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Abstract The Mugagangri Complex in central Tibet provides a record of the subduction accretion history
between the Lhasa and Qiangtang terranes and consists of coherent sedimentary sequences, strongly
dismembered formations, and siliciclastic-matrix block-in-matrix mélange. We identified three different
groups of sandstone within the Mugagangri Complex. Group 1 is volcaniclastic lithic (Q41F19L40,
Lm;¢Lv;,Ls;) and exhibits youngest U-Pb detrital zircon (YDZ) ages of 177-170 Ma. Group 2 is
litho-quartzose (Qg7FsL27, LmysLvgsLsy3) with YDZ ages of 237-213 Ma. Groups 1 and 2 show
provenance affinity with the Qiangtang terrane to the north. Group 3 is similar to Group 2 in detrital mode
(Qs7F2L31) and U-Pb detrital zircon age spectra but is distinguished by more sedimentary fragments
(Lmj;Lvy,Lsse), a 1,200-1,100 Ma age peak that is possibly characteristic of the Lhasa terrane to the south
and YDZ ages of 284-246 Ma. During (and possibly prior to) Late Triassic time, the recycled orogen-derived
sandstones, including Group 2 and possibly Group 3, were deposited on the ocean floor adjacent to the
Qiangtang terrane. During the early Middle Jurassic, the arc-derived sandstone (Group 1) was deposited and
accreted through the northward subduction of Bangong-Nujiang oceanic lithosphere. During the late
Middle to Late Jurassic, Groups 2 and 3 may have been deposited in a trench or trench slope basin, with
Group 3 receiving detritus from both the Lhasa and Qiangtang terranes. These three groups of sandstone and
ocean plate stratigraphy were mixed in the mélange during the accretion between the Lhasa and
Qiangtang terranes.

1. Introduction

The Himalayan-Tibetan orogen formed by the southward younging accretion of continental terranes and
subduction complex rocks throughout Phanerozoic time (Dewey et al., 1988; Yin & Harrison, 2000). Many
studies have investigated the history of terrane assembly within the Himalayan-Tibetan orogen (e.g.,
DeCelles et al., 2014; Hu et al., 2016; Kapp et al., 2007; Kapp & DeCelles, 2019; Murphy et al., 1997; Yin &
Harrison, 2000). However, there remains much debate about the history of subduction and accretion of sub-
duction complex rocks within well-established and hypothesized suture zones, including the Triassic
blueschist- and eclogite-bearing mélanges in central Qiangtang (e.g., Kapp et al., 2003; Liang et al., 2012),
the Mugagangri Complex (previously termed as the Mugagangri Group) in the Bangong-Nujiang suture
zone (Fan, Li, Liu, & Xu, 2015; Huang et al., 2017; S. Li, Ding, et al., 2017; Zeng et al., 2016) and the
Xiukang subduction complex in the Yarlung suture zone (An et al., 2017; Cai et al., 2012; Metcalf &
Kapp, 2017, 2019; Wang et al., 2018) (Figure 1a).

The Mugagangri Complex is exposed along a >1,500-km-long east-west belt and consists of mainly
siliciclastic-matrix mélange, strongly dismembered formations, and coherent turbiditic sandstone sequences
along the Bangong-Nujiang suture zone in central Tibet (Figure 1a). Previous studies in the Gaize (Fan, Li,
Liu, et al., 2015; Huang et al., 2017; S. Li, Ding, et al., 2017; Zeng et al., 2016), Nima (C. Li, Wang, et al., 2019),
and Donggiao (S. M. Li et al., 2020) areas (Figure 1a) concluded that all sandstones in the Mugagangri
Complex were sourced from the Qiangtang terrane (Fan, Li, Liu, et al., 2015; Huang et al., 2017; S. Li,
Ding, et al., 2017; Zeng et al., 2016). However, the tectonic setting in which clastic sedimentary rocks of
the Mugagangri Complex were deposited is debated. Some authors interpreted rocks in the Mugagangri
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Figure 1. (a) Digital elevation map showing accreted terranes and suture zones in Tibet; (b) simplified geological map after Zhu et al. (2016); (c) geological map of
the study area north of Selin Co, with Google Earth satellite image as the base map. T = Tarim; Q-Q = Qilian-Qaidam terrane; K = Kunlun terrane;

QT = Qiangtang terrane; L = Lhasa terrane; NCB = North China block; SCB = South China block; I = India block; JSZ = Jinsha suture zone; BNSZ = Bangong-
Nujiang suture zone; YZSZ = Yarlung suture zone. Co means lake in Tibetan.

Complex mainly as disrupted forearc basin and accretionary prism rocks related to the northward
subduction of the Bangong-Nujiang Tethyan oceanic lithosphere beneath the Qiangtang terrane during
the Late Triassic to Jurassic, or even as late as the Early Cretaceous (Fan, Li, Liu, et al., 2015; Huang
et al,, 2017; S. Li, Ding, et al., 2017; C. Li, Wang, et al., 2019; S. M. Li et al., 2020; Zeng et al., 2016).
Additionally, some authors interpreted the Mugagangri Complex to include abyssal plain strata that were
deposited along the passive continental margin of the Qiangtang Terrane during the Late Triassic (S. Li,
Ding, et al., 2017; Zeng et al., 2016). Differences in interpreted settings and source areas are due to a poor
knowledge of the depositional age, the contact relationships between different rock types, and potential
along-strike variations in the Mugagangri Complex.

In this study, we present stratigraphic, structural, sedimentological, petrological, and geochronological data
from the Mugagangri Complex exposed on the north bank of Selin Co (Co means Lake) (Figures 1b and 1c).
We interpret the provenance and depositional ages of the sandstones in the Mugagangri Complex by com-
paring them with those of potential source rocks in the Qiangtang terrane to the north and in the Lhasa ter-
rane to the south, and also with those along-strike in the Bangong-Nujiang suture zone. We conclude by
outlining a possible Mesozoic accretionary history in central Tibet.
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2. Geological Background

2.1. Qiangtang Terrane

The Qiangtang terrane is bounded to the north by the Jinsha suture zone and to the south by the
Bangong-Nujiang suture zone (Figure 1a). It is further subdivided into northern and southern basins by a
NW-SE trending structural culmination composed of Triassic high-pressure metamorphic rocks and
Paleozoic ophiolitic mélange (e.g., Kapp et al., 2003; Pullen et al., 2011; Zhai et al., 2016; Zhang et al., 2006).
Mesozoic shallow marine and subaerial strata are widespread in the northern and southern Qiangtang
basins (XZBGM, 1997). In the southern Qiangtang basin, the Upper Triassic Riganpeico Group consists of
sandstone, mudrock, and limestone with a central Qiangtang provenance (Gehrels et al., 2011; Institute of
Tibetan Geological Survey, 2006; Ma et al., 2017). The Lower to Middle Jurassic Quse, Sewa, and Buqu for-
mations consist of limestone and shale, volcaniclastic sandstone, and limestone that are interpreted to have
been deposited in a forearc basin (Ma et al., 2017; Raterman et al., 2014). The Middle Jurassic Biluoco
Formation unconformably overlies the Buqu Formation, consists of recycled-orogen derived detritus, and
has been interpreted to be related to Lhasa-Qiangtang collision, flat-slab oceanic subduction, or
microcontinent-Qiangtang collision (Ma et al., 2017). The Middle Jurassic Suowa Formation consists of
limestone (Ma et al., 2017). All of the Triassic-Jurassic strata were deposited in littoral to shallow marine
environments, deformed, and then unconformably overlain by the Upper Cretaceous continental redbeds
of the Abushan Formation (XZBGM, 1997; Ma et al., 2017; Institute of Tibetan Geological Survey, 2006;
Wang & Fu, 2018).

2.2. Lhasa Terrane

The Lhasa terrane is bounded to the north by the Bangong-Nujiang suture zone and to the south by the
Yarlung suture zone (Figure 1a). The strata on the northern part of the Lhasa terrane are dominated by
Triassic to Jurassic deep-marine turbiditic clastic rocks (the Upper Triassic Quehala Group, Lower-Middle
Jurassic Xihu Group, and Middle-Upper Jurassic Jienu Group), Jurassic to Cretaceous deep- to
shallow-marine Lagongtang Formation, Lower Cretaceous shallow marine sedimentary successions
(Duoni, Duba and Langshan formations), and Upper Cretaceous continental redbeds (Jingzhushan
Formation) (Institute of Tibetan Geological Survey, 2002; Lai, Hu, Garzanti, Sun, et al., 2019; Lai, Hu,
Garzanti, Xu, et al., 2019; Leier et al., 2007; G. Sun et al., 2017; Figure 2).

Detrital zircons from pre-Jurassic strata in the Lhasa terrane feature a prominent age peak at 1,250-1,050 Ma
and subordinate peaks at 1,650-1,450 and 1,900-1,700 Ma; among <1 Ga zircons, 560 Ma and 300 Ma are the
two most prominent age peaks, with subordinate age peaks at 490, 370, 340, and 230 Ma (Gehrels et al., 2011;
Leier, Kapp, et al., 2007; G.W. Li et al., 2014; Zhu et al., 2011). This age pattern is different from the
Qiangtang terrane where detrital zircon U-Pb ages cluster between 1,100 and 500 Ma, with minor peaks
at 2,500, 1,870, 480-400, and 300-200 Ma (Dong et al., 2011; Gehrels et al., 2011; Pullen et al., 2011;
Wang, Wu, et al., 2016).

2.3. Bangong-Nujiang Suture Zone

The Bangong-Nujiang suture zone separates the Qiangtang terrane to the north from the Lhasa terrane to
the south. Interpreted ophiolitic rocks within the suture zone yield crystallization ages that range from
the Triassic to Early Cretaceous (e.g., Bao et al., 2007; Baxter et al., 2009; Fan et al., 2014; Huang
et al.,, 2013, 2015; J. F. Li et al., 2013; Liu et al., 2016; Qu et al., 2010; Shi, 2007; Sun et al., 2011; Tang,
Zhai, Hu, Wang, et al., 2018; Tang, Zhai, Hu, Xiao, et al., 2018; Wang, 2000; Wang, Wang, et al., 2016; Wu
et al., 2018; Xia et al., 2008; Xu et al., 2014; Zhang et al., 2007, 2014; Zhong et al., 2017; Zhu et al., 2006).
The Mugagangri Complex was first established in the Nima area (Figure 1b) as the Mugagangri Group
and described as Middle Jurassic flysch (Wen, 1979). Recent studies show that the Mugagangri Complex con-
sists of coherent sedimentary sequences of Qiangtang affinity and siliciclastic mélange that can be divided
into several units, including the Early Cretaceous Zhaguo Formation, several Triassic to Jurassic subunits,
the Middle Jurassic Gamulong Formation, Donggiao-Amdo mélange, Daru mélange, and Beila-Naqu
mélange (Fan, Li, Liu, et al., 2015; Huang et al., 2017; S. Li et al., 2017; C. Li, Wang, et al., 2019; S. M. Li
et al., 2020; Sun et al., 2019; Zeng et al., 2016). The shallow marine Shamuluo Formation (Figure 2) is struc-
turally juxtaposed against the Mugagangri Complex in the Najiangco area; it is composed of sandstone,
shale, and limestone and was constrained to be Oxfordian to Kimmeridgian with recycled orogen-derived
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Figure 2. Stratigraphic charts of the southern Qiangtang terrane, the Bangong-Nujiang suture zone, and the northern
Lhasa terrane, based on Institute of Tibetan Geological Survey (2002); Kapp et al. (2007); S. Li, Ding, et al. (2017);

Ma et al. (2017, 2018); Sun et al. (2019); Lai, Hu, Garzanti, Sun, et al. (2019); and Lai, Hu, Garzanti, Xu, et al. (2019) and
age range interpretation of the units in the Mugagangri Complex in this study. GF = Gamulong Formation (Sun

et al., 2019). Timescale in Ma is from Cohen et al. (2013).

provenance from the Qiangtang interior (Ma et al., 2018). In the Nima area, deep marine Jurassic (?) to Early
Cretaceous (with maximum depositional ages as young as ~125 Ma) turbiditic strata (J-K unit on Figure 2)
are unconformably overlain by ~118 Ma and younger nonmarine conglomeratic strata (Kapp et al., 2007).

2.4. Magmatism in Central Tibet

Mesozoic magmatic rocks are scattered throughout the Qiangtang terrane, Bangong-Nujiang suture zone,
and central to northern Lhasa terrane (Figures 1b and S1 in the supporting information; data from
Chapman & Kapp, 2017). Late Triassic granitoids and volcanic rocks are present within a >400-km-long
and ~200-km-wide east-west belt in the central and northern Qiangtang terrane to the west of Shuanghu
(Figures 1b and S1). Calc-alkaline intrusions and volcanic rocks with ages of 168-161 and 185-170 Ma are
locally exposed in the Gaize to Ritu area along the western part of southern Qiangtang terrane and in
Amdo basement, respectively (Figures 1a, 1b, and S1). In addition, 166-160 Ma granitoids and volcanic rocks
are present in the Beila area along the Bangong-Nujiang suture zone and 155-135 Ma calc-alkaline igneous
rocks are widely distributed in the western part of the central and northern Lhasa terrane (Figure S1). Early
Cretaceous magmatic rocks are widespread in the central to northern Lhasa terrane and Bangong-Nujiang
suture zone and less abundant but still present in the southern Qiangtang terrane (Figure S1). The region in
the southern Qiangtang terrane between Gaize and Amdo was a magmatic-poor continental margin during
the Mesozoic (Figures 1b and S1). The tectonic settings of these Mesozoic rocks in central Tibet with respect
to closure of the Meso-Tethys (between the Lhasa and Qiangtang terranes) and Neo-Tethys (south of Tibet)
are disputed (e.g., Kapp & DeCelles, 2019).
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3. Samples and Methods

3.1. Section Measuring and Blocks Counting

The Mugagangri Complex consists dominantly of strongly dismembered formations and mélanges; coherent
sedimentary sequences within the Mugagangri Complex are only exposed at a few localities. We measured
coherent sedimentary sequences in the Namuze area (see location in Figure 1b) bed by bed in the field to
document sedimentary structures and interpret sedimentary environments. Mélanges consisting of blocks
in a siliciclastic matrix were documented at four localities in the Seling Co area (Figure 1c). In the
Elulenalong area (Figure 1c), we systematically traversed hillsides and documented the lithology of every
block in the mélange over 0.1 m in diameter. To avoid repeat counting, we numbered the blocks in order.
The GPS locality, lithology, and size of each block were noted (Table S1), and every block is shown as a rec-
tangular body on the map in Figure 4. Eighty samples of sandstone, chert, limestone, and basalt were col-
lected for petrographic analysis (Table S1).

3.2. Sandstone Petrography

At least 300 detrital grains in each sandstone sample (n = 42 in total) were point counted under a petro-
graphic microscope following the Gazzi-Dickinson method (Ingersoll et al., 1984; Table S2). The counted
and recalculated parameters are modified from Marsaglia and Ingersoll (1992), and the sandstone classifica-
tion scheme is after Garzanti (2016). Composite thin-section images of each sample under polarized light are
provided in the supporting information (Figure S2), which offers an opportunity for automatic
point-counting in the future (N. Li, Hao, et al., 2017).

3.3. U-Pb Dating of Detrital Zircons

Fifteen sandstone samples were crushed and processed for heavy minerals by using elutriation and magnetic
separation methods. Zircon grains were hand-picked, mounted in epoxy resin, and polished to expose grain
centers. U-Pb dating of zircons was conducted using an ICP-MS (Agilent 7500a) coupled to a GeoLas Pro
193-nm laser sampler at the State Key Laboratory of Mineral Deposits Research, Nanjing University, follow-
ing the methods described by Jackson et al. (2004). A laser beam diameter of 32 um was used. The laser
energy density was 8 J/cm? at a frequency of 5 Hz. Zircon standard GEMOC GJ-1, with a 2°’Pb/**°Pb age
of 608.5 & 1.5 Ma (Jackson et al., 2004), was used for calibrating the U-Pb fractionation, and zircon standard
Mud Tank with an intercept age of 732 + 5 Ma (Black & Gulson, 1978) was used to monitor accuracy. The
GLITTER software (Version 4.4) was used to calculate raw data (www.mg.edu.au/GEMOC). Common Pb
correction was conducted following Andersen (2002) to avoid interference from 2**Hg in the gas supply.
Most of the detrital zircons in the Mugagangri Complex have low U/Th ratios (<10), indicating a magmatic
origin (Belousova et al., 2002).

We report 2°°Pb/**®U ages for zircon grains <1,000 Ma and >*’Pb/?°°Pb ages for grains >1,000 Ma. Zircon
analyses >200 Ma with discordance >10%, and those <200 Ma with discordance >20%, were excluded in
data presentation and interpretation. The discordance was calculated as (**’Pb/**°U age — 2°°Pb/***U
age)/°°Pb/>*8U age. The software package Provenance was used to make Kernel Density Estimation plots
of detrital zircon ages (Vermeesch et al., 2016). For age spectrum comparison, we compiled published data.
The complete data set from this study is provided in Table S3.

We used multiple methods to calculate the maximum depositional age of the sandstone samples but cite
herein the weighted mean age of the youngest two or more grain ages overlapping within 1 o uncertainty
as the maximum depositional age (YC1o(2+); Tables 1 and S4; Dickinson & Gehrels, 2009).

4. Results
4.1. Stratigraphy and Structural Geology

The mélange in the Selin Co area consists of a matrix of sandstone and mudstone that surrounds both native
and exotic blocks. The original texture in siliciclastic rocks in both matrix and blocks, basalt blocks, and
blocks of interbedded chert and limestone is well preserved and unmetamorphosed (Figure S3), whereas
some limestone and chert blocks are recrystallized. The exotic block is defined as variably sized rock masses
occurring in a lithologic association foreign to that in which the mass formed (Berkland et al., 1972). In this
study, the chert, limestone, and basalt blocks are tentatively interpreted as fragments of oceanic crust and
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Figure 3. (a) Sandstone block in shale-sandstone matrix, Kelegiongle; (b) blocks of thinly interbedded chert and limestone in shale-sandstone matrix,
Kelegiongle; (c) close-up of strongly folded chert and limestone block in Figure 3b; (d) scaly fabric in the matrix of sandstone and mudrock, Kelegiongle; (e)
blocks of chert and basalt, Demazong; (f) panoramic view of Gaale, showing inferred north dipping thrust fault; (g) native sandstone block in sandstone-shale
matrix, Gaale; (h) chert block in dismembered sandstone and shale, Gaale; (i) sandstone blocks in sandstone and mudrock matrix, Gaale; (j) chert and limestone
block in matrix of sandstone and mudrock, Gaale; (k) chert block embedded in sandstone matrix, Gaale; (1) block-in-matrix structure in the blocks mapping area,
Elulenalong; (m) subhorizontal scaly fabric of the mudrock matrix, with sandstone blocks of various size aligned parallel to the scaly fabric, Elulenalong; (n)
sandstone block in scaly mudrock matrix, Elulenalong; (o) limestone from the Shamuluo Formation to the north of the Mugagangri Complex, with felsic
intrusions; (p) coherent sequences, Namuze; (q) strongly folded and disrupted coherent sequences, Elulenalong; (r) close-up of relatively coherent sandstone and
mudrock layers, Elulenalong.
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overlying sedimentary rocks, that is, ocean plate stratigraphy (OPS), and thus are considered to be exotic, as
interpreted in many cases (e.g., Raymond, 2019). However, they could be native blocks if the stratigraphic
assemblages originally contained chert, limestone, and basalt layers and were subsequently deformed into
block-in-matrix mélange (Wakabayashi, 2015).

In the Kelegiongle and Demazong areas (Figure 1c), mélanges with limestone and chert blocks dominate.
Volcaniclastic sandstone (Group 1 among three sandstone groups, which are defined based on distinct pro-
venance signatures as detailed below in section 4.3) occurs in the matrix and as blocks (Figure 3a). Group 1
sandstone blocks are mostly <1 m in length, whereas gray-greenish blocks of thinly interbedded and intern-
ally folded chert and limestone are locally >10 m in length (Figures 3b and 3c). The matrix of sandstone and
mudrock is characterized by a penetrative cleavage (Figure 3d). In the Demazong area (Figure 1c), the
mélange includes centimeter- to meter-scale exotic blocks of quartz-rich sandstone (Group 3). Other blocks
in the Demazong area mélange include gray-green chert, red chert, and basalt and are structurally dismem-
bered (Figure 3e).

We infer that a north dipping thrust disrupts rock exposures in the Gaale area (Figure 3f). The rocks in Gaale
area (Figure 1c) are mainly composed of mélange with blocks of sandstone, chert, and limestone, and sedi-
mentary sequences with broken to strongly dismembered layers (Figures 3g-3k). Volcaniclastic and lithic
quartzose sandstone (Groups 1 and 2, respectively) occur both in the matrix and as blocks (Figures 3g-3i).
Blocks of thinly interbedded limestone and chert are generally a few meters in length and locally strongly
internally folded (Figures 3h, 3j, and 3k).

In the Elulenalong area (Figures 1c and 31), mélange consists of a matrix of cleaved shale with blocks of sand-
stone (81%) and minor chert (9%), limestone (6%) and basalt (5%) (Figure 4) oriented parallel to the matrix
cleavage (Figures 3m and 3n) according to our systematic mapping of blocks (Figure 4c).

The Mugagangri Complex may include olistostromal (sedimentary) mélange, especially in the Elulenalong
are (Figure 3m). However, a tectonic origin cannot be excluded given the strong cleavage in both the blocks
and matrix in many areas (e.g., Figures 3a, 3d, 3j, and 3n).

The Mugagangri Complex can be distinguished from strata of the Shamuluo Formation to the north in two
aspects. First, the Mugagangri Complex is dominated by mélange and strongly dismembered formations,
whereas the strata of the Shamuluo Formation are coherent (Ma et al., 2018). Second, the strata of the
Shamuluo Formation are exposed in the hanging wall of a north dipping thrust that juxtaposes more
strongly deformed rocks of the Mugagangri Complex in the footwall (Figure 30); localized limestone massifs
on top of the Mugagangri Complex may represent klippen (Figure 1c).

The three groups of sandstone in the Mugagangri Complex show different YDZ ages, which provide con-
straints on their maximum depositional ages (Table 1). Four sandstone samples from Group 1 in this study
along with two published previously (Ma et al., 2017) possess YDZ ages between 177 and 170 Ma. Five sand-
stone samples from Group 2 show YDZ ages between 237 and 213 Ma. Four sandstone samples from Group 3
yield YDZ ages between 528 and 227 Ma.

4.2. Sedimentology

4.2.1. Description

The Namuze area (Figures 3p and 5) exposes a 108-m-thick coherent sequence of interbedded sandstone,
shale, chert, and limestone. The thinly bedded limestone and chert are interbedded with shale in the lower
20 m, with some chert beds folded and enveloped within the limestone beds. The limestone is grainstone
with allochems consisting of micrite limestone fragments, minor recrystallized bioclasts, and broken oolites.
Thinly bedded and massive sandstones are dominant in the remaining, upper 90 m of the section (Figure 5).
The section becomes more structurally disrupted up-section, transitioning into strongly dismembered for-
mation and then siliciclastic-matrix mélange. We interpret the Namuze coherent sequences to have been
overthrust southward by siliciclastic-matrix mélange (Figure 3p). In the Elulenalong area, conherent sedi-
mentary sequences with variable degrees of folding and dismemberment consist of thickly to thinly bedded
massive sandstone and interbedded shale (Figures 3q and 3r).

In Gaale, Demazong, and Keleqiongle (Figure 1c), sandstone in the matrix is mainly medium, thinly, and
medium thinly bedded, respectively, and interbedded with shale; load casts are present at the base of the
matrix sandstone layers near Gaale. The limestone blocks near Demazong primarily consist of laminated

MA ET AL.

9 of 22



Ay

Fa\ &9 Tectonics 10.1029/2020TC006144
ADVANCING EARTH
AND SPACE SCIENCE
40 120
(m)]| _
< 17sL41 .
(]
-1 O
c
-4 8
N}
| E
1o p=r
=g
T
16SL77
<+ 16SL80
<+175L40
175138 100
n <}~ 16SL76
<— 17sL37 < 175L39
16SL79
<- 16SL78 %
MDA: 171+1 Ma 90—
soft-sediment
deformation —
— N32°07'07.75"
o B= EB8590056 40 |
si fs ms ms
Legend shale si: siltstone,
9 % fs: fine sandstone,
@Iimestone Dchert ‘Xcovered % detrital zircons ™ medium sandstone
Figure 5. Measured log of the coherent sequences in Namuze area. Arrows denote samples for petrography.
MDA = maximum depositional age as constrained by the mean age of two or more of the youngest overlapping
detrital zircon ages (see Table 1).
calcisphere packstone, bioclast-bearing micrite limestone, and mixed carbonate and siliciclastic rocks. The
limestone blocks near Keleqiongle consist primarily of packstone and wackestone with allochems of
micrite limestone fragments, radiolarian, bivalves, and calcisphere grains. Two blocks of chert near
Demazong contain radiolarians.
4.2.2. Interpretation
We interpret the sandstones in the Mugagangri Complex to have been deposited in deep marine environ-
ments. Massive sandstone with few sedimentary structures implies turbidity flows (Kneller &
MA ET AL. 10 of 22
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Figure 6. (a, b) Group 1 sandstone with volcaniclastic detritus, Sample 16SL17 as matrix and Sample 17SL40 in coherent sequences in Namuze area, respectively;
(c) Group 2 sandstone with abundant quartz, Sample 16MG37 as block in Elulenalong. (d) Group 3 sandstone with sedimentary detritus, Sample 15SL43 as block
in Elulenalong area. Qm = monocrystalline quartz; Qp = polycrystalline quartz; P = plagioclase; K = potassium feldspar; Lm = metamorphic fragment;

Lv = volcanic fragment.

Branney, 1995). The prevalent and frequently interbedded sandstone and shale are indicative of submarine
fan environments, with episodic turbidity flows and changing facies between channel, lobe, levee, and basin
plain (Walker, 1978). The micrite limestone and radiolarian chert indicate low-energy marine environments.
Well-lithified and rounded limestone grains in the packstone are interpreted as detritus from uplifted
marine strata in the source area. Chert inclusions within limestone indicate soft-sediment deformation
during diagenesis.

4.3. Provenance Data

Three groups of sandstone with distinct provenance signatures are identified in the Mugagangri Complex.
Group 1 is characterized by felsic volcaniclastic sandstone (Figures 6a and 6b). Nine sandstone samples,
together with 11 from the literature (Ma et al., 2017), show similar detrital composition with average
QFL =41:19:40 and LmLvLs = 16:77:7 (Figure 7). The quartz grains are mainly monocrystalline, plagioclase
is slightly more abundant than K-feldspar (PL:K ~ 3:2), and metamorphic lithic fragments are dominated by
phyllite. Four sandstone samples in this study and two from Ma et al. (2017) show similar detrital zircon
U-Pb age spectra with clusters at 2,500, 1,850, 300-200, and 185-170 Ma (Figure 8). The maximum deposi-
tional ages of samples in Group 1 are between 177 and 170 Ma (Table 1).

Group 2 sandstones contain more quartz and less feldspar than Group 1 (Figure 6¢c), with average
QFL = 67:6:27 and LmLvLs = 23:63:13 based on 28 samples (Figure 7). The quartz grains are mainly mono-
crystalline. The dominant lithic fragments in most samples are felsic volcanic, with subordinate meta-
morphic fragments including slate, phyllite, and minor schist and sedimentary fragments including shale,
siltstone, sandstone, limestone, and chert. Some samples contain more limestone lithics than volcanic lithics
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Figure 7. Petrographic ternary diagram of the Mugagangri Complex sandstones and their comparison with the Sewa,
Biluoco, and Shamuluo formations to the north (Ma et al., 2017, 2018), as well as the classical accretionary prism
sandstones (reviewed by Critelli, 1993, with additional Franciscan QFL data from Dickinson et al., 1982, and
Jacobson, 1978, and Great Valley Forearc data from Ingersoll, 1983). Q = quartz; F = feldspar, L = lithic fragments
(Lm = metamorphic; Ls = sedimentary; Lv = volcanic); RO = recycled orogen; DA = dissected arc; TA = transitional
arc; UDA = undissected arc; CB = continental block.

(e.g., 16MG12). Detrital zircon spectra of five samples from Group 2 show U-Pb age peaks at 2,500, 1,850,
500-960, 470, 450-410, and 200-300 Ma (Figure 8). The maximum depositional ages of samples in Group
2 are between 237 and 217 Ma (Table 1).

Group 3 sandstones are similar to Group 2 sandstones in terms of QFL (average QFL = 67:2:31) but are dis-
tinguished by abundant sedimentary fragments (average LmLvLs = 17:24:59) (Figure 7) of chert and terri-
genous detritus (Figure 6d). Igneous fragments are mainly felsic, and metamorphic grains are dominated
by slate and phyllite. Four samples show similar age spectra, with peaks at 2,500, 1,800-1,600, and
1,200-250 Ma (Figure 8). The maximum depositional ages of samples in Group 3 are between 284 and
246 Ma (Table 1), slightly older than those in Group 2.

5. Discussion

5.1. Sandstone Provenance

Group 1 sandstones were sourced from a magmatic arc. They contain abundant felsic volcaniclastic frag-
ments and feldspar grains (Figure 7) and thus plot in a volcanic arc terrane field in a QFL diagram
(Dickinson, 1985). Arc magmatism was likely active during Early-Middle Jurassic time as suggested by
the youngest detrital zircon ages between 177 and 170 Ma. These zircons overlap in age with granitoids that
intrude into basement rocks in the Amdo area (Figure 1a) and are inferred to have been buried along-strike
in the southern Qiangtang terrane (Guynn et al., 2006). Both detrital composition and detrital zircon spectra
of the Group 1 sandstones are similar to those of the Sewa Formation in the southern Qiangtang basin
(Figures 7 and 9), suggesting they may have been deposited in the same approximately southward palaeo-
drainage system from shallow marine (Sewa Formation) to deep marine (Group 1) settings. The Group 1
sandstone may be correlated with the Donggiao-Amdo mélange ~180 km along-strike to the east but is dis-
tinct with the Beila-Naqu mélange to the south of the Donggiao-Amdo mélange, which includes local gran-
itoids and volcanic rocks (S. M. Li et al., 2020; Figures 1 and 9).

Group 2 sandstones have a recycled orogen provenance (Dickinson, 1985; Figure 7). The compositions of
lithic fragments suggest that the source includes felsic volcanic, siliciclastic, and low-grade metamorphic
rocks. The detrital composition is similar to that of the latest Middle Jurassic Biluoco Formation (deposited
at ~166-165 Ma) in the southern Qiangtang basin and Late Jurassic Shamuluo Formation (deposited at
~162-153 Ma) to the north of the Mugagangri Complex (Figure 7). The zircon U-Pb age spectrum is similar
to those of the Mugagangri Complex (near Gaize with upper unit [Tma] excluded, near Nima, and near
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Figure 8. Kernel density estimator plot of the U-Pb ages of the detrital zircons of each sandstone sample from the
Mugagangri Complex, with the U/Th ratio of zircons on the right axis. The interpreted depositional age interval of
each sample is shown.

Donggiao as blocks of sandstone in Daru mélange), the Jurassic Biluoco and Shamuluo formations, the
Upper Triassic Riganpeico Group in the southern Qiangtang basin, and pre-Jurassic strata in the
Qiangtang terrane, but different from pre-Jurassic strata in the Lhasa terrane (Figure 9). The youngest
detrital zircon ages between 237 and 213 Ma suggest the rocks in the source area should not contain
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Figure 9. Kernel density estimator plots of detrital zircon U-Pb ages of the Groups 1, 2, and 3 sandstones and their comparison with those of the Sewa Formation,
Biluoco and Shamuluo formations in the southern Qiangtang terrane, along-strike Mugagangri complex, Triassic and pre-Jurassic strata of the southern
Qiangtang terrane, and pre-Jurassic strata of Lhasa terrane. The Qiangtang data set is from Dong et al. (2011), Gehrels et al. (2011), Ma et al. (2017, 2018), Pullen
et al. (2011), and Wang, Wu, et al. (2016); the Lhasa data set is from Gehrels et al. (2011); Leier, Kapp et al. (2007); G.W. Li et al. (2014); and Zhu et al. (2011);
the Mugagangri Complex data set is from Huang et al. (2017); C. Li, Wang, et al. (2019); S. Li, Ding, et al. (2017); S.M. Li et al. (2020); and Zeng et al. (2016);
the upper unit (Tma) data set in Gaize is from S. Li, Ding, et al. (2017). The (interpreted) depositional age interval of each sample is shown.

zircons younger than the Late Triassic. Consequently, we interpret that Group 2 sandstones were sourced
from the central Qiangtang terrane, which experienced extensive volcanism during Late Triassic time and
was a topographic high between the northern and southern Qiangtang basins since Late Triassic time
(Wang & Fu, 2018).

Group 3 sandstones are compositionally mature (Figure 7) and may have a mixed Lhasa and Qiangtang pro-
venance signal. The high percentage of sedimentary lithic fragments indicates a dominance of sedimentary
strata in the source region. The abundant chert clasts could have been sourced from an exhumed ophiolite
terrane within the Lhasa or Qiangtang terranes or the Bangong-Nujiang suture zone (e.g., Li, 1987; Yang
et al., 2009). The detrital zircon age spectrum of Group 3 is similar to that of Group 2 (Figure 9), implying
Qiangtang affinity. Some age peaks including 1,800-1,500, 520, and especially 1,200-1,100 Ma are
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indicative of the Lhasa terrane (Figure 9), implying that the Lhasa terrane may also have contributed
detritus to the sandstones. However, the Lhasa terrane signature is not that robust, because Group 3 sand-
stones show a late Mesoproterozoic age peak that is slightly younger than that in the Lhasa terrane
(~1.1 Gavs. ~1.2 Ga) and the late Mesoproterozoic age signature is ubiquitous globally. The detrital zircon
age spectrum of Group 3 is similar to that of the upper unit (Tma) in the Mugagangri Complex
along-strike to the west in the Gaize area (S. Li, Ding, et al., 2017; Figure 9).

5.2. Deposition and Accretion History

Rare fossils in the Dongqiao, Nima, and Ritu areas (Cao et al., 2008; Wen, 1979; Zeng et al., 2016) and ages of
one volcanic interbed in the Gaize area (Fan, Li, Liu, et al., 2015) roughly constrain the depositional age of
sedimentary rocks in the Mugagangri Complex to range from Jurassic to Cretaceous. Previously published
detrital zircon studies indicate maximum depositional ages of 460-166 Ma according to the YDZ age (Fan,
Li, Liu, et al., 2015; Huang et al., 2017; S. Li, Ding, et al., 2017; C. Li, Wang, et al., 2019; S. M. Li et al., 2020;
Zeng et al., 2016). In the Selin Co area, the depositional age of the Mugagangri Complex was not well con-
strained because of the lack of fossils and volcanic layers (Institute of Tibetan Geological Survey, 2006). Here
we use YDZ ages to constrain the maximum depositional ages of the Mugagangri Complex and to discuss the
history of deposition and accretion of the Mugagangri Complex. Since the Bangong-Nujiang belt extends
over 1,500 km from east to west, along-strike geological differences must be considered when reconstructing
the deposition and accretion history. In this study, we mainly focus on the Selin Co area, where there is no
geological evidence for microcontinent blocks and Jurassic magmatic arc rocks are rarely exposed in the
suture zone, southern Qiangtang terrane, and northern part of the Lhasa terrane (Figures 1b and S1).
5.2.1. Late Triassic

The high degree of similarity in both zircon age populations and maximum depositional ages between Group
2 sandstones and the Riganpeico Group (Figure 9; Tables 1 and S4) suggests that there may have existed
paleo-drainages connecting the Qiangtang terrane interior with the Bangong-Nujiang Ocean during the
Late Triassic (Figures 10a and 10b). Mesozoic sedimentation initiated in the southern Qiangtang terrane
during Late Triassic time, with sandstone and limestone of the Riganpeico Group having been deposited
in a subaerial to shallow marine basin (Wang & Fu, 2018). The Bangong-Nujiang ocean, which opened prior
to the Permian based on paleobiogeography (Zhang et al., 2018), remained open during Middle to Late
Triassic time as suggested by the presence of Late Triassic oceanic island arc rocks within the
Bangong-Nujiang suture zone (Fan et al., 2017).

Based on the Late Triassic provenance and paleogeography, we propose that Group 2 sandstones were
deposited on oceanic crust proximal to the southern continental margin of the Qiangtang terrane
(Figure 10a) before it was structurally trapped in proximity to an oceanic subduction zone setting. In
Gaize, the sandstones with similar composition to Group 2 were interpreted to have been deposited and
accreted in an accretionary prism associated with a subduction zone that was interpreted to have initiated
at ~220 Ma (Figure 10b; Zeng et al., 2016) or to have been deposited along a passive continental margin set-
ting prior to subduction initiation at ~195-190 Ma (Figure 10a; S. Li, Ding, et al., 2017; Li, Yin, et al., 2019). In
this study, the detrital composition of Group 2 (recycled-orogen-derived) is distinct from typical subduction
complex sandstones like those of the Franciscan and Nankai rocks that have an arc provenance (Figure 7)
and where subduction initiation was thought to have been intraoceanic (e.g., Stern & Bloomer, 1992;
Wakabayashi, 1990; Wakabayashi et al., 2010). We propose subduction of the Bangong-Nujiang ocean
may have initiated northward beneath the Qiangtang terrane along a rifted (passive) margin instead of in
an intraoceanic setting, which may better explain the interpreted southward paleo-drainage system from
the shallow marine southern Qiangtang terrane to the deep marine Bangong-Nujiang ocean to the south,
and the final accretion of Group 2 sandstones into subduction complex rocks. Otherwise, the detrital com-
position of Group 2 is similar with that in the Nias and Barbados subduction complexes in which the trench
fill was fed by along-strike sediment transport (Velbel, 1985).

5.2.2. Early to Middle Jurassic

We interpret that Group 1 sandstones were deposited synchronously with the shallow marine Sewa
Formation to the north in the southern Qiangtang terrane during early Middle Jurassic time (Figure 10c).
This is supported by their similar detrital zircon age spectra and youngest detrital zircon age population
(Figure 9; Tables 1 and S4). Group 1 sandstones are interpreted to have been originally deposited in a
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Figure 10. (a and b) Alternative tectonic interpretations during Late Triassic time, with the shallow marine Riganpeico
Group deposited in southern Qiangtang: (a) Group 2 sandstone was deposited on the ocean floor attached to the
passive southern Qiangtang margin; (b) northward subduction of Bangong-Nujiang ocean initiated and the Group 2
sandstones were deposited in trench or trench slope basins and accreted; (c) during the early Middle Jurassic, Group 1
sandstone was deposited and accreted in a forearc setting, possibly in trench and trench slope basins. At the same
time, the Sewa Formation was deposited in the southern Qiangtang basin, and Group 2 was incorporated into the
accretionary prism; (d) during late Middle to Late Jurassic time, additional Group 2 sandstone was deposited in a trench
area between the Lhasa and Qiangtang terranes, with the Biluoco and Shamuluo formations of the same provenance
deposited to the north. At this time, the Lhasa and Qiangtang terranes may or may not have collided; (e) alternative
model for Group 3 in which Group 3 was deposited during the Permian-Triassic on oceanic floor adjacent to the southern
Qiangtang terrane passive continental margin; (f) alternative model for Group 3 sandstone in which Group 3 was
deposited in the trench with mixed provenance from Qiangtang and Lhasa during late Middle to Late Jurassic time. Dash
line below stratigraphic units indicates what was being deposited.
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trench, or trench slope with respect to the northward subducting Bangong-Nujiang oceanic lithosphere.
Within the suture zone, coherent sequences consisting of Group 1 sandstone and interbedded chert, lime-
stone, and shale (in Namuze area) were likely deposited in trench or trench-slope basins. Chert, basalt,
and limestone blocks, interpreted as Bangong-Nujiang OPS, are mixed with Group 1 sandstones, suggesting
the formation of a subduction complex prism. In a broader perspective, Group 1 sandstones are similar in
detrital composition to sandstones in classical subduction prisms such as those in the Nankai Trough and
Franciscan subduction complex (Figure 7).

During Early to Middle Jurassic time, the Late Triassic Group 2 sandstones may have been incorporated into
the north dipping Bangong-Nujiang oceanic subduction complex (S. Li, Wang, et al., 2019; Zeng et al., 2016).
In a progressive accretion model (e.g., Ernst et al., 2009; Seely et al., 1974), the Group 1 sandstone should be
accreted beneath the Group 2 sandstone.

5.2.3. Late Middle to Late Jurassic

We interpret that some Group 2 sandstones may have been deposited during late Middle to Late Jurassic
time (Figure 10d) as they share similar detrital modes (Figure 7), detrital zircon age spectra (Figure 9),
and maximum depositional ages with the late Middle to Late Jurassic Biluoco and Shamuluo formations
(Tables 1 and S4) to the north (Ma et al., 2017, 2018). However, the Lhasa and Qiangtang terranes may or
may not have collided during late Middle Jurassic time (Ma et al., 2017), leading to contrasting tectonic inter-
pretations for Group 2 deposition and accretion (Figure 10d). If the Lhasa and Qiangtang terranes initially
collided during late Middle Jurassic time, Group 2 sandstones would have been deposited in a trough
between the Lhasa and Qiangtang terranes in a syn-collisional setting, which could have been comparable
to the present-day Timor trough between the northward subducting Australian continental margin and
southesatern Asia (Hall, 2011; Tate et al., 2015). If Lhasa-Qiangtang collision occurred later, Group 2 sand-
stones may have been deposited in a forearc setting with abnormal provenance, perhaps as a result of flat
subduction-related orogenesis and associated termination in arc magmatism.

5.2.4. Group 3: Deposition and Accretion Models

Two models are proposed here to interpret the deposition and accretion of Group 3 sandstones. A future
determination of the depositional age will tell which one is correct. In the first model, Group 3 sandstone
was deposited on oceanic crust attached to the Qiangtang passive margin between Permian and Triassic time
as confined by the maximum depositional ages (Table 1), with a Qiangtang terrane provenance (Figure 10e).
In this model, the Lhasa-like signature may be a Qiangtang signature that has yet to be identified (S. Li,
Ding, et al., 2017). Alternatively, Group 3 may have been deposited during late Middle to Late Jurassic time
when the southern Qiangtang and Bangong-Nujiang basin were being filled up with recycled-orogen-
derived materials (Biluoco and Shamuluo formations and Group 2 sandstones; Figure 10f) yielding youngest
zircon ages between 528 and 227 Ma (Table S4; Ma et al., 2017). The possible presence of both Qiangtang and
Lhasa provenance signals in Group 3 sandstone would be consistent with Lhasa-Qiangtang collision. The
lack of Late Jurassic and Early Cretaceous zircons in Group 3 and also Group 2 sandstones casts doubt on
this interpretation but could potentially be explained by a scarcity or lack of magmatic rocks of this age in
the study region (Figures 1b and S1).

5.3. Mixture of Different Units in the Mugagangri Complex

Four lines of evidence suggest the Mugagangri Complex represents subduction complex rocks related to the
northward subduction of the Bangong-Nujiang ocean. First, the plate tectonic position of the Mugagangri
Complex is within a suture zone. Second, the Mugagangri Complex is more strongly deformed compared
to the faulted-bounded coherent strata of the Shamuluo Formation to the north. Third, the inclusion and
mixture of possible OPS blocks (chert, basalt, and limestone) and deep marine terrigenous sandstone in
blocks and matrix support the interpretation of a subduction complex (e.g., Searle et al., 1987). Fourth,
the siliciclastic-matrix mélange of the Mugagangri Complex contains sandstone blocks and matrix equiva-
lent to the coherent deep marine sequences in the Elulenalong (Group 2) and Namuze (Group 1), which
are interpreted to have been deposited in trench or trench slope basin settings. An alternative interpretation
is that the Mugagangri Complex may represent an olistostromal (sedimentary) mélange that was deposited
in a forearc basin and subsequently structurally disrupted (e.g., Wakabayashi, 2017). Geological evidence in
support of this possibility, other than the unmetamorphosed nature of the Mugagangri Complex, is presently
limited, and we thus tentatively favor a more traditional subduction complex interpretation.
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Accretionary prisms with a progressive long-term growth generally follow an oceanward and structurally
downward younging polarity as younger sediments are frontally accreted and underthrust older subduc-
tion complex rocks in the upper-plate direction (Seely et al., 1974; Simpson, 2010). This has been con-
firmed in many accretionary complexes, such as the Franciscan (Dumitru et al.,, 2015), Chugach
(Amato et al., 2013), and Japanese Islands (Isozaki et al., 2010). However, in the Mugagangri Complex,
the three groups of sandstone and the possible OPS blocks are well mixed. Near Gaale, Groups 1 and 2
sandstones and OPS blocks are mixed along a 400-m-long NE-SW cliff exposure; near Demazong,
Group 3 sandstone blocks are mixed together with Group 1 sandstone and OPS blocks; near
Elulenalong, the block counting results show that the three groups of sandstone as well as OPS blocks
are well mixed (Figures 4a and 4b).

We interpret the mixture of different types of blocks in the Mugagangri Complex mélange to have occurred
mainly in two stages. The first stage took place during the northward oceanic lithosphere subduction during
possibly Late Triassic to early Middle Jurassic time (or even later depending on the collision timing of Lhasa
and Qiangtang terranes), which leads to Groups 1 and 2 sandstones of Qiangtang affinity to amalgamate
with possible OPS and possibly Group 3 sandstone of both Qiangtang and Lhasa affinities. The second stage
happened during the Lhasa-Qiangtang collisional processes, loosely constrained to have initiated between
the late Middle Jurassic and Early Cretaceous (Fan, Li, Xie, et al., 2015; Girardeau et al., 1984; Kapp
et al., 2007; S. Li, Yin, et al., 2019; Ma et al., 2017, 2020; Sun et al., 2019; Zhu et al., 2016). This caused the
newly deposited Group 2 sandstones and possibly Group 3 sandstones to mix with former subduction com-
plex rocks by various disruption mechanisms including cataclasis associated with decollement development
and out-of-sequence fault zones, mud diapirism, and mass wasting processes that are common in collisional
mélanges (Harris et al., 1998).

6. Conclusions

1. The Mugagangri Complex in the Selin Co area contains coherent sedimentary sequences, dismembered
formations, and mélange. The mélange is composed of a sandstone and shale matrix that includes blocks
of sandstone and subordinate chert, limestone, and basalt. The coherent sedimentary sequences were
deposited in deep water basins.

2. Three groups of sandstone are found in the Mugagangri Complex based on sandstone petrography and
detrital zircon U-Pb ages. Group 1 sandstone is volcaniclastic and continental arc-derived with maximum
depositional ages of 177-170 Ma; Group 2 sandstone is recycled orogen-derived with maximum deposi-
tional ages of 237-213 Ma. Both groups are of Qiangtang affinity and present in both coherent sequences
and mélange. Group 3 sandstones are compositionally mature and of recycled orogen-derived Qiangtang
terrane provenance but with possibly an additional Lhasa terrane provenance; its maximum depositional
ages are 284-246 Ma.

3. We propose three deposition and accretion stages in central Tibet during Late Triassic to Late Jurassic
time. During the Late Triassic, some Group 2 sandstone was deposited on the ocean floor attached
to the continental margin of the Qiangtang terrane. During the early Middle Jurassic, Group 1
sandstone was deposited and accreted in a forearc setting due to the northward subduction of the
Bangong-Nujiang oceanic lithosphere. During late Middle Jurassic to Late Jurassic time, additional
Group 2 sandstone was deposited along the continental margin of the Qiangtang terrane. Group 3 sand-
stone may be interpreted as Permian-Triassic passive margin strata deposited on the ocean floor adjacent
to the continental margin of the Qiangtang terrane or as upper Mesozoic remnant deep marine strata that
were deposited during the Lhasa-Qiangtang collision.

4. The three groups of sandstone and blocks of chert, limestone, and basalt are well mixed in the
Mugagangri Complex as a result of long-term convergence prior to and perhaps during the continental
collision between the Lhasa and Qiangtang terranes.

Data Availability Statement
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