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A B S T R A C T

The Mesozoic trench deposits in the Bangong-Nujiang suture zone in central Tibet can provide critical in-
formation for reconstructing the paleotectonic evolution of the Bangong-Nujiang Ocean and constraining the
timing of the Lhasa-Qiangtang initial collision. In this paper, the Gamulong Formation, which is well exposed in
the Dong Co area, western Bangong-Nujiang suture, central Tibet, was studied. The sedimentological analysis
shows that the Gamulong Formation was deposited in a submarine fan environment. The youngest detrital zircon
age and fossils from limestone pebbles within the Gamulong Formation combine to determine a Middle Jurassic
age. The pebbles in the conglomerate are dominated by limestones and sandstones, which is consistent with the
sandstone petrology showing limestone and sandstone fragments as the main framework components. Detrital
zircon U-Pb ages from the sandstones yield age populations of 164–178Ma, 200–500Ma, 700–1000Ma,
1700–2100Ma and ~2500Ma. The corresponding zircon εHf(t) values are distributed between −23.5 and
+11.1. These zircon features are similar to those from the Qiangtang terrane. Accordingly, the provenance
results imply that the Gamulong Formation was recycled from the accretionary complex (Mugagangri Group
mélange) in the Bangong-Nujiang suture zone and the forearc basin deposits (Lower-Middle Jurassic Sewa/
Shaqiaomu/Jiebuqu formations) in the southern Qiangtang subterrane. The Gamulong Formation is char-
acterized by sedimentary recycling in the trench, likely in response to a tectonic event (possibly the continental
collision). Together with the previous studies, this work on the occurrence of the Gamulong Formation indicates
that the Lhasa-Qiangtang initial collision could have occurred in Middle Jurassic time (~166Ma).

1. Introduction

The Bangong-Nujiang suture zone (BNSZ) lies in central Tibet and
extends ~2000 km from the east to the west (Fig. 1a; Pan et al., 2012).
It represents an important tectonic boundary separating the Lhasa and
Qiangtang terranes and records the remnants of the Bangong-Nujiang
Ocean during the Mesozoic time (Yin and Harrison, 2000; Pan et al.,
2012). The evolution of the BNSZ is essential for understanding the
early tectonic history of the Tibetan Plateau. Recently, studies from
different disciplines have been conducted on this suture, such as
structural geology (Kapp et al., 2003, 2005), petrology (Zhu et al.,
2013, 2016; Fan et al., 2014), ophiolitic study (Shi, 2007; Wang et al.,
2016) and sedimentary geology (Zhang et al., 2012; Huang et al., 2017;
Li et al., 2017b, c); however, the time of Lhasa-Qiangtang initial col-
lision remains under debate, ranging from the Middle Jurassic to Late
Cretaceous time (Yin and Harrison, 2000; Kapp et al., 2005; Fan et al.,

2014; Zhu et al., 2016; Ma et al., 2017). A Late Jurassic to Early Cre-
taceous collision has been widely accepted based on several lines of
evidence, i.e., the ages of ophiolitic rocks in the BNSZ (Shi, 2007; Wang
et al., 2016), nonmarine molasse deposits overlying marine deposition
with an angular unconformity (Kapp et al., 2005) and the
~150–130Ma magmatic gap in the southern Qiangtang subterrane
(Zhu et al., 2016). Some researchers found the 132–108Ma OIB-like
basalts and related sedimentary rocks within the BNSZ and argued that
the ocean was still open and that the collision could have occurred in
the Late Cretaceous (Zhu et al., 2006; Fan et al., 2014). Recently, Ma
et al. (2017) found a set of ~166Ma conglomerates above the marine
limestones with an angular unconformity in the Shuanghu area
(Fig. 1a); these deposits were interpreted as the Middle Jurassic Lhasa-
Qiangtang collision. In addition, a diachronous collision along the BNSZ
is acceptable, with collision propagating from the east to the west (Pan
et al., 1983; Yin and Harrison, 2000; Yan et al., 2016).
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The onset of a peripheral foreland basin on the underthrusting plate
can be used to constrain the two continental initial collision (DeCelles
et al., 2014; Hu et al., 2017). As two continents collide, the accumu-
lating zones between two continents (i.e., trench fills) are produced by
the flexural subsidence in response to the contractional fold-thrust belt
(corresponding to the foredeep depozone within the “foreland system”,
DeCelles and Giles, 1996). The detritus from one continent is delivered
to be deposited upon another continental landmass. Thus, the trench
fills commonly record the deritus of initial approach, which implies the
two continental initial collision (DeCelles et al., 2014). According to
this simple principle, lots of work has been conducted on the sedi-
mentary rocks in the trench to constrain the continental initial collision.
For instance, the “Sangdanlin section” in the Yarlung-Zangbo suture
zone, southern Tibet, recorded the first arrival of the Asian detritus,
which is used to precisely constrain the India-Asia initial collision (Ding
et al., 2005; Wang et al., 2011; DeCelles et al., 2014; Hu et al., 2015,
2017).

In the BNSZ of central Tibet, thick Mesozoic sedimentary rocks are
well preserved (XZBGM, 1993; Zeng et al., 2006). Detrital zircon geo-
chronology and provenance analysis from the Mesozoic strata in the
BNSZ imply that the Late Triassic-Middle Jurassic Mugagangri Group
was formed in an accretionary complex, recording the accretion history
in response to the northward subduction of the Bangong-Nujiang
oceanic lithosphere (Zeng et al., 2015; Huang et al., 2017; Li et al.,
2017b). The Lower-Middle Sewa, Shaqiaomu, and Jiebuqu formations
in the southernmost Qiangtang terrane records shallow marine clastic
and carbonate deposits derived from the magmatic arc in the southern
Qiangtang subterrane, reflecting a forearc basin setting (Zeng et al.,
2006; Huang et al., 2017; Ma et al., 2017). However, the absence of
trench deposits in the BNSZ led to the interpretation of an incomplete

subduction-collision system (Underwood and Moore, 1995). In this
paper, the discovery of the Gamulong Formation exposed within the
Mugagangri Group is reported. Combining sedimentology, conglom-
erate composition, sandstone petrology, zircon U-Pb ages and Hf iso-
topes, the Gamulong Formation is interpreted as having been deposited
in a submarine fan environment in the trench and mostly recycled from
the previous sedimentary strata. Together with the paleotectonic set-
tings, the finding of the Gamulong Formation improves the under-
standing of the Lhasa-Qiangtang initial collision along the BNSZ in the
central Tibetan Plateau.

2. Geological setting

The BNSZ is a Mesozoic tectonic boundary in the central Tibetan
Plateau, separating the Lhasa terrane to the south from the Qiangtang
terrane to the north (Yin and Harrison, 2000). The geological compo-
nents of these tectonic units are described as follows.

2.1. Lhasa terrane

The Lhasa terrane is commonly subdivided into two domains: the
southern Lhasa subterrane and the northern Lhasa subterrane (Fig. 1a,
Burg et al., 1983; England and Searle, 1986; Searle et al., 1987). The
southern Lhasa subterrane is characterized by the Gangdese magmatic
arc and Xigaze forearc basin. The Gangdese magmatic arc is mainly
dominated by the Mesozoic- Cenozoic Gangdese batholiths and the
coeval volcanic rocks including the Yeba Formation, the Sangri Group
and the Linzizong volcanic rocks (Chu et al., 2006; Mo et al., 2007,
2008; Wen et al., 2008; Ji et al., 2009; Lee et al., 2009; Zhu et al.,
2011a, 2015). In the southernmost Gangdese magmatic arc, the Xigaze
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forearc basin accumulated thick sequences of Albian-Campanian deep-
water turbidites (Dürr, 1996; Wang and Liu, 1999; Wang et al., 2012;
An et al., 2014; Orme et al., 2014; Orme and Laskowaki, 2016) that
were mainly sourced from the Gangdese magmatic arc (Wu et al., 2010;
An et al., 2014). The northern Lhasa subterrane is composed of sub-
stantial Cretaceous magmatic rocks as well (i.e., Zenong volcanic rocks,
Zhu et al., 2008, 2009, 2011a, Sun et al., 2015a). Very thick sedi-
mentary successions of Carboniferous metasedimentary rocks, Permian
limestones, Jurassic siliciclastic rocks and Cretaceous marine-terrestrial
deposits are exposed in the northern Lhasa subterrane (Leeder et al.,
1988; Yin et al., 1988; Zhang et al., 2004, 2011, 2012; Leier et al.,
2007a, b; Sun et al., 2015b, 2017).

The pre-Jurassic detrital zircons from the Lhasa terrane tend to be in
the age ranges of 150–200Ma, 500–600Ma and 1000–1300Ma (Leier
et al., 2007b; Gehrels et al., 2011; Zhu et al., 2011b). The zircon εHf(t)
values are very positive in the southern Lhasa subterrane and mostly
negative in the northern Lhasa subterrane (Zhu et al., 2011a and re-
ferences therein).

2.2. BNSZ

The BNSZ is exposed ~2000 km along strike from the east to the
west (Pan et al., 2004) and represents the remains of subduction of the
Bangong-Nujiang oceanic lithosphere and the subsequent Lhasa-
Qiangtang collision (Yin and Harrison, 2000; Kapp et al., 2005). It is
commonly concluded that the closure of the Bangong-Nujiang ocean
and the subsequent Lhasa-Qiangtang collision occurred during Late
Jurassic-Early Cretaceous time (Kapp et al., 2007; Zhu et al., 2011a,
2016). Recently, a Late Cretaceous Lhasa-Qiangtang collision has been
proposed by Fan et al. (2014) based on the subduction-related oceanic
island model.

There are many suites of ophiolitic fragments scattered in the BNSZ.
Geochronological studies reveal that these ophiolites formed between
190 and 160Ma (i.e., Dengqen area, Liu et al., 2002; Wang et al., 2016;
Dongqiao area, Shi et al., 2007, 2012; Wang et al., 2016; Gaize area,
Qiu et al., 2004; Zeng et al., 2006; Bao et al., 2007; Wang et al., 2008,
2016; Rutog area, Shi et al., 2004, 2008; Wang et al., 2016). The Me-
sozoic Wuga Formation, Mugagangri Group and Shamuluo Formation
are preserved very well in the BNSZ, representing deep-water sedi-
mentary environments (Zeng et al., 2015; Li et al., 2017b). The detrital
zircons and the paleontological fossils suggest that these formations
were deposited during Late Triassic-Early Cretaceous time (Zeng et al.,
2006; Li et al., 2017b, c).

The reported detrital zircons of the BNSZ are mostly from the
Mugagangri Group and yield age populations of 200–350Ma,
400–700Ma, 750–1000Ma, 1750–1950Ma and 2300–2500Ma (Zeng
et al., 2015; Huang et al., 2017; Li et al., 2017b). The corresponding
εHf(t) values show a varied distribution, ranging from −23.5 to +11.1
(Huang et al., 2017; Li et al., 2017b).

2.3. Qiangtang terrane

The Qiangtang terrane can be divided into the southern and
northern Qiangtang subterranes by the Longmu Co-Shuanghu suture
zone (LSSZ) (Li et al., 1995), which is also characterized by the high-
pressure Qiangtang metamorphic belt including blueschist, eclogite,
ophiolitic mélange and metasedimentary rocks (Zhang et al., 2007;
Pullen et al., 2008; Zhai et al., 2011; Tang and Zhang, 2014). Mag-
matism from ~185–150Ma and 130–100Ma is well developed in the
southern Qiangtang subterrane (Liu et al., 2017). The thick Lower-
Middle Jurassic deposits crop out in the south margin of the southern
Qiangtang subterrane and contain the Sewa Formation, Shaqiaomu
Formation, and Jiebuqu Formation (Zeng et al., 2006; Huang et al.,
2017). The Sewa Formation comprises marls, mudstone/shale, and
limestone. The Shaqiaomu Formation is mainly composed of mudstone
and sandstone interbedded with limestone. The Jiebuqu Formation

consists of shallow marine limestone (Zeng et al., 2006). The northern
Qiangtang subterrane features a sedimentary depression dominated by
Triassic-Jurassic terrestrial-marine sedimentary-volcaniclastic rocks
intercalated with volcanic rocks (Fu et al., 2008; Wang et al., 2008).
Triassic magmatic activity has been recorded in the northern Qiangtang
subterrane with zircon U-Pb ages of ~223–205Ma (Zhai et al., 2013;
Peng et al., 2015).

The detrital zircons from the Qiangtang terrane are characterized by
age populations of 200–300Ma, 500–650Ma, 700–1000Ma,
1800–2000Ma, and ~2500Ma (Leier et al., 2007b; Pullen et al., 2008,
2011; Dong et al., 2011; Gehrels et al., 2011; Zhu et al., 2011b). The
Lower-Middle Jurassic Sewa Formation in the southernmost Qiangtang
terrane (represented as the forearc deposits) yields zircon age popula-
tions of 210–300Ma, 420–500Ma, 780–850Ma and 2400–2500Ma,
with the εHf(t) values ranging from −25 to +15 (Huang et al., 2017;
Ma et al., 2017). In addition, the igneous zircons yield ages of
185–150Ma and 130–100Ma in the southern Qiangtang subterrane
(Guynn et al., 2006; Li et al., 2014; Liu et al., 2014, 2017), 325–471Ma
in the central Qiangtang metamorphic belt (Pullen et al., 2008), and
205–223Ma in the northern Qiangtang subterrane (Li et al., 2007;
Wang et al., 2007; Zhai and Li, 2007; Zhai et al., 2013; Peng et al.,
2015). The εHf(t) values from the detrital and igneous zircons of the
Qiangtang terrane are dispersed and vary from −25 to +11 (Yang
et al., 2011; Zhai et al., 2013; Li et al., 2014; Liu et al., 2014, 2017; Hao
et al., 2015; Peng et al., 2015).

2.4. The geology of the BNSZ in the Dong Co area

In the Dong Co area of this study, relatively complete ophiolite se-
quences are preserved, which have MORB- and OIB-like affinities with
U-Pb ages of ~167Ma and 132Ma, respectively (Bao et al., 2007; Wang
et al., 2016). In the north of these ophiolites, the Zhonggang OIB-like
mafic rocks are well exposed (Fig. 1b). Zircon U-Pb dating shows that
they have an Early Cretaceous age (~116Ma, Fan et al., 2014). The
formation of the Zhonggang OIB-like mafic rocks remains a matter of
debate, concerning the ocean island model during subduction (Fan
et al., 2014) or the decompression melting of the asthenosphere due to
the break-off of the subducted Bangong-Nujiang oceanic slab (Zhu
et al., 2016).

The sedimentary strata in the Dong Co area are the Mugagangri
Group and the Shamuluo Formation (Fig. 1b). The Mugagangri Group
displays fault contact with the Dong Co ophiolite and comprises several
kilometres of strongly deformed deep-water turbidites with a large
number of mélange units (Zeng et al., 2015; Li et al., 2017b). However,
in this study, it is found that the Mugagangri Group have the obvious
zonation, showing the massive mélanges (J1-2 mlg) exposed east-west
extension in the northern part of BNSZ, while the deep-water turbidites
(normally graded strata, J1-2 m) distributed in the southern part of the
BNSZ. These two different lithologic units are separated by the Gaize-
Dongco road in geography (Fig. 1b). The Shamuluo Formation is in
fault contact with the ophiolite (Zeng et al., 2006) or shows an angular
unconformity with the underlying Mugagangri Group (Li et al., 2017b,
c). In addition, the Lower Cretaceous Qushenla Formation is widely
exposed along the suture zone, including basaltic to intermediate vol-
canic rocks intercalated with minor clastic rocks (Zeng et al., 2006;
Chen et al., 2014).

3. Analytical methods

3.1. Conglomerate and sandstone petrography

In the field, the conglomerate compositions (clast types) were
counted at 7 locations using a 10× 10 cm grid and at least 100 clasts
were in statistics per point. A total of 13 petrographic thin sections were
point-counted using the Gazzi-Dickinson method (Ingersoll et al.,
1984). At least 400 grains were counted per sample, and the data were
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plotted in the QFL and LmLvLs ternary diagrams (Dickinson, 1985;
Garzanti et al., 2007).

3.2. Zircon U-Pb dating and Hf isotopes

Zircon U-Pb ages were obtained on a laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) at the State Key
Laboratory for Mineral Deposits Research (MiDeR), Nanjing University
(NJU), China. The detailed instrumental conditions and analysis pro-
cedures can be referred to Liu et al. (2013). The correction of the mass
discrimination and elemental fractionation for the standard zircon is
followed by the method of Jackson et al. (2004). The applied zircon
ages are 206Pb/238U ages if grain ages< 1000Ma, and 207Pb/206Pb ages
if grains> 1000Ma. The common Pb isotopic data were calculated by
GLITTER 4.4 (Van Achterbergh et al., 2001), and common Pb correc-
tion was conducted following Andersen (2002). The zircon age prob-
abilities were performed using Isoplot (version 2.49) (Ludwig, 2001).

Zircon Hf isotope analyses were analyzed on the same zircon grains
with U-Pb ages and was conducted at MiDeR-NJU, China, via a Thermo
Scientific Neptune Plus mass spectrometer (MC-ICP-MS) coupled to a
New Wave UP193 nm laser ablation system. Zircons were ablated with
a beam of 50 μm in diameter, an 8 Hz of laser repetition rate, and an
energy of 10.9–11.0 J/cm2. The results were collected 200 times in
1min per zircon grain. The details of the analysis conditions and pro-
cedures are following Wang et al. (2013). The calculation of the results
was applied as 1.867× 10−11 a−1 for the decay constant of 176Lu
(Soderlund et al., 2004). The calculation of εHf(t) and Hf model age
(TC

DM) was followed the methods of Bouvier et al. (2008) and Griffin
et al. (2002), respectively.

4. Sedimentology

In the Dong Co area, a set of ~200-m-thick conglomerate-domi-
nated clastic rocks were discovered and further investigated near
Gamulong Village; these rocks had not been mapped on the geological
maps (Zeng et al., 2006). This conglomerate extending ~10 km from
east to west, is well bedded and in fault contact with the underlying
mafic rocks (ophiolitic assemblage) and the overlying mélange of the
Mugagangri Group (Figs. 2, 3a). Moreover, the section B is totally ex-
posed in the mélange of the Mugagangri Group with the fault contact
(Fig. 2). About ~30 km east of the study area (north of the Zhaxi Cobu
Lake), the conglomerates expose as the big blocks in the mélanges of the
Mugagangri Group, indicating they could be strongly deformed into the
mélanges after the deposition. To distinguish this well bedded con-
glomerate from the Mugagangri Group and discuss the detailed de-
positional processes, this stratigraphic unit is named the “Gamulong
Formation” for the discussion in the following.

In the study area, two sections were investigated in detail (Fig. 2).
Section A is ~210m thick and mostly composed of a varied sequence of
gray conglomerates, sandstones and mudstones. Section B has lithology
similar to that of Section A and crops out with a combined thickness of
~200m. Three lithofacies assemblages are recognized, and sedimen-
tary descriptions and environment interpretations are given below.

4.1. Lithofacies assemblage 1: conglomerates with sandy matrix

4.1.1. Description
This lithofacies is characterized by massive gray conglomerates with

a thickness of ~150m (Fig. 3b), indicating the major components of the
Gamulong Formation. The conglomerate beds are commonly wedge-
shaped to lenticular and laterally discontinuous. The normally graded
conglomerate beds are occasionally observed. A prominent feature of
this lithofacies is that these conglomerates are mostly filled with the
sandy matrix instead of the muddy matrix. Based on the supporting
structure, the conglomerates include two types: clast-supported and
matrix-supported (Fig. 3c, d). The clast-supported conglomerates

comprise pebble- to cobble-sized clasts with minor coarse sandstone
matrix. The clasts are poorly sorted, subrounded and display weakly
horizontal stratification with occasionally A-axis imbricated clasts
(Fig. 3e). The clast size in the long dimension is ~10 cm on average,
with a maximum size of ~40 cm. The base of each conglomerate bed
commonly shows an abrupt contact or erosional boundary with the
underlying rocks. The individual conglomerate beds are unstable and
discontinuous laterally with lengths of no> 10m. The vertical se-
quence of conglomerates shows disorganized and no significantly
cyclic. The matrix-supported conglomerates have pebble- to boulder-
sized angular clasts that are poorly sorted and usually disorganized.
Scoured bases are very common in this lithofacies, showing the ero-
sional surfaces. The matrix is composed of coarse-grained sandstones.
The maximum clast size can be> 50 cm (~10–20 cm on average). In
addition to these conglomerate beds, some lenticular or wedge-shaped
pebbly coarse-grained sandstones are interbedded (Fig. 3f). The thick-
nesses of the sandstone beds are commonly within 10–50 cm. Planar
horizontal lamination is occasionally observed in the sandstones.

4.1.2. Interpretation
The conglomerates of this lithofacies with poorly grading and clast

disorganization are interpreted as the products of rapid sedimentation
under an active, high-energy, concentrated and sediment-rich deposi-
tional system (Davies and Walker, 1974; Winn and Dott, 1979). The
clast- supported conglomerates represent high density sandy and/or
grain flow with non-cohesive (lack of the mud-matrix), while the ma-
trix-supported conglomerates represent high density debris currents
from the suspension sedimentation (Lowe, 1979; Naylor, 1980; Blair
and McPherson, 1994). Given the lithofacies association described in
the following section of this study, an inner channelled region of coarse-
grained submarine fan is a reasonable environment for interpretation of
these massive conglomerates (Ineson, 1989).

4.2. Lithofacies assemblage 2: pebbly graded sandstones

4.2.1. Description
This lithofacies assemblage features coarse- to very coarse-grained

sandstones, and some are pebbly. This lithofacies is typically inter-
calated with lithofacies 1 (Fig. 2). These pebbly sandstones are very
common in the outcrops and well developed in both sections with
thicknesses of ~1–2m (commonly 0.5–1.5 m thick, Fig. 3g) per sand-
stone package, which fill the most shallow scours. The bases of these
sandstone packets commonly show discontinues within a few meters
(no>10m) and are interdigitated by the other coarser or finer-grained
lithofacies. Every single pebbly sandstone bed has a scoured base and
an abrupt boundary with the underlying beds. From the bottom to the
top, the sandstone package shows upward fining with the thick-bedded
and graded-stratified pebbly sandstones at the base. The pebbles in the
lower part of the sandstone package are mostly scoured from the un-
derlying beds and are ~1–2 cm in size. Above the pebbly sandstones,
stratified sandstone beds are well developed and mottled with thickness
of ~0.5–2m. Slightly normal grading and parallel laminations are
common. The cross-laminated beddings are rare in these graded-stra-
tified sandstones.

4.2.2. Interpretation
This lithofacies is interpreted as representing deposition from highly

concentrated sandy turbidity currents, largely out of high-density sus-
pensions. The stratified sandstone beds indicate a phase of tractional
deposition during the waning of the current (Ineson, 1989). This li-
thofacies assemblage of pebbly sandstones and graded sandstones in-
dicates a relatively episodic nature of high-energy environment with
the channel system. Therefore, combining these depositional features
and above, the braided channel and the channel levee deposits within a
submarine fan provide a possible interpretation (Mutti, 1977; Mutti and
Ricci Lucchi, 1978).
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4.3. Lithofacies assemblage 3: mudstones interbedded with sandstones

4.3.1. Description
This lithofacies is mainly developed in Section A with a thickness of

~50m in total. The mudstone beds in this lithofacies are always mot-
tled and slightly thicker (~10–50 cm) than the intercalated sandstone
beds (usually no>10 cm-thick). The compositions show clays and very
fine siltstones intercalated. The tops of the mudstones usually have
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erosive boundaries with rarely continuous laterally (~5–10m, Fig. 3h).
Normal grading and occasional parallel laminations appear in the
mudstones. These mudstone beds are commonly interbedded with
medium- and fine-grained thin sandstone beds (some are pebbly). The
individual sandstone beds are commonly ~5–10 cm in thick and have
sharp basal contacts with the underlying mudstones. The parallel la-
minations and small-scale cross-laminations are developed in the
medium-grained sandstones. In addition, there are occasionally ex-
posed the isolated lenticular, scoured conglomerates and

intraformational slided blocks in the mudstone lithofacies.

4.3.2. Interpretation
The mudstones are consistent with deposits of diluted low-con-

centration turbidity currents with suspension fallout (Mutti and Ricci
Lucchi, 1978). The interbedded thin graded sandstone beds are inter-
preted to have been deposited under low-density turbidity currents,
resulted from the more extensive channel breaching (Ineson, 1989).
The intraformational blocks are emplaced by sliding. Integrating this

N

Gamulong conglomerate

Mugagangri Group
Mélange

Ophiolites

(g)

(f)(e)

(d)(c)

(b)(a)

(h)
Fig. 3. a) Panoramic photograph for the Gamulong Formation, showing the relationships with the other strata; b) The conglomerate bodies in the section; c) Clast-
supported cobble conglomerate beds. Hammer is 41 cm long; d) Matrix-supported cobble conglomerate beds. Hammer is 41 cm long; e) The conglomerate beds with
imbricated clasts; f) The interbedded lenticular or wedge-shaped pebbly coarse-grained sandstones. Hammer is 41 cm long; g) Coarse-grained sandstone beds.
Hammer is 41 cm long; h) the mudstone beds with the erosional bases on the top.
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lithofacies assemblage, it represents a relatively low-energy environ-
ment, which accumulated the sediments mainly from the overbank
deposits of turbidity currents. The channel levee and crevasse splay
within submarine fan can be considered as this sedimentary environ-
ment (Mutti, 1977; Ineson, 1989).

5. Analytical results

5.1. Conglomerate clast counts and lithology

Approximately 700 conglomerate clasts were counted at 7 sites in
sections A and B (Fig. 2). The lithological components of the clasts are
sandstones, limestones, and minor volcanic rocks. The sandstones
comprise ~56.9% of the total clasts on average and are mostly sedi-
mentary litharenites (Fig. 4a). Quartz-rich sandstones are very common
as well. Limestones account for ~42.7% of the total clasts and consist
mostly of microcrystalline limestone with some recrystallized corals
and algae (Fig. 4b, e, and f). The rest of the clasts are a few volcanic
rocks that represent a minor proportion only and are mostly inter-
mediate to felsic rocks.

5.2. Sandstone modal composition

A total of 13 sandstones from the Gamulong Formation are mostly
poorly sorted, include siliceous or calcareous cements and feature an-
gular to subrounded grains. These sandstones have average modal
compositions of Q:F:L= 35:11:54 (see Appendix Table 1, Fig. 5).
Among these compositions, the sedimentary fragments (limestones and
clastic rocks, Fig. 4c) are the primary components composing ~53.3%
of the total framework grains. Monocrystalline quartz is the secondary
component and consists of ~34.1% of the total framework grains, while
polycrystalline quartz is rare. The quartz grains are commonly sub-
rounded to rounded (Fig. 4d). The K-feldspar grains are the main
feldspar components and comprise ~6.6% of the total grains. Zircon,
muscovite and magnetite are common accessory minerals. In the QFL
and LmLvLs modal composition discrimination diagrams (Fig. 5,
Dickinson, 1985; Garzanti et al., 2007), all the sandstones plot in the
field of “recycled orogeny”, featuring recycled source areas.
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Fig. 4. Petrography of the Gamulong Formation. a) Sandstone pebble with abundant sedimentary clasts; b) Microcrystalline limestone pebble showing re-
crystallization locally; c) and d) Interbedded sandstones with abundant sedimentary clasts; e) Andersenolina elongata; f) Neotrocholina sp.
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5.3. Zircon U-Pb ages and Hf isotopes

A total of 255 detrital zircons from three sandstones of the
Gamulong Formation (sample locations shown in the sedimentary logs
of Fig. 2) were analyzed for U-Pb ages. The measured zircon U-Pb ages

are shown in Appendix Table 2 and Fig. 6. In particular, the available
90 zircons from sample 16GM12 (Section B) of a sandstone pebble yield
a Mesozoic age population of 200–350Ma (peaking at ~270Ma) with
the youngest age of 203 ± 3Ma. However, 83 of 90 zircons have pre-
Mesozoic ages with age ranges of 410–450Ma, 700–1000Ma,
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Fig. 5. The Ternary diagrams of sandstone framework compositions from the Gamulong Formation (referred to Dickinson, 1985; Garzanti et al., 2007). Q=quartz;
F= feldspar; Lm=metamorphic fragments; Lv= volcanic fragments; Ls= sedimentary fragments; L= lithic fragments (Lm+Lv+ Ls). The data of Mugagangri
Group and Sewa Formation are from Li et al. (2017b) and Ma et al. (2017).
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1700–2000Ma and ~2500Ma. The 75 zircons from sample 16GM19
(Section B) from the sandstone matrix of the Gamulong Formation
produce age populations of 170–176Ma (the youngest ages are
170 ± 3Ma, 173 ± 3Ma, and 176 ± 3Ma), 210–280Ma,
400–450Ma, 515–610Ma, 1800–2100Ma, and 2400–2550Ma. Among
these 75 zircons, the pre-Mesozoic zircons account for nearly 83%. Of
the 90 zircons in sample 17YL01 from the sandstone matrix (Section A),
13 zircons exhibit young age populations of 164–178Ma and
210–280Ma with the youngest age of 164 ± 3Ma. The other 77 zir-
cons yield age distributions of 400–500Ma, 700–900Ma,
1800–2000Ma, and 2400–2550Ma.

A total of 69 detrital zircon Hf isotopic analyses were conducted on
the same individual zircons that provided the U-Pb ages (Appendix
Table 3; Fig. 7). The results yield varied 176Hf/177Hf isotopic ratios
ranging from 0.282911 to 0.283128. The corresponding εHf(t) values
are distributed between −23.5 and+ 11.1 (average of −4.5) with TC

DM

model ages of 2.8–0.6 Ga.

6. Discussion

6.1. Depositional age of the Gamulong Formation

Previous studies by the geological survey have placed the Gamulong
Formation in the Mugagangri Group and give an approximate Jurassic
age based on the corals from the sedimentary matrix (Zeng et al., 2006;
Cao et al., 2008). The youngest detrital zircons from the Mugagangri
Group yield ages of Late Triassic to Middle Jurassic (continuing at least
to late Middle Jurassic time, ~163Ma, Huang et al., 2017; Li et al.,
2017b). In this study, the limestone pebbles from the Gamulong For-
mation yield Andersenolina elongata and Neotrocholina sp., showing ages
of Middle Jurassic-Early Cretaceous (Bathonian-Aptian, Fig. 4e, f). The
youngest detrital zircons commonly provide the maximal depositional
age for the sedimentary strata, which has been proved effectively in
sandstones from the Colorado Plateau (Dickinson and Gehrels, 2009).
In this study, the age constraint for the Gamulong Formation is best
determined by the youngest detrital zircons from the sandstone matrix,
which can be closer to the true depositional age. Samples 17YL01 and
16GM19 of the sandstone matrix from the Gamulong Formation yield
the youngest detrital zircon age populations ranging between 164Ma
and 178Ma with the youngest detrital zircon YC1σ(2+) age of
166 ± 2Ma (the detrital zircon YC1σ(2+) age is a reliable way of

determining the age of depositional strata, and the calculation method
can be found in Dickinson and Gehrels, 2009). Therefore, in con-
sideration of the Middle Jurassic-Early Cretaceous limestone pebbles, it
can be concluded that the Gamulong Formation was being deposited
until ~166Ma at least. According to the rapid depositional features of
the Gamulong Formation, the youngest detrital zircon age of ~166Ma
can approximately represent the sedimentary age in this work. In ad-
dition, the source strata of the accretionary complex and forearc de-
posits (see the discussion in Section 6.2 below) might have continued to
accumulate to approximately Middle Jurassic time (i.e., ~163Ma, Zeng
et al., 2006; Huang et al., 2017; Li et al., 2017b; Ma et al., 2017), which
also supports a Middle Jurassic age for the deposition of the Gamulong
Formation.

6.2. Provenance analysis and sedimentary recycling

The detrital zircons from two sandstone matrices and one sandstone
pebble of the Gamulong Formation yield similar age spectra (Fig. 6),
showing age populations of 164–178Ma, 200–500Ma, 700–1000Ma,
1700–2100Ma and ~2500Ma. Comparing these age signatures with
the above potential sources, they are quite similar to the detrital and
igneous zircons from the Qiangtang terrane to the north, featuring as
the age populations of ~200–500Ma, 700–1000Ma, 1800–2000Ma
and ~2500Ma (Fig. 8), and distinct from the Lhasa terrane to the south,
with the age ranges of 500–600Ma (peaking at ~550Ma) and
1000–1300Ma (peaking at ~1170Ma) (Fig. 8, Gehrels et al., 2011;
Leier et al., 2007b; Zhu et al., 2011b). In particular, the youngest
164–178Ma zircons were likely from the 150–185Ma magmatic rocks
exposed in the southern Qiangtang terrane. The scattered zircon εHf(t)
values of the Gamulong Formation are consistent with the Qiangtang
terrane as well (Fig. 7), which also supports the Qiangtang affinity
provenance features.

The abundant sedimentary clasts (limestone and sandstone pebbles)
in the conglomerate beds of the Gamulong Formation suggest that they
are not likely derived from the Qiangtang terrane directly because of
the broad magmatism that developed in the Qiangtang terrane during
Mesozoic time (Guynn et al., 2006; Li et al., 2007; Wang et al., 2007;
Zhai and Li, 2007; Pullen et al., 2008; Zhai et al., 2013; Li et al., 2014;
Liu et al., 2014, 2017; Peng et al., 2015). The sedimentary character-
istics of the Gamulong Formation imply they were deposited from local
sources in a submarine fan environment. The detrital zircons of the
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BNSZ are confirmed to be derived from the Qiangtang terrane as they
show similar zircon signatures (Fig. 8, Zeng et al., 2015; Huang et al.,
2017; Li et al., 2017b). Hence, whether the Gamulong Formation was
derived directly from the Qiangtang terrane or recycled from the BNSZ
and/or the Qiangtang terrane needs further investigation. It is known
that the arc magmatism (mostly intrusive rocks) was extensively de-
veloped in the southern Qiangtang subterrane during 185–150Ma
(Guynn et al., 2006; Li et al., 2014; Liu et al., 2014, 2017). In this case,
these intrusive rocks have not been denudated and eroded directly for
the simultaneous Gamulong Formation, which is supported by the few
185–150Ma zircons (there are only 10 out of 255 zircons in total
ranging between 164Ma and 178Ma) existed in the Gamulong For-
mation. The sandstone petrological results show that there are abun-
dant sedimentary rock fragments (limestones and sandstones) instead of
volcanic rock fragments (Fig. 4a, b). In the QFL and LmLvLs diagrams
(Fig. 5), all samples plot in the area of recycled orogeny. The con-
glomerate clasts indicate the same detrital components, showing lime-
stone and sandstone pebbles as the majority (Fig. 2). Both the rock
fragments in sandstones and the pebbles in conglomerates yield abun-
dant sedimentary clasts, showing the recycling feature of the prove-
nance. The sedimentary analysis indicates a submarine fan environment
in which the deposits are commonly transported rapidly and derived
from local sources (Ineson, 1989). Therefore, the Gamulong Formation
could be recycled from the previous sedimentary strata nearby. Com-
bining this information with the geological background in the study
area, the Late Triassic-Middle Jurassic accretionary complex (Muga-
gangri Group) in the BNSZ and the Lower-Middle Jurassic forearc de-
posits (i.e., Sewa Formation, Shaqiaomu Formation and Jiebuqu For-
mation, Zeng et al., 2006) in the southern Qiangtang subterrane are
possible sources. The high similarities of the zircon U-Pb ages and Hf
isotopes among the Gamulong Formation, Mugagangri Group and Sewa
Formation (Figs. 7, 8) support this provenance interpretation. In addi-
tion, the age constraints of limestone pebbles from the Gamulong For-
mation are consistent with this interpretation.

6.3. Tectonic models and implications for the Lhasa-Qiangtang initial
collision

The Mesozoic sedimentary deposits in the BNSZ and the southern-
most Qiangtang terrane record the subduction of the Bangong-Nujiang
oceanic crust and the subsequent collisional processes between the
Lhasa and Qiangtang terranes. Any depositional model for the
Gamulong Formation should account for the following factors: a) the
Gamulong Formation is exposed in the mélange of the Mugagangri
Group with the fault contact; b) the spatial locations of the Gamulong
Formation and the Mugagangri Group mélange (accretionary complex)
in the BNSZ, imply the southernmost margin of the Qiangtang terrane;
c) the sedimentological analysis reveals the Gamulong Formation has
been deposited in a submarine fan environment; and d) abundant se-
dimentary clasts (sandstone and limestone) in the Gamulong Formation
indicate that they were mostly derived from the previous sedimentary
strata, probably the forearc basin deposits in the southern Qiangtang
terrane and the accretionary complex in the BNSZ.

In our study area, it is difficult to investigate the base of the
Gamulong Formation because of the limited outcrops. However, as
outlined above, a trench model has been proposed for interpreting the
depositional processes of the Gamulong Formation. Under this model,
the Gamulong Formation would represent the trench deposits in the
front of the accretionary complex (Mugagangri Group mélange). All the
depositional materials were recycled from the accretionary complex
and the forearc deposits in the southernmost Qiangtang terrane.
However, in consideration of the geological backgrounds, two con-
trasting tectonic models could be likely proposed for interpreting the
tectonic evolution of the Gamulong Formation.

6.3.1. Model 1: trench deposits under oceanic subduction
In Middle Jurassic time, with the continued northward subduction

of the Bangong-Nujiang oceanic lithosphere, in the southernmost
Qiangtang terrane, the Middle Jurassic Sewa, Shaqiaomu, and Jiebuqu
formations were deposited with clastic rocks and limestones in a
shallow marine environment in the forearc basin, with the detrital
source derived from the Qiangtang terrane to the north (Huang et al.,
2017; Ma et al., 2017). At the same time, the Mugagangri Group con-
tinued to develop and was characterized by the sandy and ophiolitic
mélange (Zeng et al., 2006). It is convincing that the Mugagangri Group
mélange formed within the accretionary complex in response to the
subduction (to collision?) of the Bangong-Nujiang oceanic lithosphere
(Zeng et al., 2015; Li et al., 2017b). There are many Jurassic zircons
observed in the deposits from the above accretionary complex and
forearc basin (Huang et al., 2017; Li et al., 2017b), which implies that
the 185–150Ma magmatic rocks in the southern Qiangtang subterrane
were their main sources (Guynn et al., 2006; Li et al., 2014; Liu et al.,
2014, 2017). Under this tectonic framework at the time, the Gamulong
Formation was deposited in the trench in front of the accretionary
complex, which formed a trench-arc system in response to the north-
ward subduction of the Bangong-Nujiang oceanic lithosphere (Fig. 9a).
However, under this model, it is difficult to interpret the abundant
sedimentary clasts eroded from the accretionary complex and forearc
basin because the accretionary complex and the forearc basin are
generally in the accumulating domain instead of the erosional region
during subduction processes. For instance, the Xigaze forearc basin in
the southern Lhasa terrane, continuously subsided and accumulated
thousands of metres of deposits during Cretaceous time with the sub-
duction of the Neo-Tethyan oceanic lithosphere (Dürr, 1996; Wang
et al., 2012; An et al., 2014). The sedimentary records and low-tem-
perature thermochronology reveal that the Xigaze forearc basin has
been uplifted and eroded until the Paleocene-Eocene time after the
India-Asia collision (Wang et al., 2015; Li et al., 2017a). A possibility is
that a tectonic event (such as the Lhasa-Qiangtang initial collision) had
occurred in the BNSZ and an axial (or lateral) transport system existed
in the trench, which delivered the neighbouring accretionary complex
and the forearc deposits for the Gamulong Formation. An axial trans-
port system is very common in the trench during subduction
(Underwood and Moore, 1995), such as the modern Chile Trench, in
which the axial transport system can develop for several hundreds of
kilometres (Schweller et al., 1981; Thornburg et al., 1990). The sedi-
mentation in the Nima-Shuanghu area (east of the study area, see
Fig. 1a), recorded a major tectonic event with intense folding and
thrusting in Middle Jurassic time (166 ± 1Ma). Ma et al. (2017) in-
terpreted this event as the collision between the Lhasa and Qiangtang
terranes, which is consistent with our study. Under this tectonic model,
the eroded materials from the accretionary complex and the forearc
basin in the collision zone were transported by the axial delivery system
to the study area. This tectonic model implies that the Lhasa-Qiangtang
collision should be diachronous along the BNSZ. The collision could
have occurred earlier in the east and then propagated to the west (Pan
et al., 1983; Yin and Harrison, 2000; Yan et al., 2016).

6.3.2. Model 2: trench deposits in response to the Lhasa-Qiangtang
continental collision

The Gamulong Formation of this study is mainly composed of the
cobble- to boulder-sized conglomerate that was recycled from the ac-
cretionary complex and the forearc basin. An alternative possibility is
that the initial collision between the Lhasa and Qiangtang terranes was
occurring during the deposition of the Gamulong Formation (i.e.,
~166Ma, Fig. 9b). In particular, the Gamulong Formation is located
south of the ophiolitic rocks in the BNSZ (Fig. 1b), indicating this for-
mation could have originally formed in the northernmost margin of the
Lhasa terrane. The sedimentological analysis reveals that these rocks
were deposited in a deep-sea environment (i.e., trench deposits).
Commonly, deep-sea deposits on the distal margin of the underplate
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record the transition from continental rise to trench sedimentation
during the initial continental collision (Hu et al., 2015, 2017). For ex-
ample, the deep-sea turbidites in the northern distal Indian margin
(Sangdanlin Section) record an obvious provenance change from India-
affinity to Asia-affinity detritus and provide an older minimum age for
the onset of the India-Asia collision (Ding et al., 2005; Wang et al.,
2011; DeCelles et al., 2014; Hu et al., 2015, 2017). However, the deep-
sea deposits in the trench are generally preserved with difficulty be-
cause of the significant collisional deformation afterward (Hu et al.,
2017). In the Yarlung-Zangbo suture zone, only one Sangdanlin Section
was reported along such a ~1200 km suture zone from east to west. The
Gamulong Formation of this study records Qiangtang-affinity detritus
only, which can indicate the initial Lhasa-Qiangtang collision, even
though the Lhasa-affinity strata are missing in this section. Under this
tectonic model, the onset of initial collision resulted in the uplift and
erosion of the accretionary complex and the forearc basin. Abundant
sedimentary clasts were eroded and transported by the submarine
canyon to the trench. With this model, it is easy to interpret the sub-
stantial sedimentary recycling of the Gamulong Formation. With the
progression of the collision, the deformation and progradation of the
accretionary complex developed southward, thereby resulting in the
Gamulong Formation being exposed in the Mugagangri Group mélange.
This phenomenon is quite common in suture zones, such as the trench

deposits of the Luogangcuo Formation (An et al., 2018) and the deep-
sea turbidites in the Sangdanlin Section (Ding et al., 2005; Wang et al.,
2011; DeCelles et al., 2014; Hu et al., 2015, 2017) exposed in the
Xiukang mélange, Yarlung-Zangbo suture zone, southern Tibet, which
was the subduction-related accretionary complex in response to the
subduction of the Neo-Tethyan oceanic crust.

This Middle Jurassic Lhasa-Qiangtang initial collision time is coin-
cident with that from a study in the southern Qiangtang basin in the
Shuanghu area (Ma et al., 2017). Given these studies, it can be con-
cluded that the Lhasa-Qiangtang initial collision occurred in Middle
Jurassic time (~166Ma) from Nima to Gaize along the BNSZ. As stated
in the introduction, the development of a collision-related peripheral
foreland basin on the underlying plate is widely used to constrain an
initial continental collision, such as the Paleocene peripheral foreland
basin in response to India-Asia collision along the Yarlung-Zangbo su-
ture in southern Tibet (Ding et al., 2005, 2009; Hu et al., 2012, 2016,
2017; DeCelles et al., 2014). Within the foreland model (DeCelles and
Giles, 1996), the Gamulong Formation in the trench could be likely the
first record of the foredeep deposits in a peripheral foreland basin
system. Recently, Li et al. (2017c) found that the Late Jurassic-Early
Cretaceous Wuga Formation south of this study area was deposited in a
peripheral foreland basin resulting from the Lhasa-Qiangtang collision.
In the northern Lhasa subterrane, a peripheral foreland basin has been
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defined based on sedimentological and provenance analysis during the
Early Cretaceous (Leeder et al., 1988; Zhang et al., 2004; Kapp et al.,
2007; Leier et al., 2007a). According to these findings and those from
the Gamulong Formation of this study, the initial time of the collision-
related peripheral foreland basin is shown to become younger from the
BNSZ to the northern Lhasa subterrane. This relation could imply that
foreland fold-thrust belts were propagating from the BNSZ in the
Middle Jurassic to the northern Lhasa subterrane in the Late Jurassic-
Early Cretaceous (Kapp et al., 2007), which is consistent with the de-
formation and migration of the foreland basin during the ongoing col-
lision (DeCelles and Giles, 1996).

7. Conclusions

The new findings from the Gamulong Formation exposed within the
Mugagangri Group in the Dong Co area, western BNSZ, central Tibet,
give additional information to constrain the onset of the Lhasa-
Qiangtang initial collision.

1) The Gamulong Formation is composed mostly of thick conglomerate
beds intercalated with some very coarse-grained or pebbly sand-
stones. These conglomerates were deposited in a submarine fan
environment during Middle Jurassic time (~166Ma).

2) The provenance results imply that the Gamulong Formation was
mostly recycled from previous sedimentary strata. The accretionary
complex (Mugagangri Group mélange) in the BNSZ and the forearc
deposits (Lower-Middle Jurassic Sewa/Shaqiaomu/Jiebuqu forma-
tions) in the southern Qiangtang subterrane are the likely sources.

3) The sedimentary recycling of the Gamulong Formation, together
with the coeval deposition in the BNSZ and the southern Qiangtang
subterrane, implies that the initial Lhasa-Qiangtang collision could
have occurred during the Middle Jurassic time (~166Ma).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tecto.2018.12.001.
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