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a b s t r a c t
The Upper Triassic Langjiexue Group, exposed south of the Yarlung-Zangbo suture zone in south Tibet, shows
sedimentary features different from typical Tethyan Himalayan successions, and its origin is controversial. In
this article we combine ﬁeld observations with paleocurrent, petrologic, geochronological and isotopic data to
determine the provenance of Langjiexue sandstones. These middle to distal deep-sea-fan turbidites are crosscut
by Lower Cretaceous diabase sills and dikes generated during rifting of India from Gondwana, indicating that the
Langjiexue Group was originally deposited along or adjacent to the northern passive continental margin of India.
Flute casts at the base of turbidite beds indicate mostly WNW-ward paleocurrents, pointing to provenance from a
source located east of the depositional area. Common volcanic fragments and plagioclase grains together with a
cluster of 400–200-Ma-aged magmatic zircons with uniform εHf(t) values from −5 to +10 are incompatible
with any nearby sources, including the Qiantang Block, the Lhasa Block or the India subcontinent, and indicate
instead supply from a long-lived magmatic-arc terrane. Considering what is known about Late Triassic paleogeography, a plausible source for Langjiexue sediments is represented by the Gondwanide Orogen, generated
during subduction of the pan-Paciﬁc oceanic lithosphere beneath southeastern Gondwana. This scenario is
supported by the age range and Hf isotopic signatures of Late Paleozoic–Early Mesozoic zircons contained in
Langjiexue turbidites as in coeval turbidites exposed in western Myanmar. New data are needed to conﬁrm/
falsify the existence of a thousand-km-long sediment-routing system similar to the modern Amazon, which –
sourced in a cordillera-type orogen rising along the southeastern margin of Gondwana – crossed an entire
continent to feed turbiditic fans now exposed from western Myanmar to the northern Tethys Himalaya.
© 2016 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction
A full understanding of the evolution of the Neo-Tethys Ocean and
its margins is vital not only to decipher the pre-collisional tectonic history of the region, but also to provide the initial conditions required
for any geodynamic model of the Himalayan–Tibetan Plateau.
In the eastern Himalaya, Upper Triassic clastic rocks crop out
extensively south of the Yarlung-Zangbo suture, covering an area
N10,000 km2 (Fig. 1A). These rocks were termed as the Langjiexue
Group, and have been considered to be part of the Tethyan Himalayan sequence deposited on the Indian passive continental margin (Tibetan
Bureau of Geology and Mineral Resources, 1993). However, recent
discoveries suggest that the Langjiexue Group is different from the
⁎ Corresponding author.
E-mail address: wangjiangang@mail.iggcas.ac.cn (J.-G. Wang).

Tethyan Himalayan strata. Firstly, southward sediment transport
was suggested by paleocurrent analysis (Li et al., 2003a). Secondly, petrographic and geochemical composition is different from typical passivemargin deposits sourced from a cratonic block (Li et al., 2004; Zeng
et al., 2009; Xu et al., 2011). Thirdly, Nd isotopic data of the Langjiexue
Group indicate a more juvenile source than for Tethyan Himalayan sediments (Dai et al., 2008). Finally, the U–Pb age spectra of detrital zircons
from the Langjiexue Group include a cluster at 400–200 Ma with a peak
at 280–220 Ma (Aikman et al., 2008; Li et al., 2010; Cai et al., 2016; Li
et al., 2016), whereas zircons of this age are scarce in the Tethyan Himalayan strata and throughout the Indian subcontinent. Based on these differences, the Langjiexue Group was proposed to represent a stratigraphic
domain independent from the Tethys Himalayan sequences (Li et al.,
2004; Dai et al., 2008; Li et al., 2010; Webb et al., 2013).
Several provenance models were proposed for the Langjiexue Group
(Fig. 2), which can be summarized in two groups. According to the ﬁrst
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Fig. 1. (A) Simpliﬁed tectonic map of the Himalaya–Tibetan Plateau showing major terranes, suture zones and faults. Location of Upper Triassic sandstone samples collected for U–Pb zircon
dating and Hf isotopic analyses in the Qiangtang Block, Lhasa Block and the southern Tethys Himalaya are indicated. The gray area shows areal distribution of Langjiexue Group. ALT, Altyn
Tagh fault; BNS, Bangong–Nujiang suture; HH, Higher Himalaya; IYZS, Indus–Yarlung-Zangbo suture; JF, Jiali fault; JS, Jinshajiang suture; KF, Kunlun fault; KLF, Karakoram fault; LH, Lesser
Himalaya; MBT, Main Boundary thrust; TH, Tethys Himalaya; STDS, south Tibetan detachment system. (B) Geological map of the eastern Himalayas (modiﬁed after Pan et al., 2004),
showing the sample locations in the Langjiexue Group and northern Tethys Himalaya. GKT, Gyirong–Kangmar thrust; RZT, Renbu–Zedong thrust.

group of models, the Langjiexue Group was originally deposited in the
forearc basin either of the Lhasa Block (A) or of an intra-oceanic arctrench system (B), and was emplaced structurally onto India during
the Himalayan Orogeny. In model A, detritus was derived from the
magmatic arc developed along the southern margin of the Lhasa Block
during northward subduction of Neo-Tethyan oceanic lithosphere
(Fig. 2A; Li et al., 2010). In model B, detritus was derived from an
intra-oceanic arc formed within the Neo-Tethys Ocean (Fig. 2B; Li et al.,
2010). According to the second group of models, the Langjiexue Group
was deposited onto or adjacent to the northern Indian margin, but had
a provenance different from that of the Tethys Himalayan successions.
In model C, detritus derived from the Lhasa Block was deposited on
both distal continental margin of the Lhasa Block and northern India during a continental-rifting event (Fig. 2C; Dai et al., 2008; Webb et al.,
2013). In model D, detritus was derived not only from the Lhasa Terrane,
but also from intraoceanic arcs or seamount or emerged mid-ocean ridge
areas as well as possibly from Greater India and Australia, and deposited
on oceanic crust between India and Australia (Fig. 2D; Li et al., 2016). In

model E, detritus was derived long-distance from western Papua,
transported along the northwestern Australia margin for thousands of
kilometers, and deposited in distal submarine fans onto the distal passive
margin of northern India (Fig. 2E; Cai et al., 2016). None of these models
is supported by solid provenance evidence.
In this article we carry out a detailed provenance study of the
Langjiexue Group, combining sedimentologic, petrologic and isotopic
approaches. U–Pb spectra and Hf isotopic ratios of detrital zircons
from the Upper Triassic strata in the Qiangtang Block, Lhasa Block and
Tethys Himalaya were analyzed for comparison. Our goal is to constrain
the provenance and depositional processes of the Langjiexue turbidites
and to understand their paleogeographic implications.
2. Geological background
The Tibetan Plateau consists of several east–west elongated domains
that were accreted progressively to the southern margin of Eurasia during the Phanerozoic (Chang and Zheng, 1973; Allègre and 34 others,
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Fig. 2. Proposed tectonic models for the deposition of the Langjiexue Group. (A) Lhasa forearc model: provenance from the Lhasa Block continental arc and deposition in the adjacent forearc
basin (Li et al., 2010). (B) Intra-oceanic forearc model: provenance from an intra-oceanic arc and deposition in the adjacent forearc basin (Li et al., 2010). (C) Rift-ﬁll model: provenance from
the Lhasa Block and deposition along the northern Indian margin during initial rifting between the Lhasa Block and India (Dai et al., 2008; Webb et al., 2013). D) Multiple sources model:
simultaneous provenance from the Lhasa Block, India, Australia, intraoceanic arcs, seamounts or mid-ocean ridge, and deposition on oceanic crust between India and Australia (Li et al.,
2016). E) Long-distance marginal transport model: provenance from western Papua and ﬁnal deposition onto the distal Indian passive margin (Cai et al., 2016).

1984; Dewey et al., 1988; Yin, 2010). From north to south, these are the
Songpan–Ganze ﬂysch complex, the Qiangtang Block, the Lhasa Block
and the Tethys Himalayan passive continental margin of India, separated by the Jinshajiang, Bangong–Nujiang and Indus–Yarlung-Zangbo
sutures, respectively (Fig. 1A; Yin, 2010). The Qiangtang Block is
subdivided into north and south Qiangtang, separated by the central
Qiangtang metamorphic belt (Li et al., 1995; Kapp et al., 2003; Liu
et al., 2011; Liang et al., 2012). It was long established that the
Qiangtang and Lhasa Blocks were once part of Gondwana, and were
progressively accreted to Eurasia at Early Jurassic and Late Jurassic–
Early Cretaceous times, respectively (Dewey et al., 1988; Yin, 2010;
Zhu et al., 2013).
The Indus–Yarlung-Zangbo suture zone is the youngest suture in the
Tibetan Plateau, formed in the middle Paleocene when passive margin
of India collided with Asia (Hu et al., 2015; An et al., 2016). North
of the Yarlung-Zangbo suture, the Gangdese arc consists of a calcalkaline batholith and arc-related volcanic rocks formed along the
southern margin of the Lhasa Block during the northward subduction
of Neo-Tethyan oceanic lithosphere from late Mesozoic to Paleogene
times (Wen et al., 2008; Ji et al., 2009; Zhang et al., 2010). The Xigaze
forearc basin was ﬁlled with Cretaceous to Paleogene clastic rocks
derived mainly from the Gangdese arc (Wang et al., 1999, 2012; An
et al., 2014; Hu et al., 2016) (Fig. 1B).
South of the Yarlung-Zangbo suture, the Himalayan Orogen comprises three major tectonic units, the Tethys Himalaya, the Greater or
High Himalaya and the Lesser Himalaya (Gansser, 1964; Fig. 1A). The
Tethys Himalayan succession, deposited on the Indian continental
margin, is traditionally subdivided into southern and northern zones
separated by the Gyirong–Kangmar Thrust (Ratschbacher et al., 1994).
The northern zone is characterized by deeper-water, distal-margin
shales, cherts and turbidites (Hu et al., 2008), whereas the southern
zone is dominated by shallow-water carbonates and shelfal to coastal
clastic sediments (Willems et al., 1996; Jadoul et al., 1998). Lower

Paleozoic granites and Miocene leucogranites are exposed in a series
of metamorphic domes within the northern Tethys Himalaya.
3. Stratigraphy of the Langjiexue Group
The Langjiexue Group is a fault-bounded terrane exposed south of
the Yarlung-Zangbo suture in the eastern Tethys Himalaya (Fig. 1A). It
is thrusted over the Yarlung-Zangbo ophiolites and the Gangdese
batholith along the Renbu–Zedong Thrust in the north (Yin et al.,
1999), and separated from the Tethys Himalayan strata by a northdipping thrust in the south (Fig. 1B). The strata of the Langjiexue
Group were strongly deformed during the Himalayan Orogeny
(Fig. 3A), and their total thickness cannot be accurately measured
but only estimated to be ≥5 km (Ratschbacher et al., 1994). The intensity
of metamorphic deformation increases from south to north, where
rocks are transformed into quartzite, phyllite or schist containing
abundant quartz veins (Fig. 3D and E). Sedimentologic and petrographic
analyses were thus carried out mainly in the south focusing on the
Nanggarze–Zedong area, where strata only experienced very low-grade
metamorphism and sedimentary structures are well preserved (Fig. 3B
and C).
The Langjiexue Group consists of interbedded sandstones and dark
mudrocks deposited by gravity ﬂows in a middle-distal submarine fan
(Fig. 3B and C) (Li et al., 2003b; Zhang et al., 2015). Sandstone beds,
commonly arranged in thickening-upward cycles (Fig. 3B), are laterally
continuous and mostly ≤50 cm thick, but a few beds reach up to 1.5 m.
Bouma sequences are common (Fig. 3H), with ﬂute casts (Fig. 3F
and G) and concentration of intraformational dark gray mudclasts at
the base.
The Langjiexue Group is intruded by numerous diabase sills and
dikes (Fig. 3I) belonging to the Early Cretaceous volcanic province
widely documented in the Tethys Himalaya and associated with the
Comei–Rajmahal–Kerguelen–Bunbury magmatic outburst that played
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Fig. 3. Field photographs of the Langjiexue Group. (A) South-vergent folds in the southern part of the Langjiexue Group. (B) Interbedded sandstones and mudrocks arranged in thickeningupward cycles. (C–E) Close-up view of the Langjiexue Group strata, showing gradual increase of metamorphic deformation from south to north. (F–G) Flute casts on the base of sandstone
beds. (H) Graded sandstone bed showing part of the Bouma sequence. (I) Diabase sill intruded into the Langjiexue Group. Maﬁc sills or dikes, widespread in the eastern Tethys Himalaya,
are part of the Early Cretaceous (~132 Ma) large igneous province erupted during the ﬁnal breakup of eastern Gondwana (Zhu et al., 2009).

a role in the breakup of eastern Gondwana (Zhu et al., 2009). This is a
compelling evidence that the Langjiexue Group was part of the Indian
margin in the Early Cretaceous, and not an exotic terrane separated
from India or adjacent to the Lhasa Block.
Depositional age is not well constrained because of a dearth of
age-diagnostic fossils. Ammonites including Tropites sp., Siculites sp.,
Paratibetites sp. and Dittmarites sp., and bivalves including Halobia sp.,
Burmesia sp., Unionites sp., Monotis salinaria, Cassianella nyanangensis,
Schafhaeutlia mellingi and Schafhaeutlia sphaerioides were reported
from a few localities, suggesting deposition at Carnian–Norian time
(Tibetan Bureau of Geology and Mineral Resources, 1993; Institute of
Tibetan Geological Survey, 2007). This is consistent with the youngest
U–Pb age of detrital zircons in the eight analyzed samples, which are
231 Ma (sample 08FW04), 229 Ma (08FW20), 222 Ma (08FW01),
220 Ma (110934), 215 Ma (13YD-C), 217 (08FW19), 212 Ma
(08FW03), and 204 Ma (08FW18). Because young zircons are commonly
euhedral and associated with volcanic clasts and plagioclase, indicating
supply from an active volcanic source (see discussion in Section 7.4),
these mostly Norian ages are held to approximate depositional age
(Dickinson and Gehrels, 2009).

4. Methods
Stratigraphy and sedimentary structures were analyzed in the ﬁeld,
and samples of different lithofacies were collected for laboratory study.
Paleocurrents were measured from ﬂute casts on the base of sandstone
beds, the long axis being parallel to ﬂow direction with the tapered end
pointing toward the ﬂow and the steep end up-current. The strike of the
sandstone bed and the angle between the axis of the ﬂute cast and the
strike line (pitch angle) were measured on the bedding plane, and
then the pitch angle was added (or subtracted) from the strike to obtain
the restored paleocurrent direction.
Thin-sections were prepared from all collected samples, and less altered sandstones were selected for modal analysis. About 400 points per
sample were point-counted following the Gazzi–Dickinson method
(Ingersoll et al., 1984). Heavy minerals were separated from the sandstone samples of the Langjiexue Group and of the Upper Triassic strata
in adjacent terranes using a combination of elutriation, dense-liquids
and magnetic-separation techniques. Zircon grains were handpicked
randomly, mounted in epoxy resin and then polished to produce a
smooth, ﬂat surface. Cathodoluminescence (CL) images were obtained
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to reveal the internal structures of zircons and to select spots for U–Pb
age and Hf isotopic analyses. All analyses were conducted at the State
Key Laboratory of Lithosphere Evolution, Institute of Geology of Geophysics, Chinese Academy of Sciences. Data are given in the Appendix A.
U–Pb dating of detrital zircons was performed via laser ablationinductively coupled plasma-mass spectrometry (LA-ICP-MS). The details
of the instrumental conditions and data acquisition are found in Xie et al.
(2008). A spot diameter of 44 μm was used during the analysis. The raw
count rates for 206Pb, 207Pb, 208Pb, 232Th and 238U were collected for age
determination. The 207Pb/206Pb and 206Pb/238U ratios were calculated
using the GLITTER program (GEMOC, Macquarie University; Grifﬁn
et al., 2008). Age calculations and plotting of concordia diagrams were
performed using Isoplot 3.0 (Ludwig, 2003).
Zircon Hf isotope analyses were performed using a Neptune MultiCollector ICP-MS equipped with the Geolas 193 laser-ablation system.
The details of the instrumental conditions and data acquisition are
found in Wu et al. (2006). Hf isotope analyses were performed with a
spot diameter of 60 μm, overlapping the site used for U–Pb dating. During analysis, the obtained average 176Hf/177Hf ratio of standard zircons
GJ-1 and Mud Tank was 0.282006 ± 19 (2SD) and 0.282510 ± 23
(2SD), consistent with previously reported values (Woodhead and
Hergt, 2005; Morel et al., 2008). To calculate the εHf(t) value and the
‘crustal’ model age (TCDM), we adopted a depleted mantle model with
176
Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Grifﬁn et al., 2000),
and chondrite values of 176Hf/177Hf = 0.282772 and 176Lu/177Hf =
0.0332 (BlichertToft and Albarede, 1997). We assumed an average
continental crustal 176Lu/177Hf ratio of 0.015 for the protolith of the
zircon's host magma (Grifﬁn et al., 2002) and used a decay constant of
176
Lu–176Hf of 1.867 × 10−11 yr−1 (Söederlund et al., 2004).

5. Results
5.1. Paleocurrents
The paleocurrent measurements from three locations in the Zedong
area indicate that the sediment transport directions are mostly toward
the west–north–west, subparallel to the northern Indian margin
(Fig. 4). Our results differ from previous studies, which suggested southward to south–westward paleoﬂow (Li et al., 2003a). We ascribe the

discrepancy to different measurement methods. In Li et al. (2003a),
paleocurrent data were measured and restored from the attitude of
ﬂute casts and bedding planes using the Stereonet program. Theoretically both approaches should provide the same results, but in practice
an accurate plunge direction may be difﬁcult to obtain, and especially
for steeply dipping strata the error of plunge direction would be ampliﬁed during paleocurrent restoration. Most strata of the Langjiexue
Group are indeed steeply dipping, with a dip angle N 50° (Li et al.,
2003a). A recent study in the Renbu area by a measurement approach
similar to ours indicates mainly westward sediment transport (Xu
et al., 2011), which is in agreement with our observations.
5.2. Sandstone petrography
Sandstones from the Langjiexue Group are mostly litho-quartzose.
Abundant muscovite ﬂakes growing along cleavage planes characterize
metamorphosed strata in the north (Fig. 5A and B), where pressuresolution and recrystallization of quartz grains are widespread, and
feldspars and volcanic rock fragments appear to have been selectively
replaced. Only in the south is the primary detrital framework preserved,
and thus held as a reliable provenance indicator (Fig. 5C–F).
The eighteen least altered sandstone samples from southern outcrops of the Langjiexue Group selected for detrital modal analysis gave
an average modal composition Q:F:L = 75:5:20 (Fig. 6A). Angular to
subrounded and mostly monocrystalline quartz grains constitute 59%
to 88% of total framework grains and commonly display syntaxial overgrowths. Lithic fragments constitute 6% to 34% of framework grains and
are mainly represented by felsitic (“rhyodacitic”) and minor microlitic
(“andesitic”) volcanic types (42%–83% of total lithic grains). Metamorphic lithics (5%–45% of lithic grains) include phyllite and slate. Sedimentary lithics (6%–28% of lithic grains) include shale and siltstone (Fig. 6B).
Plagioclase ranges from 3% to 9% of framework grains (Fig. 6C), whereas
K-feldspar was not observed. Muscovite, zircon, epidote, tourmaline,
apatite and Cr–spinel are common accessory minerals.
5.3. U–Pb and Hf isotopic signatures of detrital zircons
One hundred zircon grains were analyzed from each of eight
Langjiexue sandstone samples (sample location shown in Fig. 1B).

Fig. 4. Paleocurrent data from the Langjiexue Group at three localities. (A) Arrows indicate the paleocurrent direction for each measurement. (B) Rose diagram for all paleocurrent
directions.
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Fig. 5. Photomicrographs of the Langjiexue Group sandstones. (A–B) Quartzites with muscovite growing along cleavage planes during very low-grade metamorphism. (C–F) Feldspatholitho-quartzose sandstones including quartz (Q), volcanic rock fragments (Lv), plagioclase (Pl) and minor sedimentary (Ls) and metamorphic (Lm) rock fragments.

Relative U–Pb age probability and εHf(t) vs. age plot of detrital zircons
with less than 10% discordance are shown in Fig. 7.
Detrital zircons from all samples yielded similar age spectra, with
three main clusters in the Mesoproterozoic (15%–30% of total analyzed
grains), Neoproterozoic–Cambrian (50%–70%), and Late Paleozoic–
Early Mesozoic (7%–15%), and scattered Paleoproterozoic to Archean
ages. The prominent Neoproterozoic–Cambrian cluster (900–500 Ma)

displays a notable peak at ~550 Ma. The εHf(t) values of these zircons
show a wide range from − 30 to + 10, with corresponding crustal
model ages (TCDM) ranging from 3.5 to 1.0 Ga. Mesoproterozoic zircons
form a broad cluster between 1.5 and 1.0 Ga without pronounced age
peaks, have εHf(t) mostly between −5 and +10, and have corresponding T CDM ages ranging from 2.0 to 1.0 Ga. Late Paleozoic–early Mesozoic
zircons group mostly between 280 and 220 Ma, and have a

Fig. 6. Triangular diagrams for the Langjiexue sandstones. Q, quartz; F, feldspars (P, plagioclase; K, potassium feldspar); L, lithic fragments (Lm, metamorphic; Ls, sedimentary; Lv,
volcanic).
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Fig. 7. Relative U–Pb age probability and U–Pb age vs. εHf(t) plots for Langjiexue detrital zircons. Data from the Renbu area after Li et al. (2010).

εHf(t) ranging from − 5 to + 10 and TCDM ages from 1.5 to 0.5 Ga
(Fig. 8A). They are euhedral to subhedral and commonly show
well-developed oscillatory zoning (Fig. 8B) suggesting ﬁrst-cycle
magmatic origin.

6. Regional comparison of detrital-zircon signatures
To determine the source of the Langjiexue Group and its potential afﬁnity with coeval strata in adjacent terranes, U–Pb and Hf isotopic
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Fig. 8. Summary of U–Pb and Hf isotopic data from 400 to 200 Ma zircons from this study and from Li et al. (2010) (A). Gray area indicates data from the New England Batholith (Jeon et al.,
2014). (B) Representative CL images of 400–200 Ma zircons from the Langjiexue Group.

analyses of detrital zircons in the Upper Triassic sandstone samples
from the Qiangtang Block, Lhasa Block and Tethys Himalaya were
carried out. At the end of this section, we shall compare detrital-zircon
signatures from all of these potential sources with those in the
Langjiexue Group, taking into account also literature data from the
Songpan–Ganze complex exposed in the northeastern Tibetan Plateau
and from the Upper Triassic turbidites (Pane Chaung Formation)
exposed in the Indo-Burman Ranges of western Myanmar.
6.1. Qiangtang Block
Samples 13WQ-A from the Tumengela Formation in south
Qiangtang and 12BD02 from the Bagong Formation in north Qiangtang
(Fig. 1A) are both litho-quartzose with volcanic and low-grade metamorphic rock fragments and minor feldspar (Fig. 9A and B). Detrital zircons
from the two samples have U–Pb ages clustering at 330–220 Ma, 520–
400 Ma, 2000–1650 Ma and 2550–2350 Ma. Ages between 1000 and
600 Ma also occur in sample 13WQ-A, but are minor in sample 12BD02
(Fig. 10). Late Paleozoic to early Mesozoic zircons display a wide range
of εHf(t) values from −20 to +10, and corresponding TCDM ages between
~2.5 and 0.5 Ga. The εHf(t) values of Early Paleozoic zircons range mostly
between − 3 and +12, and T CDM ages vary between 1.6 and 0.7 Ga.
Paleoproterozoic zircons have uniform Hf isotopes, with T CDM of
3.5–2.3 Ga. The 1000–600 Ma zircons from sample 13WQ-A yielded
εHf(t) values from −15 to +10, and T CDM ages from 2.5 to 1.0 Ga (Fig. 10).

as − 30 for a few Early Paleozoic grains; their T CDM ages are mostly
between 2.5 and 0.8 Ga (Fig. 10).
6.3. Northern Tethys Himalaya
Two samples collected from the Nieru Formation in the Kangmar
(13KM26) and Puma Yamco areas (14PM-T02; Fig. 1B) are ﬁne-grained,
quartz-rich and affected by very low-grade metamorphic deformation
(Fig. 9F and G). U–Pb zircon ages from sample 13KM26 range mainly between 900 and 450 Ma, with a subordinate cluster at 380–190 Ma and
small Paleoproterozoic to Mesoproterozoic peaks. The εHf(t) values of
900–450 Ma zircons range mostly between −15 and +8, and T CDM ages
between 2.5 and 1.0 Ga. The εHf(t) values of 300–190 Ma zircons vary
from − 7 to +9, and TCDM ages from 1.7 to 0.7 Ga. Zircons in sample
14PM-T02 display a sharp peak between 215 and 190 Ma (Fig. 10). The
grain size was too small for Hf isotope analysis.
6.4. Southern Tethys Himalaya
Two sandstone samples (13CN06 and 14DR-T02; Fig. 1A) from the
Qulonggongba Formation in the Tingri and Cona areas are quartzose
(Fig. 9H and I). The zircon-age spectra display a prominent peak at
600–450 Ma, a subordinate cluster between 1100 and 700 Ma, and
minor Mesoproterozoic to Archean clusters, which is typical of the
Tethys Himalayan strata (Hu et al., 2010). The εHf(t) values range mostly
between −20 and +10, and TCDM ages between 3.0 and 1.2 Ga (Fig. 10).

6.2. Lhasa Block

6.5. Regional comparisons

Three sandstone samples from the Lhasa Block, including 13NM-A
from the Quehala Group in the Nima area, 13NQ09 from the Gajia Formation in the Naqu area, and 13MG08 from the Mailonggang Formation
in the Linzhou area (Fig. 1A), have litho-quartzose composition (Fig. 9C–
E) and yielded detrital zircons of nearly continuous Paleoproterozoic to
Late Paleozoic ages, with major clusters at 550–200 Ma, 1300–700 Ma,
and 2000–1700 Ma, and a minor cluster at 2600–2400 Ma (Fig. 10).
Sample 13NM-A yielded several zircons with Jurassic U–Pb ages, and
was thus seemingly deposited after the Triassic.
Latest Archean to Paleoproterozoic zircons have εHf(t) values from
− 10 to + 5, and TCDM ages from 3.5 to 2.2 Ga. Mesoproterozoic to
Neoproterozoic zircons have εHf(t) values mostly between − 10 and
+10, with TCDM ages between 2.8 and 1.5 Ga. Paleozoic to early Mesozoic
zircons have εHf(t) values ranging widely from −20 to +10, and as low

The age spectra of detrital zircons from Upper Triassic sandstones exposed in the Qiangtang Block are signiﬁcantly different from those from
the Langjiexue Group. Qiangtang detrital zircons lack the ~550 Ma age
peak and display an additional peak at ~1850 Ma. Neoproterozoic zircons
are rare, especially in the north Qiangtang sample. Moreover, Late
Paleozoic to early Mesozoic Qiangtang zircons show a much wider
range of εHf(t) values (− 20 to + 10) than Langjiexue zircons (− 5 to
+10).
The age spectra of detrital zircons from Upper Triassic sandstones
exposed in the Lhasa Block were considered compatible with those
from the Langjiexue Group (Li et al., 2014). However, a compilation of
existing data from both domains indicates signiﬁcant differences. As
shown in Fig. 11, the ~550 Ma age peak predominant in the Langjiexue
Group is quite small in samples from the Lhasa Block. Paleoproterozoic
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Fig. 9. Photomicrographs of Upper Triassic sandstones from the Qiangtang, Lhasa and Tethys Himalayan domains.

to Mesoproterozoic zircons from the Lhasa Block display notable age
peaks at ~ 1850 Ma and ~ 1150 Ma, whereas zircons with these ages
are notably rare in the Langjiexue Group. Moreover, εHf(t) values of
Late Paleozoic to early Mesozoic zircons tend to be lower in sandstones
from the Lhasa Block (−20 to +5) than in the Langjiexue Group (−5 to
+10).
Detrital zircons in the Upper Triassic sandstones exposed in the
southern Tethys Himalaya are dominantly of Early Paleozoic to Precambrian age whereas Late Paleozoic to early Mesozoic grains are lacking,
in contrast with the Langjiexue Group zircons. The age of detrital zircons
in sample 13KM26 from the northern Tethys Himalaya, however, is
compatible with those in the Langjiexue Group (Fig. 10). Sample
14PM-T02 displays a much sharper Late Triassic–Early Jurassic age
peak, suggesting a younger depositional age than the Langjiexue Group.
A similarly enigmatic turbiditic unit containing Carnian–Norian
fossils and associated with maﬁc volcanic rocks is exposed in the northwestern Himalaya, and traditionally interpreted as representing the distal rifted margin of India (Lamayuru Formation; Bassoullet et al., 1981;

Fuchs, 1986). The intercalated sandstones, however, are feldspatholitho-quartzose and rich in felsitic to microlitic volcanic rock fragments
associated with plagioclase and chessboard albite (own unpublished
data), a volcaniclastic signature at odds with provenance from India as
traditionally believed (e.g. Fig. 10 in Robertson and Degnan, 1993).
Although facies, petrographic composition, age and tectonic position are
all comparable to those of the Langjiexue Group, the latter unit is not exposed from west of Lhazi to the Kailas area. Further speciﬁc investigations
are therefore needed to establish whether the Lamayuru Formation represents the distal equivalent of the Langjiexue Group or a different
turbiditic system.
The Songpan–Ganze is a huge Upper Triassic turbidite complex deposited in a remnant-ocean basin and derived from the Indosinian
Orogen issued from collision between South China and North China
(Weislogel et al., 2006). U–Pb detrital-zircon ages are mostly Paleozoic
(~ 450–200 Ma), with subordinate Paleoproterozoic (1.8–1.9 Ga and
2.4–2.5 Ga) or Neoproterozoic clusters (~ 850–700 Ma), suggesting
provenance from the North and South China Blocks, respectively
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Fig. 10. Relative U–Pb age probability and U–Pb age vs. εHf(t) plots for detrital zircons in Upper Triassic sandstones from the Qiangtang, Lhasa and Tethys Himalayan domains.

(Fig. 11) (Weislogel et al., 2006; Ding et al., 2013). Pan-African ages
(peaking at ~550 Ma) are lacking, in sharp contrast with the Langjiexue
Group zircons.

The Upper Triassic turbidites of the Pane Chaung Formation, exposed
in the Indo-Burman Ranges west of the Kabaw Fault – held to represent
the southeastern prolongation of the Yarlung-Zangbo suture – have
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similar petrographic composition and yielded broadly similar U–Pb age
spectra of detrital zircons as the Langjiexue Group (Fig. 11; Sevastjanova
et al., 2016). The Pane Chaung Formation may thus represent the
eastern proximal part of the Langjiexue Group, possibly rotated
clockwise and torn off the eastern Himalayan syntaxis during continuing northward motion of the Indian indenter after initial collision with
Asia (Fig. 12).
Coupled U–Pb age and Hf isotopic signatures of detrital zircons in the
Langjiexue Group are different from those in the Upper Triassic
sandstones of the Songpan–Ganze complex, Qiangtang Block, Lhasa
Block and southern Tethys Himalaya, being similar instead to those
from strata in the Indo-Burman Ranges and northern Tethys Himalaya
(Fig. 10).
7. Provenance of the Langjiexue Group
7.1. Sourced in the adjacent Lhasa terrane?
Most previous studies suggested that the Langjiexue Group was
derived from the Lhasa Block (e.g., Dai et al., 2008; Webb et al., 2013),
as supported by southward paleocurrent directions (Li et al., 2003a)
and similarity of zircon-age spectra in the Langjiexue Group and coeval
strata in the Lhasa Block (Li et al., 2010, 2014). New data obtained in the
present study indicate that both pieces of evidence are invalid. Firstly,
careful measurement of ﬂute casts on the base of sandstone beds indicates sediment-transport directions mostly toward the WNW, rather
than from north to south (Fig. 4). Secondly, although detrital zircons
in both the Langjiexue Group and the Upper Triassic strata of the
Lhasa Block display a Late Paleozoic–Early Mesozoic age cluster, the
age spectra are signiﬁcantly different (Fig. 11). Moreover, magmatism
was scarce in the Lhasa Block during the Late Paleozoic to Early Mesozoic, and mostly took place instead in the Latest Triassic to Early Jurassic
(210–190 Ma, as summarized by Li et al., 2014), an event ascribed either
to precocious northward subduction of a Neo-Tethyan arm or to southward subduction of the Bangong–Nujiang oceanic lithosphere (e.g., Zhu
et al., 2011; Kang et al., 2014).
Provenance from the Lhasa Block is also difﬁcult to conceive if the
Langjiexue Group was part of the distal Indian margin, because sediments should have been transported all across the Neo-Tethyan
Ocean, wide open since the Early Permian (Sciunnach and Garzanti,
2012). According to the model C (Fig. 2C), the Langjiexue Group was
deposited during rifting, i.e. before the onset of sea-ﬂoor spreading
between northern India and the Lhasa Block (e.g., Dai et al., 2008; Li
et al., 2014). However, the Langjiexue Group turbidites are radically
different from a classical rift–drift sequence showing sedimentary
evolution from continental to shallow-marine and ﬁnally deep-marine
facies. Evidence supporting provenance of the Langjiexue Group from
the Lhasa Block is wanting.
In the recently proposed model D, based on the detrital-zircon geochronology and Cr-spinel geochemistry, Li et al. (2016) hypothesize
that the Langjiexue Group was fed by a variety of sources, including
the Lhasa Terrane, island-arc, seamounts and/or mid-ocean-ridge
areas, and possibly even India and Australia (Fig. 2D). A depositional
model envisaging mixing of detritus from such disparate sources is
however rather unlikely, and has no known modern analog.
7.2. Sourced in west Papua?

Fig. 11. Summary of U–Pb age and Hf isotopic signatures of detrital zircons in the
Langjiexue Group (including data from Li et al., 2010), compared to Upper Triassic strata
of the Indo-Burman Ranges (Pane Chaung Formation; data from Sevastjanova et al.,
2016), northeastern Tibetan Plateau (Songpan-Ganze complex; data from Weislogel
et al., 2006, and Ding et al., 2013), Lhasa Block (including data from Li et al., 2014), and
northwestern Australia (Mungaroo Formation; data from Lewis and Sircombe, 2013).

In the also recently proposed model E, the Langjiexue Group was
derived instead from western Papua, and eventually and deposited in
a huge submarine fan extending from the northwestern Australia to
the northeastern India continental margin (Fig. 2E; Cai et al., 2016).
This scenario is based mainly on similar detrital populations of
Permian–Triassic zircons in the Langjiexue Group and age-equivalent
rocks in western Papua and northwestern Australia. However, a careful
comparison indicates several differences in zircon-age spectra. Detrital
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Fig. 12. Late Triassic paleogeographic sketch, illustrating our preferred scenario for provenance and depositional setting of the Langjiexue Group (partly after Cawood, 2005 and Zhu et al.,
2009). The possibility that the Langjiexue turbidite fan extended as far as the Lamayuru Formation of the western Himalaya still needs veriﬁcation, because the Langjiexue Group is not
exposed between Lhaze and the Kailas area.

zircons from Upper Triassic strata in Papua yielded ages dominantly between 280 and 200 Ma, with less than 15% Early Paleozoic–Precambrian
ages (Gunawan et al., 2012). Zircons in the Upper Triassic Mungaroo
Formation of northwestern Australia display notable age clusters at
1000–1250 Ma and 1500–1850 Ma (Fig. 11; Lewis and Sircombe,
2013). Both units are thus clearly distinguished from the Langjiexue
Group. Besides, it is hard to conceive that detritus from such a small
areas as western Papua may feed – as proposed by (Cai et al., 2016) –
a sedimentary system as huge as the Bengal Fan, the largest sedimentary
system on Earth.
7.3. Sourced in the Indosinian Orogen?
The Indosinian Orogen, formed during the Late Triassic as a result of
the collision of the South China and Indochina Blocks with northern
Asia, generated huge sediment volumes feeding large remnant-oceanturbidite complexes (e.g., Songpan-Ganze; Nie et al., 1994; Zhou and
Graham, 1996). This major orogeny took place contemporaneously
with deposition of the Langjiexue Group, suggesting a potential link. A
source-to-sink relationship, however, is at odds with Triassic paleogeography (Golonka and Ford, 2000). The Indosinian Orogen developed
far north of the Neo-Tethys, and it is difﬁcult to conceive how orogenic
sediments could have been transported southward all across the Tethys
Ocean to be deposited along the opposite southern margin. This hypothesis is also negated by the mostly westward paleocurrent directions in
the Langjiexue turbidites and by the dissimilarity of U–Pb age spectra
displayed by detrital zircons from the Langjiexue Group and sediments
derived from the Indosinian Orogen (Fig. 11) (e.g., Songpan–Ganze
complex; Weislogel et al., 2006; Ding et al., 2013).
7.4. Sourced in far-away eastern Gondwana?
Early Paleozoic to Precambrian ages of detrital zircons in the
Langjiexue Group extend from ~500 Ma to ~3000 Ma, with a concentration between ~500 Ma and ~1500 Ma. This pattern, typical of the Tethys
Himalayan strata, High Himalayan crystalline rocks, Lhasa Block and

western Australia (e.g., DeCelles et al., 2000; Leier et al., 2007; Hu
et al., 2010; Gehrels et al., 2011; Zhu et al., 2011), suggests provenance
from Gondwana. The key to a more precise diagnosis is provided by Late
Paleozoic–Early Mesozoic zircon grains. As discussed earlier, there is no
suitable source for them in adjacent terranes such as northern India or
the Lhasa Block.
The Late Paleozoic–Early Mesozoic Langjiexue zircons display
euhedral to subhedral shape and well-developed oscillatory compositional zoning, suggesting ﬁrst-cycle magmatic origin (Fig. 8B). Their age
distribution is nearly continuous from ~400 Ma to 200 Ma (Fig. 8A),
εHf(t) values range from −5 to +10 and corresponding TCDM ages between 0.5 and 1.5 Ga, suggesting magma contribution from a juvenile
source (Fig. 8A). The youngest zircon grains approximate the
depositional age in most samples, which conﬁrms the existence of
penecontemporaneous volcanism, as supported further by abundant
volcanic rock fragments and plagioclase (Fig. 6B and C). All of these
pieces of evidence concur to indicate a long-lived magmatic-arc source.
Plate reconstructions indicate that during the Late Paleozoic to early
Mesozoic India lay within eastern Gondwana, to the northwest of
Australia and Antarctica (Fig. 12). Throughout this period, thousands
of kilometer-long subduction zone is believed to have existed all along
the Pan-Paciﬁc southeastern edge of Gondwana, while a divergent
plate margin developed along its Tethyan side (Golonka and Ford,
2000; Veevers, 2004; Cawood, 2005). The southeastern active margin
of Gondwana thus represents a potential source for the Langjiexue
Group, consistent with depositional facies and paleocurrent indications
pointing to long-distance sediment transport from the east (Fig. 12).
7.5. Zircon signatures in eastern Gondwanan arc-related rocks
Pan-Paciﬁc subduction beneath Gondwana is held to have begun as
early as latest Neoproterozoic or Early Paleozoic time, shortly following
the ﬁnal amalgamation of the supercontinent (Cawood, 2005). Since
then, continuing subduction and accretionary processes along the PanPaciﬁc margin have produced the Paleozoic Terra Australis Orogen,
and next the Late Paleozoic to Early Mesozoic Gondwanide Orogen,
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relics of which are preserved along the east coast of Australia, in
Tasmania, New Zealand, in the Transantarctic Mountains and in the
Antarctic Peninsula (Cawood, 2005; Cawood et al., 2011; Veevers, 2013).
As a result of subsequent extension and sedimentary cover, Paleozoic to Lower Mesozoic magmatic rocks generated along the southeastern
active margin of Gondwana are not widely exposed today. A most representative magmatic record is provided by the New England Batholith
in southeast Australia (Fig. 12), which reveals a prominent activity
between 300 and 230 Ma (Kemp et al., 2009; Shaw and Flood, 2009;
Phillips et al., 2011). This coincides with the magmatic pulse between
280 and 220 Ma indicated by the Late Paleozoic–Early Mesozoic
Langjiexue zircons. Zircons in the New England Batholith have
εHf(t) value of mostly +4 to +6 (Shaw et al., 2011; Jeon et al., 2014),
within the range of Late Paleozoic–Early Mesozoic Langjiexue zircons
(Fig. 8).
Paleozoic to Mesozoic magmatism along the southeastern
Gondwanan margin is widely recorded by sedimentary successions
deposited in adjacent basins, such as the Torlesse and Waipapa arcrelated terranes in New Zealand, containing detrital zircons with mostly
Paleozoic to early Mesozoic U–Pb ages with a notable peak at
280–200 Ma (Cawood et al., 1999). Volcaniclastic rocks with Paleozoic
to Mesozoic zircons are reported from the Permo-Triassic strata of the
Transantarctic Mountains, including the Triassic Fremouw Formation
that yields zircon-age spectra similar to those of the Langjiexue Group
(Elliot and Fanning, 2008). The detrital zircons of Paleozoic to Mesozoic
ages are also widespread in modern sands along the east coast of
Australia (Sircombe, 1999). The similarity between U–Pb and Hf isotope
signatures of the Late Paleozoic–Early Mesozoic magmatic zircons generated along the active margin of southeastern Gondwana and of detrital
zircons found in the Langjiexue sandstones makes the former a possible
source for the latter.
Furthermore, long-distance provenance from the Gondwanide
Orogen can explain why detrital minerals in the Langjiexue Group
appear to have multiple sources, as emphasized by Li et al. (2016).
The Gondwanide orogeny experienced complex accretionary process
(Veevers, 2004; Cawood, 2005) and may well have included maﬁc/
ultramaﬁc island-arc, seamount and ophiolite units apt to supply
Cr–spinel grains with diverse geochemical signatures (Li et al., 2016).
Additionally, tributaries joining the trunk river in its long journey across
eastern Gondwana may well have supplied zircons eroded from Lower
Paleozoic to Precambrian basement rocks.

mountain range must have been transported by a river system westward across eastern Gondwana to reach a sedimentary basin and be ﬁnally deposited in a deep-sea fan. We imagine that a large, and perhaps
the largest part of these sediments is now preserved partly as the
Langjiexue Group. Deposition may have occurred onto the distal edge
of the hyper-extended rifted margin of India and/or on Tethyan oceanic
crust (Fig. 12). This sediment-routing system was disrupted in the Early
Jurassic, following regional extension leading to ﬁnal breakup of the
Gondwana supercontinent in the Middle Jurassic and Early Cretaceous
(Gaetani and Garzanti, 1991). Detritus from the Gondwanide Orogen
thus ceased to reach the Neo-Tethyan margin, and is not found in
upper Mesozoic strata of the northern Tethys Himalaya.
Such a scenario of long-distance sediment dispersal from the
Gondwanide Orogen (Fig. 12) represents an unproven working hypothesis. On the other hand, all of the sources that have been proposed for
the Langjiexue Group so far are incompatible with the paleocurrent
and provenance data presented herein.
7.7. Where was the Lhasa Block in the Triassic?
The Upper Triassic strata from the Lhasa Block also contain detrital
zircons of Paleozoic–Early Mesozoic age, which is why Li et al. (2014)
in their study of the Upper Triassic Mailonggang Formation suggested
a Lhasa Block source for the Langjiexue Group. However, the Lhasa
Block lacks Paleozoic to Early Mesozoic magmatism, and thus cannot
be the source of Paleozoic to Early Mesozoic magmatic zircons.
Traditionally, the Lhasa Block was seen as originally attached to
northern India (e.g., Allègre and 34 others, 1984; Yin and Harrison,
2000), which raised the hypothetical connection between the Upper
Triassic strata in the Lhasa Block and the Langjiexue Group. An alternative paleogeographic model envisages the Lhasa Block as originally attached instead to northwestern Australia (Audley-Charles, 1983; Zhu
et al., 2011). In our preferred paleogeographic scenario, which follows
the latter reconstruction, the Lhasa terrane is placed adjacent to northwestern Australia (Fig. 12). Paleozoic–Early Mesozoic zircon grains in
the Upper Triassic strata of the Lhasa Block (Li et al., 2014) and northwestern Australia (Lewis and Sircombe, 2013) may thus have been derived from the Gondwanide Orogen as well, even though conveyed
through sediment-routing systems distinct from that of the Langjiexue
Group (Fig. 12).
8. Conclusions

7.6. Envisaging a long-distance sediment-routing system
Is it realistic to imagine that sediments eroded from the Pan-Paciﬁc
side of Gondwana were transported all across the continent for thousands of kilometers to be eventually deposited along the Neo-Tethyan
margin? Although no positive paleogeographic evidence can be presented yet, transcontinental sediment transport is not unusual on
Earth today (Dickinson, 1988). Big rivers are likely to form whenever
large-scale, topographically elevated orogenic belts are formed along
one side of a continent. The archetypal example is the Amazon River,
fed from the Andean Cordillera in the west and transporting huge
volumes of sediment to the Atlantic passive margin on the other side
of South America (Potter, 1978). Such big-river systems are necessarily
associated with huge turbiditic fans and/or longshore-sediment dispersal for a further few thousands of kilometers (Ingersoll et al., 2003;
Garzanti et al., 2014; Limonta et al., 2015).
A large Andean-type orogenic belt was indeed produced by continuing convergence and compressive tectonics along the southeastern active margin of Gondwana in the Latest Paleozoic to Early Mesozoic
(e.g., the Hunter–Bowen Orogeny in eastern Australia; Carey and
Browne, 1938; Collins, 1991; Holcombe et al., 1997). The uplift and
formation of regional relief should have resulted in the existence of a
watershed sub-parallel to the southeastern Gondwanan margin, and
the volumes of detritus eroded from the northwestern ﬂank of this

This study presents new provenance data on the Upper Triassic
Langjiexue Group turbidites exposed south of the Yarlung-Zangbo
suture in south Tibet. This unit was intruded by diabase sills and dikes
associated with the Early Cretaceous large igneous province widely
documented in the Tethys Himalaya, suggesting deposition originally
along or close to the passive continental margin of northern India.
Paleocurrent directions indicate WNW-ward sediment transport. The
ages of detrital zircon in the Langjiexue Group range from ~200 Ma to
~3000 Ma, clustering between ~500 Ma and ~1500 Ma and showing a
major peak at ~ 550 Ma. The age spectra of N500 Ma zircons suggest
Gondwanan afﬁnity, similar to the Tethys Himalayan strata, High
Himalayan metamorphic rocks, and Paleozoic to lower Mesozoic strata
in the Lhasa Block and western Australia. Common volcanic rock fragments, plagioclase and Late Paleozoic–Early Mesozoic (~400–200 Ma)
magmatic zircons in the Langjiexue sandstones indicate detrital input
from a long-lived magmatic-arc source, possibly the Gondwanide
Orogen formed above the Pan-Paciﬁc subduction zone along the
southeastern margin of Gondwana. Our preferred scenario envisages
ultralong-distance sediment dispersal via a routing system sourced
along the western ﬂank of the Gondwanide Orogen and crossing all of
eastern Gondwana to feed a huge deep-sea fan along the southern margin of the Neo-Tethys Ocean. The latter included not only the Langjiexue
Group but most probably also the Upper Triassic turbidites now exposed
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in the Indo-Burman Ranges and other units of the northern Tethys
Himalaya (e.g., Nieru Formation in Tibet and possibly even the Lamayuru
Formation of the western Himalaya). Deposition took place along
the edge of the hyper-extended northern margin of India and/or onto
Neo-Tethyan oceanic or quasi-oceanic crust.
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