded a weighted mean 206Pb/238U
age of 277 ± 4 Ma (MSWD = 7.2).

In summary, the data described above indicate that
the volcanic rocks formed at c. 280–270 Ma.

3.b.3. Gabbros

The zircons from four gabbro samples were ana-
lysed, including three gabbro samples (LY-22, LY-41
and LY-122) from south of Liuyuan Town and one
gabbro sample (LY-108) from Huitongshan (east of
Gubaoquan), west of Liuyuan Town.

Sample LY-22. A total of 11 spots were analysed from
11 zircon grains. The Th contents show a range of 45–
651 ppm and U contents a range of 107–1298 ppm.
The Th/U ratios are 0.19–0.68 (Table S1, available at
http://journals.cambridge.org/geo). Excluding 1 core
age of 1844 ± 21 Ma, the remaining 8 spots yiel-
ded a weighted mean 206Pb/238U age of 404 ± 14 Ma
(MSWD = 0.76).

Sample LY-41. A total of 37 spots were analysed from
37 zircon grains. The Th contents show a range of 125–
3036 ppm and U contents a range of 187–1902 ppm.
The Th/U ratios are 0.60–1.74 (Table S1, available at
http://journals.cambridge.org/geo). The 37 spots yiel-
ded a weighted mean 206Pb/238U age of 270 ± 1 Ma
(MSWD = 1.1).

Sample LY-108. A total of 30 spots were analysed
from 30 zircon grains. The Th contents show a range
of 14–719 ppm and U contents a range of 24–602 ppm.
The Th/U ratios are 0.45–1.19 (Table S1, available
at http://journals.cambridge.org/geo). Excluding 10
mixed or discordant ages, the remaining 20 spots yiel-
ded a weighted mean 206Pb/238U age of 280 ± 6 Ma
(MSWD = 0.34).

Sample LY-122. A total of 35 spots were analysed
from 35 zircon grains. The Th contents show a range of
14–6141 ppm and U contents a range of 27–1937 ppm.
The Th/U ratios are 0.46–3.17 (Table S1, available at
http://journals.cambridge.org/geo). Thirty-three spots
yielded a weighted mean 206Pb/238U age of 277 ± 3 Ma
(MSWD = 2.1).

In summary, the data described above indicate that
the gabbro formed at c. 280–270 Ma.

3.b.4. Granitic plutons and schists

The zircons from three granitic rocks and three schist
samples were analysed, including mylonite (LY-45) and
mylonitized diorite (LY-65) from north of Liuyuan
Town, granites (LY-69 and LY-101) and Ordovician–
Silurian schist (LY-74) from Huitongshan (east of
Gubaoquan) and granite (LY-94) from west of Xiadong
valley.

Sample LY-45. A total of 28 spots were analysed from
28 zircon grains. The Th contents show a range of 63–
1457 ppm and U contents a range of 298–1620 ppm.
The Th/U ratios are 0.11–1.03 (Table S1, available at
http://journals.cambridge.org/geo). Excluding two old

ages from zircon cores, the remaining 26 spots yiel-
ded a weighted mean 206Pb/238U age of 926 ± 15 Ma
(MSWD = 0.75).

Sample LY-65. A total of 68 spots were analysed from
68 zircon grains. The Th contents show a range of 77–
977 ppm and U contents a range of 159–1257 ppm.
The Th/U ratios are 0.39–1.32 (Table S1, available at
http://journals.cambridge.org/geo). Excluding 13 old
zircon core ages, mixed ages or discordant ages, the
remaining 55 spots yielded a weighted mean 206Pb/238U
age of 466 ± 7 Ma (MSWD = 2.6).

Sample LY-69. A total of 35 spots were analysed from
35 zircon grains. The Th contents show a range of 242–
1553 ppm and U contents a range of 380–6873 ppm.
The Th/U ratios are 0.18–1.18 (Table S1, available
at http://journals.cambridge.org/geo). Excluding three
slightly older or younger ages, the remaining 31 spots
yielded a weighted mean 206Pb/238U age of 451 ± 6 Ma
(MSWD = 1.6).

Sample LY-74. A total of 25 spots were analysed
from 25 zircon grains. The Th contents show a range
of 1–885 ppm and U contents a range of 46–3154 ppm.
The Th/U ratios are 0.001–0.61 (Table S1, available
at http://journals.cambridge.org/geo). The 206Pb/238U
ages show a range of 1459–392 Ma. Five spots yiel-
ded a weighted mean 206Pb/238U age of 457 ± 33 Ma
(MSWD = 4.9). The other spot analyses represent old
cores or mixed ages.

Sample LY-94. A total of 29 spots were analysed from
29 zircon grains. The Th contents show a range of 107–
493 ppm and U contents a range of 294–3106 ppm.
The Th/U ratios are 0.08–1.25 (Table S1, available
at http://journals.cambridge.org/geo). Excluding two
younger ages and two older ages, 25 spots yielded a
weighted mean 206Pb/238U age of 422 ± 5 Ma (MSWD
= 1.6).

Sample LY-101. A total of 35 spots were analysed
from 35 zircon grains. The Th contents show a range
of 293–1844 ppm and U contents a range of 712–
3047 ppm. The Th/U ratios are 0.34–0.67 (Table S1,
available at http://journals.cambridge.org/geo). The 35
spots yielded a weighted mean 206Pb/238U age of
445 ± 4 Ma (MSWD = 4.8).

In summary, the granite from Huitongshan yiel-
ded an age of 451 ± 6 Ma and was intruded by mafic
dykes. The mylonites and mylonitized diorites yielded
ages of 926 ± 15 and 466 ± 7 Ma, respectively. The
Ordovician–Silurian schist from Huitongshan yielded
an age of 457 ± 33 Ma.

3.b.5. Granitic and lamprophyre dykes: zircon LA-ICP-MS
geochronology

The zircons from two dykes were analysed, including a
granitic dyke (LY-75) from Huitongshan and a lampro-
phyre dyke (LY-77) from Xiadong.

Sample LY-75. A total of 30 spots were analysed
from 30 zircon grains. Excluding two discordant ages,
the 28 spots yielded a weighted mean 206Pb/238U age of
895 ± 15 Ma (MSWD = 0.81).
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Sample LY-77. A total of 32 spots were analysed from
32 zircon grains. The Th contents show a range of 131–
3383 ppm and U contents a range of 55–5105 ppm.
The Th/U ratios are 0.33–3.69 (Table S1, available at
http://journals.cambridge.org/geo). Twelve spots yiel-
ded a weighted mean 206Pb/238U age of 227 ± 7 Ma
(MSWD = 5.8). The other ages included the oldest
zircon core age of 1701 ± 174 Ma and various mixed
ages.

3.c. Interpretation of the zircon U–Pb age data

Previous works have reported ages for some of the
gabbros in the Liuyuan area and adjacent regions (e.g.
281 Ma, Ao et al. 2010), as well ages for granitic
plutons (e.g. 275 Ma, Qin et al. 2011). These data are
derived from different areas, and were not presented
in the context of a clear time sequence. For our study,
we focused on the various lithologies in the Liuyuan
area and examined the granites and schists, the overly-
ing sandstones, claystones, volcaniclastics, gabbros,
dacites, rhyolitic tuffs and also the reddish-coloured
sandstones that lie on top of all the other sequences
(Table 1; Fig. 9).

The surrounding areas of granite and schist on both
sides of the Liuyuan Volcanic Belt yield ages older than
the basaltic pillow lava and associated volcanic rocks.
They therefore represent former island-arc rocks rather
than the subduction zone materials that might have
formed in association with the closure of the Palaeo-
Asian Ocean during Ordovician–Silurian time; our data
do not indicate that they represent an ophiolite complex
of Permian age. The granitic rocks to the north of the Li-
uyuan Volcanic Belt have ages of 466–422 Ma, and all
of them have undergone thermal metamorphism. The
basement of the region, represented by granitic lenses
and mylonites, yielded ages of 926 and 895–860 Ma,
respectively, and these ages are consistent with existing
age data for the Dunhuang-Alxa crystalline basement
(e.g. Geng & Zhou, 2011).

Identical or similar age clusters of the detrital zircons
exist on both the southern and northern sides of the
Liuyuan Volcanic Belt, but the ages within the 290–
285 Ma clusters young from north to south (Fig. 3).
There are two clusters of detrital zircon ages on the
north side (293–285 and 440–450 Ma) and two on the
south side (290–280 and 440–430 Ma). On the northern
side of the zone, the younger age cluster is somewhat
earlier than on the southern side by c. 1–2 Ma. The
eruptions of tuff and volcaniclastic material pre-dated
the gabbros, dacites and rhyolites by c. 2–10 Ma. The
mafic intrusive activity took place at the same time as
the acid magmatic eruptions of dacite and rhyolite, and
is later than the volcaniclastics.

Our detrital zircon age data show that the sandstones
close to the basalt formed later than those further away
that carry younger zircon ages. An example is sample
LY-92 which has a cluster of zircon ages at c. 286 Ma
(206Pb/238U mean ages), with a youngest age of 279 Ma
that is close to, but slightly younger than, the age of

Figure 9. (Colour online) Summary sedimentary profiles and
relationships between basalt and gabbro. Age data are from this
study.

the basalt. The deposition of the tuffs in the Liuyuan
Volcanic Belt took place during 290–280 Ma, from the
margin to the centre of the sedimentary depression.

The ages of zircons in the gabbros are younger than
the ages of detrital zircon from the sandstones, but they
are similar to the ages of zircons from the rhyolites and
dacites. They mainly range over 280–277 Ma, but the
youngest gabbro that cuts all the pillow lavas has an age
of 272 Ma. Some of the gabbros are therefore some-
what younger than the dacites (277 Ma) and rhyolites
(277 Ma).

Continuous sedimentation on top of the pillow lava
basalts was taking place at c. 234 Ma, corresponding
to the regional depression in Tianshan and other areas
in the northern margin of Chinese continent. After this
period of subsidence, intracontinental deformation oc-
curred. The lamprophyre dykes yielded ages of 230–
227 Ma, and are therefore contemporaneous or slightly
younger than the intracontinental deformation. These
dykes were emplaced parallel to the axial planes of
folds, which constrains the time of formation of the
east–west-trending folds and thrust deformation in the
region.
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4. Discussion

4.a. Lack of evidence for oceanic sedimentation and
ophiolite complex

Mao et al. (2012), Xiao et al. (2009, 2010) and Xiao,
Sun & Santosh (2015) proposed that the Liuyuan Vol-
canic Belt represents an ophiolite complex based on
the following observations: chert layers within the
pillow lava basaltic series; numerous thrust faults; a
thrust relationship between the gabbros and the pillow
lavas; Permian island-arc magmatic systems on both
the northern and southern sides of the Liuyuan Vol-
canic Belt; and the presence of so-called MORB basalt.
However, our detailed field investigations do not sup-
port these inferences. The siliceous cherts and gabbros
derived from oceanic lithosphere are conspicuously ab-
sent. Also, the thrust system related to the ophiolite
complex is not found. We address these aspects in more
detail below.

Firstly, there is no evidence of an oceanic environ-
ment in the Liuyuan Volcanic Belt: there are no oceanic
sediments and no marine fossils. The pillow lavas oc-
curring in this area could just as well have formed un-
der fresh water (Yamagishi, 1985; Kawachi & Pingle,
1988). The sediments on both sides of the volcanic belt
are comparable, and the nature of the sandstones and
claystones from the margins to the centre of the rift
clearly show that the Liuyuan region was not an ocean
or an oceanic ridge. There are no limestones or dolo-
mitic rocks, and the muddy carbonates are consistent
with a lacustrine environment. The rock that Mao et al.
(2012, fig. 4a, e) described as chert is in fact sandstone
and pebbly sandstone.

Secondly, there is no thrust relationship between the
gabbroic intrusions and the pillow lavas (e.g. Kennish
& Lutz, 1998; Shaker Ardakani et al. 2009), and the
ophiolitic features reported by Mao et al. (2012) are
absent in our area. Our detailed cross-sections drawn
from field data show a lack of thrusting. What had
previously been described as a thrust fault is actually a
gravity collapse feature (Mao et al. 2012, fig. 4a).

Thirdly, the granites and schists (that have island-arc
characteristics) on both sides of the pillow-lava basalts
are Ordovician–Silurian in age (450–440 Ma) as shown
by our age data, far older than the 290–280 Ma Liuyuan
pillow lavas, and it is clear from field relationships that
the pillow lavas overlie the older Ordovician–Silurian
granites and schists. There is therefore no evidence that
the formation of the Liuyuan pillow-lava basalts was
related to an island arc (not even a Permian island arc)
or a subduction zone, and it is possible that there was
never an oceanic realm within which the Liuyuan lavas
were erupted.

Finally, we note that the Ar–Ar and Rb–Sr data
of Mao et al. (2012), which gave ages of c. 230–
220 Ma for the granites and schists, are cooling ages.
In contrast, our zircon U–Pb ages of 450–440 Ma for
these rocks represent an island arc that formed at 450–
440 Ma and not 230–220 Ma. So far, granites with ages
of 230–220 Ma have not been found in the Liuyuan Vol-

canic Belt and adjacent regions either in our study or
in previous work.

We therefore conclude that there is no evidence for
an ophiolite complex or an island arc that is related to
the Permian Liuyuan pillow lavas. The Ordovician and
Silurian granites and schists were formed in relation to
earlier episodes of active tectonics along a continental
margin that involved the microcontinental Dunhuang-
Alxa Block. The northern and southern sides of the
Liuyuan pillow-lava belt, composed of older granites
and schists, were certainly connected to each other,
but the region started to rift in the Permian. A lake was
created in which the various sediments described above
were deposited and where the pillow lavas erupted. The
volcanic belt includes not only pillow-lava basalt, but
dacites and rhyolites.

Previous studies have described the pillow lavas as
MORB types (Xiao et al. 2010; Mao et al. 2012), and
it seems clear that the basalts and related gabbros have
trace-element and isotopic Nd and Sr compositions that
are close to those of MORB (Zhao et al. 2004, 2006;
Jiang et al. 2007; Mao et al. 2012). In fact, there are
two end-members of OIB and MORB, with MORB be-
ing the main end-member (Liu, Zhao & Guo, 2006;
Zhao et al. 2006; Pan, Guo & Zhao, 2008; Zhang et al.
2011, 2012). However, these basalts lie between basalt
and trachybasalt on SiO2–K2O plots (Jiang et al. 2007).
Notably, in addition to the basalt there are felsic rocks
(including tuffs and dacite), suggesting that the rift vol-
canic rocks constitute a bimodal volcanic series. The
magma would have formed from depleted mantle, per-
haps asthenospheric mantle (Jiang et al. 2007), but the
rocks would not have formed at an oceanic ridge or in
association with a subduction-related fore-arc or back-
arc (such as the SSZ, as was proposed by Mao et al.
2012).

4.b. Tectonic setting and evolution

The results presented in our study from Liuyuan and
nearby areas can be used to reconstruct the follow-
ing tectonic history (Figs 10, 11). (1) The presence
of a 900 Ma Dunhuang-Alxa crystalline basement in-
dicates that the basement of the Liuyuan rift system
was an old active continental margin. (2) The 450–
440 Ma granites and schists on the northern and south-
ern sides of the Liuyuan Volcanic Belt formed the con-
tinental margin when the Liuyuan Volcanic Belt was
formed, and they represent an earlier island arc. (3)
The rapid sedimentation on both sides of the Liuyuan
Belt, and the sequences of coarse- to fine-grained sed-
iment, are consistent with the opening of a rift with
sedimentation from both sides. (4) Eventually, deeper-
water claystones and pillow-lava basalts formed in the
rift zone. (5) At a late stage, dacites and rhyolites
formed (Fig. 10); at the same time (or slightly later)
the fine- and coarse-grained gabbros and olivine gab-
bros were intruded into the sandstones and pillow-
lava basalts (older than 280 Ma). (6) From 280 un-
til 234 Ma there is no record of any sedimentation
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Figure 10. (Colour online) Tectonic evolution from c. 440 Ma
to the Mesozoic Era. Cross-sections showing the formation and
evolution of the rift system in the Liuyuan area. Magmatic up-
welling resulted in basaltic and other volcanic eruptions, and the
formation of a rift sedimentary environment.

in the Liuyuan rift but, regionally, strike-slip move-
ments and the extrusion of Tianshan Block took place
during 270–245 Ma (Wang et al. 2005; Wang, Li &
Sun, 2008; Wang, Sun & Li, 2010) and the tectonic
framework changed during c. 245–230 Ma when the
CAOB was extruded eastwards and the Palaeo-Tethys
intracontinental deformation occurred (Fig. 11b). (7)
Subsequently, the Early Triassic reddish-coloured sed-
iments (younger than 234 Ma) were deposited discon-
formably over the above-mentioned sedimentary and
metamorphic rocks. Later at 230–227 Ma, strike-slip
motions and north–south-compression together resul-
ted in transpression throughout the region (Fig. 11b).
After rifting and post-rift sedimentation and volcanism,
north- and south-verging folds and some thrust faults
formed, significantly modifying the regional tectonic
framework. Meanwhile, lamprophyre dykes intruded at
230–227 Ma, parallel to the axial planes of folds, and
the age of these dykes constrains the age of the earlier
deformation. Strike-slip motions continued during this
time, including those on the Xingxingxia ductile sinis-
tral strike-slip fault and the Altyn Tagh sinistral strike-
slip fault (Wang et al. 2005; Wang, Sun & Li, 2010). At

the same time, regional contraction combined with sin-
istral strike-slip motion produced folds that verge north
and south, as well as thrust faulting. None of the adja-
cent regions display the same pattern of deformation,
and the tectonic activity in the Liuyuan Volcanic Belt
is unrelated to the Triassic closure of the Palaeo-Asian
Ocean (Mao et al. 2012), but can be more logically ex-
plained by intracontinental deformation in response to
a far-field north–south contraction (Wang et al. 2005;
Wang, Sun & Li, 2010). Moreover, in Tianshan and
adjacent regions, there is no north–south compression
with only strike-slip movements at this time interval.

In terms of the broader tectonic setting and dynam-
ics, the 450–440 Ma granites and schists might be re-
lated to the closing of an Ordovician–Silurian ocean.
Subsequent to this event, there is no evidence for sed-
imentation and deformation in this region that could
be related to the lost tectonic boundary of the closing
oceanic realm related either to the Qilianshan region
or the central Tianshan Orogenic Belt. Deformation
in the Tianshan Orogenic Belt ended at 280 Ma, and
prior to this there were WSW–ENE-trending sinistral
strike-slip motions during 300–290 Ma together with
north–south-compression in the central Tianshan re-
gion (Laurent-Charvet et al. 2002; Yang et al. 2007;
Wang, Li & Sun, 2008; Wang, Sun & Li, 2010; Han
et al. 2011). At the same time, the large-scale Tarim
basalt province formed at 290–275 Ma (Zhang et al.
2013, 2014; Tian et al. 2014; Xu et al. 2014; Yang et al.
2015), followed by several granitic intrusions either
coevally or later than these basaltic eruptions over the
whole of Tianshan, Beishan and other regions (e.g. Han
et al. 2011). The Tarim volcanic eruptions have been
linked to a mantle plume (Zhou et al. 2004; Zhang et al.
2013, 2014). In the Liuyuan area and more widely in
the CAOB and connected areas, several distinct tectonic
domains can therefore be recognized prior to 300 Ma
and post 230 Ma. During the period 300–230 Ma, the
broad region was possibly an assemblage of continents
within which the Liuyuan rift system formed.

With respect to the sedimentary environment of the
Liuyuan rift, the nature of the sediments and the detrital
zircon ages clearly show that this is a rift system with
the sediments deposited in lacustrine (rather than mar-
ine) environment. Furthermore, we have shown that the
rift was located on a continental margin, and that the
rifting was accompanied by basaltic and eventually da-
cite and rhyolite eruptions, representing a bimodal suite
that is consistent with rift magmatism. The Santanghu
volcanic eruptions (NW of the Liuyuan area) (Han et al.
1998; Zhao et al. 2006) could be connected in time and
space to the same delamination that may have occurred
after the formation of the Tianshan–Beishan Orogen.
However, the eruption of the Tarim basalts, and some
other basalts along the earlier continental margin, can-
not be correlated to lithospheric delamination.

As we exclude the ophiolite complex hypothesis
in this study, we need to reconsider the magmatic
sources for these volcanic eruptions such as litho-
sphere, mantle plume or subduction-related. The
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Figure 11. (Colour online) Tectonic background of the Liuyuan rift formation and deformation. (a) Summary cross-section of structural
relationships and sedimentary sequences during the rift formation, as well as the tectonic background. (b) South-verging fold-and-thrust
deformation during 230–227 Ma. Lamprophyre dykes were intruded along the axial planes of the folds. Age data are from this study.

magmatic sources usually considered for volcanic erup-
tions in rift-depressions are: (1) interaction of the crust
and mantle accompanied by delamination during oro-
genesis (Han et al. 1998; Jiang et al. 2006, 2007); or (2)
upwelling of the lithospheric mantle resulting in crust–
mantle interactions, the formation of rifts and magma
sourced from asthenosphere.

4.c. Regional temporal and spatial distribution of Permian
volcanic eruptions

Volcanic eruptions took place in the Tarim Block
and along its northern margin, as well as within the
Tianshan–Beishan – Inner Mongolia orogenic belts at
around the same time during Permian time (Han et al.
1998; Qin et al. 2011; J. B. Zhu, unpub. Ph.D. thesis,
Chinese Academy of Geological Sciences, Beijing,
2015). Geochemical data indicate that those volcanic
rocks are OIB and not MORB. However, a volcanic
belt formed along the northern margins of the Tarim,
Dunhuang-Alxa and North China Craton continental
blocks (Fig. 12), with similar rift sedimentary environ-
ments in each case. Permian post-orogenic OIB-type
intraplate basalts also occur in the southern Kyrgyz
Tienshan (Simonov et al. 2015). Their continental in-
traplate origin has been well established.

Regionally, from the northern margin of the Tarim
Block to the northern flanks of the Dunhuang and Alxa
blocks and the northern North China Craton, the vol-

canic eruptions tend to be older (290–280 Ma) in the
west and younger (285–270 Ma) (J. B. Zhu, unpub.
Ph.D. thesis, Chinese Academy of Geological Sciences,
Beijing, 2015) in the east, and sometimes as young as
260 Ma (Fig. 12a). The eruptions ranged from felsic
to intermediate to mafic in composition in zones that
were wider in the west and narrower in the east, and ex-
tending in the east to the northern margin of the China
continent. These volcanic belts became active after the
formation of the Tianshan – Inner Mongolia Orogenic
Belt and after the amalgamation of the CAOB. The
volcanic belts occupy a typical tectonic position with
continental blocks to the south and orogenic belts to the
north. Some of the volcanic eruptions were on old crys-
talline basement, but others occur within the orogenic
belt. Reactivation and re-opening or local extension in
the region could have produced the linear features that
characterize these types of volcanic eruptions. There-
fore, these volcanic belts cannot be interpreted in terms
of orogenic processes or lithospheric delamination, or
through a mantle plume model. Instead, they seem to
represent a local extension that occurred during the
process of the assembly of continental blocks. The con-
vergence of several continents or blocks took place in
the central Asia continent at the same time as the form-
ation of Pangea (c. 320–250 Ma), and palaeomagnetic
pole positions clearly show that numerous continental
blocks collided with the Siberian continent during Pa-
laeozoic time (Cocks et al. 2007; Wang et al. 2015).
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Figure 12. (Colour online) Regional characteristics and dis-
tribution of the 290–270 Ma volcanic zones. (a) 290–270 Ma
volcanic rocks distributed along the northern margin of the
China continent, including Tarim (290–275 Ma), Tianshan
(290–280 Ma), Liuyuan (293–280 Ma), Alxa (280–270 Ma) and
the North China Craton (286–275 Ma). Age data are from Zhang
et al. (2013), J. B. Zhu (unpub. Ph.D. thesis, Chinese Academy
of Geological Sciences, Beijing, 2015) and this study. (b) Cross-
sections showing the volcanic eruptions and their tectonic back-
ground: 1, volcanic eruptions formed in the Tarim and Tianshan
orogenic belts; 2, volcanic eruptions occurred between the Dun-
huang Block and Tianshan Orogenic Belt; 3, volcanic eruptions
occurred between the Alxa Block and the Inner Mongolia Oro-
genic Belt; and 4, volcanic eruptions formed between the North
China Craton and Inner Mongolia Orogenic Belt.

During the same time interval, volcanic belts and large
igneous provinces formed in the broader region, either
in association with subduction at continental margins
or as a result of local extension along the margin or
within the interiors of the continental blocks (Fig. 12b).
The overall regional tectonic stress regime was one
of contraction, but locally there was extension and

the eruption of volcanics with OIB composition. The
sedimentary environment in these areas of local exten-
sion was that of a rift depression, and not that of a
foreland or orogen. At the same time, asthenospheric
flow occurred during this process and resulted in the
interaction of the crust and mantle. In terms of the
overall tectonics the continental margins and interiors,
as well as previous island arcs or orogenic belts, were
reactivated or reworked during the period of volcanic
eruptions and rifting. We therefore envisage intracon-
tinental fracturing and extension and asthenosphere up-
welling and rift formation as the possible trigger for the
volcanic eruptions in the region, which are distributed
as linear features from west to east.

4.d. Magma sources and tectonic constraints

Figure 12 shows that the Tarim, Dunhuang-Alxa and
NCC have similar volcanic zones along their north-
ern margins or interiors, and their ages, petrology and
tectonic setting are also broadly similar. Furthermore,
all these zones seem to have originated from similar
magmatic sources as a result of asthenospheric flow
and mantle upwelling during the continuous assembly
of continental blocks from earlier than 320 Ma to c.
250 Ma. These areas share the following common char-
acteristics: post-orogenic belt overprinted by later vol-
canic eruptions (Fig. 12b) and tectonic activity during
the continuous assembly of continents.

It is well established that numerous continental
blocks converged towards the Siberian continent, as
also confirmed by palaeomagnetic data. The sources
of the associated magmatic activity may include as-
thenospheric flow, a mantle plume and delamination
of the Tianshan – Inner Mongolia Orogenic Belt. The
large-scale continental assembly would have been ac-
companied by asthenospheric flow, producing mantle
upwelling. As noted above, delamination did not oc-
cur in this region when the large igneous province was
formed in the Tarim Block. That the different volcanic
suites, including basalt and gabbro to acid rhyolite,
formed during the time interval 320–250 Ma suggests
that the magmatic source was not from a mantle plume.

There was no subducting oceanic plate in this re-
gion during the period 280–230 Ma. Nevertheless, it is
possible that an earlier subducted oceanic plate broke
off beneath the continental margin, subsequently pro-
ducing rifting and accompanying volcanic eruptions.
However, there is no evidence to support this idea. Sev-
eral unknowns related to this include: (1) the time gap
before this subducted slab re-melted; and (2) whether
the effect of the slab break-off was restricted to the
formation of a rift in the crust or not. More likely the
effects would also be found in the deeper lithosphere,
although there are no post-collisional mantle-derived
granites and no Permian uplift or mountain building.
It therefore seems that the 290–280 Ma volcanic erup-
tions and rifting could only have resulted from contin-
ental convergence and assembly accompanied by the
production of mantle-derived magmas, with no evid-
ence for the break-off of an oceanic slab beneath the
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Figure 13. (Colour online) Plate tectonic model for the formation of intracontinental basaltic rocks during the assembly of continental
blocks. (a) Basaltic rocks formed within the continental blocks and orogenic belt; and (b) basaltic rocks formed in the orogenic belt
(post-orogen background). Horizontal flow of asthenosphere and upwelling of magma are also shown.

continental margin. The post-collisional tectonics show
local rift features, but there is no evidence of regional
extension. In fact, as well as the opening of the rift
zone, there is no evidence for any detachment process.

Magma upwelling occurs from asthenospheric
mantle, with the involvement of both depleted and en-
riched materials (Zhao et al. 2006; Jiang et al. 2007).
Mantle plumes can produce variably enriched OIB-type
lavas from highly enriched to less enriched (Safonova
et al. 2009; Safonova & Santosh, 2014) depending on
the height of the mantle column and local mantle meta-
somatism (Safonova et al. 2015). A diapir of astheno-
spheric magma may form in a rift system (Fig. 13). The
formation of the volcanic rift belt was related to a new
tectonic cycle that took place in the region after the
main orogenic event; nevertheless, rifting took place
when the continental area was still in an overall state
of contraction (Fig. 13). Although the rifting (such as
at Liuyuan) seems to have been related to a local ex-
tensional event in an overall contractional environment,
such feature process can occur during or after the form-
ation of orogenic belts, when convergence and the as-
sembly of the continents or continental blocks occurs
continuously. The asthenosphere would have changed
its flow from horizontal under the continents to vertical
(up or down) in soft or weak zones between blocks
and orogenic belts (Fig. 13). Such flow patterns and
upwelling of the mantle would have led to local in-
traplate or continental margin rifting (e.g. Schellart,
2008, 2010; Schellart & Moresi, 2013), overprinting
the previous orogenic belt or active continental margin.
In such a tectonic setting there is no uplift and no radial
dyke swarms, therefore excluding the role of a mantle
plume.

Formation of the rifts involves the reworking or re-
extension of the continental margins during regional
and continuous continental assembly. This rifting pro-
cess was unrelated to subduction and to the delamina-
tion after lithospheric thickening following major col-
lisional orogeny. The volcanic eruptions mostly occur
along weak zones, or would even form the rift (fissur-
ing) of a continent (Ziegler & Cloetingh, 2004), with
both OIB and MORB features together with those of
mafic and felsic end-members typical of a rift system.

5. Conclusions

The Liuyuan Volcanic Belt, which is part of the NE
extension of the Tarim Block, shows features typ-
ical of a rift. Sandstones and claystones on both the
southern and northern flanks of the rift zone show
two types of sedimentary sources: 290–285 Ma vol-
canic tuffs and clastics; and 460–420 Ma granites and
schists. The rift region is characterized by an older
basement of 920–850 Ma belonging to the Dunhuang
crystallines, together with younger 450–420 Ma gran-
ites and greenschists that were originally part of an
Ordovician–Silurian island arc. The area was a con-
tinental realm prior to rifting, and there is no evid-
ence along the rift zone of contemporaneous island-
arc granites or other related intrusives with ages of
290–280 Ma. The pillow-lava basalts are covered by
277 Ma dacites and rhyolites, and are intruded by 280–
270 Ma gabbro dykes. All these rocks were subjected to
thrusting and folding during 230–227 Ma as a result of
north–south contraction and intracontinental sinistral
strike-slip deformation between the Xingxingxia Fault
to the NW and the Altyn Tagh Fault to the SE. The
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nature of the sediments and volcanic eruptions in the
rift, their compositions and their intrusive relationships
all suggest a local rift system. During the formation
of the rift there was no widespread extension; instead,
the tectonic setting involved the continuous assembly
of continental blocks that were moving from south to
north, towards the Siberian continent. The formation
and sources of the magmas during rifting were related
to asthenospheric flow that accompanied the assembly
of continental blocks during the period c. 300–250 Ma.
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