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Abstract. Conflicting interpretations of the >500 km long,
east-west-trending Qiangtang metamorphic belt have led
to very different and contradicting models for the Permo—
Triassic tectonic evolution of central Tibet. We define two
metamorphic events, one that only affected pre-Ordovician
basement rocks and one subduction-related Triassic high-
pressure metamorphism event. Detailed mapping and struc-
tural analysis allowed us to define three main units that
were juxtaposed due to collision of the north and south
Qiangtang terranes after closure of the Ordovician—Triassic
ocean that separated them. The base is formed by the
Precambrian—Carboniferous basement, followed by non-
metamorphic ophiolitic mélange containing mafic rocks that
range in age from the Ordovician to Middle Triassic. The
top of the sequence is formed by strongly deformed sed-
imentary mélange that contains up to >10km size rafts
of both unmetamorphosed Permian sediments and high-
pressure blueschists. We propose that the high-pressure rocks
were exhumed from underneath the south Qiangtang ter-
rane in an extensional setting caused by the pull of the
northward subducting slab of the Shuanghu-Tethys. High-
pressure rocks, sedimentary mélange and margin sediments
were thrust on top of the ophiolitic mélange that was scraped
off the subducting plate. Both units were subsequently thrust
on top of the south Qiantang terrane continental basement.
Onset of Late Triassic sedimentation marked the end of the
amalgamation of both Qiangtang terranes and the beginning
of spreading between Qiantang and north Lhasa to the south,
leading to the deposition of thick flysch deposits in the Juras-
sic.

1 Introduction

The Tibetan plateau is an amalgamation of terranes that were
accreted to the southern margin of Eurasia during Phanero-
zoic times (Yin and Harrison, 2000). From north to south,
these terranes are the Qilian Shan, Qaidam, Songpan—-Ganzi
flysch complex, Qiangtang and Lhasa terranes (Fig. 1a). Ter-
rane boundaries are defined by widely scattered belts of ophi-
olitic fragments and mélanges with high-pressure rocks (Zhu
et al., 2012). These represent the opening and closure of sev-
eral oceans. However, which ocean subducted where, when
and in which direction is still subject of ongoing controversy.
For example, Triassic subduction mélange and high-pressure
rocks that are exposed in the Qiangtang metamorphic belt in
central Tibet are interpreted in radically different ways (Kapp
et al., 2003b; Li et al., 2006; Zhai et al., 2011a; Liang et al.,
2012; Zhao et al., 2014).

Li et al. (1987) interpreted the blueschists and subduc-
tion mélange as the remnants of a Late Triassic suture zone.
They proposed that the Qiangtang terrane was separated
into a northern and a southern terrane by the Paleo-Tethys
Ocean. As a result of northward subduction of this Paleo-
Tethys underneath the north Qiangtang terrane (NQT), high-
pressure rocks and subduction mélange were thrusted south-
ward onto the south Qiangtang terrane (SQT) (Zhang et al.,
2006b; Zhai et al., 2011b; Zhao et al., 2014). The inferred
suture between the two terranes is called the Longmu Co-
Shuang Hu suture (short “Shuanghu” suture). The alterna-
tive to this “overthrust” model is the “underthrust” model of
Kapp et al. (2000, 2003b) and Pullen and Kapp (2014), in
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Figure 1. (a) Structural sketch of Tibet. From north to south, the sutures are Jinsha suture zone (JSS); Longmu Co-Shuanghu suture zone
(LSS); Bangong—Nujiang suture zone (BNS); and Indus—Yarlung suture zone (1'YSZ). (b) Geological map of the study area (rectangle in
(a)) around Rongma on the northern margin of the south Qiangtang terrane. The LSS zone separates the south Qiangtang from the north
Qiangtang terrane in the northeast of the area. Strikes and dips are the properties of main tectonic foliation in strongly deformed rocks, while
bedding is the property of less deformed rocks. Rectangles show the locations of structural reconstructions in Fig. 5. Numbers in parentheses
refer to the following references: (1) Li et al. (2007); (2) Zhai et al. (2010); (3) Zhai et al. (2013b); (4) Wang et al. (2008a); (5) unpublished
data; (6) Zhai et al. (2009); (7) Zhao et al. (2014); (8) Kapp et al. (2003b); (9) Zhu (2005).

which the Paleo-Tethys separated a single Qiangtang terrane
in the south and the Songpan—Ganzi flysch complex in the
north. The Paleo-Tethys subducted to the south underneath
the Qiangtang terrane along the Jinsha suture (JSS). High-
pressure rocks and mélange were subsequently exhumed by
core-complex-like normal faulting and doming in the middle
of the Qiangtang terrane. To avoid confusion of the names
of the various oceans, we use the term “Shuanghu-Tethys”
for the ocean that is proposed to have separated the SQT and
NQT and subducted at the Shuanghu suture.
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The two different models thus predict totally different
tectonic histories of central Tibet and, therefore, the ini-
tial boundary conditions for Cenozoic growth of the Tibetan
plateau. Here we present the results of detailed mapping and
structural reconstruction of the Rongma area in the centre of
the Qiangtang metamorphic belt. These results support the
overthrust model and thus indicate that the north and south
of the Qiangtang terrane were once separated by an ocean
that closed in the Late Triassic.
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2 Regional setting

The Qiangtang terrane is located in the centre of the Tibetan
plateau (Fig. 1a). It extends for more than 1200 km from east
to west and reaches a maximum width of ~ 500 km. South-
east of the Tibetan plateau it connects with the Sibumasu
terrane (Metcalfe, 2009). The Songpan-Ganzi flysch com-
plex lies to the north of it, with the Jinsha Suture Zone (JSS)
in-between (Yin and Harrison, 2000). This suture zone rep-
resents the Paleo-Tethys (or a branch of it) between Eura-
sia and the Qiangtang terrane that was consumed by south-
ward subduction beneath the Qiangtang terrane in Late Tri-
assic to Early Jurassic times (Dewey et al., 1988; Nie et al.,
1994; Yin and Nie, 1996; Kapp et al., 2003b). The Bangong-
Nujiang suture zone (BNS) separates the Qiangtang terrane
from the Lhasa terrane to the south. It is characterized by an
>1200 km long EW-trending belt of widely scattered ophi-
olitic fragments that are associated with a thick sequence of
mainly Jurassic flysch, mélange and volcanic rocks (Wang
et al., 1983). The belt exhibits an anomalously large across-
strike width, especially in far western Tibet between Rutog
and Shiquanhe and northwest of Lhasa between Xainza and
Amdo (Kapp et al., 2003a).

Some regard the Qiangtang terrane as a single terrane
(Kapp et al., 2003b; Pullen et al., 2011) that, together with
the Sibumasu terrane, separated from Gondwana in Paleo-
zoic times (Metcalfe, 2009). Others divided the terrane into
a north Qiangtang and a south Qiangtang terrane (Li et al.,
2009; Liu et al., 2011). In this model, the two terranes were
separated by the Shuanghu suture that closed in Late Tri-
assic times by northward subduction of ocean underneath
the NQT. This north-south division will be used through-
out this paper. It should be noted that the SQT and NQT are
equivalent to the east and west Qiangtang terranes of Zhu et
al. (2012) respectively.

In the SQT, the autochthonous units consist of low
metamorphic-grade  pre-Ordovician basement, uncon-
formably overlain by Middle Ordovician siltstone and
Carboniferous flysch and sandstone, including glaciomarine
deposits, all with Gondwana affinity (Zhao et al., 2014).
Only Late Devonian limestones and Early Carboniferous
limestone intercalated with siltstone are exposed on the
southern margin of the NQT. Permian sediments are differ-
ent in the NQT and SQT. In the SQT, only Middle Permian
limestones are exposed, characterized by cold-water fauna
(Li et al., 1995; Zhang and Tang, 2009). In the NQT, only
Late Permian sedimentary rocks are found, comprising
sandstone, mudstone and limestone with abundant warm-
water fusulinid and coral fossils of Cathaysian affinity (Li
et al., 1995; Zhang and Tang, 2009). Lower to Middle
Triassic sediments are only found on the southern margin of
the NQT (Fig. 1b). These are bathyal sediments including
fossiliferous limestone, massive limestone, oolitic limestone
and minor intercalated sandstone and siltstone layers.

www.solid-earth.net/6/457/2015/
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Late Triassic terrestrial sediments, limestones and vol-
canics are the first post-collisional deposits in both the SQT
and NQT. Magmatic arc volcanics dominate on the southern
margin of the NQT (Zhai and Li, 2007; Zhai et al., 2013a),
whereas the occurrence of limestone increases towards the
south. During the Jurassic, marine sediments were deposed
on both the SQT and NQT, while Cretaceous limestones are
only found on the SQT (Kapp et al., 2005). Tertiary, and
possibly also late Cretaceous, conglomerates unconformably
overlie all above rocks in intramontane, fault-bounded basins
(Kapp et al., 2005).

High-pressure rocks, including blueschists and eclogites,
as well as subduction mélange with ophiolitic fragments are
found scattered over an >500 km long, EW-striking belt in
the middle of the Qiangtang terrane: the central Qiangtang
metamorphic belt (Kapp et al., 2003b; Zhang et al., 2006a;
Liu et al., 2011). Ar-Ar analyses on synkinematic phengite,
zircon U-Pb and Lu-Hf isotopic ages from high-pressure
units yielded ages from 244 to 214 Ma (Pullen et al., 2008;
Zhai et al., 2011b), which is interpreted to provide an esti-
mate for the age of suture zone closing (Li et al., 2009) as
well as exhumation of the high-pressure rocks. These ages
coincide with those of granitoids in the Qiangtang terrane,
which range in age from 234 to 177 Ma (Zhang et al., 2011).
Only one Late Triassic granite, the ~ 210 & 4 Ma Gangtang
Co granite (Kapp et al., 2003b) is found in the SQT within
the study area. This large, undeformed granite intruded both
mélange and basement rocks (Kapp et al., 2003b; Zhao et
al., 2014). This granite thus marks the end of collisional ac-
tivity and is approximately coeval with volcanic deposits in
the NQT and the SQT.

Based on the brief overview above, the rocks in the Qiang-
tang terrane can be divided into three groups. The first con-
sists of autochthonous continental crustal rocks older than
the Late Triassic ocean closure, including pre-Ordovician
basement rocks and overlying Ordovician to Triassic units.
Units deposited after closure, including the Gangtang Co
granite, form the second autochthonous series. These range
from Late Triassic sediments and volcanics to recent terres-
trial deposits. The third group is formed by the mélange and
high-pressure rocks and also includes blocks and rafts of the
older autochthonous series rocks. The two conflicting mod-
els make testable predictions on stratigraphy, metamorphic
grade and structural relationships between the different rock
units in the study area. These are briefly discussed here. This
is followed by a more detailed overview of the stratigraphy
in the critical period from the Permian to the Triassic and
a structural geological analysis. The observations are then
compared with the predictions of the different models.

2.1 Cold- vs. warm-water fauna
In the underthrust model, the Qiangtang terrane formed one

single block that drifted northwards from the Gondwana mar-
gin. Permian to Middle Triassic sediments are expected to

Solid Earth, 6, 457-473, 2015
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Figure 2. (a) Permian to Jurassic lithostratigraphic columns for the Qiangtang area, from south (left) to north (right); (b) structural and
stratigraphic relationships. Basement, ophiolitic mélange and sedimentary mélange with blueschists and Permian sediments form a stack of
thrust-bounded sheets. These are unconformably overlain by Late Triassic sediments and volcanics. Sources: (1) Li et al. (2007) and (2) Wang

et al. (2008a).

reflect this northward drift by showing a trend from cold-
to warm-water faunas. Contemporaneous sediments on the
NQT and SQT should not show a significant difference in pa-
leolatitude (Pullen and Kapp, 2014). In the overthrust model,
the NQT and SQT were separated by an ocean of unknown
width. Contemporaneous Permo-Triassic sediments would
then be deposited on terranes with potentially significantly
different latitude, and cold-water fauna is to be expected in
the SQT but not in the NQT (e.g. Li et al., 1995).

2.2 Metamorphic grade

In the underthrust model, the mélange is formed between
the Qiangtang terrane continental crust and the subducting
oceanic plate, which is thought to subduct southward at a
shallow angle. This implies that all mélange rocks were once
buried below the Qiangtang continental crust, down to a
depth of at least 35 km (Kapp et al., 2003b). In the overthrust
model, the mélange, including high-pressure rocks, derives
from the Shuanghu suture in the north of the study area. This
mélange may include high-pressure rocks but not necessar-
ily exclusively, such as in the case of the Franciscan complex
(e.g. Agard et al., 2009). The distribution of metamorphic
grade in the allochthonous units is thus an important crite-
rion to distinguish between the two models.

Solid Earth, 6, 457-473, 2015

2.3 Structural position of the mélange

In the underthrust model, the mélange is exhumed by nor-
mal faulting that produced metamorphic core-complex-like
domes south of the JSS suture zone. This occurred due to
rollback of the subducting slab (Kapp et al., 2000, 2003b;
Pullen et al., 2011) or later during Jurassic extension (Fu
et al., 2010a). Continental crust should thus lie structurally
above the mélange, separated by normal faults. The opposite
is to be expected in the overthrust model, which envisages
the mélange to be thrust over the SQT. Mélange should then
structurally overlie autochthonous crustal rocks, separated by
thrusts (Zhao et al., 2014).

3 The basic stratigraphic and lithological frame in the
Qiangtang terrane

Here we review the Permian to Jurassic stratigraphy of the
study area (Fig. 2a), including lithofacies, paleontology and
paleogeography, with particular attention to the Late Trias-
sic unconformity. Stratigraphic age assignments were made
by correlating lithostratigraphy with biostratigraphic sections
within or near the study area.

www.solid-earth.net/6/457/2015/
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3.1 Pre-collision stratigraphy and lithologies

Pre-Ordovician basement rocks crop out in the SQT in the
Rongma area around the Gangtang Co granite and as a thrust
sheet at Mount Mayigang Ri. These rocks are dominantly
quartzite and phyllite, experienced greenschist-facies meta-
morphism and were deformed twice (Zhao et al., 2014). De-
trital zircons show that the basement was pre-Ordovician in
age and has a Gondwana affinity (Dong et al., 2011). It is
unconformably overlain by slates of the Tashishan forma-
tion, dated as Middle to Late Ordovician with Sinoceras—
Michelinoceras fossils (Li et al., 2004; Zhao et al., 2014).
Within the area, Ordovician rocks are only found in two
small areas near Rongma Village. The Devonian is only
represented in the NQT; in the NQT, Carboniferous lime-
stones are found just northeast of the study area (Li, 2006).
Carboniferous sandstones with cephalopod fossils also un-
conformably overlie pre-Ordovician basement rocks west of
Rongma. Fossiliferous Carboniferous siltstones in the NQT
were dated as Late Carboniferous (Wu et al., 2009). Ordovi-
cian to Carboniferous sediments are not metamorphosed and
only one deformation phase can be recognised by folding,
boudinage and cleavage development (Zhao et al., 2014). The
first deformation phase observed in the basement is thus pre-
Ordovician, whereas the second must be post-Carboniferous.

Only the Middle Permian Longge Group (Pl) is found
in the SQT. This unit comprises massive, poorly bedded
reef or platform limestones including micritic bioclastic
limestone, sparry oolitic limestone, dolomicrite, and brec-
ciated dolomite. Fossils are abundant, including stromato-
poroids, crinoids, brachiopods, gastropods, corals, benthic
foraminifera and fusuline, constraining the age to the Mid-
dle Permian. This fusuline fauna is characterised by the
presence of the distinctive bi-temperate fossils (Zhang et
al., 2014). These strata occur as large fault-bounded rafts
within the mélange, with a maximum thickness of ~ 5000 m.
Early to Middle Permian strata are absent in the NQT, where
only the Upper Permian Rejuechaca Group (P3r) occurs. It
consists of grey to light-grey massive bioclastic limestone
and dark-green layered micritic limestone with brachiopods
and gastropods. These platform limestones reach >500m in
thickness and contain marine faunas of typically Cathaysian
provenance (Wu and Lang, 1990; Chen et al., 2009; Zhang et
al., 2012b).

Late Permian to Middle Triassic strata are missing in
the SQT. However, in the NQT, the Lower Triassic Kanglu
Group (T1k) conformably overlies the Par. Its thickness can
reach ~ 950 m. This unit consists mainly of cyclically alter-
nating purple, yellow or grey fine-grained sandstones, silt-
stones and marls. The Lower Triassic age is confirmed by
the presence of Claraia fossils. The overlying > 1500 m thick
Yingshuiquan Group (T1_2y) consists of light-grey, massive
oolitic limestone intercalated with thinly layered quartz and
feldspathic sandstone. The limestones are sandy and contain
abundant bivalves and brachiopods. The Lower Triassic se-
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quence is topped by the Kangnan Group (T2k) (<310m),
which consists of grey-green, fine-grained marls at the base
and a bivalve-rich limestone at the top.

3.2 Syn- to post-collision stratigraphy and lithologies

The terrane-wide, Late Triassic unconformity marks the end
of subduction activity (Zhai et al., 2011a) and the beginning
of a new cycle of sedimentation that continued through most
of the Mesozoic.

In the NQT, the base of the Late Triassic sequence is
formed by T3x and Ts3z. Polymictic conglomerates, pebbly
siltstone and mudstone are found at the base of the Xiao-
giebao Group (T3x). Overlying the basal conglomerate are
pillow basalt, basaltic lavas, andesite, rhyolite, tuffites, in-
traformational breccias and mass flow deposits. These, in
turn, are overlain by several tens of metres of coral-bearing
limestones and plant-debris-bearing sandstone with some
conglomerate. The upper unit is the Zhana Group (T3z) that
mainly consists of fine-grained lithic sandstone, tuffaceous
sandstone and siltstone (Zhang et al., 2005). The total thick-
ness of these units is more than 2000 m. The Late Triassic
Nadigang Ri Group (T3n) in the NQT starts with a set of
fluvial conglomerates (Zhu et al., 2013), followed by mainly
basaltic volcanic breccia, basalt and layered quartz andesite.
Minor terrestrial intervals occur in the predominantly vol-
canic succession. A rhyolite in this sequence was dated at
208 Ma (Wang et al., 2007). The total thickness of the Nadi-
gang Ri Group is about 800 m.

Sediments of the Late Triassic Tumengela Group (T3t),
Jiaomuchaca Group (T3j) and Wanghuling Group (T3w) are
found in the middle of the study area, unconformably over-
lying the mélange. The Tumengela Group is characterized
by thick-bedded, coarse to pebbly lithic sandstone and fine-
grained feldspar—quartz sandstone at base. The middle unit
is occupied by a dark-grey, rhythmic sequence of layered
carbonaceous shale, silty shale or greyish-yellow calcareous
silt. The uppermost part is composed of grey micrite and
dark-grey calcareous mudstone (Zhu et al., 2013). The lower
part of the T3j consists of conglomerates and platform-facies
limestone, while the upper part is formed by reefal lime-
stone with corals, brachiopods, sponges and crinoids (Zhu et
al., 2013). Components of the conglomerate include poorly
sorted volcanic debris, limestone and chert. The Wanghul-
ing Group commences with a conglomerate with highly vari-
able clasts that include limestone, basalt, sandstone and high-
pressure rocks. Upwards, the conglomerate grades into sand-
stone intercalated with siltstone, followed by ~300m of
tuffaceous sand- and siltstone, rhyolite and limestone inter-
calations. One rhyolite layer was dated as 214 +4 Ma and
actinolite from the underlying units gave an Ar-Ar age of
219.7 £ 6.5Ma (Li et al., 2007; Wang et al., 2008a).

On the SQT, Late Triassic sedimentation commenced with
conglomerates to sandstones (Li and Wen, 2007) uncon-
formably overlying Permian sediments, as well as mélange.

Solid Earth, 6, 457-473, 2015
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In the south of the area, the basal clastic sediments are over-
lain by medium- to thick-bedded clastic sediments and car-
bonates of the Riganpei Co Group (T3r) (> 3000 m). This fos-
siliferous group mostly consists of grey micritic limestone
and oolitic limestone, intercalated with breccia, calcarenite
and shell-clastic limestone, deposited in a marginal sea or
carbonate platform (Zhu et al., 2013).

From south to north the Late Triassic shows a transition
from shallow marine, carbonate-dominated sediments to-
wards terrestrial fluvial sediments and an increasing amount
of bimodal volcanic deposits that dominate the sequence in
the NQT (Fig. 2b). Onset of sedimentation progresses from
~ 220 Ma in the south to ~ 206 Ma in the north.

3.3 Post-collision stratigraphy and lithologies

The Early Jurassic Quemo Co Group (J1d, ~ 1700 m thick)
unconformably overlies the T3n on the NQT. The base of
this unit is characterized by coarse clastic rocks deposited in
a river-delta environment. This unit grade upwards into sev-
eral cycles of mud limestone, oolitic limestone, mudstone,
argillaceous siltstone and sandstone, representing an over-
all transgression (Fu et al., 2010b). This is followed by the
Middle Jurassic Xiali Group (J2x) that shows a regressive se-
quence throughout the north Qiangtang basin. The lower part
of this unit is composed of mudstone interbedded with sparry
oolitic limestone, while the upper part consists of mudstone,
micritic limestone and gypsum intercalations (Zhang et al.,
2006c¢).

In the southern part of the area, <1000m thick Juras-
sic strata of the Sewa Group (J1—25) conformably overlie
the Triassic (Tsr). The group consists of dark shales, silt-
stones, fine- to medium-grained sandstones with olistoliths,
limestone lenses and quartzite. The whole sequence of sandy
foreshore or shore facies sediments is possibly related to the
earliest stages of basin subsidence in the southern Qiangtang
realm during Early Jurassic extension (Duan et al., 2009;
Schneider et al., 2003) and Meso-Tethys formation (Baxter
et al., 2009). Tertiary (possible even Late Cretaceous) to re-
cent terrestrial sediments, mostly conglomerates, cover the
area in scattered, usually fault-bounded basins (Kapp et al.,
2005).

3.4 Lithologies and metamorphism of the mélange in
the Qiangtang terrane

The subduction mélange, only found on the SQT, is divided
into three lithologies: (1) ophiolitic mélange (Zhai et al.,
2007, 2010), (2) sedimentary mélange consisting of deep-
water clastic sediments together with blocks and rafts of
high-pressure rocks and (3) Permian limestones (Zhang et
al., 2012a; Fig. 1b).

The ophiolitic mélange consists of gabbro, diabase and
basalt blocks and lenses, intercalated with deep-water silt-
stone, with minor chert, mudstone, sandstone and limestone.
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The mafic rocks have ocean-island or MORB affinities (Zhai
et al., 2004; 2007) and range in age from the Ordovician to
Triassic. Ordovician to Carboniferous gabbro ages were re-
ported from rocks in the NW of the study area (Fig. 1b),
which were interpreted as Paleozoic ophiolitic segments
(Zhai et al., 2009, 2010, 2013b). Permian ophiolitic mélange
was first documented by Zhai et al. (2007) in the Jiaomu
Ri area. Northwest of Rongma village, mélange of gabbro
blocks, pillow basalt and minor ultramafic blocks embedded
in siltstone have Permian and Triassic ages (Li et al., 2009;
Zhang et al., 2012a). Most of these mafic rocks preserved
their original structures such as amygdules in basalt (Fig. 3a).
In a thin section, the gabbros show no signs of strong defor-
mation or of metamorphism (Fig. 3b). That means that the
ophiolitic mélange was never buried to significant depths.

The sedimentary mélange is mainly found south of Mayi-
gang Ri, north and east of Jiaomu Ri and in an east-west- to
southwest—northeast-trending belt in the southern part of the
study area (Fig. 1b). Its composition is highly variable and
includes sandstone, siltstone, mudstone, chert, thinly bed-
ded limestone and minor mafic blocks. Competent litholo-
gies are embedded as lenses in a strongly foliated matrix
(Fig. 3c). Various sedimentary structures are preserved, such
as Bouma sequences, graded bedding, load casts (Fig. 3d)
and flute marks. Sections of the stratigraphy are preserved
but disturbed by folds and faults (Fig. 3e). The sediments
are not metamorphosed, as can be seen from a lack of
recrystallisation in a fine-grained siltstone (Fig. 3f). Fos-
sils show that occasional limestone blocks are of Permian
age (Zhang et al., 2012a). Preservation of fossils and pri-
mary sedimentary microstructures show that the sedimen-
tary mélange was not metamorphosed. However, the Per-
mian limestones in contact with blueschists NE of Rongma
trend towards strongly deformed marbles at that contact. The
marbles contain assemblages of calcite + tremolitic amphi-
bole + epidote + garnet 4 quartz, which indicates elevated
temperatures (up to ~500°C) but relatively low pressure
(Bucher and Frey, 2002). Microstructures indicate strong
ductile deformation of the calcite (twinning, dynamic re-
crystallisation) after at least growth of tremolitic amphibole
(Fig. 4a). The garnet, however, appears to have grown post-
tectonically, implying a syn- to post-tectonic thermal event
(Fig. 4b).

High-pressure rocks are found in association with the clas-
tic sediments and Permian limestones of the sedimentary
mélange. Main outcrops of high-pressure rocks are located in
Jiaomu Ri and south of Gangtang Co (Fig. 1b). They consist
of phengite-quartz schists, blueschists and eclogites (Kapp
et al., 2003b; Liu et al., 2011; Zhai et al., 2011b; Zhang
et al., 2006a). Peak metamorphic age is ~ 244 Ma and ex-
humation occurred around 220-214 Ma (Zhai et al., 2011b;
Pullen et al., 2011). Maximum temperature and pressure
ranges are 410-460°C and 2.0-2.5GPa. All authors agree
that the exhumation was related to subduction, although the
mechanism and plate tectonic setting remains under debate

www.solid-earth.net/6/457/2015/



Z. Zhao et al.: Tectonic evolution in central Tibet

463

Figure 3. Field photographs and micrographs showing metamorphism and deformation in the different units: (a) amygdules in basalt from
the ophiolitic mélange, west of Rongma; (b) thin sections of gabbro, west of Rongma; (c) load cast in mudstone from the southern part of
the sedimentary mélange; (d) folded chert from the sedimentary mélange west of Jiangaizangbu River; () thin sections of siltstone, west
of Rongma, which show that the ophiolitic and sedimentary mélanges did not experience any significant metamorphism; (f) typical main
foliation in the sedimentary mélange wrapping around competent blocks, here sandstone; (g) outcrop view of basement deformation: Sy is
folded, during which a second, crenulation cleavage Sy, developed. (h) Pressure shadow around pebbles in the Ordovician siltstone indicate
top-to-south shearing. (i) Near the thrust where ophiolitic mélange is thrusted over Ordovician sediments (Fig. 6b), their deformation is more

intense, with the local development of an axial planar Sy».

Figure 4. Micrographs (crossed polars) of marbles at the contact
between Permian limestone and blueschist, northeast of Rongma;
(a) deformed and dynamically recrystallised calcite (Cc) with
aligned needles of tremolitic amphibole (Tr); (b) calcite marble with
epidote (Ep) and post-tectonic poikiloblastic garnet (Gt).

(Kapp et al., 2003b; Zhang et al., 2006b; Li et al., 2009;
Pullen and Kapp, 2014).

At this stage it is useful to compare the stratigraphy de-
scribed here with that of the detailed map of the Rongma
and Jiaomu Ri area of Kapp et al. (2003). These authors
define two types of mélange: blueschist and greenschist-
facies mélange. The blueschist, which is readily identified
in the field and on satellite images, corresponds to the
high-pressure rocks described above. According to Kapp et
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al. (2003), greenschist mélange only occurs west of the Jian-
gaizangbu valley in areas that we classified as ophiolitic
or sedimentary mélange. Large areas that we mapped as
mélange, because of the chaotic nature and strong deforma-
tion of the rocks, were assigned to an autochthonous Car-
boniferous (C1-2) to Permian (P1-4) series that overlies the
mélange in the interpretation of Kapp et al. (2003). The Car-
boniferous sandstone, siltstone phyllite and slate (C1) west
of Rongma are equivalent to the pre-Ordovician basement
and overlying Ordovician and Carboniferous metasediments
(Zhao et al., 2014). C1 northeast of Rongma is part of the
sedimentary mélange. Fossil evidences show that the C2
sandy limestone interbedded with siliciclastics actually be-
longs to the Middle Permian Longge Group (P2l; Zhang et
al., 2012a, 2014).

The Permian sequence of Kapp et al. (2003b) begins
with turbiditic fine-grained volcaniclastic greywacke, sand-
stone, siltstone, and slate (P1) and thinly bedded dark-
grey limestone (P2), both of which are part of the sedi-
mentary mélange in our interpretation. Part of the basalts,
as well as volcano-sedimentary sandstones to conglomer-
ate/breccia (P3), corresponds to the Late Triassic Tumen-
gela Group (Tat) and Wanghuling Group (T3w), the latter
dated at 214 +4 (SHRIMP) to 206 + 4 (Ar-Ar) Ma on rhy-
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olite and basalt of the Wanghuling Group (Zhu et al., 2005;
Li et al., 2007). Other outcrops of P3 we assigned to either
ophiolitic mélange (dominated by mafic rocks) or the sed-
imentary mélange (dominated by sediments and breccias).
The limestone and subordinate sandstone (P4) corresponds
to the sediments of the top of the Wanghuling Group in ar-
eas where P3 corresponds to its base. In the remainder of the
area northeast of Jiaomu Ri, P3 is mapped as sedimentary
mélange.

As pointed out by Zhang et al. (2012b), the differences
in stratigraphic and lithological classification clearly have
major consequences for the inferred tectonic history of the
Qiangtang area. In the map of Kapp et al. (2003b) the area of
mélange is less than half that shown in Fig. 1. Furthermore,
all mélange is at least greenschist facies, derived from depths
of ~35km. Greenschist-facies rocks can indeed be found
in the ophiolitic and sedimentary mélange, but these occur
together with non-metamorphic rocks. The whole mélange
unit is therefore non-metamorphic, but includes metamor-
phic rocks from various origins, such as the Qiangtang base-
ment (Zhao et al., 2014).

3.5 Igneous activity in the Qiangtang terrane

Apart from the ophiolites, the Qiangtang area records Car-
boniferous to Jurassic igneous activity. EW-striking diabase
dykes intrude basement rocks and were dated at 284 4+ 3 and
302 £ 4 Ma by Zhai et al. (2009). Mostly felsic magmatic ac-
tivity is dated between about 275 and 248 Ma in the NQT east
of the study area and interpreted as related to northward sub-
duction underneath the NQT (Yang et al., 2011; Zhang et al.,
2013). This is followed by bimodal activity that continued
into the Jurassic (Zhang et al., 2011). Triassic (236-219 Ma)
adakites and magnesian andesites from the Tuotuohe area,
central NQT, are interpreted as subduction related but in-
dicate that the mantle source was metasomatised by slab
melting (Wang et al., 2008b). Some basalts show continen-
tal arc affinities, the source most likely being a mixture of
MORB- and within-plate basaltic source. This suggests the
lithospheric mantle may be slightly to moderately enriched,
most likely by a previous subduction process (Zhai et al.,
2004). Whereas abundant arc-related Permo-Triassic activity
is documented in the NQT, relatively little evidence for such
activity is documented in the SQT. Wu and Lang (1990) re-
ported Late Permian andesites and dacites in the SQT, which
led Liu et al. (2011) to propose not only subduction to the
north underneath the NQT but also to the south underneath
the SQT.

Along the southern margin of the NQT the Nadigang Ri
group is mainly composed of acid tuff, dacite, rhyolite and
minor basaltic volcanic rocks ranging in age from 223 to
205Ma (Zhai and Li, 2007; Fu et al., 2008). These rocks
show a trend from melt generated by melting of subducted
slab (ca. 223-219 Ma) to melting of Proterozoic oceanic
crust (ca. 215-205 Ma; Zhai et al., 2013a). Bimodal activ-
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ity continued to ~ 177 Ma (Zhang et al., 2011) and includes
the intrusion of the Gangtang Co granite at ~ 210 Ma (Kapp
et al., 2003b; Hu et al., 2012). Granite samples from Gang-
tang Co granite (unpublished data) show a deep Eu anomaly
as normalised to EMORB or OIB and show REE contents
similar to OIB-derived melts. Some trace element concentra-
tions, such as Ta, Yb, Nb, Y and Rb, suggest granite forma-
tion in a syn-collisional volcanic arc environment. The mafic
lavas were probably derived from the mantle, whereas the
felsic lavas were probably derived from partial melting of the
continental crust in response to the asthenospheric upwelling
(Zhang et al., 2011).

4 Structures and tectonics of the mélange in mapping
area

Although there are abundant data on stratigraphy and igneous
activity in the area, only a few (and contradicting) structural
analyses have been published so far (e.g. Kapp et al., 2003;
Pullen et al., 2011; Liang et al., 2012; Zhao et al., 2014).
Below we present the results of detailed mapping in con-
junction with 3-D modelling using satellite images and the
program 3-D Move™ by Midland Valley. The false-colour
ASTER images proved to be very useful, as different units
can be recognised clearly and mapped in inaccessible areas
after ground-truthing in mapped areas. The high topography
also allows orienting the main structures and faults on the
large scale.

The large-scale structure was modelled for three areas:
SE of Mayigang Ri, NW of Rongma and NE of Jiaomu
Ri (Fig. 5; see Fig. 1a for locations). The block diagrams
show that the various units form a large-scale fold-and-thrust
belt. Precambrian basement, exposed at Mayigang Ri, forms
a flat-lying, N-dipping sheet that overlies a sheet of sedi-
mentary mélange, separated by a ~ 5-20° NE-dipping fault
gouge (Fig. 6a). The upper few tens of metres of the underly-
ing sedimentary mélange are strongly sheared with a top-to-
the-south sense of shear. The sedimentary mélange is itself
underlain by ophiolitic mélange. Lithologies and main fo-
liations are approximately parallel and follow the contacts
between the various units, interpreted as thrusts. All units
and main foliation are folded with shallowly plunging, EW-
striking fold axes (Fig. 5). To the south, north of Gangtang
Co, the ophiolitic mélange is thrust over N-dipping Precam-
brian basement and slivers of Ordovician slate (Figs. 5, 6c).
Unfortunately, most of this area is covered by Tertiary sedi-
ments.

West of Rongma, NE-dipping ophiolitic mélange overlies
Precambrian basement and Ordovician and Carboniferous
sediments (Fig. 6b). The main and only foliation in these
latter units, as well as the second foliation (Sp2) in the un-
derlying basement rocks, dips to the NE and increases in in-
tensity towards the contact. The contact itself was initially
a ductile shear zone that was overprinted by brittle defor-
mation, as mylonitic rocks are found as clasts in brittle brec-
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Figure 5. Three-dimensional reconstruction of selected areas near Rongma in the centre of the area showing the fold-and-thrust geometry
of the three main sheets: basement, ophiolitic mélange and sedimentary mélange together with high-pressure rocks and rafts of (Permian)
sediments. These are unconformably overlain by Late Triassic sediments: (a) south of Mayignag Ri, (b) northeast of Rongma and (c) northeast
of Jiaomu Ri (see Fig. 1b). Lower-hemisphere equal-area stereoplots show the distribution of the main foliations (black crosses), as well as

orientations of fold axes (red dots).

cias. Sigmoidal clasts in Ordovician sediments indicate a top-
to-the-south shearing (Fig. 3g). To the east, the ophiolitic
mélange is overlain by a sheet of sedimentary mélange fol-
lowed by a sheet of blueschists that contains marble lenses.
The blueschists are gently folded around NS-striking fold
axes. The strongly deformed high-pressure rocks are overlain
by a sheet of non-metamorphic and relatively undeformed
Permian limestones. The sequence of ophiolitic mélange,
sedimentary mélange and blueschists is repeated again to-
wards Jiaomo Ri. The shallow-dipping blueschists clearly
overlie the sedimentary mélange (Fig. 6d).

The large-scale structure of the area is thus a fold-and-
thrust belt of, from bottom to top, Qiangtang basement (Pre-
cambrian to Carboniferous), ophiolitic mélange and finally
juxtaposed sedimentary mélange, blueschists and rafts of
Permian sediments. All these units have a dominant tectonic
foliation that is approximately parallel to the main litholog-
ical boundaries. This foliation is the second foliation (Sp2)
in the Precambrian basement (Fig. 3h), the first in the Car-
boniferous and Ordovician sediments (So1, Fig. 3g) and the
main one (Sy1) in the mélanges, which wraps around lenses
and clasts. The parallelism of these foliations between the
different units and with the main sheets indicates that they
all formed during the thrusting event that created the stack of
sheets. This is confirmed by Sy west of Rongma, which is
approximately parallel to bedding, causing boudinage and lo-
cally south-vergent isoclinal folding (Fig. 3i). It increases in
intensity towards the mylonitic/breccia contact with the over-
lying ophiolitic mélange, as is to be expected if Sy, had been
formed during thrusting of that mélange over the basement.
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The ~8km thick stack of sheets is folded and thrusted
on the > 10 km scale. The thickness of the stack, here derived
from mapping and structural reconstructions, is confirmed by
seismic data of Lu et al. (2013) and Li et al. (2013). The strike
of the thrusts rotates from EW in the north towards NS in the
east. In the southern part of the area folding and thrusting is
south-vergent again (Fig. 5). This variation in trends is inter-
preted as the result of later doming of the central Qiangtang
Culmination, which may have occurred as late as the Juras-
sic (Kapp et al., 2003a). Late Triassic limestones and over-
lying basalts discordantly overlie the sedimentary mélange
and blueschists. These Triassic units are almost undisturbed
and undeformed and shallowly dip to the east. The absence
of equivalent Late Triassic sediments further west may be
because these were never deposited here or because of the
aforementioned doming, with the upper units now removed
by erosion. The discordant contact between Late Triassic lay-
ers and underlying mélange and blueschists, as well as the
lack of deformation in the Late Triassic layers, is evidence
that sheet-parallel thrusting happened before the ~ 210 Ma
Triassic sedimentation.

Further evidence is the fact that the undeformed 210 Ma
Gangtang Co granite is in intrusive contact with basement
rocks and ophiolitic mélange and clearly cuts the contact be-
tween these two units (Fig. 1b; Zhao et al., 2014). Formation
of the sheet stack can thus be constrained to have occurred
between about 220 Ma (Ar-Ar age of blueschists; Zhai et al.,
2011a, b) and 210 Ma, which is the age of the granite intru-
sion and onset of Late Triassic sedimentation.

Timing of the folding and thrusting of the sheet stack is
less clear. Folding of Late Triassic and Jurassic units in the
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Figure 6. Field relationships of the main units. (a) View to the NW
towards the Mayigang Ri Thrust, which thrusted basement on top
of sedimentary mélange. (b) West of Rongma, ophiolitic mélange
is thrusted on top of basement and Ordovician sediments, now sep-
arated by a wide fault zone. (c) Folded thrust that placed gabbros
of the ophiolitic mélange on top the basement, north of Gangtang
Co. (d) View from the north towards Jiaomu Ri, clearly showing
that blueschists lie above the sedimentary mélange, which in turn
overlies basalts of the ophiolitic mélange. (e) North-dipping thrust
places subduction mélange over Late Triassic limestone (T3r) in the
south of the study area, showing that at least part of the thrusting
postdated the Late Triassic.

south of the area and even occasional folding of Tertiary con-
glomerates are clear evidence for Mesozoic to Tertiary tec-
tonic activity (Kapp et al., 2005). Late Triassic sedimenta-
tion commenced earlier in the south than in the north of the
SQT terrane. This suggests the presence of a foreland basin
or depression in front of the thrust belt (Fig. 6e), with sed-
imentation progressively extending to the north as erosion
flattened the topography. It cannot be excluded that the fold
and thrust belt, at least in part, occurred in the Late Triassic.

5 Discussion
5.1 Summary of main events and structures

Any model for the tectonic evolution of the Qiangtang ter-
rane(s) must take the following observations into account:

1. The SQT is a continental terrane with Gondwana affin-
ity (Dong et al., 2011; Zhao et al., 2014) that comprises
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a Precambrian basement that is unconformably overlain
by Ordovician to Middle Permian sediments.

. Subduction-related igneous activity in the NQT ranges

in age from 275 to 248 Ma (Yang et al., 2011; Zhang et
al., 2013) and is attributed to subduction of the Paleo-
Tethys to the north at the Shuanghu suture (Yang et al.,
2011) or alternatively to southward subduction of the
Paleo-Tethys towards the south at the JSS suture (Wang
et al., 2008b). Equivalent igneous activity is rare in the
SQT. Both the NQT and SQT saw bimodal igneous ac-
tivity, ranging in age from 236 to 177 Ma, with signa-
tures indicating mafic underplating and ensuing crustal
melting (Zhang et al., 2011). Most authors attribute this
to some form of slab break-off (Zhai and Li, 2007;
Zhang et al., 2011; Peng et al., 2014).

. Although all workers agree that high-pressure rocks and

subduction-related mélange crop out in the centre of
the Qiangtang terrane, there is no agreement on the ex-
tent and classification of the various rocks. According
to some authors, most of the area under consideration
is a single “metamorphic belt” (e.g. Zhang et al., 2011),
which ignores the fact that many rocks in this area are
not metamorphic. Furthermore, metamorphism in the
Precambrian rocks is pre-Ordovician (Zhao et al., 2014)
and is unrelated to the Triassic high-pressure metamor-
phism of the blueschists. An opposite view is taken
by Kapp et al. (2003b), who restrict the mélange to
greenschist- to blueschist-facies rocks and classify the
other, non-metamorphic rocks as part of the overlying
Qiangtang continental crust. However, in our view this
restricts the definition of mélange in the area too much,
as large areas are mélange but not metamorphic. Based
on our mapping, we define three main mélange litholo-
gies: an ophiolitic and a sedimentary mélange, both not-
metamorphosed (but carrying metamorphic inclusions),
and a high-pressure unit.

. The ophiolitic mélange consists of a range of sediments

and abundant gabbros and basalts. A coherent oceanic
crust sequence is, however, not observed. Ages of the
mafic rocks range from Ordovician to Triassic.

. The high-pressure rocks experienced peak metamor-

phic conditions at ~ 240 Ma and exhumed between 220
and 210 Ma, giving a minimum exhumation rate of
>1cmyr—! (Zhai et al., 2011b).

. In the Rongma area, the main units form a stack of

sheets with Precambrian to Carboniferous basement at
the base, ophiolitic mélange in the middle and sedimen-
tary mélange with large rafts of blueschists and non-
metamorphic Permian sediments towards the top.

. Formation of the sheet stack by S- to SW-thrusting took

place between about 220 and 210 Ma. It was postdated
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by intrusion of the undeformed, 210 Ma Gangtang Co
granite and onset of Late Triassic sediment deposition
and volcanic activity.

8. The sheet stack was folded and thrusted, againinan S to
SW direction. Timing is uncertain and can range from
the Late Triassic to the Mesozoic.

5.2 Existence of a Paleo-Tethys ocean and direction of
subduction

The first question that needs to be addressed is whether the
north and south Qiangtang are individual terranes that were
separated by an ocean or not. One argument for the presence
of this ocean is that glacial deposits and cold-water fauna
indicate that the south Qiangtang terrane remained at high
southern latitudes until the Middle Permian. However, only
Upper Permian warm-water sediments are found in north
Qiangtang terrane. It is thus possible that the north and south
Qiangtang terranes moved into warmer regions together be-
tween the Middle and Late Permian. As was discussed by
Pullen et al. (2014), cold- and warm-water faunas in the NQT
and SQT neither prove nor disprove a separation of the two
terranes.

Most authors invoke Permo-Triassic arc-related igneous
activity, mainly in the NQT, as evidence for the former ex-
istence of the Shuanghu-Tethys between the NQT and SQT
(Yangetal., 2011; Zhai et al., 2011a; Zhang et al., 2013; Peng
et al., 2014). With few exceptions (Wang et al., 2008b), these
authors interpret the igneous activity to result from north-
ward subduction of this ocean underneath the NQT. Fur-
ther indications for a former ocean between the NQT and
SQT are the ophiolitic mélange and high-pressure rocks with
oceanic affinity (Zhai et al., 2007; 2013a) in the SQT. How-
ever, Pullen and Kapp (2014) favour a southward subduction
of the JSS-Tethys underneath a single Qiangtang terrane.
The main argument for this is that in their structural interpre-
tation, the subduction mélange in the Qiangtang terrane lies
underneath the continental crust and was later exhumed by
doming and normal faulting. The question is thus whether the
mélange lies below or above continental crustal rocks. Sev-
eral arguments are in favour of the latter. If the mélange was
below the crust, it came from a depth of at least 35 km (Kapp
et al., 2003b) and all mélange rocks must be metamorphic.
This is not the case. Even with the restrictive definition of
mélange in the map of Kapp et al. (2003b), areas mapped as
greenschist are not all metamorphosed (Fig. 3a—€). As not all
mélange rocks are metamorphic, they cannot all have come
from a depth of tens of kilometres, as required in the under-
thrust model. Furthermore, this model requires a very shal-
low subduction angle for the subduction mélange to be at a
relatively shallow depth 200 km south of the suture. This can-
not explain the subduction-related igneous activity only in
the north, close to the postulated suture. Finally, our mapping
and structural interpretation clearly favours emplacement of
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the mélange on top of the continental crust (Fig. 5). If, as ar-
gued here, the mélange and high-pressure rocks were not ex-
humed by core-complex-like doming, their presence within
the SQT is difficult to reconcile with any model other than
the former presence of an ocean between the NQT and SQT.

5.3 Models for exhumation of high-pressure rocks

The presence of high-pressure rocks is one of the arguments
to invoke subduction to the south or north of the NQT. The
southward underthrust model of Kapp et al. (2003b) pro-
vides a clear mechanism of exhumation of the high-pressure
rocks: metamorphic core-complex-like doming. This re-
quires all mélange to have experienced high-pressure condi-
tions, which contradicts our findings. The sequence of base-
ment rocks at the base, overlain by ophiolitic mélange and
high-pressure rocks, sedimentary mélange and sediments,
cannot be reconciled with the proposed exhumation in a core
complex, in which the autochthonous basement rocks should
lie above the mélange.

Proponents of the northward subduction of a Shuanghu-
Tethys underneath the NQT do not provide detailed mech-
anisms on the exhumation of the high-pressure rocks. Most
authors propose high-pressure metamorphism at the down-
going slab, with subsequent exhumation in the orogenic
wedge, possibly related to slab break-off (e.g. Zhang, 2006a;
Li et al., 2009; Liu et al., 2011; Yang et al., 2011; Zhai
et al., 20114, b, 2012; Tang and Zhang, 2013). One prob-
lem with this exhumation in a convergent setting is that
it should be related to extensive erosion during exhuma-
tion, which appears inconsistent with the regional sedimen-
tary record (Pullen and Kapp, 2014). Exhumation of high-
pressure rocks in the orogenic wedge also does not explain
how the high-pressure rocks are brought into contact with
non-metamorphic sediments and sedimentary mélange as is
observed in the Rongma area.

5.4 Proposed tectonic evolution

Below we provide an overview of the sequence of tectonic
events that affected the Qiangtang area. The model we pro-
pose aims to explain our observations made in the study area
and those published in the literature. Of particular relevance
are the following: (1) the NQT and SQT were separated by
an ocean of unknown width; (2) the high-pressure rocks and
tectonic mélange are found in a fold-and-thrust belt of a stack
of three sheets — basement rocks, ophiolitic mélange and sed-
imentary mélange — together with HP rocks and undeformed
Permian sediments; (3) mafic rocks in the ophiolitic mélange
range in age from the Ordovician to the Triassic. A key obser-
vation that needs to be explained is that the exhumed high-
pressure rocks were brought into direct contact with origi-
nally overlying non-metamorphic sediments and mélange.
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Figure 7. Schematic drawings of the Permian to Early Jurassic
geological evolution of the Shuanghu—Tethys. Ages shown in the
drawings are approximate only. (a) Northward subduction of the
Shuanghu-Tethys underneath the NQT started at about 275 Ma.
(b) Minor southward subduction would have commenced in the
Early Triassic, necessitating rollback and convergence of the NQT
and SQT. (c) Interaction between the converging subduction zones
led to extraction of the short southern slab and concomitant ex-
humation of high-pressure rocks. These are brought in contact with
surface-derived margin sediments and basement in a strongly ex-
tensional setting. (d) With ongoing convergence of the NQT and
SQT, the sedimentary mélange (with high-pressure rocks) is thrust
on top of the ophiolitic mélange at the LSS suture. (e) Ophiolitic
and sedimentary mélange are ultimately thrust onto the SQT upon
final collision of the two terranes. Asthenospheric upwelling leads
to bimodal igneous activity on both sides of the Shuanghu-Tethys
suture zone.
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5.4.1 Pre-Ordovician (>470 Ma)

The pre-Ordovician clastic metasediments form the old-
est and structurally lowest unit of the Qiangtang basement.
These rocks experienced low-grade metamorphism and one
stage of deformation, leading to folding and the formation of
the first cleavage (Sp1). This event is tentatively attributed
to the Bhimphedian Orogeny (Cawood, 2007), when the
basement rocks still formed part of (assembling) Gondwana
(Zhao et al., 2014).

5.4.2 Ordovician to Permian (470-270 Ma)

Opening of the Shuanghu—Tethys between the NQT and the
SQT probably commenced in the (Late) Ordovician. The
SQT formed the passive northern margin of Gondwana on
which sediments were deposited at various stages from the
Ordovician to the Permian. Exposures of the Sumdo eclog-
ites in the Lhasa terrane may indicate that the SQT and north
Lhasa terrane together separated from Gondwana as early
as the Carboniferous (Yang et al., 2009). Initial rifting and
subsequent ocean spreading produced mafic rocks with ages
ranging from the Ordovician to the Permian in central Qiang-
tang (Zhai et al., 2010, 2012, 2013).

5.4.3 Upper Permian to Lower Triassic (270-240 Ma)

Northward subduction of the Paleo-Tethys underneath the
NQT commenced at ~ 275 Ma, as is indicated by arc activ-
ity in the NQT (Yang et al., 2012; Fig. 7a). The youngest
known passive margin sediments (P2l) were deposited on
the SQT, but no known sedimentation occurred at the active
southern margin of the NQT where arc volcanism occurred
instead. Ocean-floor sediments and mafics from the oceanic
crust were accreted to the NQT: the future ophiolitic mélange
(Zhai et al., 2010, 2012, 2013). Although igneous activity in-
dicates that most of the subduction occurred on the north-
ern margin of the Shuanghu-Tethys, the southern margin,
with cold, >100-million-year-old oceanic crust, would prob-
ably also have started to subduct (Fig. 7b; Liu et al., 2011).
This would have brought oceanic crust and material from
lower crust of the overriding SQT plate down to >100km
by ~ 240 Ma, which is the age of peak metamorphism in the
high-pressure rocks (Pullen et al., 2011).

5.4.4 Middle Triassic (240-220 Ma)

With (minor) subduction to the south as well, the Shuanghu—
Tethys plate would have formed a divergent double subduc-
tion zone (Gray and Foster, 2004; Soesoo et al., 1997; Zhao,
2015) with a long slab subducting to the north and a short
one to the south. A divergent double subduction zone was
proposed for the Shuanghu—Tethys by Liu et al. (2011). As
long as the two sutures are far enough apart, each operates
independently from the other. In the absence of spreading
in-between, the two sutures must converge by rollback. This
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inevitably leads to the two sutures converging to the point
where the slab pull of one subduction zone starts to affect the
other. At some point in this scenario, the slab pull of the long
(northern) slab will override the opposite pull of the short
(southern) slab, which results in the short one being pulled
up and towards the north (Fig. 7c). This scenario is similar
to the current situation of the Adria plate, which subducts
underneath Italy (short slab) and the Dinarides (long slab;
Gvirtzman and Nur, 2001; Di Stefano et al., 2009; Giaco-
muzzi et al., 2012). The Adria plate now moves as a whole
towards the Dinarides, causing rapid extension east of the
Apennines (Devoti et al., 2008; Weber et al., 2010). The pro-
posed model for exhumation of high-pressure rocks in a di-
vergent double subduction zone is novel but bears some sim-
ilarities with models for exhumation by slab rotation (Hacker
et al. 2000; Webb et al., 2013) or slab eduction (Andersen et
al., 1991; Duretz et al., 2012; Brueckner and Cuthbert, 2013).
The main difference is that we suggest that the pull of the
longer slab is the driving force for slab extraction and re-
sulting exhumation of high-pressure rocks. Extraction of the
slab from underneath the SQT causes extension of its mar-
gin, while high-pressure rocks exhume. Trench and Permian
margin sediments are dragged off the margin and brought in
contact with the exhumed high-pressure rocks from below to
form the observed association of sedimentary mélange, rafts
of Permian sediments and blueschists. All these rocks, as
well as the SQT Precambrian to Carboniferous basement are
expected to experience strong flattening strain due to the ex-
tension, as well as a top-to-south shearing. This is consistent
with the D, deformation in basement rocks (Sp2, So1) and
main foliation in the sedimentary mélange (Sm1). It should
be noted that this core-complex-like extension is to some ex-
tent similar to that proposed by Kapp et al. (2003b) with the
difference being that we propose the whole oceanic slab, not
only the mélange, to form the core of the complex. The struc-
tural relationships are in part similar as described by these au-
thors: low-grade rocks juxtaposed onto high-pressure rocks
in a strongly extensional setting.

A second effect of the extraction of the short slab is ris-
ing of the asthenosphere, with resulting mafic igneous activ-
ity, as well as melting of the crust, producing felsic melts.
In the SQT, bimodal activity is documented from ~ 236 Ma
(Zhang et al., 2011). Liu et al. (2011) showed that exhuma-
tion of the high-pressure rocks was approximately isother-
mal (~500°C) down to at least ~ 7 kbar, suggesting rapid
exhumation that is in accordance with the proposed model.
Juxtaposition of the still relatively hot exhuming blueschists
and non-metamorphic sedimentary mélange and sediments
can explain the formation of epidote, tremolitic amphibole
and garnet-bearing marbles at the contact (Fig. 4). Additional
heating may have been related to mantle upwelling and con-
comitant igneous activity.
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5.4.5 Middle-Upper Triassic (220-200 Ma)

Northward movement of the Shuanghu-Tethys plate, dur-
ing convergence of the NQT and SQT, carried the mix of
sedimentary mélange and high-pressure rocks northward, to-
wards and in the end on top of the accreted material at the
northern suture, the ophiolitic mélange (Fig. 7d). As the two
terranes collided, all these rocks were thrusted onto the SQT,
producing the sheet stack as is now observed. At this stage,
the Shuanghu-Tethys slab finally slid down into the mantle,
giving rise to a last stage of asthenosphere upwelling and re-
sulting bimodal igneous activity, including the 210 Ma Gang-
tang Co granite and Upper Triassic rhyolites and basalts,
mostly in the north but also extending south onto the (for-
mer) SQT (Fig. 7e). Post-collisional sediments, intercalated
with volcanics, cover the amalgamated Qiangtang terrane.
From south to north, these Upper Triassic deposits show
two trends: from shallow marine, carbonate-dominated sedi-
ments towards terrestrial fluvial sediments and an increasing
amount of bimodal volcanic deposits. This can be interpreted
as a foreland basin that developed in the south in front of the
thrust belt in the north. Southward propagation of thrusting
finally thrusted mélange and Pl in the hanging wall against
latest Triassic sediments in the footwall (Fig. 6e).

5.4.6 Jurassic (200-170 Ma)

Following the closure of Longmu Co-Shuanghu suture zone,
the Bangong—Nujiang suture zone opened between the amal-
gamated Qiangtang terrane and the north Lhasa terrane.
Jurassic shallow marine deposits unconformably overlie Late
Triassic T3n sediments and volcanics on the NQT. Jurassic
the deep-water flysch sediments (J1_2s) cover all the older
units in the southern SQT. These are thought to represent
the opening of the Bangong—Nujiang suture zone (Schnei-
der et al., 2003; Baxter et al., 2009). It is not known whether
Jurassic sediments once covered the whole Qiangtang ter-
rane or they were never deposited there. Jurassic sediments,
if once present, could have been removed during formation
of the central Qiangtang Culmination. This domal structure
may have formed as early as the Jurassic (Kapp et al., 2005)
or during compressional stages resulting from the closure of
the Meso- and Neo-Tethys during the Cretaceous and Paleo-
gene respectively (Kapp et al., 2007; Xu et al., 2014). Minor
terrestrial sediments, mostly conglomerates in fault-bounded
basins, were deposited during the Cretaceous and Tertiary.

6 Conclusions

Subduction mélange and high-pressure rocks in the Qiang-
tang terrane record an important stage in the evolution and
formation of the Tibetan Plateau, which has consequences
for the location of different former oceans. Our mapping and
structural analysis of the Rongma area in the centre of the
metamorphic belt leads to the following main conclusions:
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1. The north and south Qiangtang terranes were for-
merly separated by an Ordovician-Triassic ocean.
Metamorphism in the central Qiangtang metamorphic
belt occurred in two unrelated stages. The first, a
lower greenschist-facies event, occurred in pre-/early-
Ordovician times and affected the Precambrian base-
ment. A second event produced the high-pressure rocks
that exhumed in the Triassic as a result of the closure
at the Longmu Co-Shuang Hu suture zone between the
north and south Qiangtang terranes.

2. The pre- to syn-collision lithologies (>210Ma) can
be grouped into three main units: (1) carbonifer-
ous and older basement, (2) non-metamorphic ophi-
olitic mélange and (3) non-metamorphic sedimentary
mélange with large rafts and sheets of non-metamorphic
Permian sediments and high-pressure rocks (mostly
blueschists).

3. To explain the current structural relationships of the
units, we propose that the high-pressure rocks were ex-
humed by extraction of a short, south-dipping slab from
underneath the south Qiangtang terrane, bringing them
in contact with the sedimentary mélange and Permian
margin sediments. This unit was subsequently thrusted
on top of the ophiolitic mélange. Upon final collision of
the north and south Qiangtang terranes, both units were
placed on top of the Paleozoic south Qiangtang base-
ment. The whole tripartite stack was subsequently fur-
ther shortened into a south-verging fold and thrust belt.
This may have been a consequence of the amalgamation
of the two terranes or later (Jurassic—Paleogene) events.

4. After closure of the Longmu Co—Shuanghu suture zone,
Upper Triassic sedimentation commenced in the south
in a foreland setting and progressively extended to the
north where extensive bimodal volcanic activity oc-
curred, which is interpreted as the result of mantle up-
welling due to the final sinking of the Paleo-Tethys slab.
This study is based on a large study area in the cen-
tre of the Qiangtang terrane, which extends over al-
most 2000 km. We hope that this study encourages more
work, including detailed mapping and structural anal-
ysis, in the whole terrane to confirm or reject the for-
mer presence of an ocean between the north and south
Qiangtang terranes as well as investigate the conse-
quences in terms of presence and size of other oceans
between the various terranes that form the Tibetan
Plateau.
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