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Abstract The Mesozoic stratigraphic record of the southern Qiangtang basin in central Tibet records the
evolution and closure of the Bangong-Nujiang ocean to the south. The Jurassic succession includes
Toarcian-Aalenian shallow-marine limestones (Quse Formation), Aalenian-Bajocian feldspatho-litho-quartzose
to feldspatho-quartzo-lithic sandstones (shallow-marine Sewa Formation and deep-sea Gaaco Formation), and
Bathonian outer platform to shoal limestones (Buqu Formation). This succession is truncated by an angular
unconformity, overlain by upper Bathonian to lower Callovian fan-delta conglomerates and litho-quartzose
to quartzo-lithic sandstones (Biluoco Formation) and Callovian shoal to outer platform limestones (Suowa
Formation). Sandstone petrography coupled with detrital-zircon U-Pb and Hf isotope analysis indicate that
the Sewa and Gaaco formations contain intermediate to felsic volcanic detritus and youngest detrital zircons
(183–170 Ma) with εHf(t) ranging widely from +13 to �25, pointing to continental-arc provenance from
igneous rocks with mixed mantle and continental-crust contributions. An arc-trench system thus developed
toward the end of the Early Jurassic, with the southern Qiangtang basin representing the fore-arc basin.
Above the angular unconformity, the Biluoco Formation documents a change to dominant sedimentary
detritus including old detrital zircons (mainly >500 Ma ages in the lower part of the unit) with age spectra
similar to those from Paleozoic strata in the central Qiangtang area. A major tectonic event with intense
folding and thrusting thus took place in late Bathonian time (166 ± 1 Ma), when the Qiangtang block
collided with another microcontinental block possibly the Lhasa block.

1. Introduction

Tibet is composed of a series of microcontinents that were sequentially accreted to Asia [Yin and Harrison,
2000; Zhu et al., 2013]. The tectonic event by which the Lhasa block was welded to the Qiangtang block could
constrain the timing and mechanisms of initial topographic growth of the Tibetan Plateau, before India-Asia
collision and formation of the Cenozoic Himalayan orogen [DeCelles et al., 2007; Kapp et al., 2005, 2007;
Murphy et al., 1997; Raterman et al., 2014]. However, dating of the Lhasa-Qiangtang collision event is uncer-
tain, with inferred ages ranging from Late Jurassic to early Late Cretaceous [Dewey et al., 1988; Fan et al.,
2014b, 2015; Girardeau et al., 1984; Kapp et al., 2007; Yan et al., 2016; Yin and Harrison, 2000; Zhu et al.,
2015]. A Late Jurassic to Early Cretaceous collision was favored because ophiolitic rocks of Bangong-
Nujiang suture zone overlain by Upper Jurassic to Lower Cretaceous subaerial to shallow-marine strata
[Girardeau et al., 1984; Marcoux et al., 1987; Wang and Dong, 1984] were interpreted to result from the
Lhasa-Qiangtang collision [Girardeau et al., 1984]. Other researchers favored a slightly later, late Early to early
Late Cretaceous collision because ocean island basalts and related sedimentary rocks dated between 132 and
108 Ma were interpreted as deposited on seamounts and/or oceanic plateaus incorporated in the Bangong-
Nujiang suture zone [Fan et al., 2014a; Wang et al., 2015b; K. J. Zhang et al., 2014; Zhu et al., 2006].

The well-exposed Jurassic to Cretaceous succession in the southern Qiangtang basin located to the north of
the Bangong-Nujiang suture zone may provide crucial information to determine the polarity of oceanic
subduction and timing of the subsequent Lhasa-Qiangtang initial collision. The Bangong-Nujiang ocean
may have not subducted northward beneath the Qiangtang basin [Allègre et al., 1984], which was thus inter-
preted as a continental margin rifted during Triassic to Jurassic time [Fu et al., 2010; Wang et al., 2010].
Alternatively, the southern Qiangtang basin may have been a Jurassic foreland basin to the Jinsha orogen
in the north [Leeder et al., 1988]. More recently, numerous studies have favored northward subduction of
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the Bangong-Nujiang ocean, with development of a back-arc basin [Zeng et al., 2015] and intrusion of Jurassic-
Cretaceous continental-arc-type granitoids in southern and central Qiangtang [Guynn et al., 2006, 2013; Hao
et al., 2016; Kapp et al., 2007; J. X. Li et al., 2014; S. M. Li et al., 2014; D. L. Liu et al., 2015; Wu et al., 2016].
Therefore, differently from all previous interpretations, the southern Qiangtang basin may have been an
arc-related basin. This article presents the first integrated biostratigraphic, lithostratigraphic,
sedimentological, and provenance data from the southern Qiangtang basin in the Biluoco-Qixiangco area,
and discusses their implications concerning basin evolution and timing of the Lhasa-Qiangtang initial collision.

2. Geological Setting
2.1. Jinsha Suture Zone

The Jinsha suture, marking the northern boundary of the Qiangtang block, represents the subduction zone of
the Paleotethys ocean (Figure 1a), which terminated by Late Triassic or Early Jurassic time [Dewey et al., 1988;
Yin and Harrison, 2000]. Huge Middle to Upper Triassic deep-sea turbidites sourced from surrounding blocks,
including Qiangtang, are exposed in the Hohxil and Songpan-Ganzi (HXSG) domain [Ding et al., 2013;
Enkelmann et al., 2007; Weislogel, 2008; Weislogel et al., 2006, 2010]. The HXSG turbidites were tectonically
deformed and overlain by nonmarine deposits in the Late Triassic to Early Jurassic [Roger et al., 2010].

2.2. Qiangtang Block

The Qiangtang block in central and northern Tibet is sandwiched between the Jinsha suture in the north and
the Bangong-Nujiang suture in the south (Figure 1a). In the central part of the Qiangtang block, mainly
Paleozoic strata [Kapp et al., 2000], high-pressure metamorphic mélange [Kapp et al., 2000; Pullen and
Kapp, 2014], ophiolites [Li, 1987; Zhai et al., 2015], and Upper Triassic intermediate to felsic intrusive rocks
[Kapp et al., 2000, 2003; Li et al., 2015; Wu et al., 2015] are exposed extensively from northwest to southeast
(Figure 1b). Paleozoic strata mainly consist of limestone, sandstone, siltstone, quartzite, shale, and phyllite,
bearing detrital zircons yielding ages mainly between 500 and 1100 Ma, with clusters at 650–500 Ma and

Figure 1. (a) Tectonic map of the Tibetan Plateau and adjacent regions [Chung et al., 2005]. JSSZ = Jinsha suture zone, BNSZ = Bangong-Nujiang suture zone,
IYSZ = Indus-Yarlung suture zone. (b) Simplified geological map of the Shuanghu, Nima, and Amdo areas of the Qiangtang block (modified after Pan et al. [2004]).
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1100–650 Ma and peaks at ~550, ~630, ~800, and ~950 Ma [Dong et al., 2011; Gehrels et al., 2011; Pullen et al.,
2011]. Zircons older than 1.1 Ga are less common, with two peaks at 1870 and 2500 Ma. Similar age spectra
are displayed by detrital zircons with ages older than 500 Ma from the Upper Triassic Riganpeico Group in
southern Qiangtang, also containing younger zircons clustering at 500–400Ma and 300–200Ma [Gehrels et al.,
2011; Wang et al., 2016].

The mélange unit includes blueschist, eclogite, amphibolite-facies rocks, and greenschist (see review by
Pullen and Kapp [2014]). U-Pb dating of detrital zircons suggests affinities with Paleozoic strata of the
Qiangtang block or Paleotethyan oceanic rocks of the Jinsha suture [Kapp et al., 2003; Pullen et al., 2008,
2011]. High-pressure metamorphism took place between Middle and Late Triassic times [Pullen and Kapp,
2014; Zhai et al., 2011], and exhumation of central Qiangtang mélange occurred during Late Triassic time
[Kapp et al., 2003;Wu et al., 2015] resulted from the collision of southern and northern Qiangtang subterranes
or southward subduction of Paleotethyan lithosphere (see review by Pullen and Kapp [2014]). Zircon U-Pb
dating indicates that the ophiolite suites formed between 501 and 345 Ma [Zhai et al., 2015; Zhai et al.,
2013c], although the existence of a complete and in situ ophiolite sequence in central Qiangtang is hotly
debated (see review by Pullen and Kapp [2014]).

2.3. Bangong-Nujiang Suture Zone

The Bangong-Nujiang suture marks the site of subduction of Bangong-Nujiang oceanic lithosphere and sub-
sequent Lhasa-Qiangtang collision (Figure 1a). Ophiolite sequences are exposed in three areas (Figure 1b). In
the east at Dengqen, radiolarian chert overlying the ophiolite contains Late Triassic fossils [Wang et al., 2002a,
2002b], but the gabbro and leucogabbro yielded zircons dated 178 Ma and 164 Ma, respectively [Wang et al.,
2015b]. In Dongqiao, radiolarian chert associated with the ophiolite is Jurassic in age [Wang, 1987], and gab-
bro yielded zircon with U-Pb ages between 190 and 184 Ma [Huang et al., 2015; T. Liu et al., 2015;Wang et al.,
2015b; Xia et al., 2008]. The ophiolite formed between 167 and 161Ma in the central part at Gaize [J. F. Li et al.,
2013;Wang et al., 2015b; Yuan et al., 2015; Zhang et al., 2007], and between 169 and 162Ma in Ritu to the west
[Liu et al., 2014; Shi, 2007;Wang et al., 2015b]. Abundant ocean island basalt (OIB)-type basalts interpreted as
seamounts [Fan et al., 2014a, 2014b; Wang et al., 2015b; Zhu et al., 2006] or an oceanic plateau [K. J. Zhang
et al., 2014] occur in Tarenben and Duoma northeast of Selingco (Figure 1b) [Zhu et al., 2006], Nadong
between Nima and Gaize [Fan et al., 2014], and Zhonggang near Gaize [Fan et al., 2014a].

Slate, metamorphic sandstone, chert, and mudrocks interbedded with limestone (the Mugagangri Group)
[Wen, 1979] most probably represent mélange accreted to a subduction complex [Huang et al., 2017; Li
et al., 2017; Zeng et al., 2015]. The Shamuluo Formation, Late Jurassic-Early Cretaceous clastic rocks inter-
layered with limestones in shallow marine environment, overlies the Mugagangri Group and ophiolite in
an angular unconformity contact [Li et al., 2017].

2.4. Amdo Basement

The Amdo basement, between two segments (represented by Amdo ophiolite in the north and Yila ophiolite
in the south) of the Bangong-Nujiang suture zone [Institute of Tibetan Geological Survey, 2005; Wang et al.,
2015b; Zhu et al., 2013] (Figure 1b), was thus tentatively interpreted as a microcontinent [Chen et al., 2015;
Guynn et al., 2006; X. R. Zhang et al., 2014; Zhu et al., 2013]. It consists of orthogneiss crystallized at
915–840 Ma and 530–470 Ma [Guynn et al., 2006, 2012], metasedimentary rocks bearing zircons showing
affinity with the Qiangtang block [Guynn et al., 2012; Zhu et al., 2013] and Lower-Middle Jurassic granitoids
(185–170 Ma) [Guynn et al., 2006; D. L. Liu et al., 2015]. The metamorphism happened during Early to
Middle Jurassic time (191–167 Ma) [Guynn et al., 2006; X. R. Zhang et al., 2014]. Jurassic granitoids and gneiss
were interpreted as continental arc massif related to the northward subduction of the Bangong-Nujiang
oceanic lithosphere [Guynn et al., 2006, 2013], which induced back-arc basin opening that separated the
Amdo “microcontinent” from the Qiangtang block [Guynn et al., 2006]. In this scenario, the ophiolite between
the Amdo basement and the Qiangtang block would have formed during the successive closure of the back-
arc basin in Middle Jurassic time.

2.5. Stratigraphy of the Southern Qiangtang Basin

The Qiangtang basin is subdivided into northern and southern subbasins by the central Qiangtang culmina-
tion [Su et al., 2015; Zhang et al., 2002]. The Biluoco-Qixiangco area belongs to the southern subbasin to the
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south of Shuanghu Country (Figure 1b), with Biluoco in the west, Qixiangco in the east, and Selingco to the
south (Figure 1b). Mesozoic strata are subdivided into seven units, as described below.

1. The Upper Triassic Riganpeico Group [Institute of Tibetan Geological Survey, 2006] consists of limestone
interbedded with minor clastic rocks south of Biluoco, whereas north of Biluoco, voluminous sandstones
contain pebbles, plant fragments, and brachiopod and bivalve fragments.

2. The conformably overlying Quse Formation consists mainly of shale and limestone [Liu and Lü, 1988]. The
black shale intervals containing Toarcian (183–174Ma) ammonites [Chen et al., 2007; Su et al., 2015; Yi et al.,
2003] were related to the widespread Toarcian oceanic anoxic event [Fu et al., 2016]. Our new ammonite
data suggest that the unit may extend into the Aalenian (174–170 Ma) (Figure S2 in the supporting
information).

3. The conformably overlying Sewa Formation [Wen, 1979] mainly consists of marls, gray limestone, and
mudstone. The ammonites Dorsetensia sp. and Witchellia sp. indicate a Bajocian (170–168 Ma) age
[Wang and Sun, 1985; Wen, 1979; Yin and Chandler, 2015].

4. The conformably overlying Buqu Formation consists of limestone. The brachiopods Burmirhynchia-
Holcothyris indicate a Bathonian (168–166 Ma) age [Y. S. Wang et al., 2008; Yao et al., 2011].

5. The Biluoco Formation, a new stratigraphic unit established in this study, consists of conglomerate and
sandstone overlying the Buqu Formation with angular unconformity. Based on the age of underlying
and overlying strata, the Biluoco Formation is between the late Bathonian (168–166 Ma) and early
Callovian (166–164 Ma) in age.

6. The conformably overlying Suowa Formation mainly consists of limestone containing bivalves and
ammonites, suggesting a Callovian (166–164 Ma) age [Yao et al., 2011; Yin, 2016].

7. The Abushan Formation [Wu et al., 1986], mainly consisting of conglomerates and sandstones and yield-
ing Late Cretaceous pollens [Wu et al., 1986], overlies Jurassic strata unconformably. Interbedded volcanic
lavas were dated as 80–76 Ma [Y. L. Li et al., 2013], 103–96 Ma [Y. L. Li et al., 2014], and 83 Ma [Wu et al.,
2014], confirming the Late Cretaceous age.

This shallow-marine basin has a deepwater counterpart accreted in the Mugagangri Group mélange. The
Gaaco Formation, newly defined in this study, includes turbiditic sandstone of Bajocian age included in
the mélange.

3. Sampling and Analytical Methods

Five stratigraphic sections were measured in detail and sampled accurately for rocks and fossils in the
Biluoco-Qixiangco area (Figures 2 and 3), including the Dongbula section (Quse, Sewa, and Buqu formations;
GPS: N32°46036″, E88°54048″), the Biluoco section (Biluoco Formation; GPS: N32°55013″, E88°55035″), the
Suorika section (Biluoco and Suowa formations; GPS: N32°50007″, E88°54016″), the Qixiangco section (Sewa
Formation; GPS: N32°27047″, E89°45009″), and the North Biluoco section (Abushan Formation; GPS:
N32°56004.35″, E88°52021.90″). We observed and collected samples in the Suorika area (Sewa Formation;
GPS: N32°49028″, E88°57034″ and Abushan Formation; GPS: N32°50045″, E88°54015″), south of Aangdaerco
(Quse and Sewa formations; GPS: N32°37014″, E89°3301″), and north of Selingco (Mugagangri Group in
Demazong; GPS: N32°7043″, E88°5600″ and Keleqiongle; GPS: N32°8035.22″, E89°2035.64″). Detailed strati-
graphic logging and sedimentological observations were carried out in the field; petrographic analyses of
sandstones, definition of limestone microfacies, and laser ablation–inductively coupled plasma–mass spec-
trometry (LA-ICP-MS) on detrital zircons were carried out in the lab.

3.1. Clastic Sedimentology

Sedimentological features of clastic rocks, including texture, primary sedimentary structures, and composi-
tion, were described bed by bed on the centimeter scale, allowing us to identify distinct facies as illustrated
in Table S1 in the supporting information [DeCelles et al., 1991; Miall, 1977; Ridgway and Decelles, 1993].
Unrestored paleocurrent directions were determined from imbricated gravels with stacking clast dipping
upstream and cross-laminated sandstone beds with foreset laminae dipping downstream. The restored
paleocurrent direction in tilted or folded strata was obtained by tilt correction. We measure the strike of beds
and the pitch angle between strike and current direction, then the tilted beds were kept horizontally and we
obtain the corrected direction by finally adding (or subtracting) the pitch angle from the strike.
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3.2. Microfacies

Carbonate rocks were described bed by bed on the centimeter scale, and 216 samples were collected about
every 1 m (77 samples from Quse Formation, 93 from Buqu Formation in Dongbula section, and 36 from
Suowa Formation in Biluoco section). Classification was based on Dunham [1962], integrated by Embry and
Klovan [1971]; microfacies definition and interpretation are after Flügel [2010].

3.3. Sandstone Petrography

Ninety-three sandstones with less diagenetic alteration were selected for modal analysis. About 400 points
were counted on each sample, following the Gazzi-Dickinson method, in which crystals or grains larger than
62.5 μm in diameter within rock fragments are counted as single minerals [Ingersoll et al., 1984]. The results
are in Table S2.

3.4. U-Pb Zircon Dating

Accessory minerals were separated by elutriation and magnetically from 14 sandstone samples (detailed
information on analyzed samples is provided in Table S3). Zircon grains were handpicked and then mounted
in epoxy resin and polished. U-Pb dating of detrital zircons was conducted by LA-ICP-MS at the State Key

Figure 2. Geological map of the Biluoco-Qixiangco area (southern Qiangtang basin), modified from the 1:250,000 scale regional geological survey in Tibet
(Angdaerco area) [Institute of Tibetan Geological Survey, 2006]. (a) Biluoco area with Biluoco, Suorika, and Dongbula sections. (b) Qixiangco area with Qixiangco
section. (c) North of Selingco area with Demazong and Keleqiongle sampling locations.
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Laboratory of Mineral Deposits Research, Nanjing University, following Jackson et al. [2004] with a beam
diameter of 35 μm. GLITTER 4.4 was used for calculating results and relevant isotopic rates [Jackson et al.,
2004]. Age calculations and probability density plots were created with Isoplot 4.15 [Ludwig, 2011]. We
considered 206Pb/238U ages for grains <1000 Ma and 207Pb/206Pb ages for grains >1000 Ma. Zircons older
than 200 Ma with discordance <10% and younger than 200 Ma with discordance <20% were used. The
complete data set is in Table S4.

Dickinson and Gehrels [2009] discussed the relationships between youngest zircons ages and the depositional
age of the enclosing sediment, and concluded that the youngest zircons ages represent a reliable indicator of
depositional age in the case of sediments derived from a magmatic arc with continuous penecontempora-
neous volcanic activity. In our study of the southern Qiangtang basin, we compared the youngest zircon ages
found in strata containing ammonites, and confirmed the usefulness of YC1σ(2+) ages to effectively constrain
the maximum depositional age of the Sewa and Gaaco formations (Table 1).

3.5. Zircon Hf Isotopes

In situ Hf isotopic analyses of zircon grains were made immediately in the same zone with U-Pb age
analysis. Hf isotopic compositions were determined with a Thermo Scientific Neptune Plus multicollector
ICP-MS coupled to a New Wave UP193 solid-state laser-ablation system at the State Key Laboratory for
Mineral Deposits Research, Nanjing University. Zircon grains were ablated with a beam diameter of
35 μm using an 8 Hz laser repetition rate with energy of 15.5 J/cm2. The Mud Tank standard was analyzed
in every run, yielding 176Hf/177Hf = 0.282480 ± 0.000031 (2σ; n = 20), which is identical to the literature
value of 176Hf/177Hf = 0.282522 ± 0.000042 (2σ; n = 2335) [Griffin et al., 2007]. The complete data set is
in Table S5.

4. Sedimentology of Carbonate Rocks

Detailed microfacies studies were carried out on the Quse, Buqu, and Suowa formations. Eight microfacies
types were identified (Figure S1 and Table S6). Oncoids are found in the Quse and Buqu formations in
oncolitic wackestone (MF2), bioclastic floatstone (MF3), and oolitic packstone (MF7), and aggregates are

Figure 3. Chronostratigraphic chart for the southern Qiangtang basin (time scale according to Gradstein et al. [2012]),
showing measured sections and inferred sedimentary environments.
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found in the Quse, Buqu, and Suowa formations in bioclastic packstone (MF5), MF7, and oolitic grainstone
(MF8). They suggest a carbonate-platform environment, rather than carbonate-ramp environment
[Flügel, 2010].

4.1. Quse and Buqu Formations

The Quse Formation in the Dongbula section (Figure 4a) is characterized bymicritic limestone yielding ammo-
nites (Lytoceras sp.) (Figure S2), whereas dominant gray to black micritic limestone with some sandstone and
shale south of Angdaerco contains abundant bivalves, brachiopods, and ammonites (Thouarsense or
Dispansum zone and Leioceras sp.) (Figure S2), indicating a Toarcian to Aalenian age. In the Dongbula section,
oncolitic wackestones (MF2) occur in the bottom 215 m dotted by fenestral mudstones (MF1), and the latter
dominates the upper 230 m, with the former occurring only at about 400 m and 434 m and bioclastic float-
stone (MF3) at 435 m. So the Quse Formation in the Dongbula section was deposited mainly in inner platform
settings; only bioclastic floatstone (MF3) in the upper part indicates outer platform settings (Figure S3).

The Buqu Formation is ~100 m thick in the Dongbula section. Oolitic packstones (MF7) and bioclastic pack-
stones (MF5) are alternated in the lower 80 m, together with bioclastic mudstone/wackestone (MF4) at 28 m
and oolitic grainstone (MF8) at 33 m, 40 m, and 53 m. Bioclastic rudstone (MF6) only occurs in the top 10 m.
The microfacies assembly suggests outer platform environment (MF4–MF7) dotted by shoal
environment (MF8).

4.2. Suowa Formation

In the Suorika section (Figure 4g), terrigeneous siliciclastic supply is documented at the base of the unit and
gradually decreases upsection. Carbonate microfacies indicate changing environments from shoal (MF8) to
outer platform (MF5 and MF7), and finally back to shoal (MF8) (Figure S4). The ammonites Subkossmatia
sp. (Figure S2) and Idiocycloceras sp. (Figure S2) suggest an early Middle Callovian age. The bivalves
Radulopecten? sp. (Bajocian-Tithonian) and Radulopecten cf. tipperi Cox (Callovian-Oxfordian) (Figure S2) were
found east of Biluoco (N32°54010.31″, E88°56029.36″) (Figure 2a). According to these paleontologic data, a
Callovian age is suggested for Suowa Formation.

5. Sedimentology of Clastic Rocks
5.1. Sewa Formation

The Sewa Formation is widely developed in the Dongbula and Qixiangco sections and Suorika area
(Figures 2a and 2b). In the Dongbula section, it is ~225 m thick and consists mainly of pale-green to gray,
fine- and very fine-grained sandstone interbedded with gray siltstone and many shell beds (Figures 4a and

Table 1. Detrital-Zircon Chronostratigraphy Places Robust Constraints on the Depositional Age of the Sewa and Gaaco Formations, As Well As the
Abushan Formation

Formation Sample Analyzed Numbers of Zircon Grain YDZa YSGb YPPc YC1σ(2+)d YC2σ(3+)e

Sewa 15DB82 n = 45 173.4 + 4.0/�7.8 175 ± 4 175.5 175.9 ± 3.0 (n = 3) 175.9 ± 3.0 (n = 3)
15DB108 n = 75 171.7 + 3.1/�5.0 173 ± 2 176.8 175.5 ± 1.7 (n = 7) 176.5 ± 1.5 (n = 11)
15DB132 n = 60 170.3 + 3.6/�8.5 172 ± 2 174.0 173.6 ± 2.2 (n = 5) 174.9 ± 2.0 (n = 7)
15BL06 n = 76 170.4 + 5.1/�7.8 172 ± 3 174.0 174.6 ± 3.4 (n = 4) 174.6 ± 3.4 (n = 4)
15BL12 n = 60 169.2 + 6.2/�14 171 ± 3 170.8 171.7 ± 5.1 (n = 3) 171.7 ± 5.1 (n = 3)
15QX02 n = 75 168.3 + 3.5/�5.6 171 ± 2 173.6 173.0 ± 1.8 (n = 9) 174.1 ± 1.6 (n = 12)
15QX06 n = 75 171.8 + 3.3/�6.5 172 ± 3 175.0 175.3 ± 2.3 (n = 6) 175.3 ± 2.3 (n = 6)

Gaaco 15SL71 n = 60 169.7 + 4.0/�4.6 170 ± 2 177.8 171 ± 25 (n = 2) 175.4 ± 3.7 (n = 7)
15SL16 n = 75 171.3 + 3.7/�6.0 172 ± 3 179.2 174.4 ± 2.6 (n = 4) 177.2 ± 2.8 (n = 9)

Abushan 15BL88 n = 75 78.8 + 2.4/�2.1 79 ± 1 78.4 104.9 ± 1.9 (n = 2) 220.0 ± 5.3 (n = 5)
15BL94 n = 75 94.5 + 1.6/�3.1 95 ± 1 96.3 96.3 ± 0.9 (n = 6) 96.4 ± 0.9 (n = 7)

aYDZ = age calculated by the “youngest detrital zircon” routine of Isoplot [Ludwig, 2011].
bYSG = youngest single detrital zircon age with 1δ uncertainty.
cYPP = youngest graphical detrital zircon age peak on an age-probability plot or age-distribution curve.
dYC1σ(2+) = weighted mean age (±1σ incorporating both internal analytical error and external systematic error) of youngest cluster of two or more grain ages

overlapping in age at 1σ.
eYC2σ(3+) = weightedmean age (±1σ incorporating both internal analytical error and external systematic error) of youngest cluster of three or more grain ages

overlapping in age at 2σ [Dickinson and Gehrels, 2009].
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Figure 4. Photographs of outcrops in the Biluoco-Qixiangco area of the southern Qiangtang basin. (a) Conformable contacts between the Quse, Sewa, and Buqu
formations, Dongbula section; (b) upward thickening and coarsening strata in the Sewa Formation, Qixiangco section; (c) angular unconformity between Buqu
limestones and Biluoco conglomerates, 3 km west of Biluoco section (N32°56034.09″, E88°53045.27″); (d) angular unconformity between the Sewa Formation and
Biluoco Formation, ~40 km west of Biluoco (N32°49035.00″, E88°2500.12″); (e) conglomerate and sandstone intervals alternating in the lower Biluoco Formation,
passing upsection to sandstones overlain conformably by Suowa limestones, Biluoco section; (f) lithofacies Gh, St, Sm, and Ghi in the lower Biluoco Formation,
Biluoco section (field book is 20 × 12.5 cm); (g) conformable contact between Suowa and Biluoco formations, Suorika section; and (h) blocks-in-matrix structure in
Mugagangri Group, Keleqiongle. Blocks include alternating chert and limestone beds. (i) Thin-bedded sandstones in Gaaco Formation, Demazong; (j) lithofacies Gcm
with andesite and limestone cobbles in Abushan Formation, north Biluoco section; and (k) imbricated, horizontally stratified conglomerate (lithofacies Ghi) in
Abushan Formation, Suorika.
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S5). Bivalves, brachiopods, crinoids, gastropods, ammonites, and trace fossils are found throughout the
section. Charcoal fragments occur 102 m above the base. Lithofacies Sr, Sp, Sh, Fr, and Fm (Table S1)
predominate, with common ripples, asymmetric ripple marks, parallel lamination, and planar oblique
lamination. Fining upward sandstone lenses with erosional base occur, as well as synsedimentary-
deformation structures. In the upper part (170–225 m above the base), oolitic grainstones (MF8) and shell
beds are more frequently interbedded with sandstone beds.

The Sewa Formation shows upward thickening and coarsening in the Qixiangco section, where it consists of
over 175 m thick gray black siltstone and shale (lithofacies Fm and Fl) followed by 12 m thick fine-medium
rippled to massive, medium to thick-bedded sandstone alternating with siltstone containing trace fossils
(lithofacies Sr and Sm) (Figures 4b and S6). The poorly exposed base contains layers of fine laminated
sandstone (lithofacies Sr) and shell beds. In the Suorika area, the unit consists of sandstone, shell limestone
with bivalves and brachiopods, and sandstone, and common gypsum beds and mudrock.

The Sewa Formation exposed in the Dongbula section is interpreted as delta-front deposits locally showing
charcoal fragments and synsedimentary deformation [Pulham, 1989]. Lenticular sandstone with erosive base
indicates fluvial environment. Interbedded shell beds represent storm events in a shallow-marine environ-
ment, as documented by varied faunas and trace fossils [Buatois and Mángano, 2011]. Transgression and
environmental change to ooid shoal occurs at the top. The Qixiangco section documents deposition in dee-
per water and progradation from prodelta to delta front environments. Lithofacies Fm and Fl suggest
waning-flood or drape deposits during low water turbulence, whereas lithofacies Sr and Sm indicate
higher-energy currents [Miall, 2013]. The Suorika section indicates deposition in a tidal flat or lagoon close
to the paleo-shoreline [Kinsman, 1969].

Two measures on planar oblique lamination in the Dongbula section indicate paleoflow directions of 270°
and 290°N, broadly consistent with directions of 245° and 270°N measured east of Angdaerco. The
asymmetric ripple mark shows the paleoflow direction of 154° in the Dongbula section (Figure S7a).

The ammonites (Hildoceratid sp.; Figure S2) collected in the Dongbula, Angdaerco, and Qixiangco areas indi-
cate a Bajocian age, in agreement with previous studies [Wang and Sun, 1985; Wen, 1979; Yin and Chandler,
2015]. Detrital zircons yield youngest ages (YC1σ(2+)) of 176–174 Ma (Dongbula), 173 Ma (Qixiangco), and
172 Ma (Suorika) (Table 1), constraining the maximum deposition age of the Sewa Formation to late
Alaenian (according to the time scale of Gradstein et al. [2012]).

5.2. Biluoco Formation

This newly established unit rests with angular unconformity on the Buqu Formation (Figures 4c and 4d),
and is exposed mainly in the northern part of the basin (Figure 2a). It consists largely of conglomerate and
sandstone. Two stratigraphic sections were measured at Biluoco and Suorika. The unit is 508 m thick in
the Biluoco section, where 240 m thick cobble to pebble conglomerates with coarse-grained sandstone
are followed by 268 m thick light gray to reddish, fine-medium sandstone (Figures 4e and S8). In the
lower part of the section, conglomerate and sandstone are commonly lenticular with erosional bases
(Figure 4f). Massive, matrix- or clast-supported conglomerate (lithofacies Gmm and Gcm, respectively) with
poor sorting and clast roundness dominates at the base. Massive sandstone (Sm) and trough-laminated
sandstone (St), or minor horizontally laminated sandstone (Sh), are intercalated. Upsection, horizontally
stratified (Gh) and imbricated (Ghi) conglomerate with better sorting and rounding becomes prevalent,
alternating with sandstone of lithofacies Sm, St, and Sh (Figure 4f). Limestone clasts are dominant (ca.
90%), and locally include bioclasts of brachiopods, bivalves, or foraminifera; clasts of quartzose or lithic
sandstones and dolomite are minor. In the upper part of the section (Figures 4e and S8), light green to
reddish sandstone containing more abundant quartz grains show horizontal (Sh) and trough-lamination
(lithofacies St). At the top, oolitic grainstones contain intraclasts and quartz grains, and intensely burrowed
mudstones occur.

In the Suorika section, the Biluoco Formation is ~46 m thick (Figures 4g and S9) and consists of siltstone and
very fine-grained sandstone (lithofacies Fm and Fr) passing upsection to fine-grained sandstone displaying
ripple (Sr), planar oblique (Sp), and horizontal lamination (Sh) or intense burrowing. Abundant ripple marks
occur. Planar cross-bedding shows distinct bimodality. Charcoal fragments occur. Fining upward lenses of
bioclastic rudstones with erosional base occur.
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The Biluoco section consists of coarse-grained alluvial fan deposits. Massive matrix-supported conglomerate
and massive sandstone (Gmm and Sm) in the lower part indicate gravity-flow deposition on the inner to
middle fan [Miall, 2013]. Upsection, the prevalence of well-organized lithofacies Gcm, Gh, and Ghi indicates
braid plain processes [Miall, 2013]. The upper part of the unit characterized by parallel- and trough-laminated
sandstone (Sh and St) may have been deposited by a braided river that debouched in a shallow sea, as finally
documented by transgressive limestone at the top.

The Suorika section documents instead delta-front deposition on a continental shelf affected by tides and
storms. Lithofacies Fm and Fl suggest suspension fallout, and lithofacies Sh, Sp, and Sr deposited in submar-
ine bars possibly by longshore and tide currents [Shukla et al., 1999].

Thirty-two paleoflow directions weremeasured overall. South-eastward directions (117°–151°N) are indicated
by imbricated clasts north of Biluoco. Sixteen directions from 88° to 260°N (average 206°N) were determined
from imbricated clasts in the Biluoco section. Oblique lamination of sandstone beds indicates bimodal paleo-
flows (northwest and southeast, respectively) in the Suorika section (Figure S7a).

The Biluoco Formation, comprised between the Bathonian Buqu Formation and the Callovian Suorika
Formation, does not contain age-significant fossils. By stratigraphic position its age is constrained as latest
Bathonian to earliest Callovian.

5.3. Abushan Formation

Two sections were studied, on the northern bank of Biluoco and in the Suorika area. The unit is 105 m thick in
the north Biluoco section where it includes massive, clast-supported conglomerates with poor sorting and
subrounded cobbles up to 40 cm in diameter (lithofacies Gcm) (Figure 4j) or matrix-supported horizontally
stratified conglomerate (Gh) locally showing imbrication (Ghi). Lenticular massive sandstone (Sm) is interca-
lated in the conglomerate, which alternates with sandstone displaying horizontal (Sh), planar oblique (Sp), or
trough oblique lamination (St). Pebbles and cobbles are mostly limestone, andesite, and lithic sandstone
(Figure 4j). Clasts are 60–80% limestone and 10–30% andesite at the base, but andesite clasts increase upsec-
tion abruptly from 10% to 60%, before decreasing again to 30% and finally become dominant (>90%) at the
top of the section (Figure S9).

In the Suorika area, the Abushan Formation overlies unconformably the Suowa Formation. The base is domi-
nated by massive clast-supported (Gcm) and horizontally stratified conglomerate (Gh and Ghi) (Figure 4k),
with intercalated massive sandstone. Poorly sorted and moderately rounded pebbles and cobbles up to
~60 cm in diameter are mostly limestone (90%) and sandstone (10%). Upsection, better sorted clast-
supported conglomerates with better rounded imbricated clasts (Ghi) are interbedded with sandstones
displaying horizontal (Sh) or trough oblique lamination (St).

The Abushan Formation consists of conglomerate and sandstone indicative of alluvial fan to braided river.
Lithofacies Gcm and Sm indicate gravity-flow deposition, whereas better sorted clast-supported conglomer-
ates (Gh and Ghi) and sandstones (Sh, St, and Sp) suggest streamflow processes [Miall, 2013]. Trough and
planar oblique lamination in sandstones of the Biluoco section and imbricated clasts in the conglomerate
consistently indicate westward to southwestward (235°–270°N) paleoflows (Figure S9).

A Late Cretaceous maximum depositional age is indicated by the youngest detrital zircon ages in the Biluoco
(YSG 95 ± 1 Ma; YC1σ(2+) 96.3 ± 0.9 Ma) and Suorika sections (YSG 79 ± 1 Ma; YC1σ(2+) 104.9 ± 1.9 Ma)
(Table 1), as confirmed by an ~80 Ma old volcanic interbed in the north Biluoco section [Wu et al., 2014].

5.4. Mugagangri Group and Gaaco Formation

The Mugagangri Group is exposed along the northern bank of Selingco (Figure 1b). The unit, similar to that in
Gaize area [Huang et al., 2017; Li et al., 2017; Zeng et al., 2015], shows blocks-in-matrix structure and contains
chaotic blocks of various types. In the Demazong area (Figure 2c), packages of thin-bedded massive sand-
stone (Sm) may be included as blocks (Figure 4i). Blocks of red or pale-green chert, limestone, and basalt
range in size from centimeters to meters. In the Keleqiongle area (Figure 2c), blocks consisting of interbedded
limestone and pale-green chert are up to tens of meters in size, tight folded, and embedded in matrix of
strongly sheared interbedded shale and massive sandstone (Sm) (Figure 4h).

The massive sandstone (Sm) and interbedded shale in both the Demazong and Keleqiongle areas probably
were deposited originally as turbidites in a deep-sea environment. The maximum depositional age of the
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sandstone unit, as constrained by the youngest detrital zircons (YC1σ(2+)), is similar in both areas (174 Ma
near Demazong area and 171 Ma near Keleqiongle area; Table 1). These turbidites of inferred Aalenian-
Bajocian age, strongly deformed and included in the Mugagangri Group mélange, are here newly defined
under the name Gaaco Formation.

6. Provenance Analysis
6.1. Sandstone Petrology

Sandstones from the Sewa Formation are feldspatho-litho-quartzose to litho-feldspatho-quartzose volcani-
clastic (classification after Garzanti [2016]) (Figure 5a). Thirty-four samples from the Dongbula section yield
an average composition QFL = 50:21:29 (Figure 6). Quartz grains are mainly monocrystalline and subangular
to subrounded; embayments are common (Figure 5a), indicating a volcanic origin [Donaldson and
Henderson, 1988]. Feldspars range from 10% to 32% with K-feldspar more than plagioclase (Kf/P 4:1).
Lithic grains are mostly microlitic to felsitic volcanic with average LmLsLv = 8:7:85 (Figures 5a and 6).
Sandstones from the Qixiangco and Suorika sections are similar to those of the Dongbula section in
detrital composition.

In the Biluoco section, sandstones from the Lower Biluoco Formation are litho-quartzose to quartzo-lithic
sedimentaclastic (average composition QFL = 51:3:46, LmLsLv = 16:72:12) (Figures 5c and 6). Quartz grains
are mainly monocrystalline (45%) with considerably polycrystalline (6%). Lithic fragments are mainly lime-
stone, with minor chert (Figure 5c), siltstone, slate, phyllite, quartzite, schist, and mainly felsic volcanic grains.
Quartz increase as lithic grains decrease in the upper part of the formation (Figure 5d), where sedimentary
(limestone and chert) and volcanic (microlitic to felsitic) lithic grains are dominant (average composition
QFL = 75:10:15, LmLsLv = 15:45:40) (Figures 5d and 6). Sandstones in the Suorika section are mostly litho-
quartzose sedimentaclastic (average composition QFL = 74:2:24, LmLsLv = 27:62:11) (Figure 6), similar with
those in the Lower Biluoco Formation in the Biluoco section. Quartz are mainly monocrystalline. Feldspars
are few. Limestones are most common lithic fragments, possessing 90% of total sedimentary detritus.

Figure 5. Microphotographs: (a) feldspatho-litho-quartzose volcaniclastic sandstone (Sewa Formation, 15DB132, Dongbula
section), (b) quartzo-lithic-feldspathic volcaniclastic sandstone (Gaaco Formation, 15SL16, Demazong), (c) lithic sedimen-
taclastic sandstone (lower Biluoco Formation, 15XL04, Biluoco section), and (d) feldspatho-litho-quartzose sedimentaclastic/
volcaniclastic sandstone (upper Biluoco Formation, 15XL20, Biluoco section). Qm, monocrystalline quartz; Qp, polycrystal-
line quartz; Pl, plagioclase; L, lithic fragments (Lm, metamorphic; Lv, volcanic; Lc, carbonate; Lst, terrigenous clastic).
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Sandstone compositions are different in the north Biluoco and Suorika sections of the Abushan Formation.
In the north Biluoco section, sandstones of the Abushan Formation are litho-quartzose and quartzo-lithic
volcaniclastic (average composition QFL = 46:9:45, LmLsLv = 3:24:73) (Table S2). Intermediate to felsic
volcanic rock fragments prevail over limestone and minor sandstone clasts. In the Suorika area, sandstone
samples are litho-quartzose and quartzo-lithic sedimentaclastic (average composition QFL = 51:47:2,
LmLsLv = 8:89:2) (Table S2), with dominant limestone and only minor sandstone and volcanic
rock fragments.

The Gaaco Formation sandstone, having the same composition in the Demazong and Keleqiongle areas
(Figure 6), is mostly feldspatho-litho-quartzose and litho-feldspatho-quartzose volcaniclastic (Figures 5b
and 6). Subangular to subrounded monocrystalline quartz grains with embayments are common (Figure 5b).
Lithic grains (17–53%) are mostly microlitic to felsitic volcanic, with minor slate and phyllite (average
composition QFL = 45:21:34, LmLsLv = 17:4:79) (Figure 5b).

6.2. U-Pb Age Spectra and Hf Isotopes of Detrital Zircons

Overall, we have 1207 concordant detrital-zircon ages from 15 sandstone samples, among which 195 zircon
grains were analyzed for Lu and Hf isotopes (data in Tables S4 and S5). U-Pb relative age–probability density
diagrams are in Figure 7.

Sample 14QT16 from the Riganpeico Group yields 73 concordant ages, 45 of which cluster between 1150 and
550 Ma; a sharp peak between 490 and 480 Ma is also shown. The youngest cluster between 240 and 230 Ma
is compatible with detrital-zircon ages reported from Upper Triassic strata in the southern Qiangtang basin
[Gehrels et al., 2011].

Seven sandstones from the Sewa Formation (three from the Donbula section (Figure S5), two from Suorika,
and two from the Qixiangco section (Figure S6)) provide similar zircon-age spectra (Figure 7). Oldest zircon
ages cluster around 2500 Ma and 1850 Ma (Figure 7), with a minor cluster between 460 and 420 Ma
(Figure 7), whose εHf(t) values range widely from �25 to +15 (Figure 8). Younger zircon ages are scattered
between 300 and 210 Ma (19.5% of total ages) (Figure 7), with equally widely ranging εHf(t) values from
�25 to +15 (Figure 8). Zircons with youngest ages (183–170 Ma, 9.2%), peaking at 175 Ma, also yielded εHf
(t) values between �25 and +13 (one abnormal spot at �39.5 may be an error and not discussed later),
corresponding to TC DM ages ranging from 2.80 to 0.47 Ga.

U-Pb age spectra of detrital zircons change from the lower to upper part of the Biluoco Formation (Figure 7).
In the lower part (samples 15BL32 and 15BL52 from the Suorika section (Figure S9a) and sample 15XL01 from
the Biluoco section (Figure S8)), zircons younger than 500 Ma are few (7.2% of analyzed grains). The ages are
mainly grouped between 1050 and 500 Ma (59.2%), or scattered between 1800 and 1050 Ma. In the upper
part of the Biluoco Formation, <500 Ma zircons increase to 32.2% and have peaks at 480–450 Ma and

Figure 6. Ternary diagrams for sandstones of the Sewa, Gaaco, and Biluoco formations. Q, quartz; F, feldspar; L, lithic frag-
ments (Lm, metamorphic; Ls, sedimentary; Lv, volcanic). The black arrows highlight the compositional change consequent
to the late Bathonian tectonic event.
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Figure 7. U-Pb relative age–probability density diagrams for detrital zircons in strata of the southern Qiangtang basin. Data fromQiangtang Paleozoic strata (samples
05AQ07, 05AQ10, 05GT42, 05GT56, 0524022, AP0703052, 64062B, 6120611, 6120612, 061705, 06GT80, 06GT43, 06GT69, 06GT81, 06GT112, 06GT145, 06AQ187, and
06AD197 from Gehrels et al. [2011] and Pullen et al. [2011] and XZ0701 from Dong et al. [2011]), southern Qiangtang Upper Triassic strata (sample 14QT16 from this
study; 613982, 720993, 06GT10, and 06GT23 from Gehrels et al. [2011]; and 16WQ-A from Wang et al. [2016]), and Lhasa Upper Triassic strata (samples LZ11-2-5,
LZ11-2-7, LZ11-2-8, LZ11-2-9, and LZ11-2-11 from G. W. Li et al. [2014] and sample 13MLG08 from Wang et al. [2016]) are plotted for comparison.
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300–210 Ma, whereas 1050–500 Ma zircons decrease to 23.2%. The youngest zircons are 220–210 Ma in age
and yield εHf(t) values between �13 and �4, with one point at +13.

Detrital zircons from the Abushan Formation in the Biluoco section yield mainly Mesozoic ages (29.3% of
analyzed grains), with a youngest dominant peak around 100 Ma, and two other peaks at 124 Ma and
227 Ma. Scattered older ages show minor clusters around 1900 Ma, 1000–900 Ma, and 650 Ma. In the
Suorika area, zircons older than 250 Ma are dominant (85.3%), with clusters around 1850 Ma,
1000–900 Ma, 500–400 Ma, and 350–200 Ma.

Detrital zircons from the Gaaco Formation are similar to those from the Sewa Formation, with age clusters
around 2500, 1850, 460–200 Ma (17.8%), and 183–170 Ma (7.1%) (Figure 7). The εHf(t) values from 183 to
170 Ma zircons range between �25 and +13, with corresponding TC DM ages between 2.74 and 0.55 Ga.

7. Interpretation and Discussion
7.1. Mesozoic Paleogeographic Evolution in the Southern Qiangtang

Our stratigraphic and sedimentological data in Biluoco-Qixiangco area allow a reconstruction of the paleo-
geographic evolution during Mesozoic time in the southern Qiangtang basin. During Late Triassic time, the
Biluoco-Qixiangco area was dominated by delta to shallow marine environment from the north to south
(the orientation here and subsequent are in present-day coordinates) [Institute of Tibetan Geological Survey,
2006], as indicated by the sandstone bearing plant fragments and marine fossils in the north and limestone
interbedded with minor clastic rocks in the south.

During Early Jurassic time, shallow-water limestones of the Quse Formation were widely deposited in the
southern Qiangtang basin [Chen et al., 2007; Su et al., 2015; Yi et al., 2003]. The Dongbula area was submerged
by a shallow sea and characterized by inner platform sedimentation close to shoreline as indicated by
fenestral mudstone (MF1) and oncolitic wackestone (MF2). The Angdaerco area was located farther offshore
and characterized by deposition of micritic mud encasing ammonites, branchiopods, and bivalves, with

Figure 8. Relative U-Pb age probability and U-Pb age versus εHf(t) plots for detrital zircons from the Sewa, Gaaco, and
upper Biluoco formations. Data from Triassic volcanic and granitoid rocks in central and northern Qiangtang [Li et al.,
2015; Yang et al., 2011; Zhai et al., 2013a], Jurassic granitoids in southern Qiangtang [J. X. Li et al., 2014; S. M. Li et al., 2014],
and Jurassic granitoids in Amdo [D. L. Liu et al., 2015] are plotted for comparison.
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addition of some siliciclastic detritus. Facies differences between these two areas suggest that the shoreline
trending east-west was located north of our study area.

During Bajocian time, volcanic detritus was suddenly supplied by rivers, and the Sewa Formation sandstone
replaced the Quse Formation carbonate platforms. According to our facies analysis (see section 5.1),
sandstone was deposited in tidal flats in the northernmost Suorika area, passing to delta-front settings in
the Dongbula area ~10 km to the south, and to prodelta replaced upsection by delta-front environments
in Qixiangco farther to the south. Even farther to the south, the Gaaco Formation, presently incorporated
in the Bangong-Nujiang suture, was deposited as deep-sea turbidites (see section 5.4). The southern
Qiangtang basin deepened toward the south.

During Bathonian time, a shallow-marine carbonate platform was reestablished. The Buqu Formation
accumulated in mainly outer platform to shoal settings in the Dongbula area as documented by carbonate
microfacies (see section 4.1), with dolostones implying nearshore environments reported in the Biluoco area
[Institute of Tibetan Geological Survey, 2006].

During late Bathonian to early Callovian time, an alluvial fan developed in the northern part of the southern
Qiangtang basin, as documented by the Biluoco Formation in the Biluoco area (see section 5.2). The deposi-
tional environment passed southward from delta-plain to delta-front and prodelta as documented in the
Suorika area (see section 5.2).

During Callovian time, this fan-delta system was replaced by the carbonate platform in the Suowa Formation.
No uppermost Jurassic and Lower Cretaceous stratigraphic records are preserved in the southern Qiangtang
basin, suggesting tectonic uplift and erosion or just nondeposition. Alluvial-fan sedimentation in an intermon-
tane setting renewed in Late Cretaceous time, as documented by the Abushan Formation (see section 5.3).

7.2. Provenance Interpretation
7.2.1. Sewa and Gaaco Formations
Paleocurrent indicators in the Sewa Formation (n = 4, average 265°; n = 1, 154°), probably related to presence
of sinuous submarine channels in a delta-front setting [Howell and Link, 1979] or to reworking by waves, tides,
or longshore currents on the shelf [López-Galindo et al., 1999], indicate sediment transport from the north.
Facies distribution indicates southward deepening of the basin, consistent with southward sediment disper-
sal [Hartley and Otava, 2001].

The abundance of volcanic detritus in both Sewa and Gaaco formations (average 27% of total detrital grains),
together with youngest detrital zircons dated between 176 and 172 Ma, indicates deposition penecontem-
poraneous with an active volcanic source. Older detrital zircons in both units, with peaks around 2500 Ma,
1850 Ma, and 800 Ma, match well with those from Paleozoic strata in the Qiangtang block (Figure 7). The
broad peaks around 500–400 Ma and 300–200 Ma are common to Triassic strata from the Qiangtang block
[Gehrels et al., 2011]. Conversely, detrital zircons derived from the Lhasa block have distinctive peaks at
1250–1100 Ma and 550 Ma [G. W. Li et al., 2014; Wang et al., 2016; Zhu et al., 2011], which lack in the Sewa
and Gaaco formations (Figure 7). These lowermost Middle Jurassic units indicate provenance from the
Qiangtang block rather than from the Lhasa block.
7.2.2. Biluoco Formation
The Biluoco Formation in Suorika area shows bimodal paleocurrents (southeast and northwest) probably
related to tides (Figure S7b). All paleocurrent indicators in the Biluoco area indicate predominantly south-
southwestward paleoflow (Figure S7b). Similar with the paleocurrent pattern of the Bajocian Sewa
Formation, the source area of the Biluoco Formation was to the north of the southern Qiangtang basin.
This conclusion is consistently with the southward deepening trend of the basin documented by facies ana-
lysis: delta-plain in the Biluoco section and delta-front to prodelta in Suorika section. Dominant limestone
gravels in the lower part of the unit indicate a provenance change, confirmed by different age spectra of det-
rital zircons dominated by Precambrian U-Pb ages (Figure 7). Few zircon grains younger than 500 Ma imply
that Mesozoic strata (e.g., Riganpeico Group and Sewa Formation containing common young zircons),
Pan-Africa granitoids [P. Y. Hu et al., 2015; Pullen et al., 2011], or Paleozoic to Triassic volcanics or granitoids
[Wang et al., 2015a; Wu et al., 2015] did not represent the source of detritus. Similar zircon-age spectra char-
acterize Paleozoic strata exposed in central Qiangtang (Figure 7), which mainly consist of limestone, sand-
stone, siltstone, quartzite, shale, and phyllite, and are a likely detrital source [Kapp et al., 2000, 2003; Pullen
and Kapp, 2014].
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The chert fragments may have been derived from the ophiolite sequences of the so-called Longmucuo-
Shuanghu suture zone in central Qiangtang [Li, 1987; Zhai et al., 2015]. Slate, phyllite, quartzite, and schist
fragments may have been derived either from low-grade Paleozoic metasedimentary rocks or from themeta-
morphic mélange of central Qiangtang.

Volcanic rock fragments and detrital zircons <500 Ma increase in the upper part of the type section, where
main age peaks compare well with Upper Triassic strata of the Qiangtang block and poorly from those in
the Lhasa block (Figure 7). In particular, the youngest 220–210 Ma peak is typical of Upper Triassic strata of
southern Qiangtang [Gehrels et al., 2011]. Volcanic and granitoid rocks of this age are widely exposed in
central and northern Qiangtang [Fu et al., 2010; Li et al., 2015; J. Wang et al., 2008; Wu et al., 2015; Zhai
et al., 2013b], and yield similar εHf(t) values [Li et al., 2015; Zhai et al., 2013a] as those in upper Biluoco sand-
stones. Sandstone petrography and detrital-zircon ages and Hf isotopic ratios thus converge to indicate the
Paleozoic to Upper Triassic strata and igneous rocks of central Qiangtang area as the detrital source of the
upper Biluoco Formation.

7.3. The Early-Middle Jurassic Northward Subduction System
7.3.1. The Early-Middle Jurassic Continental Arc in Central Qiangtang
Dominant volcanic detritus and 183–170 Ma detrital zircons indicate penecontemporaneous volcanic activity
in the source area. Mostly intermediate to felsic volcanic fragments with only a few basalt fragments repre-
sent ~84% of the total lithic grains in the Sewa and Gaaco formations. This indicates a continental-arc source
[Marsaglia and Ingersoll, 1992] because intraplate volcanoes and intraoceanic arcs mostly consist of basalts
[Leat and Larter, 2003; Maria and Hermes, 2001]. Crustal contamination of mantle-derived magmas is indi-
cated by dominant intermediate-felsic detritus and by the εHf(t) values of 183–170 Ma zircons, ranging widely
from +12 to �25. Because subduction of Jingsha oceanic lithosphere terminated by the end of Triassic time
[Roger et al., 2010], the continental arc in the central Qiangtang area was most probably related to northward
subduction of Bangong-Nujiang oceanic lithosphere.

Previous studies suggest that 185–170 Ma granitoids in the Amdo basement may represent a continental arc
massif related to the northward subduction of Bangong-Nujiang ocean [Guynn et al., 2006, 2013; D. L. Liu
et al., 2015]. Guynn et al. [2013] were puzzled that detritus derived from this arc was not reported from sand-
stone in the Bangong-Nujiang suture zone, which we document in this study (Figure 8).

On the other hand, zircon Hf isotope ratios with εHf(t) as high as +12 in the Sewa and Gaaco formations have
never been reported yet from zircon crystals contained in 183–170 Ma igneous rocks of the Qiangtang block.
This might be explained by the still pioneering stage of geological research in the vast and rough Qiangtang
block, or by complete erosion of igneous rocks that sourced the southern Qiangtang basin during the several
subsequent exhumation event suggested by low-temperature thermochronology [Song et al., 2013], or even
by burial of the continental-arc source beneath younger Mesozoic strata [Guynn et al., 2006; Guynn et al.,
2013]. Further work is needed to address this problem adequately.
7.3.2. Southern Qiangtang as Part of the Early-Middle Jurassic Arc-Trench System
The Mugagangri Group represents the accretionary complex formed during northward subduction of the
Bangong-Nujiang ocean [Huang et al., 2017; Li et al., 2017; Zeng et al., 2015]. This mélange of the
Mugagangri Group in the studied area contains limestone, chert, basalt, and sandstone blocks similar to
the mélange in Gaize [Huang et al., 2017; Li et al., 2017; Zeng et al., 2015], and is widely exposed from west
to east to the north of Selingco along the suture zone. The accretion of the Gaaco Formation implies that
the deep-sea edge of the southern Qiangtang basin was disrupted during the growth of accretionary com-
plex. Despite such deformation, consistent provenance indicators recorded 183–170 Ma continental-arc
detritus from the north in both distal Gaaco turbidites and more proximal shallow-water Sewa Formation.
We suggest that the southern Qiangtang basin, confined between the central Qiangtang continental arc in
the north and the Bangong-Nujiang subduction complex in the south, was a fore-arc basin in Early-Middle
Jurassic time (Figure 9a).

This interpretation is consistent with geochemical data on ophiolites of the Bangong-Nujiang suture, which
are mid-ocean ridge basalt-like suprasubduction-zone ophiolites enriched in light rare earth elements and
large-ion lithophile element and depleted in Nb and Ta [Huang et al., 2015; T. Liu et al., 2015; Wang et al.,
2015b; Xia et al., 2008]. The Bangong-Nujiang ophiolites in Dongqiao are dated between 190 and 180 Ma,
indicating an Early Jurassic onset of oceanic subduction [T. Liu et al., 2015; Wang et al., 2015b]. This
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ophiolite formation process may be compared with that of the Xigaze fore-arc ophiolite [Maffione et al., 2015],
and is consistent with our interpretation of the southern Qiangtang basin as a fore-arc basin.

7.4. The Late Bathonian Tectonic Event

The angular unconformity between the Buqu and the Biluoco formations indicates that a major tectonic
event took place in the late Bathonian (166 ± 1 Ma according to the time scale of Gradstein et al. [2012]).
This major event is associated with a marked change in provenance and depositional environment, with
replacement of platform-carbonate and volcaniclastic deltaic deposits derived from continental-arc sources
(Quse, Sewa, and Buqu formations) by alluvial fans with dominant carbonate-clastic detritus fed by orogenic
sources (Biluoco Formation).
7.4.1. Change in Bangong-Nujiang Oceanic Subduction?
A change in subduction dynamics represents a possible explanation of the late Bathonian angular unconfor-
mity in the southern Qiangtang fore-arc basin. Flat subduction induced by arrival of warmer or thicker
oceanic lithosphere at the trench (e.g., mid-ocean ridge, oceanic plateau, and seamounts) may result in com-
pression and uplift [Espurt et al., 2008], and consequent deformation of the fore-arc basin [Finzel et al., 2011;
Ridgway et al., 2012]. However, clastic rocks above the unconformity would be fed either by renewed volcanic
activity in the case of ridge subduction or by recycling of uplifted fore arc-basin strata in the case of plateau or
seamount subduction [Ridgway et al., 2012]. The Biluoco Formation, instead, was derived from erosion of an

Figure 9. Schematic reconstruction of the southern Qiangtang arc-trench system before and after the late Bathonian
Lhasa-Qiangtang collision. (a) Before the collision, volcaniclastic sandstones derived from a continental arc were deposited
in the southern Qiangtang fore-arc basin (Sewa Formation); arc-derived detritus reached the trench-slope break (Gaaco
Formation) and contributed to the growth of accretionary complex. (b) Soon after the collision, compressional deformation led
to tectonic uplift and erosional exhumation of central Qiangtang. Sedimentaclastic conglomerate and sandstone derived from
a recycled orogeny were deposited in the southern Qiangtang syn-collisional basin (Biluoco Formation).
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orogenic source including Paleozoic strata located outside of the basin. The late Bathonian tectonic event is
unlikely to have been caused by a change in oceanic subduction dynamics.
7.4.2. Collision With the Amdo Microcontinent?
Collision between an arc terrane and a microcontinent would lead to strong compressional deformation
leading to tectonic growth and erosional exhumation of a newly formed orogenic belt [Wang et al., 2014].
The provenance change recorded by the Biluoco Formation, fed from central Qiangtang Paleozoic strata,
metamorphic rocks, and ophiolites (Figure 9b), is compatible with such a collision event that would have
reactivated the central Qiangtang area deformed in Middle to Late Triassic time [Kapp et al., 2003; Pullen
et al., 2011] and induced subsidence of the continental arc and fore-arc area [Guynn et al., 2006, 2013].

However, whether the Amdo basement represents a microcontinent [Chen et al., 2015; Guynn et al., 2006,
2013; X. R. Zhang et al., 2014; Zhu et al., 2013] or not [Xu et al., 1985; Yin and Harrison, 2000] is widely debated.
The northern Amdo and southern Yila ophiolite belts may have belonged originally to the same oceanic
thrust sheet now emplaced in different areas. Alternatively, they may represent relics of oceanic lithosphere
bounding the Amdo microcontinent [Guynn et al., 2006; Zhu et al., 2013], and may thus have different ages of
formation and emplacement. The former scenario is favored because the two ophiolite belts formed at about
same time, the Amdo ophiolite at 184 ± 2 Ma [Wang et al., 2015b] and the Yila ophiolite at 183.7 ± 1 Ma
[Huang et al., 2013]. Moreover, the source feeding the Biluoco Formation was located to the north of the
study area, whereas the Amdo microcontinent is exposed more than 270 km to the east (Figure 1b), which
might be too distant to be invoked by small Amdo microcontinent and Qiangtang collision event. The
Amdo-Qiangtang collision thus remains as an unlikely hypothetic event.
7.4.3. Collision With the Lhasa Block?
Several lines of evidence indicate that the late Bathonian tectonic event may have resulted from continental
collision between the Lhasa and Qiangtang blocks. This scenario explains the angular unconformity asso-
ciated with the major provenance and environmental changes recorded by the southern Qiangtang strati-
graphic succession. Further evidence to support this explanation includes (1) a Lhasa-Qiangtang collision
time of 166 ± 1 Ma is consistent with paleomagnetic constraints, indicating that the paleolatitudes of the
Lhasa and Qiangtang blocks became indistinguishable at ~20°N and rotation of the Qiangtang block chan-
ged in Middle-Late Jurassic time [Yan et al., 2016]; (2) the Nima area located ~100 km to the west of our study
area in the Bangong-Nujiang suture zone recorded tectonic deformation, exhumation, and cessation of mar-
ine sedimentation at 125–118 Ma [Kapp et al., 2007], indicating that the Lhasa-Qiangtang collision was well
underway in Early Cretaceous time [Hu et al., 2016]; and (3) similarly, Lower Cretaceous strata in northern
Lhasa were interpreted as deposited in a foreland basin associated with the Lhasa-Qiangtang collision
[Leeder et al., 1988; Leier et al., 2007], suggesting that collision onset should be recorded in underlying strata
[DeCelles et al., 2014; X. M. Hu et al., 2015; Hu et al., 2016], which are poorly studied.

Other lines of evidence are controversial, and may support different scenarios. First, the ophiolite obduction
may have occurred synchronously with the Lhasa-Qiangtang collision during Late Jurassic to Early
Cretaceous time [Girardeau et al., 1984]. In the Dongqiao area, the obducted Bangong-Nujiang ophiolite is
overlain by the Dongqiao (also called Zigetang) Formation, containing ophioliticlastic gravels deposited in
subaerial to shallow-marine environments [Marcoux et al., 1987; Wang, 1987; Yin et al., 1988]. Thus, the
depositional age of the Dongqiao Formation, as suggested by biostratigraphic evidence based on corals, stro-
matoporoids, bivalves, foraminifers, and algae to be Late Jurassic to Early Cretaceous time [Girardeau et al.,
1984; Wang and Dong, 1984], provides a minimum age constraint for the obduction event. Furthermore,
the metamorphic sole of the ophiolite yielded much older ages of 180–175 Ma [Zhou et al., 1997], which
would confine ophiolite displacement timing to late Early Jurassic time. This timing is several million years
earlier than the obduction to continental margin if metamorphic sole is inferred to have been associated
to intraoceanic subduction initiation [van Hinsbergen et al., 2015]. Therefore, if the ophiolite obduction event
is assumed to have resulted from the Lhasa-Qiangtang collision [Girardeau et al., 1984], then collision should
have been older than the depositional age of the Dongqiao Formation (Late Jurassic to Early Cretaceous) and
younger than the age of the metamorphic sole (180–175 Ma). Ophiolite obduction, however, may result from
tectonic processes different from continental collision [Dilek and Furnes, 2014;Wakabayashi and Dilek, 2003],
and emplacement of the Dongqiao ophiolite still needs to be properly understood.

Another controversial aspect is the widespread occurrence along the Bangong-Nujiang suture zone of Lower
Cretaceous OIB-type basalts overlain by chert and limestone generally interpreted as deposited on
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seamounts [Fan et al., 2014a;Wang et al., 2015b; Zhu et al., 2006] or oceanic plateaus [K. J. Zhang et al., 2014].
This led to conclude that oceanic crust had existed until late Early Cretaceous time, and therefore that the
Lhasa-Qiangtang collision could not have occurred earlier [Fan et al., 2014a; Wang et al., 2015b; K. J. Zhang
et al., 2014; Zhu et al., 2006]. Zircon U-Pb and whole-rock, clinopyroxene and plagioclase 40Ar/39Ar ages indi-
cate the OIB-type basalts formed at 132–108 Ma [Bao et al., 2007; Fan et al., 2014a; K. J. Zhang et al., 2014; Zhu
et al., 2006]. However, these ages might be problematic, because the cathodoluminescence images of dated
zircons [Bao et al., 2007; Fan et al., 2014a; Zhu et al., 2006] are not typical of mafic rocks and the K-Ar isotopic
system [K. J. Zhang et al., 2014; Zhu et al., 2006] may have been reset. In addition, the OIB-type basalts might
have been emplaced after the Lhasa-Qiangtang collision in a marine environment on continental crust [Zhu
et al., 2015].

The southern Qiangtang sedimentary record indicates that the Lhasa-Qiangtang collision may have taken
place as early as late Middle Jurassic time (166 ± 1 Ma), although a younger collision age cannot be ruled
out. The southern Qiangtang basin in the Duoma area near Ritu documents an angular unconformity
separating Lower-Middle Jurassic limestones from Upper Jurassic conglomerate [Raterman et al., 2014].
The Lhasa-Qiangtang collision may have initiated in this span of time, and have finally resulted in Late
Jurassic to Early Cretaceous south directed thrusting in the Domar fold-thrust belt [Raterman et al., 2014].
Alternatively, the late Bathonian event in southern Qiangtang may be correlated with the broadly coeval,
latest Early to earliest Middle Jurassic tectonic event recorded in the northern Karakorum far to the west
[Gaetani et al., 1993], where closure of the Shyok suture and final amalgamation of the Neotethyan margin
of Eurasia took place much later in the Late Cretaceous [Borneman et al., 2015; Gaetani et al., 1993]. This
correlation is tentative and more evidence is needed to support or refute it.

8. Conclusions

New integrated stratigraphic, sedimentological, and provenance data on Upper Triassic to Cretaceous strata
of the southern Qiangtang basin in the Biluoco-Qixiangco area allowed us to identify five Jurassic strati-
graphic units, from bottom to top: Quse, Sewa (corresponding with the deep-sea Gaaco Formation), Buqu,
Biluoco, and Suowa formations. This succession is overlain with angular unconformity by intermontane
conglomerate and sandstone of the Upper Cretaceous Abushan Formation.

Facies analysis of the Quse, Sewa, Gaaco, and Buqu formations indicates that during Early-Middle Jurassic
time, the paleo-shoreline was located north of our study area, and that the southern Qiangtang basin
deepened progressively southward. Provenance analysis suggests that the Aalenian-Bajocian sandstones
of the Sewa and Gaaco formations were sourced from erosion of a continental arc grown largely between
183 and 170 Ma in central Qiangtang. The Lower Jurassic to Bathonian southern Qiangtang basin, confined
between the central Qiangtang continental arc in the north and a subduction complex accreted during the
early stages of northward subduction of Bangong-Nujiang oceanic lithosphere and documented by the
Mugagangri Group mélange, is interpreted as a fore-arc basin.

The angular unconformity developed at the top of the Buqu carbonate platform indicates a major tectonic
event constrained stratigraphically as late Bathonian in age (166 ± 1 Ma). The overlying Biluoco Formation
documents an abrupt paleogeographic change with transition to alluvial fan and braid plain deposits fed
by erosion of Palaeozoic to Upper Triassic strata and igneous rocks of central Qiangtang. Tectonic uplift of
such orogenic source to the north is related to late Bathonian collision between the Qiangtang arc terrane
and another microcontinent, possibly the Lhasa block.
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