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ABSTRACT

Recognition of accretionary tectonics in an-
cient orogenic collages is important for recon-
structing the long-term subduction,  accretion, 
and erosional history of fossil convergent mar-
gins, and for understanding crustal growth 
and supercontinent assembly. The North Qil-
ian orogenic belt (NQOB), located between the 
Alxa block and the Central Qilian–Qaidam 
block in northeastern Tibet, is a typical Pha-
nerozoic accretionary-to-collisional orogenic 
belt that represents the termination of the 
northern branch of the Proto-Tethys Ocean. 
It contains two subparallel ophiolitic belts, 
arcs, and subduction complexes; the ophiolitic 
rocks in the northern belt have generally been 
considered to have formed in a back-arc set-
ting. However, the subduction-accretion-colli-
sion history, subduction polarity, and timing 
of closure of the back-arc ocean remain equiv-
ocal. To address these problems, we conducted 
detailed field, structural, and geochronological 
investigations of the Laohushan ophiolite–ac-
cretionary complex and related sedimentary 
rocks in the eastern NQOB. The Laohushan 
Complex is divisible into (1) a northern sedi-
mentary forearc, and a supra-subduction 
zone-type ultramafic-mafic forearc (ca. 
450 Ma) composed of serpentinized harzbur-
gite, gabbro, basalt, and plagiogranite; and 
(2) a southern accretionary complex, which 
consists of relatively coherent basalt-chert-
mudstone ocean plate stratigraphy that is 
structurally repeated many times, trench-fill 

turbidites, mélanges, and widespread thrust 
imbricates and duplexes,  block-in-matrix 
and asymmetric structures. Kinematic analy-
sis indicates that the accretionary complex 
underwent southward thrusting and shear-
ing; coupled with the spatial architecture of 
the different tectonic units, which suggests 
northward subduction beneath the northern 
forearc on the southern margin of the Alxa 
block. Detrital zircon ages of forearc clastic 
sandstones, pelagic mudstones, trench-fill tur-
bidites, and the matrix of mélanges, together 
with the zircon ages of igneous ophiolitic rocks 
and post-accretionary intrusions, indicate that 
the terminal accretion and tectonic stacking 
of the Laohushan subduction complex was 
between ca. 447 and 430 Ma. We propose a 
geodynamic model involving back-arc basin 
opening (ca. 517–449 Ma), intra-oceanic sub-
duction-accretion (ca. 449–430 Ma), and final 
obduction of the northern forearc to account 
for the evolutionary processes of the North 
Qilian back-arc basin. The anatomy of the 
forearc ophiolite and structurally lower ac-
cretionary complex indicates the complicated 
origins and mechanism of emplacement of the 
ophiolitic rocks. Field-based reconstruction 
of accretionary complexes and upper plate 
ophiolites, together with provenance analy-
sis of related sedimentary sequences, provide 
crucial constraints on the prolonged evolution 
of paleo-ocean basins and accretionary-to- 
collisional orogens.

INTRODUCTION

Orogens are the derivative hallmarks of the 
interactions between lithospheric plates (Dewey 

and Bird, 1970; Dewey, 1977; Şengör 1990; 
Şengör et  al., 1993, 2018; Xiao et  al., 2015, 
2018). They contain variably deformed rocks 
that accumulated over a long period of time. 
According to their internal structure and the na-
ture of their plate boundaries, orogens may be 
classified into collisional, accretionary, and in-
tracontinental types (Cawood et al., 2009). The 
accretionary orogens form at sites of subduction 
of oceanic lithosphere, are of considerable size, 
and have been active throughout much of Earth 
history (e.g., Windley,1992; Şengör et al., 1993, 
2018; Xiao et  al., 2003, 2015; Condie, 2007; 
Wilhem et al., 2012; Kusky et al., 2013, 2018; 
Cawood et al., 2018). Accretionary orogenesis 
is one of the most important geodynamic pro-
cesses responsible for continental growth and 
supercontinent assembly (Şengör et  al., 1993, 
2018; Cawood et al., 2009, 2016). Accretionary 
orogens commonly consist of material accreted 
from the subducting plate and eroded from 
the upper plate arcs, dismembered ophiolites, 
oceanic plateaus (seamounts), old continental 
blocks/fragments, exhumed high- or ultrahigh-
pressure (HP or UHP) metamorphic rocks, post-
accretionary granitoids, and clastic sedimentary 
basins (Cawood et al., 2009).

In many accretionary-to-collisional orogens, 
early accreted rocks may be structurally modi-
fied, or parts may be removed by exhumation, 
tectonic erosion, and extensive crustal shorten-
ing during terminal collision following ocean 
closure. Therefore, recognizing and reconstruct-
ing subduction-accretion-collisional events in 
ancient orogens is not straightforward, and gen-
erally leads to intense debate (Xiao et al., 2003; 
Windley et al., 2007; Kusky et al., 2013, 2016). 
Nevertheless, detailed field-based investigations †Corresponding author: tkusky@gmail.com.
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of lithology and structure (e.g., Maruyama et al., 
2010), and precise geochemical and geochrono-
logical data commonly enable recognition of 
the diagnostic litho-structural units i.e., oceanic 
crust in ophiolitic mélanges, subduction-accre-
tion complexes, arcs, and related sedimentary 
basins, and thus they enable determination of 
their kinematics, age, and tectonic origin, which 
finally can lead to reconstruction of the long-
term evolution of the relevant paleo-ocean basins 
and orogens (e.g., Xiao et al., 2003, 2015, 2018, 
2019; Windley et al., 2007; Kusky et al., 2016).

A subduction-accretion complex, which is 
the fundamental component of an accretionary 
orogen, comprises coherent-chaotic rock assem-
blages mainly derived from the downgoing plate 
that may include oceanic crustal fragments, sea-
mounts, oceanic plateaus, HP-UHP metamor-
phic rocks, and clastic sediments (e.g., Isozaki 
et al., 1990; Matsuda and Isozaki, 1991; Safon-
ova and Santosh 2014; Windley et  al., 2007; 
Cawood et  al., 2009; Maruyama et  al., 2010; 
Kusky et al., 2013). One of the most important 
litho-structural units in a subduction-accretion 
complex is ocean plate stratigraphy (OPS) (Iso-
zaki et  al., 1990; Matsuda and Isozaki, 1991; 
Maruyama et  al., 2010; Sawaki et  al., 2010; 
Kusky et al., 2013; Safonova and Santosh, 2014; 
Asanuma et al., 2015; Wakabayashi, 2017). OPS 

is defined as a sequence of oceanic basalt, bed-
ded chert, hemipelagic pelite, trench-fill clastic 
turbidite, sandstone, and conglomerate, which 
together record the history of an oceanic plate 
as it travels from a mid-oceanic ridge to a trench 
(Wakita and Metcalfe, 2005; Maruyama et al., 
2010; Kusky et al., 2013; Wakita, 2015; Safono-
va et al., 2016; Wakabayashi, 2017). During ac-
cretion of OPS in a subduction-accretion com-
plex, some OPS sequences remain as relatively 
coherent packages, whereas others may form 
chaotic block-in-matrix mélanges emplaced 
above a paleo-megathrust (Kusky et al., 1997; 
Wakabayashi, 1999, 2011, 2015, 2017; Festa 
et al., 2010, 2016, 2019; Wakabayashi and Dilek, 
2011; Wakita, 2015). Structural and geochrono-
logical reconstruction of an OPS can provide key 
information on the architecture, rifting-subduc-
tion-accretion history, subduction polarity, and 
tectonic evolution of an orogen (e.g., Osozawa, 
1994; Xenophontos and Osozawa, 2004; Amato 
et al., 2013; Wakita et al., 2013; Asanuma et al., 
2015; Fujisaki et al., 2015; Kusky et al., 2013; 
Wakabayashi, 2017; Wang et al., 2019).

The Qilian orogenic belt, located at the north-
ern margin of the Tibetan Plateau (Fig. 1A), is a 
typical Phanerozoic accretionary-to-collisional 
orogenic collage that records the ambient tec-
tonic processes, from rifting of the Rodina su-

percontinent to multiple subduction-accretion/
erosion, continent-continent collision, and conti-
nental deep subduction (Xiao et al., 1978, 2009; 
Wu et al., 1993; Feng and He, 1996; Yin and 
Harrison, 2000; Gehrels et  al., 2003a, 2003b; 
Song et al., 2006, 2013, 2019; Song et al., 2017b; 
Zhang et al., 2008, 2015; Li et al., 2018; Zuza 
et al., 2018). The Qilian orogenic belt is divis-
ible into the North Qilian orogenic belt (NQOB), 
the Central Qilian block, and the South Qilian 
orogenic belt (Fig. 1B). The NQOB consists of 
two subparallel ophiolite belts, low-temperature 
(LT)–high-pressure (HP) metamorphic rocks, 
accretionary complexes, and island arc com-
plexes; it is regarded as the location of the final 
closure of the paleo–Qilian Ocean, probably the 
northernmost branch of the Proto-Tethys Ocean 
(Song et al., 2013, 2018b; Li et al., 2018). Many 
studies have focused on the geochronology and 
geochemistry of the Paleozoic HP-LT metamor-
phic rocks (Wu, 1987; Song et al., 2006, 2009a; 
Wei and Song, 2008; Zhang et al., 2007, 2009, 
2017a; Zhang et al., 2016; Cheng et al., 2016, 
2018), ophiolites (Xiao et al., 1978; Feng and 
He, 1996; Xia et  al., 1996, 2003, 2016; Qian 
et  al., 2001a, 2001b; Song et  al., 2013), the 
magmatic rocks (e.g., Chen et  al., 2018; Fu 
et al., 2019b), and the structural geology of the 
NQOB (e.g., Xu et al., 1994; Zhang et al., 1998; 
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Xiao et al., 2009; Zuza et al., 2018). However, 
controversy remains on its overall tectonic evo-
lution, especially regarding the architecture of 
the tectonic units, subduction polarity, emplace-
ment mechanisms of the two ophiolitic and LT-
HP metamorphic belts, and the timing of clo-
sure of the ocean basins (Feng and He, 1996; 
Xia et al., 2003, 2016; Xiao et al., 2009; Song 
et al., 2013; Zuza et al., 2018). The most popu-
lar tectonic models are: (1) Continuous north-
ward subduction of the paleo–Qilian Ocean 
with development of a western Pacific-type arc/
back-arc as recorded by the northern ophiolite 
belt (Feng and He, 1996; Xia et al., 2003; Song 
et  al., 2013). In this model, how the northern 
back-arc basin closed (i.e., by subduction or 
obduction) is uncertain. (2) Archipelago-like, 
multiple Mariana-type subduction systems with 
final closure by southward subduction along the 
northern ophiolite belt (Xiao et al., 2009). (3) 
Continuous southward subduction and accretion 
with obduction of supra-subduction zone (SSZ) 
ophiolites (Gehrels et  al., 2003a, 2003b, Yin 
et al., 2007; Zuza et al., 2018). (4) Bi-directional 
subduction beneath the Central Qilian and Alxa 
blocks (Zhang et al., 2015). These models were 
mostly based on geochemical data of ophiolites 
and related igneous rocks. The geochemical data 
of ophiolites may be very useful to interpret the 
formation settings (e.g., mid-ocean ridge, arc, 
forearc, back-arc, and ocean island/plateau) of 
the fossil oceanic crusts, but it’s not very effec-
tive to constrain the subduction–accretion–clo-
sure processes of a paleo-ocean basin, which are 
generally recorded in the accretionary wedge 
(complex) and related sedimentary sequences in 
forearc, trench, ocean floor, passive margin, and 
foreland. Thus, more field and laboratory work 
on the accretionary complexes and associated 
sedimentary sequences is still required to help 
resolve the development of the NQOB, which is 
of paramount importance for understanding the 
Phanerozoic tectonics of East Asia.

In this study, we conducted a detailed field 
investigation and structural and geochronologi-
cal analyses of the Laohushan Complex in the 
poorly understood eastern NQOB. With these 
new data, and an evaluation of previous studies, 
we attempt to: (1) recognize the diverse litho-
structural components including OPS, mélange, 
ophiolite, and clastic sedimentary sequences; 
(2) investigate the structural framework of the 
different litho-structural units; (3) constrain the 
maximum depositional ages of accreted and 
overlapping clastic sequences; (4) reconstruct 
the OPS and relevant subduction-accretion-
emplacement processes; and (5) compare the 
comprehensive data with those of the central 
and western NQOB, and propose a geodynamic 
model for the tectonic evolution of the orogen.

GEOLOGICAL BACKGROUND

Regional Tectonic Framework

The Qilian orogenic belt in the northeastern 
Tibetan Plateau is bound by the Alxa block to 
the north, and the Qaidam block to the south 
(Fig.  1B). The key geological features of the 
major tectonic units within this orogenic belt 
were reviewed by Xiao et al. (2009) and Song 
et al. (2013). Here, we summarize the regional 
tectonic framework and highlight recent research 
and the major outstanding issues in and around 
the NQOB.

The Alxa block mainly consists of Archean to 
Proterozoic rocks with ages of ca. 2.7–1.9 Ga, 
Phanerozoic granitoids, ophiolitic mélanges, 
and basinal clastic sediments (Feng et al., 2013; 
Zhang et al., 2013, 2017b; Gong et al., 2016; Liu 
et al., 2016; Song et al., 2017a; Zhang and Gong, 
2018). The Central Qilian block is composed of 
Precambrian gneisses, marbles, amphibolites, 
and granulites, which are overlain by Paleozoic 
sedimentary sequences and intruded by Paleozo-
ic granites (Huang et al., 2015; Fu et al., 2018a). 
The South Qilian orogenic belt includes the Neo-
proterozoic Hualong complex, which consists 
of gneisses, schists, and amphibolites, an early 
Paleozoic subduction-accretion complex and 
arc-ophiolitic fragments (Yan et  al., 2015; Fu 
et al., 2018a, 2019a). The northern margin of the 
Qaidam block is occupied by an ∼400-km-long 
UHP metamorphic belt that contains prominent 
eclogite and garnet peridotites that form lenses 
more than 1000 m long in granitic and pelitic 
gneisses; the protolith ages in this belt are: gra-
nitic gneisses ca. 1200–900 Ma; pelitic gneisses 
(detrital zircon ages of 2400–800 Ma), ophiolite 
ca. 550–500 Ma, and continental flood basalts 
ca. 850 Ma (Song et al., 2005, 2013). The UHP 
metamorphic rocks are commonly considered to 
have formed during continental deep subduction 
at ca. 430–420 Ma, and exhumed at ca. 400 Ma 
(Song et  al., 2005, 2006, 2013, 2014; Zhang 
et al., 2008).

North Qilian Orogenic Belt

The NQOB (Fig.  1B) contains sub-parallel 
belts of ophiolites, accretionary complexes, 
HP-LT metamorphic rocks, island-arc volcanic 
rocks, and several associated granitoid plutons 
(Xiao et al., 1978, 2009; Wu et al., 1993; Xu 
et al., 1994; Zhang et al., 1997a, 1997b, 2007; 
Yin and Harrison, 2000; Song et  al., 2009a, 
2009b, 2013, 2019).

Ophiolitic Belts and Accretionary Complexes
The two discontinuously exposed, subparal-

lel NW-SE–trending ophiolite belts (Xia and 

Song, 2010; Song et  al., 2013) both contain 
serpentinized peridotite, gabbro, basalt, and 
diabase dikes. The northern ophiolite belt (ca. 
490–449 Ma), extends from Jiugequan, through 
Biandukou, to the Laohushan area (Fig. 1B). To 
the south of the Jiugequan ophiolite (∼70 km 
long and 10 km wide) is a HP-LT lawsonite 
blueschist belt, and to the north are thick Silu-
rian flysch sediments. Geochemical data of the 
ophiolitic basalt and diabase dikes show normal 
mid-ocean ridge basalt (N-MORB) to volcanic 
arc basalt characteristics, suggesting formation 
in a SSZ tectonic setting (Xia and Song, 2010; 
Song et al., 2013). Gabbros from the Jiugequan 
ophiolite have zircon U-Pb ages of ca. 490 Ma 
(Xia and Song, 2010; Song et al., 2013). The 
Biandukou ophiolite (80 km long and 12 km 
wide) (Fig. 1B) contains basalts that have a vol-
canic arc geochemical signature (Song et  al., 
2013), and gabbros have zircon U-Pb ages of ca. 
479 Ma (Xia et al., 2003). The Laohushan ophi-
olitic complex in the eastern section of the north-
ern ophiolite belt (Fig. 1B) will be described in 
detail later.

The southern ophiolite belt (ca. 550–490 Ma) 
(Xiao et al., 1978; Feng and He, 1995; Zhang 
et  al., 1997b; Qian et  al., 2001a, 2001b; Shi 
et  al., 2004; Song et  al., 2013) extends from 
Aoyougou through Yushigou to the Dongcaohe 
area (Fig. 1B). The Aoyougou ophiolite (∼40 km 
long and 20 km wide), which is in fault contact 
with Precambrian dolomites, has a disputed zir-
con U-Pb age of 504–501 Ma on gabbro (Xia 
et  al., 2012b) and an imprecise 1.78–1.48 Ga 
age from amphibolite blocks within serpentinite 
(Zhang et al., 2001). The geochemistry of ba-
salts range from N-MORB to ocean island basalt 
(OIB); Song et al. (2013) suggested that these 
may be continental flood basalts rather than part 
of an ophiolite. The Yushigou ophiolite (∼15 km 
long and 5 km wide) has a relatively complete 
ophiolite sequence from mantle peridotite and 
ultramafic-mafic cumulates to gabbro, basalt, 
and pelagic sediments. Gabbros have late Neo-
proterozoic–Early Cambrian ages (548–529 Ma) 
(Song et al., 2013). The basalts have enriched 
mid-ocean ridge basalt (E-MORB) geochemis-
try, whereas the peridotites have a forearc signa-
ture (Song et al., 2009b). The 6-km-long Dong-
caohe ophiolite contains basalts with N-MORB 
geochemical characteristics, and zircons from 
a gabbronorite have a Late Cambrian age (ca. 
497 Ma) (Tseng et al., 2007). The Dongcaohe 
ophiolite was thrust over the Central Qilian 
block. The mutual relationships and emplace-
ment mechanisms of these ophiolite fragments 
remain a matter of debate, but they are impor-
tant for reconstructing the tectonic evolution of 
the NQOB (Xiao et al., 2009; Song et al., 2013; 
Zuza et al., 2018).
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North Qilian HP-LT Metamorphic Belt
A northwest-trending belt of HP-LT metamor-

phic rocks extends in the central NQOB, which 
is characterized by two distinct metamorphic fa-
cies with different mineral assemblages. A high-
grade blueschist belt is dominated by blueschists 
and eclogites, which occur as blocks/sheets in 
the accretionary complex (Xiao et al., 1974; Wu 
et al., 1993; Song et al., 2006, 2013; Zhang et al., 
2007, 2017a, Wei and Song, 2008; Cheng et al., 
2018). A low-grade blueschist belt comprises 
lawsonite-bearing mafic blueschists that are 
in the structurally lower accretionary complex 
to the south of the Jiugequan ophiolite (Zhang 
et al., 2009; Lin et al., 2010). Geochemical data 
suggest that the protoliths of both belts of meta-
morphic rocks are similar to N-MORB or OIB 
(Song et al., 2006, 2009a; Zhang et al., 2016). 
Zircon U-Pb ages, whole-rock, garnet and glau-
cophane Lu-Hf and Sm-Nd ages, and 40Ar/39Ar 
dates of glaucophane and phengite from the 

high-grade blueschist belt constrain the meta-
morphic age to the range of ca. 489–442 Ma, 
which was interpreted as having occurred during 
oceanic subduction (Liou et al., 1989; Wu et al., 
1993; Liu et al., 2006; Song et al., 2006, 2013; 
Zhang et al., 2007; Cheng et al., 2016). 40Ar/39Ar 
dating of glaucophane and phengite from rocks 
of the low-grade blueschist belt recorded ca. 
417–415 Ma metamorphic ages, probably repre-
senting the time of exhumation (Lin et al., 2010).

North Qilian Arc
A belt of arcs that extends in the NQOB is 

situated between the two HP metamorphic belts 
and ophiolitic belts, described above (Xia et al., 
1996, 2003, 2012a, 2016; Wang et  al., 2005; 
Song et al., 2013). Pillow lavas in the Dacha-
daban are associated with subordinate gabbro 
and dolerite dikes (Xia et al., 2003, 2012a; Song 
et  al., 2013). The pillow lavas comprise two 
distinct geochemical groups: a tholeiite group 

(517 ± 4 Ma to 505 ± 8 Ma, dated by a sensitive 
high-resolution ion microprobe [SHRIMP]) at 
the bottom and a boninite group (483 ± 9 Ma, 
dated by SHRIMP) at the top. Xia et al. (2012a) 
suggested that these volcanic rocks formed in 
a forearc.

The Baiyin volcanic rocks in the eastern 
NQOB (Figs. 1B and 2) are dominated by rhyo-
lites and minor basaltic and pyroclastic rocks 
(Wang et  al., 2005). They are unconformably 
overlain by meta-sedimentary phyllites and 
marbles with intercalated beds of carbonaceous 
shale and Fe-Mn nodules (Song et  al., 2013). 
Lead-Zn-Cu sulfide deposits in the volcanic 
rocks record SHRIMP and laser ablation–induc-
tively coupled plasma–mass spectrometry (LA-
ICP-MS) U-Pb zircon ages of 446 ± 3 Ma and 
467 ± 2 Ma for the felsic volcanic rocks (Wang 
et al., 2005; He et al., 2006), and 465 ± 4 Ma for 
the mafic rocks (Li et al., 2009).
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Eastern Segment of the NQOB
The eastern NQOB (Figs. 1B and 2) is domi-

nated by mid-Late Ordovician subduction com-
plexes with ophiolitic fragments, Cambrian–
Early Ordovician Baiyin arc volcanic rocks, and 
Early Silurian syn/post-collisional magmatic 
rocks (Qian et al., 2001a; Xia et al., 2003; Wang 
et al., 2005; Song et al., 2013; Yu et al., 2015; 
Zhang et al., 2017b; Chen et al., 2018). Silurian 
flysch on the northern side of the Ordovician 
volcanic-sedimentary rocks was interpreted to 
have formed in a forearc, back-arc, or foreland 
basin (Yan et al., 2010; Song et al., 2013). Mid-
dle Silurian (430–424 Ma) granitoids intruded 
the Silurian sedimentary rocks, whereas dia-
base dikes (ca. 427 Ma) intruded the Ordovician 
ophiolitic rocks (Fig. 3) (Qian et al., 1998; Chen 
et al., 2018; Fu et al., 2019b). An Early Devonian 
molasse unconformably overlies the Ordovician 
volcano-sedimentary rocks (GGMEDB, 1996; 
Xu et al., 2010; Song et al., 2013). Compared 
with the central and western NQOB, the eastern 
segment has well-exposed belts of ophiolites, is-
land arc fragments, and clastic meta-sedimenta-
ry rocks (Fig. 2), but it lacks subduction-related 
HP-LT metamorphic rocks.

The Laohushan Complex (Fig. 3) is dominated 
by ultramafic rocks, gabbros, pillowed and mas-
sive basalts, bedded cherts, pelites, and clastic 
sedimentary rocks. It was formerly considered 
to be a succession of volcano-sedimentary rocks 
(the Shichengshan and Laohushan formations, 
GGMEDB, 1996), but later it was regarded as 
a relatively intact ophiolite known as the Lao-
hushan ophiolite, belonging to the easternmost 
extension of the northern ophiolite belt (Feng 
and He 1996; Qian et  al., 2001a; Song et  al., 
2013). The age of the volcanic and sedimentary 
rocks was originally constrained as mid-Late 
Ordovician by radiolarian fossils and a Sm-Nd 
isochron age of basalts (454 ± 4 Ma) (Xia et al., 
2003). Recently, Song et al. (2013) reported that 
a gabbroic layer has a SHRIMP U-Pb zircon age 
of 449 ± 5 Ma (Fig. 3). Based on geochemical 
data, the Laohushan ophiolite has generally been 
interpreted as a fragment of oceanic crust that 
formed in a back-arc (Xiao et al., 1978; Feng 
and He 1995; Zhang et al., 1997b; Qian et al., 
2001a; Song et al., 2013). However, Xiao et al. 
(2009) provided an alternative interpretation that 
the Laohushan ophiolite formed in a forearc, but 
this requires detailed confirmation.

Our field investigations show that the Lao-
hushan Complex has complicated lithologies 
and structural patterns. It is neither a sedimen-
tary stratigraphic pile nor an intact ophiolite as 
previously suggested, but rather it contains one 
of the best OPS and ophiolites in the NQOB 
(Fig. 3). Understanding its formation and evo-
lution is crucial to unravelling the tectonics of 

the eastern NQOB. Therefore, we have studied 
in detail the lithology, structure, and age of the 
Laohushan Complex to address these NQOB 
questions.

LITHO-STRUCTURAL UNITS AND 
STRUCTURE OF THE LAOHUSHAN 
COMPLEX

Based on lithological assemblages, structural 
patterns, metamorphic assemblages, and geo-
chronological data, the Laohushan Complex 
is divisible into five litho-structural units: (1) 
basalt-chert-mudstone OPS; (2) chaotic mé-
langes; (3) turbidites; (4) ophiolitic sheets; and 
(5) flysch sediments. In this section, we present 
the field relationships, lithologies, petrology, and 
structural characteristics of the five lithological 
units. Their tectonic affinities and origins will be 
discussed later.

Basalt-Chert-Mudstone OPS

The basalt-chert-mudstone OPS in the central 
Laohushan Complex (Figs. 3 and 4) is mainly 
composed of a sequence of bedded mudstone 
(Figs. 3, 4, and 5A–5C), massive/pillow basalt 
(Figs. 4 and 5D–5F), and chert together with mi-
nor blocks of gabbro and limestone; these rocks 
are in thrust contact with overlying ultramafic-
mafic sheets in the north and underlying turbi-
dites to the south (Figs. 3 and 4). Field investiga-
tions and detailed cross-sections (Figs. 3 and 4) 
show that the basalt–chert/mudstone sequence is 
repeated ∼20 times; the thickness of each varies 
from a few to hundreds of meters. The typical 
lithological and structural characteristics of these 
OPS sequences are extremely similar to those 
of well-described younger and older equiva-
lents (e.g., Kusky and Bradley, 1999; Wakita 
and Metcalfe, 2005; Maruyama et  al., 2010; 
Sawaki et al., 2010; Kusky et al., 2013; Waka-
bayashi, 2017).

Massive and pillow basaltic lavas are hun-
dreds of meters thick in total (Figs.  5D–5F). 
The pillow basalts crop out as layers or irregular 
lenses within adjacent massive basalt, chert, or 
mudstone. The pillows range in length from 0.2 
to 1 m, are generally round or ellipsoidal, and 
some change to elongate, closely packed sacks 
(Figs. 5D–5F). Some have bun-shaped tops and 
are convex upward, indicating the way-up of the 
stratigraphy (Fig. 5D). Chilled and amygdaloidal 
margins are rare in the pillows. Locally, there are 
red cherts in inter-pillow spaces. Microscopical-
ly, the basalts are dominated by clinopyroxene 
and plagioclase and have a porphyritic texture 
mostly with plagioclase phenocrysts (Figs. 6A–
6C). A copper-rich sulfide deposit (the Zhu-
zuiyaba copper mine) is located within pillow 

basalts. At least four discordant plagiogranite 
dikes (the largest being ∼50 m wide) intruded 
in basalts in the southern part of the OPS unit 
(Fig. 3B), and they mainly consist of plagioclase 
(∼45%) and quartz (∼55%).

Reddish mudstone has a strong foliation and 
mylonitic fabric at outcrop- and microscope-
scales (Figs. 5A–5C, 6D, and 6E). Pale red bed-
ded cherts crop out as discontinuous, meter-scale 
tectonic sheets/slices that are interbedded with 
basalt and locally with mudstone, or occur as 
centimeter- to meter-scale blocks within basalt. 
The beds of chert and chert-mudstone are mostly 
several centimeters to several meters thick, and 
up to tens of meters thick, and extend for sev-
eral hundreds of meters along strike (Fig. 3B). 
Chert consists mainly of chalcedony and quartz 
(Figs.  5G–5I and 6F). Qian et  al. (2001a) re-
ported mid-Late Ordovician radiolarian fossils 
in the cherts. There are minor gabbro blocks 
(∼1 km2) in the OPS; one of the largest in the 
central of the total repeated OPS is ∼80 m wide 
(Fig. 3B), and mainly consists of plagioclase and 
clinopyroxene.

The basalt-chert-mudstone OPS contains 
diverse brittle and ductile structures such as 
foliations, stretching lineations, isoclinal folds, 
ductile shears, and minor thrusts. Foliations in 
the mudstones and basalts strike E-W to NE-
SW and dip NW to N (Figs. 3A1 and 7A). Folds 
within bedded cherts are mainly asymmetric 
and isoclinal with NW- or N-dipping axial sur-
faces, showing a top-to-the-SE movement. Local 
thrusts in basalts (Figs. 8A–8D) strike NE-SW 
and dip steeply NW (50–70°), and slickenside 
lineations on the thrust surfaces dip NW at low 
angles (∼20–30°), indicating NW to SE thrust-
ing. Ductile shears widespread at outcrop and 
microscopic scales in the mylonitic mudstones 
and bedded cherts, consistently indicate a NW 
to SE sense of shear (Figs. 7B–7C).

Mélanges

Mélanges, as described here, refer to chaotic 
mixtures of rocks with a typical block-in-matrix 
structure at the outcrop scale. These are distinc-
tive and different from the relatively coherent 
OPS sequences described above, and from tur-
bidities described later. Two types of mélange 
within the Laohushan Complex can be recog-
nized according to their differences of lithologi-
cal assemblages and metamorphic patterns.

Type 1 mélange (basalt-matrix mélange) is 
commonly associated with the repeated basalt-
chert-mudstone OPS sequences. It typically 
has a block-in-matrix structure with limestone 
and chert blocks embedded in a basaltic ma-
trix (Figs.  4 and 5G–5I). Most blocks range 
from tens of centimeters to several meters in 
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size (Figs. 5G–5I). Near ultramafic rocks in the 
northern basalt-chert-mudstone OPS, limestone 
blocks are mostly ∼0.5 × 2 m to ∼5 × 8 m in size 
(Fig. 5H). Larger limestone blocks in the southern 
OPS range from several meters to tens of meters 
in size; some were quarried for industrial use. The 
origin of the limestone blocks (e.g., tectonic ac-
cretion from seamounts or olistostromes derived 
from a carbonate platform) will be discussed later.

Type 2 mélange (schist-matrix mélange) oc-
curs mainly in the southern Laohushan Com-
plex, where it is in thrust contact with the north-
ern turbidite sequence (Fig. 3B). The mélanges 

have strongly deformed schist matrices of mi-
ca-quartz schist, greenschist, and minor blue-
schist that contains blocks of muddy limestone, 
banded iron formation, chert, basalt, and blue-
schist (Fig. 9). These rocks comprise a typical 
OPS mélange; they were previously interpreted 
as fragments of a Neoproterozoic metamorphic 
terrane (GGMEDB, 1996; Qian et al., 2001a). 
A detailed geological map illustrates the field 
relationship and structural patterns of a typical 
mélange outcrop (Fig.  9D). The mica-quartz 
schist matrix consists predominately of quartz, 
mica, and minor chlorite, and is interpreted as a 

metamorphosed siliceous-argillaceous rock. The 
mafic schist matrices have mineral assemblages 
of chlorite–albite–titanite–minor quartz ± epi-
dote ± phengite ± sodic amphibole, implying 
greenschist to blueschist facies metamorphism. 
The matrices of mélanges are dominated by 
greenschists. The matrix of sodic amphibole 
and phengite bearing mafic schist is locally 
observed, where blueschist blocks are present 
(Fig. 9G). Blueschist blocks that are ∼15–80 cm 
long, consist of predominant sodic amphibole, 
phengite, chlorite, quartz, magnetite, titanite, 
and minor rutile (Figs. 9H and 9I).
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In addition to block-in-matrix structures, other 
common structures in the mélange  include folia-
tions, lineations, S-C fabrics, duplexes, sigmoidal 
clasts, and asymmetric folds (Figs. 7E–7H and 
8E–8H). Penetrative foliations in the matrices 
generally strike N-S to NE-SW (∼180°–220°) and 
dip ∼55° to the NW (Figs. 3A5 and 7C). Some 
limestone blocks and quartz bands display imbri-
cate thrusts and asymmetric fabrics that indicate 
top-to-the-S shearing (Fig. 8G). There are several 
shear zones within the mélange, each of which 
strikes nearly E-W and extends from tens of cen-
timeters to several meters and blocks in these 
shear zones show S-C fabrics with S-foliations 
dipping N/NW and C-foliations that indicate NW 
to SE shear. Asymmetric folds within the meta-
sedimentary and metabasic matrices have NW/N-
dipping axial surfaces that indicate a top-to-the-S 
sense of shear (Figs. 3A7 and 7F–7H).

Turbidites

The turbidite unit is in the southern Lao-
hushan Complex, where it is in thrust contact 

with  repeated basalt-chert-mudstone OPS se-
quences (Fig.  3B). The turbidite comprises 
relatively coherent clastic conglomerates, sand-
stones, siltstones, and mudstones (Figs. 10A–
10E). The presence of Bouma sequences (Ta, 
Td, Te) with graded and parallel laminations 
indicates a turbiditic origin. These clastic sedi-
ments consist of quartz, feldspar, and minor 
recycled volcanic and sedimentary fragments 
(Figs. 6G–6I); some oriented detrital fragments 
show evidence of ductile shearing (Fig. 6I). Bed-
ding and foliation in these rocks strike NE and 
dip NW (Figs. 3A4 and 7D).

Ultramafic-Mafic Sheet

In the northern Laohushan Complex an 
∼1.5–2-km-wide ultramafic–mafic sheet (Fig. 3) 
is in thrust contact with the OPS unit. It con-
sists of serpentinized harzburgite, dunite, gab-
bro, hornblendite, pyroxenite, basalt, and minor 
plagiogranite (Figs. 11A–11D). A sheet of rela-
tively intact gabbro is bound by a north-dipping 
thrust in the south, it is ∼1–1.5 km thick and 

extends for ∼25 km along the southern slope 
of Laohushan (Figs. 3 and 4). The gabbros vary 
from cumulate to layered and massive, and are 
mainly composed of plagioclase (55%), clino-
pyroxene (40%) with opaque minerals (5%) 
(Figs. 11D and 11E). Cumulate gabbro that con-
sists of ∼8–12 mm megacrysts of plagioclase 
and pyroxene contains centimeter-scale layers 
of anorthosite. A weakly foliated plagiogranite 
dike (∼100 m long and 50 m wide) has intruded 
the gabbro sheet.

On the northern side of the gabbro sheet is 
an ∼1-km-wide strip of basalts that strikes 
E-W (Fig. 3A). Most basalts are massive, have 
medium- to fine-grained porphyritic textures 
(Fig. 11F), and are mainly composed of clinopy-
roxene and plagioclase, and minor olivine phe-
nocrysts in a fine-grained groundmass of plagio-
clase, clinopyroxene, and magnetite (Fig. 11F).

At Mijia mountain, ∼15 km to the east of 
Laohushan (Fig. 2), a tectonic slice of ultra-
mafic-mafic rocks, consists of harzburgite, 
cumulate gabbro, and olivine pyroxenite, horn-
blende pyroxenite. The hornblende pyroxenite 
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is  composed of amphibole and minor clinopy-
roxene (Fig. 11G) and the rare olivine pyrox-
enite consists of olivine (15%), orthopyroxene 
(65%), and minor magnetite and serpentine. 
Partly serpentinized olivine is euhedral and 
granular with a grain size of ∼0.5–3 mm and or-
thopyroxenes are subhedral and ∼0.2–0.5 mm 
(Fig. 11H). Spinel-bearing serpentinized harz-
burgite (Fig. 11A) mainly consists of serpentine 
(85%), spinel (10%), and some opaque miner-
als (5%) (Fig. 11I).

Coherent Flysch

A flysch sequence (Fig. 3A) in the northern 
Laohushan Complex forms a linear belt parallel 
to the North Qilian ophiolitic and accretionary 

complex with which it is in thrust or uncon-
formable contact; formerly it was named the 
Ordovician Yingou Group or the lower Silurian 
Angzanggou Formation (Fig. 1B; GBG, 1970; 
GGMEDB, 1996; Feng and He, 1996; Yan et al., 
2010; Yang et al., 2009; Song et al., 2013). The 
flysch mainly consists of well-bedded sandstone, 
siltstone, mudstone, and some conglomerate 
(Fig.  12). Locally, sandstones and mudstones 
are graded (Fig.  12B), and have flute casts 
(Fig. 12D) that are typical of flysch.

The maximum depositional age of the fly-
sch is broadly defined by detrital zircons in 
rocks from the Sunan and Jingyuan areas in the 
central and eastern NQOB, where the young-
est zircons yield ages of ca. 436 Ma and ca. 
450 Ma, respectively (Yang et al., 2009). The 

minimum depositional age is constrained by 
ca. 430–410 Ma post-accretionary granitoids 
(Zhang et al., 2017b; Chen et al., 2018). In the 
Laohushan area the flysch is intruded by a mid-
Late Silurian dioritic pluton (ca. 430–424 Ma), 
which also limits the minimum depositional age 
(Qian et al., 1998; Chen et al., 2018; Fu et al., 
2019b). The diorite pluton has created a con-
tact aureole with andalusite, cordierite, and sil-
limanite in the sedimentary wall rocks (Fig. 3A; 
GGMEDB, 1996).

METAMORPHISM

Studies of the metamorphism of the North 
Qilian orogenic belt have been mainly con-
centrated on blueschists and eclogites in the 
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Figure 6. Photomicrographs showing mineral compositions and textures of rocks in the basalt-chert-mudstone ocean plate stratigraphy 
(OPS) and turbidites. (A–C) Basalts in the OPS; (D and E) Mylonitic mudstone in the OPS; (F) Chert in the OPS; (G–I) Greywacke 
in turbidite. A and C are in cross-polarized light images and the remaining photomicrographs are in plane-polarized light images. Pl— 
Plagioclase; Cpx—Clinopyroxene.
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 Sunan and Qilian regions in the middle-western 
NQOB (Fig. 1B; Wu et al., 1993; Song et al., 
2007, 2009a; Wei and Song 2008; Zhang et al., 
2007, 2009). In this study, blueschists in the 
Laohushan Complex were first discovered in 
the eastern segment of the NQOB. Here, we 
report new mineral compositional data for the 
blueschists and related schist matrix and give a 
brief estimate of the P-T (pressure-temperature) 
conditions. Detailed electron microprobe miner-

al analytical method is presented in Supplemen-
tary File 1 and the analytical results are listed in 
Table DR11.

Blueschist blocks have a mineral assemblage 
of sodic amphibole-phengite-chlorite-quartz-
magnetite-titanite-minor rutile (Figs. 9H and 9I). 
Mineral compositions of sodic amphiboles from 
the blueschist are crossite (Leake et al., 1997) 
with Si 7.95–8.02 per formula unit (pfu > 7.5), 
NaM4 (1.55–1.87) >1.5, XMg (Mg/(Mg + Fe2+)) 
values of 0.67–0.76, and Fe3+/(Fe3+ + AlVI) ra-
tios of 0.58–0.70 (Table DR1). Phengite in the 
blueschist has a Si content of 3.37–3.46 pfu 

1GSA Data Repository item 2020135, including 
data tables and analytical methods for mineral chemical 
compositions, zircon U-Pb isotopes, and a summary of 
ages of regional ophiolites, magmatic, and metamorphic 
rocks in the Qilian orogenic belt, is available at http://
www.geosociety.org/datarepository/2020 or by request 
to editing@geosociety.org.
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(Table DR1). Chlorite has a Fe2+/(Fe2+ + Mg) 
ratio of 0.29. In a mafic schist matrix, the Fe2+/
(Fe2+ + Mg) ratio of chlorite ranges from 0.24 to 
0.25 (Table DR1), epidote has a pistacite (Fe3+/
(Fe3+ + Al)) ratio of 0.30–0.32, muscovite has a 
Si content of 3.33–3.37, and plagioclase has a 
high Ab value of 99.70–99.10 (Table DR1).

The P-T conditions of the blueschist were 
preliminarily estimated using barometers pro-
posed by Brown (1977). NaM4 and AlIV val-
ues of sodic amphiboles suggest a pressure of 
∼7 kbar. The upper limit of the pressure was 
constrained at ∼12 kbar by the stability field of 
albite (Song et al., 2009a). The temperature is 

constrained based on the absence of lawsonite 
and pumpellyite and temperature-dependent 
metamorphic reactions. Pumpellyite disappears 
at ∼300 °C by the reaction pumpellyite + chlo-
rite + quartz = clinozoisite + tremolite + H2O 
(Liou et al., 1985). Dehydration of lawsonite oc-
curs at ∼350–400 °C at a pressure of ∼6–11 kbar 
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through the reaction of lawsonite + albite = zois-
ite + paragonite + quartz + H2O, which also 
defines the boundary between the lawsonite 
blueschist and epidote blueschist facies (Evans, 
1990). The mineral assemblage of the blueschists 
comprises sodic amphibole, phengite, chlorite, 
epidote, quartz, and titanite, which suggests epi-
dote-blueschist facies metamorphism. The blue-
schist-greenschist facies transition for a model 
basaltic system defined by the reaction glau-
cophane + clinozoisite + quartz + H2O = chlo-
rite + tremolite + albite takes place at ∼7.8 kbar 
at ∼300 °C to ∼8.2 kbar at ∼450 °C (Maruyama 
et al., 1986). Collectively, our preliminary results 

suggest that the Laohushan blueschists have a 
P-T condition of 7–12 kbar/∼300–450 °C.

Considering both blueschist blocks and sur-
rounding schist matrix (locally) underwent 
blueschist facies metamorphism, the timing of 
metamorphism should be approximately co-
eval to the formational age of type 2 mélanges, 
which can be constrained by the maximum 
depositional ages (lower limit) of matrices and 
post-accretionary intrusions (upper limit). The 
lower limit of (peak) metamorphic timing can 
be constrained by the youngest detrital zircon 
ages of the matrices from type 2 mélanges 
(<470 Ma) and structurally higher turbidite 

samples (<453 Ma). The upper limit can be 
reasonably constrained by the collision-related 
plutons and dikes (ca. 430–424 Ma diorite plu-
ton and ca. 427 Ma dolerite dike intruding the 
accretionary complex and forearc flysch) in the 
Laohushan region (Fu et al., 2019b; Qian et al., 
1998). Therefore, the timing of blueschist fa-
cies metamorphism can be approximately con-
strained to ca. 453–430 Ma.

ZIRCON U-Pb GEOCHRONOLOGY

Representative samples for zircon U-Pb 
 geochronology collected from different 
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 litho-structural units in the Laohushan Com-
plex (Fig.  3) were analyzed by LA-ICP-MS 
to constrain the maximum depositional ages, 
provenance, and timing of latest accretion and 
tectonic stacking. The detailed analytical pro-
cedures are presented in Supplementary File 
1 and the results are listed in Table DR2 (see 
footnote 1). Zircon cathodoluminescence (CL) 
images and concordia diagrams are given in 
Figure 13.

Mylonitic mudstone sample (QLS18-1) 
from the basalt-chert-mudstone OPS unit con-
tains zircons that are colorless or pale yellow, 
transparent, and euhedral to subhedral. Grain 
sizes range from 50 µm to 120 µm, and length 
to width ratios from 1.5:1–2.5:1. Most zircons 
have high Th/U ratios (0.40–1.59) and oscilla-
tory zones (Fig. 13A), indicating a magmatic 
origin. A total of 101 analyses are concordant 
(concordance ≥90%) and have 206Pb/238U ages 
that range from 2703 Ma to 442 Ma, with the 
youngest population of 39 zircons yielding a 
weighted mean age of 447 ± 2 Ma (Fig. 13A; 
Table DR2).

Two mica-quartz schist samples (QLS29-2 
and QLS29-1) and a quartz schist sample 
(QLS24-3) were collected from the meta-
sedimentary matrix of the type 2 mélange. 
Most zircon grains in QLS29-2 are subhe-

dral with crystal lengths ranging from 50 µm 
to 80 µm, and aspect ratios between 1:1 and 
1.5:1 (Fig. 13B). These zircons show various 
internal structures, some have oscillatory zones 
and some are more homogeneous (Fig. 13B). 
Zircon U-Pb analyses yield concordant 
206Pb/238U or 207Pb/206Pb ages from 3390 Ma 
to 468 Ma and the youngest two zircons gave a 
weighted mean age of 473 ± 11 Ma (Fig. 13B; 
Table DR2).

Zircon grains from the mica-quartz schist 
QLS29-1 are subhedral, and have crystal 
lengths between 80 µm and 150 µm and as-
pect ratios between 1.5:1 and 3:1 (Fig. 13C). 
They show a variety of internal structures such 
as oscillatory zones, homogeneous, and core-
rim structures (Fig. 13C). A total of 105 analy-
ses, except for one discordant (concordance 
< 90%), have 206Pb/238U or 207Pb/206Pb ages 
ranging from 3316 Ma to 470 Ma (Fig. 13C; 
Table DR2); the youngest age is 470 ± 6 Ma 
(Fig. 13C; Table DR2).

Zircons from the quartz schist sample 
(QLS24-3) are mostly subhedral to anhedral 
and range from 40 µm to 100 µm in size, with 
length/width ratios of 1:1–3:1. CL images reveal 
that the grains either have oscillatory zones, are 
homogeneous, or have core-rim structures 
(Fig.  13D). From a total of 94 analyses, the 

 concordant ones yield 206Pb/238U or 207Pb/206Pb 
ages ranging from 3528 Ma to 459 Ma 
(Fig. 13D; Table DR2); the three youngest zir-
cons have a weighted mean age of 475 ± 10 Ma 
(Fig. 13E; Table DR2).

Zircons from the sandstone sample (QLS32-
2) collected from the turbidite are subhedral, 
and range from 50 µm to 100 µm in size with 
aspect ratios between 1:1 and 3:1 (Fig. 13F). 
The grains have either oscillatory zones or 
core-rim structures. A total of 106 analyses 
yield concordant 206Pb/238U or 207Pb/206Pb ages 
ranging from 3080 Ma to 447 Ma (Fig.  13F; 
Table DR2). The nine youngest analyses have 
a weighted mean 206Pb/238U age of 453 ± 4 Ma 
(Fig. 13G; Table DR2).

Zircons from the sandstone sample (QLS38-
1) collected from the lower section of the fly-
sch unit in northern Laohushan are round, 
subhedral to anhedral, their lengths range 
from 20 µm to 100 µm, and their length/width 
ratios are between 1:1 and 3:1 (Fig.  13H). 
Most of these zircons show broad oscilla-
tory growth zones and core-rim structures. 
A total of 102 analyses yield concordant 
206Pb/238U or 207Pb/206Pb ages from 2628 Ma 
to 453 Ma (Fig. 13H; Table DR2). The young-
est 206Pb/238U age in this sample is 453 ± 6 Ma 
(Fig. 13I; Table DR2).
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DISCUSSION

Structural Patterns and Tectonic Affinities 
of the Different Litho-structural Units

The Laohushan Complex contains one of the 
best-preserved ophiolites (Laohushan ophio-
lite) in the northern ophiolite belt, which has 
been interpreted as a back-arc ophiolite (Qian 
et al., 2001a; Xia et al., 2003, 2016; Song et al., 
2013). However, as described above, the Lao-
hushan Complex is comprised of multiple litho-
structural units, which have distinctly different 
rock assemblages, deformation features, meta-

morphic facies, and ages. In addition, available 
geochemical and isotopic data for mafic rocks 
from different litho-structural units of this com-
plex show variable characteristics ranging from 
mid-ocean ridge basalt (MORB) to SSZ (Qian 
et al., 2001a; Xia et al., 2003; Xiao et al., 2009; 
Song et al., 2013). Therefore, the tectonic ori-
gin of the complex may be more complicated 
than formerly envisaged, because different litho-
structural units were apparently amalgamated 
after the subduction-accretion-collision, and 
therefore it is necessary to discuss the tectonic 
features specific to different units. According 
to the spatial architecture, lithological assem-

blages, deformation styles, metamorphic facies, 
and detrital sources of different litho-structural 
units, we have identified several tectonic units 
typical of convergent plate margins, including 
a forearc basin, a SSZ forearc, and a structur-
ally lower accretionary prism within the Lao-
hushan Complex.

Field, Structural, and Metamorphic Features 
of the OPS, Mélange and Ultramafic-Mafic 
Sheet

In the Laohushan Complex, the basalt-
chert-mudstone OPS sequence is relatively 
coherent (Figs. 4 and 5A–5F), and basalt and 
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chert/ mudstone sequences are repeated several 
times together with local block-in-matrix struc-
tures (Fig. 4). In some strongly deformed zones, 
the OPS sequences are characterized by ductile 
shear, thrust imbricates, duplexes and isoclinal 
folds (Figs. 7B, 7C, 7I, and 8A–8D). The mé-
lange unit contains two types, which consistently 
display a chaotic structure with blocks of chert, 
limestone, sandstone, conglomerate, banded iron 
formation and blueschist embedded in the basal-
tic, mafic schist, and meta-sedimentary matrices 
(Figs. 5G–5I and 9). In the type 2 mélange unit, 
S-C fabrics, imbricates, duplexes, sigmoidal 
clasts, and asymmetric fabrics are the diagnos-
tic structures (Figs.  8E–8H). Some blueschist 
blocks, identified for the first time in our field 
investigation, are embedded in the greenschist 
to blueschist facies matrix, indicating that these 
rocks have undergone HP-LT metamorphism, 
a typical feature of a Phanerozoic subduction 
complex (Ernst, 1973; Wakabayashi and Un-
ruh, 1995; Wakabayashi and Dilek, 2000, 2003; 
Maruyama et  al., 2010). The preliminary P-T 
estimate suggests an epidote-blueschist facies 
metamorphism with a P-T condition of ∼7–
12 kbar/∼300–450 °C. The turbidite unit within 
the accretionary complex consists of sandstone, 
siltstone, mudstone, and minor conglomerate 

(Fig.  10), similar to the lithological associa-
tions of many Phanerozoic trench-fill sediments 
(Muraoka and Ogawa, 2011; Festa et al., 2016; 
Wakabayashi, 2017).

In summary, the rock assemblages, struc-
tural patterns, and metamorphic conditions 
of the coherent basalt-chert-mudstone OPS, 
turbidites, and the chaotic mélanges resem-
ble those of typical accretionary complexes 
formed during oceanic subduction-accretion 
at convergent plate margins (Isozaki et  al., 
1990; Kimura and Mukai, 1991; Wakita, 2006, 
2012; Maruyama et  al., 2010; Kusky et  al., 
2013; Wakabayashi, 2015, 2017), which are 
characterized by asymmetric, block-in-matrix, 
imbricate and duplex structures, S-C fabrics 
and thrusts (Cowan, 1985; Kano et al., 1991; 
Kimura et al., 1996; Kusky et al., 1997; Kusky 
and Bradley, 1999; Wakabayashi, 2015, 2017), 
accompanied by HP-LT metamorphic rocks 
(Ernst, 1973; Wakabayashi and Dilek, 2000, 
2003). The Laohushan subduction complex is 
also analogous to other subduction complexes 
in the Central Asian and Circum-Pacific oro-
genic belts (Isozaki et al., 1990; Kimura and 
Mukai, 1991; Wakita, 2006, 2012; Wakita 
et al., 2013; Kusky et al., 2013; Wakabayashi, 
2015, 2017).

To the north of the subduction complex 
(Fig. 3B), the large gabbro sheet with serpen-
tinized harzburgite and basalt shows only weak 
deformation and metamorphism compared with 
the mafic rocks (e.g., gabbro) in the subduction 
complex. The gabbro is enriched in Ba, and 
has negative Nb and Ti anomalies, typical SSZ 
characteristics (Qian et al., 2001a; Song et al., 
2013). In contrast, the mafic rocks in the subduc-
tion complex generally occur as small blocks or 
lenses enclosed in a chert-mudstone matrix or 
as structurally repeated OPS slices. The pillow 
basalts have N-MORB or E-MORB signatures 
without Nb, Ta, and Ti anomalies (Qian et al., 
2001a; Song et al., 2013). Based on the differ-
ences in field and geochemical characteristics, 
we interpret the relatively large ultramafic-mafic 
sheet in the northern Laohushan Complex as an 
upper plate forearc ophiolite, whereas the accret-
ed OPS sequences dominated by MORB-type 
basalts were more likely derived from a lower 
subducting plate.

The thick flysch belt to the north of the ultra-
mafic-mafic sheet is mainly composed of sand-
stone, siltstone, and mudstone. Compared with 
volcano-sedimentary rocks in the subduction 
complex, these rocks are much thicker, relatively 
coherent and less deformed and metamorphosed, 
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and contain sedimentary graded beds and flute 
casts (Fig. 12). On a regional scale, the flysch 
belt extends westwards to the Sunan region in 
the central NQOB and even farther west. At 
Sunan, the flysch belt is subparallel to the SSZ-
type Jiugequan ophiolitic belt and farther south 
of the Baiquanmen accretionary complex. The 
architecture of the overlapping basin sequences 
and the associated SSZ-type ophiolite is simi-
lar to that of the Yarlung Zangbo ophiolite and 
Xigaze forearc in southern Tibet (Metcalf and 
Kapp, 2017) and to the Coast Range ophiolite 
and Great Valley forearc in California, USA 
(Wakabayashi, 1999, 2015, 2017). Based on the 
spatial distribution, rock associations, sedimen-

tary structures, and geochronological data (dis-
cussed later), we interpret this flysch belt as a 
forearc basin, and accordingly propose that the 
flysch belt and underlying ultramafic-mafic sheet 
constitute an upper plate assemblage of a forearc 
ophiolite and sedimentary basin.

Architecture and Formation Mechanism of 
the Lower and Upper Plate Units

As discussed above, the Laohushan Com-
plex comprises from north to south: a forearc 
basin, an ultramafic-mafic sheet, and a subduc-
tion complex; and the subduction complex unit 
is further divided into basalt-chert-mudstone 
OPS, turbidite, and mélange sub-units. Volcano-

sedimentary rocks within subduction complexes 
in general are mainly derived from subducted 
oceanic crust, which were accreted to an upper 
plate through successive off-scraping and un-
derplating along a décollement (Moore, 1989; 
Kimura and Ludden, 1995; Maruyama et  al., 
2010; Wakabayashi et al., 2010; Kusky et al., 
2013; Wakabayashi, 2017). During these pro-
cesses, the subducted rocks from the lower plate 
may undergo strong ductile shearing, thrusting, 
and HP metamorphism. Thus, the occurrence 
of blueschist blocks and diagnostic structures 
indicate that the southern subduction complex 
in the Laohushan Complex was scraped off the 
lower plate and later accreted to the upper plate. 
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In contrast, the northern large ultramafic-mafic 
sheet has SSZ characteristics (Song et al., 2013; 
Qian et al., 2001a) without strong deformation 
and metamorphism, which is consistent with 
the characteristics of an upper plate ophiolite 
(Wakabayashi et al., 2010).

Unlike the mafic rocks in the subduction com-
plex, the ultramafic-mafic sheet in the northern 
Laohushan Complex is relatively large and it 
would be difficult to encompass in a subduction 
complex through off-scraping and underplating. 
Therefore, the upper plate ophiolite sheet may 
have more likely been obducted rather than tec-
tonically accreted along a décollement. In fact, 
most major Mesozoic to Cenozoic ophiolites are 
dominated by SSZ-types, such as the Oman and 
Troodos ophiolites in the Mediterranean, and the 
Coast Range ophiolite in the American Cordil-
lera (Wakabayashi et al., 2010; Dilek and Furnes, 
2011; Furnes et al., 2014). In contrast, subducted 
plate-derived ophiolitic rocks (e.g., MORB and 
OIB) are mostly preserved as smaller blocks in 
ophiolitic mélanges or in structurally repeated 
OPS (Wakita, 2015; Wakabayashi, 2015, 2017). 
Şengör and Natal’in (2004) named these ophiol-
itic rocks as “ophiorags” to distinguish them from 
relatively intact, large ophiolites that were thrust 
onto a passive margin or arc by obduction. This 
contrasting structural pattern was also identified in 
the Central Asian orogenic belt (Fu et al., 2018b) 
and the North China craton (Huang et al., 2019).

Detrital Zircon Constraints on the Timing 
and Provenance of the Accretionary and 
Forearc Sedimentary Rocks

Ophiolitic igneous rocks (e.g., gabbro, dia-
base, and basalt) are widely used to date the for-
mation age of paleo-oceanic crust, but the ages 
of subduction-accretion or tectonic stacking of 
an accretionary complex are more difficult to 
determine. The initial subduction can be con-
strained by the earliest subduction-related mag-
matic rocks or the oldest HP-LT metamorphic 
rocks (e.g., the metamorphic sole below an up-
per plate, exhumated blueschists or eclogites in 
a subduction-accretion complex). The youngest 
detrital zircon ages of the matrices or youngest 
blocks can provide maximum ages of terminal 
accretion or closure of an ocean basin. The mini-
mum age of subduction-accretion can be con-
strained by stitching intrusions and sedimentary 
sequences that overlap the youngest accretion-
ary complex.

The age of the Laohushan gabbro (449 ± 5 Ma) 
from the ultramafic-mafic sheet constrains the 
formation age of the upper plate oceanic crust 
(Song et al., 2013). The youngest detrital zircon 
ages from the accretionary complex constrain 
the maximum age of terminal accretion into ca. 

447 Ma, and the ages of the collision-related 
dioritic pluton and dolerite dikes that intrude 
the Laohushan forearc clastic sediments and 
subduction complex can constrain the minimum 
age of the forearc sediments and the subduction 
complex (Qian et al., 1998; Fu et al., 2019b).

In this study, we provide new detrital zir-
con ages of a mudstone sample from the OPS 
sequence, of mica-quartz schists from the mé-
lange matrix, and of sandstone samples from the 
trench-fill turbidite and forearc flysch in order 
to constrain their maximum depositional ages 
and provenance. This will enable us to under-
stand their role in the amalgamation between 
the Alxa block and the Central Qilian block. 
Potential provenance sources evaluated here in-

clude the adjacent Alxa block, the North China 
craton, the Central Qilian block, and the North 
Qilian arc. Other larger continental blocks, such 
as the Tarim craton, Qaidam block, and South 
China craton are not considered here, because 
they could not have been major source terranes, 
as they were far away, and separated by ocean 
basins, arcs, terranes, or continental blocks. It 
should be noted that the Alxa block was recently 
considered as an independent terrane separated 
away from the North China craton during the 
early Paleozoic by recent detrital zircon inves-
tigations (e.g., Zhang et al., 2015; Song et al., 
2017a; Zhao et al., 2018). We compiled detrital 
zircon ages from the Precambrian to Ordovician 
clastic rocks in those potential source terranes 

Figure 14. Age histograms 
and  probability diagrams of 
detrital zircon ages from Pre-
cambrian to Ordovician sedi-
mentary rocks in this study 
(A–D) and potential source 
terranes (E–H). (A)–(D) Data 
in this study in the Laohushan 
Complex in China; (E) Alxa 
block. Data sources: Gong et al. 
(2011, 2013, 2016); Song et  al. 
(2017a); Zhang et  al. (2013); 
(F) North China craton. Data 
sources: Rojas-Agramonte 
et  al. (2011); Darby and Geh-
rels (2006); (G) Central Qilian 
block. Data sources: Gehrels 
et  al. (2003a); Tung et  al. 
(2007); Huang et  al. (2015). 
(H) Western Australia, Aus-
tralia. Data sources: Martin 
et al. (2017). OPS—ocean plate 
stratigraphy.
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to characterize their typical zircon age spectra 
(Fig. 14). Some terranes in East Asia including 
the Alxa block and Central Qilian block were 
considered as peri-Gondwana continental frag-
ments that were separated from the northern 
margin of Gondwana during the opening of the 
Proto-Tethys Ocean and breakup of the super-
continent Rodinia (Li et al., 2018; Zhao et al., 
2018). Therefore, the sedimentary rocks in their 
basements may have recorded a significant pro-
portion of recycled zircons with the Gondwana 
affinities (Zhang et al., 2015; Song et al., 2017a). 
We also compiled the detrital zircon ages of clas-
tic rocks from the Western Australia in order to 
identify the possible recycled zircon populations 
in these potential source regions.

Clastic Rocks from the Mélange Matrices
Samples from the schist matrix of the mé-

langes have a wide range of concordant zircon 
ages: mica-quartz schist samples (QLS29-1 and 
QLS29-2) range from 3390 Ma to 468 Ma, and 
a quartz schist (QLS24-3) ranges from 3528 Ma 
to 459 Ma (Table DR2). The youngest mean 
ages of the mica-quartz schist samples (QLS29-
1, QLS29-2) are 470 ± 6 Ma (Fig.  13C) and 
473 ± 11 Ma (Fig. 13B), respectively, and the 
weighted mean age of the three youngest zircons 
from the quartz schist (QLS24-3) is 475 ± 10 Ma 
(Fig. 13E). These youngest zircon ages constrain 
the maximum depositional age of the matrices as 
Early Ordovician (ca. 470 Ma), which also pro-
vides the maximum formation age of the type 
2 mélange. These new geochronological data 
together with structural anatomy indicate that 
they are early Paleozoic mélanges rather than 
Precambrian strata as previously suggested.

Detrital zircon ages of the Early Ordovi-
cian matrix schists in the mélange range from 
3.56 Ga to 459 Ma with four peaks in the age 
spectrum including a major peak at ca. 993 Ma 
and subordinate peaks at ca. 477 Ma, ca. 
1.80 Ga, and ca. 2.48 Ga (Fig. 14A). The age 
spectrum is markedly different from that of the 
North China craton, which lacks age peaks be-
tween ca. 1600 Ma and 800 Ma (Fig. 14F), indi-
cating that the North China craton cannot be the 
major detrital source of the schists. The possibil-
ity of derivation from the Central Qilian block is 
also precluded because of the lack of significant 
Neoarchean (ca. 2.5 Ga) and Neoproterozoic 
(ca. 1.1–1.0 Ma) age populations (Fig.  14G). 
The late Neoproterozoic peak matches that 
in the basement of the Alxa block (Fig. 14E) 
(Zhang et al., 2011, 2015; Gong et al., 2013; 
Song et al., 2017a). In addition, the Paleopro-
terozoic ca. 1.80 Ga and 2.48 Ga age peaks and 
Archean ages are consistent with magmatic and 
metamorphic rocks in the basement of the Alxa 
block (Fig. 14E), which suggests that the Alxa 

block is the major detrital source. Early Paleo-
zoic zircon ages clustering at 500–459 Ma (peak 
at 477 Ma) are similar to the ages (517–446 Ma) 
of subduction-related magmatic and ophiolitic 
rocks in the North Qilian arc (Fig. DR1; Table 
DR3; see footnote 1) (Xia et al., 2003; Wang 
et al., 2005; Tseng et al., 2009; Song et al., 2013, 
2018a; Zhang et  al., 2017b). Therefore, the 
sedimentary detritus in the matrices of mélange 
was mostly derived from the Alxa block and the 
North Qilian arc.

Sandstone from the Trench-Fill Turbidite
The sandstone sample (QLS32-2) from 

the trench-fill turbidite has ages ranging from 
3080 Ma to 447 Ma (Table DR2; Fig. 13F); the 
youngest, constrained by the weighted mean 
age of the nine youngest zircons, has an age of 
453 ± 4 Ma (Fig. 13G), representing the maxi-
mum depositional age of the trench-fill sediments.

The sandstone sample has a detrital zircon 
age spectrum that is similar to that of the schist 
matrix (Fig.  14B). The Precambrian zircon 
ages have predominant age populations rang-
ing from ca. 1.90 Ga to ca. 0.8 Ga with a major 
peak at ca. 980 Ma and two subordinate peaks 
at ca. 823 Ma and ca. 1.86 Ga; and some Neo-
archean–Paleoproterozoic age populations (ca. 
2.55–2.40 Ma) clustering at ca. 2.49 Ga. These 
age populations correspond to the zircon ages of 
sedimentary, igneous, and metamorphic rocks 
from the Alxa block (Figs.  14E; Fig. DR1; 
Zhang et  al., 2011, 2015; Gong et  al., 2013; 
Song et al., 2017a). The younger zircon popula-
tion ranges from 497 Ma to 447 Ma with a peak 
at ca. 460 Ma, which is comparable with ages of 
magmatic rocks (ca. 517–446 Ma) in the North 
Qilian arc and granitoids (ca. 479–440 Ma) 
from the southern margin of the Alxa block 
(Song et al., 2013; Zhang et al., 2017b). Trench-
fill clastic sedimentary rocks could be derived 
from erosion of either the forearc accretionary 
complex or the forearc basin sediments. The ac-
cretionary wedges contain a variety of rocks de-
rived from different sources such as accreted ju-
venile oceanic crust and hemipelagic mudstone 
(e.g., sample QLS18-1 as discussed below), the 
latter of which mainly received detritus from the 
North Qilian arc. The forearc basin sediments 
mainly received detritus from the Alxa block 
(see discussion below). Therefore, the source of 
some younger ages (ca. 497–447 Ma) cannot be 
determined uniquely from the Alxa block or the 
North Qilian arc, both of which contain simi-
lar zircon ages. Based on the characteristics of 
Precambrian zircon age populations, we suggest 
that the detritus in the trench-fill sandstone was 
mainly sourced from the Alxa block, although 
the North Qilian arc could have contributed 
some detritus.

Argillaceous Rock from the Chert-Bearing OPS
Detrital zircon ages of the mudstone sam-

ple (QLS18-1) from the OPS sequence are in 
the range of 2703 Ma to 442 Ma (Table DR2; 
Fig. 13A). The weighted mean age (447 ± 2 Ma) 
of the youngest forty zircons constrains the max-
imum depositional age as Late Ordovician for 
the mudstone.

Detrital zircons in the mudstone have a con-
spicuous age population that clusters at 503–
442 Ma with a peak at ca. 456 Ma (Fig. 14C). 
These early Paleozoic zircon ages are compa-
rable to those of the arc rocks and accreted ophi-
olitic rocks in the North Qilian arc–accretionary 
complex. Therefore, the North Qilian arc was 
the most likely source region of zircons in the 
hemipelagic sediments in the OPS unit. The re-
maining zircons that cluster at 973–891 Ma and 
1808–2703 Ma have a small proportion (∼20%) 
and they were likely recycled zircons sourced 
from the surrounding continental blocks by aeo-
lian dust.

Forearc Clastic Rocks
The sandstone sample (QLS38-1) that was 

collected from the bottom of the forearc basin 
sequence has detrital zircon ages ranging from 
2628 Ma to 453 Ma (Table DR2; Fig. 13H). The 
flysch sequences were previously interpreted 
as the lower Silurian strata (GGMEDB, 1996), 
which was likely formed in the forearc (Yan 
et al., 2010; Xiao et al., 2009), remnant back-arc 
basin (Song et al., 2013), or the foreland basin 
(Yang et al., 2009). Our new data from the bot-
tom of the flysch in the Laohushan region reveal 
the youngest zircon age of 453 ± 6 Ma, which 
indicates that the maximum depositional age of 
the strata was Late Ordovician. In addition, the 
flysch is intruded by a mid-Late Silurian diorite 
pluton (ca. 430–424 Ma), which constrains the 
minimum depositional age (Qian et al., 1998; 
Chen et al., 2018; Fu et al., 2019b). According to 
our field investigations and detrital zircon data, 
we interpret the flysch sequence to have formed 
in the forearc at ca. 453–430 Ma.

The forearc basin sediments are dominated 
by Precambrian zircons ranging in age from 
2.85 Ga to 606 Ma. The age spectrum shows 
four main populations, i.e., 534–517 Ma, with 
a peak at ca. 525 Ma; 939–901 Ma, with a peak 
at ca. 923 Ma; 1048–950 Ma, with a peak at 
ca. 992 Ma, and 1197–1123 Ma, with a peak 
at ca. 1163 Ma, with subordinate populations 
at 2564–2462 Ma (peak at ca. 2.49 Ga) and 
2200–2087 Ma (peak at ca. 2.13 Ga) (Fig. 14D). 
The age distribution pattern is similar to those 
of the matrices of type 2 mélanges and trench-
fill turbidities (Figs. 14A and 14B), which all 
match the spectrum of detrital zircons of the 
Alxa block (Fig. 14E; Zhang et al., 2015; Gong 
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et al., 2016; Zhang and Gong, 2018). The Cen-
tral Qilian block is characterized by the late 
Paleoproterozoic and early Neoproterozoic age 
populations, but it lacks significant age groups of 
ca. 2.5–1.9 Ga and ca. 800–500 Ma (Fig. 14G), 
precluding it as a major source region for the fly-
sch. Collectively, we suggest that the bottom of 
the flysch sequences received detritus predomi-
nantly from the Alxa block rather than the Cen-
tral Qilian block, which supports the interpreta-
tion that they were deposited in the forearc basin 
rather than the collision-related foreland basin. 
However, the upper sections of the submarine 
flysch may be regarded as foreland or remnant 
sea sediments deposited during the final closure 
of the North Qilian back-arc basin (Yang et al., 
2009; Song et al., 2013).

In summary, our new detrital zircon U-Pb 
age data from the clastic sedimentary rocks in 
the different litho-structural units provide new 
constraints on their maximum depositional ages 
and provenance connections with the surround-
ing terranes. The youngest detrital zircon ages 
from the subduction complex (mélange ma-
trices, turbidite, and mudstone), coupled with 
existing ages of dioritic plutons and dikes (ca. 
430–424 Ma) that intruded the forearc sediments 
and subduction complex (Qian et al., 1998; Song 
et al., 2013; Chen et al., 2018; Fu et al., 2019b), 
suggest that terminal subduction–accretion oc-
curred during the Late Ordovician to middle 
Silurian (ca. 447–430 Ma). The sedimentary 
rocks from different units show variable detrital 
zircon age spectra, that record complicated sedi-
mentary accumulation history in the divergent 
and convergent processes during the evolution-
ary history of a paleo-ocean basin. The detrital 
zircons of the hemipelagic mudstone in the OPS 
sequences have a predominantly single peak 
age with minor proportions of recycled zircons, 
which generally reflect the detrital contributions 
of juvenile arc related to convergent processes 
(Cawood et al., 2012; Huang et al., 2018). Other 
samples both from the accretionary complex and 
forearc basin share similar zircon age distribu-
tion patterns with close affinities to the Alxa 
block, which may record long-term connections 
with the Alxa block in the evolution of the North 
Qilian back-arc basin as discussed later.

Reconstruction of the Accretionary 
Complex

Accretionary and erosional processes in sub-
duction zones determine the preservation and 
architecture of accretionary orogens, providing 
a record of the long-term evolution of the sub-
ducting and overriding plates in the convergent 
margins that play such an important role in the 
lateral growth of the continental crust. Decipher-

ing the complicated types and origins of accret-
ed components and emplacement of ophiolitic 
rocks is essential in reconstructing the spreading 
history, subduction, and closure time of paleo-
oceans, and for understanding the tectonic evo-
lution of accretionary collages (e.g., Maruyama 
et al., 2010). The OPS in a subduction-accretion 
complex may have several different structural 
variations and styles (e.g., coherent versus bro-
ken formations on the outcrop scale), variable 
thicknesses of sedimentary rocks (thinly bedded 
OPS versus thickly bedded OPS), metamor-
phic grade (structurally shallow-level OPS with 
prehnite pumpellyite facies versus structurally 
deeper OPS with epidote-amphibolite or blue-
schist-eclogite facies metamorphism) (e.g., Mat-
suda and Isozaki 1991; Kusky et al., 1997, 2013; 
Kusky and Bradley, 1999; Maruyama et  al., 
2010; Wakita, 2012, 2015; Roda et al., 2020). 
Also, chaotic mélanges in a subduction-accretion 
complex may have different origins (e.g., tecton-
ic, sedimentary, diapiric, or multiple), different 
types of matrix (sedimentary-, serpentinite-, or 
basaltic-dominant), different block origins (ex-
otic versus native, and derivation from either a 

subducting lower or an upper plate), and differ-
ent overall lithologies (igneous, sedimentary, or 
metamorphic) (Kusky et al., 1997; Wakabayashi, 
2011, 2015, 2017; Festa et al., 2010, 2016, 2019; 
Raymond, 2019). In addition, the lithologies of 
the OPS and mélanges are usually dominated by 
trench-fill clastic sedimentary rocks, ophiolitic 
rocks, and minor HP metamorphic rocks. Al-
though usually dismembered during the accre-
tionary orogenesis, obducted SSZ-type ophiol-
ites may retain relatively intact oceanic crustal 
sequences, whereas accreted (e.g., off-scraped 
or underplated) ophiolitic blocks and fragments 
may have different structural styles, tectonic 
origins, and emplacement mechanisms, i.e., dif-
ferent ophiolitic types record different tectonic 
histories of the lower and upper plates (Waka-
bayashi and Dilek, 2003; Şengör and Natal’in, 
2004; Wakabayashi et  al., 2010, Dewey and 
Casey, 2011; Wakabayashi, 2017). From our 
structural, mineral geochemical, and geochrono-
logical data, we have reconstructed the temporal 
and spatial distribution of the different tectonic 
units in the Laohushan Complex (Fig. 15), which 
includes a  structurally shallow-level accreted unit 
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(the northern basalt-chert-mudstone OPS), and a 
structurally lower unit (the southern schist-matrix 
mélange). In the following discussion, we will 
discuss the origin of the various components of 
the Laohushan Complex.

Reconstruction of the Basalt-Chert-Mudstone 
OPS Unit

The OPS unit is mainly composed of struc-
turally repeated basalt–chert–mudstone–minor 
limestone assemblages, which have undergone 
low-grade metamorphism and weak deformation 
in basalts and limestones. A limestone-basalt-chert 
assemblage is common in seamounts, where OIB 
is overlain by cherts and cap carbonates in a slope 
facies with basalt-limestone breccias, limy silt-
stones, mudstones, and other clastic rocks associ-
ated with distinctive structures that are indicative of 
slumping down a volcanic slope (Safonova et al., 
2016). The limestone-basalt-chert assemblage can 
also occur at oceanic ridges and forearc regions, 
where cherts may be overlain by limestones, given 
an appropriate latitude and carbonate compensa-
tion depth (CCD) (Maruyama et al., 2010). The 
associated basalts in the Laohushan Complex have 
typical MORB characteristics, which excludes a 
seamount origin (Qian et al., 2001a; Song et al., 
2013), and mass sliding from a high fore-arc is 
unlikely, because there are no associated olistos-
tromes within the limestone blocks and along their 
boundaries. Hence, we suggest that the Laohushan 
limestone blocks formed in a mid-oceanic ridge 
above the CCD (Fig. 15C), and were off-scraped 
with pelagic red cherts during accretion in a trench 
(Kimura and Ludden, 1995) (Fig. 5H). The chert 
in the Laohushan OPS is distinctly thin, most like-
ly a result of deposition with thinly bedded chert 
in young oceanic crust, or perhaps of limestone-
chert delamination during subduction erosion. 
The youngest detrital zircons from a mudstone 
have a weighted mean age of 447 ± 2 Ma, which 
is only slightly younger than the crystallization age 
(454 ± 4 Ma, Sm-Nd isochron age) of the basalt in 
the OPS unit (Xia et al., 2003) and the upper plate 
gabbro sheet (449 ± 5 Ma, Song et al., 2013).

We suggest that the basalt-chert-mudstone 
OPS unit represents a typical ridge-trench transi-
tion OPS. As the ridge basalts moved across the 
ocean, they were covered by pelagic cherts or 
limestones, then in the outer trench they were suc-
ceeded by hemipelagic mudstone, and finally in 
the trench they were overlain by voluminous tur-
bidites derived from an eroded arc or continental 
block (Maruyama et al., 2010; Kusky et al., 2013). 
Low-grade metamorphism and weak deformation 
of basalts suggest that the depth in the subduc-
tion zone reached by this accreted unit was shal-
low. The shallowly subducted Laohushan OPS is 
similar to the Gwna OPS on Llanddwyn Island 
in SW Anglesey, Wales, UK, where structurally 

repeated and imbricated basalt-chert-clastic OPS 
is characterized by sub-greenschist, zeolite fa-
cies metamorphism and very weak deformation 
(Maruyama et al., 2010). Such a scenario is com-
mon in many circum-Pacific accreted margins 
such as California, Alaska, and Japan (Wakita and 
Metcalfe, 2005; Kusky et al., 2013; Wakita et al., 
2013), where the thickness of accreted MORB 
crust doesn’t exceed 150 m in most cases; this 
takes place in a mechanically weak zone at ∼100–
200 m depth (Kimura et  al. 1996; Maruyama 
et al., 2010). Nonetheless, shear deformation was 
developed within the incompetent rocks such as 
chert and mudstone, which can be observed at the 
microscopic scale (Figs. 7B and 7C).

Reconstruction of the Schist-Matrix Mélange
The schist-matrix mélange unit underwent 

strong deformation and high-pressure metamor-
phism up to (epidote-) blueschist facies, indicating 
that subduction of oceanic crust reached the depth 
of blueschist facies metamorphism (Fig. 15E). In 
the south, blocks within the mélange are predomi-
nately basalt, chert, blueschist, and minor banded 
iron formation and limestone, which are embed-
ded in schist matrices (Fig. 15E). The mélange 
has S-C fabrics, thrusts, and duplexes (Figs. 8G 
and 8H), structures that are typical of accretion-
ary tectonics. The kinematics recorded in the S-C 
fabrics and duplexes suggest top-to-the-south 
shearing and thrusting. All these lithological and 
structural features are comparable to those in the 
Caledonian ophiolitic mélange at Ballantrae in 
SW Scotland (Sawaki et al., 2010).

The detrital zircons in the meta-sedimentary 
matrices of the mélange constrain the maximum 
depositional age as ca. 470 Ma, with a large pro-
portion of recycled zircons having an Alxa affinity. 
The reconstructed OPS from the mélange unit con-
tains basalt, chert, mudstone, and limestone. The 
OPS was covered by a cap turbidite in the trench, 
then subducted and accreted to the hanging wall 
of the subduction-accretion complex as coherent 
slices and tectonic mélanges through off-scraping, 
underplating, and tectonic slicing. During these 
processes, extensive deformation (e.g., duplex 
thrusts and folds) and metamorphism affected 
the mélange. Some blueschists were exhumed 
along the subduction channel and retrogressed to 
a greenschist facies, where they were incorporated 
in blocks in the mélange with a greenschist matrix. 
Overall, this mélange unit has different structural 
and metamorphic features compared to those of 
the basalt-chert-mudstone OPS unit.

Implications for the Tectonic Evolution of 
the North Qilian Orogenic Belt

The NQOB is an excellent example of an ac-
cretionary to collisional orogen, which is an im-

portant Phanerozoic component of the architec-
ture of East Asia. Although numerous individual 
studies have focused on the ophiolites, LT-HP 
metamorphism, and subduction/collision-relat-
ed magmatism of the NQOB, there is no con-
sensus about its prolonged tectonic evolution. 
Previous tectonic models have concentrated on 
two major questions: the number of subduction 
zones and their polarities, and the emplace-
ment mechanisms of the ophiolitic rocks and 
the HP-LT metamorphic rocks. There are three 
main models: Model 1 suggests that the North 
Qilian ocean underwent northward subduc-
tion, and was followed by back-arc extension 
and spreading of a back-arc ocean (Song et al., 
2006, 2013, 2014; Xia et al., 2003, 2016); and 
it explains the spatial architecture of the LT-HP 
metamorphic rocks, the boninite-bearing intra-
oceanic arc complex, and the two subparallel 
ophiolitic belts. However, it does not provide a 
detailed subduction and closure history of the 
back-arc basin. Model 2, which emphasizes 
continuous southward subduction beneath the 
Kunlun-Qaidam continent (Zuza et  al., 2018; 
Wu et al., 2017), proposes that the Qilian SSZ-
ophiolites throughout the present-day Qilian 
mountains and North Qaidam were obducted 
southwards, underthrust beneath the Qaidam 
continent, and were brought to the surface by 
diapiric exhumation during final collision. How-
ever, this model, which is based only on a single 
subduction zone has difficulty in addressing the 
temporal and spatial relationships of the mul-
tiple accretionary wedges, intervening arcs, and 
old continental blocks. Model 3 is based on an 
archipelago-type subduction-accretion system, 
which enabled the formation of several belts 
of ophiolites, and arc-accretionary complexes 
(Xiao et al., 2009) within multiple Mariana-type 
intra-oceanic subduction zones with different 
polarities that eventually led to the develop-
ment of arc belts and suture zones. However, in 
this model the detailed evolutionary processes 
regarding the subduction polarities and the tim-
ing of amalgamation of different tectonic belts 
were not well constrained.

Any geodynamic model needs to explain the 
evolution of diagnostic tectonic units, for exam-
ple, ophiolitic belts that represent fossil oceanic 
crust; accretionary complexes and HP-LT met-
amorphic rocks that represent fossil subduc-
tion–accretion/erosion interfaces; arc rocks that 
represent upper plate magmatism; and passive 
margin sedimentary sequences. From our new 
field and geochronological data, and according 
to the spatial and temporal distribution of the 
diagnostic tectonic units in the eastern NQOB, 
coupled with relevant data from the central seg-
ment, we propose a new holistic geodynamic 
model to explain the tectonic evolution of the 
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NQOB (Fig. 16). Compared with the previous 
models by Song et al. (2013) and Xiao et al. 
(2009), we emphasize the formation and em-
placement processes of the northern ophiolite 
belt, and its relationships with subduction-re-
lated metamorphism and magmatism.

Formation of the Back-Arc Basin  
(517–449 Ma)

The oldest ophiolites representing the fossil 
North Qilian oceanic crust have a formation age 
of ca. 550 Ma (Shi et al., 2004). The North Qil-
ian oceanic plate subducted northwards result-
ing in the earliest subduction-related incipient/
infant magmatism of the North Qilian arc (517–
505 Ma), the Dachadaban tholeiite-boninite-
gabbro-diabase series (505–483 Ma), and the 
HP-LT metamorphic rocks (ca. 489–442 Ma) 
(Xia et al., 2012a; Chen et al., 2014; Fig. 16A). 
The ca. 517–483 Ma boninitic arc magmatism 
is an indication of the initiation of subduction. 
After splitting the infant arc, the North Qilian 
back-arc oceanic crust (Proto-Tethys Ocean) 
formed in the period 490–449 Ma, and is now 
recognized as the northern ophiolite belt. The 
oldest ophiolitic rock recorded in this belt (ca. 
490–450 Ma) is the ca. 490 Ma Jiugequan ophi-
olitic fragment, and the ages of the eastern seg-
ment of this ophiolite belt range from 476 Ma to 
449 Ma (the Biandukou and Laohushan ophiolit-
ic fragments) (Xia et al., 2003, 2016; Song et al., 
2013). These ages suggest that the back-arc ba-
sin could have formed continuously for ∼40 m.y. 
During the initial opening of the back-arc basin, 
clastic sediments were deposited along its mar-
gins receiving abundant detritus eroded from 
the Alxa block and the juvenile North Qilian arc 
(Fig. 16A). Some clastic rocks on the southern 
margin of the basin were incorporated into the 
schist-matrix of the mélanges, as indicated by 
detrital zircons from the schist matrices.

The modern average spreading rate is 
∼85 mm/year for a back-arc basin in the western 
Pacific Ocean (well constrained by the anomaly 
of the West Philippine Sea) (Dewey and Casey, 
2011), and accordingly the width of the North 
Qilian back-arc basin could have reached 
∼3400 km over ca. 40 Ma. Even at a modest 
spreading rate of ∼50 mm/year for an oceanic 
plate (Dewey and Casey, 2011), an ocean basin 
can reach ∼2000 km in width. The growth of this 
strand of the Proto-Tethys Ocean and expansion 
of the Laohushan back-arc basin would have 
been greatly aided by slab-roll back (e.g., Kusky 
et al., 2014), enhancing the upwelling of mantle 
material and rifting fragments from the Alxa 
block (Fig.  16). The mudstone sample in the 
basalt-chert-mudstone OPS, which is dominated 
by relatively juvenile detrital zircons with minor 

recycled Precambrian zircons (Fig. 14C) sup-
ports this interpretation of a wide back-arc basin.

Intra-Oceanic Subduction and Accretion of 
the Back-Arc Oceanic Crust (449–430 Ma)

Proto-Tethys oceanic crust in the Laohushan 
back-arc basin started to subduct northwards 
at ca. 450 Ma and gave rise to the 449 ± 5 Ma 
SSZ-type ultramafic-mafic rocks (Song et al., 
2013) and forearc sediments. A northward sub-
duction polarity is supported by the following 
lines of evidence. Firstly, the upper- and lower-
plate architecture of the different tectonic units, 
including the SSZ-type Laohushan ultramafic-
mafic sheet and the overlying forearc basin 
sediments in the north, and the accretionary 
complexes (basalt-chert-mudstone OPS, blue-
schist-bearing mélanges) in the south, all point 
to northward intra-oceanic subduction within an 
evolving accretionary system. Secondly, typi-
cal kinematic indicators, including S-C fabrics, 
asymmetric folds and thrust duplex in the OPS 
and in the mélanges, all indicate top-to-the-SE 
thrusting and shearing, consistent with north-
ward subduction. Thirdly, such a polarity is 
supported by the widespread subduction-related 
magmatic rocks along the northern margin of 
the NQOB and the southern margin of the Alxa 
block, including ca. 448 Ma subduction-related 
hornblendites to the north of the Laohushan 
ophiolite (Fu et al., 2019b), and ca. 460–430 Ma 
subduction-related magmatism on the north-
ern margin of the NQOB and on the southern 
margin of the Alxa block (Tseng et al., 2009; 
Liu et al., 2016; Zhang et al., 2017b). Fu et al. 
(2019b) suggested that ca. 448 Ma hornblendite 
xenoliths in the Laohushan dioritic pluton could 
have been derived through partial melting of 
subcontinental lithospheric mantle that was 
metasomatized by subduction-related fluids be-
neath the Archean–Proterozoic basement of the 
Alxa block. Liu et al. (2016) reported that ca. 
460–430 Ma subduction-related granitoids are 
widespread along the southern margin of the 
Alxa block, and abundant coeval adakitic granit-
oids (ca. 460–440 Ma) were documented along 
the northern NQOB (Tseng et al., 2009; Zhang 
et al., 2017b). In addition, Song et al. (2018a) 
reported that detrital zircons from mid-Permian 
rocks in the southern Alxa block contain two 
major age peaks at ca. 273 Ma and ca. 440 Ma, 
whereas two upper Permian rocks have single 
peaks at ca. 261 Ma and ca. 263 Ma, and ac-
cordingly they proposed that the early Paleozoic 
(ca. 464–408 Ma) magmatic rocks in the south-
ern Alxa block were eroded to supply detritus 
during the late Paleozoic. Therefore, all of these 
lines of structural and magmatic evidence are 
consistent with a northward subduction polarity. 

During the northward subduction, the trench-fill 
turbidites and forearc basin flysch sequences re-
ceived detritus from the Alxa block, as revealed 
by the detrital zircon spectra (Fig. 14).

West of the Jiugequan region in the central 
NQOB, the Baiquanmen accretionary complex 
and the HP-LT metamorphic belt with lawsonite 
blueschists and epidote blueschist were under-
thrust beneath the relatively intact SSZ-type Ji-
ugequan ophiolite (thick basalt with minor chert 
and gabbro) (Zhang et  al., 2009; Song et  al., 
2009b). The HP-LT metamorphic belt and the 
Jiugequan ophiolite contain consistent evidence 
for southward thrusting and shearing (Feng and 
He, 1996). This kind of spatial configuration 
and kinematics is broadly similar to that of the 
Laohushan SSZ-type ophiolite and its southerly 
accretionary complex.

During subduction of the back-arc oceanic 
crust, the Laohushan accretionary complex that 
includes the shallowly accreted basalt-chert-
mudstone OPS, the trench-fill turbidites, and the 
structurally lower blueschist-bearing mélanges 
all formed by off-scraping and underplating in 
a north-dipping intra-oceanic subduction zone 
(Fig. 16B). The ages of the post-kinematic dol-
erite dikes and dioritic pluton (ca. 430 Ma) (Fu 
et al., 2019b) constrain the minimum age of the 
terminal accretionary event of the Proto-Tethys 
oceanic crust in the Laohushan back-arc basin.

Closure of the Back-Arc Basin and 
Continent-Continent Collision  
(430–400 Ma)

Intra-oceanic subduction, forearc accretion, 
and subsequent obduction of the upper-plate 
assemblage (ophiolites and overlying forearc 
basin) over the accretionary wedge resulted in 
the closure of the North Qilian back-arc ocean 
and the collision between the Alxa block and 
the assembled Central Qilian–Qaidam blocks 
along the North Qilian suture zone at ca. 430 Ma 
(Fig.  16C). An EW-trending collision-related 
granodiorite pluton, which intruded forearc sedi-
ments in the Laohushan area has been dated as 
Early Silurian (ca. 430–424 Ma) (Fig. 3) (Qian 
et al., 1998; Chen et al., 2018; Fu et al., 2019b). 
Moreover, numerous syn-collisional magmatic 
rocks (ca. 430–410 Ma) were intruded through-
out the NQOB (Fig. 15). Slab breakoff or litho-
sphere delamination were proposed as possible 
geodynamic mechanisms to produce the large 
volume of collision-related magmatism (ca. 
430–410 Ma) (Song et al., 2013; Zhang et al., 
2017b; Fu et al., 2019b). Early Devonian (ca. 
400 Ma) molasse deposits (Xu et  al., 2010), 
which unconformably overlie the subduc-
tion complex, the HP metamorphic rocks and 
the Silurian submarine sediments, record the 
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 termination of long-lived accretionary to colli-
sional orogenesis.

On a regional scale, the Qaidam and Central 
Qilian blocks assembled along the South Qilian 
orogenic belt at ca. 440–420 Ma, which resulted 
in intense UHP metamorphism and partial melt-
ing in the northern margin of the Qaidam block, 
and foreland basin sedimentation (Fig.  16C; 
Song et al., 2005, 2013; Yu et al., 2018; Fu et al., 
2018a, 2019a; Yan et al., 2019). The final amal-
gamation of the arcs, accretionary complexes, 
and Precambrian blocks in the Qilian orogenic 
belt record the closure of the northern branch 
oceans of the Proto-Tethys Ocean (Song et al., 
2013, 2018b; Li et al., 2018). However, it is still 
debated whether or not the assembled Alxa and 
Qaidam–Central Qilian blocks and other sur-
rounding terranes (e.g., Tarim and North China 
craton) on the northern Proto-Tethys Ocean had 
a connection with the northern margin of Gond-
wana in the Late Silurian–Devonian (Xiao et al., 
2009; Li et al., 2018; Zhao et al., 2018). During 
the amalgamation of multiple terranes and arcs 
in the Qilian orogenic belt, the paleo–Asian oce-
anic plate subducted beneath the northern mar-
gin of the Alxa block and North China craton in 
the early Paleozoic (Fig. 16C; Xiao et al., 2015, 
2018; Song et al., 2018b, 2018a).

The identification of mélanges, OPS, trench-
fill turbidites, and upper plate ophiolite and 
forearc basin in the Laohushan Complex, which 
has been conventionally regarded as a single 
intact ophiolite and Precambrian metamorphic 
complex, suggests complicated origins and em-
placement mechanisms of ophiolitic rocks in the 
orogens. This study also highlights the impor-
tance of field-based anatomy and reconstruction 
of diagnostic litho-structural components (e.g., 
ophiolitic mélanges, structurally repeated OPS, 
trench-fill sediments) of an accretionary com-
plex and associated sedimentary basins, which 
will provide fundamental constraints on the 
long-term evolution of paleo-ocean basins and 
accretionary-to-collisional orogens.

CONCLUSIONS

Our field investigations show that the Lao-
hushan Complex in the northeastern North 

Qilian orogenic belt consists of a subduction 
complex, ophiolite fragments, and forearc basin 
sedimentary rocks. Typical basalt-chert-mud-
stone OPS, with trench-fill turbidites, and mé-
langes form different litho-structural units of the 
subduction complex. The anatomy of these diag-
nostic tectonic units suggests that they were gen-
erated by diverse processes of paleo-subduction 
and accretion. Geochronological data indicate 
that the latest accretion and tectonic stacking 
of the subduction complex occurred in the Late 
Ordovician–middle Silurian (ca. 447–430 Ma). 
Manifold kinematic criteria indicate top-to-the-
SE shearing and thrusting, which together with 
the spatial and temporal relationships of the dif-
ferent units from north to south, including the 
forearc basin sediments, the SSZ-type ophiolite, 
and the subduction complex, all indicate a north-
ward subduction polarity. Accordingly, we pro-
pose a model of northward intra-oceanic subduc-
tion to explain the tectonic evolution and final 
closure of the paleo–Qilian Ocean, the northern 
branch of the Proto-Tethys, and the assembly of 
the Alxa block with the Central Qilian–Qaidam 
block. This model may help in the understanding 
of the complicated spatial and temporal distribu-
tion of ophiolitic rocks within a suture zone in 
other accretionary-to-collisional orogens.

ACKNOWLEDGMENTS

We thank the editor W.J. Xiao, Associate Editor 
and two anonymous reviewers for their constructive 
and insightful comments, which greatly improved 
this paper. We thank T.E. Johnson from Curtin Uni-
versity for useful discussions and N. Evans and B. 
McDonald from Curtin University for assistance dur-
ing the laser ablation–inductively coupled plasma–
mass spectrometry zircon dating. This project was 
financially supported by the National Natural Science 
Foundation of China (grant numbers: 91755213 and 
41961144020), the Chinese Ministry of Education 
111 project (BP0719022), the MOST Special Fund 
(MSFGPMR02-3) and Open Fund (GPMR201701, 
GPMR201607, and GPMR201905) from the State 
Key Laboratory of Geological Processes and Mineral 
Resources, China University of Geosciences, Wuhan, 
and the Fundamental Research Funds for National 
Universities, China University of Geosciences (Wu-
han). A. Polat acknowledges support from the China 
University of Geosciences (Wuhan) and the Natural 
Sciences and Engineering Research Council of Can-
ada (Discovery Grant RGPIN-2019-04236). This is 

a contribution to China Scholarship Council projects 
awarded to D. Fu and B. Huang.

REFERENCES CITED

Amato, J.M., Pavlis, T.L., Clift, P.D., Kochelek, E.J., Hecker, 
J.P., Worthman, C.M., and Day, E.M., 2013, Architec-
ture of the Chugach accretionary complex as revealed 
by detrital zircon ages and lithologic variations: Evi-
dence for Mesozoic subduction erosion in south-central 
Alaska: Geological Society of America Bulletin, v. 125, 
no. 11-12, p.  1891–1911, https://doi .org/10.1130/
B30818.1.

Asanuma, H., Okada, Y., Fujisaki, W., Suzuki, K., Sato, 
T., Sawaki, Y., Sakata, S., Yamamoto, S., Hirata, T., 
Maruyama, S., and Windley, B.F., 2015, Reconstruc-
tion of ocean plate stratigraphy in the Gwna Group, 
NW Wales: Implications for the subduction–accretion 
process of a latest Proterozoic trench-forearc: Tectono-
physics, v.  662, p.  195–207, https://doi .org/10.1016/ 
j.tecto.2015.04.016.

Brown, E.H., 1977, The crossite content of Ca-Amphibole 
as a guide to pressure of metamorphism: Journal of Pe-
trology, v. 18, no. 1, p. 53–72, https://doi .org/10.1093/
petrology/18.1.53.

Cawood, P.A., Kröner, A., Collins, W.J., Kusky, T.M., 
Mooney, W.D., and Windley, B.F., 2009, Accretionary 
orogens through Earth history, in Cawood, P.A., and 
Kröner, A., eds., Earth Accretionary Systems in Space 
and Time: Geological Society of London Special Pub-
lication 318, p. 1–36, https://doi .org/10.1144/SP318.1.

Cawood, P.A., Hawkesworth, C.J., and Dhuime, B., 2012, 
Detrital zircon record and tectonic setting: Geology, 
v.  40, no. 10, p.  875–878, https://doi .org/10.1130/
G32945.1.

Cawood, P.A., Strachan, R.A., Pisarevsky, S.A., Gladkochub, 
D.P., and Murphy, J.B., 2016, Linking collisional and 
accretionary orogens during Rodinia assembly and 
breakup: Implications for models of supercontinent 
cycles: Earth and Planetary Science Letters, v.  449, 
p. 118–126, https://doi .org/10.1016/ j.epsl.2016.05.049.

Cawood, P.A., Hawkesworth, C.J., Pisarevsky, S.A., Dhuime, 
B., Capitanio, F.A., and Nebel, O., 2018, Geological 
archive of the onset of plate tectonics: Philosophical 
Transactions of the Royal Society A. Mathematical, 
Physical, and Engineering Sciences, v. 376, no. 2132, 
https://doi .org/10.1098/rsta.2017.0405.

Chen, S., Niu, Y., and Xue, Q., 2018, Syn-collisional felsic 
magmatism and continental crust growth: A case study 
from the North Qilian Orogenic Belt at the northern 
margin of the Tibetan Plateau: Lithos, v.  308–309, 
p. 53–64, https://doi .org/10.1016/ j.lithos.2018.03.001.

Chen, Y.X., Song, S.G., Niu, Y.L., and Wei, C.J., 2014, Melt-
ing of continental crust during subduction initiation: A 
case study from the Chaidanuo peraluminous granite in 
the North Qilian suture zone: Geochimica et Cosmochi-
mica Acta, v. 132, p. 311–336, https://doi .org/10.1016/ 
j.gca.2014.02.011.

Cheng, H., Lu, T., and Cao, D., 2016, Coupled Lu-Hf and 
Sm-Nd geochronology constrains blueschist-facies 
metamorphism and closure timing of the Qilian Ocean 
in the North Qilian orogen: Gondwana Research, v. 34, 
p. 99–108, https://doi .org/10.1016/ j.gr.2016.03.008.

Cheng, H., Zhou, Y., Du, K., Zhang, L., and Lu, T., 2018, 
Microsampling Lu-Hf geochronology on mm-sized 
garnet in eclogites constrains early garnet growth and 

490–449 Ma oceanic crust (now preserved in the northern ophiolite belt at Jiugequan, Biandukou, and Laohushan). The back-arc detrital 
sediments were derived from the Alxa block and juvenile North Qilian arc and deposited in the margins of the basin. (B) ca. 449–430 Ma; 
intra-oceanic subduction and forearc accretion in the back-arc basin, which led to the formation of different tectonic units recognized in this 
study, including forearc basin deposits (unit 1), supra-subduction zone (SSZ)-type ophiolite (unit 2), accretionary complex (unit 3 to unit 
5). The mudstone in the ocean plate stratigraphy (OPS) unit received detritus predominantly from the North Qilian arc. At ca. 440 Ma the 
major ocean to the south of the North Qilian arc was closed. (C) ca. 430–400 Ma; closure of the back-arc basin and the amalgamation of the 
Alxa block with the Qilian–Qaidam blocks. Numerous syn/post-collisional magmatic rocks intruded the accretionary complex. Continental 
deep subduction at ca. 440–420 Ma produced high-pressure to ultrahigh-pressure metamorphic rocks in North Qaidam. MORB—mid-
ocean ridge basalt; N-MORB—normal mid-ocean ridge basalt; UHP—ultrahigh-pressure.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/9-10/2175/5139470/2175.pdf
by China Univ of Geosciences Library user
on 13 August 2021

https://doi.org/10.1130/B30818.1
https://doi.org/10.1130/B30818.1
https://doi.org/10.1016/j.tecto.2015.04.016
https://doi.org/10.1016/j.tecto.2015.04.016
https://doi.org/10.1093/petrology/18.1.53
https://doi.org/10.1093/petrology/18.1.53
https://doi.org/10.1144/SP318.1
https://doi.org/10.1130/G32945.1
https://doi.org/10.1130/G32945.1
https://doi.org/10.1016/j.epsl.2016.05.049
https://doi.org/10.1098/rsta.2017.0405
https://doi.org/10.1016/j.lithos.2018.03.001
https://doi.org/10.1016/j.gca.2014.02.011
https://doi.org/10.1016/j.gca.2014.02.011
https://doi.org/10.1016/j.gr.2016.03.008


Dong Fu et al.

2198 Geological Society of America Bulletin, v. 132, no. 9/10

timing of tectonometamorphism in the North Qil-
ian orogenic belt: Journal of Metamorphic Geology, 
v.  36, no. 8, p.  987–1008, https://doi .org/10.1111/
jmg.12424.

Condie, K., 2007, Accretionary orogens in space and time, 
in Hatcher, R., Carlson, M., McBride, J., and Martínez 
Catalán, J., eds., 4-D Framework of Continental Crust: 
Geological Society of America Memoir 200, p. 145–
158, https://doi .org/10.1130/2007.1200(09).

Cowan, D.S., 1985, Structural styles in Mesozoic and Ce-
nozoic mélanges in the western Cordillera of North 
America: Geological Society of America Bulletin, 
v.  96, p.  451–462, https://doi .org/10.1130/0016-
7606(1985)96<451:SSIMAC>2.0.CO;2.

Darby, B.J., and Gehrels, G., 2006, Detrital zircon reference 
for the North China block: Journal of Asian Earth Sci-
ences, v. 26, no. 6, p. 637–648, https://doi .org/10.1016/ 
j.jseaes.2004.12.005.

Dewey, J.F., 1977, Suture zone complexities: A re-
view: Tectonophysics, v.  40, p.  53–67, https://doi 
.org/10.1016/0040-1951(77)90029-4.

Dewey, J.F., and Bird, J.M., 1970, Mountain belts and the 
new global tectonics: Journal of Geophysical Re-
search, v.  75, p.  2625–2647, https://doi .org/10.1029/
JB075i014p02625.

Dewey, J.F., and Casey, J.F., 2011, The origin of obduct-
ed large-slab ophiolite complexes in arc-continent 
collision: Springer, Berlin, Heidelberg, Germany, 
p. 431–444.

Dilek, Y., and Furnes, H., 2011, Ophiolite genesis and global 
tectonics: Geochemical and tectonic fingerprinting 
of ancient oceanic lithosphere: Geological Society 
of America Bulletin, v.  123, p.  387–411, https://doi 
.org/10.1130/B30446.1.

Ernst, W.G., 1973, Blueschist metamorphism and P-T re-
gimes in active subduction zones: Tectonophysics, 
v. 17, no. 3, p. 255–272, https://doi .org/10.1016/0040-
1951(73)90006-1.

Evans, B.W., 1990, Phase relations of epidote-blueschists: 
Lithos, v.  25, p.  3–23, https://doi .org/10.1016/0024-
4937(90)90003-J.

Feng, J.Y., Xiao, W.J., Windley, B.F., Han, C.M., Wan, B., 
Zhang, J., Ao, S.J., Zhang, Z.Y., and Lin, L., 2013, Field 
geology, geochronology and geochemistry of mafic-ul-
tramafic rocks from Alxa, China: Implications for Late 
Permian accretionary tectonics in the southern Altaids: 
Journal of Asian Earth Sciences, v.  78, p.  114–142, 
https://doi .org/10.1016/ j.jseaes.2013.01.020.

Feng, Y.M., and He, S.P., 1995, Research for geology and 
geochemistry of several ophiolites in the North Qilian 
Mountains, China: Dizhi Lunping, v. 40, p. 252–264.

Feng, Y.M., and He, S.P., 1996, Geotectonics and Orogeny 
of the Qilian Mountains: Beijing, China, Geological 
Publish House, 135 p.

Festa, A., Pini, G.A., Dilek, Y., and Codegone, G., 2010, 
Mélanges and mélange-forming processes: A histori-
cal overview and new concepts: International Geol-
ogy Review, v. 52, no. 10, p. 1040–1105, https://doi 
.org/10.1080/00206810903557704.

Festa, A., Ogata, K., Pini, G.A., Dilek, Y., and Alonso, 
J.L., 2016, Origin and significance of olistostromes 
in the evolution of orogenic belts: A global synthesis: 
Gondwana Research, v.  39, p.  180–203, https://doi 
.org/10.1016/ j.gr.2016.08.002.

Festa, A., Pini, G.A., Ogata, K., and Dilek, Y., 2019, Diagnos-
tic features and field-criteria in recognition of tectonic, 
sedimentary and diapiric mélanges in orogenic belts 
and exhumed subduction-accretion complexes: Gond-
wana Research, v. 74, p. 7–30, https://doi .org/10.1016/ 
j.gr.2019.01.003.

Fu, C.L., Yan, Z., Wang, Z., Buckman, S., Aitchison, J.C., 
Niu, M., Cao, B., Guo, X., Li, X., Li, Y., and Li, J., 
2018a, Lajishankou ophiolite complex: Implications 
for Paleozoic multiple accretionary and collisional 
events in the South Qilian Belt: Tectonics, v. 37, no. 5, 
p. 1321–1346, https://doi .org/10.1029/2017TC004740.

Fu, C., Yan, Z., Guo, X., Niu, M., Cao, B., Wu, Q., Li, X., 
and Wang, Z., 2019a, Assembly and dispersal history of 
continental blocks within the Altun-Qilian-North Qa-
idam mountain belt, NW China: International Geology 
Review, v. 61, no. 4, p. 424–447, https://doi .org/10.108
0/00206814.2018.1428831.

Fu, D., Huang, B., Kusky, T.M., Li, G., Wilde, S.A., Zhou, 
W., Yu, Y., 2018b, A Middle Permian ophiolitic mé-
lange belt in the Solonker Suture Zone, western Inner 
Mongolia, China: Implications for the evolution of the 
Paleo-Asian Ocean: Tectonics, v. 37, no. 5, p. 1292–
1320, https://doi .org/10.1029/2017TC004947.

Fu, D., Kusky, T., Wilde, S.A., Polat, A., Huang, B., and Zhou, 
Z., 2019b, Early Paleozoic collision-related magmatism 
in the eastern North Qilian orogen, northern Tibet: A 
linkage between accretionary and collisional orogenesis: 
Geological Society of America Bulletin, v. 131, no. 5-6, 
p. 1031–1056, https://doi .org/10.1130/B35009.1.

Fujisaki, W., Asanuma, H., Suzuki, K., Sawaki, Y., Sakata, S., 
Hirata, T., Maruyama, S., and Windley, B.F., 2015, Or-
dovician ocean plate stratigraphy and thrust duplexes of 
the Ballantrae Complex, SW Scotland: Implications for 
the pelagic deposition rate and forearc accretion in the 
closing Iapetus Ocean: Tectonophysics, v. 662, p. 312–
327, https://doi .org/10.1016/ j.tecto.2015.04.014.

Furnes, H., de Wit, M., and Dilek, Y., 2014, Four billion years 
of ophiolites reveal secular trends in oceanic crust for-
mation: Geoscience Frontiers, v. 5, no. 4, p. 571–603, 
https://doi .org/10.1016/ j.gsf.2014.02.002.

GBG (Gansu Bureau of Geology), First Regional Geological 
Surveying Team of the Bureau of Geology of Gansu 
Province, 1970, 1:200,000 Geological Map of Yong-
deng area.

GGMEDB (Gansu Geological and Mineral Exploration and 
Development Bureau), 1996, 1:50,000 Geological Re-
port of the Yongtai: Regional Geological Survey.

Gehrels, G.E., Yin, A., and Wang, X.F., 2003a, De-
trital-zircon geochronology of the northeastern 
Tibetan plateau: Geological Society of America Bul-
letin, v. 115, p. 881–896, https://doi .org/10.1130/0016-
7606(2003)115<0881:DGOTNT>2.0.CO;2.

Gehrels, G.E., Yin, A., and Wang, X., 2003b, Magmatic his-
tory of the northeastern Tibetan Plateau: Journal of 
Geophysical Research. Solid Earth, v.  108, p.  2423, 
https://doi .org/10.1029/2002JB001876.

Gong, J.H., Zhang, J.X., and Yu, S.Y., 2011, The origin 
of Longshoushan Group and associated rocks in the 
Southern part of the Alxa Block: Constraint from LA-
ICP-MS U-Pb zircon dating: Acta Petrologica et Min-
eralogica, v. 30, p. 795–818.

Gong, J., Zhang, J., and Yu, S., 2013, Redefinition of the 
“Longshoushan Group” outcropped in the eastern seg-
ment of Longshoushan on the southern margin of Alxa 
block: Evidence from detrital zircon U-Pb dating re-
sults: Acta Petrologica et Mineralogica, v. 32, no. 1, 
p. 1–22.

Gong, J., Zhang, J., Wang, Z., Yu, S., Li, H., and Li, Y., 2016, 
Origin of the Alxa Block, western China: New evidence 
from zircon U-Pb geochronology and Hf isotopes of the 
Longshoushan Complex: Gondwana Research, v. 36, 
p. 359–375, https://doi .org/10.1016/ j.gr.2015.06.014.

He, S.P., Wang, H.L., Chen, J.L., Xu, X.Y., Zhang, H.F., Ren, 
G.M., and Yu, J.Y., 2006, A LA-ICP-MS U-Pb chrono-
logical study of zircons from meta-acidic volcanics in 
Baiyin ore field, Gansu Province: new evidence for 
metallogenic age of Baiyin type massive sulfide depos-
its: Mineralium Deposita, v. 25, p. 401–411.

Huang, B., Fu, D., Kusky, T., Ruan, K., Zhou, W., and Zhang, 
X., 2018, Sedimentary provenance in response to Car-
boniferous arc-basin evolution of East Junggar and 
North Tianshan belts in the southwestern Central Asian 
Orogenic Belt: Tectonophysics, v.  722, p.  324–341, 
https://doi .org/10.1016/ j.tecto.2017.11.015.

Huang, B., Kusky, T., Wang, L., Polat, A., Fu, D., Windley, 
B., Deng, H., and Wang, J., 2019, Structural relation-
ships and kinematics of the Neoarchean Dengfeng 
forearc and accretionary complexes, southern North 
China craton: Geological Society of America Bulletin, 
v.  131, no. 5-6, p.  966–996, https://doi .org/10.1130/
B31938.1.

Huang, H., Niu, Y., Nowell, G., Zhao, Z., Yu, X., and Mo, 
X., 2015, The nature and history of the Qilian Block in 
the context of the development of the Greater Tibetan 
Plateau: Gondwana Research, v. 28, no. 1, p. 209–224, 
https://doi .org/10.1016/ j.gr.2014.02.010.

Isozaki, Y., Maruyama, S., and Furuoka, F., 1990, Accreted oce-
anic materials in Japan: Tectonophysics, v. 181, p. 179–
205, https://doi .org/10.1016/0040-1951(90)90016-2.

Kano, K., Nakaji, M., and Takeuchi, S., 1991, Asymmetrical 
mélange fabrics as possible indicators of the convergent 
direction of plates: A case study from the Shimanto Belt 
of the Akaishi Mountains, central Japan: Tectonophys-
ics, v. 185, p. 375–388, https://doi .org/10.1016/0040-
1951(91)90455-2.

Kimura, G., and Ludden, J., 1995, Peeling oceanic crust in 
subduction zones: Geology, v. 23, p. 217–220, https://
doi .org/10.1130/0091-7613(1995)023<0217:POCISZ>
2.3.CO;2.

Kimura, G., and Mukai, A., 1991, Underplated units in an 
accretionary complex: Mélange of the Shimanto Belt 
of eastern Shikoku, southwest Japan: Tectonics, v. 10, 
no. 1, p. 31–50, https://doi .org/10.1029/90TC00799.

Kimura, G., Maruyama, S., Isozaki, Y., and Terabayashi, 
M., 1996, Well-preserved underplating structure of 
the jadeitized Franciscan complex, Pacheco Pass, 
California: Geology, v. 24, no. 1, p. 75–78, https://doi 
.org/10.1130/0091-7613(1996)024<0075:WPUSOT>2
.3.CO;2.

Kusky, T.M., and Bradley, D.C., 1999, Kinematic analysis of 
mélanges fabrics: Examples and applications from the 
McHugh Complex, Kenai Peninsula, Alaska: Journal 
of Structural Geology, v. 21, p. 1773–1797, https://doi 
.org/10.1016/S0191-8141(99)00105-4.

Kusky, T.M., Bradley, D.C., and Haeussler, P., 1997, Progres-
sive deformation of the Chugach accretionary complex, 
Alaska during a Paleogene ridge-trench encounter: 
Journal of Structural Geology, v.  19, p.  139–157, 
https://doi .org/10.1016/S0191-8141(96)00084-3.

Kusky, T.M., Windley, B.F., Safonova, I., Wakita, K., Waka-
bayashi, J., Polat, A., and Santosh, M., 2013, Recogni-
tion of ocean plate stratigraphy in accretionary orogens 
through Earth history: A record of 3.8 billion years of 
sea floor spreading, subduction, and accretion: Gond-
wana Research, v.  24, no. 2, p.  501–547, https://doi 
.org/10.1016/ j.gr.2013.01.004.

Kusky, T.M., Windley, B.F., Wang, L., Wang, Z.S., Li, X.Y., 
and Zhu, P.M., 2014, Flat slab subduction, trench suc-
tion, and craton destruction: Comparison of the North 
China, Wyoming, and Brazilian cratons: Tectono-
physics, v.  630, p.  208–221, https://doi .org/10.1016/ 
j.tecto.2014.05.028.

Kusky, T.M., Polat, A., Windley, B.F., Burke, K.C., Dewey, 
J.F., Kidd, W.S.F., Maruyama, S., Wang, J.P., Deng, H., 
Wang, Z.S., Wang, C., Fu, D., Li, X.W., and Peng, H.T., 
2016, Insights into the tectonic evolution of the North 
China Craton through comparative tectonic analysis: A 
record of outward growth of Precambrian continents: 
Earth-Science Reviews, v. 162, p. 387–432, https://doi 
.org/10.1016/ j.earscirev.2016.09.002.

Kusky, T.M., Windley, B.F., and Polat, A., 2018, Geological 
evidence for the operation of plate tectonics throughout 
the Archean: Records from Archean paleo-plate bound-
aries: Journal of Earth Science, v. 29, no. 6, p. 1291–
1303, https://doi .org/10.1007/s12583-018-0999-6.

Leake, B.E., Wooley, A.R., Arps, C.E., Birch, W.D., Gilbert, 
M.C., Grice, J.D., Hawthorne, Ec., Kato, A., Kisch, 
H.J., Krivovichev, V.G., Linthout, K., Laird, J., Man-
darino, J., Maresch, W.V., Nickel, E.H., Rock, N.M.S., 
Schumacher, J.C., Smith, D.C., Stephenson, N.C.N., 
Ungaretti, L., Whittaker, E.J.W., and Youzhi, G., 1997, 
Nomenclature of amphiboles; report of the Subcommit-
tee on amphiboles of the International Mineralogical 
Association Commission on New Minerals and Mineral 
Names: European Journal of Mineralogy, v. 9, no. 3, 
p. 623–651 https://doi .org/10.1127/ejm/9/3/0623.

Li, S., Zhao, S., Liu, X., Cao, H., Yu, S., Li, X., Cao, H., 
Yu, S., Li, X., Somerville, I., Yu, S., and Suo, Y., 2018, 
Closure of the Proto-Tethys Ocean and Early Paleozoic 
amalgamation of microcontinental blocks in East Asia: 
Earth-Science Reviews, v.  186, p.  37–75, https://doi 
.org/10.1016/ j.earscirev.2017.01.011.

Li, X.M., Ma, Z.P., Sun, J.M., and Yu, J.Y., 2009, A LA-ICP-
MS chronological study of basic volcanics in Baiyin 
Orefield, Gansu, China: Geological Bulletin of China, 
v. 28, p. 901–906.

Lin, Y.H., Zhang, L.F., Ji, J.Q., and Song, S.G., 2010, 
40Ar/39Ar age of Jiugequan lawsonite blueschists in 
northern Qilian Mountains and its petrologic signifi-
cance: Chinese Science Bulletin, v. 55, p. 2021–2027, 
https://doi .org/10.1007/s11434-010-3239-8.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/9-10/2175/5139470/2175.pdf
by China Univ of Geosciences Library user
on 13 August 2021

https://doi.org/10.1111/jmg.12424
https://doi.org/10.1111/jmg.12424
https://doi.org/10.1130/2007.1200(09
)
https://doi.org/10.1130/0016-7606(1985)96<451:SSIMAC>2.0.CO;2
https://doi.org/10.1130/0016-7606(1985)96<451:SSIMAC>2.0.CO;2
https://doi.org/10.1016/j.jseaes.2004.12.005
https://doi.org/10.1016/j.jseaes.2004.12.005
https://doi.org/10.1016/0040-1951(77)90029-4
https://doi.org/10.1016/0040-1951(77)90029-4
https://doi.org/10.1029/JB075i014p02625
https://doi.org/10.1029/JB075i014p02625
https://doi.org/10.1130/B30446.1
https://doi.org/10.1130/B30446.1
https://doi.org/10.1016/0040-1951(73)90006-1
https://doi.org/10.1016/0040-1951(73)90006-1
https://doi.org/10.1016/0024-4937(90)90003-J
https://doi.org/10.1016/0024-4937(90)90003-J
https://doi.org/10.1016/j.jseaes.2013.01.020
https://doi.org/10.1080/00206810903557704
https://doi.org/10.1080/00206810903557704
https://doi.org/10.1016/j.gr.2016.08.002
https://doi.org/10.1016/j.gr.2016.08.002
https://doi.org/10.1016/j.gr.2019.01.003
https://doi.org/10.1016/j.gr.2019.01.003
https://doi.org/10.1029/2017TC004740
https://doi.org/10.1080/00206814.2018.1428831
https://doi.org/10.1080/00206814.2018.1428831
https://doi.org/10.1029/2017TC004947
https://doi.org/10.1130/B35009.1
https://doi.org/10.1016/j.tecto.2015.04.014
https://doi.org/10.1016/j.gsf.2014.02.002
https://doi.org/10.1130/0016-7606(2003)115<0881:DGOTNT>2.0.CO;2
https://doi.org/10.1130/0016-7606(2003)115<0881:DGOTNT>2.0.CO;2
https://doi.org/10.1029/2002JB001876
https://doi.org/10.1016/j.gr.2015.06.014
https://doi.org/10.1016/j.tecto.2017.11.015
https://doi.org/10.1130/B31938.1
https://doi.org/10.1130/B31938.1
https://doi.org/10.1016/j.gr.2014.02.010
https://doi.org/10.1016/0040-1951(90)90016-2
https://doi.org/10.1016/0040-1951(91)90455-2
https://doi.org/10.1016/0040-1951(91)90455-2
https://doi.org/10.1130/0091-7613(1995)023<0217:POCISZ>2.3.CO;2
https://doi.org/10.1130/0091-7613(1995)023<0217:POCISZ>2.3.CO;2
https://doi.org/10.1130/0091-7613(1995)023<0217:POCISZ>2.3.CO;2
https://doi.org/10.1029/90TC00799
https://doi.org/10.1130/0091-7613(1996)024<0075:WPUSOT>2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024<0075:WPUSOT>2.3.CO;2
https://doi.org/10.1130/0091-7613(1996)024<0075:WPUSOT>2.3.CO;2
https://doi.org/10.1016/S0191-8141(99)00105-4
https://doi.org/10.1016/S0191-8141(99)00105-4
https://doi.org/10.1016/S0191-8141(96)00084-3
https://doi.org/10.1016/j.gr.2013.01.004
https://doi.org/10.1016/j.gr.2013.01.004
https://doi.org/10.1016/j.tecto.2014.05.028
https://doi.org/10.1016/j.tecto.2014.05.028
https://doi.org/10.1016/j.earscirev.2016.09.002
https://doi.org/10.1016/j.earscirev.2016.09.002
https://doi.org/10.1007/s12583-018-0999-6
https://doi.org/10.1127/ejm/9/3/0623
https://doi.org/10.1016/j.earscirev.2017.01.011
https://doi.org/10.1016/j.earscirev.2017.01.011
https://doi.org/10.1007/s11434-010-3239-8


Accretionary tectonics of the North Qilian orogenic belt

 Geological Society of America Bulletin, v. 132, no. 9/10 2199

Liou, J.G., Maruyama, S., and Cho, M., 1985, Phase equi-
libria and mixed parageneses of metabasites in low-
grade metamorphism: Mineralogical Magazine, v. 49, 
no. 352, p.  321–333, https://doi .org/10.1180/min-
mag.1985.049.352.03.

Liou, J.G., Wang, X., Coleman, R.G., Zhang, Z.M., and 
Maruyama, S., 1989, Blueschists in major suture zones 
of China: Tectonics, v. 8, no. 3, p. 609–619, https://doi 
.org/10.1029/TC008i003p00609.

Liu, Q., Zhao, G.C., Sun, M., Han, Y.G., Eizenhöfer, P.R., 
Hou, W.Z., Zhang, X.R., Zhu, Y.L., Wang, B., Liu, 
D.X., and Xu, B., 2016, Early Paleozoic subduction 
processes of the Paleo-Asian Ocean: Insights from 
geochronology and geochemistry of Paleozoic plutons 
in the Alxa Terrane: Lithos, v. 262, p. 546–560, https://
doi .org/10.1016/ j.lithos.2016.07.041.

Liu, Y., Neubauer, F., Genser, J., Takasu, A., Ge, X., and Han-
dler, R., 2006, 40Ar/39Ar ages of blueschist facies pelitic 
schists from Qingshuigou in the Northern Qilian Moun-
tains, western China: The Island Arc, v. 15, no. 1, p. 187–
198, https://doi .org/10.1111/ j.1440-1738.2006.00508.x.

Martin, E.L., Collins, W.J., and Kirkland, C.L., 2017, An 
Australian source for Pacific-Gondwanan zircons: 
Implications for the assembly of northeastern Gond-
wana: Geology, v.  45, no. 8, p.  699–702, https://doi 
.org./10.1130/G39152.1.

Maruyama, S., Cho, M., and Liou, J.G., 1986, Experimental 
investigations of blueschist-greenschist transition equi-
libria: Pressure dependence of Al2O3 contents in sodic 
amphiboles: A new geobarometer, in Evans, B.W., and 
Brown, E.H., eds., Blueschists and Eclogites: Geologi-
cal Society of America Memoir 164, p. 1–16, https://doi 
.org/10.1130/MEM164-p1.

Maruyama, S., Kawai, T., and Windley, B.F., 2010, Ocean 
plate stratigraphy and its imbrication in an accretion-
ary orogen: The Mona Complex, Anglesey–Lleyn, 
Wales, UK, in Kusky, T.M., Zhai, M.-G., and Xiao, W., 
eds., The Evolving Continents: Understanding Pro-
cesses of Continental Growth: Geological Society of 
London Special Publication 338, p. 55–75, https://doi 
.org/10.1144/SP338.4.

Matsuda, T., and Isozaki, Y., 1991, Well-documented travel 
history of Mesozoic pelagic chert in Japan: From re-
mote ocean to subduction zone: Tectonics, v. 10, no. 2, 
p. 475–499, https://doi .org/10.1029/90TC02134.

Metcalf, K., and Kapp, P., 2017, The Yarlung suture mélange, 
Lopu Range, southern Tibet: Provenance of sandstone 
blocks and transition from oceanic subduction to conti-
nental collision: Gondwana Research, v. 48, p. 15–33, 
https://doi .org/10.1016/ j.gr.2017.03.002.

Moore, J.C., 1989, Tectonics and hydrogeology of accretion-
ary prisms: Role of the décollement zone: Journal of 
Structural Geology, v. 11, no. 1-2, p. 95–106, https://
doi .org/10.1016/0191-8141(89)90037-0.

Muraoka, S., and Ogawa, Y., 2011, Recognition of a trench-
fill type accretionary prism: Thrust-anticlines, duplexes, 
and chaotic deposits of the Pliocene–Pleistocene Chi-
kura Group, Boso Peninsula, Japan, in Wakabayashi, 
J., and Dilek, Y., eds., Mélanges: Processes of Forma-
tion and Societal Significance: Geological Society of 
America Special Paper 480, p.  233–246, https://doi 
.org/10.1130/2011.2480(11).

Osozawa, S., 1994, Plate reconstruction based upon age 
data of Japanese accretionary complexes: Geology, 
v.  22, p.  1135–1138, https://doi .org/10.1130/0091-
7613(1994)022<1135:PRBUAD>2.3.CO;2.

Qian, Q., Wang, Y.M., Li, H.M., Jia, X.Q., Han, S., and 
Zhang, Q., 1998, Geochemical characteristics and 
genesis of diorites from Laohushan, Gansu Province: 
Yanshi Xuebao, v. 14, p. 520–528.

Qian, Q., Zhang, Q., Sun, X.M., and Wang, Y.M., 2001a, 
Geochemical features and tectonic setting for basalts 
and cherts from Laohushan, North Qilian: Chinese 
Journal of Geology, v. 36, p. 444–453.

Qian, Q., Zhang, Q., and Sun, X.M., 2001b, Tectonic setting 
and mantle source characteristics of Jiugequan basalts, 
North Qilian: Constraints from trace elements and Nd 
isotopes: Yanshi Xuebao, v. 17, p. 385–394.

Raymond, L.A., 2019, Perspectives on the roles of mélanges 
in subduction accretionary complexes: A review: Gond-
wana Research, v. 74, p. 68–89, https://doi .org/10.1016/ 
j.gr.2019.03.005.

Roda, M., Zucali, M., Regorda, A., and Iole Spalla, M., 
2020, Formation and evolution of a subduction-related 
mélange: The example of the Rocca Canavese Thrust 
Sheets (Western Alps): Geological Society of Ameri-
ca Bulletin, v.  132, no. 3-4, https://doi .org/10.1130/
B35213.1.

Rojas-Agramonte, Y., Kröner, A., Demoux, A., Xia, X., 
Wang, W., Donskaya, T., Liu, D., and Sun, M., 2011, 
Detrital and xenocrystic zircon ages from Neoprotero-
zoic to Palaeozoic arc terranes of Mongolia: Signifi-
cance for the origin of crustal fragments in the Central 
Asian Orogenic Belt: Gondwana Research, v. 19, no. 
3, p. 751–763, https://doi .org/10.1016/ j.gr.2010.10.004.

Safonova, I.Y., and Santosh, M., 2014, Accretionary com-
plexes in the Asia-Pacific region: Tracing archives of 
ocean plate stratigraphy and tracking mantle plumes: 
Gondwana Research, v. 25, no. 1, p. 126–158, https://
doi .org/10.1016/ j.gr.2012.10.008, corrigendum: https://
doi .org/10.1016/ j.gr.2014.03.004.

Safonova, I., Maruyama, S., Kojima, S., Komiya, T., Krivo-
nogov, S., and Koshida, K., 2016, Recognizing OIB 
and MORB in accretionary complexes: A new ap-
proach based on ocean plate stratigraphy, petrology and 
geochemistry: Gondwana Research, v. 33, p. 92–114, 
https://doi .org/10.1016/ j.gr.2015.06.013.

Sawaki, Y., Shibuya, T., Kawai, T., Komiya, T., Omori, S., 
Hirata, T., Windley, B.F., and Maruyama, S., 2010, 
Imbricated ocean-plate stratigraphy and U-Pb zircon 
ages from tuff beds in cherts in the Ballantrae complex, 
SW Scotland: Geological Society of America Bulletin, 
v.  122, no. 3-4, p.  454–464, https://doi .org/10.1130/
B26329.1.

Şengör, A.M.C., 1990, Plate tectonics and orogenic research 
after 25 years: A Tethyan perspective: Earth-Science 
Reviews, v. 27, p. 1–201, https://doi .org/10.1016/0012-
8252(90)90002-D.

Şengör, A.M.C., and Natal’in, B.A., 2004, Phanerozoic ana-
logues of Archaean oceanic basement fragments: Altaid 
ophiolites and ophirags: Developments in Precambrian 
Geology, v.  13, p.  675–726, https://doi .org/10.1016/
S0166-2635(04)13021-1.

Şengör, A.M.C., Natal’in, B.A., and Burtman, V.S., 1993, 
Evolution of the Altaid tectonic collage and Palaeozoic 
crustal growth in Eurasia: Nature, v.  364, no. 6435, 
p. 299–307, https://doi .org/10.1038/364299a0.

Şengör, A.M.C., Natal’in, B.A., Sunal, G., and van der Voo, 
R., 2018, The tectonics of the Altaids: Crustal growth 
during the construction of the continental lithosphere 
of Central Asia between ∼750 and ∼130 Ma ago: An-
nual Review of Earth and Planetary Sciences, v. 46, 
no. 1, p.  439–494, https://doi .org/10.1146/annurev-
earth-060313-054826.

Shi, R.D., Yang, J.S., and Wu, C.L., 2004, First SHRIMP 
dating for the formation of the Late Sinian Yushigou 
Ophiolite North Qilian Mountains: Acta Geologica Si-
nica, v. 78, p. 649–657.

Song, D., Xiao, W., Collins, A.S., Glorie, S., Han, C., and Li, 
Y., 2017a, New chronological constrains on the tectonic 
affinity of the Alxa Block, NW China: Precambrian 
Research, v. 299, p. 230–243, https://doi .org/10.1016/ 
j.precamres.2017.07.015.

Song, D., Xiao, W., Collins, A.S., Glorie, S., Han, C., 
and Li, Y., 2018a, Final subduction processes of the 
Paleo-Asian Ocean in the Alxa tectonic belt (NW 
China): Constraints from field and chronological data 
of Permian arc-related volcano-sedimentary rocks: 
Tectonics, v.  37, no. 6, p.  1658–1687, https://doi 
.org/10.1029/2017TC004919.

Song, S.G., Zhang, L., Niu, Y.L., Su, L., Jian, P., and Liu, 
D., 2005, Geochronology of diamond-bearing zircons 
from garnet peridotite in the North Qaidam UHPM 
belt, Northern Tibetan Plateau: A record of complex 
histories from oceanic lithosphere subduction to con-
tinental collision: Earth and Planetary Science Letters, 
v.  234, no. 1-2, p.  99–118, https://doi .org/10.1016/ 
j.epsl.2005.02.036.

Song, S.G., Zhang, L., Niu, Y., Su, L., Song, B., and Liu, D., 
2006, Evolution from oceanic subduction to continental 
collision: A case study from the northern Tibetan Pla-
teau based on geochemical and geochronological data: 
Journal of Petrology, v. 47, no. 3, p. 435–455, https://
doi .org/10.1093/petrology/egi080.

Song, S.G., Zhang, L.F., Niu, Y.L., Wei, C.J., Liou, J.G., 
and Shu, G.M., 2007, Eclogite and carpholite-bearing 
metasedimentary rocks in the North Qilian suture zone, 
NW China: Implications for early Palaeozoic cold oce-
anic subduction and water transport into mantle: Jour-
nal of Metamorphic Geology, v. 25, p. 547–563, https://
doi .org/10.1111/ j.1525-1314.2007.00713.x.

Song, S.G., Niu, Y., Zhang, L., Wei, C., Liou, J.G., and Su, L., 
2009a, Tectonic evolution of early Paleozoic HP meta-
morphic rocks in the North Qilian Mountains, NW Chi-
na: New perspectives: Journal of Asian Earth Sciences, 
v.  35, no. 3-4, p.  334–353, https://doi .org/10.1016/ 
j.jseaes.2008.11.005.

Song, S.G., Su, L., Niu, Y., Lai, Y., and Zhang, L., 2009b, 
CH4 inclusions in orogenic harzburgite: Evidence for 
reduced slab fluids and implication for redox melting 
in mantle wedge: Geochimica et Cosmochimica Acta, 
v.  73, no. 6, p.  1737–1754, https://doi .org/10.1016/ 
j.gca.2008.12.008.

Song, S.G., Niu, Y., Su, L., and Xia, X., 2013, Tectonics 
of the North Qilian orogen, NW China: Gondwana 
Research, v.  23, no. 4, p.  1378–1401, https://doi 
.org/10.1016/ j.gr.2012.02.004.

Song, S.G., Niu, Y., Su, L., Zhang, C., and Zhang, L., 
2014, Continental orogenesis from ocean subduc-
tion, continent collision/subduction, to orogen col-
lapse, and orogen recycling: The example of the 
North Qaidam UHPM belt, NW China: Earth-Science 
Reviews, v.  129, p.  59–84, https://doi .org/10.1016/ 
j.earscirev.2013.11.010.

Song, S.G., Yang, L., Zhang, Y., Niu, Y., Wang, C., Su, L., 
and Gao, Y., 2017b, Qi-Qin Accretionary Belt in Cen-
tral China Orogen: Accretion by trench jam of oce-
anic plateau and formation of intra-oceanic arc in the 
Early Paleozoic Qin-Qi-Kun Ocean: Science Bulletin, 
v. 62, no. 15, p. 1035–1038, https://doi .org/10.1016/ 
j.scib.2017.07.009.

Song, S.G., Bi, H.Z., Yang, L.M., and Allen, M., 2018b, HP-
UHP metamorphic belt in the East Kunlun Orogen: Fi-
nal closure of the Proto-Tethys ocean and formation of 
the Pan-North-China Continent: Journal of Petrology, 
v. 59, no. 11, p. 2043–2060, https://doi .org/10.1093/
petrology/egy089.

Song, S.G., Wu, Z.Z., Yang, L.M., Su, L., Xia, X.H., Wang, 
C., Dong, J.L., Zhou, C.A., and Bi, H.Z., 2019, Ophio-
lite belts and evolution of the Proto-Tethys Ocean in 
the Qilian Orogen: Yanshi Xuebao, v. 35, p. 2948–2970.

Tseng, C.Y., Yang, H.J., Yang, H.Y., Liu, D.Y., Tsai, C.L., 
Wu, H.Q., and Zuo, G.C., 2007, The Dongcaohe ophio-
lite from the North Qilian Mountains: A fossil oceanic 
crust of the Paleo-Qilian ocean: Chinese Science Bul-
letin, v.  52, p.  2390–2401, https://doi .org/10.1007/
s11434-007-0300-3.

Tseng, C., Yang, H., Yang, H., Liu, D., Wu, C., Cheng, C., 
Chen, C., and Ker, C., 2009, Continuity of the North 
Qilian and North Qinling orogenic belts, Central Oro-
genic System of China: Evidence from newly discov-
ered Paleozoic adakitic rocks: Gondwana Research, 
v.  16, no. 2, p.  285–293, https://doi .org/10.1016/ 
j.gr.2009.04.003.

Tung, K., Yang, H., Yang, H., Liu, D., Zhang, J., Wan, Y., 
and Tseng, C., 2007, SHRIMP U-Pb geochronology 
of the zircons from the Precambrian basement of the 
Qilian Block and its geological significances: Chinese 
Science Bulletin, v. 52, no. 19, p. 2687–2701, https://
doi .org/10.1007/s11434-007-0356-0.

Wakabayashi, J., 1999, Subduction and the rock record: Con-
cepts developed in the Franciscan Complex, California, 
in Sloan, D., Moores, E.M., and Stout, D., eds., Classic 
Cordilleran Concepts: A View from California, Geolog-
ical Society of America Special Paper 338, p. 123–133, 
https://doi .org/10.1130/0-8137-2338-8.123.

Wakabayashi, J., 2011, Mélanges of the Franciscan Com-
plex, California: Diverse structural settings, evi-
dence for sedimentary mixing, and their connection 
to subduction processes, in Wakabayashi, J., and 
Dilek, Y., eds., Mélanges: Processes of Formation 
and Societal Significance: Geological Society of 
America Special Paper 480, p.  117–141, https://doi 
.org/10.1130/2011.2480(05).

Wakabayashi, J., 2015, Anatomy of a subduction complex: 
Architecture of the Franciscan Complex, California, at 

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/9-10/2175/5139470/2175.pdf
by China Univ of Geosciences Library user
on 13 August 2021

https://doi.org/10.1180/minmag.1985.049.352.03
https://doi.org/10.1180/minmag.1985.049.352.03
https://doi.org/10.1029/TC008i003p00609
https://doi.org/10.1029/TC008i003p00609
https://doi.org/10.1016/j.lithos.2016.07.041
https://doi.org/10.1016/j.lithos.2016.07.041
https://doi.org/10.1111/j.1440-1738.2006.00508.x
https://doi.org./10.1130/G39152.1
https://doi.org./10.1130/G39152.1
https://doi.org/10.1130/MEM164-p1
https://doi.org/10.1130/MEM164-p1
https://doi.org/10.1144/SP338.4
https://doi.org/10.1144/SP338.4
https://doi.org/10.1029/90TC02134
https://doi.org/10.1016/j.gr.2017.03.002
https://doi.org/10.1016/0191-8141(89)90037-0
https://doi.org/10.1016/0191-8141(89)90037-0
https://doi.org/10.1130/2011.2480(11
https://doi.org/10.1130/2011.2480(11
)
https://doi.org/10.1130/0091-7613(1994)022<1135:PRBUAD>2.3.CO;2
https://doi.org/10.1130/0091-7613(1994)022<1135:PRBUAD>2.3.CO;2
https://doi.org/10.1016/j.gr.2019.03.005
https://doi.org/10.1016/j.gr.2019.03.005
https://doi.org/10.1130/B35213.1
https://doi.org/10.1130/B35213.1
https://doi.org/10.1016/j.gr.2010.10.004
https://doi.org/10.1016/j.gr.2012.10.008
https://doi.org/10.1016/j.gr.2012.10.008
https://doi.org/10.1016/j.gr.2014.03.004
https://doi.org/10.1016/j.gr.2014.03.004
https://doi.org/10.1016/j.gr.2015.06.013
https://doi.org/10.1130/B26329.1
https://doi.org/10.1130/B26329.1
https://doi.org/10.1016/0012-8252(90)90002-D
https://doi.org/10.1016/0012-8252(90)90002-D
https://doi.org/10.1016/S0166-2635(04)13021-1
https://doi.org/10.1016/S0166-2635(04)13021-1
https://doi.org/10.1038/364299a0
https://doi.org/10.1146/annurev-earth-060313-054826
https://doi.org/10.1146/annurev-earth-060313-054826
https://doi.org/10.1016/j.precamres.2017.07.015
https://doi.org/10.1016/j.precamres.2017.07.015
https://doi.org/10.1029/2017TC004919
https://doi.org/10.1029/2017TC004919
https://doi.org/10.1016/j.epsl.2005.02.036
https://doi.org/10.1016/j.epsl.2005.02.036
https://doi.org/10.1093/petrology/egi080
https://doi.org/10.1093/petrology/egi080
https://doi.org/10.1111/j.1525-1314.2007.00713.x
https://doi.org/10.1111/j.1525-1314.2007.00713.x
https://doi.org/10.1016/j.jseaes.2008.11.005
https://doi.org/10.1016/j.jseaes.2008.11.005
https://doi.org/10.1016/j.gca.2008.12.008
https://doi.org/10.1016/j.gca.2008.12.008
https://doi.org/10.1016/j.gr.2012.02.004
https://doi.org/10.1016/j.gr.2012.02.004
https://doi.org/10.1016/j.earscirev.2013.11.010
https://doi.org/10.1016/j.earscirev.2013.11.010
https://doi.org/10.1016/j.scib.2017.07.009
https://doi.org/10.1016/j.scib.2017.07.009
https://doi.org/10.1093/petrology/egy089
https://doi.org/10.1093/petrology/egy089
https://doi.org/10.1007/s11434-007-0300-3
https://doi.org/10.1007/s11434-007-0300-3
https://doi.org/10.1016/j.gr.2009.04.003
https://doi.org/10.1016/j.gr.2009.04.003
https://doi.org/10.1007/s11434-007-0356-0
https://doi.org/10.1007/s11434-007-0356-0
https://doi.org/10.1130/0-8137-2338-8.123
https://doi.org/10.1130/2011.2480(05
https://doi.org/10.1130/2011.2480(05
)


Dong Fu et al.

2200 Geological Society of America Bulletin, v. 132, no. 9/10

multiple length and time scales: International Geology 
Review, v. 57, no. 5-8, p. 669–746, https://doi .org/10.1
080/00206814.2014.998728.

Wakabayashi, J., 2017, Structural context and variation of 
ocean plate stratigraphy, Franciscan Complex, Califor-
nia: insight into mélange origins and subduction-accre-
tion processes: Progress in Earth and Planetary Science, 
v. 4, no. 1, https://doi .org/10.1186/s40645-017-0132-y.

Wakabayashi, J., and Dilek, Y., 2000, Spatial and temporal 
relationships between ophiolites and their metamorphic 
soles: A test of models of forearc ophiolite genesis, in 
Dilek, Y., Moores, E.M., Elthon, D., and Nicolas, A., 
eds., Ophiolites and Oceanic Crust: New Insights from 
Field Studies and the Ocean Drilling Program: Geo-
logical Society of America Special Paper 349, p. 53–64, 
https://doi .org/10.1130/0-8137-2349-3.53.

Wakabayashi, J., and Dilek, Y., 2003, What constitutes 
‘emplacement’ of an ophiolite?: Mechanisms and re-
lationship to subduction initiation and formation of 
metamorphic soles, in Dilek, Y., and Robinson, P.T., 
eds., Ophiolites in Earth History: Geological Society 
of London Special Publication 218, no. 1, p. 427–447, 
https://doi .org/10.1144/GSL.SP.2003.218.01.22.

Wakabayashi, J., and Dilek, Y., 2011, Introduction: Char-
acteristics and tectonic settings of mélanges, and their 
significance for societal and engineering problems, in 
Wakabayashi, J., and Dilek, Y., eds., Mélanges: Pro-
cesses of Formation and Societal Significance: Geo-
logical Society of America Special Paper 480, p. v–x, 
https://doi .org/10.1130/2011.2480(00).

Wakabayashi, J., and Unruh, J.R., 1995, Tectonic wedging, 
blueschist metamorphism, and exposure of blueschists: 
Are they compatible: Geology, v. 23, p. 85–88, https://
doi .org/10.1130/0091-7613(1995)023<0085:TWBMA
E>2.3.CO;2.

Wakabayashi, J., Ghatak, A., and Basu, A.R., 2010, Suprasu-
bduction-zone ophiolite generation, emplacement, and 
initiation of subduction: A perspective from geochemis-
try, metamorphism, geochronology, and regional geolo-
gy: Geological Society of America Bulletin, v. 122, no. 
9-10, p. 1548–1568, https://doi .org/10.1130/B30017.1.

Wakita, K., 2006, Disruption of ocean plate stratigraphy in 
Jurassic accretionary complex of the Mino Terrane, 
central Japan [SE]: Advances in Geosciences, v.  1, 
p. 153–165.

Wakita, K., 2012, Mappable features of mélanges derived 
from Ocean Plate Stratigraphy in the Jurassic accretion-
ary complexes of Mino and Chichibu terranes in South-
west Japan: Tectonophysics, v.  568–569, p.  74–85, 
https://doi .org/10.1016/ j.tecto.2011.10.019.

Wakita, K., 2015, OPS mélange: A new term for mélanges of 
convergent margins of the world: International Geology 
Review, v. 57, no. 5-8, p. 529–539, https://doi .org/10.1
080/00206814.2014.949312.

Wakita, K., and Metcalfe, I., 2005, Ocean Plate Stratigraphy 
in East and Southeast Asia: Journal of Asian Earth Sci-
ences, v. 24, no. 6, p. 679–702, https://doi .org/10.1016/ 
j.jseaes.2004.04.004.

Wakita, K., Pubellier, M., and Windley, B.F., 2013, Tectonic 
processes, from rifting to collision via subduction, in 
SE Asia and the western Pacific: A key to understand-
ing the architecture of the Central Asian Orogenic 
Belt: Lithosphere, v. 5, no. 3, p. 265–276, https://doi 
.org/10.1130/L234.1.

Wang, C.Y., Zhang, Q., Qian, Q., and Zhou, M.F., 2005, Geo-
chemistry of the Early Paleozoic Baiyin volcanic rocks 
(NW China): Implications for the tectonic evolution of 
the North Qilian orogenic belt: The Journal of Geology, 
v. 113, no. 1, p. 83–94, https://doi .org/10.1086/425970.

Wang, J., Li, X., Ning, W., Kusky, T., Wang, L., Polat, A., 
and Deng, H., 2019, Geology of a Neoarchean suture: 
Evidence from the Zunhua ophiolitic mélange of the 
Eastern Hebei Province, North China Craton: Geo-
logical Society of America Bulletin, v. 131, no. 11-12, 
p. 1943–1964, https://doi .org/10.1130/B35138.1.

Wei, C.J., and Song, S.G., 2008, Chloritoid-glaucophane 
schist in the north Qilian orogen, NW China: phase 
equilibria and P-T path from garnet zonation: Journal of 
Metamorphic Geology, v. 26, no. 3, p. 301–316, https://
doi .org/10.1111/ j.1525-1314.2007.00753.x.

Wilhem, C., Windley, B.F., and Stampfli, G.M., 2012, The 
Altaids of Central Asia: A tectonic and evolutionary in-

novative review: Earth-Science Reviews, v. 113, p. 303–
341, https://doi .org/10.1016/ j.earscirev.2012.04.001.

Windley, B.F., 1992, Proterozoic collisional and accretionary 
orogens, in Condie, K.C. ed., Proterozoic Crustal Evo-
lution: Developments in Precambrian Geology: Am-
sterdam, The Netherlands, Elsevier, v. 10, p. 419–46.

Windley, B.F., Alexeiev, D., Xiao, W., Kröner, A., and Ba-
darch, G., 2007, Tectonic models for accretion of the 
Central Asian Orogenic Belt: Journal of the Geo-
logical Society, v.  164, no. 1, p.  31–47, https://doi 
.org/10.1144/0016-76492006-022.

Wu, C., Zuza, A.V., Yin, A., Liu, C., Reith, R.C., and Zhang, 
J., Liu, W., and Zhou, Z., 2017, Geochronology and 
geochemistry of Neoproterozoic granitoids in the cen-
tral Qilian Shan of northern Tibet: Reconstructing the 
amalgamation processes and tectonic history of Asia: 
Lithosphere, v. 9, p. 609–636, https://doi .org/10.1130/
L640.1.

Wu, H.Q., 1987, Mineralogical and polytypic characteristics 
of phengite and inspiration for K-Ar ages in Northern 
Qilian Mountains, China: Bulletin of Xi’an Institute of 
Geology and Mineral Recourse, v. 15, p. 22–46.

Wu, H.Q., Feng, Y.M., and Song, S.G., 1993, Metamorphism 
and deformation of blueschist belts and their tectonic 
implications, North Qilian Mountains, China: Journal 
of Metamorphic Geology, v.  11, no. 4, p.  523–536, 
https://doi .org/10.1111/ j.1525-1314.1993.tb00169.x.

Xenophontos, C., and Osozawa, S., 2004, Travel time of 
accreted igneous assemblages in western Pacific oro-
genic belts and their associated sedimentary rocks: 
Tectonophysics, v. 393, no. 1-4, p. 241–261, https://doi 
.org/10.1016/ j.tecto.2004.07.037.

Xia, L.Q., Xia, Z.C., and Xu, X.Y., 1996, Petrogenesis of 
marine volcanic rocks in the North Qilian Mountains: 
Beijing, China, Geological Publish House, 153 p.

Xia, L.Q., Xia, Z.C., and Xu, X.Y., 2003, Magmagenesis 
of Ordovician back-arc basins in the Northern Qilian 
Mountains: Geological Society of America Bulletin, 
v. 115, no. 12, p. 1510–1522, https://doi .org/10.1130/
B25269.1.

Xia, L.Q., Li, X., Yu, J., and Wang, G., 2016, Mid-late Neo-
proterozoic to early Paleozoic volcanism and tectonic 
evolution of the Qilianshan, NW China: GeoResJ, v. 9–
12, p. 1–41, https://doi .org/10.1016/ j.grj.2016.06.001.

Xia, X., and Song, S., 2010, Forming age and tectono-pet-
rogenises of the Jiugequan ophiolite in the North Qilian 
Mountain, NW China: Chinese Science Bulletin, v. 55, 
no. 18, p. 1899–1907, https://doi .org/10.1007/s11434-
010-3207-3.

Xia, X., Song, S., and Niu, Y., 2012a, Tholeiite–Boninite 
terrane in the North Qilian suture zone: Implications 
for subduction initiation and back-arc basin develop-
ment: Chemical Geology, v. 328, p. 259–277, https://
doi .org/10.1016/ j.chemgeo.2011.12.001.

Xia, X., Sun, N., Song, S., and Xiao, X., 2012b, Age and 
Tectonic Setting of the Aoyougou-Erzhihaladaban 
ophiolite in the Western North Qilian Mountains, NW 
China: Beijing Da Xue Xue Bao. Zi Ran Ke Xue Bao, 
v. 48, p. 757–769.

Xiao, W.J., Windley, B.F., Hao, J., and Zhai, M., 2003, Ac-
cretion leading to collision and the Permian Solonker 
suture, Inner Mongolia, China: Termination of the cen-
tral Asian orogenic belt: Tectonics, v. 22, no. 6, https://
doi .org/10.1029/2002TC001484.

Xiao, W.J., Windley, B.F., Yong, Y., Yan, Z., Yuan, C., Liu, C., 
and Li, J.L., 2009, Early Paleozoic to Devonian multi-
ple-accretionary model for the Qilian Shan, NW China: 
Journal of Asian Earth Sciences, v. 35, no. 3-4, p. 323–
333, https://doi .org/10.1016/ j.jseaes.2008.10.001.

Xiao, W.J., Windley, B.F., Sun, S., Li, J., Huang, B., Han, 
C., Yuan, C., Sun, M., and Chen, H.L., 2015, A tale 
of amalgamation of three Permo-Triassic collage sys-
tems in Central Asia: Oroclines, sutures, and terminal 
accretion: Annual Review of Earth and Planetary Sci-
ences, v. 43, no. 1, p. 477–507, https://doi .org/10.1146/
annurev-earth-060614-105254.

Xiao, W.J., Windley, B.F., Han, C., Liu, W., Wan, B., Zhang, 
J., Ao, S.J., Zhang, Z.Y., and Song, D.F., 2018, Late 
Paleozoic to early Triassic multiple roll-back and oro-
clinal bending of the Mongolia collage in Central Asia: 
Earth-Science Reviews, v. 186, p. 94–128, https://doi 
.org/10.1016/ j.earscirev.2017.09.020.

Xiao, W.J., Li, J.L., Song, D.F., Han, C.M., Wan, B., Zhang, 
J.E., Ao, S.J., and Zhang, Z.Y., 2019, Structural analy-
ses and spatio-temporal constraints of accretionary 
orogens: Earth Science, v. 44, p. 1661–1687, https://
doi .org/10.3799/dqkx.2019.979.

Xiao, X.C., Chen, G.M., and Zhu, Z.Z., 1974, Some knowl-
edge about the paleo-plate tectonics of the Qilian 
Mountains: Geological Science and Technology, v. 3, 
p. 73–78.

Xiao, X.C., Chen, G.M., and Zhu, Z.Z., 1978, A preliminary 
study on the tectonics of ancient ophiolites in Qilian 
Mountains, Northwest China: Acta Geologica Sinica, 
v. 52, p. 281–295.

Xu, Y., Du, Y., Cawood, P.A., and Yang, J., 2010, Provenance 
record of a foreland basin: Detrital zircon U-Pb ages 
from Devonian strata in the North Qilian Orogenic Belt, 
China: Tectonophysics, v. 495, p. 337–347, https://doi 
.org/10.1016/ j.tecto.2010.10.001.

Xu, Z.Q., Xu, H.F., Zhang, J.X., Li, H.B., Zhu, Z.Z., and 
Qu, J.C., 1994, The Zhoulang Nanshan Caledonian 
subduction complexes in the northern Qilian Moun-
tains and its dynamics: Acta Geologica Sinica, v. 68, 
p. 1–15.

Yan, Z., Xiao, W.J., Windley, B.F., Wang, Z.Q., and Li, J.L., 
2010, Silurian clastic sediments in the North Qilian 
Shan, NW China: Chemical and isotopic constraints on 
their forearc provenance with implications for the Pa-
leozoic evolution of the Tibetan Plateau: Sedimentary 
Geology, v.  231, p.  98–114, https://doi .org/10.1016/ 
j.sedgeo.2010.09.001.

Yan, Z., Aitchison, J., Fu, C., Guo, X., Niu, M., Xia, W., 
and Li, J., 2015, Hualong Complex, South Qilian 
terrane: U-Pb and Lu-Hf constraints on Neopro-
terozoic micro-continental fragments accreted to 
the northern Proto-Tethyan margin: Precambrian 
Research, v.  266, p.  65–85, https://doi .org/10.1016/ 
j.precamres.2015.05.001.

Yan, Z., Fu, C., Aitchison, J.C., Buckman, S., Niu, M., Cao, 
B., Sun, Y., Guo, X., Wang, Z., and Zhou, R., 2019, 
Retro-foreland basin development in response to Proto-
Tethyan Ocean closure, NE Tibet Plateau: Tectonics, 
https://doi .org/10.1029/2019TC005560.

Yang, J., Du, Y.S., Cawood, P.A., and Xu, Y.J., 2009, Silu-
rian collisional suturing onto the southern margin of 
the North China craton: Detrital zircon geochronology 
constraints from the Qilian Orogen: Sedimentary Geol-
ogy, v. 220, no. 1-2, p. 95–104, https://doi .org/10.1016/ 
j.sedgeo.2009.07.001.

Yin, A., and Harrison, T.M., 2000, Geologic evolution of the 
Himalayan-Tibetan orogen: Annual Review of Earth 
and Planetary Sciences, v. 28, p. 211–280, https://doi 
.org/10.1146/annurev.earth.28.1.211.

Yin, A., Manning, C.E., Lovera, O., Menold, C.A., Chen, 
X., and Gehrels, G.E., 2007, Early Paleozoic tectonic 
and thermomechanical evolution of ultrahigh-pressure 
(UHP) metamorphic rocks in the Northern Tibetan 
Plateau, Northwest China: International Geology Re-
view, v. 49, p. 681–716, https://doi .org/10.2747/0020-
6814.49.8.681.

Yu, S., Zhang, J., Qin, H., Sun, D., Zhao, X., Cong, F., and 
Li, Y., 2015, Petrogenesis of the early Paleozoic low-
Mg and high-Mg adakitic rocks in the North Qilian 
orogenic belt, NW China: Implications for transition 
from crustal thickening to extension thinning: Journal 
of Asian Earth Sciences, v. 107, p. 122–139, https://doi 
.org/10.1016/ j.jseaes.2015.04.018.

Yu, S., Li, S., Zhang, J., Sun, D., Peng, Y., and Li, Y., 2018, 
Linking high-pressure mafic granulite, TTG-like (tonal-
itic-trondhjemitic) leucosome and pluton, and crustal 
growth during continental collision: Geological Society 
of America Bulletin, v. 131, no. 3-4, p. 572–586, https://
doi .org/10.1130/B31822.1.

Zhang, J.X., and Gong, J.H., 2018, Revisiting the nature and 
affinity of the Alxa Block: Yanshi Xuebao, v. 34, no. 
4, p. 940–962.

Zhang, J.X., Xu, Z.Q., Chen, W., and Xu, H.F., 1997a, A 
tentative discussion on the ages of the subduction-ac-
cretionary complex/volcanic arcs in the middle sector 
of North Qilian Mountain: Acta Petrologica et Miner-
alogica, v. 16, p. 112–119.

Zhang, J.X., Xu, Z.Q., Xu, H.F., and Li, H.B., 1998,  Framework 
of North Qilian Caledonian subduction-accretionary 

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/9-10/2175/5139470/2175.pdf
by China Univ of Geosciences Library user
on 13 August 2021

https://doi.org/10.1080/00206814.2014.998728
https://doi.org/10.1080/00206814.2014.998728
https://doi.org/10.1186/s40645-017-0132-y
https://doi.org/10.1130/0-8137-2349-3.53
https://doi.org/10.1144/GSL.SP.2003.218.01.22
https://doi.org/10.1130/2011.2480(00
)
https://doi.org/10.1130/0091-7613(1995)023<0085:TWBMAE>2.3.CO;2
https://doi.org/10.1130/0091-7613(1995)023<0085:TWBMAE>2.3.CO;2
https://doi.org/10.1130/0091-7613(1995)023<0085:TWBMAE>2.3.CO;2
https://doi.org/10.1130/B30017.1
https://doi.org/10.1016/j.tecto.2011.10.019
https://doi.org/10.1080/00206814.2014.949312
https://doi.org/10.1080/00206814.2014.949312
https://doi.org/10.1016/j.jseaes.2004.04.004
https://doi.org/10.1016/j.jseaes.2004.04.004
https://doi.org/10.1130/L234.1
https://doi.org/10.1130/L234.1
https://doi.org/10.1086/425970
https://doi.org/10.1130/B35138.1
https://doi.org/10.1111/j.1525-1314.2007.00753.x
https://doi.org/10.1111/j.1525-1314.2007.00753.x
https://doi.org/10.1016/j.earscirev.2012.04.001
https://doi.org/10.1144/0016-76492006-022
https://doi.org/10.1144/0016-76492006-022
https://doi.org/10.1130/L640.1
https://doi.org/10.1130/L640.1
https://doi.org/10.1111/j.1525-1314.1993.tb00169.x
https://doi.org/10.1016/j.tecto.2004.07.037
https://doi.org/10.1016/j.tecto.2004.07.037
https://doi.org/10.1130/B25269.1
https://doi.org/10.1130/B25269.1
https://doi.org/10.1016/j.grj.2016.06.001
https://doi.org/10.1007/s11434-010-3207-3
https://doi.org/10.1007/s11434-010-3207-3
https://doi.org/10.1016/j.chemgeo.2011.12.001
https://doi.org/10.1016/j.chemgeo.2011.12.001
https://doi.org/10.1029/2002TC001484
https://doi.org/10.1029/2002TC001484
https://doi.org/10.1016/j.jseaes.2008.10.001
https://doi.org/10.1146/annurev-earth-060614-105254
https://doi.org/10.1146/annurev-earth-060614-105254
https://doi.org/10.1016/j.earscirev.2017.09.020
https://doi.org/10.1016/j.earscirev.2017.09.020
https://doi.org/10.3799/dqkx.2019.979
https://doi.org/10.3799/dqkx.2019.979
https://doi.org/10.1016/j.tecto.2010.10.001
https://doi.org/10.1016/j.tecto.2010.10.001
https://doi.org/10.1016/j.sedgeo.2010.09.001
https://doi.org/10.1016/j.sedgeo.2010.09.001
https://doi.org/10.1016/j.precamres.2015.05.001
https://doi.org/10.1016/j.precamres.2015.05.001
https://doi.org/10.1029/2019TC005560
https://doi.org/10.1016/j.sedgeo.2009.07.001
https://doi.org/10.1016/j.sedgeo.2009.07.001
https://doi.org/10.1146/annurev.earth.28.1.211
https://doi.org/10.1146/annurev.earth.28.1.211
https://doi.org/10.2747/0020-6814.49.8.681
https://doi.org/10.2747/0020-6814.49.8.681
https://doi.org/10.1016/j.jseaes.2015.04.018
https://doi.org/10.1016/j.jseaes.2015.04.018
https://doi.org/10.1130/B31822.1
https://doi.org/10.1130/B31822.1


Accretionary tectonics of the North Qilian orogenic belt

 Geological Society of America Bulletin, v. 132, no. 9/10 2201

wedge and its deformation dynamics: Scientia Geologica 
Sinica, v. 33, p. 290–299.

Zhang, J.X., Meng, F., and Wan, Y., 2007, A cold Early Pal-
aeozoic subduction zone in the North Qilian Mountains, 
NW China: Petrological and U-Pb geochronological 
constraints: Journal of Metamorphic Geology, v.  25, 
no. 3, p.  285–304, https://doi .org/10.1111/ j.1525-
1314.2006.00689.x.

Zhang, J.X., Mattinson, C.G., Meng, F., Wan, Y., and Tung, 
K., 2008, Polyphase tectonothermal history recorded 
in granulitized gneisses from the north Qaidam HP/
UHP metamorphic terrane, western China: Evidence 
from zircon U-Pb geochronology: Geological Society 
of America Bulletin, v. 120, no. 5-6, p. 732–749, https://
doi .org/10.1130/B26093.1.

Zhang, J., Li, J., Liu, J., and Feng, Q., 2011, Detrital zircon 
U-Pb ages of Middle Ordovician flysch sandstones in 
the western ordos margin: New constraints on their 
provenances, and tectonic implications: Journal of 
Asian Earth Sciences, v.  42, no. 5, p.  1030–1047, 
https://doi .org/10.1016/ j.jseaes.2011.03.009.

Zhang, J.X., Gong, J.H., Yu, S.R., Li, H.K., and Hou, K.J., 
2013, Neoarchean–Paleoproterozoic multiple tectono-
thermal events in the western Alxa block, North China 
Craton and their geological implication: Evidence 
from zircon U-Pb ages and Hf isotopic composition: 
Precambrian Research, v.  235, p.  36–57, https://doi 
.org/10.1016/ j.precamres.2013.05.002.

Zhang, J.X., Yu, S.R., Li, Y.S., Yu, X.X., Lin, Y.H., and Xu, 
H.F., 2015, Subduction, accretion and closure of Proto-
Tethyan Ocean: Early Paleozoic accretion/collision 
orogeny in the Altun-Qilian-North Qaidam orogenic 
system: Yanshi Xuebao, v. 31, p. 3531–3554.

Zhang, J.X., Yu, S., and Mattinson, C.G., 2017a, Early Pa-
leozoic polyphase metamorphism in northern Tibet, 
China: Gondwana Research, v. 41, p. 267–289, https://
doi .org/10.1016/ j.gr.2015.11.009.

Zhang, L., Wang, Q., and Song, S., 2009, Lawsonite blue-
schist in Northern Qilian, NW China: P–T pseudosec-
tions and petrologic implications: Journal of Asian 
Earth Sciences, v. 35, no. 3-4, p. 354–366, https://doi 
.org/10.1016/ j.jseaes.2008.11.007.

Zhang, L., Chen, R., Zheng, Y., Hu, Z., Yang, Y., and Xu, 
L., 2016, Geochemical constraints on the protoliths of 
eclogites and blueschists from North Qilian, northern 
Tibet: Chemical Geology, v. 421, p. 26–43, https://doi 
.org/10.1016/ j.chemgeo.2015.11.026.

Zhang, L.Q., Zhang, H.F., Zhang, S., Xiong, Z., Luo, B.J., 
Yang, H., Pan, F., Zhou, X., Xu, W., and Guo, L., 2017b, 
Lithospheric delamination in post-collisional setting: 
Evidence from intrusive magmatism from the North 
Qilian orogen to southern margin of the Alxa block, 
NW China: Lithos, v. 288–289, p. 20–34, https://doi 
.org/10.1016/ j.lithos.2017.07.009.

Zhang, Q., Sun, X., Zhou, D., Qian, Q., Chen, Y., and 
Wang, Y., 1997b, The characteristics of North Qilian 

 ophiolites, forming settings and their tectonic signifi-
cance: Advances in Earth Sciences, v. 12, p. 366–393.

Zhang, Z.C., Zhou, M.F., Robinson, P.T., Mao, J.W., Yang, 
J.M., and Zuo, G.C., 2001, SHRIMP dating of the Aoy-
ougou ophiolite in the west sector of the north Qilian 
Mountains and its geological significance: Yanshi Xue-
bao, v. 17, p. 222–226.

Zhao, G., Wang, Y., Huang, B., Dong, Y., Li, S., Zhang, 
G., and Yu, S., 2018, Geological reconstructions 
of the East Asian blocks: From the breakup of Ro-
dinia to the assembly of Pangea: Earth-Science Re-
views, v.  186, p.  262–286, https://doi .org/10.1016/ 
j.earscirev.2018.10.003.

Zuza, A.V., Wu, C., Reith, R.C., Yin, A., Li, J., Zhang, J., 
Zhang, Y., Wu, L, and Liu, W., 2018, Tectonic evolu-
tion of the Qilian Shan: An early Paleozoic orogen 
reactivated in the Cenozoic: Geological Society of 
America Bulletin, v. 130, no. 5-6, p. 881–925, https://
doi .org/10.1130/B31721.1.

Science Editor: Wenjiao Xiao
Associate Editor: Zheng-Xiang Li

Manuscript Received 27 July 2019
Revised Manuscript Received 1 January 2020
Manuscript Accepted 30 January 2020

Printed in the USA

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/132/9-10/2175/5139470/2175.pdf
by China Univ of Geosciences Library user
on 13 August 2021

https://doi.org/10.1111/j.1525-1314.2006.00689.x
https://doi.org/10.1111/j.1525-1314.2006.00689.x
https://doi.org/10.1130/B26093.1
https://doi.org/10.1130/B26093.1
https://doi.org/10.1016/j.jseaes.2011.03.009
https://doi.org/10.1016/j.precamres.2013.05.002
https://doi.org/10.1016/j.precamres.2013.05.002
https://doi.org/10.1016/j.gr.2015.11.009
https://doi.org/10.1016/j.gr.2015.11.009
https://doi.org/10.1016/j.jseaes.2008.11.007
https://doi.org/10.1016/j.jseaes.2008.11.007
https://doi.org/10.1016/j.chemgeo.2015.11.026
https://doi.org/10.1016/j.chemgeo.2015.11.026
https://doi.org/10.1016/j.lithos.2017.07.009
https://doi.org/10.1016/j.lithos.2017.07.009
https://doi.org/10.1016/j.earscirev.2018.10.003
https://doi.org/10.1016/j.earscirev.2018.10.003
https://doi.org/10.1130/B31721.1
https://doi.org/10.1130/B31721.1

	Structural anatomy of the early Paleozoic Laohushan ophiolite and subduction complex: Implications for accretionary tectonics of the Proto-Tethyan North Qilian orogenic belt, northeastern Tibet
	ABSTRACT
	INTRODUCTION
	GEOLOGICAL BACKGROUND
	Regional Tectonic Framework
	North Qilian Orogenic Belt
	Ophiolitic Belts and Accretionary Complexes
	North Qilian HP-LT Metamorphic Belt
	North Qilian Arc
	Eastern Segment of the NQOB


	LITHO-STRUCTURAL UNITS AND STRUCTURE OF THE LAOHUSHAN COMPLEX
	Basalt-Chert-Mudstone OPS
	Mélanges
	Turbidites
	Ultramafic-Mafic Sheet
	Coherent Flysch

	METAMORPHISM
	ZIRCON U-Pb GEOCHRONOLOGY

	DISCUSSION
	Structural Patterns and Tectonic Affinities of the Different Litho-structural Units
	Field, Structural, and Metamorphic Features of the OPS, Mélange and Ultramafic-Mafic Sheet
	Architecture and Formation Mechanism of the Lower and Upper Plate Units

	Detrital Zircon Constraints on the Timing and Provenance of the Accretionary and Forearc Sedimentary Rocks
	Clastic Rocks from the Mélange Matrices
	Sandstone from the Trench-Fill Turbidite
	Argillaceous Rock from the Chert-Bearing OPS
	Forearc Clastic Rocks

	Reconstruction of the Accretionary Complex
	Reconstruction of the Basalt-Chert-Mudstone OPS Unit
	Reconstruction of the Schist-Matrix Mélange

	Implications for the Tectonic Evolution of the North Qilian Orogenic Belt
	Formation of the Back-Arc Basin 
(517–449 Ma)
	Intra-Oceanic Subduction and Accretion of the Back-Arc Oceanic Crust (449–430 Ma)
	Closure of the Back-Arc Basin and Continent-Continent Collision 
(430–400 Ma)

	CONCLUSIONS
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11
	Figure 12
	Figure 13
	Figure 14
	Figure 15
	Figure 16


