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The Qilian Orogen at the northern margin of the Tibetan Plateau is a type suture zone that recorded a com-
plete history from continental breakup to ocean basin evolution, and to the ultimate continental collision
in the time period from the Neoproterozoic to the Paleozoic. The Qilian Ocean, often interpreted as represent-
ing the “Proto-Tethyan Ocean”, may actually be an eastern branch of the worldwide “Iapetus Ocean” between
the two continents of Baltica and Laurentia, opened at ≥710 Ma as a consequence of breakup of superconti-
nent Rodinia.
Initiation of the subduction in the Qilian Ocean probably occurred at ~520 Ma with the development of an
Andean-type active continental margin represented by infant arc magmatism of ~517–490 Ma. In the begin-
ning of Ordovician (~490 Ma), part of the active margin was split from the continental Alashan block and the
Andean-type active margin had thus evolved to western Pacific-type trench–arc–back-arc system repre-
sented by the MORB-like crust (i.e., SSZ-type ophiolite belt) formed in a back-arc basin setting in the time pe-
riod of ~490–445 Ma. During this time, the subducting oceanic lithosphere underwent LT-HP metamorphism
along a cold geotherm of ~6–7 °C/km.
The Qilian Ocean was closed at the end of the Ordovician (~445 Ma). Continental blocks started to collide and
the northern edge of the Qilian–Qaidam block was underthrust/dragged beneath the Alashan block by the
downgoing oceanic lithosphere to depths of ~100–200 km at about 435–420 Ma. Intensive orogenic activities
occurred in the late Silurian and early Devonian in response to the exhumation of the subducted crustal ma-
terials.
Briefly, the Qilian Orogen is conceptually a type example of the workings of plate tectonics from continental
breakup to the development and evolution of an ocean basin, to the initiation of oceanic subduction and for-
mation of arc and back-arc system, and to the final continental collision/subduction and exhumation.

© 2012 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Plate tectonics through opening and closing of an ocean basin,
which is known as the Wilson Cycle (Burke et al., 1976), is the
major tectonic scenario on Earth's outer layer and has occurred
many times during the Phanerozoic (Condie, 1997). The fragmenta-
tion of supercontinent Rodinia in the Neoproterozoic and re-
amalgamation into another less long-lived supercontinent Pangaea
in the Paleozoic (e.g., Torsvik et al., 1996) manifested such a global
cycle. The contemporaneous event occurred widespread in a com-
pound orogenic system in China, i.e., “the Central China Orogenic
Belt” (e.g., Jiang et al., 2000), which extends in the W–E direction
for approximate 5000 km along the central China mountain chains in-
cluding Qilian Mountains, Qinling Mountains and Kunlun Mountains.
ssociation for Gondwana Research.
TheQilianmountain system,whichwas named “the SkyMountains”
by ancient Hunnish and Chinese people, is located at the northern mar-
gin of the Qinghai-Tibetan Plateau, northwestern China. This mountain
system, striking in NW–SE direction, is ~100 km wide, ~1000 km long
and ~2800 to 5570 m high in altitude. It is offset to the northwest by
the Altyn-Tagh Fault, the largest sinistral strike-slip fault in NW China
(Fig. 1).

Because of the physiographic difficulty, this mountain system had
been poorly studied before the 20th century. From 1920s to 1940s,
some Chinese and overseas pioneers set feet in this region for explo-
ration and geological survey on stratigraphy (Yuan, 1925; Bexell,
1935; Hou and Sun, 1935; Sun, 1936; Li, 1946a, 1948a; Guo, 1948), bi-
ology (Chi, 1935; Young, 1935; Wang, 1937), igneous petrology (Du
Rietz, 1940; Li, 1946b), glacier geology (Weng and Lee, 1946), meta-
morphism (Sung, 1949; Chen, 1950), tectonics (Lee, 1939; Huang,
1945; Li, 1948a, 1948b; Liang, 1949) and coal and placer gold deposits
(Sun, 1940, 1941; He, 1946). Since the establishment of the People's
Republic of China in 1949, several geological survey teams have
been dispatched to work in the Qilian Mountains for geological
Published by Elsevier B.V. All rights reserved.
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Fig. 1. Schematic maps showing major tectonic units of China.
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investigation, mapping and mineral exploration. Several large ore de-
posits were found and some basic studies on regional geology and
mineralization were carried out in this period of time (e.g. Lee,
1954; Lu, 1954; Huang, 1955; Sung, 1955; Yan, 1955; Chen, 1957;
Tu, 1957a, 1957b; Hu et al., 1958; Hu, 1959; Institute of Geology of
Chinese Academy of Sciences, 1960, 1963).

Since 1970s, the orogenesis of the Qilian Mountains has been rein-
terpreted in terms of the Plate Tectonics theory as reflected in the
studies of ophiolite associations (Wang and Liu 1976, 1981; Xiao et
al., 1978; Feng and He, 1995a; Zhang et al., 1997a, 1997b, 1998;
Zhang and Zhou, 2001), high-pressure metamorphic rocks (Xiao et
al., 1974; Wu, 1980, 1982, 1984, 1987; Zhang and Liou, 1987;
Zhang, 1989; Wu et al., 1990, 1993; Song and Wu, 1992; Wu and
Song, 1992; Zhang and Xu, 1995; Song, 1996, 1997; Zhang et al.,
1997a, 1997b; Cao and Song, 2009; Cao et al., 2011), volcanic rocks
(Xia et al., 1991a, 1991b, 1995a, 1995b, 1996, 2003; Wang et al.,
2005), and tectonics/orogenic syntheses (Li et al., 1978; Zuo, 1986;
Zuo and Liu, 1987; Liou et al., 1989; Feng and Wu, 1992; Xu et al.,
1994; Feng and He, 1996; Sobel and Arnaud, 1999; Yue and Liou,
1999; Yin et al., 2007, 2008; Xiao et al., 2009; Gehrels et al., 2011).
The well preserved low grade lawsonite-bearing blueschist and eclo-
gite and carpholite-bearing metapelite afford convincing evidence
that the North Qilian HP metamorphic belt records cold oceanic lith-
osphere subduction with a low geothermal gradient (6–7 °C/km) in
the Early Paleozoic (Wu et al., 1990, 1993; Song, 1997; Song et al.,
2007; Zhang et al., 2007; Zhang et al., 2009). Therefore, this 1000-
km-long orogenic belt has been considered as a type example for an
ancient oceanic subduction zone that records the forming and shrink-
ing histories of the proto-Tethyan ocean (e.g., Hou et al., 2006;
Gehrels et al., 2011) from seafloor spreading and subduction to the
ultimate continental collision. This belt was thought to be the final su-
ture zone conjunction of two continents between segments of Rodi-
nia supercontinent and North China Craton (NCC) (Song et al.,
2009a).

Furthermore, the Qilian Orogen records of the earliest “cold” oce-
anic subduction zone on Earth, yet all these remains little known to
the international community. The aim of this paper is to provide a
comprehensive review of the geological background and spatiotem-
poral constraints that allow the reconstruction of the evolution histo-
ry of the Qilian Orogen in terms of the plate tectonics theory, i.e., from
oceanic subduction to continental collision in the early Phanerozoic.
We document with new data in this paper (1) the two distinguished
belts of ophiolite genetically associated with normal ocean-ridge
magmatism and back-arc basin magmatism, respectively, (2) island-
arc or continental arc magmatic sequences associated with seafloor
subduction, (3) high-pressure (HP) low-temperature (LT) metamor-
phic rocks with age data and P-T-t path, (4) the Silurian flysh and
Devonian molasses that indicate ocean basin closing and mountain
building processes in response to the continental collision event.

2. Tectonic settings and subunits

The Qilian orogenic belt is part of the Qinling–Qilian–Kunlun Fold
System (Li et al., 1978), or the Central China orogenic belt (Fig. 1). It is
located in a joint region among the three major blocks in China, i.e.,
the North China Craton in the northeast, the Yangtze Craton in the
southeast and the Tarim Craton in the northwest. The bulldozer-
like, northward compression of the Indian Plate led the movement
and rotation along the Altyn-Tagh Fault in the Cenozoic, which have
re-shaped both topographic and tectonic patterns of the Qilian and
adjacent regions.

The Qilian–Qaidam region at the northern Qinghai-Tibet Plateau
consists of five nearly E–W trending subparallel tectonic units
(Fig. 1); from north to south, they are (1) the Alashan block, (2) the
North Qilian orogenic belt (oceanic-type suture zone), (3) the Qilian
block, (4) the North Qaidam continental-type UHPM belt, and
(5) the Qaidam block. These units were offset by the left-lateral Altyn
Tagh Fault system for up to 400 km (Yang et al., 2001; Zhang et al.,
2001a, 2001b), although a different view exists (Liu et al., 2009).

2.1. Alashan block

The Alashan block is a triangle-shaped block and has long been
considered to be the western part of the North China Craton (e.g.
Zhao, 2009). Geographically, it is a desert-covered area with fault-
bounded massifs. This block consists predominantly of early Precam-
brian basement with 2.3–1.9 Ga tonalitic/granitic gneisses (Li et al.,
2004a, 2004b; Xiu et al., 2004; Geng et al., 2006) and is overlain by
Cambrian to middle Ordovician cover sequences (NBGMR, 1990).
The Achean basement is signified by the ~2.7 Ga amphibolite in the
northeast part of the block (Geng et al., 2006), as well as by some
2.5–3.5 Ga detrital zircons from meta-sedimentary sequences (e.g.
Geng et al., 2007; Tung et al., 2007a, 2007b).

In the northern part of the block, 845–971 Ma foliated granites
have been found to intrude the Paleoproterozoic gneisses (Wan et
al., 2001; Geng et al., 2002). The famous Jinchuan ultramafic intrusion
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that contains the world's third largest magmatic Ni–Cu sulfide depos-
it occurs in the Longshoushan region of the southern part of the Ala-
shan block (e.g. Chai and Naldrett, 1992; Tang et al., 1992). U–Pb
zircon analyses yielded ages of 827±8 Ma for the sulfide-bearing ul-
tramafic rocks and 828±3 Ma for the associated dolerite dykes (Li et
al., 2004a, 2004b, 2005). This ultramafic intrusion, together with the
synchronous mafic dyke swarm, has been suggested to be the product
of a superplume that triggered the breakup of the supercontinent
Rodinia in the Neoproterozoic around 830–750 Ma (Li et al., 2005).

In summary, Alashan block has a much different tectonic history
from the North China Craton, especially in the Neoproterozoic and
Early Paleozoic eras. It is therefore unlikely to be the western part of
the North China Craton although amalgamation time between these
two blocks is unclear at present.

2.2. North Qilian orogenic belt

The North Qilian orogenic belt is an elongate, NW–SE-trending
belt that lies between the Alashan Block (north) and the Qilian
Block (south) (Fig. 1). This belt is a typical oceanic suture zone and
contains Neoproterozoic to Early Paleozoic ophiolite sequences, HP
metamorphic belts, island-arc volcanic rocks and granitoid plutons,
Silurian flysch formations, Devonian molasse, and Carboniferous to
Triassic sedimentary cover sequences. Recent findings of lawsonite-
bearing eclogite and carpholite-bearing meta-pelite (Song et al.,
2007; Zhang et al., 2007) indicate that the North Qilian orogenic
belt records one of the earliest “cold” oceanic lithosphere subduction
with a low geothermal gradient (6–7 °C/km) on Earth (see subse-
quent discussion).

2.3. Qilian block

The Qilian Block, located between the North Qilian orogenic belt
and the North Qaidam UHPM belt, is an imbricate thrust belt of
Precambrian basement overlain by Paleozoic sedimentary sequences.
The basement consists of granitic gneiss, marble, amphibolite and
minor granulite. Garnet-bearing (S-type) granite intrusions from the
Qilian Block have protolith ages of 880–940 Ma (Guo et al., 1999;
Wan et al., 2001; Tung et al., 2007a, 2007b; Xu et al., 2007), similar
to ages of the granitic gneisses in the North Qaidam UHPM Belt. Zir-
cons from migmatitic granite give a U–Pb TIMS age of 2469 Ma
(Wang and Chen, 1987), and the Paleoproterozoic granitic gneiss of
~2470±20 Ma have been recognized recently in the Qilian Block
(Chen et al., 2007, 2009a, 2009b).

2.4. North Qaidam continental-type UHPM belt

The North Qaidam UHPM belt, parallel to the North Qilian oceanic-
type suture zone, consists of eclogite- and garnet–peridotite-bearing
terranes and extends for ~400 km along the north Qaidam Moun-
tains. The overall characteristics of the rock assemblages, UHP meta-
morphic evolution and zircon ages suggest that the North Qaidam
UHPM belt represents a continental-type subduction zone in the
Early Paleozoic (see Yang et al., 2002; Song et al., 2003a, 2003b,
2004a, 2005, 2006, 2009c; Mattinson et al., 2006, 2007; Zhang et al.,
2006; Yin et al., 2007; Yu et al., 2012). The protoliths of the UHP
metamorphic rocks include (1) granitic gneisses with magmatic
ages of ~1200–900 Ma (Lu, 2002; Chen et al., 2009a, 2009b); (2) peli-
tic gneisses with detrital zircon ages of 2400–800 Ma (Song et al.,
2006); (3) eclogite blocks with protoliths of 550–500 Ma ophiolite
(Zhang et al., 2008) and ~850 Ma continental flood basalts (Song et
al., 2010).

Reliable zircon U–Pb ages indicate that the HP-UHP metamorphism
and subsequent exhumation occurred from ∼460 Ma to 400 Ma (Song
et al., 2003a, 2005, 2006; Mattinson et al., 2006, 2009; Zhang et al.,
2008; Chen et al., 2009a, 2009b). On the basis of the geochemistry and
age data, Song et al. (2006, 2009c) concluded that this UHPM belt is a
product of continental deep subduction dragged by the former down-
going oceanic lithosphere (~500–440 Ma) of the Qilian Ocean to depths
of 100–200 km at∼430–420 Ma with final exhumation at ∼400 Ma.
Consequently, this UHPM belt and the North Qilian oceanic suture
zone may actually represent tectonic evolution from oceanic subduc-
tion to continental collision, to continental underthrusting, and to the
final exhumation.

2.5. Qaidam block

The Qaidam Block in the south is a Mesozoic to Cenozoic intra-
continental basin with strata deposited on the Precambrian crystal-
line basement although the thickness of the sediments is poorly
known. Some high-grade metamorphic rocks including marble, gran-
ulite and felsic gneisses crop out in the southern margin of the block,
and are intruded by late Paleozoic granitiod plutons (Wang and Chen,
1987; QBGMR, 1991). Zircon dating (Zhang et al., 2003a, 2003b)
revealed that these high-grade rocks have a metamorphic age of
~460 Ma with inherited provenance (detrital) ages of 1800–1600 Ma.

3. Ophiolite sequences in the North Qilian orogenic belt

Ophiolite, a series of rock assemblage formed at seafloor spreading
centers of either an open ocean or a back-arc basin (Coleman, 1977),
is ubiquitous in the 1000-km-long belt from southeastern end in Jingtai,
theNorth QilianMountains, to the northwestern end inHongliugou, the
North Altun. These well-preserved ophiolite sequences have long been
considered to represent the oceanic lithosphere of the ancient Qilian
ocean (e.g., Xiao et al., 1978; Feng and He, 1995a, 1995b, 1996; Xia et
al., 1995a, 1995b, 2003; Zhang et al., 1997a, 1997b, 1998; Qian, et al.,
1998, 2001; Smith and Yang, 2006; Tseng et al., 2007). On the basis of
Sr, Nd and Pb isotopic data, Hou et al. (2006) suggested that these
ophiolites were probably formed in the ancient Tethyan domain or rep-
resent part of the Proto-Tethyan Ocean system.

Spatially, as shown in Fig. 2, ophoilite sequences in the North Qilian
suture zone distribute in two belts: the southern belt and the northern
belt. They occur as nappes with boundaries of thrusting faults. Some
ophiolite suites in the two belts have been well-documented.

3.1. The Southern Ophiolite Belt—ophiolite of Ocean ridge origin?

The Southern Ophiolite Belt (SOB) extends from Aoyougou in the
northwest, via Yushigou, Dongcaohe, to Yongdeng in the southeast
(Fig. 2). Petrographic and geochemical studies indicate that basaltic
rocks in the southern belt resemble present-day N-type and E-type
MORB and therefore have been suggested to represent the oceanic
crust generated at an ocean ridge (Feng and He, 1995a, 1995b; Hou
et al., 2006; Tseng et al., 2007). Magmatic zircons from cumulated
gabbros give U–Pb SHRIMP ages ranging from 496 to 550 Ma (Yang
et al., 2002; Shi et al., 2004; Tseng et al., 2007; this study). Three rep-
resentative ophiolite suites in Aoyougou, Yushigou and Dongcaohe
regions have been well documented (see following discussion).

3.1.1. Aoyougou ophiolite suite
The Aoyougou ophiolite suite is located in the western part of the

SOB (see Fig. 2 for locality). It consists of dismembered serpentinite,
gabbro, and massive and pillow-like basalts (Fig. 3). Xiao et al.
(1978) first reported this ophiolite and suggested it to be formed in
the Precambrian based on the occurrence that is tectonically interca-
lated with some Precambrian dolostone sedimentary layers. The
forming age, however, is debatable so far. Zhang et al. (2001a,
2001b) reported zircon SHRIMP ages of 1.47–1.78 Ga from amphibo-
lite blocks within the serpentinite, and thus suggested a Proterozoic
ophiolite. Xiang et al. (2007) reported much younger zircon SHRIMP
ages of 504±6 Ma from a gabbroic sample and thus concluded that



Fig. 2. Geological map of the North Qilian Orogen with localities of major ophiolite suites and their ages.
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this ophiolite was formed in the Early Paleozoic rather than in the
Proterozoic.

3.1.1.1. Ultramafic rocks. The ultramafic rocks are located in the south
of the cross-section. They are completely serpentinized and strongly
deformed along the thrusting fault (Fig. 3).

3.1.1.2. Gabbro and dolerite. These rocks occur as a ~400-m thick “layer”
in the cross-section (Fig. 3) and are bounded by strongly deformed ser-
pentine schist to the south. From south to north, these rocks vary petro-
graphically from coarse-grained cumulate grabbro to fine-grained
homogeneous gabbro and then to dolerite with an ophitic texture. No
ultramafic cumulate has been found in this section.

Geochemical analyses show that the fine-grained gabbro and dol-
erite have a uniform composition with SiO2b50 wt.%, TiO2 0.79–1.13,
Al2O3 14.15–14.37, MgO 6.66–7.72, Na2O 2.1–2.53 and Mg# [=Mg/
(Mg+Fe2+)] 0.58–0.65. They have relatively low concentrations of
REE and HFSE, and the chondrite-normalized REE patterns are rather
flat (LaN/YbN=1.05–1.24) without a Eu anomaly (Eu* 0.93–0.96).
However, they are enriched in Ba and Sr (Fig. 4a,b).

Mafic lavas (including massive and pillow basalts) are the major
component in the upper part of the ophiolite sequence and occur inter-
bedded with layers of Precambrian carbonate. They are subalkaline ba-
salts with high TiO2 (2.14–3.19 wt.%), Fe2O3t (13–17 wt.%) and
relatively low Mg# (0.36–0.45). Their chondrite-normalized REE pat-
terns display LREE enrichment (LaN/YbN=2.96–4.55) and a weak Eu
Fig. 3. The cross-section of the Aoyougou ophiolite suite in the west par
negative anomaly (Eu*=0.80–0.93). The primitive mantle (PM) nor-
malized multi-element diagram displays similar patterns to present-
day E-MROB and OIB (e.g., Sun and McDonough, 1989). All basaltic
rocks plot in N-MORB or WPB fields in the traditional discriminant dia-
grams (Fig. 5). The weak negative anomaly of Nb and Ta relative to Th–
Uand LREEmay be interpreted as a result of continental crustal contam-
ination, similar to typical continental flood basalts. Therefore, field
occurrence and geochemistry suggests these basalts are most probably
Precambrian CFB, not themember of the Aoyougou ophiolite sequence.

Zircons from one fine-grained gabbro are colorless and show rect-
angle or irregular shapes with long axes varying from 50 μm to
100 μm and length/width ratios from 1.2 to 1.5. Cathodoluminescent
(CL) images display straight and wide oscillatory growth bands,
which are interpreted as typical features for zircons frommafic volca-
nic or gabbroic rocks. The uranium content in zircons from sample
Q5–56 varies in a relatively narrow range (239 to 568 ppm); Th varies
from 167 to 666 ppmwith Th/U ratios of 0.58–1.68. Analyses of 11 zir-
con grains by SHRIMP yield

206
Pb/

238
U apparent ages ranging from 493

to 515 Ma with a weighted mean of 501.4±4.3 Ma (MSWD=1.09)
(Xia et al., in press). This age is consistent with the previous results
by Xiang et al. (2007) and thus should represent the forming time
of the Aoyougou ophiolite in the Late Cambrian.

3.1.2. Yushigou ophiolite suite
The Yushigou Ophiolite suite (see Fig. 2 for its locality) occurs as a

nappe over-thrusting onto the Precambrian crystalline basement of
t of the North Qilian Mounatins (modified after Xiang et al., 2007).

image of Fig.�3
image of Fig.�2


Fig. 4. Chondrite-normalized REE patterns and primitive mantle normalized spidergrams for ophiolite suites from the South Ophiolite Belt. Data of Aoyougou and Yushigou ophio-
lites (a)–(d) are from this study. Data of Dongcaohe ohpiolite in (e) and (f) are from Tseng et al. (2007).
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the Central-Qilian block. It was first described as an ophiolite suite
formed in the Cambrian on the basis of fossils in sedimentary rocks
of the same sequence by Xiao et al. (1978), and followed by other
studies (e.g. Feng and He, 1995a, 1995b; Song and Su, 1998; Shi et
al., 2004; Hou et al., 2006; Song et al., 2009b). The rock assemblage
in the Yushigou ophiolite consists of mantle peridotite, ultramafic to
mafic (gabbroic) cumulate, pillow basalts and sedimentary rocks in-
cluding marl and reddish radiolarian chert; they compose a complete
section of oceanic lithosphere (Fig. 7). Shi et al. (2004) reported a
SHRIMP age of 550±17 Ma of zircons from a gabbro.

3.1.2.1. Mantle peridotite. The mantle peridotite is a ~25 km2 fault-
bounded block, the largest mantle slab in the North Qilian suture
zone. Since it occurs spatially in the lower part of the Yushigou ophio-
lite suite, this mantle peridotite was previously interpreted as an ele-
ment of a highly dismembered Yushigou ophiolite (Song and Su,
1998; Su et al., 1999; Zhang et al., 2003a, 2003b). Harzburgite is the
major rock type with minor dunite and pyroxenite occurring as
dikes/veins within the harzburgite.

The harzburgite block showsmassive coarse-grained inequigranular
textures, and comprises olivine (~70–85 vol.%), orthopyroxene (Opx,
~10–25 vol.%), minor clinopyroxene (Cpx, b2–3 vol.%) and Cr-rich spi-
nel (Spl, ≤1.0 vol.%). Compared with abyssal peridotites (AP) from
mid-ocean ridges (Dick, 1989; Niu and Hékinian, 1997a, 1997b), the
Yushigou harzburgite is much more depleted than the most depleted
AP samples, e.g., high Fo (i.e., Mg#, Mg/[Mg+Fe2+]×100=91–93) in
olivine and high Cr# (Cr/[Cr+Al]=0.58–0.67) in spinel, and resem-
bling highly depleted forearc harzburgites (Song et al., 2009b).

3.1.2.2. Cumulate sequence. Gabbro is the major rock type in the cumu-
late sequence and shows clear cumulate layers defined by modal var-
iations of plagioclase and clinopyroxene. Two layers of serpentinized
dunite, in which a large massive chromitite deposit has been
exploited, occur in the bottom of the cumulate sequence. Websterite

image of Fig.�4


Fig. 5. Discriminant diagrams for basaltic rocks from the Southern Ophiolite Belt. Data of Aoyougou and Yushigou ophiolites are from this study and data of Dongcaohe ophiolite are
from Tseng et al. (2007).
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and norite layers also occur in the lower part of the sequence. Geo-
chemical analyses show that gabbros are enriched in Ba, Sr and Eu
but have relatively low concentrations of REEs and HFSEs as a result
of accumulation with higher plagioclase/pyroxene ratios.

Two gabbro samples were chosen for zircon U–Pb geochronologi-
cal study. Zircon crystals are colorless and euhedral with long axes
varying from 100 μm to 200 μm and length/width ratios from 1 to 2.
CL images show all zircon crystals from the two samples display
straight and wide oscillatory growth bands, which is interpreted
as typical features of zircons from gabbroic rocks. The U content
in zircons from sample Q5–56 varies in a narrow range from 1290
to 2294 ppm and Th from 759 to 1641 ppm with Th/U ratios of
0.58–0.84. Analyses of 10 zircon grains by SHRIMP yield

206
Pb/

238
U ap-

parent ages ranging from 530 to 566 Ma with a weighted mean of
548±9 Ma (MSWD=1.9). The U content in zircons from sample Q5
to 57, on the other hand, varies significantly from 241 to 3880 ppm
and Th from 195 to 5660 ppm with Th/U ratios of 0.76–2.09. The
206
Pb/

238
U apparent ages of the 11 zircon grains range from 516 to

555 Ma and yield a weighted mean of 529±9 Ma (Shuguang Song,
unpublished data).

3.1.2.3. Pillow basalts. Pillow basalts occur in the southern part of the
section and represent the upper section of the ophiolite. The maxi-
mum thickness exceeds 4 km in cross-section. Most samples show
well-preserved pillows of varying size (~0.2 to 1.5 m in diameters).
Some doleritic dikes intrude the pillow basalts.

The pillow basalts are tholeiitic with SiO2 47.3–51.8 wt.%, TiO2

1.06–2.52 wt.%, MgO 4.62–8.24 wt.% and Mg# 0.40–0.64. They display
flat and slightly enriched REE patterns (LaN/YbN=1.01–2.56) and a
week negative Eu anomaly (Eu/Eu*=0.77–1.0) (Fig. 4c). In the prim-
itive mantle (PM) normalized multi-element diagram, all pillow ba-
salts show similar patterns to present-day E-MROB (Fig. 4d). One
dolerite sample has relatively high MgO (10.15 wt.%), low TiO2 and
total REEs, and Sr enrichment.

3.1.3. Dongcaohe ophiolite
The Dongchaohe ophiolite is located in the middle part of the

southern ophiolite belt, ~2 km south of the town of Qilian (see
Fig. 2). As documented in details by Tseng et al. (2007), this ophiolite
massif can be divided into three sections: (1) the basal cumulate sec-
tion, (2) the middle isotropic section and (3) the top dyke and lava
section. The basal section consists of cyclic layers of cumulate dunites,
troctolites, anorthosites, anorthositic gabbros and gabbros with small
discordant dunite and troctolite bodies. This layered sequence grades
upward to isotropic gabbros and gabbronorites, which are overlain by
the extrusive sequence of sheeted dikes and basaltic lavas. These cu-
mulate lithologies suggest the Dongcaohe ophiolite formed in a mid-
ocean ridge (MOR) setting.

The whole-rock geochemistry (data are documented from Tseng
et al., 2007) shows that the troctolite, anorthosite and gabbro display
compositional characteristics of cumulate with low concentrations of
REEs and HFSEs and a positive anomaly for Sr and Eu (Fig. 4e,f). The
basaltic samples including sheeted dykes and pillow lavas in the top
section display typical N-type MORB affinity in both discriminant
diagrams (Fig. 5) and normalized REE and multi-element diagrams
(Fig. 4e,f). Zircons from the gabbronorite gave a weighted mean
206
Pb/

238
U age of 497±7 Ma (Tseng et al., 2007).

3.2. The Northern Ophiolite Belt—ophiolite from the back-arc basin

The Northern Ophiolite Belt (NOB) is located north of the arc-
magmatic complex and extends in parallel with the southern belt.
Petrographic and geochemical studies show that basaltic rocks in the
northern belt geochemically resemble present-day N-type MORB
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Fig. 6. Concordia diagrams for zircon SHRIMP analyses from gabbroic samples in the
South Ophiolite Belt. (a) Sample from the Aoyougou ophiolite suite. (b) and (c) Sam-
ples from Yushigou ophiolite suite.
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(Qian et al., 2001; Song et al., 2009a), but the rock assemblage suggests
that these ophiolite suites aremost consistentwith formation in a back-
arc spreading center (supra-subduction zone (SSZ) type ophiolite)
(Qian et al., 2001; Xia et al., 2003; Xia and Song, 2010). Zircons from
gabbros in the Northern Ophiolite Belt (NOB) give U–Pb SHRIMP ages
ranging from 448 to 490 Ma (Xia and Song, 2010; this study), much
younger than ages of the SOB. Three representative ophiolite suites,
i.e., the Jiugequan ophiolite in the west, the Biandukou ophiolite in the
middle and the Laohushan ophiolite in the far southeast (see Fig. 2 for
their localities), are described subsequently.
3.2.1. Jiugequan ophiolite
The Jiugequan ophiolite is located ~40 km southwest of the town

of Sunan and extends along the Bailong River (Fig. 8). To its south is
the lawsonite-bearing blueschist belt, and to the further south, they
thrust southwestwards onto the Devonian molasses. New

40
Ar/

39
Ar

dating revealed that the blueschist facies metamorphism occurred
at 413–415 Ma (Lin et al., 2010). As shown in Fig. 8, the Jiugequan
ophiolite consists of gabbro, pillow basalt, dolerite dykes, mafic
breccias and minor serpentinized peridotite (mantle peridotite?).
The upper part of the ophiolite comprises thick and massive basalt
and balsaltic andesite interbedded with pelitic chert and greywacke
layers. A Cyprus-type sulfide copper deposit has been mined in this
ophiolite suite for many years.

The analyzed eight dolerite dyke and pillow lava samples from Jiu-
gequan Ophiolite span a wide range from basaltic to andesitic
(Fig. 9a) with SiO2 45–57 wt.%, TiO2 0.44–2.29 wt.% Fe2O3 7.7–15 wt.%,
MgO 4.5–8.3 wt.% and relatively high and varying Mg# value (Mg/
(Mg+Fe)=0.46–0.69. They show both tholeiitic and cala-alkaline fea-
tures in the Alkali–FeOt–MgO (AFM) diagram (Fig. 9b).

Three dolerite samples have lower concentrations of REEs and
HFSEs than pillow lavas and show LREE depleted patterns. In the
primitive mantle-normalized trace element spidergram (Fig. 10a),
all samples show various enrichments in Rb, Ba, Th and U relative to
HFSEs. Nearly all samples show a pronounced negative Nb-Ta anom-
aly and a weak negative Zr–Hf anomaly.

In Zr–Nb–Y discrimination diagram (Fig. 11a), all dolerite-basalt
samples are plotted across the N-MORB and VAB fields, and the
same result is obtained in other discrimination diagram (Fig.11b–d).
All these data suggest that the Jiugequan ophiolite may have formed
in a supra-subduction zone (SSZ) environment. In addition, the pres-
ence of a high proportion of volcanic breccia and terrigenous-volcanic
sedimentary rocks in the Jiugequan ophiolite suggest that this ophio-
lite most likely formed in a back-arc basin setting related to subduc-
tion zone and volcanic arc, rather than the mature ocean spreading
setting.

Zircon grains separated from a gabbro sample (08QS60) are frag-
mented, euhedral crystals with clear and simple concentric oscillatory
zoning in CL images. The measured U concentration in zircons is rel-
atively low, ranging from 21 to 204 ppm with varying Th/U ratios of
0.17–3.64. All analyses on 18 grains give concordant

206
Pb/

238
U ages

of 472 Ma to 508 Ma with a weighted mean of 490±5 Ma
(MSWD=1.06, Fig. 12a), which is interpreted as the crystallization
age of the gabbroic cumulate in the Jiugequan ophiolite (Xia and
Song, 2010).

3.2.2. Biandukou ophiolite
The Biandukou ophiolite suite is located in the middle part of the

North Qilian orogenic belt (see Fig. 2 for locality). It mainly consists
of pillow and massive lavas, dyke-like gabbro, and tuff. These volcanic
rocks are inter-bedded with a fine-grained sedimentary sequence
with siltstone, slate and muddy chert.

The analyzed massive and pillow lavas display a wide composi-
tional range from basaltic to andesitic with SiO2 44.89–57.45 wt.%,
TiO2 0.36–1.99 wt.% Fe2O3t 8.4–12.95 wt.%, MgO 5.61–10.05 wt.%
and high Mg# 0.57–0.76. Most samples show LREE enrichment rela-
tive to HREEs (LaN/YbN=2.88–26.44) except for one gabbro and
two basalt samples. In the primitive mantle-normalized multi-
element spidergram (Fig. 10b), all samples display enrichments in
Rb, Ba, Th, U and LREEs relative to HFSEs. Nearly all samples show a
pronounced negative Nb-Ta anomaly and a weak negative Zr–Hf
anomaly, which resemble features of typical volcanic arc basalts.

Zircons from a gabbro sample (09QL54) in northwest of the
Biandukou ophiolite are euhedral with clear and simple concentric
oscillatory zoning in CL images. Some zircons contain various inher-
ited cores that have been captured from the basement rocks. Using
LA-ICP-MS U–Pb dating method, two cores yield a concordant age of
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Fig. 7. Geological map of the Yushigou ophiolite suite.
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2554±59 Ma, two cores yields Grenvillian ages of 917 Ma and
1256 Ma. These Proterozoic and Archean ages suggest that both the
proto arc basement and the back-arc basin were developed from a
continental margin (see Niu et al., 2003; Xia et al., in press).
Twenty-five zircon grains give

206
Pb/

238
U ages of 470–488 Ma with a

weighted mean of 479±2 Ma (MSWD=0.87) (Fig. 12b), which
should represent forming age of the ophiolite suite in this region.
3.2.3. Laohushan ophiolite
The Laohushan ophiolite suite is located in the east part of the

North Qilian suture zone, ~20 km southwest of the town of Jingtai,
Gansu Province (Fig. 2). This ophiolite has been well studied with re-
spect to rock assemblage, geochemistry and forming time by radiolar-
ia and Sm-Nd whole-rock ages (Feng and He, 1996; Xia et al., 1996,
1998, 2003; Zhang et al., 1997a, 1997b; Qian et al., 2001).
Fig. 8. Geological map of Jiugequan region showing rock assemblage of the
As shown in Fig. 13, the rock assemblage of this ophiolite suite
consists of serpentinized peridotite, gabbro of ~1.5 km thickness,
massive dolerite, pillow lavas and sedimentary rocks. Sedimentary
rocks in the upper part of the ophiolite are layers of reddish,
radiolarian-bearing muddy chert and slate in varying thickness
(from b1 m to up to several 10s of meters); they occur conformably
inter-bedded with pillow lavas. To the upper part of the ophiolite, tur-
bidite with rhythm layers of fine-grained sandstone, siltstone and
slate increases, suggesting a relatively shallow-water environment.
Silurian rudaceous turbidite sequence with conglomerate, sandstone
and siltstone is overlain on the top of the ophiolite.

Chemical analyses show that pillow lavas and massive dolerite in
the Laohushan ophiolite are mostly sub-alkaline tholeiite with SiO2

46.61–53.30 wt.%, TiO2 0.93–4.18 wt.%, and MgO 4.09–11.64 wt.%
and variable and high Mg# value from 0.45 to 0.76. Most basalt sam-
ples show weak LREE-enriched patterns with LaN/YbN (Chondrite-
SSZ type ophiolite and low-grade blueschist (after Xia and Song, 2010).
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Fig. 9. TAS (a) and AFM (b) diagrams for basaltic rocks from the North Ophiolite Belt.
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normalized) 1.07–3.98. In the primitive mantle normalized multi-
element diagram, they display similar patterns that resemble
present-day N-type and E-type MORBs (Fig. 10c). The coarse-
grained gabbro has relatively lower concentrations of REEs than the
pillow basalts and a clear positive Eu anomaly, suggesting plagioclase
accumulation.

In traditional discrimination diagrams (Fig. 11), such as Nb–Zr–Y
(Meschede, 1986), Ti vs. V (Shervais, 1982) and Zr vs. Zr/Y (Pearce
and Norry, 1979), most basalt and dolerite samples plot across the
MORB, VAB and WPB fields. In the Hf–Th–Ta diagram, samples plot
across N-type MORB and VAB fields, suggesting that subduction-
zone fluid may have interacted with the basaltic rocks. REE patterns
of chert from the Jiugequan ophiolite indicate that they may have
formed neither in the vicinity of continental margin nor in a typical
open ocean basin, but a back-arc basin (Qian et al., 2001).

Zircon separates from a fine-grained gabbro are colorless and long
euhedral crystals with length/width ratios from 2.0 to 6.5. Their CL
images display straight and wide oscillatory growth bands, which, to-
gether with the euhedral crystal shape, are interpreted as features for
zircons from a mafic intrusion. Eleven analyses of 11 zircons were
obtained for sample 09LH18. Uranium content varies from 250 to
939 ppm with Th/U ratios of 0.66–1.15. The apparent

206
Pb/

238
U ages

of the 11 zircon grains range from 438±5 Ma to 456±5 Maand
yield a weighted mean of 448.5±4.7 Ma (MSWD=1.4) (Fig. 12c),
similar to Sm–d age of 453.6±4.4 Ma (Xia et al., 2003).

4. Island-arc igneous complex

As shown in Fig. 2, the island-arc igneous complex extends as a
continuous belt in between the two ophiolite belts along the major
tectonic line of the North Qilian orogenic belt. This igneous complex
consists predominantly of (1) boninitic complex, (2) mafic to felsic
volcanic complex with Cu–Pb–Zn ore deposits, and (3) various
granite/granodiotrite plutons.

4.1. Boninite complex

The boninite complex is located in the Dacha-Daba (DCDB, Daba
means mountain ridge) region, ~50 km south of the town of Sunan,
the middle part of the North Qilian suture zone (see Fig. 2 for locality).
This complex was first described as high-Mg andesite by Xia et al.
(1991a, 1991b), later as component of normal oceanic ophiolite by
Feng and He (1995a, 1995b), more recently as boninite or boninite-
like complex by Chen et al. (1995), Song (1996) and Zhang et al.
(1997a, 1997b, 1998). The more recent and comprehensive work by
Xia et al. (in press) indicated that this boninite sequence is earliest
products of infant arc splitting and subsequent back-arc basin develop-
ment. Fig. 14 shows the field occurrence and rock assemblage of the
boninite complex.

4.1.1. Petrography of the boninite complex

4.1.1.1. Gabbro. Gabbro occurs as several layers inter-bedded with
massive dolerite and pillow lavas. They show medium- to fine-
grained gabbroic texture. The gabbro has ~65–70 vol.% plagioclase
and 25–30 vol.% pyroxene. Most pyroxenes are overprinted by
amphibole.

4.1.1.2. Massive dolerite. The massive dolerite is located in the north-
ern part of the cross-section and constitute the lower part of boninite
sequence together with the gabbro. Feng and He (1995a, 1995b)
interpreted the dolerite as sheeted dykes with single-chilled margins.
However, these margins are mostly parallel fractures and the chilling
margins are mostly absent. Rather, columnar joints were observed.
The rocks show a fine-grained gabbroic or doleritic texture with
strong alteration.

4.1.1.3. Pillow lavas. The pillow lavas are the major component of the
boninite sequence and crop out about 2200 m in the total thickness in
the northern part of cross-section (Fig. 15a,b). Amygdules, usually
filled with chlorite, calcite and/or prehnite, crowded together at the
outer crusts of the pillows, which are overturned (Fig. 15b). Two
layers of gabbro and many single or sheeted dykes intruded the pil-
low lavas (Fig. 15c,d). In thrusting fault belt, the pillows are strongly
flattened andmylonitized. The rocks are characterized by vitrointersi-
tial and spilitic structures and consist of about 35–40% skeletal plagio-
clase, 15–20% altered pyroxene and 35–40% matrix.

4.1.1.4. Dolerite dykes. Most of the dolerite dykes have single chilled
margins and cut the layer of pillow lavas at a high angle. Some are
united together as sheeted dyke swarm (Fig. 15c,d).

4.1.1.5. Volcanic tuff. The volcanic tuff, located north of the pillow
lavas, is ~500 m in thickness, and consists of about 35% crystal and
lithic clasts and 65% tuff matrix.

4.1.2. Geochemistry and forming ages
On the basis of petrography and geochemistry, two groups have

been recognized, i.e., the lower tholeiite group and the upper boninite
group. The lower tholeiite group, including gabbro and dolerite in the
south part of the cross-section, are tholeiitic and similar to the N-type
MORB with normal contents of SiO2 (49–52 wt.%), TiO2 (>1 wt.%)
and MgO (b7.8 wt.%). The upper group, including pillow lavas and dol-
eritic dykes, have high SiO2 (most in the range of 53–60 wt.%), MgO
(7–20 wt.%) but low K2O (0.1–0.78 wt.%) and very low TiO2 (0.27–
0.44%), showing features of boninite affinity. In SiO2–(Na2O+K2O)
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Fig. 10. Primitive mantle normalized spidergrams for ophiolite suites from the North Ophiolite Belt.
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diagram (Fig. 16a), the lower tholeiite group plots in the basalt region
and the upper boninite group ranges from basalt to andesite.

In comparison with the lower tholeiite group, all samples (includ-
ing pillow lavas and dolerite dykes) of the upper group have lower
HFSEs and REEs, and higher Cr, Co and Ni. In Zr–Zr/Y, Ti–V, and Y–
Cr discriminant diagrams (Fig. 16b–d), the doleritic and gabbroic
samples in the lower tholeiite group display a predominant MORB
affinity, whereas the upper group samples plot nearly all in the boni-
nite field.

Zircon U–Pb dating reveals that the boninite complex becomes
younger from the lower tholeiite group to the upper boninite group.
Two gabbro samples from the lowest, and upper part of the tholeiite
group and one gabbro sample from the lower part of boninite group
gave zircon SHRIMP weighted mean age of 517±4 Ma , 505±8 Ma
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Fig. 11. Discrimination diagrams for basaltic rocks from the North Ophiolite Belt.
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and 483±9 Ma, respectively (Meng et al., 2010; Xia et al., in press)
(see Fig. 14 for sample localities). These ages suggest a long erupted
history in the forearc setting, and the later age is consistent with
the Jiugequan SSZ-type ophiolite.

4.2. Arc volcanic rocks

The arc-volcanic complex, together with associated granite plu-
tons, is the major component and occupies ~50–60% outcrop of the
orogenic belt. This complex occurs continuously as a belt along the
~1000-km-long North Qilian oceanic suture zone. Continental colli-
sion juxtaposed the arc-volcanic sequence in parallel with belts of
high-pressure metamorphic rocks and ophiolitic complexes. The
arc-volcanic complex consists mainly of felsic to mafic volcanic
rocks with minor shoshonite. These rocks, however, are poorly
dated, and their tectonic significance has been debated for a long
time (e.g., Xu et al., 1994; Xia et al., 1995a, 1995b; Wang et al.,
2005). This volcanic sequence is also of particular interest in being
the major host rocks of Cu–Pb–Zn sulfide mineralization, e.g., the
Baiyin massive Cu–Pb–Zn sulfide deposit, which is the largest of its
kind in China (Bian, 1989; Peng et al. 1995).

4.2.1. Arc-volcanic rocks in Qilian region
As shown in Fig. 2, the volcanic complex in the Qilian region ex-

tends between the two ophiolite belts along the major tectonic
WNW-trending of the orogenic belt. This complex is intruded by the
Qaidano granite pluton in the west and juxtaposes in parallel with
three slices of high-pressure metamorphic rock assemblage including
high-grade blueschist and eclogite, which suggests that exhumation
of the HP rocks might be related to the arc-continent collision.

The volcanic complex is comprised predominantly of felsic (dacite
to rhyolite) rocks with minor intermediate to mafic rocks. Most of the
rocks have undergone greenschict-facies metamorphism and defor-
mation with a penetrative foliation. Xia et al. (1995a, 1995b)
interpreted the volcanic rocks as a bimodal basalt–rhyolite suite
formed in a Neoproterozoic continental rift on the basis of question-
able Rb–Sr isotopic dating.

Major element analyses show that compositions of volcanic rocks
in the Qilian Region are actually intermediate to acid with variable
SiO2 (55–82 wt.%) and low TiO2 (0.1–0.6 wt.%) and plot consecutively
from basaltic andesite, andesite, dacite to rhyolite in the TAS diagram
(Fig. 17a). In the AFM diagram (Fig. 17b), all samples display a calc-
alkaline magmatic series. Two volcanic groups, i.e., the sodium-rich
group and potassium-rich group, have been distinguished. The
sodium-rich volcanic rocks have high Na2O (3.0–7.4 wt.%) and
Na2O/K2O ratios (1.6–83), but relatively low concentrations of LILE
and LREE. They show rather flat chondrite-normalized REE patterns
with weak or no Eu and Sr anomaly. The potassium-rich volcanic
rocks, in contrast, have low Na2O (0.15−2.72 wt.%), low Na2O/K2O
ratios (0.05–0.92), high concentrations of LILEs and Th, U, Pb, but
low Sr and Ti and show LREE enriched patterns with a negative Eu
anomaly.

Zhang et al. (1997a, 1997b) reported single-zircon TIMS ages of
466–481 Ma for a felsic volcanic rock. The sample (09QL73) used for
zircon U–Pb dating is a deformed rhyolite with porphyroblastic
quartz and feldspar. Zircons are colorless and euhedral with the
long axis varying from 100 to 200 μm and length/width ratios
from 1.2 to 2. They all display oscillatory bands of magmatic origin
in CL images. LA-ICPMS analysis gives relatively uniform U
(417–956 ppm) and Th (343–900 ppm) and Th/U ratios (0.52–1.39).
Seventeen analyses of zircons yield

206
Pb/

238
U ages of 479–511 Ma

with a weighted mean of 494±6 Ma (MSWD=0.84; Fig. 18).

4.2.2. Arc-volcanic rocks in Baiyin region
The Baiyin region is located in the eastern end of the North Qilian

orogenic belt. Volcanic rocks in this region outcrop over an area of
~40 km2. As the major host of the large Cu–Pb–Zn sulfide mineraliza-
tion field, these rocks have been extensively studied for their
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Fig. 12. Concordant diagrams for zircon SHRIMP analyses from gabbroic samples in the
North Ophiolite Belt.
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petrology, geochemistry, forming ages and tectonic settings (see
Wang et al., 2005 and references therein).

As described in details by Wang et al. (2005), the lithologies of the
Baiyin volcanic rocks are predominantly felsic and minor mafic, in-
cluding rhyolitic and basaltic lavas and pyroclastic rocks. They occur
as deformed tectonic slices, separated by WNW-trending ductile
shear zones along which the rocks have been mylonitized. Most of
the rocks have a penetrative foliation that strikes 120°–130° and
dips 50°–70° S. The volcanic rocks are unconformably overlain by a
metasedimentary sequence composed chiefly of phyllite and marble
with some intercalated beds of Fe–Mn nodules and carbonaceous
shale. Pb–Zn–Cu sulfide deposits mainly occur in the felsic volcanic
rocks.

The Baiyin volcanic rocks display a bimodal pattern with mafic
unit (SiO2 46.5–57.5 wt.%) and felsic unit (SiO2 69.1–82.0 wt.%) in
the TAS diagram (Fig. 17a), and both mafic and felsic rocks exhibit a
calc-alkaline trend in the AFM diagram (Fig. 17b). All mafic volcanic
rocks are characterized by LREE enriched patterns with high (LaN/
YbN) (2.8–8.1), Th/Nb (0.75–2.60), Th/La (0.30–0.87), and La/Nb
(2.0–3.0) ratios, resembling volcanic arc basalts in the present-day
supra-subduction zone environment (e.g., Pearce and Norry, 1979).
The felsic volcanic rocks can also be subdivided into high-Na (Na/
K>1) and high-K (Na/Kb1) groups, as are volcanic rocks in the Qilian
region (see earlier discussion). They display strong supra-subduction
zone signature with negative Nb, Sr, Ti anomalies and relatively high
Th/Nb ratios (0.8–1.6). The mafic volcanic rocks have (

87
Sr/

86
Sr)i ratios

of 0.7064 to 0.7067 and εNd(T) values of −1.4 to +3.1, whereas the
felsic volcanic rocks have (

87
Sr/

86
Sr)i ratios of 0.7046 to 0.7061 and

εNd(T) values of +4.4 to +7.7. The Sr–Nd isotopic data suggest that
the Baiyin volcanic rocks most probably formed in an island arc envi-
ronment through partial melting of mafic rocks from a depleted
source rather than from the anatexis of continental crust (Wang et
al., 2005).

Xia et al. (1996) reported Sm–Nd and Rb–Sr isochron ages of the
rocks ranging from 1292±69 Ma to 522±44Ma for themafic volcanic
rocks and 606±3 Ma for the felsic volcanic rocks, and therefore they
concluded that the bimodal volcanic rocks formed in a Precambrian
continental rift. Reliable zircon U–Pb ages by SHRIMP and LA-ICPMS
reported in recent years are 446±3 Ma and 467±2Ma for felsic volca-
nic rocks (Wang et al., 2005; He et al., 2006), 465±4 Ma for amafic vol-
canic rock (Li et al., 2009a, 2009b), which should represent the forming
ages of the Baiyin island-arc volcanic rocks.

4.3. Granite/granodiorite plutons

Most granite/granodiorite plutons occur as elongated bodies with-
in the island-arc igneous belt and the joint area between the North
Qilian orogenic belt and the Alashan block. Their long axes extend
along major tectonic line of the Qilian Orogen. The bulk volume of
the plutons is much smaller than granitic pluton belts of Gangdese
in Tibet and Andes in South America. On the basis of forming ages,
these granite/granodiorite plutons can be subdivided into (1) volca-
nic arc granite (VAG) (520–460 Ma), (2) syn-collisional granite
(440–420 Ma) and (3) post-collisional granite (b400 Ma). Most
young plutons (b440 Ma) occur in the north. Adakitic plutons with
U–Pb zircon ages of 438–450 Ma are also reported in the west and
east part of the orogenic belt (Tseng et al., 2009; Chen et al., in
press). Fig. 19 shows the distribution and ages of granitoid plutons
in the North Qilian orogenic belt.

4.3.1. VAG plutons
The VAG plutons occur as individual intrusions within the arc ig-

neous belt and the northern ophiolite belt all along the North Qilian
orogen (Fig. 2). These plutons are variable in size and some large
ones are usually lithologically compound with rock assemblage of
gabbro, diorite, granodiorite and granite. Geochronological studies
revealed that they formed in the epoch of oceanic subduction from
~520 Ma to 460 Ma (Mao et al., 2000; Song et al., 2004a, 2004b,
2004c; Wu et al., 2004, 2006, 2010; this study). Some large intrusions
have been well documented, including (1) Kekeli diorite-granodiorite
intrusion (476–512 Ma, Wu et al., 2010), (2) Chaidanuo biotite mon-
zonitic granite intrusion (508–516 Ma, Wu et al., 2010; this study),
(3) Niuxinshan quartz-diorite intrusion (477 Ma Wu et al., 2006,
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Fig. 13. Geological map of the Laohushan ophiolite (modified after Qian et al., 2001).
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2010), and (4) The Leigongshan adakite–granodiorite intrusion
(453 Ma, Tseng et al., 2009).

The Kekeli diorite–granodiorite intrusion crops out in the south
margin of the Qilian orogen. It is an I-type pluton with mineral assem-
blage of Amp+Pl+Kfs+Qtz. Mafic magmatic enclaves (MME) are
well preserved within the intrusion. This intrusion is chemically char-
acterized by low SiO2, high CaO and total Fe2O3 and metaluminous
with an alumina saturation index [Al/(Ca−1.67P+Na+K)] of less
than 1.0. U–Pb SHRIMP dating for zircons from two samples suggests
that it is a multi-stage intrusion with ages ranging from 512 Ma to
476 Ma (Wu et al., 2010).

The Chaidanuo intrusion is an elongate body (~60 km long and
~8 kmwide), extending along the tectonic line within the arc igneous
belt (Fig. 18). The intrusion is bounded by ductile fault in the north-
ern margin and covered by Cenozoic sediments in the southern
Fig. 14. Geological map and cross-section
margin. Lithologies of this intrusion are predominantly granitic rang-
ing from granodiorite to monzonitic granite. Some minor mafic bod-
ies including gabbro and diorite also occur within this intrusion. The
mineral assemblage of the granite consists of Pl+Kfs+Qtz+Bi and
accessory phases such as zircon, apatite and titanite. All the analyzed
samples from the main rock type of the Chaidanuo intrusion have low
contents of MgO, FeO and CaO and plot in the granodioritic and gra-
nitic field. They are all peraluminous with an alumina saturation
index of greater than 1.0 (1.03–1.28). In the Chondrite-normalized
REE and Primitive mantle-normalized multi-element diagrams, all
samples display strong negative anomaly of Eu, Ba, Sr and HFSEs
(Nb, Ta and Ti). (

87
Sr/

86
Sr)St, [

143
Nd/

144
Nd]St and εNd(t) are 0.7372–

0.7473, 0.511692–0.511641 and −5.7 to −6.7, respectively (Wu et
al., 2010). These features suggest that the Chaidanuo intrusion is typ-
ical S-type granite that was originated from partial melting of crustal
of the Dachadaban boninite complex.
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Fig. 15. Photographs showing the boninite complex. (a) and (b) boninitic pillow lava. (c) and (d) boninitic dykes intruded in boninitic pillow lava.

Fig. 16. TAS (a), Zr–Zr/Y (b), and TiO2–V (c) Y–Cr (d) discriminant diagrams for the Dachadaban boninite complex. MORB, mid-ocean ridge basalts; IAB, island arc basalts; WPB,
within plate basalts; Bon, boninites. See Pearce (2003) for further references to these discriminant diagrams.
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Fig. 17. Total Alkalis (Na2O+K2O) versus SiO2 plot of the volcanic rocks in Qilian
Region.
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materials with plagioclase as a residual phase or a large scale of crustal
assimilation.Wu et al. (2010) reported a zircon U–Pb age of 508±5 Ma
by SHRIMP for the Chaidanuo intrusive complex. Zircons from our sam-
ple, however, yielded very complicated results with detrital zircon ages
of 954–743 Ma and magmatic zircon ages of 516±4 Ma (Chen et al.,
unpublished data). Therefore, we can conclude that the Chaidanuo in-
trusive complex was formed at ca. 508–516 Ma through partial melting
of a juvenile crust. This intrusion records the oldest arc magmatic
activity in the North Qilian orogenic belt.

The Niuxinshan intrusion, located south of the town of Qilian, is
lentoid and occupies over an area of ~110 km2. This intrusion mainly
Fig. 18. Concordia diagram for zircon U–Pb LA-ICPMS analyses for the volcanic sample
09QL73 in Qingshuigou, Qilian.
consists of reddish granite with mineral assemblage of Pl+Kfs+Qtz
with minor Hb, Bi, apatite, sphene and zircon and is intruded by
late quartz-diorite. Zircon U–Pb analyses by SHRIMP gave ages of
477±7 Ma for the reddish granite (Wu et al., 2006).
4.3.2. Syn-collisional pluton
Two syn-collisional plutons that occur in the northern margin of

the orogen have been recognized. They were formed in the period
of continental collision following the complete ocean basin closing
and seafloor consumption.

The Jinfosi intrusion crops out as a lentoid body (~60 km long and
10–12 km wide, over an area of ~620 km2), and extends in NW-
direction in the northwesten part of the North Qilian orogenic belt.
It intruded the Ordovician back-arc basin volcanic complex and Silu-
rian sedimentary sequence. This intrusion consists predominantly of
quartz monzonite and monzonitic granite with minor quartz diorite
and granodiorite. Mineral assemblage of quartz, microperthitic mi-
crocline, plagioclase, biotite, muscovite, tourmaline, garnet, apatite
and zircon indicates S-type affinity. Whole-rock analyses show all sam-
ples are peraluminous with a molecular ratio Al2O3/(CaO+Na2O+
K2O) of 1.01–1.25, and have clear negative anomalies of Eu, Sr, Ba, Nb,
Ta and Ti in the primitive mantle-normalized multi-element diagram
(Zhang et al., 1995; Hu et al., 2006; Wu et al., 2010).

Zhang et al. (1995) reported whole-rock Rb–Sr isochron ages of
404–419 Ma. Zircon U–Pb analyses by SHRIMP yielded a weighted
mean age of 424±3 Ma (Wu et al., 2010). The forming ages of the
Jinfosi intrusion is much later than arc volcanic rocks (~500–440 Ma),
VAG intrusions (520–460 Ma) and high-pressure metamorphic rocks
(see later discussion), but the same as ultrahigh-pressure metamor-
phism associated with continental deep subduction in the North
Qaidam UHP belt (e.g. Song et al., 2005, 2006).

The Laohushan intrusion is located in the eastern part of the North
Qilian orogenic belt and intrudes the Laohushan ophiolite and sedi-
mentary sequence. It is an elongate body (~2×20 km2) and consists
of quartz diorite, pyroxene diorite, tonalite and minor quartz monzo-
nite. Zircon U–Pb analyses by TIMS yielded an age of 423.5±3 Ma
(Qian et al., 1998).
4.3.3. Post-collisional intrusion
The post-collisional intrusions were recognized in Wuwei-

Jinchuan region, the joint area between the North Qilian orogenic
belt and the Alashan block (Fig. 18). Lithologies in these intrusions
are chiefly quartz-monzonitic and granitic with Al2O3/(CaO+Na2O+
K2O) molecular ratios of 1.0–1.1. Rock forming minerals are plagioclase
(An 15–28), microperthitic microcline, quartz and biotite with accesso-
ry minerals including apatite, sphene, magnetite-ilmenite and zircon.
Zircon U–Pb analyses by LA-ICP-MS yielded 374–403 Ma (Wu et al.,
2004; Hu et al., 2005).
5. High-pressure low-temperature metamorphic rocks

Two sub-belts of high-pressure metamorphic (HPM) rocks are
readily identified in the North Qilian suture zone (Wu et al., 1993;
Song, 1997): (1) a low-grade blueschist belt with a typical assem-
blage of Lws+Pmp+Gln±Arg, and (2) a high-grade blueschist
belt with an assemblage of Grt+Phn+Gln+Ep that locally encloses
massive blocks of eclogite, meta-chert, serpentinite and marble. On
the basis of petrological, mineralogical and geochronological studies,
this belt was suggested to be one of the oldest “cold” oceanic subduc-
tion zones with a thermal gradient of ~6–7 °C/km on Earth. Song et al.
(2009a, 2009b, 2009c) have reviewed these HPM rocks in details on
rock types, mineral assemblages and composition, metamorphic
ages and the P-T-t path.
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Fig. 19. Geological map showing major granitic plutons and their ages.
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5.1. Low-grade blueschist belt

The NW-trending low-grade blueschist belt of ~200–500 m wide
extends for ~20 km along the Bailong River, ca. 20 km southwest of
the town of Sunan (Wu et al., 1990). It is thrust southwestwards
onto the Devonian molasse to the south. To the further south is a
large granitic pluton in parallel with the low-grade blueschist belt.
To the north of the low-grade blueschist belt is an ophiolitic complex
comprised of blocks of serpentinized peridotite, gabbros, pillow lavas
and diabasic dykes with thin-layers of radiolarian chert. Copper min-
eralization is widespread within this ophiolitic complex.

Blueschists along the Bailong River are strongly deformed with
isoclinal folds and intense foliation on both macro and micro scales.
The intensity of deformation decreases gradually northeastwards
into non-deformed glaucophane-bearing meta-basalt. Protoliths of
low-grade blueschists are mainly basaltic rocks with minor felsic
ones. The low-grade blueschists are characterized by high-pressure
metamorphic (HPM) assemblages of Lws+Gln+Pmp+Ab+Arg,
Lws+Chl+Ab, and Pmp+Gln+Chl+Ab+Arg, which best con-
strain P–T conditions for the low-grade blueschist at ~250–350 °C
and 0.6–1.1 GPa (Song et al., 2009a). P–T pseudosection calculation
shows that the metamorphic P–T conditions for low-grade blueschist
are limited in the range of 320–375 °C and 0.75–0.95 GPa (Zhang et
al., 2009). The variation of mineral assemblages may suggest pressure
decrease from southwest to northeast.

Chemical analyses show that the protoliths are sub-alkaline tho-
leiitic basalt with SiO2b50 wt.%, TiO2 1.12–1.49 wt.%, and relatively
high MgO (7.0–9.6 wt.%) and low to medium K2O content (0.16–
1.1 wt.%). In the primitive mantle normalized (Sun and McDonough,
1989) multi-element diagram, these three rocks show patterns con-
sistent with N-type MORB except for the enrichment of fluid-mobile
LILEs such as Cs, Rb, Ba, U and to a lesser extent Th. In trace element
discrimination diagrams, they all plot in the N-type MORB field
(Song et al., 2009a).

5.2. High-grade blueschist belt

The high-grade blueschist belt of about 140 km long occurs
tectonically as three NW-trending slices within arc-type siliceous vol-
canic rocks (Fig. 2). These slices are composed of typical subduction-
zone mélange with various blueschist- to eclogite-facies metamor-
phosed blocks and lenses of limestone and ophiolitic fragments,
including serpentinite, basalt, pelite and pelagic chert within a
blueschist-facies meta-greywacke matrix.

5.2.1. Meta-greywackes and olistostrome
The meta-greywacke matrix of the mélange is characteristic of

accretionary wedge rock assemblage and constitutes the major com-
ponents of the high-grade blueschist belt (Wu et al., 1993; Song,
1997). Meta-greywackes are foliated, and contain a blueschist-facies
mineral assemblage of Gln+Phn+Pg+Ep+Ab+Qtz±Grt. A
~100-m-thick layer of conglomerate with miscellaneous gravels oc-
curs in the southern border of Slice A in Qingshuigou cross-section
and extends for about 5–8 km. Song (1996) interpreted it as an “olis-
tostrome” deposit. The olistoliths contain varying-size, strongly de-
formed blocks of marble, meta-chert, serpentinites, and mafic and
siliceous volcanic rocks within a greywacke matrix.

Blueschist- to eclogite-facies metamorphosed turbidites are also
recognized in the high-grade blueschist belt, and showdeformed, inter-
bedded structures with thicker, light-colored layers of meta-sandstone
and thinner, dark-colored layers of meta-pelite (blueschist). The meta-
sandstone has a mineral assemblage of Grt+Phn+Qtz±Gln±Ep.

5.2.2. Eclogite and mafic blueschist
Eclogites in the North Qilian orogenic belt were first reported and

studied in details by Wu et al. (1993). All eclogites (including mafic
blueschists) occur as blocks or lenses of varying size within felsic
blueschists. The eclogite blocks are mainly found in slices of the
high-grade blueschist belt (Fig. 2). In terms of mineral assemblages,
these eclogites can be grouped into two types (Song et al., 2007):
(1) phengite-rich eclogite with a peak-stage Grt+Omp+Phn+Rt
assemblage plus minor epidote, and (2) epidote-rich eclogite with a
Grt+Omp+Ep/Cz+Gln+Rt±Qtz assemblage and minor phengite
and paragonite. Most epidote eclogites are strongly deformed, and
show mineral (epidote/clinozoisite, omphacite and phengitic mica
etc.) alignment along the foliation overprinting the undeformed as-
semblage. Mineral compositions and oxygen fugacity vary systemati-
cally with the strength of deformation (Cao et al., 2011). Most
eclogite blocks have undergone retrograde blueschist-facies over-
printing; some are completely retrograded into mafic blueschist.
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Fig. 20. Histogram of apparent
206
Pb/

238
U age of all analyses (After Song et al., 2009a,

2009b and references therein).
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Inclusions of lawsonite and lawsonite pseudomorphs are present
in some porphyroblastic garnets in both eclogite types (Zhang and
Meng, 2006, Song et al., 2007; Zhang et al., 2007). Lawsonite pseudo-
morphs show rectangular and triangular shapes and consist of
aggregates of Cz+Pg±Phn±Omp defining a reaction relationship
of Lws+Jd (Omp)=Cz+Pg+H2O. The numerous lawsonite pseudo-
morphs together with omphacite inclusions in garnet suggest that
lawsonite was ubiquitous during the peak stage of eclogite-facies
metamorphism associated with “cold” oceanic subduction. P–T calcu-
lations give a temperature range of 460–550 °C and a pressure range
of 2.20–2.60 GPa, which lie mainly in the lawsonite-eclogite field
(Song et al., 2004b, 2007; Zhang et al., 2007; Wei et al., 2009).

On the basis of mineral assemblage and geochemical analyses, pro-
toliths of eclogites can be subdivided into three groups, (1) high-K
basaltic group (phengite-rich eclogite), (2) low-K basaltic group and
(3) gabbroic group. The high-K eclogite samples have variable SiO2

from 44 to 55 wt.%, relatively high K2O (K2O>2.0 wt.%), high but vari-
able TiO2 (1.15–2.98 wt.%) and most samples plot in the alkaline fields
of tephrite basanite, trachybasalt and basaltic trachyandesite in the
TAS diagram. Trace elements indicate that phengite eclogites have char-
acteristics of present-day E-type MORB and ocean island basalts (OIB).
The low-K group eclogites, in contrast, are sub-alkaline basalts and
show N- to E-type MORB affinities. The gabbroic group is characterized
by low concentrations of REEs and HFSEs and positive Sr and Eu
anomalies.

5.2.3. Eclogite-facies metapelites
Most metapelites occur as country rocks or are interlayered with

eclogites. Song et al. (2007) reported two kinds of pelitic schist on the
basis of their different mineral assemblages. (1) Carpholite-bearing
chloritoid-glaucophane schists with assemblage of Grt+Car+Cld+
Phn+Rt+Qtz (±Gln) and (2) Grt-Omp-Phn-Gln schist. Wei and
Song (2008) reported talc in the Chloritoid-glaucophane schists.

Mg-carpholite, an important index mineral of high-H2O phase in
the cold subduction zone, has been found so far in meta-pelite from
the southern part of the Baijingsi cross-section, 30 km east of the
town of Qilian. The Car-Cld schist mainly consists of Mg-carpholite
(15–20%), garnet (~5–8%), Mg-rich chloritoid (~10–15%), phengite
(10–15%) and quartz (30–40%) with minor tourmaline. Rare glauco-
phane grains occur in the matrix, or as inclusions in garnet. Coarse-
grained prismatic Mg-carpholite crystals of 0.1−0.4 mm occur in
the matrix, and as small inclusions in chloritoid. Mg-rich chloritoid
(Mg/[Mg+Fe2+]=0.46−0.55) occurs as porphyroblastic crystals
in equilibrium with Mg-carpholite, garnet and phengite.

Mg-carpholite is characterized by high MgO, low FeO and ex-
tremely low MnO with XMg [=Mg/(Mg+Fe2++Mn)] ranging from
0.73 to 0.87, XFe from 0.13 to 0.27, and XMn from 0.000 to 0.002.
THERMOCALC (Powell et al., 1998) calculation gives equilibrium
T=520–530 °C and P=2.45–2.50 GPa for carpholite-bearing schists
(Song et al., 2007; Yu et al., 2009).

The Grt-Omp-Phn-Gln schist occurs as a ~100 m thick layer in the
Baijingsi cross-section and is bounded by a large block of eclogite to
the north and the Car-Cld schist to the south (Fig. 6b). This schist con-
sists of garnet porphyroblasts set in a foliated fine-grained matrix of
omphacite, phengite, glaucophane, rutile, epidote and quartz. The
Grt-Omp-Phn geothermobarometer of Ravna and Terry (2004) gives
equilibrium T=445–496 °C and P=2.15–2.25 GPa (Song et al.,
2007).

5.2.4. Meta-chert
Meta-cherts occur as blocks or layers (~50 m in maximum

thickness) enclosed in meta-greywacke and pelitic schists. Most
meta-cherts are strongly deformedwith isoclinal folds. They are dom-
inated by elongate recrystallized quartz with minor phengitic mica;
some samples also contain minor garnet and glaucophane. Mn ores
have been minded in the manganese-bearing meta-chert, suggesting
a protolith of pelagic sediment.

5.2.5. Marble
Marble also occurs as blocks of varying size in felsic blueschists.

Some marble blocks have banded structure with inter-bedded layers
of Cc+Qtz and Gln+Ep±sodic Cpx (XAe=0.61–0.79) assemblage.

5.3. High-pressure metamorphic ages

Geochronological studies of HPM rocks started in 1980s using K-Ar
and

40
Ar–

39
Ar methods on phengite and glaucophane for blueschists

(Wu, 1987; Liou et al., 1989; Wu et al., 1993; Zhang et al., 1997a,
1997b; Liu et al., 2006). More recently, zircon U–Pb SHRIMP technique
has been used to determine the metamorphic ages of eclogites (Song
et al., 2004a, 2004b, 2004c, 2006; Zhang et al., 2007). The low-grade
blueschists, on the other hand, have not been precisely dated so far.

Five eclogite samples from the North Qilian HPM belt have been
dated using zircon SHRIMP method by Song et al. (2004a, 2004b,
2004c, 2006) and Zhang et al. (2007). They gave weighted mean
ages from 463±6 Ma to 489±7 Ma for HPM and from 544 to
710 Ma for protoliths (Song et al., 2004a, 2004b, 2004c; Zhang et al.,
2007). These HPM ages are statistically similar, but the mean differ-
ences of ~20 m.y., reflecting differences in the timing of eclogite-
facies metamorphism in different eclogite blocks of the same HPM
belt.

Histogram of all zircon analyses of four eclogite samples give meta-
morphic ages shown in Fig. 20. Four accumulate age peaks are 710–650,
544, 472 and 421 Ma. The old core ages of 710–650 Ma and ~544 Ma
probably represent crust forming ages in the Qilian Ocean, although
Zhang et al. (2007) interpreted the former ages as crustal contamina-
tion prior to subduction (Zhang et al., 2007). The peak at ~472 Ma is ac-
cumulated frommetamorphic ages (463 to 489 Ma) of the four eclogite
samples and represent the timing of eclogite-faciesmetamorphism. The
age peak at ~421 Ma (404–424 Ma) is distinctive, is younger than the
blueschist-facies metamorphism or cooling time of the HPM belt (see
later discussion), but is consistent with the continental collision with
mountain building (molasse formation) in the Late Silurian–Early Devo-
nian time. Moreover, this age is also consistent with the UHPM and ex-
humation ages of the North Qaidam continental-type subduction zone
inferred from dating of zircons from garnet peridotites and coesite-
bearing meta-pelites (~430–400 Ma, Song et al., 2005, 2006).

Ar–Ar dating of phengitic mica from blueschists in the high-grade
blueschist belt yields plateau ages of 448±11 Ma (Liou et al., 1989),
446–454 Ma (Liu et al., 2006) and 450–489 Ma, which should repre-
sent the major blueschist-facies metamorphism. Some

40
Ar/

39
Ar ages
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of phengitic mica and glaucophane range from 420 to 400 Ma (Wu et
al., 1993; Zhang et al., 1997a, 1997b) and most probably record the
last exhumation event of the North Qilian HP belt corresponding to
the orogenic uplift indicated by the deposition of the Early Devonian
molasses.

Lin et al. (2010) reported Ar–Ar glaucophane ages of 415–417
from two lawsonite-bearing blueschist samples in the low-grade
blueschist belt. This age is much younger than Ar–Ar ages of the
high-grade blueschists, but is consistent with mountain building
epoch from late Silurian to early Devonian (see following discussion).

6. Silurian flysch, Devonian molasse and post-Devonian covers

The Silurian flysch formation occurs as elongate belt in the north
side the arc-volcanic magmatic belt along the North Qilian orogenic
belt. Temporal and spatial distributions of the formation suggest that
Fig. 21. Photographs showing Silurian flysh and Devonian molasse. (a) Coarse-grained, poly
turbidites in the Silurian flysh formation. (e) Devonian molasse deposited on the Dachadab
it may have developed in an Ordovician back-arc basin (Fig. 2), rather
than a forearc basin as suggested by Yan et al. (2010). This formation
consists predominantly of fine-grained siltstone and slate that forms a
typical turbidite with Bouma sedimentary structures (Fig. 21 a–d).
The coarse-grained, polymict conglomerate and sandstone mainly dis-
tribute on the two margins of the sedimentary basin, which represent
under-water channel deposit. Gravels of conglomerates in the north
are composed of granite, chert, sandstone, limestone and volcanic
rocks, suggesting that they have sourced from the continent in the
north, whereas gravels in the south are volcanic rock, chert and granite
that soured from the volcanic arc. Zircon U–Pb dating for volcanic and
granitoid clasts yielded ages of 515–429 Ma (Yan et al., 2010), consis-
tent with ages of the volcanic arc and syn-collisional magmatism de-
scribed earlier.

The Silurian flysch formation has deformed temporally in consis-
tence with those Ordovician SSZ ophiolite; both are uncomformably
mict conglomerate and sandstone in the Silurian flysh formation. (b)–(d) Fine-grained
an boninitie complex. (f) Oligomictic conglomerate in the Devonian molasse.
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covered by the Early Devonian molasse and stable-platform type sed-
imentary strata of late Devonian to Triassic eras.

The EarlyDevonianmolasse distributes discontinuously in theNorth
Qilian Mountains and lies unconformably over those early rock series,
such as arc volcanic complex, ophiolites, HPM rocks and Silurian flysch
formation. It mainly consists of poorly-rounded, non-sorting terrestrial
conglomerates (Fig. 21e,f) and sandstones that in-situ deposit in an in-
termontane or foreland basin, which is interpreted as indicating moun-
tain building processes (orogeny) in response to continental collision
events.

The Late Paleozoic strata are stable epicontinental sedimentation
changing from limestone to clastic rocks with coal layers that uncom-
formably cover the Silurian flysch and subduction complex.

7. Tectonic evolution of the Qilian Orogen

7.1. Breakup of supercontinent Rodinia and formation of the Qilian
Ocean

Breakup of supercontinent Rodinia was thought to result from a
mantle superplume activity in the Neoproterozoic (830–750 Ma)
(e.g., Li et al., 2008 and references therein). All blocks on both sides
of the North Qilian orogenic belt are believed to be fragments of
Rodinia, because of wide-spread Neoproterozoic magmatic and meta-
morphic records (e.g., Wan et al., 2001; Lu, 2002; Li et al., 2005).
Recognition of ~850 Ma CFBs as protoliths of eclogites in Yuka
terrane, the North Qaidam UHP belt suggests that the onset of mantle
superplume could be as early as 850 Ma (Song et al., 2010).

The early history of the Qilian Ocean (part of the Iapetus Ocean?)
is little known, although it was supposed to start spreading at
~750 Ma as a result of Rodinia disintegration (e.g. Meert, 2003;
Torsvik, 2003; Li et al., 2008). Some granitic intrusions with ages of
750–790 Ma in the Qilian orogenic belt and the Qilian block were
interpreted to be products of continental rifting of Rodinia (Tseng et
al., 2006; this study). The 530–560-Ma Yushigou ophiolite is the old-
est one that has been recognized so far in the North Qilian orogenic
belt. However, relic cores in zircons from some eclogite samples re-
cord ages of ~710 Ma; this age, despite being interpreted as crust con-
tamination by Zhang et al. (2007), most probably represents the
forming time of the early subducted ocean (gabbroic) crust. There-
fore, it is reasonable to infer that seafloor spreading in the Qilian
Ocean might have started at latest at ~710 Ma.

Some researchers suggested that the Qilian Ocean belongs to
proto-Tethyan Ocean (e.g., Hou et al., 2006; Gehrels et al., 2011).
However, the tectonic domain of Tethys, as originally defined, was re-
ferred to a ‘geosyncline’ that lay between the supercontinents of
Laurasia and Gondwanaland (e.g. Sengör, 1984; Metcalfe, 1996). The
Qilian Ocean, on the other hand, is associated with breakup of the
Rodinia at ~750 Ma and closed at ~445 Ma, much older than the
proto-Tethan Ocean. Therefore, the Qilian Ocean should be within
the tectonic domain of Laurasia and temporally comparable with
the Iapetus Ocean, a worldwide ocean that was opened in the Neo-
proterozoic as a consequence of break-up of supercontinent Rodinia,
and closed and finally collided and formed the Appalachian orogenic
belt in North America and the Caledonian orogenic belt in Europe in
the Early Paleozoic (e.g., Van der Pluijm et al., 1990; McKerrow et
al., 1991, 2000; Van der Voo, 1993; Torsvik et al., 1996; Niocaill et
al., 1997; Snyder and Barber, 1997; Murphy et al., 2010).

7.2. Initiation of subduction of the Qilian Ocean

The initiation of lithosphere subduction is a hot issue that has
been discussed for over a half century. Generally, the fundamental
factor for subduction initiation is that a sufficiently cold and dense
oceanic lithosphere is required so that the plate sinks spontaneously
in the mantle under its own weight (e.g., McKenzie, 1977; Mueller
and Phillips, 1991, Niu et al., 2003; Gurnis et al., 2004; Stern, 2004).
Subducting slab as a result of its negative thermal buoyancy, further
enhanced by changes to denser minerals with depth, is widely ac-
cepted as major driving force for plate motion (Niu et al., 2003 and
references therein). Consider that under normal circumstances, a pe-
riod of ~200 Myr is needed from the onset of lithosphere formation at
an ocean ridge to its sufficiently cooled and thickened lithosphere to
subduct along passive margins (e.g., Niu et al., 2003), the mature
ocean basin would have been thousands of km wide (depending on
plate-spreading rate) like the Atlantic Ocean before subduction initi-
ation. Therefore, the onset of trench formation must be significantly
later than an ocean basin opening. Critical evidence for the timing
of subduction initiation, on the other hand, is always ambiguous in
ancient orogenic belts, but can be inferred from (1) the earliest arc
magmatism, (2) “infant arc” boninitic complex, and (3) HP/LT meta-
morphic rocks.

Determination of an “infant arc” in the Qilian orogenic belt is not
straightforward. The maximum age of eclogite facies metamorphism
in the Qilian orogenic belt is 489±7 Ma (Zhang et al., 2007), much
younger than arc magmatic ages (>500 Ma) of granitic intrusions
(Wu et al., 2010). Gabbroic samples in the lower tholeiitic part of
the Dachadaban boninite massif gave zircon SHRIMP age of
~517 Ma (Xia et al., in press); this is the earliest magmatism in a fore-
arc setting. We infer that subduction in the Qilian Ocean may be ini-
tiated at ~520 Ma, i.e., conversion of an Atlantic-type passive margin
into an Andean-type active margin.
7.3. Development from Andean-type active margin (infant arc) to
back-arc basin

Passive margin failure is the most accepted model of trench for-
mation, for which the nucleation of subduction was thought to be as
a direct consequence of the cooling of oceanic lithosphere, because
the oldest (hence coldest and most dense) seafloor is adjacent to
Atlantic-type continental passive margins (e.g., Mueller and Phillips,
1991), which can be further facilitated by sedimentary loading and
water weakening (Erickson, 1993; Regenauer-Lieb et al., 2001). As
oceanic lithosphere subducts, asthenosphere locally wells up and
melts due to decompression (Stern, 2004), explaining the infant arc
magmatism.

If the onset of “infant arc” in the Qilian Orogen began at ~520 Ma,
the magmatic arc would be developed on an Andean-type continental
active margin. The convincing evidence for this is the 516-Ma S-type
Chaidano granitic intrusion. Geochemical analyses suggest this intru-
sion resulted from partial melting of continental crust as evidenced
by a large number of inherited 750–900 Ma zircons of crustal mate-
rials representing a passive continental margin rifting by a mantle
plume activity during Rodinia break-up. The 517–505 Ma MORB-like
gabbro–dolerite complex in the lower part of the Dachadaban boninite
complex also suggests the birth of an “infant arc” through upwelling of
mantle during subduction initiation (Xia et al., in press). The magmatic
sequence from the lower MORB-like tholeiites (lherzolite melts) to
upper boninite (harzburgite melts) indicates increasing depletion of
themantle sourcewith time and development of infant arcmagmatism.

The earliest SSZ-type ophiolite in the Jiugequan region is 490 Ma,
overlapping the formation time of boninite in the fore-arc setting,
and represents extension of back-arc spreading center. This means a
conversion from Andean-type active margin to Western Pacific-type
trench–arc–back-arc-basin system may have occurred at ~490 Ma,
while part of the continental margin (fore-arc) splitted from
the mainland through back-arc extension. The latest ophiolite of
448.5±5 Ma in the Laohushan region is consistent with the mini-
mum ages of arc volcanic rocks in the Baiying region and Ar–Ar
ages of blueschists in the Qilian region, suggesting that the back-arc
spreading center may have existed for at least 40 Myr and its
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spreading may have stopped when the Qilian Ocean was closed
(subduction ceased as a result).

7.4. Timing for continental collision and mountain building

Several lines of evidence indicate the closure of the Qilian Ocean and
subduction cessation at ~445 Ma, the end of Ordovician. This includes
(1) the latest arc volcanic rock is 446±3 Ma (Wang et al., 2005),
(2) the reliable Ar–Ar plateau ages of phengitic mica from high-grade
blueschist belt are 446–454 Ma (Liou et al., 1989; Liu et al., 2006), and
(3) Silurian flysh formation that deposited in a shrinked remnant sea
was mainly developed in an Ordovician back-arc basin.

Intensive orogenic or mountain building epoch is marked by the
Lower Devonian intermontane molasse well developed throughout
the North Qilian orogenic belt. This molasse formation laid unconform-
ably over the Silurian flysh and the Cambrain to Ordovician MORB and
Fig. 22. Tectonic evolution of Qilian Orogen in six
SSZ ophiolites, arc volcanic complex and HPM rocks. Uplift of mountain
chains of the Qilian Orogeny can be interpreted as resulting from
continental collision between Alashan block and Qilian–Qaidam block.
This collision, however, is little recorded in rocks within the Qilian
orogenic belt except for the Devonian molasse. Ar–Ar age of 417 Ma of
the low-grade blueschist (Lin et al., 2010) and zircon retrograde ages
at 404–424 Ma (Fig. 20) in eclogite samples is consistent with the
molasse formation, and would represent the intense period of moun-
tain building (Song et al., 2009a). This period is also consistent with
the UHPM and exhumation ages of the North Qaidam continental-
type subduction-zone inferred from dating of zircons from garnet-
peridotites and coesite-bearing metapelites (~430–400 Ma, Song et
al., 2005, 2006).

Just like the Himalaya and Tibet, the HP-UHPM belt, as a result of
continental subduction/exhumation, is exposed along the Higher
Himalaya (Pakistan, India and Nepal). It is spatially not combined in
stages from Neoproterozoic to Paleozoic time.

image of Fig.�22
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the same belt with the oceanic suture zone along the Yaluzangbo
River. This phenomenon is most likely attributed to the different ex-
humation path and mechanism between the subducted oceanic and
continent crusts. This architecture can simply explain the tectonic
pattern in the Early Paleozoic to be a united convergent zone from
oceanic subduction (the Qilian suture zone) to continental subduc-
tion/collision (the North Qaidam UHPM belt) as proposed by Song
et al. (2006).

7.5. Tectonic evolution of the Qilian Orogen

On the basis of different configurations of arc magmatism, ophio-
lites, HP-UHP metamorphic rocks, sedimentary basins and detrital
zircon geochronology, several tectonic models have been proposed
for the North Qilian suture zone and adjacent regions; this includes
southward subduction model (e.g., Gehrels et al., 2011; Gehrels and
Yin, 2003; Yin et al., 2007; Xiao et al., 2009), northward subduction
model (e.g., Xia et al., 1995a, 1995b, 2003; Feng and He, 1996; Yang
et al., 2002; Song et al., 2006) and bidirectional subduction model
(e.g., Zuo and Liu, 1987; Wu et al., 2010). However, a sensible tectonic
model for continental orogenic belts must be based on a comprehen-
sive consideration of all aspects of geological evidence.

On the basis of the foregoing discussions, the inferred tectonic
evolution of the Qilian Orogen from ocean opening, initiation of sea-
floor subduction, development of arc and back-arc system, to conti-
nental collision and mountain building is illustrated in Fig. 22 in six
major stages.

Stage I (opening of the Qilian Ocean at ~710–520 Ma): As a conse-
quence of break-up of supercontinent Rodinia, the Qilian Ocean
opened in the Neoproterozoic (~710 Ma?) as a branch of the world-
wide Iapetus Ocean with Atlantic-type passive margins. This ocean
kept steady spreading before seafloor subduction began.

Stage II (initiation of subduction and infant arc magmatism at
~520–490): When the oceanic lithosphere was old, cold and suffi-
ciently dense, it began spontaneously to subduct northward beneath
the Alashan block at ~520 Ma. As a result, “infant arc” magmatism
took place though partial melting of the least depleted mantle
wedge, producing MORB-like basaltic rocks. Underplating of arc ba-
saltic magmas caused crustal melting of the Andean-type active con-
tinental margin and formed the S-type Chaidano granite intrusion at
516–508 Ma. With increasing the degree of partial melting of the
mantle wedge, more refractory melts (boninites) were produced at
~490 Ma.

Stage III (extension of back-arc and SSZ ophiolite formation at
~490–440 Ma): The back-arc region under extension may start to de-
velop back-arc basin at ~490 Ma and produce back-arc ocean crust
(the North SSZ-type ophiolite belt) in the period of ~490–440 Ma.
Part of the active margin splitted from the continental Alashan
block and the Andean-type active margin was thus converted to a
Western Pacific-type trench–arc–back-arc system. Simultaneously,
LT-HP metamorphic rocks including eclogite and blueschist formed
along a cold geothermal gradient of ~6–7 °C/km in the subduction
zone (Song et al., 2007; Zhang et al., 2007; Wei and Song 2008; Wei
et al., 2009). Cu–Pb–Zn sulfide ore deposits mainly formed in the
arc volcanic rocks at this stage.

Stage IV (closure of Qilian Ocean and Silurian flysh formation at
~440–420 Ma): TheQilianOceanwas closed and theback-arc spreading
stopped at the end of Ordovician. Continental blocks started to collide
and the Qilian–Qaidam block was dragged beneath the Alashan block
by the downgoing oceanic lithosphere to depths of ~100–200 km at
about 430–420Ma (Song et al., 2005, 2006). The surface of the suture
zone was relatively placid; thick flysch formation deposited in the
shrinked remnant back-arc basin in the early Silurian.

Stage V (Uplift of mountain chain and exhumation of subducted
crust in the Late Silurian to Early Devonian): subducted continental
crust started to exhume along the thrust faults as a result of ocean
lithosphere breakoff, and intensive orogenesis occurred in the Late
Silurian and Devonian, which led to the mountain-building, HPM
rock exhumation and molasse deposition followed as a result in the
early Devonian.

Stage VI (Post-orogenic extension and erosion at b400 Ma): In the
late Devonian, the Qilian orogenic belt started to collapse; continuous
extension causes the mantle upwelling and crust melting to form
post-collisional granite intrusions in the southern margin of the
Alashan block. In the Carboniferous, orogenic movement totally
ceased and marine and marine-continental transition facies sedimen-
tary layers covered all the complexes in the North Qilian orogenic belt.
Re-building of themountains continued as a result of the India-Asia col-
lision in the Cenozoic.
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